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Résumé des travaux de these — VERSION FRANCAISE

Introduction

Le cancer gastrique est le 5éme cancer en termes de fréquence et le 3éme en termes de mortalité dans le monde,
avec une survie a 5 ans d’environ 36% pour les cancers opérables, qui chute a 5-20% en cas de cancer localement
avancé ou métastatique. L’arsenal thérapeutique standard du cancer gastrique est centré sur une prise en charge
chirurgicale a visée curative, encadrée par une chimiothérapie néo adjuvante/adjuvante basée sur les dérivés de
platine. Cependant, la survie médiane est faible, a environ 11 mois. Le mauvais pronostic des cancers gastriques
apparait multifactoriel i) leur fréquente (~65%) découverte a un stade tardif (inopérable ou métastatique) du
fait de I'absence de moyens de diagnostic précoce non invasif (faible place de I'imagerie, nécessité d’une
endoscopie digestive haute avec biopsies pour le diagnostic...), ii) la chimiorésistance aux dérivés de platines dans
les stades avancés (75% des cas) et jii) la survenue conjointe d’une cachexie et d’une atrophie musculaire
(=sarcopénie) dans environ 30 a 60% des cas. Cette cachexie/sarcopénie est un facteur reconnu de mauvais
pronostic pour de nombreux cancers et serait responsable d’environ 20 a 25% de la mortalité liée au cancer. Elle
apparait i) indépendante du stade tumoral, ii) indépendante des traitements (car présente parfois au diagnostic)
et jii) indépendante du statut nutritionnel et pourrait représenter un axe thérapeutique potentiel. Récemment,
deux nouvelles classifications moléculaires des adénocarcinomes gastriques ont engendré d’importants espoirs
de thérapeutiques ciblées. Cependant, la plupart des thérapies ciblées sont pour l'instant restées au stade
expérimental car les différents essais (réalisés sans stratification des patients) ont donné des résultats plutot
décevants (excepté le trastuzumab dans les cancers HER2 positifs). De nombreux progres restent donc a faire
dans ce domaine, que ce soit en matiere de diagnostic, de traitement, ou de prise en charge des complications
liées a la tumeur et/ou au traitements.

Le but de mon travail de thése est de développer et de caractériser des modeles animaux qui soient
représentatifs de la diversité et de la complexité des cancers gastriques. Le but est d’étre capable in fine de
mettre en place des protocoles expérimentaux permettant le développement et I'étude longitudinale de
thérapies innovantes prenant compte de I'ensemble de |'écosysteme tumoral dans son ensemble (cellule
tumorale, microenvironnement, macro-environnement et tissus environnants notamment les muscles). Pour ce
faire, nous avons combiné le développement de modeles de xénogreffes dérivées de patients, la recherche et
I’étude moléculaire de potentiel biomarqueurs et I'utilisation des derniéres technologies d’'imagerie du petit
anomal. Ce projet innovant a nécessité des interactions dynamiques et synergiques entre différents services
hospitaliers, des laboratoires de biologie moléculaire et d’analyses cellulaires, des laboratoires de chimie et des
laboratoires de physique et d’imagerie du petit animal. Au total, mon projet s’articule autour de trois axes

1) Le développement et le maintien de plusieurs xénogreffes dérivés de patients (PDX), qui seraient
représentatives de la complexité des cancers gastriques, comme le degré de différenciation des cellules

cancéreuses, le statut p53 ou PD-L1...

2) Lacaractérisation des modeles animaux par différentes méthodes d’imagerie petit animal (échographie,
ultrasons, scanner, IRM..) et leur comparaison aux données histologiques et moléculaires appariées

3) L'utilisation de ces modéles PDX pour le développement de nouvelles approches thérapeutiques dans
le cancer gastrique, englobant a la fois I’étude de la tumeur, de son microenvironnement et des tissus
environnants (comme le muscle).

Résultats

Mise en place de modéles de xénogreffes dérivées de patient de cancer gastrique (ARTICLES 1 et 2)



Si la majorité des modeles utilisés (82%) sont dérivés de lignées de cellules tumorales (cell-derived
xenograft), 7% des modeles sont issus de fragments tumeurs humaines (patient-derived xenograft = PDX). Le
modele PDX est le seul modéle capable de refléter la variabilité inter-patient et intra-tumorale, inhérente aux
cancers chez 'lhomme. En effet, ces modéles conservent les caractéristiques histologiques, moléculaires et
génétiques des tumeurs primaires desquelles elles dérivent et restent stables au cours des passages dans les
différentes générations de souris. En recherche translationnelle pré-clinique oncologique, ces modéles PDX
permettent de réaliser des mesures répétées de volume tumoral et un suivi au long cours des réponses tumorales
a différentes conditions (traitement anti-tumoral, modifications génétiques...), notamment grace a une bonne
corrélation avec les réponses cliniques présentées par les patients a la chimiothérapie. Dans ma thése, j'ai créé
puis pérennisé 5 modeles de xénogreffes dérivées de patients (PDX) d’adénocarcinome gastrique, en implantant
en hétérotopique (sur les flancs de souris immunodéprimées athymique de type NUDE) des biopsies ou des
fragments de tissus tumoraux d’adénocarcinome gastrique, avec 21% de succes a la prise de greffe (ARTICLE 1).
Si de tels modeéles existent déja dans la littérature, ils sont peu nombreux (deux articles significatifs, 5
publications notables sur le sujet) avec un taux de succés similaire au notre (25 a 34%) et des taux de
lymphoproliferation significatifs, en fonction du receveur murin choisi (NOG ou NOD). Cependant, comme dans
la littérature, nous n’avons pas réussi a développer de modéles de PDX a cellules isolées, probablement en raison
du trop faible pourcentage nombre de cellules tumorales présentes dans les tissus utilisés pour I'implantation
initiale. Comme attendu, apres vérification histologique, nos tumeurs PDX conservaient les caractéristiques
cellulaires, architecturales et génétiques de leur tumeur primaire au fil des passages différentes générations de
souris (jusqu’a 10 passages).

Caractérisation des modeles et imagerie du petit animal (ARTICLES 1 et 2)

Une fois les modeles PDX établis nous les avons caractérisés pour pouvoir étre plus sélectifs quant a leur
utilisation ultérieure pour des expériences in vivo. Nous avons souhaité en préciser les caractéristiques
morphologiques par imagerie du petit animal. Comme attendu, nos 5 modeles PDX présentaient a la fois des
différences en termes d’aspect sur l'imagerie (IRM), histologiques (hématoxyline-éosine), et immuno-
histochimiques (p53, H3K9, a-smooth-actine, Ki67, PD-L1...), et morphologiques (signal T2, caractéristiques
cellulaires de la tumeur estimées sur I'imagerie de diffusion). Par ailleurs, nous avons pu démontrer |'intérét de
I’échographie avec sonde haute fréquence pour le suivi longitudinal rapproché dans ces modeles PDX. En effet,
I’échographie permet une mesure du volume tumoral plus précise qu’avec un Caliper manuel, mais également
le suivi longitudinal de volume au cours d’une expérience in vivo de traitement. L'avantage indéniable de
I’échographie est I'acces en temps réel (et a bas colt) a I'aspect morphologique de la tumeur et a son
échostructure interne comme par exemple la présence de remaniements post-thérapeutique comme des kystes.

Utilisation des modéles pour I’étude in vivo de nouvelles thérapies (ARTICLES 2, 3 et 4)

Une fois les modeles PDX caractérisés, nous avons utilisé un de nos modeéles - un adénocarcinome bien
différencié (GCX-004) - pour des tests in vivo de molécules anti-cancéreuses. Nous avons vérifié dans un premier
temps que ce modele choisi répondait bien au traitement de chimiothérapie standard a base de dérivés de
platine (cisplatine), ce qui était le cas, avec des différences en termes de volume tumoral, une augmentation de
la valeur de I'ADC, des modifications histologiques (prédominance du stroma et diminution de la charge
cellulaire) et moléculaires (p53). Nous l'avons ensuite testé in vivo pour évaluer la synergie des dérivés de
platines avec un inhibiteur des HDAC (enzymes histones deacetylase exprimées de facon aberrantes dans
plusieurs cancers dont le cancer gastrique et leur expression est liée a la cancérogéneése), I'acide suberoylanilide
hydroxamic (SAHA, Vorinostat) qui a eu I'agrément de la FDA (Food and Drug Administration américaine) pour le
traitement du lymphoma T cutané, avec peu d’effets secondaires sur les cellules saines. Le SAHA apparait donc
comme un bon candidat anti-cancéreux dans les cancers gastriques, montrant une inhibition de la croissance
cellulaire et une induction de I'apoptose dans les lignées de cellules tumorales gastriques, notamment en cas de
co-traitement avec des dérivés de platine, avec une diminution du volume tumoral in vivo. Une autre molécule



innovante, un dérivé du ruthénium (RDC 11) est encore en phase de tests précliniques. Il induit in vitro une plus
forte activité cytotoxique que les dérivés de platine (indépendante de p53, avec une induction d’un stress du
réticulum endoplasmique dans les cellules de cancer gastrique). Dans un modele murin syngénique de xénogreffe
(lignée YTN16 de cellules de cancer gastrique de souris), il entraine un diminution plus marquée du volume
tumoral comparativement aux dérivés de platine, tout en causant moins d’effets secondaires (notamment
hépatiques et neurologiques) chez la souris que les dérivés de platine et apparait également comme un candidat
anti-cancéreux prometteur dans le cancer gastrique.

La cachexie et la sarcopénie (ARTICLES 5, 6 et 7)

Le cancer gastrique est complexe biologiquement et moléculairement. Au-dela de la tumeur et du
microenvironnement tumoral, le macro-environnement global joue également un réle pronostic. En effet, un des
facteurs de mauvais pronostic est la survenue (parfois des le stade initial dans 6 a 13% des cas) d’une cachexie-
sarcopénie, qui peut étre liée a la fois a la tumeur mais aussi favorisée/majorée par les traitements, notamment
les chimiothérapies. Elle surviendrait dans 30 a 60% des cas. Dans le cadre de notre approche translationnelle,
nous avons étudié le cancer gastrique et la cachexie / sarcopénie, a la fois chez les patients et dans nos modeéles
animaux. Chez I’homme, nous avons étudié la place de la jéjunostomie dans I'arsenal thérapeutique de la prise
en charge des cancers de l'estomac, notamment faciliter la réalisation de I’ensemble des cycles de
chimiothérapie et en support nutritionnel quant a la survenue d’une sarcopénie. Nous avons évalué le degré de
sarcopénie selon la méthode de Prado et al., sur des mesures de surface des muscles psoas et para-vertébraux a
la hauteur du corps vertébral de L3, sur des scanners abdominaux en coupe axiale. Dans le groupe ayant bénéficié
de la jéjunostomie d’alimentation, il y avait 13% de patients sarcopéniques avant chimiothérapie contre 22.6%
apres chimiothérapie néo-adjuvante versus respectivement 6.7% puis 60% dans le groupe controle, soulignant
I'intérét d’'une prise en charge multifactorielle des cancers, d’autant plus que la jéjunostomie d’alimentation
permettait également aux patients atteints de cancer gastrique de parvenir a compléter I'ensemble de leurs
cycles de chimiothérapie. Dans notre étude, il était intéressant de noter qu’il n’y avait pas de retour a la normale
possible chez les patients sarcopéniques dés le stade initial - et ce malgré la prise en charge nutritionnelle -
soulignant I'intérét d’un dépistage précoce de ces pathologies. La méthode d’estimation de la sarcopénie basée
sur l'imagerie abdominale que nous avons utilisée n’a encore jamais été appliquée a I'heure actuelle chez
I’'animal. 1l est possible de créer un modéle animal de souris sarcopénique, en injectant une dose unique de
20mg/kg de doxorubicine en injection intrapéritonéale unique chez la souris C57/BL6. Nous avons donc en
paralléle cherché a mieux comprendre la survenue d’une sarcopénie chez I'animal par cette méthode d’induction
rapide. En effet, la perte de masse musculaire est rapide, survenant en 3 a 5 jours et définitive. Nous avons
également constaté qu’un tel traitement entraine des modifications transcriptomiques, avec la down-régulation
de certains génes et 'up-régulation d’autres. Dans une expérience longitudinale avec un traitement a J1 de souris
wild type C57/BL6) par injection intrapéritonéale doxorubicine, une baisse de 20-25% de la masse musculaire au
niveau des muscles gastrocnémiens (muscles de la patte) dans le groupe traité, avec une diminution débutant a
J3 et se poursuivant jusqu’a J5, corrélée a I'expression d’ubiquitines ligases pro-atrophiques. Cette atrophie
musculaire chimio-induite entraine I'induction de I'expression de plusieurs genes (MURF-1 / Trim63 ubiquitine
ligase), notamment des génes impliqués dans I'autophagie, la croissance cellulaire et les dommages a I’ADN, avec
activation des genes cibles TP53 et Tap63. D’autres voies sont down-régulées, notamment celles impliquées dans
I’adhésion cellulaire et les composants de la matrice extracellulaire et ceux liés au développement des muscles
squelettiques. En imagerie (CT), en appliquant la méme méthode d’analyse que chez I’homme (avec une mesure
a la hauteur des hiles rénaux), nous retrouvions une diminution d’environ 15% en 5 jours de la surface musculaire
des muscles paravertébraux des souris traitées, corrélée a une surexpression de certains marqueurs musculaires
comme MURF comparativement aux souris controles. Ces constatations TDM ont été par la suite confirmées en
IRM imagerie ex vivo (diminution 29%). En paralléle, nous avons constaté des différences en termes de surface
musculaire para vertébrale entre les différents modéles PDX non traités, suggérant I'implication de facteurs liés
a la tumeur dans la survenue de modifications du macro-environnement tumoral. De plus, apres traitement d’un
modele PDX par cisplatine, nous retrouvions la méme diminution de la surface musculaire para vertébrale (28%)



observée avec la doxorubicine, ce qui n’avait encore jamais été décrit pour des dérivés de platine, confirmant le
caractere complexe et probablement multifactoriel de la survenue d’une sarcopénie.

Conclusion et perspectives

Mon travail de thése a permis la mise en place de différents modéles animaux et plusieurs protocoles
expérimentaux qui seront utiles pour relever les défis posés par la complexités des cancers, et notamment du
cancer gastrique. Les études réalisés posent les prémisses du développement d'outils innovants pour le suivi de
la croissance tumorale, I'’étude des variations de la constitution du microenvironnement (ex. paysage
immunitaire) et lI'impact de la tumeur et des traitements sur le macro-environnement (ex. les muscles), qui sont
des éléments clés a considérer pour le développement futur de biomarqueurs notamment pour des thérapies
plus personnalisées ou pour évaluer I'activité de nouvelles biothérapies ciblées. Nous avons déja commencé a
appliquer ces protocoles pour évaluer I'activité in vivo de thérapies anticancéreuses innovantes développées par
notre laboratoire (HDACi, RDC11...).

Au final, méme si mes travaux de thése de science sont centrés sur le cancer gastrique, tout ce que j'ai pu
apprendre au cours de ces 4 années de thése et de ma mobilité a Oxford et a Fribourg concernant le
développement, |'utilisation et la mise en place de protocole d’'imagerie des modéles animaux en recherche pré-
clinique pourra in fine trouver applications et généralisations a d’autres pathologies cancéreuses — ou non. En
tant que radiologue, travailler sur de tels modéles animaux m’a permis d’avoir un accés direct a des changements
morphologiques et carcinologiques d’organes et de systemes, avec la possibilité d’observer le développement
de tumeurs a des stades trés précoces — avec un suivi rapproché, longitudinal et standardisé — ce qui n’est pas
toujours possible chez nos patients. En somme, le développement de nouveaux biomarqueurs, de nouvelles
techniques d’imagerie plus rapides et plus précises et 'amélioration de nos outils existants sont essentiels, a
I’heure ol les thérapies ciblées et des traitements plus personnalisés sont la priorité des médecins d’aujourd’hui.
Pour ce faire, nous avons besoin de modeles animaux plus réalistes, plus proches des caractéristiques des
patients et de la complexité de leurs tumeurs. Au final, le futur sera sans doute un diagnostic intégré, combinant
a la fois histologie, imagerie, analyses moléculaires et génétiques, avec le développement de nouveaux
biomarqueurs et la possibilité d’offrir des traitements plus personnalisés et plus adaptés a nos patients.
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1.INTRODUCTION: Gastric cancer: a cancer of
poor prognosis. Why?

1.1. Epidemiology and risk factors of gastric cancer

Gastric cancer represents the 5" highest incidence of cancer worldwide and the 3" highest cause of
cancer-related deaths, with geographical (Asian : Japan, Korea and China, Eastern/Central European
and South American predominance), as well as socioeconomical variations in its incidence [1-2]. They
are clinically separated between proximal (cardia, close to the oesogastric junction, Figure 1) and distal
cancers (body, fundus, antrum, pyloric region) based on their anatomical location. Incidence rate and
risk factors have showed differences according to the tumor location, with an upward trend for
proximal cancer cases [2]. In France, the overall incidence of gastric cancer is decreasing, especially for
body and antrum tumors, while an increase of cases of diffuse cancers (linitis) and eso-gastric junction
tumors have been observed.
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Figure 1. Schematic representation of the different portions of the stomach.

Gastric cancer is a heterogeneous disease, with multiple environmental etiologies and several
alternative pathways of carcinogenesis. The major environmental risk factor for gastric cancer is a
chronic Helicobacter Pylori infection (Marshall, 1983) which leads to chronic gastric atrophy [3-5].
Several consecutive lesions induced by a chronic Helicobacter Pylori infection may result in the
development of sporadic gastric cancers (intestinal type) with a 6-fold increased risk compared to non-
infected patients [5]. Chronic Helicobacter Pylori may also lead to atrophic gastritis ( 1.7 to 4.9-fold
increased relative cancer risk) and intestinal metaplasia (6.4-fold increased cancer risk) [5]. If
Helicobacter Pylori represents the most common risk factor of gastric cancer development, it is only
accountable of less than 50% of the cases in Western countries [3, 4]. In proximal cancers, the two
major risk factors are obesity and gastroesophageal reflux [3]. Additionally, multiple other
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environmental risk factors (such as Epstein-bar virus infection, nitrites + salt-rich diet, alcohol
consumption, poor diet in fruits and vegetables or low intake of fibers, smoking..) have been described,
but additional epidemiological studies are required to confirm them [3]. Apart from environmental
risks, other benign diseases (Biermer’s disease, history of partial gastrectomy, Menetrier’s disease,
Gastric adenomatous polyps, Barrett’s esophagus, Gastric metaplasia, fundic gland polyps and
hyperplasic polyps...) have been described as potentially at risk of gastric cancer [4].

On the other hand, around 3% of gastric cancers, especially those occurring at earlier ages, are related
to hereditary cancer-related-syndromes, such as Hereditary diffuse gastric cancer (HDGC), Li-Fraumeni
syndrome (LFS), Familial adenomatous polyposis, Lynch syndrome, Hereditary breast and ovarian
cancer syndrome or Peutz-Jeghers syndrome [4-5]. For instance, the Hereditary Diffuse Gastric Cancer
(HDGC) is associated with a germline CDH1 E-cadherin mutation (autosomal dominant inheritance
pattern) in ~ 25 to 30% of the cases [5-7]. Germline CDH1 mutations confer an increased lifetime risk
of developing diffuse gastric cancer, with early age-of-onset (average 38 years) : with a 67 % cumulative
cancer risk by age 80 for men (95% confidence interval [95% Cl], 39-99) and a 83% for women (95%
Cl, 58—99)) [5-6]. Additionally, women with this syndrome also carried an increased risk of lobular
breast cancer (39%, 95% Cl, 12—84). Therefore, the guidelines for the genetic testing for CDH1 mutation
are as follows “1) families with >2 cases of stomach cancer with at least 1 being diffuse gastric cancer,
2) diffuse gastric cancer occurring < age 40, 3) personal or family history of diffuse gastric cancer and
lobular breast cancer, if at least 1 case is < age 50, 4) families with >2 cases of lobular breast cancer
diagnosed < age 50, 5) multiple different lobular breast cancers < age 50, 6) diffuse gastric cancer +
personal or family history of a cleft lip/palate” [5-7]. Similarly, gastric cancer development has been
observed in around 4 to 5% of patients with Li-Fraumeni Syndrome (LFS), with an early-onset of
tumors (mean age 43) [8-11]. LFS is a rare and autosomal dominant hereditary-cancer-syndrome
associated with germline or de novo mutations in the TP53 tumor suppressor gene (on chromosome
17) in 77% of the cases. LFS patients present an increased and risk of early-onset cancers from the LFS
spectrum (sarcomas of the soft tissue and bone, brain tumors, leukemia, breast and adrenal cortical
carcinomas...) [8-11]. Familial adenomatous polyposis (FAP) is hereditary colorectal cancer syndrome
with germline mutations in the APC gene (Adenomatous polyposis coli, which controls B-catenin
concentration), with increased risks of colorectal, duodenal, and thyroid cancers [12]. The lifetime risk
of gastric cancer is limited (0.6%) and quite similar to the general population risk, but it is to be noted
that some studies reported a recent rise of gastric cancer cases in FAP patient registries [12]. The
Lynch syndrome is related to various germline mutations of the mismatch repair genes (MMR = MSH2,
MSH6, MLH1 and PMS2). It is associated with a 13% increased risk of gastric cancer development [13].
Lynch syndrome is associated with an excess of early-onset colorectal cancers, as well as gynecologic
cancers (endometrium carcinomas, ovarian cancers) or gastric and small bowel cancers [13].
Additionally, Hereditary breast and ovarian cancer syndrome (BRCA1/2) classically carried an
increased risk of breast and ovarian cancers. Recent studies showed that germline mutations in the
DNA-damage repair genes (BRCA1 or BRCA2) were also associated with an up to 4-fold increased
cumulative risk of gastric cancer [14]. Finally, a 29% increased gastric cancer risk has also been
described in the Peutz-Jeghers syndrome, associated with AMPK pathway activator STK11 (or LKB1)
mutations [15].
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1.2. Clinical symptoms and diagnosis of gastric cancer

The majority of gastric cancer cases are discovered at advanced (late) stages, where treatment options
are limited, therefore resulting in a poor prognosis. There is no specific tell-tale sign of such cancer and
it remains asymptomatic for quite a long time [5, 16]. Gastric cancers usually slowly evolve for years
before presenting at advanced stages with non-specific symptoms, such as abdominal pain, abdominal
discomfort, dysphagia (difficulties to swallow), nausea or vomiting, weight loss or decreased appetite,
hematemesis (vomiting blood) or melena (blood in the stool) [5]. Microcytic anemia (secondary to
chronic occult bleeding) may be observed, but otherwise the lab results are usually normal.
Additionally, current known cancer blood markers are of little use for gastric cancers.

The diagnosis of gastric tumors requires quite invasive methods, by means of a gastroscopy (= upper
gastrointestinal track endoscopy) with histological analysis of biopsies samples (Figure 2), which have
a diagnostic accuracy ~ 95% (when 210 biopsies are performed), enabling a direct visualization of the
tumor. Gastroscopy also gives information on the size and location (cardia, fundus, body, antrum) of
the tumor, as well as on the distance between the tumor and the cardia / pylori. Intestinal-type gastric
adenocarcinomas often presents as a budding or ulcerated mass originating the stomach wall and as
diffusely thickened stomach wall, which lost its normal plication in in diffuse-type cancers.

The TNM classification, according to the 7" edition of the Union for International Cancer Control (UICC)
American Joint Cancer Committee (AJCC) guidelines and staging manual, classifies the gastric cancers
according to the depth of tumor infiltration (T), the presence of lymph node involvement (N) and
distant metastases (M), (Figure 2) [16-17]. Firstly, the primary gastric tumor originates (high grade
dysplasia > T in situ > cancer stage T1) from the mucosal or the submucosal layers of the stomach and
slowly evolves for years. Early-stage gastric cancers are usually small, from 2 to 5 cm, and are often
located in the lesser curvature. Then, the tumor grows and reaches the muscle layer (T2), then the
serosa (T3) of the stomach wall, before spreading into the surrounding tissues and adjacent organs
(T4). Gastric cancer can metastasize at any T-stage either in the surrounding lymph nodes (N+) or in
distant organs (M+ : such as liver, lungs, adrenal glands, ovaries, distant lymph node and/or
peritoneum) [16-17]. Gastric cancers can be visualized at advanced (T3-T4) and/or metastatic stages
(N+/M+) on simple non-invasive imaging modalities such as CT and/or MRI. Nonetheless, the diagnosis
would still require a histological analysis of tissue-samples, which can only be obtained by means of
invasive techniques, such as gastroscopy + biopsies of the primary tumor or biopsies of a distant
metastasis
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Stage grouping Tstage Nstage Mstage

Stage 0 Tis NO MO
Stage IA T1 NO MO
Stage IB T1 N1 MO
T2 NO MO
Stage lIA T1 N2 MO
T2 N1 MO
13 NO Mo
Stage 1B T1 N3 Mo
T2 N2 MO
T3 N1 MO
T4a NO MO
Stage llIA T2 N3 MO
T3 N2 MO
T4a N1 MO
Stage llIB T3 N3 MO
T4a N2 MO
T4b NO-1 M1
Stage llIC T4a N3 MO
T4b N2-3 MO
Stage IV Any T Any N M1

Figure 3. AJCC/UICC stage grouping (from the 7th Edition)

1.3. Histology of gastric cancer

Three different histological types represent the majority of stomach cancers: the most common one is
adenocarcinoma (90%), while the remaining 5 to 10% are mostly non-Hodgkin lymphoma and the
gastro-intestinal stromal tumor (GIST, a sort of soft tissue-sarcoma) [3]. Gastric adenocarcinoma is
classified using histology and morphology, with either Lauren or WHO classification systems. Lauren’s
classification separates gastric adenocarcinomas between intestinal (54%), diffuse (32%) and
undetermined (15%) types[3]. On the other hand, the WHO 2010 classification distinguishes papillary,
mucinous and tubular types of intestinal adenocarcinoma and signet-ring cells + other poorly cohesive
cells (which corresponds to diffuse adenocarcinoma) [18-20].

Intestinal type adenocarcinoma is classically observed in elderly patients (50-70 years old), with a male
predominance, a longer course of the disease and a better prognosis, with higher incidence in high-
risk geographic regions (Asia, South America) [3]. Clinically, a localized mucosal tumor mass is often
observed (Figure 3) and may sometimes be ulcerated [3]. These tumor cells are arranged in tubular/
glandular formations and lymphatic and/or vascular invasion may be observed. Intestinal-type
adenocarcinomas are separated between well-differenciated tumors, with gland-forming cohesive
tumor cells (similar-looking aspect compared to normal cells), moderately-differentiated tumors with
cells of intermediate appearance and poorly differentiated ones, where the tumor cells lose their
resemblance to normal cells, with a distorted architecture of the glands (Figure 4).
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Figure 3. Photography (author’s personal collection, no magnification) of a hematoxylin eosin-stained slice, showing a

tumor in the mucosa and the other layers of the stomach wall.

¥ e 3R

| Well differentiated adenocarcinoma Moderately to poorly differentiated adenocarcinoma I

Figure 4. A) Well differentiated intestinal-type adenocarcinoma. Hematoxilin eosin-stained slice, magnification x40
showing cohesive tumor cells form glands. Their aspect is not so different from normal cells. B) Poorly differentiated
intestinal-type adenocarcinoma. Hematoxilin eosin-stained slice, magnification x40 showing tumor cells that lost their
resemblance to normal cells, with distorted architecture of the glands.

On the other hand, diffuse adenocarcinoma usually occurs in younger patients, with a female
predominance and is associated with a poorer prognosis and shorter course of the disease. The tumor
cells are not cohesive, and they do not form glands (Figure 6). Diffuse cancers tumor cells infiltrate the
stroma of the stomach wall as single cells, from the submucosal layer. This results in a thickening of
the stomach walls, with no distinguishable budging/ulcerated mass in the mucosa (Figure 5) [18-20]
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Figure 5. A) Hematoxilin eosin-stained slice (author’s personal collection), magnification x20 showing non
cohesive tumor cells in the submucosa (arrow) surrounded by normal glands in a diffuse adenocarcinoma. B)
Hematoxilin eosin-stained slice, magnification x40 showing the non-cohesive signet ring cells.

Additionally, the HER2 status (positive or negative) is also important in gastric cancer’s histological
classification. The major interest of HER2 as a biomarker in gastric cancer is that it could be actionable
as a targeted therapy (e.g. trastuzumab), but it also appears a potential target for functional imaging
(see page 34). The HER2 protein (p185, HER2/neu, ErbB-2) is a 185-kDa transmembrane tyrosine kinase
(TK) receptor and a member of the epidermal growth factor receptors (EGFRs) family [21].
Overexpression may be determined by immunohistochemistry (IHC) using monoclonal antibody
(HercepTest® positivity, if IHC 2+ or 3+) and/or FISH for gene amplification (HER2+, if FISH+). Multiple
studies have highlighted the role of HER2 in the development of various cancers, such as gastric (since
1986), colon, breast, bladder, ovarian, lung, endometrial, uterine cervix and head & neck tumors. In
breast cancer in particular, researchers showed that HER2 overexpression/amplification was present
in 10% to 34% of the cases, were it correlates with a poor response to chemotherapy and endocrine
therapies [21]. In gastric cancers, for Gravalos et al., the rate of HER2-positivity ranged from 13 to
22%, with significant variations according to the histological subtype (predominant in intestinal type
34% vs diffuse 6% vs mixed 20%, in the ToGA trial) and according location the tumor (25 to 34% for the
gastroesophageal junction and 9.5 to 18% for other gastric localizations) [21-22]. Additionally, they
reported that HER2-positive gastric cancers have a poorer prognosis, with shorter disease-free survival
and shorter overall survival (median survival of HER2 - patients 12.7 vs 6.6 months for HER2+ patients,
p=0.37).

1.4.Imaging of gastric cancers: current trends

The diagnosis of gastric cancer always requires tissue-samples analysis (histology and IHC/FISH).
Therefore, radiologists are usually already aware of the diagnosis, when they perform various imaging
modalities for tumor staging. CT scans (thorax, abdomen and pelvis) are used to evaluate the loco-
regional extension of the primary tumor as well as distant metastasis, especially efficient at advanced
(T3-T4) or metastatic stages (N+/M+), but earlier stage disease may be missed. Radiographs and
barium studies (Figure 4) have long been abandoned, as they only had a very limited diagnostic value
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(they did not aid in the accurate staging of the tumor and did not allow differentiation between benign
and malignant lesions). On the other hand, endoscopic ultrasound is very useful to stage (T) the cancer
and delineates the depth of tumor invasion through the layers of the stomach wall. This technique
(Figure 6) appears to be the most effective way to differentiate localized tumors (stage T1) from more
advanced ones (stage T2-T3, overall accuracy = 70.2 — 93% for Lee et al., superior to CT), but poorly
performs for larger tumors (>5cm) [23]. Endoscopic ultrasound is mostly performed in specialized
centers, in cases of doubt between T1 and T2/T3 stages, or in case of suspicion of linitis and if a
neoadjuvant treatment is needed [24]. It appears less effective than CT for nodal involvement for Kwee
et al. (43% accuracy for N+ evaluation) and does not evaluate distant metastases [24]. Another
downfall of endoscopic ultrasound is that like all ultrasound examinations, it requires a certain level of
expertise and is observer-dependent [23].

Current guidelines recommend monitoring the extension of gastric cancer by means of a CT of the
chest + abdomen + pelvis, which has a relatively high accuracy (71% for T-staging, 66% for N-staging,
and 81% for M-staging) [16-17]. Unfortunately, as explained by Seevaratnam et al. CT does not provide
tissue confirmation for tumor grading or histological classification (for instance from adenocarcinomas
to lymphomas) compared to gastroscopy or endoscopic ultrasound [25]. To improve the detection of
localized tumor, some teams suggested using air, water or barium distension of the stomach or virtual-
gastroscopy CT images [26]. Using virtual gastroscopy with air distension on CT, Chen et al. were able
to identify gastric cancers in 91% of the cases and overall accuracy in the assessment of tumor invasion
of the stomach walls (T stage) was improved using MPR images compared to transverse ones, but in
clinical routine, those numbers are probably lower, especially in T1 to T3 tumors [27]. Current French
CT protocol requires 6 hours of fasting + 300-500 mL water distension of the stomach prior to the CT,
with portal venous phase and MPR reconstructions (Figure 8). Staging (T), size and location of the
tumor can be estimated on CT, as well as the thickness of the stomach wall, the presence or absence
of a fatty plane between the tumor and adjacent organs and distant nodal / vascular / visceral
metastatic spread. In early gastric cancer cases, CT is less efficient than endoscopic ultrasound for
Shimizu et al. and Kim et al., as it is not able to distinguish the different layers of the gastric wall. Hence
the visualization of early lesions (T in situ, T1...) is more difficult than for advanced (T3-T4) ones
(accuracy 53-65% vs 66-87% for more advanced lesions) [27-28]. In T1 and T2 tumors, the outer layer
of the gastric wall appears regular, while in stage T3 tumors it may appear irregular with dense linear
spikes in the surrounding fat. Stage T4 tumors present with a loss of fatty interface between the tumor
and the adjacent organs or a decrease in density of the organ. For lymph node invasion (N), CT criteria
for involvement of the node are size >8-10 mm (small axis), round shape, necrosis and heterogeneous
contrast uptake. Metastasis are commonly observed in the liver, the lungs (bases and periphery), the
adrenal glands (heterogeneous masses, wash out), the ovaries (Kruckenberg tumor, bilateral solid
masses), distant lymph node (Troisier’'s node, left subclavicular node) or the peritoneum (bad
prognosis, easily missed on CT).
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Figure 6 A) Multidetector CT, axial plane, portal venous phase showing a localized mass in the upper part of the stomach in
a 55-year-old man (histology: poorly differentiated gastric adenocarcinoma, pT3NOMO). B) Multidetector CT, coronal plane,
portal venous phase showing a diffuse thickening of the stomach wall (arrows) in a 46 years-old woman. C) Multidetector
CT, axial plane, portal venous phase (with water distension of the stomach) showing a diffuse thickening of the stomach
wall (arrows) and liver metastases (stars). D) Multidetector CT, axial plane, portal venous phase showing a diffuse
thickening of the stomach wall (arrows) and peritoneal carcinomatosis with liquid effusion in a 49-yearl-old woman with
diffuse adenocarcinoma (circled area).

The primary tumor can be missed on abdominal CT (Figure 7) and so do 44% of small peritoneal or liver
metastasis. Thus, some authors suggested using new texture-analysis method to improve detection,
but such methods are still ongoing research and development [29-34]. As imaging techniques perform

poorly for peritoneal dissemination, peritoneal extension is usually assessed during laparoscopic
evaluation with washing [35].
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Figure 7. A) Abdominal CT showing a focal thickening of the lesser curvature (arrow) with small lymph nodes (circled). B)
Same patient, earlier CT exam performed 2 months earlier for abdominal pain. The tumor was more difficult to visualize
and was missed.

Other imaging techniques (such as MRI and functional imaging) are still being evaluated and are not
currently part of current diagnosis guidelines (Figure 8) [35].

Procedure Purpose

Routine blood tests Check for evidence of iron-deficiency anaemia.
Check hepatic and renal function to determine appropriate
therapeutic options.

Endoscopy + biopsy Obtain tissue for diagnosis, histological classification and
molecular biomarkers, e.g. HER-2 status.

CT thorax + abdomen + pelvis Staging of tumour—particularly to detect local/distant
lymphadenopathy and metastatic disease sites.

Endoscopic ultrasound (EUS) Accurate assessment of T and N stage in potentially operable
tumours.
Determine proximal and distal extent of the tumour.

Laparoscopy + washings To exclude occult metastatic disease involving the
diaphragm/peritoneum.

Positron emission tomography ~ May improve detection of occult metastatic disease in some
(PET, if available) cases.

Figure 8. Recommendations ESMO—-ESSO—-ESTRO Clinical Practice Guidelines for gastric cancer diagnosis [35]

Magnetic Resonance Imaging (MRI) is not used in clinical routine for the diagnosis of gastric cancer, as
its use is still being investigated. For instance, Joo et al. evaluated the diagnostic performances of 3T
MRI for the staging of gastric cancer and found no significant difference compared to MDCT
(multidetector CT) in terms of diagnostic accuracy [36]. In most of the published studies, the authors
relied on diffusion-weighted MRI (DW-MRI) and dynamic-contrast enhanced images to evaluate the
aggressiveness of gastric cancer and its response to treatment [36-42]. The most useful sequence is
probably DWI with its apparent diffusion coefficient (ADC value), which appears superior to T2-
weighted sequences for the detection of early gastric cancers (pT1) and the staging of advanced
cancers (2pT2) [41]. All in all, the most common indication of MRI in gastric cancer remains the M
staging of the tumor, especially in case of liver metastasis.
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There is currently no consensus regarding the application of functional imaging (PET-CT and/or PET-
MRI) in the management of gastric cancer, as their usefulness remain to be determined and no clear
consensus appears between studies [43-46]. According to recent studies, PET-CT should be limited to
staging distant metastasis [40-41]. For example, if Ma et al. suggested that ®F-FDG PET-CT could be
used for the initial diagnosis of primary gastric cancer with a 92% sensitivity and 75% specificity
(p=0.359), Youn et al. judged it insufficient for T and N staging (very low sensitivity for early gastric
cancer detection ~ 20.7% which raises to 42.2% in more advanced tumors and 30.7% sensitivity / 94.7%
specificity for lymph node metastasis detection) [43-44]. Therefore, Youn et al. suggested to limit its
use to the search for a synchronous second primary tumor (37.5%, n=9/24) and the staging distant
metastasis (M) [44]. Attempts to improve PET-CT’s diagnostic accuracy using gastric distension (using
a mixture of milk and Diatriozoate Meglumine) failed, even though the lesions were slightly more
clearly displayed [43]. Some authors, such as Chen et al., tried limiting its use HER2+ tumors and
described a ®F-FDG uptake associated with HER2 expression in 64 gastric tumors (8.619 + 5.878 SUVmax
for HER2- tumors significantly higher than in HER2+ tumors 3.789 * 2.613, p=0.021), with a 6.2 cut-off
SUV value predicting HER2 expression with 64.4% accuracy [45]. All in all, the major problem of
functional imaging - which has been highlighted by most authors - is the risk of false negative cases,
with a low detection rate for diffuse and mucosecreting tumors, as well as differences in terms of
tumor detection rate between the different histological subtypes (47.1% sensitivity for intestinal type
tumors vs 39.4% for mixed vs 27.9% for diffuse tumors) [43-45].

1.5. New molecular classifications

Gastric cancer is a complex and biologically heterogeneous disease, not only regarding its various
imaging and/or histological presentations, but also regarding the presence of an inter-patient and
intra-tumor variability, which complicates the stratification of the disease. Genetic, local
environmental and host factors altogether play an important role in the pathogenesis. As for other
cancers, gastric cancer is the result of accumulated genomic damages, affecting essential cellular
functions, which leads to cancer development. Therefore, the current clinical and histological
classifications end up being quite complex and probably insufficient to define all the existing tumor
subtypes. The tumors biology and clinical outcome vary significantly among different gastric cancer
patients, with overall poor prognosis, mainly secondary to different genetic signatures. The current
Lauren/WHO classifications are not useful in informing prognosis, do not provide necessary
information relevant to clinical utilities or treatment guidelines and therefore are not useful to make
personalized treatment decisions. Additionally, existing classifications poorly predict responses to
therapy, especially given the little differences in clinical outcomes between the different subgroups.
Therefore, there was a need for a new classification system that could change clinical decisions and
help in targeting therapy development. For a better understanding of gastric cancers, a recent genomic
approach, led by The Cancer Genome Atlas (TGCA, 2014, Figure 9) Research Network, studied genomic
alterations gastric cancer [47]. They developed a molecular classification system based on gene
expression profiling aiming to provide a framework to guide individualized patient therapy and to
better predict treatment response. They analyze the molecular composition of gastric cancers (DNA,
RNA & protein arrays). Based on this data, they classified gastric cancer into 4 different subtypes: EBV
infected (9%), Microsatellite instable (MSI, 22%), Genomic stable (GS, 20%) and Chromosomal
Instability (CNI, 49%) [47-48].
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EBV-positive GC

10-15% of all gastric cancer, male predominance
Body-fundus location

Prominent lymphoid infiltrates

Immune cell signaling

Amplification of PD-L1/L2

CDKN2A promoter hypermethylation

PIK3CA mutations

Best prognosis among all gastric cancers

MSI-subtype GC
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Genomically stable GC

*  15-20% of all gastric cancers, young age at

* 50% of all gastric cancers, intestinal histology diagnosis

* Involve gastro-esophagal junction * Diffuse/ poorly-cohesive histology

* P53 overexpression * CDH1/RHOA mutations

* Most HER-2 amplified tumors * Elevated expression of cell adhesion pathways /
*  RTK-RAS activation angiogenesis-related pathways

* Intermediate prognosis *  Worst prognosis

Figure 9. Molecular subtypes of gastric cancer (TGCA, 2014) together with their dysregulated pathways issued
from publication ref n°18.

As detailed in the TCGA article, EBV-positive gastric adenocarcinomas are predominantly found in the
gastric fundus and body (62%) and in males (81%) and currently associated with the best prognosis. If
EBV is asymptomatically carried in the circulating blood of around 90% of adults, it is believed that EBV
is associated with 2% of all human tumors and observed in tumor cells of 9% of all gastric
adenocarcinomas [47]. Programmed Cell Death Ligand 1 and 2 (PD-L1/L2), involved in immune
checkpoints (associated with a greater degree of T-well involvement), are amplified. Cyclin-dependent
kinase inhibitor 2A (CDKN2A) promoter hypermethylation are also found in all EBV (100%) associated
gastric adenocarcinomas and PIK3CA are observed in 80% of the cases. Microsatellite Unstable gastric
adenocarcinomas, comprising 21% of all gastric adenocarcinomas, are typically diagnosed at older age
(~70 yo), with a female predominance (56%) [47]. Defects in the mismatch repair (MMR) genes are
observed and lead to widespread replication errors in simple repetitive microsatellite sequences.
These MMR defects lead to hypermutation, MLH1 silencing and involvement of mitotic pathways. Such
tumors have an intermediate level prognosis with a lower chance of lymph node metastases.
Unfortunately, unlike EBV-positive tumors, such tumors lack targetable amplifications [47].
Chromosomally Unstable gastric adenocarcinomas, associated with an intermediate prognosis,
represent 50% of all gastric cancers and 65% of them involve the gastro-esophageal junction (cardia)
[47]. Such tumors involved the unequal distribution of DNA to daughter cells, leading to loss or gain of
chromosomes during cells division, associated with amplification of receptor tyrosine kinase (RTKs),
EGFR, Cyclin-D1 (CCND1) and Cyclin-dependent kinase 6 (CDK6), which were thought to be potential
candidates for future targeted therapies. Genomically Stable gastric adenocarcinomas represent 20%
of all gastric cancers, usually diagnosed at an earlier age (~59 yo) and carry the worst prognosis of all
four subtypes [47]. Such cancers are associated with diffuse or poorly cohesive histology and mutations
in Ras Homolog Family Member A (RHOA, 15%) and CDH1, both involved in cellular adhesion, are
observed. Three percent of such cancers show interchromosomal translocation between Claudin 18
(CLDN18) and RhoGTPase-activating Protein 6 (ARH-GAP26).

However, the question of the clinical implications of such findings remains. To address this issue, in

2015 and 2017, the Asian Cancer Research Group (ACRG) performed whole-genome sequencing of 300
primary gastric tumors. They identified four similar groups of gastric cancer, 1) microsatellite unstable
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(MSI, 23%), 2) microsatellite stable and expressing epithelial mesenchymal transition signatures
(MSS/EMT, 15%), 3) microsatellite-stable with intact TP53 (MSS/TP53+, 26%) and 4) microsatellite
stable with TP53 mutations (MSS/TP53-, 36%), with distinct clinical outcomes [48-49].

Diffuse adenocarcinomas for instance are included by the ACRG in the MSS/EMT subtype, which had
worst prognosis, together with an earlier age of onset and the highest recurrence frequency (63%) of
the four subtypes. On the contrary, MSI tumors were intestinal-subtype tumors (especially in the
antrum), with high somatic mutation burden, had the best overall prognosis and the lowest frequency
of recurrence (22%). The prognosis and recurrence rate were intermediate for MSS/TP53+ and TP53-
types. All in all, epidemiological, genomic and histological data support the fact that gastric cancer is a
heterogeneous disease of multiple entities, resulting in distinct clinical outcomes for each, shedding
light on the need of new targeted therapies and personalized treatment options. Unfortunately, even
though the recent molecular classifications of gastric adenocarcinomas have enabled the identification
of multiple dysregulated pathways, the resultant targeted therapies have unfortunately proven to be
ineffective so far, therefore questioning the relevance of the existing classifications for therapeutic
purposes, especially in advanced gastric cancers [48-53].

1.6. Dysregulated pathways in gastric cancer

1.6.1. Pi3 Kinase /Akt/ mTOR pathway

One of the most frequently dysregulated pathways in human cancers is the PI3K/AKT/mTOR signaling
pathway, which controls multiple cellular processes including proliferation and cell growth,
metabolism, motility, angiogenesis and survival [54-56]. This pathway appears deregulated in gastric
cancers, with overexpression of PI3K, AKT, p-AKT and mTOR, especially associated with lymph node
metastases [54-55]. Through a phosphorylation cascade, the activated (by growth factors and
cytokines) P13 kinase phosphorylates Akt, which induces the activation of mTOR. This promotes cell
growth and protein synthesis, while p-Akt inhibits various targets including p21, p27 and BAD (Bcl-2
associated agonist of cell death) and GSK3, which promote cell proliferation and prevents apoptosis
57].

1.6.2. MAP Kinase pathway

The MAPK pathway (mitogen-activated protein kinase) is often deregulated in gastric cancer, with 17%
of KRAS alterations, especially common in the MSI subtype of gastric cancers [47-55]. The MAPK
pathway is a molecular cascade regulating several cellular responses, for instance cell adhesion, cell
cycle, migration, differentiation, apoptosis and angiogenesis. An activated MAP3K (by growth factors
and cytokines) phosphorylates MAP2K, which phosphorylates MAPK (ERK, p38), thus promoting
cellular response.

1.6.3. Whnt/ [ cathenin pathway

The Wnt/B-catenin signaling pathway can also be deregulated in gastric cancer with somatic mutations
(APC gene), promoter hyper-methylations or miRNA expressions. An activated Wnt/B-catenin pathway
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can be found in 30% of gastric cancers, with an overexpression of several components of the Wnt
pathway, as well as a loss of Wnt inhibitors [59]. In the absence of Wnt ligands, the cytoplasmic B-
catenin binds to a complex composed by Axin+ adenomatous polyposis coli (APC) + glycogen synthase
kinase 3B (GSK3pB) + casein kinase 1a (CKla). The kinases of the complex phosphorylate B-catenin,
which is then recognized by an E3 ubiquitin ligase (B-TrCP) and targeted to proteasomal degradation
(= low cytosolic levels). In the presence of Wnt ligand, Wnt binds to the receptor complex (Frizzled +
low-density lipoprotein receptor family LRP5/6), which recruits Disheveled (Dvl) and induces the
delocalization of Axin and phosphorylation (CK1a + GSK3B). Therefore, the degradation of B-catenin
stops, and it accumulates in the cytoplasm. Active non-phosphorylated R-catenin then translocate to
the nucleus where it acts as a transcriptional co-activator with TCF/LEF for target genes [59].

1.6.4.  HIPPO pathway

A deregulation of the HIPPO signaling pathway has been described as strongly associated with the
initiation and the development of human gastric cancer, as well as its distant metastasis. According to
the TCGA, an alteration of the Hippo pathway is observed in 71% of gastric cancer cases [47]. A
downregulation of the upstream HIPPO pathway is most common, with alterations in MST1/2 (2.5%
and 9% respectively), LATS1/2 (6% and 5%) and RASSF1 (2.5%) [47-60]. Additional data, from other
research teams, show that hypermethylation of the promoter RASSF1 activates the HIPPO pathway
leading to an increased gastric cancer risk (OR = 12.67) [61]. The HIPPO signaling pathway (short for
“MST1/2-WW45-LATS1/2 signaling pathway”) is a critical pathway that determines cell growth rate
and organ size. In the normal HIPPO pathway, MST1 and MST2 phosphorylate and activate LATS1-2
(large tumor suppressor 1 and 2), which phosphorylate YAP1 (Yes-associated protein 1) and its paralog
TAZ (WW-domain-containing transcription regulator), resulting in its cytoplasmic accumulation (Figure
17). On the contrary, in gastric cancer, MST1 and LATS1 are downregulated and this results in a
YAP1/TAZ translocation to the nucleus, where they bind with TEAD1-4 (TEA domain DNA-binding
transcription factors 1 to 4), therefore inducing transcriptional activity for cell proliferation and
differentiation [61]. Additionally, the deregulated Hippo pathway shares crosstalk with Wnt/B-
catenin/Notch/TGF-B (transforming growth factor beta) pathways in tumorigenesis.

1.6.5. Nuclear factor-«kB pathway

The Nuclear factor kappa B (NFkB) signaling pathway comprised a group of transcription factors (RelA,
RelB,c-Rel, NFkB1/p50, NFkB2/p52). This pathway appears overactive in gastric cancer cases, with 1.8%
of RelA alterations, 2.5% of Relb, 2.8% of NFkB1 and 5% of NFkB2 (mostly gain function mutations or
gene amplifications) [62-63]. As a response to various microbial compounds, hormones and/or growth
factors, the NFkB pathway either upregulates or suppresses the expression of several genes such as
cytokines/chemokines (IL-1, TNF), VEGF, MMP (Matrix metalloproteases, promoting cell survival and
invasion) or Cyclooxygenase-2 (COX2, promoting cell growth and apoptosis inhibition).

1.6.6. Sonic hedgehog (Shh) pathway

The Sonic hedgehog (Shh) pathway is activated in gastric cancer, leading to cell proliferation, tumor
growth and shorter survival [64-67]. The Sonic hedgehog (Shh) pathway is activated by Shh binding to
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the Patched (PTCH)-Smoothened (SMO) membrane-receptor complex. Upon activation, SMO
promotes nuclear translocation of the GLI family of transcription factors (Glil, 2 and 3) that
subsequently activates target gene expression controlling cell cycle and invasion.

1.6.7. The p53 family (p53, p63 and p73)

P53, p63 and P73 are members of a family of related transcription factors, frequently mutated in
cancers. For instance, according to Levrero et al., 50 to 70% of gastric tumor cells harbor p53
mutation, around ~4% a p63 one and ~ 1% a p73 [68]. Additionally, p53 status varies according to
gastric cancer subtypes, with p53 mutations commonly found in the MSI subtype, while being less
common in the EBV subtype (with a strong expression of p53 and a decrease of p53 mRNA levels) as
explained by Ribiero et al. [69]. Besides the presence of mutations, the P53 level and activity is
controlled by MDM2, which is an E3 ubiquitin ligase promoting p53 proteasomal degradation. After
DNA damage, MDM2 is inhibited, which disrupts its binding to p53 and accumulates and therefore
activates p53. MDM2 is overexpressed in around 40% of gastric cancer and MDM2 gene amplification
is especially found in diffuse-type cancers. The upregulation of MDM2 results in TP53 inactivation, thus
inhibiting the cell cycle arrest and apoptosis, which could result in the promotion of gastric
tumorigenesis. Furthermore, upon a genomic stress such as a chemotherapy treatment with
platinium-derived compound, p53 maintains genomic integrity by the transcriptional activity of its
target genes such as CDKN1A (P21) or PMAIP1 (Noxa). Moreover, p53 appears unable to induce
apoptosis in response to DNA damage, without the presence of p63 or p73.

The TAp63 isoforms binds to DNA across p53 response elements and activate the transcription of
target genes inducing cell cycle arrest or apoptosis (common functions to p53). TP63 appears altered
(gene amplifications) in 9% of gastric cancer cases in the TCGA (http://www.cbioportal.org/) and is

more expressed in gastric tumor tissue samples compared to normal gastric tissue, with an
overexpression in advanced diffuse type gastric cancers. Furthermore, Song et al. found that p63
expression was a poor prognosis factor, as it correlated with shorter overall survival and lower 5-year-
survival rates [70-71].

Like TP63, TA73 isoforms can bind to DNA across p53 response elements, thus activating the
transcription of target genes, which results in a cell cycle arrest or apoptosis induction. The ANp73
isoforms can bind DNA across p53 elements and can exert dominant-negative effects over p53, p63
and p73 activities. TP73 is altered (majority of deep deletions) in 3% of gastric cancers according to the
TGCA. Wei J et al. also described an increased level of P73 expression in 94% of their patients (n=37/39)
and Vilgem et al. described ANp73 as a poor prognosis factor, related to shortened survival (20 months
for ANp73 + vs 47 months for ANp73 - ) [72-73]. They also showed that HIC1 (Zinc finger and BTB
domain-containing protein 29 or Hypermethylated in cancer 1) targets ANp73 promoter reducing its
expression [73-74]. HIC1 is hypermethylated in gastric cancer, therefore promoting the upregulation
of ANp73, which may result in the inhibition of p53 and TAp73 activities and all in all promote gastric
tumorigenesis [73-74]. Therefore, ANp73 seems to have pro-tumor role in gastric cancer. On the other
hand, TAp73 appears to have an antitumor activity by recusing cell proliferation and inducing
apoptosis. However, TAp73 overexpression promotes Cyclin D expression, which leads to cell
proliferation and Doxorubicin-resistance in gastric cancer cells and reduces the p53-dependent
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apoptosis induced by chemotherapeutic drugs in several cell lines (SNU-1, SNU-3, and AGS) [75-76]. All
in all, an overexpression of TAp73 can result in drug resistances and seems to have a pro-tumor role in
gastric cancer, which highlights the dual role played p73 in gastric cancer tumorigenesis.

1.7. Current treatments of gastric cancer

Unfortunately, those altered pathways in gastric cancer have not yet resulted in usable targeted
therapies. The current recommended therapeutic approach relies on a standardized multidisciplinary
approach, which involves surgery (total or partial gastrectomy +/- lymph node resection) and
perioperative (neoadjuvant and/or adjuvant) chemotherapy in most of the cases (Figure 10) [48].
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Figure 10. Recommendations ESMO—ESSO-ESTRO Clinical Practice Guidelines for gastric cancer
treatment

1.7.1. Surgical procedure

Adequate surgery by means of a total or subtotal gastrectomy (laparoscopic — favored — or open
approach) with lymph node resection (15 lymph nodes) is the cornerstone of gastric cancer treatment
[35, 50]. According to the ESMO-ESSO—-ESTRO Clinical Practice Guidelines, total gastrectomy is
indicated for resectable stage IB-Ill disease, while subtotal gastrectomy may be performed if a 5 cm
tumor-free proximal margin between the tumor and the oesogastric junction is possible [35].
Minimally invasive techniques, by means of endoscopic resection, can also be curative option early
stages (T1a) cancers if : they are well-differentiated, smaller than 2 cm, confined to the mucosa and
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not ulcerated [35]. Curative (RO) resection is the only potentially curative option, even though its
efficacy may be limited, as achievement of loco-regional control in advanced diseases remains very
difficult and the majority of patients will relapse following resection.

1.7.2. Standard chemotherapy protocols +/- radiation therapy

Therefore, combined treatments are standard for > stage IB disease (>TIN1/T2NO or more) [35].
Standard first-line treatment of advanced gastric cancer is based on neo-adjuvant chemotherapy, and
combinatory treatments. Although advanced gastric cancer is sensitive to numerous agents, response
rates with monotherapy are generally low (10 to 30% according to Kang et al.) [77]. For years,
chemotherapy protocols were based on the combination between fluorinated pyrimidine (5-FU) and
a platinum-derived compound (cisplatin or oxaliplatin). This association remains in use, with
standardized protocols such as the EOX protocol (oxaliplatin + 5-FluoroUracil / capecitabine) and now
especially the FLOT protocol (Table 1; regimen to be given 2 weekly : 4 cycles before surgery and 4
cycles after, Table 1).

DRUG DOSE Administration | FLUID TIME
Docetaxel 50 mg/m? v 250mL 0.9% sodium chloride | 1h
Oxaliplatin 85 mg/m? v 500mL 5% Glucose 2h
Folinic acid 350mg v 250mL 5% Glucose 2h
5-FU 2600 v Infusion pump 24h
mg/m?
Dexamethasone | 8mg 12h for 3 days
starting 24h before chemo

Table 1. FLOT protocol with doses

Neoadjuvant systemic chemotherapy +/- radiotherapy is recommended prior to surgery, to increase
the loco-regional control, in order to obtain RO resection [35]. It is followed by adjuvant chemotherapy
(after surgery) to maintain the anti-tumor activity. A pooled analysis of 1318 patients from two clinical
trials (REAL-2 and ML17032) observed that patients who received capecitabine-containing regimens
of chemotherapy had increased overall survival (median 332 vs 285 days, HR 0.87 95% CI [0.77-0.98],
p=0.02) and were more likely to obtain an objective response (OR=1.38, 95% Cl [1.10-1.73], p= 0.006)
[52]. In France, according to current recommendations (thesaurus National de Cancérologie Digestive,
2016) stage /1l tumors (UTINO, uT2No, uT1N1, uT2N1, uT3NO) should undergo neoadjuvant and
adjuvant chemotherapy (4 cycles) using FLOT, while stage Ill (T3N1 or TANO-N1) should undergo either
neoadjuvant and adjuvant chemotherapy (4 cycles) using FLOT protocol or chemoradiations (FOLFOX :
oxaliplatine, folinic acid and 5 FU + radiotherapy (50.4Gy) or paclitaxel / carboplatin + radiotherapy
(41Gy). In metastatic gastric cancers, current recommendations limit treatment options to
chemotherapy +/- radiotherapy as palliative care [51]. However, the overall toxicity of some regimens
renders their general use difficult. For instance, the side effects of the FLOT chemotherapy include:
myelosuppression (neutropenia/thrombocytopenia), alopecia, mucositis, allergic reactions, coronary
artery spasm, palmar/plantar erythema, nausea/vomiting/diarrhea, stomatitis, loss of appetite,
fatigue, renal impairment, infection, ovarian failure/infertility, auditory impairment, hepatic
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impairment and neurological toxicity. Thus, despite many advances made over the past years, the
clinical success rate of the existing chemotherapy protocols remain very low (unchanged for >30 years
with platinum-derived compounds) and may vary between patients, emphasizing the need of novel,
targeted and personalized therapies, aiming at limiting side effects, especially for advanced gastric
cancers, where RO resection may not be achieved with surgery alone [53-78].

1.7.3. Advanced targeted therapies

Unfortunately, most current targeted therapies have unfortunately proven to be ineffective for now
[49]. For example, bevacizumab (phase Il AVAGAST study), a monoclonal antibody, in association with
chemotherapy in advanced gastric adenocarcinoma, failed to improve overall survival of treated
patients [79]. Similarly, no clear benefit in terms of overall survival was observed with novel agents
targeting EGFR (cetuximab, panitumumab), VEGF-A (bevacizumab), or mTOR (everolimus) pathways
[35-80].

Recently, the targeting of the PD-1/PD-L1 immune checkpoint signaling appeared as a potential
cancer treatment strategy. Cytotoxic T-cells task is to detect and destroy infected or tumor cells. To
counteract their actions and to limit damage to surrounding tissue, normal cells differentiate
themselves by expressing a protein signal called programmed death ligand 1 (PD-L1), which acts as a
signal to stop the elimination of normal cells by cytotoxic T cells, as they detect the PD-L1 signal
through a receptor called PD-1 (programmed death receptor 1). Some tumors, including gastric cancer
ones, can also express the PD-L1 signal to mimic normal cells and escape elimination. In gastric cancer,
PD-L1 expression was found by Boger et al. in 30% of tumor cells (n=140) and 60% of their liver
metastases (n=9), as well as in 88% of immune cells of gastric cancer (n=411) and 73% of immune
cells from their metastases [81]. Therefore, targetting PD-L1 in gastric cancer seemed possible.
Pembrolizumab (pembro) is a humanized monoclonal antibody against PD-1 that prevents PD-1 from
interacting with PD-L1 and PD-L2 and permits activation of an antitumor immune response. A phase 2
clinical trial was conducted and the response rate as 3rd line of treatment of gastric cancer was
11.6% (n=30/259) and complete responses were observed in 2.3% of patients (n=6) [82]. These
results emphasize the need for further development of pembrolizumab for patients with gastric cancer
who have received >2 lines of therapy. Unfortunately, during phase 3, Pembrolizumab did not show
improved survival compared with paclitaxel as second-line therapy for advanced PD-L1 + gastric cancer
[83].

Hopefully, MET targeted therapies (targeting MET receptor), anti-FGFR therapy and other
immunotherapy are currently undergoing evaluation and some have promising preclinical trials
results. The targeted therapy currently used in clinical routine is trastuzumab in HER2+ gastric
cancers (IHC3+ or 2+/FISH-positive), in combination with capecitabine or 5-fluorouracil and cisplatin,
as combined therapy including this monoclonal antibody increased overall survival of HER2+ patients
(11.8 vs 16.0 months, phase lll ToGA trial) [21-22, 84]. Other potential candidates, such as HDAC
inhibitor SAHA (Vorinostat, with FDA approval for use in treat cutaneous T-lymphoma) or
organometallic ruthenium compound RDC11, are currently being investigated, after giving promising
results on gastric cancer cell lines and in phase 1-2 clinical trials.
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1.8. Prognosis and sarcopenia

1.8.1. Poor prognosis, especially at advanced stages

Unfortunately, not much has changed in gastric cancer care over the past years and targeted therapies
(apart from trastuzumab) were deceiving. As a resultant of the lack of non-invasive diagnostic methods
and the failure of targeted therapies, gastric cancer remains a disease of poor prognosis, with very low
overall survival (median around 11 months) and a 5-year mortality rate around 70% [53-78]. If the 5-
year survival is approximately 36% for resectable gastric cancers, it drops to 5-20% in locally advanced
or metastatic tumors, with an average survival < 1 year [2]. Intestinal gastric cancers are thought to
have a better prognosis than diffuse ones, as the 5-year overall survival rate for linitis plastica range
from 0 to 20% despite multimodal therapy [84]. Similarly, according to Schauer et al. patients with
well-differentiated intestinal gastric cancer had a higher 5-year survival rate than patient with poorly
differentiated tumors (76% vs. 67%; p=0.058), especially for patients with > 10 cm tumors (42% vs.
14%; p = 0.017) [85]. However, new contradictory results were obtained recent studies, such as Adachi
et al., which showed similar outcomes in patients with intestinal, diffuse and signet-ring cell cancers
[86].

All in all, the high mortality of gastric cancers appears to be multifactorial: i) a late diagnosis with a
very high proportion of gastric cancer patients (¥65%) diagnosed at inoperable or metastatic stages,
where curative surgery is no longer an option : the symptomatology is non-specific and the
examinations required for the diagnosis are quite invasive (upper gastrointestinal endoscopy with
biopsies) with a weak place of imaging for screening and diagnosis purposes, ii) the variable sensitivity
of tumors to perioperative chemotherapy, with up to 75% resistances to platinum-compounds at
advanced stages and jii) the joint occurrence of sarcopenia (muscular atrophy) in up to 30 to 70% of
cases, which is recognized as a negative prognostic factor [53-78, 86]. This highlights the progress that
remain to be made in terms of diagnosis and treatment, including the management of both the tumor
itself and the treatment-complications, as well as regarding the occurrence of cachexia / sarcopenia.

1.8.2. Cachexia in gastric cancer

An increasing number of studies showed that cachexia, characterized by a progressive loss of adipose
tissue and skeletal muscle mass, occurs in around 50% of cancer patients, especially in upper digestive
tract cancers (Figure 11) [87].
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Figure 11. A) Multidetector CR, coronal plane, portal venous phase, showing a diffuse thickening of the
stomach wall in a 49-year-old woman with diffuse type gastric cancer (arrows). B) Multidetector CR, axial
plane, portal venous phase at diagnosis (August 2016), C) Multidetector CT, axial plane, portal venous phase,
same patient 17 months later (January 2018) at terminal stage (peritoneal carcinomatosis with peritoneal
effusion: star). The patient is cachectic with muscle atrophy (psoas muscle, yellow measure) with decreased
subcutaneous fat (blue measure).

The skeletal muscle loss, or muscle atrophy, is associated with loss of muscle strength, which
altogether defines sarcopenia [86-90]. More specifically, sarcopenia has been defined by the European
Working Group on Sarcopenia in Older People (EWGSOP, 2010) as a decrease of muscle mass
measured by imaging, impedance or biometrics measurements, associated with decreased
performances and/or muscle weakness [91]. Currently in clinical routine, muscle atrophy can only be
diagnosed at relatively advanced stages, by means of a CT-based surface & density evaluation of
muscles (from abdominal CT, with or without contrast, or CT images of PET-CT). The muscle loss is
evaluated through the estimation of a skeletal muscle index, which consists of measuring the surface
of the muscles (abdominal wall, psoas and erector spinae muscles) at the level of the 3™ lumbar
vertebra (L3) on axial CT images, normalized to the weight and height (BMI) according to the Morsteller
formula. The muscles densities (in Housefield Units) are also measured to estimate their fatty
infiltration. Most of the studies regarding sarcopenia on imaging, used the following cut-off values for
skeletal muscle index (SMI) <52-4 cm?/m? for men and <38-5 cm?/m? for women [91].

Cancer cachexia is also characterized by systemic inflammation and negative protein and energy
balance. Sarcopenia has been described in obese patients, elderly patients and patients with various
cancers and is a recognized negative prognostic factor [90-91]. It is an insidious syndrome that not only
has a dramatic impact on the quality of life but is also associated with poor responses to therapy
(chemotherapy and immunotherapy) and decreased survival [92]. Cachexia is estimated to account for
around 20 to 25% of cancer-related deaths and is more frequently associated with certain types of
cancers. For instance, between 30 to 60% of gastric cancer patients develop cachexia independently
of the cancer stage and the incidence of such sarcopenia increases after chemotherapy [93-94]. The
available clinical information indicate that muscle atrophy can be 1) independent of the tumor stage
(sometimes already present at stage | and 1l), 2) independent of treatments (sometimes already
present at the diagnosis), 3) independent of malnutrition (food supplementation does not restore
muscle mass), 4) a marker for poor prognosis and response to therapy.
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However, the reasons why only some patients are prone to develop cachexia remain largely
unknown. Similarly, the precise part played by the different antitumor treatments, especially
chemotherapy agents, in cachexia development is not well understood. Thus, all in all cachexia remains
a largely underestimated and untreated condition. One of the main hypothesis is that cancer-related
muscle atrophy is caused by inflammatory processes involving interleukins, such as IL6, TNFa and
TWEAK, that are often produced by tumors. Hence, the detection of IL6 and TNFa in the serum is one
of the techniques used to assess muscle atrophy in patients. However, inflammation is unspecific of
muscle atrophy and therefore introduces an important bias. In addition, functional studies and clinical
trials aiming at antagonizing IL6 and TNFa using monoclonal antibodies are disappointing and have not
clearly confirmed the importance of these interleukins in cancer-related muscle atrophy [95]. If blood
levels of IL6 and TNFa could potentially be used as markers for muscle atrophy, they surely are not
specific and may present bias. An additional bias is that they can also be induced by infections as well
as other pathological afflictions often associated with cancer or anticancer therapies. Therefore, there
is yet no clinically recognized means for unmasking early muscle atrophy or patients at risk of
developing it during the course of the disease. Based on the idea that the catabolism processes
associated with muscle atrophy might release proteins outside the muscle, urine markers and blood
markers were searched. Several proteins were identified in the urine as markers to identify cancer
patients with muscle atrophy, mostly including muscle structural proteins (BPA1, Chromosome 14
open reading frame 78, MIBP1, Maltase-glucoamylase, MACF1, MAP1B, Myosin 5C, Myosin 7A, Myosin
heavy polypeptide 7 cardiac muscle 8 variant, Myosin 9A, Myosin 10, Nischarin, a-spectrin 1, Zinc finger
protein 106 homolog) [96]. Similarly in pancreatic cancer, screening for blood markers led to the
identification of 33 circulating proteins associated with muscle atrophy (GRP, S100A7, CCL28, CFH,
AFM, MB, TYMS, GHR, PIM1, KLK11, SET, LEP, RSPO3, WFIKKN1, LPO, IL1R2, HRG, HDAC8, MDK, FABP3,
COL18A1, LRRTM1, CFH, AKT2, CFD, C5, IMPDH1, IFNA7, IL17B, LILRB2, FCER2, SIGLEC14, LEC1B) [97].
Additionally, single nucleotide polymorphisms in genes (LEPR, TNF, ACE, ACVR2B) that correlates with
muscle atrophy have been described in pancreatic cancer patients [98]. Even though these findings
are interesting, so far none of them led to clinical protocols that detect muscle atrophy, especially at
early stages.

Recently, clinical studies suggest that anticancer treatments based on doxorubicin, taxol or
platinum salts (cisplatin, oxaliplatin) could participate in muscle atrophy development in cancer
patients compared to non-cancer patients. The downside of such studies is that they did not clearly
establish whether it is the anticancer therapy that induced muscle atrophy or the tumor by itself. So
far, most of causal studies were performed in vivo on murine models focused on the anticancer drug
Doxorubicin [99]. Several molecular mechanisms were identified and further investigated in vitro using
the myoblastic cell line C2C12 and the production of reactive oxygen species (ROS). The regulation of
the NFKB and p53 transcription factors were shown to play a role [100]. The Notch pathway was also
impacted by doxorubicin in in vitro and in vivo models [100]. Additionally, recent studies also showed
that p63, the paralog of p53, played a role in muscle atrophy, especially in response to Doxorubicin
[101]. Regarding muscle catabolism, TRIM63, and Atroginl (ubiquitin ligases inducing muscle protein
degradation by the proteasome) have been identified in mouse models and cell cultures, as key
mediators of muscle atrophy in different pathological contexts [99]. Molecular mechanisms regulating
the expression of these effectors have been characterized, for instance as the expression of TRIM63 is
regulated by glucocorticoids or cytokines (IL6, TNFa, TWEAK-TNFRSF12A). Additionally, TRIM63
appears induced in a mouse model of drug-induced (doxorubicin) muscle atrophy, which involves the
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Notch signaling pathway and a regulation by the p53 family [101]. MiRNAs were also identified, such
as miR-205-5p, as additional mechanisms regulating some key actors of muscle atrophy, including p53
and FOXO03 [102]. Unfortunately, very little evidence has yet been obtained about the existence of
these mechanisms in humans, given the difficulty to obtain muscle samples from cancer patients for
obvious ethical reasons. Thus, a consensus emerged, highlighting the lack of knowledge on the
underlying mechanisms of muscle atrophy and the need to identify, as early as possible, patients at
risk of developing severe muscle atrophy. These patients would require adequate early management,
while patients considered "not at risk" could avoid heavy, expensive procedures and/or potential
procedure-related complications. Despite the fact that multiple mechanisms are reported to be
involved in the development of muscle atrophy, with a number of cytokines postulated to play a role
in the etiology of the persistent catabolic state (i.e. IL6, TNFc....), these findings did not lead to a
clinically applicable cure yet.

Preventative measures have been evaluated, such physical activity, dietary supplements (Omega
3, vitamin E), anabolic agents (e.g. selective androgen receptor modulator (SARM)), proteasome
inhibitors or antibodies targeting interleukins (TNFa, IL6) [103]. Unfortunately, the preliminary results
were disappointing in terms of efficiency, but also because of intrinsic limitations, such as the difficulty
to follow-up patients (to ensure good adherence to the physical activity or diet program) or associated
side effects. In particular, no current therapeutic approach can efficiently restore muscle loss and
strength. For instance, food supplementation only restores some adipose tissue mass, but fails to
restore muscle mass. Hence, existing therapies for cachexia, including orexigenic appetite stimulants,
failed to restore muscle mass and only focused on palliation of symptoms and reduction of the distress
of patients and families, rather than the prolongation of life. All in all, there is a clinical need for further
development in this field, especially for the development of non-invasive innovative techniques, that
would help us stratify patients regarding the risk of developing severe muscle atrophy and to assess
more precisely the impact of anticancer therapies on muscles [104-105].

1.9. Animal models of gastric cancer in translational research

In translational cancer research, the use of preclinical mouse models is more and more common,
especially for the development of new drug therapies [106-110]. Multiple models are available, from
cell-derived or patient-derived xenografts, drug-induced models or murine lines resulting from genetic
modifications.

1.9.1. Cell-derived models

Cell line-derived mouse models are being overwhelmingly represented in the literature (up to 82% of
the studies until 2016) due to their easy and unexpensive development, but they raised more and more
criticism for their distorted tissue architecture, with an altered tumor microenvironment, and the
possible occurrence of a loss of genetic heterogeneity, altogether with genetic changes, which has
been described after a long-term propagation [107-108]. In gastric cancer, various human cell lines
have been used (AGS, NUGC3, MKN45...) and mouse cell lines can also be used to create syngeneic
xenografts (such with YTN16 = mouse gastric cancer cells).
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1.9.2. Patient-derived xenografts (PDX)

On the contrary, patient-derived xenografts (PDX) are obtained by implanting fresh human tumor
fragments, issued from biopsies or surgical specimens, into immune-compromised mice (such as the
athymic NMRI NUDE mice for instance), with serial re-transplantations in new mice generations. PDX
models are less commonly used (7% of the recent studies) due to higher development costs and the
added difficulty of obtaining fresh human tissue samples. in translational cancer research, there is
growing interest for such models, as they retain over time the major histological, molecular and genetic
characteristics of the primary tumors from which they arose, while remaining stable during the
passages in the different mouse generations [107]. Thus, PDX models resemble closely their human
counterpart and are able to reflect the vast patient and tumor variability and heterogeneity, that is
inherent to human cancer [111-113]. Heterotopic implantation, where the tumor sample is implanted
in the flanks of the mouse, is more commonly performed, but its metastatic evolution is unusual [109-
113]. On the contrary, orthotopic implantation (= directly in the organ of origin of the primary tumor)
may lead to primary and metastatic (especially to the liver) tumor growth mimicking what is seen in
patients [115-118]. As animal models, PDX are really useful in translational research, allowing repeated
measures and time-course follow-ups of tumor progression in response to various conditions
(anticancer drugs, genetic modifications...), as they correlate quite well with clinical responses to
chemotherapy. They also enabled the analysis of intratumoral clonal variation. Such models have been
established for many cancers, including breast, colon and gastric cancers, with engraftment rates
ranging from 25 to 75% [107-110]. In gastric cancer, the engraftment success rate is quite low (25 to
34%), with a risk of EBV-related lymphoproliferation (33% of the cases) when NOD or NOG mice are
used [109-115]. Importantly, success rate varies between the histological subtypes of gastric cancer
and all existing PDX models are of intestinal subtype. No PDX model was ever successfully developed
for diffuse gastric cancer, likely because of the intrinsic properties of the diffuse subtype, characterized
by the dispersion of isolated cancer cells in the stroma, insufficient to reach the minimal cancer cells
number required to initiate tumor growth, in a similar way as implantation usually fails for low tumor
cell percentage biopsies [109].

1.9.3. Genetic engineered mouse models

Tumor-bearing mice can also be genetically engineered to develop cancer. For instance, our
collaborators from the University of Pennsylvania (USA) have developed a model of mixed type gastric
adenocarcinoma, with both intestinal- and diffuse-type lesions. This model combines conditional
oncogenic Kras activation with loss of E-cadherin and p53, specifically in cells of the gastric parietal cell
lineage (Atp4b+) and traces these cells with a YFP reporter [119]. The penetrance is reported 100%
with a median survival of 2.5 months (90 days) compared to almost a year in other models (Kras wild-
type model). One advantage of this genetic engineered model is that the cancer occurs directly in the
stomach of the mouse, bearing the same advantages of orthotopic PDX models in terms of loco-
regional environment, as well as for lymph node and distant metastasis. In this model, mice develop
regional lymph node metastases and lung metastases in 100% of the cases, paratracheal lymph node
metastases in 50% of the cases and liver metastases in 20% of the cases. As the tumor develops directly
in the stomach of an immunocompetent animal, the tumor ecosystem including both
microenvironment (blood vessels, immune cells, activated fibroblasts, neuronal infiltration...) and
macroenvironment (muscle atrophy, fat loos...) is reproduced, while PDX-bearing athymic mice only
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have natural killer as immune cells. Additionally, genetic engineered mouse is the only mouse model
that develops diffuse-type gastric cancer (~25% of diffuse cells on histology) [109-119].

1.9.4. Mouse model of drug-induced muscle atrophy

If cell-derived, PDX and genetic engineered mouse models are developed more specifically for the
tumor they bear, other models were created to reproduce particular side effects of tumor-bearing
and/or treatments, such as cachexia and sarcopenia. For instance, muscle atrophy can be induced in
C57/BL6 mice by a single intraperitoneal injection of 20 mg/kg of Doxorubicin [118].

1.10. Small animal (rodents) imaging: current trends

1.10.1. Small animal (rodents) imaging in translational research

Recent developments in molecular biology and genomics have boosted the need for laboratory
animals, on which longitudinal studies over extended periods of time are conducted. In preclinical
studies, one of the most relevant, predictive and easily reproducible way to assess the outcome of a
treatment is through the tumor volume and the speed of growth of tumors. Classical measurements
of the tumor volume were historically performed by hands-on steel or electronic calipers, which are
unexpensive and easy to perform, but lack of precision and interobserver reproducibility [12, 14].
Nowadays, animal models can be imaged (ex vivo, in vivo and/or longitudinally) by various imaging
modalities, such as ultrasound, micro-CT, PET-CT or MRI, enabling a morphological analysis, follow-up
and also in vivo estimation treatment efficacy. Animal-adapted (coils, probes, devices..) imaging
modalities under veterinary supervision in a dedicated facility are required.

1.10.2. Ultrasound

In vivo measurements of the tumor burden are conventionally accepted metrics of the anticancer
activity of chemotherapy agents in mouse models and manual hands-on caliper has been the most
common way of measuring them. Recently, ultrasound imaging appeared as a radiation-free relatively
easy method for tumor measurements in mice (using B-mode), as studies showed that cell-line derived
xenografts ultrasound measurements were more accurate than manual caliper ones [94-95-96].
Ultrasound images are based on the propagation of acoustic echoes from high-frequency acoustic
waves in various tissues. Unlike CT and MRI, small animal ultrasound studies performed with high
frequency probes, are better suited for an easy-to-follow, day-to-day in-real-life assessment of the
tumor growth and the tumor volume, while limiting the costs of such evaluation [121]. The vascular
network of a tumor can also be assessed using Doppler (observation of blood flow velocity with the B-
mode image being overlaid by a color map of either the blood flow = color Doppler, or by its value =
power Doppler) and/or gas-filled microbubbles as contrast agent (= contrast-enhanced ultrasound,
exploiting the non-linear properties of the bubbles - average diameter of 5 um and a limited lifespan
in the blood flow-) [122].

The major limiting factor is the depth of the tissue that can be imaged through, as ultrasound is most
efficient for superficial tumors, with air/bone causing artefacts [122]. Another downside of ultrasound
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is observer-dependency of the measure, as its reproducibility relies on the observer’s technique (probe
movements & experience in recognizing/measuring structures).

1.10.3. Computed tomography (CT)

Non-invasive imaging techniques, such as micro-CT (= small animal computed tomography) enable a
3D representation of high-density tissue structures needed to monitor therapeutic effects over time,
with quite high spatial resolution high (50 um) and fast imaging times (4-6 minutes) [124]. This method
has been used on tumor-bearing mouse models and appeared superior to manual caliper to accurately
follow tumor progression. Such longitudinal imaging protocols optimizes intervals between treatment
and therefore reduces the number of animals required to get reliable results (especially as images can
be post-processed and read by different observers after acquisition) [124]. In small animal oncology,
micro-CT is the modality of choice for bone or lungs imaging, where abnormalities can be clearly
distinguished from surrounding tissue even without any contrast agent [124]. However, these
techniques require a more complex setup of the experiment (machine, mouse sedation..) with
increased costs, thus being difficult to apply in large groups of animals. Micro-CT also exposes to
animals to ionizing radiations [97].

1.10.4. Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) appears as the modality of choice and the most morphologically
accurate three-dimensional measurement technique for brain and abdomen (liver, kidneys, bladder,
prostate, colon, prostate, pancreas, lymphoma...) imaging in rodents, due to its higher spatial and
contrast resolution. It is also modality of choice for metastasis imaging - especially to the liver - as well
as for muscle studies [97-98]. For rodent imaging, high magnetic fields (7 or 9.4T for instance) with
dedicated coils are used. One of its most important role in small animal imaging is its involvement in
the development and validation of new animal models of cancers, usually through the measurement
of growing tumors [97]. In oncology, MRI enables 1) the early detection of tumors, 2) a detailed
characterization of the tumor tissue (liquid, solid, fat...), 3) the characterization of the vasculature of
the tumor and 4) an analysis distant metastasis sites (liver, peritoneum...). The major downfall of MR
imaging is the length of the examination (for instance : 9 minutes for one sequence on a 9.4T Bruker
machine for a T2 sequence with a 28 x 28 mm field of view), resulting in a ~ 20-minute scanning time
per animal. Therefore, in order for the mice to remain still, it is anaesthetized with Isoflurane® (Abbott
GmbH, Wiesbaden, Germany; 2% vaporized in oxygen) and additional ECG (cardiac) and respiratory
gating are required to reduce motion artifacts. The mouse is placed in the MR, in a dedicated coil, in
prone position (head first), dorsal decubitus, on a hot water bed. Contrasts agents (for instance
gadolinium) may also be used to aid in the visualization of tumors by enhancing different tissue signal.
MRI is not observer-dependent and images are highly reproducible, which makes it a very useful tool
for comparison and follow-up of tumors. New imaging methods are currently being developed to be
better suited to study the activity of new therapeutic compounds, with in-real time imaging &
longitudinal follow-up.
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1.10.5. Positron emission tomography—computed tomography (PET-CT)

Even though CT and MRI present with higher spatial resolution, PET-CT permits a more functional
approach, with the use of various radionucleotide tracers, such as 18-Fluoxodesoxyglucose or F-MISO
[99-102]. Recent studies showed that PDX tumors accurately reproduced the metabolic characteristics
of the corresponding parental tumors on PET-CT imaging using !®F-FDG [103]. Gastric
adenocarcinomas, as well as other tumor types, showed significant 18-FDG uptake. As PET-CT can
monitor both the tumor growth rate and the metabolic uptake of the tumor (by means of SUVmax
measurements), it can be a useful tool to assess new therapies and early therapeutic response.

1.11. Future developments and overall aim of the project

Available recent histological, genetic and molecular data confirmed the heterogeneity of gastric
cancers. In the area of precision medicine, recent discoveries (Figure 27) regarding biomarkers (for
instance HER2 status), together with new generation sequencing genomic data and novel preclinical
models of cancers, have increased the hopes of finding new actionable mutations and therefore novel
targeted therapies [124].

However, these data have not yet generated significantly help to improve the patients’ care. Current
failure to obtain more efficient therapeutic approaches have multiple potential explanations, some of
them may be 1) the absence of ideal animal model for the in vivo preclinical evaluation of such
therapies, 2) the absence of longitudinal molecular signature studies of tumors ‘before and after
treatment’ to better understand treatment-related changes that would provide a more precise and
dynamic molecular classification 2) weaknesses of the diagnostic process and patient selection,
especially regarding technical limitations of non-invasive imaging methods together with the absence
of patient stratification in the latest phase II/Ill clinical trials... and 3) the lack of consideration of co-
occurring diseases worsening the prognosis, especially sarcopenia/cachexia.

Indeed, if a certain number of specific effectors of sarcopenia (e.g. TRIM63) have been identified in
murine models or cell cultures and molecular mechanisms regulating the expression of these effectors
have been characterized (e.g. the expression of TRIM63 is regulated by glucocorticoids, trophic factors
- IGF1-AKT, TGFb-SMADs - or cytokines - IL6, TNFa, TWEAK-TNFRSF12A -), the origins and
physiopathological mechanisms of sarcopenia/cachexia in cancer in general, and in gastric cancer more
specifically, remain unclear. Similarly, the recent molecular classifications (TCGA, ACRG...) of gastric
adenocarcinomas have led to the identification of several deregulated pathways, but the resultant
targeted therapies were ineffective, which questions the relevance of such classifications for
therapeutic purposes. Therefore, there is a need for a more accurate classification, that will take into
account the intra-tumor clonal variation, the influence of the tumor microenvironment and the
interaction with the macroenvironment (surrounding tissues e.g. muscles), associated with a
stratification of patients according to their imaging/molecular/genetic status, to improve the
therapeutic care. Thus, the search for new biomarkers or novel actionable targets (which could lead to
drugs development), the development of new imaging tools and the improvement of existing
diagnostic tools, is essential for a better discrimination of the different subtypes of gastric cancer, each
associated with a different prognosis. The heterogeneity of gastric cancers also exists in terms of
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response to treatments and the lack of targeted therapy also highlights the need for more personalized
treatments. Based on the complexity of cancers, especially gastric ones, and the importance of the
microenvironment in their interaction with surrounding tissues (macroenvironment), we need novel
and more realistic mouse models - closer to the characteristics of patients and tumors - to be able to
better predict treatment responses between "good" and "bad" responders. The future could be an
integrated diagnosis, combining histological features, imaging data, molecular analyzes and genetic
characteristics of cancers, with the aim of eventually offering personalized a la carte therapies to
cancer patients.

Therefore, the overall aim of my project is to develop and characterize animal models that are
representative of the diversity of the gastric cancer complexity. | am to be able to establish a set of
experimental protocols allowing the longitudinal and precise testing of novel therapeutic strategies
by taking in account to whole tumoral ecosystem (cancer cells, micro-environment, surrounding
tissues...). Concerning the surrounding tissues, we have a particular focus on muscle atrophy. To do
so, | combined the use of patient-derived xenograft mouse models, molecular characterization of
biomarkers, and top of their class imaging tools. By the nature of it objective, this translational
project is challenging and highly collaborative, requiring dynamic interactions between different
hospital departments, laboratories specialized in small animal imaging a biomedicine laboratory
with molecular and cellular analysis tools and chemistry laboratories providing the novel
therapeutics.

To reach our final goal, three specific objectives have been identified:

4) To develop and perpetuate different patient-derived-xenografts (PDX) in gastric cancer that
are representative of the gastric cancer complexity, such as different level of cancer cell
differentiation, different molecular mutational status for p53....

5) To characterize them using various small animal imaging methods (ultrasound, CT, MRI...)
compared to their histological samples & molecular characteristics

6) To use those PDX models for the development of new therapeutic approaches in gastric
cancer and apply imaging methods to longitudinally study the tumor, the microenvironment
and the surrounding tissues.
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2.RESULTS

2.1. Development and characterization of gastric cancer patient-
derived xenografts models

Most of the recent studies on the development of novel anticancer-drugs or new targeted
therapies relied on murine models, such as patient-derived xenografts (PDX) or cell-line-derived
xenografts for their in vivo validation, as they allow repeated measures of the tumor volume, as well
as time-course follow-ups of tumor progression, in response to various conditions (anticancer drugs,
genetic modifications...). Compared to cell-line derived xenografts, patient-derived xenograft models
are known to remain stable across generations and retain the major traits (architecture, histology and
genetic characteristics) of the primary human tumor they derive from, thus resulting in the only murine
model able to reflect the patient and tumor variability and heterogeneity, inherent to human cancers.
Importantly, Zhu et al. reported that the chemosensitivity of PDX models was comparable with patients
and therefore the use of those models appears as the most accurate method to evaluate the efficacy
of new anticancer drugs or novel targeted, in preclinical studies [114].

In gastric cancers, there are currently five reports regarding the development and/or use of
gastric cancer PDX models [109-110, 113-114, 126-130]. The success rates of such xenografts in the
two major papers quite low (25% for Choi et al. et and 34% for Zhu et al.), compared to other cancer
types, where it can reach up to 70% (breast, colon...) [109, 114]. Also, Choi et al. and Dieter et al. noted
a risk of EBV-related lymphoproliferation (33% of the cases) when NOD or NOG mice were used [109-
113]. To create a PDX model, a tumor sample (from a biopsy or a surgical specimen) of gastric cancer
is prepared an implanted on the flanks of an immunocompromised mouse (Figure 12) We chose
athymic NUDE mice, to reduce the lymphoproliferation risk. The tumor then develops over a period of
1 to 6 months, before being harvested and transplanted in another generation of mice.

Patient with Primary Smaller tumor Subcutaneous Tumor growth Expansion
gastric tumor fragments in injection and 1-6 months phase {P1)
adenocarcinoma fragments medium engraftment

phase

Figure 12. The development of a PDX model of gastric cancer.

Important success factors of such graft appeared to be i) the histological subtype of gastric cancer, ji)
the percentage of tumor cells on the sample used iii) the use of untreated samples (success rate 52.1%
on naive tissue versus 21.9% post-treatment - one possible reason could be the higher proportion of
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necrotic or scar tissues in treated tumors), while the importance of the cold ischemic time (latency
before implantation) remains controversial [109, 114]. For now, the few existing PDX models are all
of intestinal subtype and no PDX model was ever successfully developed for diffuse gastric cancer. This
is probably related to the intrinsic properties of the diffuse subtype, presenting as isolated cancer cells
in the stroma of the stomach, therefore insufficient to reach the minimal cancer cells number required
to initiate tumor growth, in a similar way as tissue implantation commonly fails in case of biopsies with
a too low tumor cells percentage.

In pre-clinical oncology research, most in vivo studies using mice are longitudinal ones,
conducted over extended periods of time. In such studies, one of the most relevant way to assess the
outcome of a treatment is through the tumor volume and the speed of growth of tumors. If the volume
of tumors can be estimated using manual caliper, this method lacks precision and inter-observer
reproducibility [12, 14]. A more precise way to evaluate the tumor volume, with a direct access to
morphological information about the tumor, relies on small animal imaging modalities such as
ultrasound, micro-CT, PET-CT and/or MRI. Additionally, small animal imaging enables a morphological
analysis as well as a longitudinal follow-up with in vivo estimation of treatment efficacy. Choi et al. and
Zhu et al. characterized their gastric cancer PDX models histologically and genetically, but they did not
perform any morphological imaging correlation (they only used MRI to detect the successful
implantation of their fragments implanted in the sub-renal capsule). The other papers did not mention
any small animal imaging.

Considering the low success-rate in establishing new PDX models (especially for gastric cancer
~ 25%), the financial burden related to their maintenance and their key-role in pre-clinical cancer
research, we thought it that an imaging characterization of our PDX models compared to their
corresponding histological slices would help us to better understand them. For a daily usage, we
evaluated the performances of ultrasound compared to caliper. We also used magnetic resonance
imaging, as it would provide a direct access to information about the tumor size, morphology, sub-
structure and to potential treatment-related changes. Additionally, further characterization of the PDX
models and especially their stratification according to various status biomolecular (HER2, PD-L1, P53...)
status seemed important, in order to be able to be more selective regarding their use in pre-clinical
research. Differentiation of gastric cancer PDX models according to their PD-L1 related immune check-
point status has never been done before, even though 30% of gastric cancer tumor cells are known to
express PD-L1, with pembrolizumab (anti PDL1 with FDA approval) as a potential targeted therapy [81].
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Abstract

Objective. Measurements of tumor burden are conventionally accepted metrics of in vivo cytostatic and
cytotoxic activity of anticancer drugs. Recently, ultrasound measurements appeared more accurate than manual
caliper on cell-line-derived xenografts. The aim of our study was to use ultrasound to evaluate the impact of
chemotherapies on gastric tumor growth on patient-derived-xenografts (PDX) and compare its performances to
caliper ones.

Material and Methods. For that purpose, we established PDX models of gastric cancer and imaged tumor growth
using ultrasound, in response to standard chemotherapy (cisplatin) or targeted therapy (histone acetylase
inhibitor SAHA). Manual caliper and ultrasound measurements were compared to macroscopic specimen
measurements (gold standard) after resection. Tumors characteristics were also analyzed by
immunohistochemistry for relevant makers (Ki67, H3K9ac, p53, B-actin).

Results. A selected PDX model responded well to cisplatin, with smaller tumors (239.8 mm?+ 159) compared to
controls (561.5 mm?3+ 138.5, p = 0.0382), while there was no significant difference with SAHA (450.6 mm?+ 406.2,
p=0.6349). Manual caliper on live mouse globally (90%) overestimated tumor volume compared to gold standard
(p<0.0001). Ultrasound performed better than caliper with less overestimation (38%) with no significant
difference between ultrasonic and gold standard measures. Importantly, ultrasound allowed in-real-time access
to the tumor substructure (e.g. cysts), enabling observation of changes (confirmed by immunohistochemistry) in
the tumor microenvironment distinctive of the different treatments.

Conclusion. Small animal imaging using ultrasound allowed time-course follow-up of tumor progression with
repeated measures, in response to various conditions (anticancer drugs, genetic modifications...), while enabling
in-real-time access to tumor volume, morphology and substructure.
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Mini abstract (30 words)

Small animal imaging using ultrasound allowed time-course follow-up of tumor progression with repeated
measures, in response to various conditions and enables in-real-time access to the tumor volume, morphology
and substructure.

Keywords

Gastric Cancer ; ultrasound ; HDAC Inhibitors
Abbreviations

PDX = patient-derived xenografts

HDAC = histone deacetylases

SAHA = suberoylanilide hydroxamic acid

MRI = magnetic resonance imaging

micro CT =small animal computer tomography
IHC = immunohistochemistry

SD = standard deviation

HDACi = HDAC inhibitors

Introduction

Gastric cancer is the 5" most common cancer worldwide and the 3™ in term of mortality, with a 5-year-survival
rate around 36% for operable cancers, dropping to 5-20% in locally advanced/metastatic ones and an overall
survival <1 year [2]. This highlights the progress that remains to be made for its diagnosis and treatment,
including the management of tumor/treatment-related complications. The current standard therapies mainly
use platinum-based drugs (cisplatin or oxaliplatin), but the survival rate of patients ongoing palliative therapies
remains very low, as the majority (75%) of tumors are chemoresistant at late stages. The recent molecular
classification of gastric adenocarcinomas led to the identification of dysregulated pathways, at which targeted
therapies attempts have been made, with unsatisfactory results so far [3]. For instance, increased expression of
several histone deacetylases (HDAC) have been described in gastric cancers. However, the targeting of HDACs
using the pan-HDAC inhibitor Vorinostat (SAHA) showed no gain in patients’ survival when administrated without
patient stratification [4]. Hence, taking into account the intratumoral clonal variation and/or the influence of the
microenvironment might provide crucial information and lead to new targeted therapies or novel treatment
combinations, which might improve the therapeutic care. Currently in translational cancer research the use of
pre-clinical mouse models, such as patients-derived xenografts (PDX), are more and more common, especially
regarding the development of new drug therapies, as PDX models retain the major histological, molecular and
genetic characteristics from the primary tumor, which are maintained across passages [1, 5-8]. Therefore, PDX
allow time-course follow-up of tumor progression with repeated measures, in response to various conditions
and the analysis of the evolution of intra-tumor clonal variation [7]. Unfortunately, in gastric cancer, the success
rate for their establishment remains very low (~25%), with only intestinal-type PDX available [6, 8-10].
Measurements of the tumor burden are conventionally accepted metrics of in vivo cytostatic and
cytotoxic activity of anticancer drugs in mouse models, classically measured by manual calipers [2-3, 6, 9-11].
Non-invasive imaging techniques, such as magnetic resonance imaging (MRI) or micro CT (small animal
computered tomography), appeared superior to caliper to accurately follow tumor progression, but require a
more complex setup of the experiment with higher costs and are difficult to apply to large groups of animals [13-
14]. In recent studies, ultrasound measurements appeared more accurate than manual caliper ones on cell-line
derived xenografts [11-12, 14]. Another advantage of the ultrasound is the additional information provided
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during the exploration, such as the morphology or the vascularization of the tumor [15]. Accessing this level of
information is particularly relevant for PDX models, since their primary interest is to reproduce more closely the
structural complexity of the patient’s tumor tissue. The aim of our study was to evaluate the performances of
ultrasound compared to manual caliper measurements and histology, on gastric cancer PDX mice, treated by
cisplatin or suberoylanilide hydroxamic acid (SAHA).

Material and Methods

Establishment of the patient-derived xenograft model

All animal experiments were approved by our Institutional Animal Care and Use Committee (APAFIS#8320). Use
of human tissues was approved by the Ethics board. Patients gave their written consent. All protocols adhered
to the Declaration of Helsinki. Six weeks-old athymic female Nude mice were acclimated for two weeks and
provided with unlimited access to sterilized food and water ad libitum and housed with 12h day/night cycles.

Manual (mechanical) Vernier caliper measurement and ultrasound evaluation

For caliper measurements, the thickness of the tumor was extrapolated from the width measure. The volume
was calculated as V= (length x width) 2/2 [11]. Ultrasound was performed using B-mode images on a Toshiba
Medical Systems Company (Tochigi, Japan) with a superficial transducer (14MHz). Ultrasound measurements:
length, width and thickness of the tumor. The volume was calculated using V=((1/6) x Length x Width x Thickness)
[14].
We also visually assessed the tumors’ morphology with ultrasound :

- presence of solid echoic components, rated 0 (absent) or 1 (present)

- presence of cysts, rated 0 (absent) or 1 (present <50%) or 2 (present >50%)

- location of the cysts (central or peripheric)

- the presence of hyperechoic images, rated 0 (absent) or 1 (present)

Histological evaluation

After the final measurements, the tumor was excised for ex vivo macroscopic evaluation. The length, width and
thickness of each tumor were measured using the same manual caliper and served as gold standard. The volume
was calculated with the same formula as with ultrasound: V=((rt/6) x Length x Width x Thickness). Overestimation
of the tumor size occurred when the measured volume corresponded to a 10% or higher increase compared to
the gold standard volume. Then, all tumors were cut in halves along their greater axis and fixed in 4%
paraformaldehyde solution for hematoxylin-eosin (H&E) staining. All slices were read at x2 - x20 - x40
magnifications, blinded to the treatment group. The following elements were analyzed:

- necrosis and intraglandular necrosis: 0 (absent) or 1 (present)

- cysts: 0 (absent) or 1 (present <50%) or 2 (present >50%) + location (central or peripheral)

- stroma (normal=0 or more important than in the initial tumor=1)

- glandular papillary tumoral structures

Immunohistochemistry (IHC)

IHC were performed on deparaffinized histological tumor slices (5um). Unmasking was carried out with NaCitrate
in the microwave oven (800W, 10min). After washing once with distilled water and once with PBS the sections
were permeabilized with 0.1% PBS-Triton for 5min and the nonspecific sites blocked in 5% NGS-PBS-Triton 0.1%
(Normal Goat Serum) during 60min. Subsequently, primary antibodies to P53 DO1 (SC126, 1/200, Santa Cruz®),
H3K9 (NB22-0122, 1/300, Netobiotech®), Ki67 (sp6) (RM-9106.S, 1/500, Thermo Fisher RM) and a-actin (aSMA,
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1/500) were diluted in PBS + Triton 0.1%, then added and kept at 4°C overnight. After 3 washes with PBS-Triton
0.1% slides were incubated with the secondary antibody (diluted 1:1000 in 1xPBS/5% NGS) specific for the
primary antibody for 1 hour at room temperature. Slides were mounted with FluorSafe Reagent Mounting
Medium (Calbiochem®) and allowed to dry overnight before observation using a fluorescence microscope (Axio
Imager 2 - ZEISS). Ki-67 staining was scored as % of cells showing a positive nuclear staining.

Genetic analysis

We also evaluated tumor tissue ctDNA by parallel next-generation-sequencing (NGS) panel testing. DNA was
extracted from the primary tumor from snap-frozen tissue and PDX using phenol/chloroform extraction protocol
[16]. Mutation screening was performed on a MiSeq lllumina platform using Tumor Hotspot MASTR Plus assay
(Multiplicom-Agilent). Sequencing data were aligned to human genome hgl9 using BWA-MEM algorithm
(Burrows-Wheeler Aligner-Maximal Exact Matches). Variants were called using three different variant callers:
VarScan, GATK Haplotype Caller, and GATK Unified Genotyper. The minimum coverage per base and variant
allelic frequency were fixed at 500-fold and 5% respectively. Data were visualized using the Integrative Genomics
Viewer. A panel of twenty-six clinically targetable genes were analyzed: ATK1, ALK, BRAF, CDKN2A, CTNNB1,
DDR2, EGFR, ERRBB2, ERBB4, FGFR2, FGFR3, H3F3A, HIST1H3B, HRAS, IDH1, IDH2, KIT, KRAS, MAP2K1, MET,
NRAS, PDGFRA, PIK3R1, PIK3CA, PTEN and STK11.

Statistical analysis

Continuous variables were expressed as mean + standard deviation (SD). Categorical variables were expressed
in terms of numbers and percentages. Unpaired t-student test with equal SD was performed to compare the
tumor volumes between the groups. The significance was set at p = 0.05. One-way ANOVA standard tests were
used for analysis of significance of the different measures (independent variables). Confidence levels were
chosen at 95% confidence-interval. Tukey’s Multiple Comparison test was performed to compare caliper,
ultrasound and gold standard. All statistical analyses were performed using GraphPad software 6.0 [16].

Results

Patient-derived xenograft (PDX) models are valuable tools in cancer research, especially for anti-cancer
drug testing. Considering the low success-rate in establishing new PDX models, the financial cost for maintaining
these models and their key-role in cancer research, we thought that in addition to the standard volume
measurements of the tumor burden over time, any pre-clinical experiment performed should include an in-real-
time access to potential treatment-related changes in the tumor morphology, with limited extra costs. Therefore,
ultrasound seamed very appealing, as it would allow the follow-up of tumor growth over time, while providing
direct access to information about the tumor structure and treatment-related changes.

Establishment of PDX mouse models.

We established several PDX models, either from gastric cancer biopsies (2x2 mm) or from tumor
fragments (4x4mm) of surgical specimens, with limited ex vivo time (<25min). The fragment was implanted on
the flanks of an anaesthetized immunodeficient mouse (Figure 1a), with close monitoring of their growth (1-3
times/week by caliper). When the implanted tumor reached 500mm?3, the engraftment was considered
successful, the mouse was anaesthetized and the tumor harvested for serial transplantation into successive mice
generations (Figure 1a). We chose to use the GXC-004 PDX model, originating from a surgical specimen obtained
after total gastrectomy of a primary well-differentiated intestinal type HER2-negative gastric adenocarcinoma
ypT1aNO, from a 64 years-old man treated with preoperative chemotherapy (EOX: epirubicin + cisplatin + 5-
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fluoro-uracil). The implanted fragment reached the 150mm3 target volume within 15 days. Histology of the
different passages of GCX-004 were well-matched with the primary human tumor (Figure 1b) without
lymphomatous transformation [2]. In addition to the histological stability over time and passages, the PDX
retained the genetic characteristics of the primary tumor, with no potentially pathogenic actionable mutation on
the NGS panel of 26 clinically targetable genes.

Effect of anti-cancer drugs on GCX-004 tumor growth: Caliper, ultrasound and Gold standard end-point caliper

measurement

For our experiment, several tumor fragments (~3mm3) from GCX-004 (passage 8) were implanted
subcutaneously on the flanks of 16 NUDE mice, and the mice were split into three groups [4]. Once the tumors
reached the target volume, we treated one group (n=6) with cisplatin (5mg/kg body weight), a second one (n=6)
with Vorinostat (SAHA 50mg/kg body weight) and the control group (n=6) with DMSO-PBS-cremofor. Tumor
volume was measured every 3-4 days by caliper (Figure 3a) and ultrasound (Figure 3b). At day 23, final
measurements were performed. The tumors were dissected and re-measured by caliper (gold standard) (Figure
4a). Unfortunately, for unknown reasons, in the SAHA-treated group four transplanted tumors did not reach
100mm? and 2 tumors disappeared after one day of SAHA-treatment. The dissected tumors volumes ranged from
29 to 1444mm3. The smallest tumor measured V=((1i/6) 7x (Length) 4x (Width) 2x (Thickness)) V=29 mm?3,
corresponding to approximately 7,000,000 cells (average cell diameter of 20um) [6]. As expected, cisplatin-
treated tumors (n=12) were smaller (239.8mm?3+159) than controls (=12, 561.5 mm3+138.5) (p=0.0382). SAHA-
treated tumors (n=6, 450.6mm?3+406.2) were also slightly smaller than controls (p=0.6349). In general, caliper,
ultrasound and gold standard measurements showed a similar final tumor volume profile between controls,
cisplatin and SAHA-treated groups (Figure 4b, c). Interestingly, when the control group and the cisplatin group
are compared, ultrasonic measures gave a better statistical difference than caliper (p=0.018 and p=0.0243
respectively) showing the relevance of ultrasound for tumor growth evaluation (Figure 4b and c).

Caliper and ultrasound measurements compared to the gold standard

Manual caliper on live mice globally overestimated the volume in 90% (n=29) of the cases compared to
the gold standard (p<0.0001), regardless of the group. For instance, for the same tumors in the control group
there was a statistically significant difference between caliper (824.6mm?3+542.2) and gold standard measures
(561.5mm3+479.7, p < 0.001) (Figure 5a). The same was also observed with cisplatin (p < 0.0001) (Figure 5b) and
SAHA (p < 0.05) (Figure 5c). Overall, the tumors overestimated by the caliper were in average smaller (368.9mm?3)
than those it underestimated (573.8mm3). On the contrary to caliper, there was no significant difference
between ultrasound and gold standard measures within all groups, when measuring the same tumors (Figure 5).
For instance, in the control group, there was no significant difference between gold standard (561.5mm?3+479.7)
and ultrasound measures (590.9mm?3 + 425.6, p>0.05) (Figure 5a). Hence, ultrasound performed better than
caliper and volume overestimation (>10%) was less frequent (38%, n=12). Correlation analyses between gold
standard and caliper or ultrasound showed in both cases a good r (0.95 and 0.94, respectively). The r was slightly
better for caliper, likely due to one ultrasound measure that was significantly overestimated compared to the
gold standard, excluding this specific case we obtained r=0.9584 for ultrasound and r=0.9520 for caliper.
Reanalyzes of this specific case showed that this tumor was the longest and largest one in the cohort, therefore
maybe more difficult to measure. Importantly, overestimation or underestimation varied between techniques
for each tumor and no specific pattern could be established to explain it.

Ultrasound identifies architectural differences in cisplatin and SAHA treated PDX.

We also observed changes in the tumor structure with ultrasound between groups (Figure 6). For
|H

instance, some tumors appeared more solid, with small central hyperechoic punctiform foci with “comet-tai
artifacts. Other tumors appeared more cystic, presenting small (2mm) round anechoic cysts in the periphery,
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especially in SAHA-treated tumors. This suggested potential differences regarding the tumor composition and
architecture. To confirm this, we performed histological analysis (Figure 6) and IHC staining for the expression of
the tumor suppressor p53, the proliferation marker Ki67, a-actin (a marker of cancer-associated fibroblasts,
(CAF)) and acetylated H3K9 (Figure 7).

Control group

On ultrasound, all control tumors appeared well defined with regular hyperechoic borders (Figure 6).
They were predominantly solid (hypoechoic), with few scattered anechoic cysts in the periphery. The
macroscopic specimen was elliptic, regular and sections did not reveal any macroscopic signs of necrosis. This
solid aspect was confirmed on histology (Figure 6), as all tumors were similarly predominantly glandular with few
scattered peripheral monostratified cysts and no significant architectural changes compared to the human
primary tumor. Scarce intraglandular necrosis was also present in some tumors, which could potentially explain
some of the comet-tail artifacts we observed. IHC (Figure 7) showed positive nuclear stain for p53 and no
apparent p53 expression was detected in the non-neoplastic tissue. All tumor cells presented a 100% positive
nuclear stain for Ki67. As one group of GCX-004 bearing mice was treated with the HDAC inhibitor SAHA, we also
analyzed for the presence of H3K9 acetylation. As expected, untreated tumors showed positive nuclei staining
for acetylated H3K9. In addition, the tumor tissue showed a strong expression of a-actin suggesting a dominant
presence of CAFs in the tumor microenvironment.

Cisplatin-treated tumors

On ultrasound, all cisplatin-treated tumors presented a solid hypoechoic central portion, less defined
slightly lobulated borders and round anechoic peripheral cysts (>2mm) were more frequent than in controls
(Figure 6). The macroscopic specimen appeared solid with slightly irregular external surface. Histology revealed
a stromal predominance compared to the primary tumor and controls, with a stroma/gland ratio >50%, thus
resulting in a lower tumor burden (cancer cells/mm?). This stromal predominance did not appear to be correlated
to the presence of CAFs (Figure 7), as a-actin staining was less dominant compared to controls. The stroma
appeared hypoechoic on ultrasound (Figure 6), in a similar way as glands and tumor tissue, therefore the
ultrasound could not differentiate the stroma from the glandular tissue and only detected cysts >2 mm. Scattered
monostratified cysts were frequent in the periphery of the tumor and more common than in controls. IHC also
showed that cisplatin treatment resulted in a strong decrease of Ki-67 expression (Figure 7, wide epithelial
plaques without significant staining) compared to the controls. In contrast, p53 expression seemed to be
increased.

SAHA-treated tumors

On ultrasound, all SAHA-treated tumors appeared far more cystic than cisplatin-treated ones or
controls, with a peripheral rim of anechoic cysts (2-3mm) and a solid hypoechoic central portion (Figure 6). Their
borders appeared less defined and more hypoechoic, slightly lobulated due to the presence of multiple cysts in
the periphery. This lobulated aspect together with the presence of clear peripheral cysts was confirmed on the
macroscopic specimen, which appeared partially cystic with very lobulated external surface. Histology also
confirmed these findings, as a rim of peripheral monostratified cysts was observed, even though the central
portion of the tumor remained glandular, with diminished amount of CAFs in the stroma (Figure 7). IHC showed
a loss of Ki-67 staining in around 50% of cells (Figure 7). Additionally, as expected SAHA treatment led to an
increase of H3K9 acetylation.

Discussion

In preclinical studies, one of the most relevant approach to assess the outcome of a treatment is through
the tumor volume and its speed of growth, using mouse models such as cell-line derived xenografts or patient-
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derived ones [12]. Even though cell line-derived models are being overwhelmingly represented in the literature
(up to 82% of the studies until 2016), they raised an increasing number of criticisms for their distorted tissue
architecture with altered microenvironment and the loss of genetic heterogeneity [17]. On the contrary, PDX
models (7% of the recent studies) remain stable across generations and retain the major traits of their originating
tumors, thus resulting in the only model able to reflect the vast patient and tumor variability and heterogeneity
[17]. In addition, it has been shown that the response of PDX to anti-cancer drugs correlate quite well with clinical
responses to chemotherapy [17-24].

Classical tumor-volume measurements are usually performed using a caliper, which are inexpensive and
easy to manipulate, but display poor interobserver reproducibility and accuracy [12, 14]. Studies on cell-line
derived xenografts have shown that ultrasound was more accurate and reproducible than caliper [11]. In our
study using a gastric cancer PDX model, ultrasound also appeared more accurate than caliper. Ultrasound images
are based on acoustic echoes from high-frequency acoustic waves. In both cell-line derived and patient-derived
xenografts, the tumors are commonly implanted on the flanks of the mouse (=heterotopic implantation), which
is well suited for ultrasound imaging with high-frequency probe, as the explored tumor is superficial (the major
limiting factor is the depth of the tissue that can be imaged through) and not subject to bone / air artifacts [25].
Overestimation of the tumor size by manual caliper has multiple explanations: (1) dermal or subdermal skin
layers’ interpositions, (2) irregular non-ellipsoid shapes of the implanted tumors, (3) dependency on the user
skills, (4) absence of ‘raw dataset’ and the impossibility to repeat measurements, as the specimen are no longer
available [11, 14]. If ultrasound is somehow also limited by user’s skills, it is not limited by interpositions of skin
layers or non-ellipsoid tumor shapes, permitting a direct visualization of the tumor and the storage of images of
interest. Alternative approaches exist such as micro CT, PET-CT or MRI [13, 18-26]. However, they measurements
are more time consuming, limiting the number of animals which can routinely be analyzed, it needs a well-trained
operator to run the equipment and a high financial investment for its acquisition. Even though CT and MRI
present higher spatial resolution, while PET-CT permits a more functional approach, caliper measures and
ultrasound imaging remain better suited for an easy-to-follow, in-real-life assessment of the tumor growth and
volume, while limiting the costs of such a day-to-day evaluation [11-14, 24, 26]. Ultrasound, in addition of being
an efficient measuring device, with no significant differences compared to macroscopic evaluation, the real-time
imaging provides the observer with a direct access to tumor morphology and potential treatment-related
structural changes. For instance, in our study, all SAHA-treated tumors appeared far more cystic than controls or
cisplatin-treated ones, and peripheral anechoic cysts, described on histological slices, were already visible on live
mice ultrasound.

Zhu et al. reported that the chemo-sensitivity of PDX models is comparable with the patient's response
and therefore appears to be the most accurate method to evaluate the efficacy of new drugs in preclinical studies
[23]. Platinum-derived compounds (cisplatin and oxaliplatin) are the chemotherapy of choice in gastric
adenocarcinomas in humans and in tumor-bearing mice models. Their cytotoxic activity is evaluated by the
decrease of tumor volume, as we observed with all our measurements. In addition, the decrease of Ki-67
positivity of tumor cells was also a reliable marker of drug efficacy [27]. One of the cytotoxic mechanisms of
platinum-based compounds relies on the activation of the p53-dependent apoptosis, as the p53 gene plays a
critical role in cellular response to DNA damage [28-39]. The absence of a wild-type p53 function results in
resistance to anticancer-agents such as cisplatin. In gastric cancers overexpression of p53 is strongly linked to its
mutational status correlating as well with its resistance to cisplatin [29-30]. In our PDX model, diffuse and
homogenous p53 nuclear staining were observed in controls, frequently related with p53 mutation, therefore
rendering the little difference in the staining patterns that we observed between treated and non-treated
tumors, somehow difficult to analyze. Sequencing of p53 will allow us to verify the mutation status of p53 in our
model and possibly provide a model to test p53-reactivating small molecules, as a therapeutic approach [31].
Interestingly, in our PDX model the non-treated tumor tissue also presented strong expression of a-actin,
suggesting a dominant presence of cancer-activated fibroblasts in the microenvironment surrounding cancer
cells and distorted glands. Platinum-based compounds are known for their activity on gastric cancer cells, but
they may also have effects on the tumor microenvironment, which comprises a variety of non-malignant stromal
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cells, providing support for tumors progression [32]. Skolenova et al. described a relative resistance of human
mesenchymal stromal cells to cisplatin treatment and changes in their secretory phenotype compared to naive
ones in breast cancer [33]. In our study, although we observed changes in the tumor microenvironment
(increased stroma/gland ratio with cisplatin), they did not appear correlated to the presence of CAFs (less
dominant a-actin staining compared to controls).

HDAC enzymes are aberrantly expressed in various cancers including gastric cancer and HDAC
expression is known to be linked to carcinogenesis. For instance, we showed that HDAC4 is a resistant factor
against cisplatin in gastric cancer [34]. For this reason, HDAC inhibitors (HDACi) have been developed to
counteract pro-oncogenic activity of HDACs [35]. SAHA is one of the most promising HDACi, with FDA approval
in cutaneous T-cell ymphoma with limited side effects on normal cells. The inhibition of HDAC activity in our PDX
model was present, as the analysis of the acetylation status of the lysine 9 of histone H3 (H3K9, controlled by
HDACS3 status, necessary for gene activation) showed a nuclear staining in the control group, which was slightly
increased in the SAHA treated group. Even though we failed to observe statistically relevant changes of the
volume of SAHA-treated tumors (probably related to a lower n, as some tumors disappeared early and the
experiment was designed for the evaluation of the measurements methods), we observed treatment-related
morphological changes in tumors, with pronounced lobulated contours and the development of small peripheral
cysts. In addition, the 50% decrease of Ki-67 positivity in SAHA-treated tumor cells compared to controls was also
a sign of drug efficacy. Unfortunately, also previous data obtained on cell-line-xenografts showing that SAHA
inhibits cellular growth and induces apoptosis, which our data using our PDX gastric cancer model confirm, it
failed phase 2 clinical trials [4, 36]. The exact cause of this failure is yet unknown, but our results may provide
novel perspectives about the impact of HDAC inhibition on the tumor structure showing important changes
within the microenvironment, which ultimately will impact on the tumor response. Identifying more precisely
the molecular relays involved in these structural changes will provide novel insights for novel therapeutic
combination or patient stratification, opening the way towards radiomics approaches on small animals.

In preclinical oncology studies, small animal imaging using ultrasound allows repeated measures and
time-course follow-ups of tumor progression in response to various conditions (anticancer drugs, genetic
modifications...) with limited costs. Ultrasound measurements of the tumor volume is more accurate than caliper
ones, especially for non-ellipsoid tumors. But most importantly, the added value of ultrasound imaging is that it
enables an in-real-time access to the tumor morphology and substructure, especially useful in patient-derived
xenografts to evaluated treatment-related structural changes, such as the presence of cysts in the tumor.
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Figure 1

Figure 1. Establishment of the PDX model of gastric adenocarcinoma and Histological analyses. (A) The
primary tumor sample was implanted subcutaneously on the flanks of the mouse (heterotopic implantation). When
the tumor reaches the target volume 500-1000mm? (photograph left), the tumors were dissected out (photograph
middle and right) and Smm?® fragment prepared for serial implantation in the next generation of mouse. B)
Histological hematoxylin and eosin staining of the primary tumor and after the 1%'and 8™ passage showing that the
PDX tumor retains the architectural and histological characteristics of its primary tumor across passages (40x).
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Figure 2
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Figure 2. Estimation of the tumor volume with three different methods. Caliper only measures length and
width and the depth is estimated (A). On the contrary, ultrasound (B) and gold standard (C) enabled the
measurement of all three dimensions of the tumor (length, width and depth) rendering the tumor volume estimation
more accurate.
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Figure 3
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Figure 3. Evolution of the tumor volume (23 days follow-up) between treated and non-treated tumors. (A)
Average tumor volume measured by ultrasound at the indicated dates (days 0 - 23). (B) Ultrasound images of a
representative GCX-004 tumor in control group taken at the (A) indicated time points a, b, ¢ and d.
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Figure 4
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Figure 4. Comparison of the tumor volume between treated (cisplatin or SAHA) and non-treated tumors,
for gold standard, caliper and ultrasound.

At day 23, final tumor volumes were measured and compared between each group (control n=12, cisplatin n=12
and SAHA n=6), and each measurement method (gold standard (A), caliper (B) and ultrasound (C)). Data were
subjected to statistical analyses using GraphPad software version 6.0 (ns=not significant, *=p<0.05).
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Figure 5
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Figure 5. Comparison of the tumor volume between the three measurement modalities (gold standard,
ultrasound and caliper) for each group (treated or non-treated).

At day 23, final tumor volumes were taken and compared between each measurement modality gold standard,
ultrasound and treatment group control (A, n=12), cisplatin (B, n=12) and SAHA (C, n=6). Data were subjected
to statistical analyses using GraphPad software version 6.0 (ns=not significant, *=p<0.05, ***=p<0.001).
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Figure 6
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Figure 6. Ultrasound images of the tumor and histological analyses. At day 23, final ultrasound images were
taken (top, ultrasound) between controls, cisplatin-treated and SAHA-treated tumors. Lower panel (H&E)
histological hematoxilin-eosin staining of a representative GXC-004 tumor for each treatment group magnification
x2 (upper), x20 (middle) and x40 (lower). Control tumors had sharper margins, while SAHA-treated tumors were
more lobulated. Treated tumors (especially with SAHA) developed cysts in the periphery, which were visible on

ultrasound images and confirmed by histology.
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Figure 7
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Figure 7. Immunohistochemical staining for Ki67, p53, H3K9 and a-actin.

Comparison of the expression of Ki67, p53, H3K9 and a-smooth-muscle-actin by immunohistochemisty (IHC)
on GCX-004 tumors sections of the different treatment groups control, cisplatin and SAHA. Representative
photomicrographs of each IHC, for treatment group is shown (magnification=20x).

53



References

[1] Hidalgo, M., Amant, F., Biankin, A. V., Budinska, E., Byrne, A. T., Caldas, C., ... & Roman-Roman, S. (2014). Patient-
derived xenograft models: an emerging platform for translational cancer research. Cancer discovery, 4(9), 998-
1013.

[2] Bang, Y., Van Cutsem, E., Feyereislova, A., Chung, H. C., Shen, L., Sawaki, A., ... & Aprile, G. (2010). Trastuzumab
in combination with chemotherapy versus chemotherapy alone for treatment of HER2-positive advanced gastric
or gastro-oesophageal junction cancer (ToGA): a phase 3, open-label, randomised controlled trial. The Lancet,
376(9742), 687-697.

[3] Riquelme, I., Saavedra, K., Espinoza, J. A., Weber, H., Garcia, P., Nervi, B., ... & Bizama, C. (2015). Molecular
classification of gastric cancer: Towards a pathway-driven targeted therapy. Oncotarget, 6(28), 24750

[4] Yoo, C.,Ryu, M.H.,Na,Y.S., Park, S.R., Lee, C. W., Ryoo, B. Y., & Kang, Y. K. (2015). 2295 Phase 2 study of Vorinostat
combined with capecitabine plus cisplatin as first-line chemotherapy in patients with advanced gastric cancer
(AGC). European Journal of Cancer, 51, S430.

[5] VYu,S., Yang, M., & Nam, K. T. (2014). Mouse models of gastric carcinogenesis. Journal of gastric cancer, 14(2), 67-
86.

[6] Choi,Y.Y., Lee, ). E., Kim, H., Sim, M. H., Kim, K. K., Lee, G., ... & Noh, S. H. (2016). Establishment and characterisation
of patient-derived xenografts as paraclinical models for gastric cancer. Scientific reports, 6, 22172.

[7] Siolas, D., & Hannon, G. J. (2013). Patient Derived Tumor Xenografts: transforming clinical samples into mouse
models. Cancer research, canres-1069.

[8] Huynh, H., Ong, R., & Zopf, D. (2015). Antitumor activity of the multikinase inhibitor regorafenib in patient-derived
xenograft models of gastric cancer. Journal of Experimental & Clinical Cancer Research, 34(1), 132.

[9] Wang, H., Lu, J,, Tang, J., Chen, S., He, K., Jiang, X., ... & Teng, L. (2017). Establishment of patient-derived gastric
cancer xenografts: a useful tool for preclinical evaluation of targeted therapies involving alterations in HER-2, MET
and FGFR2 signaling pathways. BMC cancer, 17(1), 191.

[10] Dieter, S. M., Giessler, K. M., Kriegsmann, M., Dubash, T. D., Méhrmann, L., Schulz, E. R, ... & Heger, U. (2017).
Patient-derived xenografts of gastrointestinal cancers are susceptible to rapid and delayed B-lymphoproliferation.
International journal of cancer, 140(6), 1356-1363.

[11] Ayers, G. D., McKinley, E. T., Zhao, P., Fritz, J. M., Metry, R. E., Deal, B. C., ... & Manning, H. C. (2010). Volume of
preclinical xenograft tumors is more accurately assessed by ultrasound imaging than manual caliper
measurements. Journal of Ultrasound in Medicine, 29(6), 891-901.

[12] Cheung, A. M., Brown, A. S., Hastie, L. A., Cucevic, V., Roy, M., Lacefield, J. C,, ... & Foster, F. S. (2005). Three-
dimensional ultrasound biomicroscopy for xenograft growth analysis. Ultrasound in medicine & biology, 31(6), 865-
870.

[13] Jensen, M. M., Jgrgensen, J. T., Binderup, T., & Kjzer, A. (2008). Tumor volume in subcutaneous mouse xenografts
measured by micro CT is more accurate and reproducible than determined by 18 F-FDG-micro PET or external
caliper. BMIC medical imaging, 8(1), 16.

[14] Pflanzer, R., Hofmann, M., Shelke, A., Habib, A., Derwich, W., Schmitz-Rixen, T., ... & Bereiter-Hahn, J. (2014).
Advanced 3D-sonographic imaging as a precise technique to evaluate tumor volume. Translational oncology, 7(6),
681-686.

[15] Lassau, N., Spatz, A., Avril, M. F., Tardivon, A., Margulis, A., Mamelle, G., ... & Leclere, J. (1997). Value of high-
frequency US for preoperative assessment of skin tumors. Radiographics, 17(6), 1559-1565.

[16] Reita, D., Bour, C., Benbrika, R., Groh, A., Pencreach, E., Guérin, E., & Guenot, D. (2019). Synergistic Anti-Tumor
Effect of mTOR Inhibitors with Irinotecan on Colon Cancer Cells. Cancers, 11(10), 1581.

[17] Choi, Y. Y., Lee, J. E., Kim, H., Sim, M. H., Kim, K. K., Lee, G., ... & Noh, S. H. (2016). Establishment and
characterisation of patient-derived xenografts as paraclinical models for gastric cancer. Scientific reports, 6, 22172

[18] Voisinet, M., Venkatasamy, A., Alratrout, H., Delhorme, J. B., Brigand, C., Rohr, S., ... & Romain, B. (2020). How to
Prevent Sarcopenia Occurrence during Neoadjuvant Chemotherapy for Oesogastric Adenocarcinoma?. Nutrition
and Cancer, 1-7.

[19] Huynh, H., Ong, R., & Zopf, D. (2015). Antitumor activity of the multikinase inhibitor regorafenib in patient-derived
xenograft models of gastric cancer. Journal of Experimental & Clinical Cancer Research, 34(1), 132.

[20] Gengenbacher, N., Singhal, M., & Augustin, H. G. (2017). Preclinical mouse solid tumor models: status quo,
challenges and perspectives. Nature Reviews Cancer, 17(12), 751.

[21] Lauber, D. T., Filop, A., Kovacs, T., Szigeti, K., Mathé, D., & Szijarto, A. (2017). State of the art in vivo imaging
techniques for laboratory animals. Laboratory animals, 51(5), 465-478.

54



[22] Dieter, S. M., Giessler, K. M., Kriegsmann, M., Dubash, T. D., Méhrmann, L., Schulz, E. R,, ... & Heger, U. (2017).
Patient-derived xenografts of gastrointestinal cancers are susceptible to rapid and delayed B-lymphoproliferation.
International journal of cancer, 140(6), 1356-1363

[23] zhu, Y., Tian, T, Li, Z., Tang, Z.,, Wang, L., Wu, J., ... & Zou, J. (2015). Establishment and characterization of patient-
derived tumor xenograft using gastroscopic biopsies in gastric cancer. Scientific reports, 5, 8542.

[24] Dhani, N. C., Lohse, 1., Foltz, W. D., Cao, P. J., & Hedley, D. W. (2018). Estimating tumor volume in a primary
orthotopic mouse model of human pancreatic cancer using rapid acquisition magnetic resonance imaging. journal
of cancer therapeutics and research, 3(1)

[25] Meiburger, K. M. (2017). Quantitative Assessment of Cancer Vascular Architecture by Skeletonization of 3D CEUS
Images: Role of Liposomes and Microbubbles. In Quantitative Ultrasound and Photoacoustic Imaging for the
Assessment of Vascular Parameters (pp. 75-89). Springer, Cham.

[26] Lyons, S. K. (2005). Advances in imaging mouse tumor models in vivo. The Journal of Pathology: A Journal of the
Pathological Society of Great Britain and Ireland, 205(2), 194-205.

[27] Cancello, G., Bagnardi, V., Sangalli, C., Montagna, E., Dellapasqua, S., Sporchia, A., ... & Luini, A. (2015). Phase Il
study with epirubicin, cisplatin, and infusional fluorouracil followed by weekly paclitaxel with metronomic
cyclophosphamide as a preoperative treatment of triple-negative breast cancer. Clinical breast cancer, 15(4), 259-
265.

[28] Hientz, K., Mohr, A., Bhakta-Guha, D., & Efferth, T. (2017). The role of p53 in cancer drug resistance and targeted
chemotherapy. Oncotarget, 8(5), 8921.

[29] Kamoshida, S., Suzuki, M., Shimomura, R., Sakurai, Y., Komori, Y., Uyama, I., & Tsutsumi, Y. (2007). Immunostaining
of thymidylate synthase and p53 for predicting chemoresistance to S-1/cisplatin in gastric cancer. British journal of
cancer, 96(2), 277-283

[30] Licona, C., Delhorme, J. B., Riegel, G., Vidimar, V., Cerén-Camacho, R., Boff, B., ... & Freund, J. N. (2020). Anticancer
activity of ruthenium and osmium cyclometalated compounds: identification of ABCB1 and EGFR as resistance
mechanisms. Inorganic Chemistry Frontiers, 7(3), 678-688.

[31] Miller, J. J., Blanchet, A., Orvain, C., Nouchikian, L., Reviriot, Y., Clarke, R. M., ... & Storr, T. (2019). Bifunctional
ligand design for modulating mutant p53 aggregation in cancer. Chemical science, 10(46), 10802-10814.

[32] Zheng, P., Chen, L., Yuan, X., Luo, Q., Liu, Y., Xie, G., ... & Shen, L. (2017). Exosomal transfer of tumor-associated
macrophage-derived miR-21 confers cisplatin resistance in gastric cancer cells. Journal of Experimental & Clinical
Cancer Research, 36(1), 53

[33] Skolekova, S., Matuskova, M., Bohac, M., Toro, L., Durinikova, E., Tyciakova, S., ... & Kucerova, L. (2016). Cisplatin-
induced mesenchymal stromal cells-mediated mechanism contributing to decreased antitumor effect in breast
cancer cells. Cell Communication and Signaling, 14(1), 1-13.

[34] Spaety, M. E., Gries, A., Badie, A., Venkatasamy, A., Romain, B., Orvain, C,, ... & Pfeffer, S. (2019). HDAC4 Levels
Control Sensibility toward Cisplatin in Gastric Cancer via the p53-p73/BIK Pathway. Cancers, 11(11), 1747.

[35] Li, Y., & Seto, E. (2016). HDACs and HDAC inhibitors in cancer development and therapy. Cold Spring Harbor
perspectives in medicine, 6(10), a026831.

[36] Claerhout, S., Lim, J. Y., Choi, W., Park, Y. Y., Kim, K., Kim, S. B., ... & Cho, J. Y. (2011). Gene expression signature
analysis identifies vorinostat as a candidate therapy for gastric cancer. PloS one, 6(9), €24662.

55
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Abstract

Objectives. Gastric cancer is an aggressive disease. Its poor prognosis can be explained by: i) late
diagnosis due the lack of easy/cheap diagnostic tool, ii) resistances to treatments, such as towards
immunotherapy due to a frequent low expression of immune check-point ligand PD-L1, or towards
chemotherapy due to p53 mutations, iii) comorbidity factors, notably muscle atrophy. To improve our
understanding of this complex pathology and develop innovative diagnostic/treatment protocols, we
established patient-derived xenograft (PDX) models and characterized them using radio-pathologic
correlation, including the expression of two biomarkers relevant to therapy and for the presence of
muscle atrophy upon treatment.

Material and Methods. Gastric cancer tissues samples with different characteristics were implanted
in nude mice. Established PDX, treated with cisplatin or not, were imaged by MRI and
immunohistochemistry for two relevant biomarkers, p53 and PD-L1, was performed.

Results. We obtained 5 different gastric adenocarcinomas PDX (success rate 21%): 3 well-
differentiated, 1 moderately-differentiated and 1 poorly-differentiated adenocarcinomas. All models
retained the architectural and histological features of their primary tumors across passages. MRI
allowed in-real-time evaluation of differences between PDX, in terms of tumors substructure, post-
therapeutic changes, including an insight on muscle changes and atrophy. Immunohistochemistry
showed differential expression of p53 and PD-L1 between models and upon treatment.

Conclusion. Our PDX represent a complete model of gastric cancer, reproducing quite well the
heterogeneity and complexity of human tumors, with differences in structure, histology, PD-L1 status
and muscle atrophy, which makes them even more useful for the development of novel drugs and
targeted therapies.
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Mini abstract (30 words)

A selection of gastric cancer PDX (40%) according to their PD-1/PD-L1 immune checkpoint signaling
status is possible, which makes them even more useful for the development of targeted therapies.
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Introduction

Third cancer worldwide in terms of mortality, gastric cancer has a very poor prognosis [1-2]. Surgical
gastrectomy combined with perioperative chemotherapy with platinum-based compounds (e.g.
cisplatin or oxaliplatin) is the cornerstone of current treatments. Even though the use of perioperative
chemotherapy has improved the survival rate of patients, the outcome remains unfavorable with a 30
to 40% response-rate to treatments and a median survival of less than a year in advanced or metastatic
stages. Furthermore, chemotherapy side effects (such as nephrotoxicity, gastro-intestinal toxicity or
polyneuropathy...) together with de novo or acquired resistances (up to 75%) limit its use and
effectiveness. Therefore, the development of alternative therapeutic strategies currently represents
an absolute necessity.

As other types of cancers, gastric cancer is a morphologically and genetically complex disease.
Recently, The Cancer Genome Atlas (TGCA) research network published a classification of gastric
cancers according to their molecular characteristics (DNA, RNA, protein and epigenetic changes), which
correlated with distinct clinical and histological characteristics, potentially useful for the stratification
of patients for targeted therapy [3-4]. Most of the recent studies on the development of novel drugs
or targeted therapies used mouse models, such as patient-derived xenografts (PDX), for their in vivo
validation, as they allowed repeated measures and time-course follow-up of tumor progression in
response to various conditions (anticancer drugs, genetic modifications...), as well as an analysis of the
evolution of intra-tumoral clonal variation [5-10]. Such models have been developed for various cancer
types (including breast, colon and gastric cancer) and retain the major histological, molecular and
genetic characteristics of their primary tumor, remaining stable across re-transplantations in
successive generations of mice [8-11]. Unfortunately, in gastric cancer, most current targeted
therapies have unfortunately proven to be ineffective [11]. However, increasing attention has been
recently given to the tumor microenvironment.

Immunotherapy has been a revolution for the treatment strategy of various cancers at advanced
stages, including metastatic melanoma. The tumor microenvironment is influenced by the host
immune system (T cells, B cells, infiltrating immune cells, neutrophils...), with which tumor cells are
known to interact with during development and growth [12]. Cytotoxic T-cells task is to detect and
destroy infected or tumor cells. To counteract their actions and to limit damage to surrounding tissue,
normal cells differentiate themselves by expressing a protein signal called PD-L1 (programmed death
ligand 1), which acts as a signal to stop the elimination of normal cells by cytotoxic T cells, as T cells
detect the PD-L1 signal through a receptor called PD-1 (programmed death receptor 1). Some tumors,
including gastric cancer ones, can also express the PD-L1 signal to mimic normal cells and escape
elimination. For instance, cytotoxic T-lymphocyte associated antigen 4 (CTLA4) and programmed cell
death protein 1 (PDA), which are part of the immune checkpoint pathway, can be activated by tumor
cells to decrease the immune system reaction by inhibiting T cell response [12]. Thus, targeting the PD-
1/PD-L1 immune checkpoint signaling recently appeared as a novel and promising treatment strategy
in several tumor entities. For instance, PD-L1 expression was found in 30% of gastric cancer tumors
cells and 60% of their liver metastases, as well as in immune cells of gastric cancers (88%) and their
liver metastases (73%). Therefore, immune checkpoint inhibitors, such as Pembrolizumab (pembro),
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which enhances the activity of anti-tumor T-cells through an inhibition of immune checkpoints, such
as programmed death 1 (PD-1) receptors and PD-L1 receptors appeared as a potential candidate for
targeted therapy in gastric cancer [10]. Pembrolizumab is a humanized monoclonal antibody against
PD-1, that prevents PD-1 from interacting with PD-L1 and PD-L2, and permits the activation of an
antitumor immune response [11]. A phase 2 clinical trial was conducted and with a promising response
rate (as 3rd line of treatment) of 11.6% (n=30/259) and complete responses in 2.3% of the cases (n=6).
In 2017, pembrolizumab obtained the FDA-approval for the treatment of recurrent locally advanced
or metastatic PD-L1 positive gastric cancer, but favorable results were only obtained for a small subset
of tumors [12-15]. In particular, the expression of PD-L1 in the predominant in the intestinal subtype
(45% of gastric cancers) of gastric cancers, that largely matches the molecular subgroup of
“chromosome instability (CIN)”, is relatively low and displays a poor response to immunotherapy,
similarly to the “genetic stable subgroup” that is more frequent in younger patients and displays a
poorer prognosis [3-16]. Hence, the improvement of immunotherapy response requires a better
understanding of the expression and function of PD-L1 in gastric cancer and its consequences on the
immune landscape, within the tumor microenvironment.

Similarly, the scientific view of cancers is slowly shifting from organ-centered diseases to a more global
and systemic approach. For instance, in gastric cancer, around 30 to 60% of patients are thought to
develop cancer cachexia, presenting as a progressive loss of adipose tissue and skeletal muscle mass,
occurring independently of the cancer stage [17-18]. Additionally, the incidence cachexia / sarcopenia
(muscle atrophy) appears to increase after chemotherapy. Cancer cachexia not only has a dramatic
impact on the quality of life, but is also associated with poor responses to therapies (chemotherapy
and immunotherapy), decreased survival and is estimated to account for around 20 to 25% of cancer-
related deaths. A recurrent question about cancer cachexia is about the respective responsibility of
the tumor itself and the treatment in the muscle atrophy.

The retranscription of the gastric cancer complexity, that includes the clonal intra- and inter-tumoral
diversity, the role of the microenvironment and the influence of distant tissues (such as the muscle)
into adequate and pertinent animal models, is a challenge we face to develop novel diagnostic and
therapeutic strategies. It is certainly illusory that a single type of animal model will provide all the
required characteristics. In preclinical studies, patient-derived xenografts and cell-line derived mouse
models are valuable tools in cancer research, especially for anti-cancer drug testing. Even though cell-
line-derived models are being overwhelmingly represented in the literature (up to 82% of the studies
until 2016), they raised an increasing number of criticisms for their distorted tissue architecture with
altered microenvironment and the loss of genetic heterogeneity, which have been described after
long-term propagation [19]. In addition, cell lines are often stably modified or expressing luminescent
or fluorescent proteins facilitating the longitudinal evaluation of tumor growth over time. The selection
process necessary to make the stable clones has a profound impact on the cell line characteristics. In
addition, the luminescent/fluorescent imaging approach used to follow tumor growth is focused on
cancer cells. On the contrary, PDX models (7% of the recent studies) remain stable across generations
and retain the major traits of their originating tumors, thus resulting in the only model able to reflect
the vast patient and tumor variability and heterogeneity, that is inherent to human cancer [19]. PDX
models have been developed for various cancers including breast, colon and gastric ones, with success
rates ranging from 25 to 75%, especially low for gastric cancers (around 25%), depending on the
histological subtype, with a risk of lymphoproliferation when NOG or NOD mice are used [19].
However, these models do not allow an easy to use of luminescent/fluorescent imaging approaches
for longitudinal studies.

In this study, we aimed to establish novel gastric cancer PDX models that will allow us to reproduce
the intra- and inter-tumoral clonal diversity, a number of characteristics of the microenvironment and
the impact on the muscles of different tumors. In addition, we improved small animal imaging
abdominal oncology protocols (9.4 Tesla MRI) to accurately characterize them for future longitudinal
studies, with a special focus, not only on tumor size, but also on intra- and extra tumoral substructural
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variabilities, reflecting differences in the microenvironment and on muscles characteristics. We also
correlated this observation with an immunohistological stratification regarding their p53 and PD-L1
immune check-point status, two biomarkers involved in the sensitivity to therapies.

Material and Methods

Establishment of patient-derived xenografts in nude mice

Use of human tissues was approved by the Ethics board. Patients gave their written consent. All
protocols adhered to the Declaration of Helsinki. The prospective clinical and histological data
included: age, sex, weight, height, type and histology (Lauren’s classification), TNM stage, treatment,
pTNM after gastrectomy, the occurrence of post-operative complications and the patients’ clinical
evolution. The primary tumor fragment used for implantation was issued from either gastric cancer
biopsies (2x2 mm) or tumor fragments (4x4mm) of surgical specimens of gastric adenocarcinomas,
either intestinal, diffuse or mixed types, gathered under sterile conditions, with limited cold ischemic
time (<25 minutes). All animal experiments were approved by our Institutional Animal Care and Use
Committee (APAFIS#8320). The mice were cared according to the Institutional Guidelines for Animal
Care. Six weeks-old athymic female NUDE mice were acclimated for two weeks, provided with
unlimited access to sterilized food and water ad libitum, and housed with 12h day/night cycles. We
used NUDE mice instead of NOG/NOD mice because of the risk of lymphoproliferation in NOG/NOD
mice that has been described in previous studies but that did not seem to occur in NUDE mice [5, 16].
The primary tumor fragments were implanted on the flanks of anaesthetized (Isoflurane®, Abbott
GmbH, Wiesbaden, Germany; 2% vaporized in oxygen) immunodeficient mouse, with close monitoring
of their growth (1-3 times/week by caliper). When the implanted tumor reached 500mm3, the
engraftment was considered successful, the mouse was anaesthetized and the tumor harvested for
serial transplantation into successive mice generations. To establish the PDX models, tumor
implantations were performed in different generations of mice (passage 1 to passage 10), to verify the
reproducibility of the implantation, but also the conservation of the tumor major characteristics
(architecture, histology, genetics...) between the serial passages.

MRI imaging protocol

Two mice from each established PDX model (> 3 consecutive passages with preserved histological
architecture) were imaged using a preclinical 9.4 T MRI (Bruker BioSpin MRI GmbH, BioSpec 94/20,
Ettlingen, Germany). The mouse was anaesthetized (Isoflurane®, Abbott GmbH, Wiesbaden, Germany;
2% vaporized in oxygen), then sacrificed. Then, the MR imaging was performed using a mouse body-
coil. The mouse was carefully placed in the coil in dorsal decubitus and in a prone position (head first).
Firstly, we performed an axial RARE T2-weighted sequence, with the following parameters: TR = 24 ms,
TE= 4000 ms, average = 1, slice thickness = 0.5 mm, FOV = 28 x 28, image size = 128 x 128, excitation
angle = 90°, duration 4-5 minutes. Then, we performed a diffusion-EPI sequence with ADC map
(Apparent Diffusion Coefficient in mm?2/s , which is a measure of the magnitude of diffusion of
molecules of water in various tissues, displayed as a parametric map, calculated on the diffusion
sequence), using the following parameters : TR = 25.49 ms, TE= 3200 ms, average= 1, flip angle = 90°,
slice thickness = 1Imm, FOV = 28 x 28, image size = 128 x 128, diffusion directions = 1 (b0 — b200 - b
500 — b1000), duration 4-5 minutes. All data were analyzed using Paravison® 6.1 software.
Paravertebral muscle surface have been measured using the open-access dicom viewer Horos ®, by a
manual segmentation on axial images of a T2-weighted RARE sequence, at the level of the renal hilum,
by an experienced radiologist.
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Histological analysis

For each PDX passage, when the implanted tumor reached 500mm?3, it was excised for ex vivo
macroscopic evaluation, before serial transplantation in a new generation of mice. A fragment of the
PDX tumor was implanted in a new mouse and a sample fixed in 4% paraformaldehyde solution for
hematoxylin-eosin (H&E) staining, for the histological characterisation of the tumor. All slices were
read at x10 - x20 - x40 magnifications and compared the histology slices from the different PDX
passages across generations and the primary patient’s tumor.

Immunohistochemistry (IHC)

IHC were performed on deparaffinized histological tumor slices (5um). Unmasking was carried out with
NaCitrate in the microwave oven (800W, 10min). After washing once with distilled water and once
with PBS the sections were permeabilized with 0.1% PBS-Triton for 5min and the nonspecific sites
blocked in 5% NGS-PBS-Triton 0.1% (Normal Goat Serum) during 60min. Subsequently, primary
antibodies to P53 DO1 (BP53-12, Zytomed), PD-L1 (22-C3) were diluted in PBS + Triton 0.1%, then
added and kept at 4°C overnight. After 3 washes with PBS-Triton 0.1% slides were incubated with the
secondary antibody (diluted 1:1000 in 1xPBS/5% NGS) specific for the primary antibody for 1 hour at
room temperature. Slides were mounted with FluorSafe Reagent Mounting Medium (Calbiochem?®)
and allowed to dry overnight before observation using a fluorescence microscope (Axio Imager 2 -
ZEISS). P53 and PD-L1 staining were scored as % of cells showing a positive staining (nuclear for P53,
membranar for PDL1).

Results

Development of the PDX models

We have heterotopically implanted, on the flanks of athymic NUDE mice, 24 different gastric
adenocarcinomas samples, 55% (n=13) of which were intestinal type, 42% (n=10) diffuse type and 4%
(n=1) mixed type. Seventy-nine percent (n=19) of the samples came from biopsies obtained during
diagnostic gastroscopy, while 21% (n=5) came from surgical specimens (primary tumor or metastasis).
We have been able to maintain five different gastric adenocarcinomas tumors over time (> 10 passages
in serial generations of mice), which corresponds to a success rate of 21%. The clinical characteristics
of the patients from whom the successful grafts were issued, are summarized in Table 1. Those 5 PDX
models comprised 3 well-differentiated intestinal type adenocarcinomas (GCX-001, GCX-004 and GCX-
016) and one moderately-differentiated (GCX-018) and one poorly-differentiated (GCX-022)
adenocarcinomas. All five models retained the architectural, histological (Figure 1) and genetic
characteristics of their primary tumors, which were maintained across passages (up to 12 passages for
the GCX004 model). The major engraftment limiting factors were the cold ischemic time (below or
above 1h) and the percentage of tumor cells in the sample (below 50%). We did not manage to obtain
the successful engraftment of any of the purely diffuse type gastric cancer samples, regardless of the
sample type (biopsy or surgical specimen), cold ischemic time or percentage of tumor cells in the
sample. Hopefully, we did not witness any lymphomatous transformation in any PDX models, even
after 8 or more passages [16].

Radiological characterization and correlation with histological differentiation status and muscular
atrophy
Considering the low success-rate in establishing new PDX models especially in gastric cancer (~25%),

the financial burden related to their maintenance and their key-role in pre-clinical cancer research, we
first wanted to characterize them with small-animal imaging, compared to their corresponding
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histological slices. In particular, developing small animal imaging oncology protocols suited for PDX
models would allow us to perform further longitudinal explorations of the impact of treatment(s) on
the tumors, not only regarding their size, but also have a direct access to variations in tumor
substructures, indicative of the status of the microenvironment. Therefore, magnetic resonance
imaging (MRI) seamed very appealing, as it would provide direct access to information about the tumor
size, morphology, sub-structure and to potential treatment-related changes.

We have imaged our five PDX models using a 9.4 Tesla MRI (Figure 2, left panel) with a dedicated
mouse-coil and using a T2-weighted and a diffusion-weighted sequences, specially improved for
murine abdominal oncology, which we analyzed together with their corresponding histological slices
(Figure 2, right panel). All subcutaneous (heterotopic implantation) tumors, located on the flanks of
the mice, had well delineated margins with a signal intensity on T2-weighted images depending on the
tumor tissue characteristics and fluid-content. For instance, the PDX model GCX-001, a well-
differentiated gastric adenocarcinoma, appeared homogenous (Figure 2 A and B), with an
intermediate signal on T2-weighted images and well delineated peripheral margins. The left flank
tumor (Figure 2A, right panel) appears slightly more heterogenous than the other, with central areas
of necrosis. As expected due with this papillary subtype, the GCX-004 model presented the classical
appearance of a papillary tumor on MRI: lobulated with hypointense fibrous stalk supporting clumps
of hyperintense fluid-like oedematous papillae (with a bright signal intensity similar to that of fluid) on
T2-weighted images. The GCX-018 model, a moderately to poorly-differentiated gastric
adenocarcinoma presented with a heterogenous signal on T2-weighted images, due to large foci of
necrosis. The GCX-022 model showed neo-vasculature, especially in the periphery of the tumor,
presenting as linear hypointense structures on T2-weighted images. All tumors showed restricted
diffusion, related to high cellularity (Figure 3: ADC value 0.00113 mm?/sc for GCX-001, 0.00128 mm? /s
for GCX018 and 0.00112 mm? /s for GCX-022). As expected, the GCX-004 PDX, which showed higher
signal on T2-weighted images, also presented with slightly higher ADC values (0.00170 mm? /s) than
the other PDX tumors, probably due to the fluid-like content of its papillae (Figure 3).

To assess the muscle status, we investigated the paravertebral muscles of the PDX mouse models, with
the same measurement method used in cancer patients to diagnose muscle atrophy on abdominal
images of CT/ PET-CT. Interestingly, the five PDX models presented differences in terms of
paravertebral muscle surface. The average paravertebral muscle surface (measured at the level of the
renal hilium) was 34 mm? + 6, with up to 28% variations between models. For instance, the
paravertebral muscle surface values were higher for GCX-004 and GXC-018 models (36 and 39 mm?
respectively) compared to GCX-001 and GXC-022 (27 and 32 mm?respectively, Figure 4).

Characterisation of the p53 status

The tumor suppressor p53 (TP53) is altered in about 50% of gastric adenocarcinomas and these
alterations are more common in intestinal type tumors than diffuse ones [17]. Importantly, several
studies indicate that the status of p53 impact on patient prognosis and response to treatment. To
assess the status of p53, we performed immunohistochemistry. Interestingly, our 5 PDX models, which
presented various aspects on MR imaging and in terms of histology, also differed regarding their p53
status (Figure 5, Left panel). The majority (80%) of the PDX models (GCX001, GCX-016, GCX018 and
GCX-022) showed significant positive nuclear p53 staining. This elevated protein level for p53, in
absence of any treatment, strongly suggest that the cancer cells express a p53 mutant, that is not
degraded by its negative regulator MDM2. To confirm this, we performed sequencing on p53 hot-spot
and are awaiting for the results. In contrast, the naive GCX-004 model only presented a very weak
nuclear staining for P53 (few cells, <5%), suggesting the presence of a wild type p53 protein or a
deletion of p53.
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Characterization of PD-L1 expression

The tumor microenvironment is influenced by the host immune system (T cells, B cells, infiltrating
immune cells, neutrophils...), with which tumor cells are known to interact with during development
and growth. Up to 30% of gastric cancer tumor cells and 60% of their liver metastases express PD-L1
to mimic normal cells and escape elimination. Therefore, immune checkpoint inhibitors, such as
Pembrolizumab (pembro), which enhance the activity of anti-tumor T-cells, by an inhibition of immune
checkpoints, such as programmed death 1 (PD-1) receptors and PD-L1 receptors, appeared as a
potential candidate for targeted therapy in gastric cancer, but favorable results were only obtained for
a small subset of tumors [5]. Thus, a better understanding of the immune contexture of gastric cancer
animal models appeared essential, for an optimal usage of immune-based cancer treatments to
patients [12].

Therefore, we analyzed by immunohistochemistry the expression of PD-L1, with the same antibody
used to characterize the expression of PD-L1 in patients, before prescribing immunotherapy.
Interestingly, our 5 PDX models also differed regarding the level of PD-L1 expression. Forty percent of
the PDX models (n=2, GCX-001 and GCX-018) presented with a strong membrane PD-L1 staining,
respectively 70% and 50% (Figure 5, right panel). The other PDX models (n=3, 60%) presented either
with no PD-L1 staining (GCX-016) or a low level of staining that would not be looked at positive for the
prescription of an immunotherapy (<5%, GXC-004 and GCX-022). It is to note, that we did not see any
specific correlation between the expression level of p53 and the one of PD-L1.

Impact of the chemotherapy on p53, PD-L1 and muscular atrophy in PDX models

The overall idea behind the development gastric cancer PDX models and novel oncology imaging
protocols was to use them for anti-cancer drug testing in pre-clinical studies during longitudinal
studies. For instance, one challenge is to understand how the expression of immune check-points can
be impacted over time by treatments and how if may affect the response to immunotherapy.

Therefore, we selected one model (GCX-004), which express low levels of PD-L1, and treated it with
the standard platinum-based chemotherapy (cisplatin). Intraperitoneal injections of cisplatin (5 mg/kg
body weight) resulted in a decreased tumor size (Figure 6 A) and also in an increase of the ADC value
(Figure 6B). Additionally, to imaging changes, histological modifications were also observed (Figure
6C). In absence of treatment, the tumor appeared well-differentiated, predominantly glandular, with
no significant architectural changes compared to its human primary tumor on the histological slices
with Hematoxylin-eosin staining. The nuclear stain for p53 was very feeble (<5%) with no apparent p53
expression in the non-neoplastic tissue. After cisplatin treatment, histology revealed a stromal
predominance (Figure 5C, left panel), compared to the primary tumor and controls, with a
stroma/gland ratio >50%, thus resulting in a lower tumor burden (cancer cells/mm?). We also observed
a very strong increase in nuclear p53 expression after cisplatin treatment (Figure 5C, middle panel).
This indicated that the cancer cells of the GCX-004 PDX likely expressed a wild type p53. On the
contrary, only a limited modification was observed with standard platinum-based chemotherapy
regarding the PD-L1 staining (Figure 5C, right panel) between treated and non-treated tumors. For
instance, only few cells across the slides seems to be able to express PD-L1. To note also, there is a
slight increase of thePD-L1 staining in the stroma.

Additionally, one of the side effects of chemotherapy is the development of a muscle atrophy as we
have observed in gastric cancer patients [18]. Most of the chemotherapies used for gastric cancer
patients are based on platinum drugs. However, most of the studies on animal models address this
problem using doxorubicin and not platinum drugs [20-21]. Hence, we took the opportunity of our PDX
model to investigate how cisplatin impacts muscle physiology, in the presence of a gastric tumor. We
observed a decrease of muscle surface after cisplatin chemotherapy in mice (39 mm?for controls vs
30.5 mm?in cisplatin-treated mice, Figure 6D). This indicates that, as observed in humans, a platinum
drug impact negatively on muscle mass
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Discussion

In preclinical studies, one of the most relevant approach to assess the outcome of a treatment is
through the tumor volume and its speed of growth, using mouse models, such as cell-line derived
xenografts or patient-derived ones. PDX tumors remain stable across generations and retain the major
traits of their primary human tumors, thus resulting in the only model able to reflect the vast patient
and tumor variability and heterogeneity especially compared to cell-line derived tumors, which raised
an increasing number of criticisms for their distorted tissue architecture with altered
microenvironment [22-23]. Additionally, PDX mouse models are known to respond to anti-cancer
drugs in similar ways as the human tumor would respond to chemotherapy, which makes it the most
useful tool for novel anticancer drugs or targeted therapies testing.

Regarding gastric cancers, there are currently five significant publications about the development
and/or the use of gastric cancer PDX models [7, 9-10, 24-26]. The success rate of such xenografts in
the two major papers is similar to ours (21% in our study, 25% for Choi et al. et and 34% for Zhu et al.)
and remains quite low compared to other tumor types (it can reach up to 70% especially for breast
and colon cancers) [7-26]. If Choi et al. noted also a risk of EBV-related lymphoproliferation (33% of
the cases) when NOD or NOG mice were used, which we did not observe such thing after 8 or more
passages, as we used athymic NUDE mice [7, 19]. As other authors, we noted that the major
engraftment limiting factors were the cold ischemic time (below or above 1h) and the percentage of
tumor cells in the sample (below 50%) [5, 7-8, 24-26]. Similarly, the engraftment depended on the
histological subtype, as all maintainable PDX models were of intestinal type. All PDX development
attempts, including ours, failed to obtain diffuse type gastric cancer PDX, regardless of the sample type
(biopsy or surgical specimen), cold ischemic type or percentage of tumor cells in the sample. One
potential explanation for this could be the intrinsic properties of the diffuse subtype, with dispersed
isolated cancer cells in the stroma of the stomach, insufficient to reach the minimal cancer cells
number required to initiate tumor growth, in a similar way as implantation usually fails in case of low
tumor cell percentage on implanted biopsies. For that purpose, the only existing mouse models with a
limited percentage (around 25%) of diffuse cells are mixed gastric cancer from genetic engineered
mice, which directly cancerized its own stomach, with a 100% penetrance, but requires a more
complex set-up with either longitudinal MRI studies or mice sacrifice with dissection to follow tumor
progression [27].

On the contrary, our PDX models are somehow easier to use, with easily-accessible subcutaneous
tumors, which retain the major characteristics of the primary human tumors from which they derived.
They confirmed their interesting role for preclinical in vivo validation of anti-cancer drugs, as they
responded well to standard-of-care platinum-based chemotherapy (cisplatin), showing post-
therapeutic changes (size and histological/IHC changes). After cisplatin chemotherapy, GCX004 tumors
showed decreased size compared to non-treated ones, with histological changes (stroma
predominance and decreased tumor-burden) as well as immunohistochemistry changes, especially a
very strong increase in nuclear p53 staining. Additionally, the ADC values of treated tumors was higher
than non-treated ones on diffusion images (=an MRI sequence based on the random motion of water
molecules in tissue). Images obtained with such sequence depend on the tissue cellularity and the
presence of intact cell membranes, which determine the diffusion of the water molecules (using
different b values and changing gradient amplitude in the sequence protocol), that can be calculated
using the Apparent Diffusion Coefficient value, displayed as a parametric map. An increase of a tumor
ADC value as we observed during chemotherapy treatment is a promising sign of therapeutic response,
as it is typically associated with cell death [28].

We also took the opportunity of our models to perform the first analysis of PD-L1 expression on gastric
cancer PDX tumors. We showed that patient-derived xenograft tumors behaved like human gastric
cancers, with 40% strongly expressing PD-L1 (>50% positive membranar staining), which is in
agreement with human observations where PD-L1 expression was noted in around 30% of gastric
cancer tumor cells [10]. Hence, we showed that the expression of immune-check point inhibitor (i.e.
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PD-L1) can be also very different between PDX models, suggesting that the immune landscape might
also be different. However, being in immuno-deficient mice, the direct assessment of the immune
landscape is limited to macrophages and NK cells. Despites this limitation, these models show that
they can be useful tools to investigate how the level of expression of immune-check point ligands in
different subclones of cancer cells can be modulated by treatments, such as chemotherapy. This is a
crucial information when considering to combine immunotherapy with other types of therapies. For
instance, we observed a small increase in PD-L1 expression in some cells, when the GCX004 tumor was
treated with cisplatin. Additionally, these models can allow us to explore the possible correlation
between the expression of immune check points and other biomarkers relevant for therapy. For
instance, we did not see a correlation between p53 expression and PD-L1, in contrast to a recent
publication indicating the reverse, but we have to take into account the limited numbers of models we
used for the correlation (n=5) [23]. This better understanding of the immune contexture of animal
models in gastric cancer is essential, before administering novel targeted therapies, especially
immune-based cancer treatments to patients [29]. The radiologic-pathologic correlation of our PDX
models and their stratification regarding their PD-L1 immune check-point status will enable us to be
more selective regarding use of their use in pre-clinical research. In the future, our PDX MRI data could
be integrated in Artificial Intelligence framework based on Machine learning and might be correlated
with biologic and/or molecular data (PD-L1 status, transcriptomic analysis...), all in all aiming at the
development of future potential imaging biomarkers.

Another important part of the tumor ecosystem is its dynamic interactions with more distant tissues,
in particular the muscle, that is affected by a cancer-related atrophy. This is particularly present in
gastric cancer, where up to 6 to 13% of patients presented with sarcopenia at diagnosis and 60%
developed sarcopenia after chemotherapy [18]. Our study represents the first work that investigates
the impact of the human gastric tumors on muscles, using PDX models. We applied the human image-
based method to approach muscle atrophy, using a manual delineation of paravertebral muscles at
the level of the renal hilum (= approximately L3 vertebra) to our mouse models. With such technique,
differences appeared among PDX tumors and also between treated and non-treated ones. This
represent the first demonstration that the implantation of human gastric cancer tissues into a mouse
can induce muscle atrophy, just by itself. This is quite a critical and fundamental observation still
debated in the medical and scientific community, about why gastric cancer patients develop muscle
atrophy.

In all cancers, cachexia and sarcopenia probably have complex origins, partially related to the tumor
itself and partially induced, or worsened, by treatments. For instance, a single intraperitoneal injection
of an anticancer drug, doxorubicin, is known to induce sarcopenia in C57BL/6 mice. However, the
reasons why only some patients are prone to develop cachexia, even at an early stage of the pathology,
remains largely unknown and additional studies are required, for which our PDX models could offer an
interesting animal model in addition to drug-induced mouse models. This is particularly true for gastric
cancer, as some clinicians continue to argue that the muscle atrophy is simply due to the fact that
patients cannot eat normally, due to their gastric tumor impacting negatively on the capacity of
correctly ingesting and digesting food. The results on our PDX models clearly showed that the
mechanisms are much more complex and that the muscle atrophy is independent from the mechanical
discomfort of food ingestion, since all our PDX tumors were similarly subcutaneously implanted on the
flanks of the mice, with no significant compressive effects on internal abdominal organs. Hence, the
likely explanation is that certain gastric tumors secrete diffusible molecules, that induces muscle
atrophy. As indicated in the literature for other cancers, these molecules can be different cytokines,
such as IL6 [30]. In addition, we observed for the first time that a platinum-based drug can also by itself
induce muscle atrophy, similarly to what was shown before with doxorubicin.

All in all, our five patient-derived xenografts enabled us to obtain quite complete overview of
intestinal-type gastric cancer tumors, reproducing quite well the heterogeneity and the complexity of
human tumors, showing differences in terms of tumor structure, histology, P53/PD-L1 status and
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muscle atrophy, which makes them even more useful in preclinical research, for the development of
novel drugs and targeted therapies.
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Table 1. Clinical characteristics of the patients from which the successful xenografts are
issued

Histology Age Sex Preoperative Surgery type pTNM Sample type Cold Percentage Time to Other
treatment ischemic of cells on reach ~
time sample 150
mm?
GCX- Well- 76 M preoperative distal pT1b N1(1/30) MO Pre- <1h 100% 3
001 differenciated chemotherapy esogastrectomy therapeutic months
HER2+ (score 2) EOX protoxol with Lewis Santy biopsy
gastric (epirubicine + reconstruction
adenocarcinoma cisplatin + 5-
fluoro-uracil)
GXC- Well- 64 M preoperative total gastrectomy ypT1aNo (0/16) MO surgical <1h 100% 15 days No relapse or
004 differenciated chemotherapy specimen recurrence
papillary HER2- using EOX after 3 years
gastric protocol
adenocarcinoma
GXC- Well- 74 w preoperative total gastrectomy pT3NOMO Pre- >1h 70% 2 History of
016 differenciated radio- therapeutic months breast
papillary HER2+ chemotherapy biopsy cancer.
(score 2) gastric Epidermoid
adenocarcinoma lung cancer
diagnosed
during
follow-up
GXC- Moderately- 59 M preoperative total gastrectomy ypT4aN1(1/21)M0 surgical <1h 75% 2 No relapse or
018 differenciated chemotherapy specimen months recurrence
papillary HER2+ FLOT protoxol after 2 years
(score 1) gastric (docetaxel +
adenocarcinoma oxaliplatin + 5-
fluoro-uracil+
Folinic acid)
GXC- Moderately- 66 M preoperative Upper pole ypT1INOMO Pre- <1h <30% 1to2 History of
022 differenciated chemotherapy esogastrectomy therapeutic months lung cancer.
papillary HER2 - FLOT protoxol with Lewis Santy biopsy

gastric
adenocarcinoma

(docetaxel +
oxaliplatin + 5-
fluoro-uracil+
Folinic acid)

reconstruction

No relapse or
recurrence
after 3 years
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Figure 1

GCX001 GCXo18
, : . Moderately to poorly-differenciated
Well-differenciated adenocareinoma il i

Passage 3 Passage 2 Initial human tumor

Passage 10

Figure 1. Evolution of tumor characteristics between passages compared to the original tissue. Left
panel histological Hematoxilin-eosin (H&E) staining of the primary tumor well-differentiated gastric
adenocarcinoma and representative GXC-001 tumors for each passage (2", 3™, 10") in the mice
magnification x20. Right panel histological Hematoxilin-eosin staining of the primary tumor, a poorly
differentiated gastric adenocarcinoma and representative GXC-018 tumors for each passage (2", 3",
10™) in the mice magnification x20, showing no significant difference in terms of architecture of the
tumor or tumor differentiation.
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Figure 2

GCX-001

GCX-004

GCX-018

GCX-022

Figure 2. Characterization of tumors’ substructures using a 9.4 tesla MRI. A) T2-RARE image of a well-
differentiated gastric adenocarcinoma, GCX-001 model. There is a tumor on each flank of the mouse,
the tumor on the left flank (right side) appearing slightly heterogenous compared to the other. B) Close
up of the tumor showing a well delineated tumor, with a homogenous signal on T-weighted images. C)
Corresponding histological slice, Hematoxilin-Eosin staining, magnification x 20. D) T2-RARE image of
a primary well-differentiated papillary gastric adenocarcinoma, GCX-004 model. E) Close-up of the
tumor, bearing the classical appearance of a papillary tumor, with hypointense fibrous stalk (arrow)
supporting clumps of edematous papillae (star) with fluid like, bright intensity on T2. F) Corresponding
histological slice, Hematoxilin-Eosin staining, magnification x 20. H) T2-RARE image of the GCX-018
model, a poorly-differentiated gastric adenocarcinoma. The subcutaneous tumors appear more
heterogenous, with multiple foci of necrosis (thick arrow). 1) Corresponding histological slice,
Hematoxilin-Eosin staining, magnification x 20. J) T2-RARE image of a moderately-differentiated gastric
adenocarcinoma. K) Close up of the tumor, showing presenting with an intermediate (=light grey)
signal on T2-weighted images and with neo-vasculature, predominantly peripheral, presenting as
linear hypointense structures on T2-weighted images (curved arrow) H) Corresponding histological
slice, Hematoxilin-Eosin staining, magnification x 20.
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Figure 3
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Figure 3. Measure of ADC value in different PDX, indicative of the cellularity of tumors

A) Diffusion (EPI) values showed restricted diffusion in all the subcutaneous tumors, with different ADC
values between tumor types (GCX-001, -004, -018, -022) compared to a cell-line-derived tumor
obtained from NUGC-3 cells. B) Upper panel, fusion image obtained combining a T2-RARE image of a
well-differentiated gastric adenocarcinoma (GCX-001) and its corresponding ADC color map. Lower
panel, fusion image obtained with T2-RARE image of a well-differentiated gastric adenocarcinoma
(papillary subtype, GCX-004) and its corresponding ADC color map : the hyperintense clumps of
edematous papillae showed higher ADC values, colored in red to yellow on the ADC map.
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Figure 4

GCX-001 GCX-018
27.11 mm2 36.02 mm2

Figure 4. Comparison of muscle volumes between two PDX models. T2-RARE images of four PDX
models, with manual delineation (green) of the paravertebral muscles and the corresponding average
muscle surface, showing variations between models.
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Figure 5

GCX-001

GCX-004

GCX-016

GCX-022

Figure 5. Comparison of the expression of p53 and PD-L1 on tumors sections of the different PDX
models. Representative photomicrographs of each IHC, for each PDX model is shown (magnification=
x40). Paraffine embedded tissues were used for immunohistochemistry to detect p53 and PD-L1
protein using specific antibodies. Labelling was revealed using DAB. Slides were also labelled using H&E
to identify nuclei.
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Figure 6
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Figure 6. Impact of cisplatin on tumor substructure characteristics, p53 and PD-L1 expression and
muscle atrophy.

A) Fusion image obtained combining a T2-RARE image of a well-differentiated gastric adenocarcinoma
(GCX-001) and its corresponding ADC color map on a 9.4T MRI of a control mouse showing a non-
treated subcutaneous tumor (left panel) or treated by cisplatin (right panel), showing a clear decrease
in tumor size. B) Diffusion (EPI) values showed restricted diffusion in the subcutaneous tumors non-
treated tumor and increased ADC value after cisplatin treatment. C) Representative photomicrographs
for each histological (Hematoxilin-eosin, magnification x40, left panel) and immunohistochemical slice
(P53, middle panel and PD-L1 right panel, magnification x40) showing treatment-related changes. D)
T2-RARE images, axial plane, with manual delineation (green) of the paravertebral muscles showing
differences between non-treated (left) and treated (cisplatin, right) tumors.
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2.2.The use of PDX models to test new therapeutic approaches in
gastric cancer

2.2.1. ARTICLE 3: Inhibition of HDAC synergies chemotherapy via p53 in
gastric cancer

The histone desacetylase enzymes (HDAC, 4 different classes : class |, lla, llb and 1V) are known to be
expressed aberrantly in different cancers, including gastric ones. Additionally, the expression of HDAC
is known to be linked to carcinogenesis [131]. The cytotoxic activity of platinium-based drugs (e.g.
cisplatin/oxaliplatin) depends on the formation of DNA adducts, which results in a cell cycle arrest and
the induction of apoptosis, but this requires an access to DNA, which can be altered by DNA-associated
proteins, like histones for instance. One of the possible resistance mechanism to chemotherapies is
the presence of various epigenetic alterations (such as histone/DNA methylation or histone
deacetylation/ acetylation) and post-transcriptional regulations (with microRNAs). All in all, such
deregulations are potentially related to cancer progression and resistance against chemotherapy
drugs, eventually resulting in a poorer outcome. Hence, inhibitors of histone desacetylase enzymes
(HDACI) have been developed to counteract their pro-oncogenic activity [132]. For instance, SAHA
(Vorinostat), which is a a pan-HDAC inhibitor targeting class I-1I-IV of HDACs has obtained the FDA
approval for the treatment of cutaneous T-cell lymphoma and showed a promising antitumor in vitro
(gastric cancer cell lines) and in vivo (animal models) activity, with almost no side effects on normal
cells [133]. SAHA induces a p53 independent apoptosis through the mitochondria pathway but acts
synergistically with p63/p73 (ARTICLE 3). HDACi have been described as chemosensitizers for cisplatin
and combination between HDACi and standard chemotherapy have been already been successfully
evaluated in ovarian cancer, oral squamous cell carcinoma and osteosarcoma, demonstrating its ability
to bypass resistance mechanisms, with reduced side effects.

For this work, | performed the in vivo experiment for SAHA/platinium-compound chemotherapy
evaluation and | participated in the redaction of the manuscript.
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Abstract

In personalized medicine, the developments of combinatory therapies associating drugs that target
different pathways, specifically deregulated in patient’s tumors, drives hope to treat resistant cancers
while reducing side effects. The prerequisite to optimize this strategy is a precise understanding of the
molecular basis of combinatory therapies, which can be different from monotherapies. In this study,
we analyzed the molecular mechanisms involved in combinatory treatments of gastric cancer cells,
associating a platinum-based standard treatment, cisplatin or oxaliplatin, with a histone deacetylase
inhibitor (HDACi), the suberoylanilide hydroxamic acid (SAHA). We showed that SAHA potentiated the
cytotoxicity of both cisplatin and oxaliplatin in gastric cancer cells and their anticancer activity on a
model of patient-derived xenografts of gastric cancer. This increased activity correlates with a
reprograming of the cellular response toward apoptosis as indicated by Caspase 3 cleavage.
Simultaneously, SAHA surprisingly counteracted the induction of the tumor suppressor gene TP53 at
the protein level through an inhibition of its transcription. In addition, SAHA impacted on the
transcription of two other members of the p53 family: TAp63 and TAp73. However, functional studies
using siRNA showed that despite having its expression diminished, p53 was necessary for the induction
of the cleavage of Caspase 3 by SAHA and platinum drugs combined. Importantly, the restoration of
p53 activity by treatment with PRIMA-1 on gastric cancer cells expressing a mutated p53 (NUGC3)
increases the synergy of SAHA with platinum drugs. Altogether, these results indicate that combinatory
therapies associating SAHA and platinum drugs are promising strategies in gastric cancer treatment,
but efficiency might be dependent upon the presence of functional p53 proteins, opening new
perspective of tri-therapies with reactivator of p53 mutants.

Keywords: HDACI, SAHA, Vorinostat, p53, p63, p73, gastric cancer, Cisplatin, Oxaliplatin, apoptosis,
autophagy, MEF2A, CDX2, HDAC4

76



Introduction

Gastric cancer (GC) is the fourth most common cancer for men, the fifth for women in the World, and
represents the third cause of cancer-related death worldwide (Michel P et al. 2017). Surgical resection
combined with perioperative chemotherapy using platinum-derivative compounds (PDC: cisplatin,
oxaliplatin) is the cornerstone of current treatments. Although the use of chemotherapy has improved
the survival rate of patients, the outcome remains unfavorable with a 30 to 40% response-rate to
treatment and a median survival of only 6-9 months in advanced GC. Furthermore, significant side
effects of platinum derivatives (e.g. nephrotoxicity, emetic activity, polyneuropathy) associated with
the frequent development of resistances (innate or acquired), limit their use and effectiveness (Florea
AM et al. 2011). All in all, the identification of early prognosis markers and the development of
alternative therapeutic strategies currently represent an absolute necessity.

One of the mechanisms of tumorigenesis and resistance to chemotherapies involves epigenetic
modifications (histone acetylation/deacetylation, histone/DNA methylation) and post-transcriptional
regulations (microRNAs). Fraga and co-workers have reported a loss in acetylation of the histone
H4K16 and trimethylation H4K20 at repeated DNA sequences of tumor cells at early stage in
tumorigenesis (Fraga MF et al. 2005). Histone deacetylase enzymes (HDAC) are aberrantly expressed
in various cancers such as gastric or colon cancer. The HDAC family is composed of 4 classes: class |
(HDAC 1, 2, 3 and 8), lla (HDAC 4, 5, 7 and 9), llb (HDAC 6 and 10) and IV (HDAC11) which are Zn*
dependent and class Il (Sirtuins) which is NAD* dependent (Li Y and Seto E. 2017). HDACs remove the
acetyl group of lysine residues from histone and non-histone substrates, leading to chromatin
compaction and decreasing gene transcription. They can also target non-histone substrates, such as
the tumor suppressor gene p53, the Hypoxia Inducible Factor A (HIF1A) and the a-tubulin, impacting
on DNA affinity, transcriptional activity, protein stability and protein interactions, thus having a key
role in different cellular pathways (Zhang J and Zhong Q. 2014; Li Y and Seto E. 2017). Moreover, HDAC
expression is known to be linked to carcinogenesis (Marks P et al. 2001). HDAC1 can interact with p53,
which reduces its binding capacity to the promoter of the pro-apoptotic gene BAX, thus favoring cancer
cell survival, which is correlated with poor prognosis (West AC et al. 2014). For this reason, HDAC
inhibitors (HDACIs) have been developed to counteract the pro-oncogenic activity of HDACs (West AC
et al. 2014; Li Y and Seto E. 2017).

The HDACIs are classified in five groups, according to their chemical structures. These anticancer
agents can induce different phenotypes including growth arrest, differentiation and apoptosis (Li Y and
Seto E. 2017). Among them, one of the most promising HDACI, a pan-inhibitor targeting class I-1l-IV of
HDACs called SAHA was approved by the FDA in 2006 for the treatment of cutaneous T-cell lymphoma.
SAHA treatment shows an anticancer activity in a variety of tumor cell lines and tumor-bearing animals,
with relatively no side effects on normal cells (Kelly WK et al. 2005). SAHA has not a massive effect on
gene expression, as less than 2% of genes are hyperacetylated (Komatsu N et al. 2006). However, it
has a specific action on genes involved in apoptosis, cell cycle, tumor suppression and differentiation
(Rikiishi H et al. 2007). SAHA induces a p53-independent apoptosis through the mitochondria pathway
(Vrana JA et al. 1999) but acts synergistically with p63/p73 (Shim SH et al. 2010) and is thought to
overcome multidrug resistance in various cancer cell lines (Lee MJ et al. 2008). A gene signature
analysis performed by Claerhout and co-workers suggests that SAHA is a good potential drug candidate
in GC treatment, as it inhibits cellular growth and induces cellular death in gastric cancer cell lines
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(Mutze K et al. 2010; Claerhout S et al. 2011; Yoon C et al. 2014), involving RUNX3 (Huang C et al. 2007),
MYC (Labisso WL et al. 2012) or SRC (Zhou C et al. 2014). In addition, the use of SAHA potentiated the
activity of taxane anticancer drugs in gastric cancer cells (Chang H et al. 2010).

Cisplatin cytotoxicity depends on the formation of DNA adducts, which results in cell cycle
arrest and the induction of apoptosis (Florea AM et al. 2011). The formation of these adducts requires
a DNA accessibility, which can be altered by DNA-associated proteins such as histones. HDACIs are
described as chemosensitizers for cisplatin, through a reduction of chromatin condensation and
therefore an improvement of DNA platination (Kim MS et al. 2003, Lin CT et al. 2008; Davies NP et al.
2000). The use of a combination of HDACI with currently-used chemotherapies, such a SAHA + cisplatin
/ oxaliplatin has been described in various types of cancers such as oral squamous cell carcinoma
(OSCC), ovarian cancer or osteosarcoma (Kim MS et al. 2003; Ong PS et al. 2012, Pettke A et al. 2016;
Rikiishi H et al. 2007; Sato T et al. 2006). In OSCC, the combination of SAHA and cisplatin was associated
with increased expression of markers (Caspase-4/12, elF2a) involved in the endoplasmic reticulum
stress pathway (Suzuki M et al. 2009). Some of the molecular mechanisms involved in the synergistic
effect of these two drugs - especially regarding their combined influence on p53 - are still controversial.
For instance, in gastric cancer cells, the combination of SAHA with oxaliplatin reverses the oxaliplatin-
induced activation of the tyrosine kinase Src and decreases the phosphorylation of AKT, which is a
major factor for cellular growth and survival (Zhou C et al. 2014). More recently, a phase | trial of SAHA
combined with cisplatin and capecitabine in patients with advanced gastric cancer showed an
increased median overall survival time of 18 months, with manageable side effects (Yoo C et al. 2014).
Surprisingly, the results of a more recent Phase Il study that did not show any significant gain in patient
survival, discouraging the use of the combination between SAHA and oxaliplatin in clinical routine (Yoo
C. etal. 2016).

In an effort to understand these conflicting and disappointing results and find novel strategies
for treating gastric cancer, we decided to investigate more thoroughly the molecular mechanisms
induced by a co-treatment between SAHA and platinum drugs in gastric tumors. Our study performed
in vitro and in vivo show that the synergistic activity of SAHA with platinum drugs causes a
reprograming towards apoptosis that is significantly dependent upon the activity of tumor suppressor
gene p53. Hence, this study suggests that the p53 status might represent a biomarker for a
personalized therapy of gastric cancer patient treated with a combination between SAHA and platinum
drugs. It also shows the potential of p53 re-activating drugs to improve the SAHA-platinum drugs
combination.

Material and Methods
Cell culture

AGS cells (ATCC CRL-1739™), KATOIIl cells (ATCC HTB-103™), and NUGC3 cells (JCRB Cell Bank,
JCRB0822) are grown in RPMI (Roswell Park Memorial Institute medium, Dominique Dutscher) with
10% fetal bovine serum (FBS; Gibco, Life technologies) and 1% penicillin/streptomycin (P/S; PAN-
Biotech) at 37°C in a humidified atmosphere and 5% CO,. Mycoplasma contamination has been tested
negatively using PlasmoTest (Invivo gene).
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Cellular treatments

Cisplatin (Accord Health Care) and oxaliplatin (Hospira) were used in saline solution as used in clinic.
The pan-HDAC inhibitors, SAHA (Vorinostat, Tocris) was solubilized at 20mM in DMSO (VWR
Chemicals).

MTT survival test

10.000 cells (AGS) or 20.000 cells (KATOIIl, NUGC3) were seeded per wells in 96-well plates (Falcon
Multiwell) 24h prior to any treatment. Drugs (PDC, HDACI) were diluted in RPMI+FBS+P/S and
100uL/well were deposited on cells for 48h. MTT survival test was performed as previously described
(Benosman S et al. 2011). Briefly, MTT was realized by replacing the culture medium with 100uL/well
of new culture medium completed with 5mg/mL of MTT product (Sigma Aldrich) for 1h30 at 37°C.
Then, cells were lysed, and the colored formazan product was solubilized in 100uL/well of DMSO.
Coloration is an indicator of cellular viability. Optic density (DO) was measured at 590nm with Tristar?
Mutlimode Reader® (Berthold Technologies). Experiments were done with four technical replicates
and realized at least in three independent times. Cellular viability was evaluated by taking the
untreated cells (NT) as control. ICx represents the concentration where a reduction of cellular viability
of X% is measured. ICx were determined graphically with Prism Graphpad 5 software; curves are
generated as log(inhibitor) vs. response -- Variable slope (four parameters).

Isobologram assay

10.000 cells (AGS) or 20.000 cells (KATOIIl, NUGC3) were seeded per wells in 96-well plates (Falcon
Multiwell) 24h prior to any treatment. Combined treatments (PDC + HDACI), or each concentration of
drug alone were diluted in RPMI+FBS+P/S and 100uL/well were deposited on cells for 48h. MTT
survival tests were realized as described before. Cellular viability and treatment efficiencies were
evaluated by taking the untreated cells (NT) as control (100% of cellular viability; 0% of treatment
efficiency). Combined treatment efficiencies were compared to drug alone efficiencies with Compusyn
program software (ComboSyn, Inc), which determines mathematically the combination indexes (Chou
TC. 2006 and 2010). We arbitrarily and conservatively considered antagonist effect on cell survival
between the drugs when combination indexes corresponded to value superior to 1.20, additive effect
between 0.80 and 1.20 and synergistic effect when combination indexes were inferior to 0.80. For each
drug or combined treatment, experiments were done in height technical replicates and at least realized
in three independent times.

Silencing RNA

250.000 cells were seeded per well in 6-well plates (Falcon, Multiwell) 24h prior any treatment in an
antibiotic free RPMI+FBS medium. Transfections were performed with the Lipofectamine® RNAIMAX
Reagent. SiRNA and 4uL of Lipofectamine® RNAIMAX Reagent were diluted separately in Opti-MEM®
Medium (respectively 150uL/product for 1 well). Diluted siRNA was added to the diluted
Lipofectamine® RNAIMAX Reagent and the mix was incubated 5min at room temperature. The 300uL
of the mix (siRNA-lipid complex) were added to cells (drip throughout the well) with a total volume of
2mL/well (1700uL of fresh RPMI+FBS medium + 300pL siRNA-lipid complex) for 7h at 37°C. Then, the
culture medium was replaced with fresh medium RPMI + FBS. After 48h, cells were treated with the
different described experimental conditions by replacing the culture medium (always no antibiotics).
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The different siRNA used were: sip53 (30nM, Eurogentech) 5'-GGA AAC UAC UUC CUG AAA A-3’;
Control siRNA duplex pGL3 luciferase (30nM, Eurgoentech); SR-CL011-005;

Quantitative PCR

500.000 cells were seeded per well in 6-well plates (Falcon, Multiwell) 24h prior any treatment. Then
cells were treated with the described drugs at indicated concentrations and times by replacing the
culture medium. Total RNA was extracted with TRIzol® Reagent. RNA reverse transcription was
performed with the High Capacity cDNA Reverse Transcription Kit® (Applied Biosystems) in a total
reaction mix of 20uL as described by the provider during 2h at 37°C. qPCR were performed with the
FastStart Universal SYBR Green PCR Master Mix® or the FastStart Universal Probe Master Mix TagMan®
(Roche) in 20uL total volume per reaction containing 4L of diluted cDNA, 10 uL of FastStart Reagent
and 500nM of primers. gPCR was carried out in 7500 Real Time PCR System® (Applied Biosystems).
Relative expressions were normalized with TBP according to the method 22V (Livak KJ and
Schmittgen TD. 2001).

Western blot

500.000 cells were seeded per well in 6-well plates (Falcon Multiwell), 24h prior to any treatment.
Then, cells were treated to indicated drugs and times by replacing the culture medium. Adherent and
supernatant cells were lysed with Laemmli® 1x (Biorad) added of Dithiothreitol 50mM (DTT; Sigma-
Aldrich) at the rate of 100uL/condition. Total proteins were sonicated and denatured before being put
on an SDS-PAGE gel (10-20uL/sample). Western blots were performed using Polyvinylidene fluoride
(PVDF) membranes and primary antibodies directed against p53 (mouse anti-p53 DO-1, sc-126, Santa
Cruz, 1:1000 in PBS-Milk1%-Tween1%e. [Fisher Bioreagents]), CLEAVED CASPASE 3 (rabbit anti-cleaved
caspase 3, #9661, Cell Signaling, 1:1000 in PBS-Milk1%-Tween1%.), LC3B (rabbit anti-LC3B, NB10O0-
2220, Novus Biological, 1:1000 in TBS [152,3mM Tris-HCl; 46,2mM Tris-Base; 1,5M NaCl [Sigma] pH
7.6)-BSA5%-Tweenl1%o]), Acetylated H3K9 (rabbit anti-histone H3 [Acetyl K9], ab61231, Abcam,
France, 1:500 in PBS-Milk1%-Tween1%.), HISTONE H3 (rabbit anti-histone H3, #4499, Cell Signaling,
1:1000 in PBS-Milk1%-Tween1%o), Phosphorylated AKT (rabbit anti-phospho-Akt [Ser 473], #4060, Cell
Signaling, 1:2000 in TBS-BSA5%-Tween1%o), AKT (rabbit anti-Akt, #9272, Cell Signaling, 1:1000 in TBS-
BSA5%-Tween1%o), HIF1 ALPHA (anti-HIF1-alpha, BD Biosciences, 1:1000 in PBS-Milk1%-Tween1%s.),
Acetylated ALPHA TUBULIN (rabbit anti-acetyl [Lys40] alpha tubulin, #5335, Cell Signaling, 1:1000 in
TBS-BSA5%-Tween1%o.) and ALPHA TUBULIN (rabbit anti-alpha tubulin, #2144, Cell Signaling, 1:1000
in TBS-BSA5%-Tween1%o). Secondary antibodies anti-rabbit NA934V, anti-rat NA935 and anti-mouse
NXA931V (Horseradish linked, ECL GE Healthcare, 1:10.000) were incubated 1h at room temperature.
Protein levels were normalized to ACTIN (mouse anti-actin Clone C4, Chemicon, 1:10.000). Western
blot revelations were done with ECL reagent® (GE Healthcare) and observed with PXi® Syngene. Finally,
relative quantification to ACTIN was carried out with Genetools software (Syngene). Western blots
were performed three times independently.

Patient derived xenograft

We used an in-house developed patient-derived xenograft mouse model (GCX-004), which is a well-
differentiated gastric adenocarcinoma, intestinal type. The tissue sample used was issued from a
surgical specimen obtained after total gastrectomy of a primary well-differentiated intestinal type
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HER2-negative gastric adenocarcinoma (ypT1aNO, a 64 years-old man). The fragments were implanted
on the flanks of an anaesthetized immunodeficient mouse, with close monitoring of their growth (1-3
times/week by manual caliper). When the implanted tumor reached 500mm?3, the engraftment was
considered successful, the mouse was anaesthetized and the tumor harvested for serial
transplantation into successive mice generations. The implanted fragments reached a 150mm?target
volume within 15 days. Histology of the different passages were well-matched with the primary human
tumor, with no lymphomatous transformation.

Graphical representation and statistical tests

Box plots and histograms represent sample fold inductions compared to the indicated control. Box
plots and histograms were obtained by the quantification of three technical replicates of n biological
replicates. Normality distribution was checked by Shapiro-Wilk test and homoscedasticity was checked
by Bartlett test. Statistical differences were calculated with ANOVA and Tukey post-test or with Mann-
Whitney test with a p-value corrected using Prism Graphpad 5 software. * p< 0.05; ** p< 0.01; *** p<
0.001.

Results
Synergy between platinum derivative compounds and SAHA

The gold standard for the treatment of gastric cancer is chemotherapy using platinum derivative
compounds (PDC: Cisplatin, Oxaliplatin). We studied the PDC effect on cancer cells for a better
understanding of cellular resistance to treatment, to optimize it. We performed the present study on
different gastric cancer cell lines with different status for the tumor suppressor gene TP53 as it is
mutated or inactivated in more than 50% of the tumors. We used the AGS (p53 WT), NUGC3 (p53
mutated Y220C) and KATOIII (p53 deleted) cell lines (Table S1). The response of cell lines to platinum
compounds and HDAC inhibitor (SAHA) was first assessed by monitoring their survival using an MTT
assay after 48 hours of treatment with increasing concentrations of cisplatin or oxaliplatin (Figure 1).
Viability curves allowed us to determine the 1Cys, 1C30 ICso ICs0, and 1C75 which are drug concentrations
that respectively induced 25%, 30%, 50%, 60% and 75% of a complete loss of cell viability and are
reported in table S1. AGS cells (Figure 1A) are more sensitive to oxaliplatin than to cisplatin whereas
NUGC3 (Figure 1B) are more sensitive for cisplatin and possess higher I1Cso for oxaliplatin. KATOIII cells
(Figure 1C) are considered sensitive to cisplatin and oxaliplatin because they possess an ICsg inferior or
equal to 10uM.

First, in order to establish the impact of HDACI on the cytotoxicity of platinum-based drugs in gastric
cancer cells, we performed isobologram assays (Chou TC. 2006; 2010). AGS cells were treated for 48h
with different concentrations of either cisplatin or oxaliplatin, combined with SAHA, followed by an
isobologram assay to mathematically determine the combination index (Figure 1D, E). The combined
treatments with both PDC and SAHA had in majority combinatory index below 1. These results
indicated that combined treatments had synergistic effect on AGS cell survival (Figure 1D, E).
Synergistic activities between cisplatin and SAHA were obtained in others GCC KATOIIl and NUGC3
(Supplementary figure 1). However, in KATOIIl cells, the results were more heterogeneous with
oxaliplatin showing antagonistic effects when combined with SAHA except for ICso. In NUGC3 cells,
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synergistic effects between cisplatin + SAHA and between oxaliplatin + SAHA were only observed at
low concentrations of both drugs (Supplementary figure 1).

To verify the correct HDAC inhibition activity of SAHA in our conditions, we analyzed the acetylation
status of the lysine 9 of histone H3 and on non-histone targets a-tubulin and HIF1A. The acetylation
level of H3K9 is controlled by HDAC3 status (Bhaskara S et al. 2010; Vecera J et al. 2018) and is
necessary for gene expression (Gates LA et al. 2017). As expected, SAHA induced a strong increase of
H3K9 acetylation (Figure 1F), reflecting its HDAC inhibitor activity. Interestingly, PDC alone or
combined with SAHA had not a strong influence H3K9 acetylation levels. Moreover, HDACS6 is required
for EGFR-induced B-catenin nuclear localization (Li Y et al. 2008), HDAC6 controls autophagosome
maturation (Li JY et al. 2010) and a-tubulin acetylation level (Li G et al. 2011). As expected, SAHA
induced a strong increase of a-tubulin acetylation (Figure 1F), reflecting its HDAC inhibitor activity on
HDACS. Interestingly, PDC alone or combined with SAHA had not a strong influence on a-tubulin
acetylation levels as well. Furthermore, HIF1A is an important transcription factor involved in tumor
metabolic switch, invasion and drug resistance (Kitajima Y and Miyazaki K. 2013; Rohwer N and Cramer
T.2011). HIF1A is regulated among other by HDAC enzymes modifying its stability and its activity (Geng
H et al. 2011; Joo HY et al. 2015). Indeed, HDAC1 and HDAC3 enhance HIF1A stability and its
transactivation function in hypoxic conditions and inhibition of these HDACs decreases HIF1A protein
level and its transcriptional activity in human and mouse tumor cell lines (Kim SH et al. 2007). Similarly,
HDAC4 controls HIF1A stability and activity, since HDAC4 silencing (shRNA) inhibits HIF1A protein
stability (Geng H et al. 2011, Geng H et al. 2012). As expected, SAHA reduced HIF1A stability promoting
HIF1A protein level reduction (Figure 1G). And SAHA decreased HIF1A activity on its target genes VEGF
and GLUT-1 (Supplementary figure 2).

Altogether, these results indicated that SAHA inhibits HDAC enzymes and that SAHA acts
synergistically with PDC on gastric cancer cell survival, but this depends on the PDC and the
concentrations used in the different cell lines.

Combination between SAHA and cisplatin reduces the tumor volume and induces in vivo treatment-
related structural changes within the tumors

The combinatory in vitro cytotoxicity observed above indicated that a combinatory treatment of
cisplatin and SAHA might be beneficial in gastric cancer. Therefore, we decided to evaluate in vivo the
effectiveness of combined cisplatin + SAHA treatment on a tumor derived from a patient with gastric
cancer xenografted in nude mice that we have established in our laboratory in collaboration with the
Digestive Surgery department of the Strasbourg University Hospital of Hautepierre. This patient-
derived xenograft model, GCX-004, was established from a well-differentiated gastric
adenocarcinoma. For our experiment, several tumor fragments (~3mm?) from the 8" passage of GCX-
004 were subcutaneously implanted on both flanks of NUDE mice, and the mice were split into four
groups. Once the tumors reached the target volume (150 mm?), we treated one group (n=6) with
cisplatin (5mg/kg body weight), a second one (n=6) with Vorinostat (SAHA 50mg/kg body weight), a
third one (n=7) with both cisplatin (5mg/kg body weight) + Vorinostat (50mg/kg body weight). The 4"
group (n=6) served as controls (DMSO-PBS-cremofor). For each group, the volume of the tumors was
measured every 3-4 days by means of a manual caliper. The mice were treated and followed-up for 23
days for their weight (Figure 2A) and the tumor volume (Figure 2B, C). Figure 2B shows the tumor
growth kinetic in all conditions. The combined treatment significantly decreased the growth speed
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compared to control or the individual treatment. At final day (= day 23), an ultrasound evaluation of
the tumor size and substructure was performed and the tumor was dissected for final examination and
histological/ immunohistochemistry analysis. SAHA alone, as well as combined with cisplatin, was well
tolerated by the animals, with no significant difference in terms of final weight of the mouse (p>0.05,
Figure 2A). At day 23, the final tumor volumes were the lowest with the combinatory SAHA + cisplatin
treatment with an average 490% decrease compared to controls (n=12, p= 0.0002) (Figure 2C). The
decrease of volume observed with the combinatory treatments was higher than the one observed with
cisplatin (125% decrease, n=12, p<0.01 compared to controls) and with SAHA alone (n=6, p<0.05).
Tumors also presented treatment-related changes on histology and immunohistochemistry (Figure 2D,
E). First, we verified that the tumor was presenting a p53 response towards cisplatin. As expected,
immunohistochemistry showed that cisplatin treatment resulted in a strong increase of p53 expression
compared to the controls, a typical response of a tumor with wild type p53 (Figure 2D). In addition,
cisplatin-treated tumors showed a stromal predominance compared to the primary tumor and
controls, with a stroma/gland ratio >50%, thus resulting in a lower tumor burden (cancer cells/mm?)
(Figure 2E). Additionally, in cisplatin-treated tumors, scattered mono-stratified cysts were frequent in
the periphery of the tumor and more common than in controls. Similarly, all SAHA-treated tumors
appeared more cystic than cisplatin-treated ones or controls, with a peripheral rim of peripheral mono-
stratified cysts (2-3mm, Figure 2E, SAHA, right panel) and a solid glandular central portion (Figure 2E,
SAHA left panel). The cystic morphology was the majority in the combinatory treatment (Figure 2E,
C+S). IHC showed strong decrease of Ki-67 expression in around 50% of cells in cisplatin-treated tumors
compared to controls, while p53 expression seemed to be increased (data not shown). Additionally, as
expected, SAHA treatment led to an increase of H3K9 acetylation (data not shown).

Combinatory treatments PDC + SAHA reduce AGS cell proliferation and promote apoptosis

To understand the molecular basis of the synergistic activity of SAHA combined with PDC in GC cells,
we analyzed the activation of markers for cellular death and cellular survival pathways. Thus, we
looked at the level of cleaved Caspase 3, which reflects apoptosis (Figure 3A). AGS cells were chosen
as they present relatively the same characteristic as GCX4, being a gastric adenocarcinoma of intestinal
subtype with a wild-type p53. The cells were treated for 24h with SAHA, cisplatin and oxaliplatin used
individually or combined at a synergistic concentration (combinatory index = 0.5 corresponding to
cisplatin = 15uM; oxaliplatin = 0.5uM and SAHA = 2.75uM). Individual doses of oxaliplatin or cisplatin
did not have a significant effect on the cleavage of Caspase 3 (Cleaved Casp 3) and SAHA alone only
induced a very small increase of Caspase 3 cleavage after 24h of treatment. On the contrary, the
combination of SAHA with either cisplatin or oxaliplatin strongly induced the cleavage of Caspase 3,
suggesting that combinatory treatments favored a pro-apoptotic program in AGS cells. In parallel, we
analyzed the expression of the pro-apoptotic genes, NOXA, PUMA and BAX involved (Shibue T et al.
2003; Yee KS et al. 2009; Liu YL et al. 2014). The combinatory treatment induced more strongly the
expression of the pro-apoptotic gene NOXA than each treatment alone (Figure 3B). Surprisingly, SAHA
alone or combined with PDC reduced other pro-apoptotic gene PUMA and BAX expression at 8h of
treatment (Supplementary figure 3). However, SAHA alone or combined with PDC reduced pAkt level
suggesting a decrease of pro-survival signaling pathway in AGS cells (Figure 3A). This correlated with
the study of Zhou et al. indicating that AKT was downregulated when using combinatory treatment of
oxaliplatin and SAHA in gastric cancer cells (Zhou C et al. 2014).
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In parallel, we analyzed the expression of genes related to the cell cycle after 8h or 24h of treatment.
The mRNA levels of the cell cycle inhibitor p21 were significantly induced at 8h and 24h by the
treatments when applied separately or in combination (Figure 3C). Inversely, the mRNA levels of the
cell cycle activator Cyclin B2 were significantly repressed upon the treatment. Importantly, the
repression was more severe with the combinatory treatments, oxaliplatin + SAHA or cisplatin + SAHA
(Figure 3D). Otherwise, CDC2, which is associated with CYCLIN B during the cell cycle (Guadagno TM
and Newport JW. 1996) (Ogasawara T. 2013), had its lowest expression level observed at 24h of
combinatory treatment cisplatin and SAHA (~ 50% decreased) (Supplementary figure 3). To illustrate
the impact of combinatory treatments on cell proliferation we performed an immunocyto-staining of
the proliferation marker Ki67. Combined treatments PDC + SAHA also reduced the proliferation marker
Ki67 in AGS cells and the number of cells (Supplementary figure 4). These results indicated that PDC +
SAHA reduce AGS cell proliferation and induce apoptosis reducing AGS cell survival.

We were also interested in the potential role of autophagy, another key mechanism in cancer
that can play a pro-survival or a pro-death role in gastric cancer (Qian HR and Yang Y. 2016). We
investigated the impact of the treatment on ATG8 (LC3B) (Figure 4A), which is involved in the
biosynthesis of autophagosomes, and p62, which is in a ubiquitin binding complex that serves as a
selective autophagy substrate (Figure 4B) (Qian HR and Yang Y. 2016). We also looked NRF2 expression
which is involved in radical oxidizing species response, endoplasmic reticulum stress response and
crosstalk to promote autophagy (Digaleh H et al. 2013). Combined treatments PDC + SAHA increased
the protein level of LC3B active form (lower band) at 8h (Figure 4A; Supplementary figure 5). However,
we remarked that SAHA alone or combined with PDC reduces significantly p62 and NRF2 expression
(Figure 4B, C). On the contrary, cisplatin alone increased NRF2 expression but SAHA had dominant
effect on PDC. These results suggested that that the combined treatment did not induced a complete
autophagy response.

The combinatory SAHA-PDC treatment reduces p53 protein level and impact on TAp63 and TAp73

The tumor-suppressor gene TP53 often mutated in gastric cancer, is a key regulator of cellular
death and Caspase 3 activation (Grabsch HI and Tan P. 2013; Mahu C et al. 2014) and is known to be
induced in response to cisplatin (Oren M et al. 2010, Osman AA et al. 2015; Rivlin N et al. 2011). We
previously showed that p53 is induce in AGS cells by cisplatin (Speaty et al. 2019). Hence, we analyzed
p53 expression in AGS cells to verify if the increased apoptosis caused by the combinatory treatment
was mediated by p53. AGS cells were treated with the synergic concentrations of the different drugs
for 24h. As expected, cisplatin and oxaliplatin induced p53 at protein level (Figure 5A). SAHA used
alone slightly reduced the protein level of p53, but surprisingly, the combination of SAHA with cisplatin
or oxaliplatin strongly inhibited the platinum-induced induction of p53 at protein level. TP53
expression is mainly regulated at post-translational level through ubiquitination and proteasome
degradation. Therefore, we used the proteasome inhibitor MG132, to understand if this repression
was due to a destabilization of p53 proteins. Unexpectedly, MG132 did not restore p53 protein levels
in the presence of SAHA (alone or combined) (Figure 5A). Hence, we analyzed p53 mRNA levels using
RT-gPCR. AGS cells were treated for 8h and 24h under the same experimental conditions (Figure 5B).
mMRNA levels for TP53 were not affected by cisplatin and oxaliplatin. On the contrary, SAHA reduced
TP53 mRNA level at 8h and strongly decreased TP53 mRNA level after 24h of treatment, a repression
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which was also observed with the combined treatment. These results indicated that the loss of p53
proteins with the combinatory treatments, involved a transcriptional regulation of the TP53 gene.

We hypothesized that the reduction of p53 mRNA level was due to miRNAs targeting p53
expression. According to miRTarBase (http.//mirtarbase.mbc.nctu.edu.tw/php/index.php) and the

literature (Ishiguro H et al. 2014; Rokavec M et al. 2014, Liu J et al. 2017) we analyzed the expression
of potential miRNAs targeting p53 (miR-25, miR-30d, miR-125a, and miR-222) and a miRNA targeted
by p53 (miR-22), as a positive control (Tsuchiya N et al. 2011; Lin J et al. 2014). Cells were treated for
4h (Supplementary figure 6) and 8h (Supplementary figure 6) . We chose 4h as an additional time
point expecting to see the induction of miRNA that would be able to explain the loss of p53 mRNA level
that we observed at 8h of treatment (Figure 4b). To quantify miRNA expressions by the method 2¢
88CY \we tested the expression of reference miRNA (RNU6, SNORD65, and SNORD95) (Supplementary
figure 6). Unfortunately, none of the reference miRNAs could be used because each treatment strongly
reduced their expressions. We arbitrarily decided to use an identic Ct to calculate the relative
expression (Supplementary figure 6, 7). We did not find a miRNA targeting p53 and selectively induced
by SAHA alone, which would explain the reduction of TP53 level at 8h (Figure 4b). miR-22 a target of
p53 was induced at 4h of treatment of oxaliplatin but was reduced with other treatments or
combinations (Supplementary figure 6). At 8h, miR-22 seemed to be induce by all treatments but a
variation was still present (Supplementary figure 7). Hence, so far, we did not identify a miRNA
candidate that may explain the loss of p53 mMRNA upon SAHA treatment in GC cells.

This surprising decrease of p53 protein level upon the combinatory treatment raised the
guestion whether p53 was involved or whether its homologues may take over. TP53 is the founding
member of the p53 family that also contains p63 and p73, which are also known to induce apoptosis
(Arrosmith CH, 1999; Pietsch EC et al. 2008). We have previously shown that these transcription factors
are induced and can mediate the response to anticancer drug (Benosman S et al. 2011; Von
Grabowiecki Y et al. 2016). These three genes encode two classes of isoforms either containing a
transactivation domain in the N terminus (p53, TAp63, TAp73) or not (Ap53, ANp63, ANp73). These
proteins are thought to be involved in many aspects of the digestive system cancers (Zaika Al and El-
Rifai W. 2006) and TAp63 and TAp73 isoforms are commonly seen as pro-apoptotic transcription
factors (Wei J et al. 2012). Thus, we decided to assess whether the combinatory treatment
SAHA/platinum drugs would impact on the expression of these isoforms in AGS cells. At 8h of
treatment, cisplatin and oxaliplatin alone did not induce TAp63 and TAp73 mRNA levels in AGS cells
(Figure 5C, D). On the contrary (compared to its effect on p53) SAHA increased TAp73 mRNA level
when combined with oxaliplatin after 8h of treatment, while the combination with cisplatin did not
significantly impact on p73 mRNA expression level. SAHA alone and combined with oxaliplatin and
cisplatin induced TAp63 mRNA level after 8h of treatment, while the single use of cisplatin did not
significantly impact on p63 mRNA expression level. At 24h of treatment the same effects were
observed for TAp63, whereas for TAp73 we observed an increase with platinum compounds alone, but
none with SAHA and a decrease with cisplatin + SAHA combination (Figure 5C, D). As expected, TAp73
target genes AQP3 and p57 had their expression increased when p73 expression were higher.
Interestingly, the combination cisplatin with SAHA significantly up-regulated AQP3 and p57 while it
was not the case for p73. SAHA alone induced AQP3 expression at 24h (Supplementary figure 12).
Altogether, these results indicated that cisplatin, oxaliplatin, SAHA and the combined treatments of
SAHA and platinum compounds had different impacts on the expression of the various members of
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the p53 family which may promote apoptosis. It also indicates that the combinatory treatment did not
induced strongly the mRNA level or neither TAp63 nor TAp73, which did not support a key role of these
transcription factors in the synergistic induction of apoptosis observed.

TP53 status drives the apoptotic pathway in combined treatments in gastric cancer cells

Hence, for a clarification of the role of p53 in the activation of caspase 3 induced by
combinatory treatment using SAHA and platinum drugs in gastric cancer, we used siRNA directed
against TP53 (sip53) and assessed the protein level for p53 and the cleavage of Caspase 3 (Figure 6A).
Surprisingly, the extinction of p53 expression strongly reduced the level of cleaved Caspase 3
suggesting that even if combinations PDC + SAHA reduced p53 expression, p53 was necessary to induce
AGS cell apoptosis. To understand this contradictory result opposing the downregulation of p53
protein and its necessity for co-treatment induced apoptosis, we investigated the acetylation of p53
at lysin 120, which constitute an activating post-translational modification for p53. AGS cells were
treated for 8h and 24h with two concentrations of PDC and SAHA. As observed previously, inhibition
of HDAC by treatment with SAHA diminished the protein level of p53. However, SAHA increased
drastically the acetylation of p53 at K120, when used alone or in combination with PDC (Figure 6B).
Interestingly, the acetylation of p53 at K120 induced by SAHA is not sufficient to cause Caspase 3
cleavage, indicating that additional mechanism induced by PDC are required to fully induced caspase
3 cleavage. In addition, the co-treatment did induce Caspase 3 cleavage, but without a significantly
increase in K120 acetylation. Hence, these results suggest that the acetylation in K120 is permissive for
p53 to induce apoptosis but not sufficient.

As p53 is often mutated in gastric cancer, we wanted to study the effects of the combined
treatment on KATOIII cells with a p53 deletion and on p53 mutated NUGC3 cells (Y220C**) (Liu X et al.
2013). We first performed an isobologram assay on both cell lines to determine the synergic
concentration for platinum derivative compounds and SAHA (Supplementary figure 1). We found a
strong synergy of the combination of SAHA with cisplatin on cell survival in KATOIIl cells and more
heterogeneous effects when combined with oxaliplatin. We were interested in the mechanisms
involved in the reduction of KATOIII cell survival. Again, we focused study on synergistic combined
treatments PDC + SAHA (combinatory index = 0.5). KATOIII cells were treated 24h or 48h with cisplatin
= 10uM; oxaliplatin = 10uM and SAHA = 3uM. As hypothesized, we didn’t observe a cleavage of caspase
3 neither at 24h nor at 48h of treatment in p53-deleted KATOIIl cells (Figure 6C) validating our
hypothesis that p53 is necessary for the co-treatment to induce apoptosis. Then, to understand how
the co-treatment can caused a synergistic cytotoxicity we looked on proliferation marker Ki67
(Supplementary figure 8) and LC3B autophagic marker (Supplementary figure 9). Observations of Ki67
at 24h of treatment didn’t clearly indicate a decrease of cell number (DAPI intensity) or Ki67. Ki67
intensity seemed to increase with oxaliplatin or SAHA alone (Supplementary figure 9). Otherwise,
SAHA neither combined to oxaliplatin nor to cisplatin induced the autophagic active form of LC3B
(bottom band) (Supplementary figure 10). These results indicate that in KATOIII cells (p53 deleted),
the combinatory treatments did not induce a caspase-dependent apoptosis but reduce cell survival by
an undetermined pathway.
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Afterwards, we compared the effects of combinatory treatments between AGS p53 WT cells
and NUGC3 p53-mutated cells (Figure 6D). Again, we focused our study on synergistic combined
treatments PDC + SAHA (combinatory index = 0.5). NUGC3 cells were treated 24h with cisplatin =
2.5uM; oxaliplatin = 14uM and SAHA = 3.5uM. In this case, SAHA alone induced a cleavage of Caspase
3, which was significantly stronger when combined to platinum compounds, as we have observed on
AGS cells. As seen in AGS cells, SAHA diminished p53 protein level. Interestingly, the silencing of p53
by the siRNA only slightly reduced the cleavage of Caspase 3 (Figure 6D). This result indicated that the
presence of the Y220C p53 mutant in NUGC3 cells is mostly not necessary for the induction of
apoptosis by the combinatory treatment, suggesting that the cells use an alternative pathway to
respond. However, we wondered whether the ability of the NUGC3 to respond to the combinatory
treatment can be improved by restoring the function of the p53 mutant. To do so, we used PRIMA-1
compound to reactivate p53 mutant (Lambert JMR et al. 2009). We performed the same experiment
with combined drug concentrations for 24h with or without a pre-treatment with PRIMA-1 during 8h
(Figure 6E). We used a PRIMA-1 concentration of 44uM corresponding to ICso determined by MTT
survival test (data not shown). As expected, the p53 restauration mediated by PRIMA-1 compound
increased the level of cleaved caspase 3 suggesting a reactivation of p53-mediated apoptosis in NUGC3
cells. Moreover, we also performed an immunostaining on Ki67 showing SAHA reduced cell number
(less DAPI signal) and cell proliferation (less Ki67 signal) alone or combined with PDC illustrating the
synergistic activity of combined treatments on NUGC3 cells (Supplementary figure 10). Altogether,
these results indicated that combined treatments reduce gastric cancer cell survival by p53 dependent
and independent manners. TP53 status drives the apoptotic pathway in response to combined
treatments in gastric cancer cells.

Discussion

Alterations affecting HDAC expression and histones acetylation have been described in various
types of cancers, including gastric cancers. These deregulations are thought to be related to cancer
progression as well as resistance against cytotoxic anticancer drugs, thus resulting in a poorer
outcome. The chemical pan-inhibitors of HDAC have been developed and two HDACI drugs recently
received FDA-approval for routine-usage: SAHA (Vorinostat, 2006) in cutaneous T cell lymphoma and
hydroxamic acid variants (f.e. Farydak, Panobinostat 2015) in multiple myeloma. Unfortunately, the
two major clinical studies evaluating SAHA on gastric cancer patients treated with oxaliplatin, showed
no significant beneficial outcome (Yoo C. et al. 2015, Yoo C. et al 2016). To try to understand the
reasons why the combinatory treatment between SAHA and oxaliplatin did not produce satisfactory
results in patients with gastric cancer, we decided to investigate the molecular mechanisms induced.
Our hypothesis is that a better stratification of the patients using molecular biomarkers might allow to
identify a subpopulation of patient that might have a better response or a clue allowing to optimize
the treatment. Therefore, we studied the combinatory treatment in gastric cancer cells using the
standardly-used in clinical routine platinum-based drugs in combination with SAHA. We have identified
some of the molecular mechanisms involved in the synergistic effect of combinatory treatment on AGS
cells, which highlights the necessity for a better characterization of the molecular specificities of the
tumors treated with these combinations.

The synergistic effect of SAHA on cell survival is observed in association with cisplatin or oxaliplatin in
different cell lines, as well as in vivo on a patient-derived xenograft tumor. In vivo, the cotreatment
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induces an almost complete stop of the tumor growth associated with severe alterations in the tumor
structure. These encouraging results questioned the results of the Phase | and Il studies indicating a
poor advantage in patient survival (Yoo C. et al. 2015, Yoo C. et al 2016). The discrepancy with our
preclinical results may be explained possibly by a lack of patient stratification in the clinical studies
since our result suggest that the cellular and molecular response toward the combinatory treatment
depends for a significant part on the p53 status and apoptosis.

Indeed, we observed that this combination triggered a marked cleavage of Caspase 3, a
reduced marker of cell cycle progression, but no complete indication of autophagy. Interestingly, no
significant activation of Caspase 3 was observed in AGS cells treated with cisplatin or oxaliplatin in
monotherapies at these concentrations and only a weak activation was observed with SAHA alone.
This demonstrated that the SAHA/platinum combination induced a reprogramming, leading to cellular
death by apoptosis. It is likely that higher doses of cisplatin, oxaliplatin and SAHA, or longer time of
treatment will also induce Caspase 3 activation and cellular death, as previously described, but we
show here that the combination of SAHA with either cisplatin or oxaliplatin provides a significant
efficacy a lower dose, which might reduce the risk of side effects (Florea AM et al. 2011; Manal M et
al. 2016).

The absence of a complete set of autophagic markers indicates that the combinatory therapy
does not seem to induce autophagy. Therefore, autophagy cannot account for the apoptosis induced
by the co-treatment, as previously described in other conditions (Xie B et al. 2013; Wang Y et al. 2017).
It cannot account either for the lack of apoptosis upon cisplatin treatment, as previously described
(Zhang HQ et al. 2013). In AGS cells, SAHA was not able to induce an autophagy. This is the contrary of
a previous study by Vrana et al. showing that cisplatin-induced apoptosis is stimulated in renal tubular
epithelial cells in presence of autophagy inhibitors (Vrana JA et al. 1999).

Surprisingly, the apoptosis stimulation by combinatory SAHA/platinum treatments was
correlated with the absence of an increase of p53 at protein levels, and rather a diminution of p53
protein level upon SAHA treatment. This was highly unexpected as the pro-apoptotic properties of
cytotoxic anticancer drugs often are associated with increased p53 expression (Florea AM et al. 2011).
Hence, in our study, we observed an uncoupling between the p53 expression level and the stimulation
of apoptosis. Previous studies have shown contradictory results regarding the role of p53 in the cellular
response to the combination of SAHA and platinum drugs. For instance, Dong G et al. showed that
SAHA had a cytoprotective effect on renal tubular cells treated with cisplatin, through the suppression
of p53 activation (Dong G et al. 2010). On the contrary, Hacker S et al. suggested that the synergistic
activity of SAHA with anticancer drugs in medulloblastoma cells was mediated by p53 (Hacker S et al.
2011). In addition, we show that SAHA induces the expression of TAp63 in gastric cancer cells,
suggesting that this p53 family member is somehow involved in the anticancer mechanism of SAHA in
gastric cancer, which has only been described in head and neck cancer in the literature (Finzer P et al.
2004). Similarly, Shim et al. enhanced SAHA anticancer effects by adding p63/p73 in head and neck
squamous cell carcinoma (Shim SH et al. 2010). However, in the absence of a specific TAp63 antibody,
the nature proteinic expression remains to be established and functional experiment are required
before a conclusion could be drawn on the role of TAp63 in apoptosis in gastric cancer cells.

Despites the diminished expression of p53 upon SAHA co-treatment, p53 appears to be
essential for the SAHA-PDC combinatory treatments to induce apoptosis in the AGS gastric cancer cells.
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The key role of p53 is demonstrated by the abolition of apoptosis when p53 is silenced, but also by the
lack of apoptosis in the gastric cancer cells where p53 is deleted, the KATOIIl cells. However, the
situation is not that simple as in the NUGC3 cells, which have a Y220C p53 mutant, SAHA and PDC can
synergize to induce apoptosis. Interestingly, the silencing of the mutant slightly reduces the apoptosis
observed, and the reactivation of the mutant with PRIMA-1 enhances it. Multiple interpretations can
be provided, starting with the fact that the overall genetic alterations affecting NUGC3 cells led to a
relative independence towards p53 in this particular situation. But this is also a perfect illustration of
the complex role played by a mutant p53 in cancer cells. For instance, the fact that the silencing of
mutant p53 slightly diminished the apoptosis suggests that part of the p53 is playing a role, likely
because the mutant retains some wild type activity. It also indicates that the mutant does not interfere
negatively with the apoptotic process in this particular case, as its removal do not improve the
apoptosis. Hence, in NUGC3 cells the Y220C p53 mutant do not display any gain of function properties
towards these treatments, in contrast to what has been described for other mutants in other cell types
(Gaiddon et al. 2001). However, the fact that PRIMA-1 improved the apoptosis, indicates also that if
more wild-type p53 like protein are present, the efficacy of the treatment is improved.

These complex results illustrate well the contradictory documented results of the influence of
HDACi (such as SAHA) in monotherapy or combined with platinum derivate compounds on p53. Early
studies showed that cellular growth arrest and induction of p21 mediated by SAHA were independent
from p53 (Huang L et al. 2000; Vrana JA et al. 1999) and another study by Sonneman et al.
demonstrates that SAHA did not require p53 for its anticancer effects (Sonnemann J et al. 2014). Li et
al. also showed that SAHA appeared more active on cancer cells with a p53 mutation (Li D et al. 2011).
However, these observations are balanced by other studies based on different cells lines, indicating
the important role of p53 for the biological activity of SAHA (Henderson C et al. 2003). Similarly, to the
use of SAHA in monotherapy, the implication of p53 in combinatory treatments, which associate SAHA
with DNA-damaging anticancer drugs, is also unclear. As stated above, SAHA appeared protective
against Cisplatin in renal tubular cells through a suppression of p53 activation (Dong G et al. 2010) and
SAHA acted synergistically with doxorubicin in colon cancer cells independently of p53 (Alzoubi S et al.
2016). Inversely, SAHA combined with anticancer drugs in medulloblastoma cells (Hacker S et al. 2011)
and combined with doxorubicin on cervical cancer cells (Lee SJ et al. 2014) appeared to act
synergistically on p53. Therefore, it seems that the contribution of p53 in the synergistic activity of
SAHA with DNA damaging drugs, such as cisplatin and oxaliplatin, might be dependent on the cellular
context, including the cancer type and especially the molecular markers, as well as the exact mode of
action of the individual drugs. In the case of the gastric cancer, p53 seems to play a key role.

At the molecular level, we observed that the diminution of p53 protein level coincides with an
increase in p53 acetylation at K120. We tried to identify the molecular mechanisms responsible for the
loss of p53 mRNA, so far without success. Importantly, despite that the p53 protein level drops, the
overall activity of p53 seems to be maintained or even induced due to this acetylation. However, the
acetylation by itself is not enough to drive apoptosis, as SAHA by itself does not induces it. Hence,
additional post-translational modifications of p53 seem to be required and induced by the PDC. It is
also to note that only selected p53 pro-apoptotic target genes are induced, such as NOXA and BIK,
while others are repressed, such as BAX and PUMA. Again, this highlights the complexity of the
regulation of p53 activity and that the combinatory treatment likely induces a specific combination of
p53 post-translational modifications, which might affect the selectivity of p53 for certain target genes.
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All in all, this study illustrates the importance of the development of combinatory therapies
associating standard cisplatin/oxaliplatin drugs with HDACIs such as SAHA, for the perioperative
treatment of gastric cancers. It also pinpoints the necessity a better characterization of the molecular
specificities of the treated tumor for an optimized choice and use of drug combinations based on
selected markers, such the expression of a functional p53 protein. Another important point which
should be considered is the differences observed between the first (cisplatin) and the second
(oxaliplatin) generations of platinum drugs, as the newly developed HDAC inhibitors might act
differently depending on the associated drug. These results could open new treatment possibilities
especially in resistant cancers, with a reduction of side effects.
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Figure 1. SAHA and platinium compounds impact gastric cancer cell survival.

A. B. C. Gastric cancer cells, AGS (A), KATO Il (B), and NUGC3 (C) cells were seeded in 96-wells and
treated 48h with cisplatin, oxaliplatin or SAHA (Vorinostat). Viability of the cells was evaluated using
MTT tests. Curves represent the log (inhibitor) vs. response — Variable slope (four parameters). Data
are represented in % compared to the non-treated condition (n=3). D. E. AGS cells were treated with
cisplatin (D.) or oxaliplatin (E.) and SAHA (Vorinostat) for 48h followed by an isobologram assay to
determine mathematically the combination index. We arbitrarily and conservatively considered than
antagonist effect between the drugs corresponded to the value > 1.20, additive effect between 0.80
and 1.20 and synergistic effect <0/80. F. AGS cells were treated or not (NT) with the synergistic
concentrations of cisplatin (Cisp), oxaliplatin (Oxa) and SAHA for 8h and 24h. Western blot experiments
were performed using antibodies against acetylated Lysine K9 on Histone H3, against Histone H3
protein and antibodies against acetylated-alpha Tubulin and alpha Tubulin. G. AGS cells were treated
with Deferoxamin (DFO; 100 uM) to mimic hypoxia condition and stabilize HIF1A. Additive treatment
with SAHA for 8h or 24h or without (NT). Western blot was performed with antibodies against HIF1A.
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Figure 2
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Figure 2. SAHA and combinatory treatment (SAHA + cisplatin) reduce tumor volume and induce
treatment-related changes

A. Evolution (23 days follow-up) of the weight of the mice between treated (cisplatin, n=12; SAHA, n =
6; SAHA + cisplatin, n=12) and non-treated tumors (n=12). Graph indicates means with standard
deviation. B. Evolution (23 days follow-up) of the volume of the tumors between treated (cisplatin,
SAHA and SAHA+ cisplatin) and non-treated mice, as measured using caliper. C. Box plot representing
the final tumor volumes between controls (Ct), cisplatin (Cisp), SAHA and combinatory treatment (Cisp
+ SAHA). *** p<0.001, ** p<0.01, * p<0.05 were calculated with Mann-Whitney test. D. Upper panel,
representative photomicrographs of immunohistochemical slices labeled for p53 (magnification x40)
in non-treated mice (Ct) and cisplatin (Cis) treated mice. E. Immunohistological hematoxilin-eosin
(H&E) staining showing changes in tumors between control, cisplatin, SAHA, and SAHA + cisplatin
treatments (magnification x20). For SAHA, two location are shown representative of the center of the
tumor (left panel) and the periphery (right panel).
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Figure 3
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Figure 3. Combinatory treatments reduce AGS cell survival and proliferation and induce an
apoptosis.

A. Western blot experiment was performed after 24h of treatment of AGS cells with the indicated
drugs. Cellular extracts were probed using antibodies against the cleaved Caspase 3, Akt protein or the
phosphorylated Akt protein at serine 473 (pAkt). Actin was used as loading control. B. RT-qPCR were
assayed after 8h of treatment. Blot plots represent the fold induction of NOXA mRNA for each
condition versus the control (NT). (d-e) RT-qPCR were assayed after 8h (white) or 24h (blue) of
treatment. Box plots represent the fold induction of p21 and CYCLIN B2 mRNA normalized to the
control (NT). *** p<0.001 are calculated by Mann-Whitney test (p-value limit = 0.001).
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Figure 4
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Figure 4: Combinatory treatments do not promote autophagy in AGS cells

A. AGS cells were treated or not (NT) with the synergistic concentrations of cisplatin (CISP),
oxaliplatin (OXA) and SAHA (Vorinostat). Western blot experiment was performed after 8h or
24h of treatment using antibodies against the LC3B protein. The active form of LC3B (LC3B-II)
is the bottom band and its quantification is represented in supplementary data. B. Western
blot experiment was performed after 8h or 24h of treatment using antibodies against p62. C.
RT-gPCR were assayed after 8h (white) or 24h (blue) of treatment. Box plots represent the fold
induction of NRF2 mRNA normalized to the control (NT). *** p< 0.001 are calculated by Mann-
Whitney test (p-value limit = 0,001).
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Figure 5
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Figure 5. SAHA and the combinatory treatments modulate the expression of the members of the p53
family.

A. Cells were treated 24h with synergistic combinations and with or without 10uM of Mgl132 a
proteasome inhibitor during 6h. Western blot experiment was performed using antibodies against p53.
B. C. D. RT-gPCR were assayed after 8h (white) or 24h (blue) of treatment. Box plots represent the fold
induction of p53 (B), TAp63 (C), and TAp73 (D) mRNA for each condition versus the control (NT) (n=5).
*** p< 0,001 are calculated by Mann-Whitney test (p-value limit = 0,001).
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Figure 6

B 8h 24h
- o - o
A siCtl sip53 < = S z
° z z E: z
P p ] %]
< s < I - o+ o+ -+ o+
% % E E - & + ©o g o - g - o g o
3 B 13828, 828¢8%2¢g
<+ .k g £E36% 00 g o 2 0 oo O C a O
L 2% 28 8% L § X ¢ 28
Z 0w OO0 O Z 0w OO0 p53 Ac K120 - o -
Cleaved - -
Casp 3 p53| s - |
-
Cleaved 4
53| - - |
P - Casp 3 - -
ACiiI'I| |
Ac’(inl — |
|
< <
c. % %
& + D. E. a
L g z g ‘E’} % siCtrl sip53 t DPRIMA
z O g o O ©
< < < <
P = L
< < < < T T
Cleaved z = =z x 5 & S &
Gasp 3| 24h & L 2] @ < + il < + 5
£ < + + < + + - 33X 3 8 8 - 32 3 8 8
r 82 8838 - £2 8 8 8 Z O ¥ 0D D Z0® 600
Z O w O O 0O Z O w O O O
Actin Cleaved
EI Cleaved - - -— w | Casp3 - - -
Casp 3 >
Cleaved
Casp 3 48h p53| - | p53 - — - e L L ——
- — -_—
e e e — ¥ E S — ———————
Ac‘in_

Figure 6. The induced apoptosis is p53 dependent in AGS cells

A. AGS cells were transfected with control siRNA (siCtrl) or siRNA directed against p53 (sip53) for 48h.
Cells were then treated or not (NT) with the synergistic concentrations of cisplatin (CISP), oxaliplatin
(OXA) and SAHA (Vorinostat) for 24h. Western blot experiment was performed using antibodies
against p53 and Cleaved Caspase 3. B. AGS cells were treated or not (NT) with the synergistic
concentrations of Cisplatin (CISP), Oxaliplatin (OXA) and SAHA (Vorinostat). Western blot experiment
was performed after 8h or 24h of treatment using antibodies against the p53, the acetylated form of
p53 at lysine 120 (p53 Ac K120), and cleaved caspase 3. C. KATOIll cells were treated 24h or 48h. Then,
western blots were performed using antibodies against Cleaved Caspase 3. D. NUGC3 cells were
transfected 48h with a siRNA directed to p53 (sip53) or with a scramble siRNA (siCtrl). Then, cells were
treated 24h with the synergistic combined treatments and western blot experiments were performed
using antibodies against Cleaved Caspase 3 and p53. E. NUGC3 cells were pretreated or not with
PRIMA-1MET (44uM) during 8h. After, cells were treated with Cisplatin (CISP) or Oxaliplatin (OXA) and
SAHA (Vorinostat) for 24h at the synergistic concentrations. Western blot experiments were
performed using antibodies against Cleaved Caspase 3 and p53.
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Table 81

IC,; IC,, IC5, IC,, IC,;

Name Characteristics* Drugs (M) (M) (uM) (LM) (M)

Adenocarcinoma

Diploid SAHA 2 2,75 3.5 6 10
p53 WT
MDM2 mutated/WT (bi-allelic)
APC silent =i
AGS Kras mutated/WT (bi-allelic) Oxaliplatin 0,5 25 5 30 40
CDH1 (G579fs9) homozygous
CTNNB1 mutated/WT (bi-allelic)
PIK3CA mutated/WT (bi-allelic) Cisplatin 10 15 25 30 40
SAHA 3 35 4 9,5 13
Adenocarcinoma
NUGC3  Hypotriploid Oxaliplatin 27 37 14 24 85
p53 mutated (Y220C)
Cisplatin 1 1,5 25 10 56
Pleural effusion SAHA 1 2 3 5 10
Hypotetraploid
p53 deleted
K-sam amplification Oxaliplatin 0,5 2 10 15 20
saTCl c-met amplification
ERK amplification
Cyeclin E amplification i <
APC deletion Cisplatin S Tife 3] 10 20 40
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Supplementary figure 1:
Combinatory treatments impact
differently gastric cancer cells

Gastric cancer cells were treated at the
indicated concentrations of Cisplatin
(CISP) or Oxaliplatin (OXA) and SAHA
(Vorinostat) for 48h followed by an
isobologram assay to determine
mathematically the combination index.
We arbitrarily and conservatively
considered antagonist effect between
the drugs correspond to value > 1.20,
additive effect between 0.80 and 1.20
and synergistic effect <0.80.
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Supplementary figure 2: SAHA reduces HIF1alpha protein level and its activity on gene
expression in AGS cells

AGS cells were treated or not (NT) with Deferoxamine (DFQO; 100uM) added or not with SAHA
(Vorinostat). RT-gPCR were assayed after 8h (white) or 24h (blue) of treatment. Box plots
represent the fold induction of VEGF, and GLUT-1 mRNA for each condition versus the control
(NT) (n=2). ** p< 0,0083 are calculated by Mann-Whitney test (corresponding to p-value limit).
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Supplementary figure 3: Combinatory treatments impact apoptosis and proliferation

pathways in AGS cells

AGS cells were treated or not (NT) with the synergistic concentrations of Cisplatin (CISP),
Oxaliplatin (OXA) and SAHA (Vorinostat). RT-gPCR were assayed after 8h (white) or 24h (blue) of
treatment. Box plots represent the fold induction of NOXA, PUMA, BAX and CDC2 mRNA

normalized to the confrol (NT). ** p< 0,0033 ;

value limit = 0,0033).
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*** p< 0.001 are calculated by Mann-Whitney test (p-
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Supplementary figure 4: Impact of combinatory treatments on AGS cell proliferation

CISP OXA + SAHA

CISP + SAHA

Immunocytology on AGS cells were performed after 24h of treatment to reveal Ki67 (Alexa 488 —
Green) and DNA (DAPI — Blue). Observations are done with the ApoTome 2® microscope (Zeiss)
and Zen Blue software x40.
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Supplementary figure 5: LC3B quantification in response to combinatory treatments in AGS
cells

Quantification normalized to ACTIN of the Wetsern blot of LC3B presented in Figure 3.
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Supplementary figure 6: PDC and SAHA impact miRNA targeting and targeted by p53
expression

AGS cells were treated 4h with Oxaliplatin (OXA; 0,5uM), Cisplatin (CISP; 15uM), SAHA
(Vornnostat ; 2,75uM) alone or combined or were untreated (NT). microRNA level were analyzed by
Rt-gPCR. Points represent relative expression of each technical replicates. RNUG, SNORDG61,
SNORDS95 are reference miRNA for quantification. Because of treatment impact on their
expressions, the relative quantification were done with an arbitrarily Ct and calculated with 2(-28Ct)
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Supplementary figure 7: PDC and SAHA impact miRNA targeting and targeted by p53

expression

AGS cells were treated 8h with Oxaliplatin (OXA; 05uM), Cisplatin (CISP; 15pM), SAHA
(Vorinostat ; 2,75uM) alone or combined or were untreated (NT). microRNA level were analyzed by
Rt-qPCR. Points represent relative expression of each technical replicates (n=2). The relative
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quantification were done with an arbitrarily Ct and calculated with 2(-2act).
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Supplementary figure 8: Impact of combinatory treatments on KATOIII cell proliferation

Immunocytology on KATOIIN cells were performed after 24h of treatment to reveal Ki67 (Alexa 488
— Green) and DNA (DAPI — Blue). Observations are done with the ApoTome 2® microscope (Zeiss)
and Zen Blue software x40.
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Supplementary figure 9: Combinatory treatments do not induce autophagy in KATOIII cells

KATOIl cells were treated or not (NT) with the synergistic concentrations of Cisplatin (CISP),
Oxaliplatin (OXA) and SAHA (Vorinostat) for 8h or 24h. Wetsern blot were perfomed using
antobosies against LC3B. The active form of LC3B (LC3B-Il) is the bottom band. The relative
quantification of the ratio LC3B-1l/LC3B-I (active/non-active form) are represented and obtained by
a normalization to Actin.
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Supplementary figure 10: Impact of combinatory treatments on NUGC3 cell proliferation

Immunocytology on NUGC3 cells were performed after 24h of treatment to reveal Ki67 (Alexa 488
— Green) and DNA (DAPI — Blue). Observations are done with the ApoTome 2® microscope (Zeiss)
and Zen Blue software x40.
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Supplementary figure 11: Combinatory treatments

expression in AGS cells

AGS cells were treated or not (NT) with the synergistic concentrations of Cisplatin (CISP),
Oxaliplatin (OXA) and SAHA (Vorinostat). (a) RT-qPCR were assayed after 8h (white) or 24h (blue)
of treatment. Box plots represent the fold induction of HDAC4 mRNA normalized to the untreated
(NT) control. (b) Western blot was performed using antibodies against HDAC4. The relative
quantification was normalized to Actin. (c-d) RT-gPCR were assayed after 8h of treatment. Box
plots represent the fold induction of COX2 and MEF2 mRNA normalized to the control (NT). ** p<
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0,0033 ; ** p< 0.001 are calculated by Mann-Whitney test (p-value limit = 0,0033).
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Supplementary figure 12: Combinatory treatments impact p53 and AQP3 expression in AGS
cells

AGS cells were treated or not (NT) with the synergistic concentrations of Cisplatin (CISP),
Oxaliplatin (OXA) and SAHA (Vorinostat). RT-qPCR were assayed after 8h (white) or 24h (blue) of
treatment. Box plots represent the fold induction AQP3 and p57 mRNA normalized to the control
(NT). ™ p< 0,0033; *** p< 0.001 are calculated by Mann-VWWhitney test (p-value limit = 0,0033).
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Complementary figure 1I-2: Combinatory treatments impact differently MKN45 cells

MKN45 cells were treated at the indicated concentrations of Cisplatin {CISP) or Oxaliplatin (OXA)
and SAHA (Vorinostat) for 48h followed by an isobologram assay to determine mathematically the
combination index. We arbitrarily and conservatively considered antagonist effect between the
drugs correspond to value > 1.20, additive effect between 0.80 and 1.20 and synergistic effect
<0.80.
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Complementary figure 11-1: SAHA and platinum compounds impact MKN45 cell survival

MKN45 cells were seeded in 96-wells and treated 48h with Cisplatin, Oxaliplatin or SAHA
(Vorinostat). Viability of the cells was evaluated using MTT tests (n=3). The table summarizes the
different concentrations for each drug graphical determined. For example, IC,; represents the

concentration where we have 25% of the total effect on cell survival. "ATCC ; Yokozaki H.

Pathology International, 2000 ;

1

portals_broadinstitute org/ccle
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Complementary figure 1I-3: Combined treatments PDC + SAHA do not induce a caspase
dependent apoptosis in MKN45 cells

MKN45 cells were treated or not (NT) with combined drugs or drugs alone for 24h or 48h; Cisplatin
(CISP) or Oxaliplatin (OXA) and SAHA (Vorinostat). Then, westemn blots were performed using
antibodies against Cleaved Caspase 3 and p53.
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Complementary figure 11-4: Impact of combinatory treatments on MKN45 cell proliferation

Immunocytology on MKN45 cells were performed after 24h of treatment to reveal Ki67 (Alexa 488
— Green) and DNA (DAPI — Blue). Observations are done with the ApoTome 2® microscope (Zeiss)
and Zen Blue software x40.
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Complementary figure IlI: Impact of p53 on apoptotic pathway
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Continuation complementary figure II: Impact of p53 on apoptotic pathway

AGS cells were transfected with 30nM of a scramble siRNA (siCtrl) or of a siRNA against TP53
(sip53) for 48h. Then, cells were treated 8h with SAHA (Vorinostat), Oxaliplatin (OXA) and Cisplatin
(CISP) at synergistic concentrations. TP53, CYCLIN B2, p21, PUMA, NOXA, BIK, and DIABLO
(n=3) mRNA levels were analyzed by RT-qPCR. Box plots represent the fold induction of mRNA for
each condition normalized to the control (siCtrl NT). Statistical differences were calculated by
Mann-Whitney test with a carrection as p-value limit p=0,0045. * vs siCtrl NT ; + siCtrl vs siHDAC4.
** p< 0,0045 ; ** p< 0,001
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2.2.2. ARTICLE 4: Targeting glutathione metabolism in gastric cancer: A
non-conventional target for ruthenium-based compounds

In gastric cancer, as well as in several other cancers (lung, breast, colon...) platinium-derived
compounds are the chemotherapy of choice, targeting DNA, to induce cell cycle arrest and apoptosis.
Unfortunately, they are flawed by their non-specific mode of action, inducing strong side effects in
normal healthy tissue, as well as intrinsic or acquired resistance. For instance, the activity of platinum-
based compounds is mediated by the presence of p53, which is problematic as around 50% of gastric
tumors harbor a p53 mutation [68]. To overcome these flaws, a new generation of anticancer drugs,
based on transition-metal such as gold, osmium or ruthenium are being investigated. Ruthenium-
based compounds i) can hold 6 covalent bonds giving the possibilities to attach a multitude of ligands
increasing the library that can be synthetized, ii) have a wide range of redox state, jii) can be under
different charges (from 0 to +3), iv) can form prodrugs according to their capacity to exchange ligands
and v) can be transported into cancer cells through iron transportation mechanism [134]. In our lab,
a special family of ruthenium-based compound, possessing a C-Ru covalent bond, is under
investigation. The lead compound of this family is RDC11. RDC11, induces stronger cytotoxic activity
than platinium based anticancer drugs on cell lines, with a diminished tumor growth in a syngeneic
mouse model of gastric cancer (YTN16 mouse gastric cancer cell line), while inducing lower or no side
effects in the treated mice. On the contrary to platinium compounds, RDC11 induces a p53-
independent and caspase 3-independent apoptosis, interacting with other targets than DNA like
histones or PDH2. Its cytotoxic activity is based on the induction of endoplasmic reticulum stress
pathway (also shown in colon cancer, glioblastoma and lymphoblastoma), impacting negatively on key
enzymes of the transsulfuration pathway (via ATF4), and also increase Ros production.

For this article, | performed the qPCR analysis for genes targeted by RDC11, as well as the MTT cell
survival assay and | participated in the redaction of the manuscript.
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Abstract

Ruthenium-based compounds are considered as promising candidates to replace gold standard platinum-based
drugs known to be resistant prone and induce strong side effects. Unfortunately, their clinical development is
slowed down due to still poorly characterized mode of action. The lead compound of the RDC family, RDC11 was
demonstrated to induce stronger cytotoxic activity than platinum-based drugs while inducing lower or no side
effects in mice. In addition, previous studies provided the evidence that RDC11, display different mode of action
than classical platinum-based compound like it was shown that RDC11 display a P53 independent mode of action
and interacts with other targets than DNA like PHD2 and histones. Furthermore, RDC11 induces its cytotoxic
activity through the induction of the ER stress pathway. However, it has not been demonstrated yet through
which type of cell death RDC11 display its cytotoxic activity. In this study we could confirm RDC11 mediated ER
stress induction in gastric cancer cells and further characterized an ER stress dependent effect on cancer
metabolism participating to its activity. Here, we highlighted an RDC11 mediated ATF4 induction resulting in a
CBS repression, which is the rate limiting enzyme of the transsulfuration pathway. In response to lower flux
through the transsulfuration pathway, glutamate levels were strongly reduced in order to supply cysteine
content, further leading to a drastic decrease of GSH production. Low GSH content cooccurs with RDC11
mediated ROS production ultimately leading to nuclear AIF translocation demonstrating the induction of caspase
independent apoptosis in response to RDC11. Interestingly, we provided the evidence of similar effect mediated
by structurally different ruthenium-based compounds suggesting that these regulations could be a more general
mode of action for other ruthenium-based compounds. This study provides a more precise understanding about
RDC11 mode of action regarding its effect on central metabolic pathway namely transsulfuration and GSH
biosynthesis.

138



Introduction

For several years, the implication of transition metal in the development of anticancer compounds prepared the
way for the development of a whole new generation of drugs. The most well-known are cisplatin and oxaliplatin
use for the treatment of many different cancer including lung, breast, colon, and gastric cancers. The principal
mode of action of the platinum-based compounds is to target DNA inducing cell cycle arrest and apoptosis
(Puigvert et al., 2016). However, although this mode of action is frequently very efficient in killing cancer cells it
is flawed by its mode of action as it is not specific for cancer cells targeting also normal healthy tissues.
Consequently, platinum base anti-cancer drugs are known to induce strong side effects, like neuro- and/or renal-
toxicity or bone marrow-suppression, forcing sometimes clinicians to stop the treatment. Another drawback of
platin-anti-cancer drug is that their efficacy is often defied by cancer cells through intrinsic or acquired resistance.
These resistances can be due to several mechanism including reduce cellular drug uptake, enhance DNA damage
repair mechanism, or overproduction of glutathione for detoxification (Galluzzi et al., 2012; Hatem et al., 2017).
To overcome these flaws of platinum-based anti-cancer drugs other transition-metals like gold, osmium, or
ruthenium are investigated (Bergamo et al., 2012) and have entered clinical trials. For example, the ruthenium-
based compounds NAMI-A, KP1019, or RM175 have entered phase I/Il clinical trials, showing high anti metastatic
activity, and a high cytotoxic effect against different cancers (Bergamo et al., 2012, Zeng et al., 2017). When
compared to platinum ruthenium-based compounds have completely different characteristics i) they can hold 6
covalent bonds giving the possibilities to attach a multitude of ligands increasing the library that can be
synthetized, ii) they have a wide range of redox states, iii) they can be under different charges (from 0 to +3), iv)
and can form prodrugs according to their capacity to exchange ligands, v) and they can be transported into cancer
cells through iron transportation mechanism (Bergamo et al., 2012; Klajner et al., 2014). Nevertheless, the
progression of new ruthenium-based anti-cancer drugs into clinal trials has been slowed down mainly due to
their still poorly characterized mode of action. In this respect, over the past years we have developed and studied
in our lab a new family of ruthenium compounds called RDCs, which are characterised by a C-RU (Leyva et al.,
2007). These compounds also display the ability to interact with some redox enzymes impacting on cellular
metabolism (Meng et al., 2009; Ryabov et al., 2005). One of our lead compound RDC11 displays a greater
cytotoxicity in comparison to cisplatin (ICsp between 1 and 5uM), does not generate cross resistance with
platinum compounds and diminished tumor growth in a xenograft mouse model, without inducing liver, or
neurologic side effects (Bergamo et al., 2012; Meng et al., 2009; Vidimar et al., 2019). Our subsequent studies to
characterise its mode of action showed that RDC11 can in U87 (glioblastoma cells), TK6 and NH32
(lymphoblastoid cells) (Meng et al., 2009) induces some markers of the endoplasmic reticulum (ER) stress
pathway like BiP, XBP1s and Chop (Meng et al., 2009), which correlated with the cytotoxicity of the compound.
Additionally, we also have shown than RDC11 induces the production of oxygen reactive species, which
participates to its cytotoxic effect (Vidimar et al.,, 2019). However, this mode of actions cannot totally give
account for the cytotoxic activity of the compound. To get further into the mode of action of RDC11 we have
recently performed on RDC11 treated U87 cells a transcriptomic analysis revealing the ability of RDC11 to
regulate the transsulfuration pathways, a metabolic pathway implicated in the synthesis of cysteine and
glutathione (Licona et al., 2017; Sbodio et al., 2019). In this study we provide the evidence that RDC11 and
Oxaliplatin differently impact on the transsulfuration pathway regulating glutathione production. We
demonstrate that the impact of RDC11 on the transsulfuration pathway is specifically mediated by the repressive
effect of the transcription factor ATF4 (ER stress pathway) on CBS resulting in low cellular glutathione levels,
increased ROS production and induction of an AIF linked caspase independent apoptosis.
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Materials and Methods

Chemicals

RDC11 was synthesized and purified according to a previously described technique (Gaiddon et al., 2005).
Tunicamycin was purchased from Santa Cruz Biotechnology. Cisplatin and oxaliplatin were purchased from
Accord Healthcare France SAS and Hospira France respectively.

Cell cultures

Both intestinal types of gastric cancer cells AGS, and KATOIII cells were obtained from ATCC. The diffuse type
cells MKN45 cells were acquired by Riken® (RCB1001). These cells were cultured in RPMI medium with 10% FBS
(Dominique Dutcher™) and 1% Penicillin + Streptomycin (Sigma) at 37°C with 5% CO2 atmosphere. YTN16 cells
were obtained from Dr Tsukamoto in Japan. These cells were cultured in DMEM medium with 10% FBS, 1%
Penicillin, 1% Glutamine and MITO+ on collagen coated culture dishes. All experiments were conducted by
comparing the treatments conditions with cells treated without any active compound (RDC11, tunicamycin,
oxaliplatin, cisplatin).

In vivo tumor growth

C57BL/6 mice (6-weeks old) were injected subcutaneously with 15 x 10° YTN16 cells and matrigel solution. After
tumor formation, tumors were harvested and reinjected into a new group of mice. Injections of RDC11
(8umole/kg), Oxa+5FU (10mg/kg) and RDC11+BSO (8umole/kg and 600mg/kg) started when tumors were
palpable (100 mm3) and were performed intraperitoneally once a week. Tumor volumes were measured using
caliper. Solutions were prepared in PBS/5% Cremophore. Data are representing the difference between the
beginning and the end of the experiment in percentage. Control group were injected only with vehicle (PBS/5%
Cremophore). Drugs effect were statistically different (p < 0.05) compared to control, as calculated by a student
t-test. Animal experiments have been approved by the regional ethic and animal welfare committee, are
performed by authorized and trained personnel, and hosted in an animal facility with the necessary mandatory
administrative authorizations.

siRNA silencing
ATF4 and P53 siRNAs against human ATF4 and P53 were purchased form Invitrogen ID n°122372 and designed

from Eurogenetec respectively. SiRNAs were transfected in cells using Lipofectamine RNAimax (Invitrogen) as
described by invitrogen.

MTT cell survival assay

1.10° cells were seeded per well in 96-well microplates (Falcon Multiwell) 24h prior to any treatment. RDC11,
Tunicamycin, Oxaliplatin, and Cisplatin were applied for 48h in fresh medium. MTT assay was performed as
previously described, by replacing medium with fresh one for 2h, supplemented with 5 mg/mL MTT (Sigma). MTT
medium was removed, and the formazan crystal was then dissolved with an adjunction of 100ul of DMSO
(dimethyl sulphoxide VWR Chemicals) per well. Measurements were performed at 590 nm with Tristar?
Multimode Reader LB942 (Berthold Technologies®).

Clonogenic assay
AGS cells were plate in 6-well plates 24h prior to any treatment. RDC11, Tunicamycin, Oxaliplatin, and Cisplatin

were applied for 24h in fresh medium. After the treatment cells in every condition are counted and 1.10° cells
were seeded in 3004 plates for 8 days. After this delay, cells were fixed with 4% PFA during 20min. After one PBS
wash, cells were incubated with violet crystal (0,1% filtered) during 20 min. Colonies were counted manually and
reported to the control condition.
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Flow cytometry of cell death

Cell apoptosis was evaluated using FITC annexin-V Apoptosis detection kit and propidium iodide (PI) (both from
BD Pharmingen, BD Bioscience, San Jose, CA, USA). Cells (108) were washed in phosphate-buffered saline (PBS)
and re-suspended in annexin buffer before the addition of FITC annexin-V and incubated for 20 min on ice in the
dark. Pl was then added for 5 min before flow cytometry analysis. DAPI (Sigma-Aldrich; Missouri, USA) was also
used to analyse cell viability.

Quantitative reverse transcription PCR

Cultured cells were lysed with 1ml of TRIzol (Invitrogen), and RNA was extracted according to the manufacturer’s
instructions. RNA samples were isopropanol-precipitated and ethanol-washed twice. 2 pug was used for reverse
transcription (High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems). qPCR was performed with
cDNA previously diluted 10X and SYBR Green mix (SYBR Green PCR Master Mix, Applied Biosystems) and with
400 uM of each primer according to the manufacturer’s instructions. The relative expression was calculated using
the AACt method. Expression levels were normalized using average of TBP.

Western blotting
Cells were lysed with NP40 Lysis Buffer (125mM TrisHCI pH 6.7, NaCl 150 mM, NP40 0.5%, 10% Glycerol). 30ug

of proteins were denatured and deposited into a SDS-PAGE gel. Western blotting was performed using antibodies
against CTH (clone F-1, Santa Cruz Biotechnology®, 1/1000), ATF4 (clone W16016A, BioLegend ®, 1/500), CHOP
(L63F7, Cell Signaling, 1/1000) and XBP1s (Clone 143F BiolLegend). Secondary antibodies (anti-rabbit, anti-rat,
anti-mouse: Sigma, MA) were incubated at 1:1000, or 1:5000 depending on the primary antibody. Loading was
controlled with GAPDH (purified at the lab).

Glutathione production measurement

AGS cells were seeded in 6-well plates and treated for 24h. After the treatment cells were harvest and the
glutathione production was measured with the glutathione detection kit provided by enzo life sciences. The
experiment was performed as described by the providers.

Ros production measurement

AGS cells were seeded in black 96-well plates and treated for 6h. After the treatment cells were incubated with
a solution of PBS, 10% FBS and 50uM of dihydroethidine for 30min. Photos are taken with a fluorescent
microscope and positive celles were counted.

Immunofluorescent staining

Cells were seeded in 6-well plates and treated the day after with the indicated agents for 6h. Cells were stained
with a rabbit anti-AlIF (H-300 sc-5586 Santa Cruz) antibody 1:1000 and a mouse anti-phospho-Histone-H2AX (05-
636 Merck) 1:250. Cells were stained with secondary antibodies goat anti-rabbit Alexa 488 and with a goat anti-
mouse Alexa 565 1:1000. Nuclei were labeled with a DAPI solution (1/40000) for 10 min. Pictures of cells were
taken with a Zeiss Axio Imager M2-Apotome2 fluorescence microscope.

Analysis of metabolites

Free amino acids and thiols were extracted from 4 x 10° cells starting material with 0.35 ml of 0.1 M HCl in an
ultrasonic ice-bath for 10 min. The resulting extracts were centrifuged twice for 10 min at 4°C and 16.400 g to
remove cell debris. Amino acids were derivatized with AccQ-Tag reagent (Waters) and determined as described
in Weger et al., 2016. Free Cys was quantified by reducing disulfides with DTT followed by thiol derivatization
with the fluorescent dye monobromobimane (Thiolyte, Calbiochem). Derivatization was performed as described
in Wirtz et al., 2004. UPLC-FLR analysis was carried out using an Acquity H-class UPLC system. Separation was
achieved with a binary gradient of buffer A (100 mM potassium acetate, pH 5.3) and solvent B (acetonitrile) with
the following gradient: 0 min 2.3 % buffer B; 0.99 min 2.3 %, 1 min 70 %, 1.45 min 70 %, and re-equilibration to
2.3 % B in 1.05 min at a flow rate of 0.85 ml min*. The column (Acquity BEH Shield RP18 column, 50 mm x 2.1
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mm, 1.7 um, Waters) was maintained at 45°C and sample temperature was kept constant at 14 °C.
Monobromobimane conjugates were detected by fluorescence at 480 nm after excitation at 380 nm and
guantified using ultrapure standards (Sigma). Data acquisition and processing was performed with the Empower3
software suite (Waters).

Statistical analysis

All statistical analyses were performed by using Prism 6 (GraphPad Software). Statistical significance was
determined by the Student t test and the minimal level of significance was P < 0.05.

Results

RDC11 induces cell death in a p53 and caspase 3 independent manner in gastric cancer cells.

Previous results of our lab suggested that RDC11 induces the ER-stress pathway but the underlying mechanism
and its importance in the cytotoxicity has not been studied. To address these questions, we first tested the
cytotoxicity of RDC11 on different human gastric cancer cells lines and compared it to tunicamycin and oxaliplatin
(Fig. 1A). The latter is frequently used in clinics for the treatment of gastric cancer patients. In general, in all three
tested cells lines the ICso of RDC11 was lower than the ICsp of oxaliplatin. In addition, in MKN45 and KATOIII its
ICsp was similar to that of tunicamycin whereas it was higher in AGS cells (Fig 1A). Interestingly, in a clonogenic
survival assay RDC11 was as efficient as oxaliplatin in inhibiting colony formation whereas tunicamycin only let
to a decrease in colony size (Fig 1B). To test it in vivo anti-cancer activity we used a syngeneic gastric cancer
mouse model (Fig 1D), namely YTN16 cell line, which was derived from a mouse gastric tumor (Yamamoto et al.,
2018). We firstly assess the cytotoxic potential of RDC11 and oxaliplatin on the YTN16 cell line. RDC11 displays
again a lower ICso than oxaliplatin (Fig 1C). YTN16 cells were injected subcutaneously and when tumors reached
50mm?3 mice were treated with RDC11, the standard treatment protocol for gastric cancer oxaliplatin together
with 5FU. When tumors of the untreated control group reached a tumor volume of around 500mm? the
experiment was stopped, and tumor volume compared in the three groups. This showed that RDC11 drastically
inhibited tumor growth, with even a complete disappearance of the tumor in two cases (Fig 1D). We performed
then FACS (Fig 1E) and Western blot analyses for the expression of cleaved caspase 3 (Fig 1F) to further pinpoint
down the cell death pathway induced by RDC11. RDC11 and tunicamycin treatment induced a strong
accumulation of cells being in an early apoptotic phase (annexin V positive) when compared to oxaliplatin (Fig
1E). Interestingly, whereas tunicamycin and cisplatin induced cleaved caspase 3 expression already after 24h and
more strongly after 48h of treatment, cleaved caspase 3 expression was almost undetectable in RDC11 treated
cells even after a high concentration (ICss) after 48h (Fig 1F). In addition, RDC11 induce cell death seemed to be
independently of p53 induction (Fig 1G). Taken together, these results suggest that RDC11 mostly induces a p53
— caspase 3 independent cell death pathway.

RDC11 induces the expression of ATF4

We have previously shown that RDC11 induces the expression of components of the ER stress pathway IRE1q,
XBP1 and CHOP respectively, in the mouse melanoma cell line B16F10 similarly to tunicamycin a known induction
of ER stress (Chow et al., 2018; Licona et al., 2017; Meng et al., 2009). In the human gastric cancer cell line AGS
RDC11 strongly induced the expression of XBP1s and CHOP whereas oxaliplatin and cisplatin had no effect (Fig
2A). Importantly, RDC11, like the ER stress inducer tunicamycin, strongly induced the expression of ATF4 (Fig 2B,
C), which regulates the expression of CHOP, whereas oxaliplatin and cisplatin again failed to do so. Taken
together, these data confirming our previous observation that RDC11 is a strong inducer of the different
components of the ER stress pathway.

RDC11 inversely regulates the expression of CBS and CTH two enzymes in the transsulfuration pathway.
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ATF4 is known to regulate several genes involved in amino acid transport and metabolism in order to induce the
integrated stress response (ISR). Notably, ATF4 was shown to directly regulate the expression of the
cystathionine y-lyase (CTH) linking the activation of the ER-stress pathway to the transsulfuration pathway
responsible for the de-novo production of cysteine and glutathione production. To investigate if RDC11 via the
activation of ATF4 impacts on the transsulfuration pathway we first analyzed for the expression of CTH by RT-
gPCR and Western blot in AGS cell which were treated with different concentrations of RDC11, tunicamycin,
oxaliplatin and cisplatin for 6h or 24h (Fig 3B, C). This showed that RDC11, like tunicamycin, strongly increased
the expression of CTH at the RNA and protein level, whereas oxaliplatin and cisplatin had only a very minor (6h)
or even repressive (24h) effect (Fig 3B, C). These results suggest that RDC11 via the activation of ATF4 impacts
on the expression of CTH and consequently increasing glutathione production (Fig 3A). However, in the
transsulfuration pathway the “rate limiting step” is the conversion of homocysteine to cystathionine by the
cystathionine beta synthase (CBS) (Fig 3A). AGS cells were treated with RDC11, tunicamycin, oxaliplatin and
cisplatin at the indicated concentrations for 6h or 24h and expression of CBS was then analyzed by RT-QPCR and
Western blot. Interestingly, in contrast to CTH expression, CBS protein expression was completely lost after 6h
of RDC11 treatment and maintained to be undetectable after 24h (Fig 3D, E). In contrast CBS expression was
induced by tunicamycin, oxaliplatin and cisplatin at the RNA and protein level (Fig 3D, E). Taken together, this
suggests that also RDC11 increases the level of CTH expression it at the same time represses the expression of
CBS, which is the “rate limiting” enzyme in the transsulfuration pathway.

ATF4 and p53 are differently involved in the regulation of CTH and CBS mRNA expression

To further study the role of ATF4 in the transsulfuration pathway, AGS cells were transfected with a siRNA
targeting ATF4 and then treated with RDC11, tunicamycin or oxaliplatin for 24h at the 1Cso (Fig 4A), and CTH and
CBS expression analyzed by RT-QPCR (Fig 4B, C). The loss of ATF4 expression in AGS cells clearly reduced the
capacity of RDC11 and tunicamycin to induce CTH mRNA expression (Fig 4C). Interestingly, loss of ATF4 rescued
the repressive effect of RDC11 on CBS mRNA expression and let also to a weak increase of its expression induced
by oxaliplatin. In contrast, tunicamycin slightly lost its capacity to induce CBS mRNA expression in ATF4 negative
AGS cells (Fig 4C). Taken together, these data supporting published data showing CTH to be a direct target gene
of ATF4, but they also suggest that ATF4 might also be directly involved, also differently, in the transcriptional
regulation of CBS in response to RDC11, tunicamycin and oxaliplatin. Although oxaliplatin does not induce ER
stress pathways markers like XBP1s, CHOP (Fig 2A) and ATF4 (Fig 2B, C) it induced the expression of the CBS (Fig
3D, E) the rate limiting enzyme of the transsulfuration pathway. In contrast to RDC11, oxaliplatin strongly induces
the expression of p53 (Fig 1G and Fig 4D) and as p53 is also implicated in the regulation of different metabolic
pathways we investigated its role in the expressional regulation of CTH and CBS mRNA expression in response to
the different drug treatments (Fig 4E, F). Inhibition of p53 expression, using a specific siRNA, slightly reduced the
capacity of tunicamycin to induced mRNA expression of CTH, whereas it did not alter the inductive or repressive
effect of RDC11 and oxaliplatin, respectively (Fig 4E). Interestingly, loss of p53 clearly diminished oxaliplatin
induced expression of CBS mRNA, whereas it did not alter the effect of RDC11 or tunicamycin (Fig 4F).

RDC11 lowers glutathione production possibly via enhanced cellular glutamate expulsion.

Our results show that RDC11 specifically down regulated the expression of CBS, the “rate limiting” enzyme in the
transsulfuration pathway (Fig 3D, E), which should consequently lead to a reduction in cellular glutathione levels
(Fig 5 A) the end-point product of this pathway. To investigate this, we treated AGS cells with RDC11, tunicamycin
or oxaliplatin at the indicated concentrations and times and measured the cellular concentration of glutathione
but also of Glutamate and Cysteine, two amino acids upstream necessary for its production (Fig 5B — D). As
expected RDC11 lead to a strong reduction in the cellular glutathione concentration (Fig 5B). In contrast,
tunicamycin and oxaliplatin treatment slightly increased cellular glutathione concentration, which is consistent
with their positive effect on CBS expression (Fig 3D, E). In addition, inhibition of ATF4 rescued the repressive
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effect of RDC11 on cellular glutathione concentration and further stimulated it in the case of tunicamycin (Suppl
Fig 1), whereas inhibition of p53 had no effect except for oxaliplatin (Suppl Fig 1). Furthermore, RDC11 treatment
led also to a strong reduction in Glutamate levels where as tunicamycin and oxaliplatin had no effect (Fig 5C).
Likewise, tunicamycin and oxaliplatin had no effect on cysteine levels (Fig 5D). But surprisingly, RDC11 treatment
did also not reduce the cellular cysteine levels, which we would have expected as it strongly reduces CBS
expression (Fig 5D). It is well known that cellular cysteine levels can be replenished from outside the cells via
expulsion of glutamate through the anti-porter xCT, which is encoded by the SLC7A11 gene (Fig 5A). To
investigate this, we analyzed the expression of SLC7A11 mRNA by RT-gPCR after treatment of AGS cells with
RDC11, tunicamycin or oxaliplatin (Fig 5E). This showed that RDC11 and tunicamycin treatment increases the
expression of SLC7A11 (Fig 5E) in AGS cells. This suggest, that although RDC11 decreases the expression of CBS,
the rate limiting enzyme in the transsulfuration pathway, cellular homeostasis of cysteine is established by the
up-regulation of the anti-porter xCT, which however leads to a decrease of glutamate concentration resulting in
a decrease in glutathione. In addition, we also analyzed the expression of Glutamate Cysteine Ligase (GCL), which
ligates glutamate to cysteine to produce y-glutamylcysteine (Fig 5A). This showed that RDC11 and tunicamycin
treatment increases the expression of GCL whereas oxaliplatin decreased it.

RDC11 treatment leads to a strong increase in Ros production

Itis well known that increased glutathione levels serve to lower oxidative stress. To investigate if RDC11 increases
Ros concentrations AGS cells were treated with either RDC11, tunicamycin, oxaliplatin at the indicated
concentration or with H,0, know to strongly induce Ros production. Ros production was then analyzed by
dihydroethidine staining and positive cells counted. This showed that RDC11 strongly induced the percentage of
Ros positive cells whereas tunicamycin and oxaliplatin had no effect (Fig 6A B). This strong increase in Ros positive
cells is specific to RDC11 as BSO, an inhibitor of GCL, did not significantly increase Ros positive staining in
tunicamycin and oxaliplatin treated AGS cells (Fig 6C).

Inhibiting the negative effect of RDC11 on the transsulfuration pathway partially blocks its cytotoxic effect.

The strong effect of RDC11 on the transsulfuration pathway prompted us to investigate its contribution in its
cytotoxicity we performed a series of clonogenic assays. In the first assay, we transfected AGS with an ATF4
specific or control siRNA and then treated cells prior to the clonogenic assay with RDC11 or oxaliplatin (Fig 7A).
As expected, in the siCTL transfected cells RDC11 drastically decreased colony formation even stronger than
oxaliplatin. Inhibition of ATF4 expression significantly increased colony formation of the RDC11 treated AGS
whereas it did not alter the cytotoxicity of oxaliplatin. Similarly, supplementing the cell culture medium with
glutathione rescued colony formation of RDC11 treated AGS cells (Fig 7B). Furthermore, co-treatment of AGS
cells with the glutamate-cysteine-ligase (GCL) inhibitor BSO further increased the cytotoxicity of RDC11 (Fig 7C).
In contrast, inhibition of p53 expression did not alter the cytotoxicity of RDC11 but decreased the efficiency of
oxaliplatin (Fig 7D).

RDC11 does not induce ferroptosis but caspase independent apoptosis.

Our observations that RDC11 does not induce cleaved caspase 3 expression (Fig 1F) but induces ER stress, as well
as strong reduction of intracellular GSH concentrations and an increase in ROS production suggests that it might
either induce cell death through ferroptosis or caspase independent apoptosis. To address the first possibility,
we treated AGS cells with increasing doses of RDC11 with or without ferrostatin-1 a known inhibitor of ferroptosis
and performed MTT survival assay (Fig 8A). Co-treatment of RDC11 with ferrostatin-1 did not diminish the
cytotoxic effect of RDC11 at all concentration tested. This data suggests that RDC11 does not induce ferroptosis
but rather caspase independent apoptosis.

Induction of caspase independent apoptosis is marked by the nuclear translocation of AIF leading to DNA
damage. To address this, AGS cells were treated with RDC11 or H,0;, a known strong inducer of nuclear
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translocation of AIF, and analyzed by immunofluorescence staining for the nuclear translocation of AIF and the
expression of p-yH2AX a marker for DNA damage (Fig 8B). As seen in immunofluorescence staining (Fig 8B) and
confirmed by our cell counts (Fig 8C) RDC11 treatment led to a marked increase in cells showing a nuclear
expression of AIF and p-yH2AX staining. Taken together, these results suggest that RDC11 induces cell death via
caspase independent apoptosis.

Other ruthenium-based compounds also impact on the transsulfuration pathway

To investigate if only RDC11 impacts on the transsulfuration pathway or if it might also hold true for other
ruthenium-based compounds (RDC) we treated cells with structurally different RDCs compounds and analyzed
by RT-QPCR and Western blot for their impact on the expression of ATF4, CBS and CTH. When compared to
RDC11, from the 3 tested ruthenium compounds 2 showed a similar effect on the transsulfuration pathway. For
example, similar to RDC11 treatment of AGS cells with RDC60 (Fig 8A) led to an increase in ATF4 and CTH but a
decrease in CBS expression at the mRNA and protein level (Fig 9B, C).

Discussion

Unravelling the mode of action of anticancer drugs still represents a great challenge in oncology. Platinum-based
gold standard treatment displays good anticancer activity against several cancer types, including gastric cancer.
Unfortunately, due to side effects, and frequent resistance mechanism, they do not completely fulfil the needs
of clinicians for save and efficient anti-cancer drug. However, their long-lasting success encourages the
development new metal-based anticancer drugs with the aim of avoiding side effects induction and resistances.
In this respect, ruthenium- and osmium-based compounds are good candidates due to their interesting cytotoxic
capacities and the variety of compounds that can be synthetized. Some ruthenium-based compounds enter
clinical trials like NAMI-A and KP1019 (Bergamo et al.,, 2012; Zeng et al.,, 2017), however, their clinical
development was stopped due to lack of knowledge about their mode of action. A better understanding of their
mode of action and the chemical structure responsible for it would ultimately lead to the development of more
active and supportable anticancer drugs. In this study we demonstrate the impact of RDC11 on metabolic
pathways including transsulfuration and GSH biosynthesis and describe their role for RDC11 mediated
cytotoxicity. The repression of these two metabolic pathways observed in response to RDC11 leads to a
mitochondrial-dependent induction of apoptosis in gastric cancer.

RDC11 induces a strong ER stress response in gastric cancer cells

We firstly demonstrate that RDC11 displays higher cytotoxic potential in gastric cancer cells correlating with a
higher apoptosis induction when compared to oxaliplatin. More importantly, RDC11 decreases more strongly the
tumor volume in syngeneic gastric xenograft models as oxaliplatin/5FU demonstrating the potential application
benefits provided by RDC11. Interestingly, in contrast to classical anticancer drugs like cisplatin and oxaliplatin,
RDC11 doesn’t induces strong cleavage of caspase-3 nor strong P53 expression suggesting that the classical
DNA/P53 dependent mechanism is not its principal mode of action. However, and in contrast to oxaliplatin,
RDC11 was seen to induce another pathway important for cell survival called ER stress pathway. We could
demonstrate that RDC11 induces the expression of XBP1s and CHOP, which are central actors and markers of ER
stress activation. This result is in line with previous work of our group demonstrating an induction of ER stress
pathway in response to RDC11 in other cancer cell lines including colon cancer, glioblastoma, and
lymphoblastoma (Licona et al., 2017; Meng et al., 2009). This highlights the important role of ER stress induction
for the mode of action of RDC11, and an ER stress induction mediated by RDC11 in cancer cell lines of different
origin. Together with published data showing the activation of the ER stress pathway by structurally different
ruthenium compounds clearly suggest that induce of the ER stress pathway (Chow et al., 2016, 2018; Meng et
al., 2009; Xu et al., 2019) might be a general mode of action of these type of anti-cancer drugs. More importantly,
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we could also validate that RDC11 can induce the expression of the transcription factor ATF4 the upstream
regulator of CHOP expression suggesting that the Perk-ATF4 axis is an important branch of ER stress pathway
induced by RDC11. Moreover, platinum-based compounds did not induce the ER stress pathway but required
the presence of a functional P53 for their cytotoxic activity confirming data published by others (Dasari and
Tchounwou, 2014). In contrast, RDC11 did not induce P53 and further P53 silencing didn’t impact on the cytotoxic
activity of RDC11 confirming the P53 independent mode of action of RDC11. Interestingly, in contrast to RDC11,
the activity of platinum-based compound is dictated by the presence of P53 as well as most of the resistance
mechanisms implicate DNA repair mechanisms (Galluzzi et al., 2012; Martinez-Balibrea et al.,, 2015).
Furthermore, it is important to note that RDC11 can induce the expression of CHOP, XBP1s as strongly as
tunicamycin a known strong inducer of ER stress markers. However, even if both drugs are able to induce
apparently the same type of ER stress, they don’t have the same effect on metabolism. According to the
literature, the outcome of ER stress activation can differ strongly due to differences in kinetics, and branche(s)
of ER stress activated (Hetz, 2012). The ER stress pathway is tightly regulated by the interaction partners of the
ER stress sensor. The cytosolic domains of the sensors enable interaction with several activator or inhibitor
leading to the formation of a regulation platform called UPRosome. This platform can differ from one situation
to another leading to differences in the effects observed by the ER stress induction. In addition, the way of
activation of ER stress including misfolded protein accumulation or changes in ER calcium loads can also
determine which sensor will be preferentially activated and further decide the cellular outcome (Hetz, 2012).
However, how RDC11 induces ER stress has still to be elucidated and knowledge of it would help to dictate the
further development of these type of anti-cancer compounds.

RDC11 impacts on cellular metabolism

Our results show that RDC11 induce strong expression of ATF4, a transcription factor known to be implicated in
amino acids import and synthesis including cystathionine gamma-lyase, a central actor of the transsulfuration
pathway (Dickhout et al., 2012; Mistry et al., 2016). This suggests that RDC11 might impact via ATF4 on the
transsulfuration and indeed found that RDC11 increases CTH and represses CBS expression, two key enzymes of
the transsulfuration pathway, whereas oxaliplatin showed an opposite effect. Importantly we could demonstrate
that ATF4 silencing rescued the repressive effect of RDC11 on CBS expression. Although ATF4 is most commonly
known as a transcriptional activator Horiguchi and coworkers demonstrate that when ATF4 interacts with C/EBPa
it has a transrepresionnal activity (Horiguchi et al., 2012). Furthermore, the homologous form of ATF4 found in
california sea hare, Aplysia CREB2, was also described to have a rather transcriptional repressor function in the
nervous system (Bartsch et al., 1995). These published data suggest that in our condition where RDC11 induces
ATF4 expression and represses CBS expression in an ATF4 dependent many, ATF4 functions as a transcriptional
repressor. Despite the repressionnal activity on CBS, the induction of ATF4 by RDC11 results in an upregulation
of CTH expression, as it was shown that ATF4 silencing reduces RDC11 mediated CTH induction. This result is in
line with the literature as CTH is known to be a transcriptional target gene of ATF4 (Dickhout et al., 2012; Mistry
et al., 2016), and further suggest that depending on the interaction partners of ATF4, the target genes can be
upregulated or repressed. In addition, these results demonstrate the importance of ATF4 in RDC11 mediated
regulation of the transsulfuration pathway.

CBS is the limiting enzyme of the transsulfuration pathway, and repression of it leads to a lower flux through this
pathway (Zhu et al., 2018). Furthermore, transsulfuration is the only way for de novo cysteine production (Combs
and DeNicola, 2019; Sbodio et al., 2019) suggesting that RDC11 treatment result in a lower cysteine production.
However, metabolomic analysis of AGS cells treated with RDC11 and oxaliplatin didn’t confirm this as we found
no change in cellular cysteine content after RDC11 treatment. However, this could be explained by our finding
that RDC11 increased the expression of xCT antiporter. This antiporter is known to be responsible for cysteine
supply, by continuously importing this amino acid from the culture medium while exporting glutamate (Hatem
et al., 2017). Interestingly, we demonstrate that RDC11 induces the level of this anti-porter correlating with a
strong decrease in glutamate content in gastric cancer cells. Importantly, low levels of glutamate are known to
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reduce glutathione (GSH) production (Hatem et al., 2017). It is exactly what we see, RDC11 treatment not only
reduces glutamate concentrations in the gastric cancer cells but also leads to a dramatic decrease in GSH
production. In addition, oxaliplatin induces the GSH production in the same cells. It is well known that high levels
of GSH results in a more efficient drug detoxification (Balendiran et al., 2004; Traverso et al., 2013) correlating
with the resistance of cancer cells to the treatment with platinum drugs. Therefore, the differences observed for
GSH production between RDC11 and oxaliplatin could explain the difference observed in the cytotoxic effect of
these two drugs. Importantly, we could demonstrate that reintroduction of synthetic GSH in the culture medium
reduced the cytotoxicity of RDC11 whereas inhibition of CBS activity with BSO increased it. Altogether, the
functional analysis demonstrates that the reduction of GSH by RDC11 participates to its cytotoxic activity and the
induction mediated by oxaliplatin represents a resistance mechanism toward this drug. Reduction of GSH
production is known to correlated with a Ros insults. Indeed, RDC11 induces high levels of Ros suggesting that
due toits ability to decrease GSH production, RDC11, in contrast to oxaliplatin, is able to induce a strong oxidative
stress. This result is in line with previous studies demonstrating that oxidative stress is induced by different
ruthenium-based compounds like RDC34, RAS-1T, and RAS-1H (Chow et al., 2016; Vidimar et al., 2019). Ros
production is an early process already induced at 6h by RDC11 whereas the decrease in glutathione production
is only observed after 24h. Several studies, as reviewed by (Hatem et al., 2017; Liu et al., 2014), demonstrate that
GSH homeostasis is also controlled by Ros levels due to the detoxification role of GSH. More precisely, GSH in
consumed by the cells in order to lower oxidative stress and avoid cell death induction, resulting in lower GSH
levels. This might also give account for the GSH reduction mediated by RDC11 as Ros induction is already
observed after 6h inducing GSH consumption resulting in GSH reduction later on. The absence of Ros induction
by oxaliplatin in AGS cells could be explained by the higher GSH levels induction. However, cotreatment of AGS
cells with oxaliplatin and the GSH inhibitor buthionine sulfoximine (BSO) didn’t results in a higher Ros production
further suggesting an absence of Ros induction by platinum-based drugs in gastric cancer cells. Interestingly, we
could confirm the same type of regulation of ATF4, CBS and CTH expression by structurally different ruthenium-
based compounds suggesting that it might be a more general mode of action of these types of drugs further
demonstrating the strength of our findings.

RDC11 induces caspase independent cell death

The ability of RDC11 to impact on the transsulfuration pathway and to induce high levels of Ros suggested that
it might induce cell death known as ferroptosis (Dixon et al., 2012; Yang et al., 2014). However, when we
cotreated AGS cells with RDC11 and ferrostatin-1, a ferroptosis inhibitor, we didn’t observe changes in its
cytotoxicity. This suggested RDC11 does not induce cell death via induction of ferroptosis. Interestingly,
ferroptosis depends on iron and some links between iron and ruthenium import have already been described as
it was shown that ruthenium interacts with the transferrin system. For example, Klajner and co-workers (Klajner
etal., 2014) demonstrated that RDC34 lowers the expression of transferrin and induces the expression of ferritin,
an iron packaging protein. This suggests that RDC34 can impact directly on the iron metabolism. Furthermore,
RDC34 was shown to be imported inside the cells through iron transporter and probably taking over the place of
normal iron. The effect of RDC11 on iron metabolism should therefore be further investigated in order to
understand why RDC11 did not induce ferroptosis and its difference to RDC34. Importantly, in contrast to
cisplatin and oxaliplatin RDC11 didn’t induce caspase-3 cleavage prompting us to the investigation caspase
independent apoptosis, a cell death pathway characterized by the nuclear translocation of the mitochondrial
factor AIF (apoptosis inducing factor) (Bano and Prehn, 2018). Indeed, treatment of AGS cells with RDC11
promoted nuclear translocation of AIF suggesting that this cell death pathway is implicated in RDC11 cytotoxic
activity. In addition, we could observe in the same conditions, the phosphorylation of the histone yH2AX known
to be a DNA damage marker. In accordance with the literature, when AIF is imported in the nucleus it activates
non-specific endonucleases leading to DNA condensation and fragmentation (Bano and Prehn, 2018; Elmore,
2007). It is noteworthy that RDC11 did not induce strong P53 levels suggesting that DNA damage is not the
principal mode of action of RDC11. However, in our case where RDC11 treatment leads to AIF nuclear
translocation, DNA damage seems more to be the outcome of apoptosis induction. Despite the fact that
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induction of DNA damage is known to correlate in some cases with induced cell death, more precise analysis are
required in order to determine if RDC11 induces, in an AIF dependent manner, endonuclease and if this results
in DNA fragmentation contributing to its mode of action or not. Altogether, this study provides new insides into
the mode of action of RDC11 anticancer compound. We highlighted the higher cytotoxic potential of RDC11,
correlating with lower side effect as described in previous studies (Meng et al., 2009), demonstrating the
potential benefits of RDC11 over platinum-based compounds. Through the ER stress induction and more
precisely through ATF4, RDC11 is able to regulate the transsulfuration pathways leading to amino acids
deregulation in glutamate content. Therefore, RDC11 was seen to decrease strongly glutathione levels and
induce strong Ros levels participating in its cytotoxic activity. Furthermore, we provided the evidence of caspase
independent apoptosis induction showing unconventional cell death pathway activation for RDC11.

Conclusion

Here we demonstrate that the ruthenium-based anti-cancer compound RDC11 displays a higher cytotoxicity in
gastric cancer cells than classical gold-standard chemotherapeutic agents like oxaliplatin. We show that it induces
a strong ER stress response and that via induction of ATF4 expression it impacts negatively on one of the key
enzymes of the transsulfuration pathway. Furthermore, we demonstrate that RDC11 strongly up-regulates the
expression of cystine/glutamate exchanger (xCT) correlating with reduction of cellular glutamate concentrations.
The loss of glutamate, a precursor of glutathione (GSH) synthesis, results in a strong reduction of GSH production.
Importantly, the negative effect of RDC11 on cell survival can be rescued with the supplementation of glutathione
showing that the negative impact of RDC11 on the transsulfuration pathway is one of its principle mode of action.
Moreover, RDC11 was able to induce strong levels of ROS correlating with a strong nuclear translocation of AlF.
This leads to the activation of DNA cleavage correlating with DNA damage observed by phosphorylation of the
histone yH2AX. Altogether, this work highlights the role of ER stress pathway and its interconnection with cellular
metabolism for the cytotoxic activity of the RDC11.
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Cytotoxic characteristics of RDC11 in gastric cancer cells: (A) AGS, MKNA45, and KATOIN cells were treated with growing concentrations of RDC11,
Tunicamycin (TUN) and Oxaliplatin (OXA) for 48h and cell survival was assessed by MTT in each cell line. (B) AGS cells were treated with RDC11,
TUN, and OXA at the ICspfor 24h or non treated (CTL) and survival was assessed by clonogenic assay 8 days after plating. (C) YTN16 cells were
treated with growing concentrations of RDC11 and Oxalipiatin (OXA) for 48h and cell survival was assessed by MTT. (D) YTN16 syngenique
xenograft mouse models treated once per week with vehicule (CTL) oxaliplatin + 5-fluorouracile (OXA+5FU), and RDC11 for 4 weeks. Tumor
volume after the 4 weeks are represented. (E) AGS cells were treated with RDC11, TUN, and OXA at the IC,; for 48h or non treated (CTL) and
apoptosis was assessed by flow cytometry. (F) AGS cells were treated for 24h and 48h with RDC11, TUN, and OXA at the IC;;and ICsor non
treated (CTL) and western blot analysis revealed the caspase-3 cleavage. (G) AGS cells were treated for 24h with RDC11, TUN, and OXA at the IC.,
or non treated {CTL) and western blot analysks revealed P53 expression. Representative experiments are shown and statistics were performed on
technical replicates. Student t-test are considered as significatif with a<0,5, *=0,05, **=0,01, ***=0,001
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ER Stress pathway activation in gastric cancer: (A} Protein of AGS cells
treated with RDC11, Tunicamycin (TUN), Oxaliplatin (OXA) Cisplatin (CIS)
at the ICs; and IC;5 for 6h and 24h or non treated (CTL) were obtained
and western Blot analysis revealed XBP1s, CHOP, and GAPDH protein
expression level. {B-C) Protein and RNA were extracted from AGS cells
treated with the same conditions and RT-gPCR analysis revealed the
relative mRNA expression level of ATF4 (B), and Western Blot analysis
revealed ATF4 protein expression {C). Representative experiments are
shown and statistics were performed on technical replicates. Student t-
test are considered as significatif with a<05. *=0,05, **=0,01,
***=0,001
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and 24h or non treated (CTL) were obtained and RT-gPCR analysis revealed CTH (B) and CBS (D) expression. (C&E) Protein extraction of AGS
cells in the same conditions were obtained and western blot analysis revealed the protein expression of CTH (C) and CBS (E). Representative
experiments are shown and statistics were performed on technical replicates. Student t-test are considered as significatif with a<05.

*=0,05, **=0,01, ***=0,001
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Figure 4

A B CTH mRNA c CBS mRNA

ew

1 i
12 -
sicTL SIATF4 . s N
5] Ge
A b= T W n
u 2 § o 2 § G 8 - N
ESP56823 g 3
(] -]
ATF4 g o & kS B
- = 1 *h
£ £
GAPDH | i s e e s s s gt
o T T T T
- = § - =
- -
EZE%E53%
o= o
SIiCTL SIATF4
D E
CTH mRNA CBSmRNA
ns i
ik ns
10— ns 04 nie
LE e =
SiCTL siP53 - 20
- - 2 L
s o G G 1
v z g gz 3 2 10
a & &
EEPB562P3 g. iﬂ 8 1 -
bl @
P53 BT g
e 2 B
EI.S'- b} =
GAPDH || s i S| O &4
s oS
08 ¥ ’-i o0 :| T
= - = g - = § - = = § [ ] §
Eg286532% 65386338
[ -3 o [
SICTL siP53 SiCTL siP53

Implication of ATF4 and P53 in the regulation of the transsulfuration pathway: (A&D) Proteins were extracted from AGS cells transfected with
silencer RMA control (siCTL) or specific for ATF4 (siATF4) or P33 (siP53) for 48h and then treated with RDC11, Tunicamycin (TUN) and
Oxaliplatine (OXA) at the ICs or non treated (CTL) for 24h, Western Blot analysis revealed the efficient silencing of ATF4 and P53 in these
conditions. (B,C,E,F) RNA were extracted from AGS cells In the same conditions, and RT-qPCR analysis show the expression of CTH {B&E) and
CBS (C&F). Representative experiments are shown and statistics were performed on technical replicates. Student t-test are considered as
significatif with ¢<0,5. *=0,05, **=0,01, ***=0,001
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Figure 5
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Metabolic changes induced by RDC11 in gastric cancer: {A) Schematic represntation of glutathione biosynthetic pathway
Medulations induced by RDC11 are representend with green arrows for the upregulations and in red for the repressions.
(B) AGS cells were treated with RDC11, Tunicamycin (TUN), Oxaliplatin (OXA) at the IC5; and IC;5for 24h or non treated
{CTL) and glutathione production was d using a glutathione kit (enzo lifescience). (C&D) AGS cells were treated
with RDCL1, Tunicamycin (TUN), Oxaliplatin (OXA) at th ICs; for 6h and 24h or non treated (CTL) and metabolomic
analysis revealed the cellular content of glutamate (C) and cysteine (D). (E&F) AGS cells were treated with the same
conditions and RT-gPCR analysis show the expression level of SLC7A11 (E) and GCLC (F). Representative experiments are
shown and statistics were performed on technical replicates. Student t-test are considered as significatif with a<0,5.
*=0,05, **=0,01, "**=0,001
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Figure 6
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Oxydative stress induced by RDC11: (A&B) AGS cells were treated with H;0, at 100uM, RDC11, Tunicanycin
{TUN), Oxaliplatin (OXA and Cisplatin (CIS) at the the ICc or the IC; for 6h or non treated (CTL) and Ros
production was assessed by dihydroethidine, {A) Fluorescence microcopic photos of these cells are shown, and
Ros positive cells were counted (B). (C) AGS cells were treated with the same conditions and or cotreatment with
buthionine sulfoximide (BS0) and Ros production was assessed and counted following the same method.
Biological replicates are represented and statistics were performed on technical replicates. Student t-test are
considered as significatif with o=0,5. *=0,05, **=0,01, ***=0,001
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Figure 7
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(A-D) Clonogenic assay were performed on AGS cells. (A&D) AGS cells were transfected with silencer RNA control (siCTL) or specific for ATF4
{siATF4) or P53 (siP533) for 24h and treated with RDC11 and Oxaliplatin (OXA) at 250nM for 24h. [B) AGS cells were treated with RDC11 at
350nM, Glutathione at 4mM (GSH) and RDC11 combined with Glutathione for 24h. (C) AGS cells were treated with RDC11 and Oxaliplatin (OXA)
at the IC;5, or BSO at 1mM or in combinaison with BSO for 24h, The number of colony is counted manually 8 days after plating, Representative
experiments are shown and statistics were performed on technical replicates. Student t-test are considered as significatif with a<0,5. *=0,05,
**=0,01, *++=0,001
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Figure 8
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{A) AGS cells were treated with growing concentrations of RDC11 with or without ferrostatin-1 for 48h and cell
survival was assessed by MTT survival assay. (B) Fluorescence microcopic photos of AGS cells treated with H,0,
at 100puM, RDC11 at the ICe; and IC;. for 6h or non treated {CTL) are shown. (C) AGS cells treated with the same
conditions and positive cells for nuclear AIF and p-yH2AX expression were countad.
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Figure 9
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(&) Chemical structure of RDCE0. (B) AGS cells were treated with RDC11 and RDCG0 at 1uM or SuM for 6h and 24h and
western blot analysis show the expression of ATF4, CBS, CTH, and GAPDH. [C) AGS cells were treated with the same
conditions and RT-gPCR analysis revealed the mRNA level of ATF4, CBS, and CTH.
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Supplemental Figure 1

Glutathione Glutathione

ek

N
1
£

=3
a

Glutathione production/CTL
&
Glutathione production/CTL
- )
3 in

o
in
in

oo o

SgE3  EgaEc

1
s £
=

OXA -

P

iCTL siATF4 siCTL siP53

o

RDC11
RDC11

{A&B) AGS cells were transfected with silencer RNA control (siCTL) or specific for ATF4 (siATF4) or P53 (siP53) for 48h and then
treated with RDC11, Tunicamycin (TUN), and Oxaliplatin (OXA] at the IC.; or non treated (CTL) for 24h and glutathione production
was measured using a glutathione kit {enzo lifescience).
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2.3. Cachexia and sarcopenia in gastric cancer

The scientific view of all cancers is slowly shifting from organ-centered diseases, to a more global and
systemic approach. For instance, recent focus has been made on cachexia, which occurs in
approximately 50% of cancer patients - especially digestive tract cancers - presenting as a progressive
loss of adipose tissue and skeletal muscle mass, associated with a worsened prognosis [87]. Cancer
cachexia not only has a dramatic impact on the quality of life, but is also associated with poor
responses to therapies (chemotherapy and immunotherapy), decreased survival and is estimated to
account for around 20 to 25% of cancer-related deaths [92]. Cancer cachexia can be 1) independent of
the tumor stage, 2) independent of treatments and sometimes already present at diagnosis, 3)
independent of malnutrition, 4) a marker of poor prognosis and poor response to therapies.

However, the reasons why only some patients are prone to develop cachexia remains largely unknown.
In gastric cancer, around 30 to 60% of patients are thought to develop cachexia, independently of the
cancer stage and the incidence cachexia / sarcopenia appear to increase after chemotherapy [93-94].
Sarcopenia, often associated with cachexia, is defined by skeletal muscle loss, or muscle atrophy, can
currently be estimated at relatively advanced stages, by a measure of the muscles surface (abdominal
wall, psoas and erector spinae muscles) at the level of the 3™ lumbar vertebra on axial CT images,
normalized to weight and height (BMI). Currently, no therapeutic approach can efficiently restore
muscle loss and strength. Therefore, we wanted to evaluate the clinical impact of a feeding
jejunostomy on gastric cancer patients, before and after chemotherapy cycles and its influence on
muscle atrophy and the completion of chemotherapy cycles. Additionally, in a cohort of gastric cancer
patients, we evaluated the muscle status (normal or atrophic) at diagnosis and the occurrence of any
treatment-related changes after chemotherapy with platinium-based compounds. Furthermore, we
also wanted to approach the underlying origins of chemotherapy-induced cachexia and muscle
atrophy at a genomic and molecular levels and on imaging.

For these articles, | have participated in the study design, performed the radiology-related measures
on CT, micro-CT and MRI and participated in the manuscript preparation & review.
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2.3.1. ARTICLE 5: Could a Feeding Jejunostomy be Integrated into a
Standardized Preoperative Management of Oeso-gastric Junction
Adenocarcinoma ?

Ann Surg Oncol (2017) 24:3324-3330
DOT 10.1245/510434-017-5945-9

Annals of

SURGICAL ONCOLOGY

OFFCIAL JOURNAL OF THE SOCIETY OF SURGICAL ONCOLDGY

@ CrossMark

ORIGINAL ARTICLE — GASTROINTESTINAL ONCOLOGY

Could a Feeding Jejunostomy be Integrated into a Standardized
Preoperative Management of Oeso-gastric Junction

Adenocarcinoma?

Simone Manfredelli, MD', Jean-Baptiste Delhorme, MD'?, Aina Venkatasamy, MD™, Christian Gaiddon, PhD?,
Cécile Brigand, MD, PhD", Serge Rohr, MD, PhD', and Benoit Romain, MD, PhD"*

'Deparlmenl of Digestive Surgery, Strasbourg University Hospital, Strasbourg, France: *Inserm U1113, Strasbourg
University, FMTS, Strasbourg, France; EDcpartmem of Radiology, Strasbourg University Hospital, Strasbourg, France:

YEA3430, Strasbourg University, FMTS, Strasbourg, France

ABSTRACT

Purpose. To evaluate the impact of a feeding jejunostomy
(FI) on the preoperative management of patients with an
oesogastric adenocarcinoma (OGA).

Methods. From January 2007 to December 2014, patients
with potentially resectable OGA were enrolled in a peri-
operative chemotherapy protocol. FJ was performed before
starting perioperative treatments in patients presenting with
dysphagia or with a nutritional risk index (NRI) <97.5. The
patients who did not require a FJ served as a control group.
Results, Among the 114 patients with OGA consecutively
admitted in our surgical department, 88 (77.2%) were
enrolled for necadjuvant treatment. A FJ was placed in 50
patients (56.8%) before the neoadjuvant treatment (FJ
group), whereas 38 patients (43.2%) started neoadjuvant
treatments without FJ (control group). Ninety-six percent
of patients (n = 48) in the FJ group successfully completed
the neoadjuvant treatment but only 81.6% of patients
without FJ (n = 31: p = 0.004). The FJ group was divided
between responders: 37 patients with a weight response
{74%), and nonresponders: 13 patients without weight
response (26%). In the FJ group, the nutritional response
during preoperative chemotherapy was a significant pre-
dictive factor for the achievement of second stage
oesogastric resection (p = 0.002).

Conclusions. FJ with enteral nutritional support during the
preoperative management of OGA is a safe and effective
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support for the completion of the preoperative
chemotherapy. The weight response to the enteral support
is a predictor factor for a completion of the preoperative
chemotherapy and could identify a group of patients who
would have a better chance of reaching radical surgery.

During the past 20 years, the incidence of oesogastric
adenocarcinoma ((OGA) has increased in the westen
world.'” Preoperative neoadjuvant chemotherapy decrea-
ses tumor activity, increases its resectability, and improves
disease-free and overall survival. Thus, preoperative
treatment is designed to eradicate micrometastatic disease
and potentially downstage cancers to obtain a curative
surgery.”* One of the factors limiting the survival in
patients with OGA is the small number of patients eligible
for a curative surgery, because some might not be able to
receive the planned perioperative therapy, especially
because of their poor performance status.

Nutritional management and accurate preoperative
tumor staging are crucial for the patient’s care, especially
with this type of tumor. Patients with OGA have an esti-
mated weight loss around 60%, which is a factor of poor
prognosis, as a weight loss exceeding 15% of the usunal
body weight is kmown to be associated with significantly
higher morbidity and mon‘a]jry.‘_'? Patients presenting
with weight loss at the time of diagnosis also have a
decreased overall survival.®*%!5-!% While a postoperative
nutritional support is becoming a well-established part of
the patient’s care, preoperative nutritional support is still
not a standardized option. In locally advanced OGA,
aggressive combined oncologic therapies using cytotoxic
agents (such as cisplatin, 5-fluoruracil, epirubicin, irinote-
can) that are known to be associated with gastrointestinal
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side effects may worsen an already deteriorated nutritional
status. Furthermore, preoperative oral nutritional support is
not always possible in OGA, especially in case of dys-
phagia. The purpose of this study was to investigate the
impact of a preoperative feeding jejunostomy (FJ) in the
management of potentially resectable OGA.

METHODS
Study Setting and Selection of Participanis

The Ethics Committee of our institution approved the
study, and all patients gave their written consent for their
participation in this monocentric study. Patients presenting
with OGA were consecutively and retrospectively included
in the database between January 2007 and December 2014.
All patients were classified according to sex, age, World
Health Organization (WHOQ) score, tumor location
according to the Siewert classification, tumor staging,
comorbidities, usual body mass index (BMI), BMI at
diagnosis, percentage of weight loss and nutritional risk
index (NRI) (Tables 1, 2).""

TABLE 1 Baseline demographic and clinical characteristics

Patients presenting with a nonmetastatic OGA, with
WHO score (-2, and treated with a perioperative
chemotherapy protocol were included in our study. The
exclusion criteria were: confirmed metastatic disease on
noninvasive staging techniques [total-body computed
tomography or positron-emission tomography (PET scan)],
‘WHO scaore 3 or 4, positive macroscopic peritoneal carci-
nomatosis or positive peritoneal cytology in staging
laparoscopy (SL), and the absence of perioperative
chemotherapy.

For all study population patients, a nutritional assess-
ment was conducted by measurement of BMI, serum
albumin and prealbumin, NRI score, oral intake, and daily
caloric requirements. Acconiing to the literature, NRI score
was used to assess initial nutritional status and to monitor
the impact of nutritional interventions.”* All patients
presenting with dysphagia or insnfficient oral intake and
NRI < 97.5 underwent a staging laparoscopy with peri-
toneal washing associated with the placement of a FJ
during the same operating time. If NRI > 97.5, patients
only underwent the SL with the peritoneal washing. All
patients without liquid dysphagia in the group with and

Total study population (n = 88) Control group (n = 38) FI group (n = 50) p value
Mean age £ SD (year) 5083 + 105 595 + 10.1 6008 + 109 0.80
Gender
Female 21 (23.86%) 42.86% 57.14% 0.97
Male 67 (76.14%%) 43.28% 56.72%
WHO score
0 58 (65.91%) 46.55% 53.45% 0.58
1 27 (30.68%) 37.04% 62.96%
2 3 (341%) 33.33% 66.67%
Siewert classification
1 45 (51.14%) 33.33% 66.67% 042
2 18 (20.45%) 38.80% 61.11%
3 25 (28.41%) 64.00% 36.00%
Isolated cells
Yes 13 (14.77%) 30.77% 69.23% 033
No 75 (85.23%) 4533% 54.67%
Grading
1 45 (51.14%) 46.67% 53.33% 0.91
2 28 (31.82%) 30.20% 60.71%
3 13 (1477%) 38.46% 61.54%
4 2(227%) 50%% 50%
T stage
T2 26.14% 52.17% 47.83% 039
T3 64.77% 42.11% 57.80%
T4 9.09% 25.00% 75.00%
Mean BMI + SD at admission (kg/m’) 2618 £ 541 2657 £ 5.07 2587 £ 570 0.56
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TABLE 2 Nutritional risk index before and after chemotherapy

Nutritional Risk Index (NRI) Control group FI group p value Responders group Nonresponders group p value
(n = 38) (n = 50) n=137 (n=13)
Mean NRI before 93.66 + 8.01 9647 £ 803 0053 9547 +£8.19 9929 +7.09 0.07
chemotherapy + SD
Mean NRI after 95.23 £ 8.71 9461 £ 9.28 075 96.63 £7.65 88.85 £ 1130 0.003

chemotherapy + SD

without FJ had a supplementary oral intake (Fresubin®™
Jucy Drink, Fresenius Kabi; Fresubin® 2 kcal Fibre Drink,
Fresenius Kabi). Oral intake was evaluated by the nutri-
tionist during preoperative period every 15 days to adapt
total intake (enteral and oral).

Outcomes and results were evaluated and compared
between patients with NRI < 97.5 who underwent the
preoperative placement of a FJ (F] group) versus a control
group (NRI = 97.5). Weight response to the enteral nutri-
tional support during neocadjuvant treatment was evaluated
to classify patients between those who gained weight or
stabilized their weight (responders group) and those who
did not (nonresponders group). Postoperative complica-
tions of SL, FI, and oesogastric resection were defined
according to the Clavien-Dindo score.”?

Surgical Technigue of the Feeding Jejunostomy

Once the SL with peritoneal washing was performed and
any required biopsies were taken, we identified the first
jejunal loop 20 to 30 cm away from the Treitz ligament.
Then, we performed a mid-line incision approximately
10 cm above the umbilicus and exteriorized the first jejunal
loop. Afterwards, we introduced a jejunal catheter through
abdominal wall of the left subcostal area, using a needle kit
for jejunostomy {Kangmom . Covidien™) and performed
a jejunostomy according to Witzel technique.” At the end
of this procedure, we routinely fixed the jejunal loop to the
posterior part of the abdominal wall with four stitches (3/0
Vicr)rlm. Eﬂ1icon®) at cardinal points around the site of
introduction of the catheter. An additional stitch was
placed in caudal position and two stitches in ventral posi-
tion to stabilize the jejunal loop and avoid twists. The
permeability of the jejunal catheter was tested during all
phases of the procedure. The patient was fed through the FJ
within the first 24 h of the immediate post-operative per-
iod, with a gradual increase of the volume and
concentration of the nutrition to achieve the targeted
calories required for the patient. The patient was then fed
through the jejunostomy continuously during the neoadju-
vant treatment, until the surgical resection according to the
nutritionist’s prescriptions, which were reevaluated every

165

15 days to ensure adequate calorie intake. Immuncnutrition
was prescribed the week before surgical resection accord-
ing to French recommendations. '®

Statistical Analysis

Chi-square and Fisher’s exact tests were used to deter-
mine the association between nominal variables. Student’s
1 test was used to evaluate differences in means between
two groups of continuous variables. Planned subset anal-
ysis between FJ group and control group and between
responders and nonresponders also was performed. A
multivariate logistic regression analysis was performed to
assess the independency of the association between the FJ
and the completion of the neoadjuvant treatment and the
rate of radical surgical resections. A difference was con-
sidered significant when p value < (0.05. Only variables
with p value < 0.20 on univariate analysis were included in
the multivariate analysis. All statistical calculations were
performed using SPSS 10.0 (SPSS Inc., Chicago, IL).

RESULTS
Cohort Demographics

We included 114 consecutive patients presenting with
OGA. Twenty-six patients were excluded: 12 patients
(10.5%) whose tumor was staged less than IB, who
underwent surgical oncological resection without any
neoadjuvant treatment, and 14 patients (12.3%) who pre-
sented with a positive peritoneal washing on the staging
laparoscopy.

Eighty-eight patients were analyzed. The FJ group
comprised 50 patients (56.8%) who underwent the place-
ment of a FJ, and 38 patients (43.2%) were included in the
control group, because they only received perioperative
chemotherapy without enteral nutritional support. Demo-
graphic, clinical and nutritional characteristics of the two
groups are reported in Tables 1 and 2. There was no dif-
ference between the clinical data of the two groups. The
complication rate related to the surgical FJ procedure was
6%: 1 patient (2%) presented with an abdominal wall
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abscess (Grade IIIA) and 2 patients (4%) with intestinal
occlusion (Grade IIIB) treated with surgery.

Predictive Factors for Preoperative Chemotherapy

Fl was an independent predictive factor for the
achievement of the preoperative chemotherapy cycles in
both the uni- and the mult-variate analysis (Tables 3, 4;
p=0.04). The neoadjuvant treatment was successful
completed in 96% of patients with a FJ (n = 48), but it was
only completed by 81.6% of the patients of the control
group, without a FJ (n = 31). In patients with a FJ, the
neoadjuvant treatment was only interrupted in two patients
(4%). Only one of the interruption was related to the FI:
one patient (2%) developed an intolerance to the enteral

nutrition compound (association of nansea and vomiting) at
the end of the second cycle of chemotherapy out of the
three planned. The other cause of interruption was not
related to the FJ: one patient (2%) needed a change of
chemotherapy due to a metastatic progression of the dis-
ease. On the contrary, the neoadjuvant treatment was
interrupted in patients without FJ mostly because of an
intolerance to the chemotherapy associated with excess
weight loss (6/7 patients, 85.7%).

According to the nutritional response to enteral nutrition
{weight gain or stabilization), during the neoadjuvant
treatment, the FJ patients were divided into responders
group: 37 patients (74%) and nonresponders group: 13
patients (26%). All responders have completed the preop-
erative chemotherapy cycles. An interruption of the

TABLE 3 Univarate analysis with logistic regression reporting odds ratio (OR) and 95% CI

All cycles of preoperative chemotherapy completed p valie Radical surgery performed p value

Age 1.00 (096-1.07) 0.987 0.90 (0.82-0.99) 0.046
Gender

Female Reference Reference

Male 0.97 (021-579) 0903 239 (0.61-9.45) 0.214
WHO score

1] Reference Reference

1 0.58 (0.11-3.01) 0520 092 (0.21-4.00) 0.915

2 1.00 023 (0.01-2.94) 0.259
Siewert classification

1 Reference Reference

2 0.47 (0.05-433) 051 0.77 (0.17-3.47) 0.733

3 1.09 (0.23-5.00) 091 3.69 (0.41-3257) 0.240
Isolated cells

0 Reference Reference

1 1.00 1.00
Grading

1 Reference Reference

2 233 (048-11.31) 0293 0.58 (0.15-2.20) 0.419

3 2.55 (037-17.16) 0337 1.00 0

4 1.00 100
T stage

T2 Reference Reference

T3 036 0.175 068 (0.13-3.54) 0.175

T4 0.68 0.747 0.67 (0.05-8.52) 0.755
N stage

NO Reference Reference

N+ 0.56 (0.17-1.94) 0367 021 (0.03-1.75) 0.149

BMI at admission 098 (0.86-1.12) 0.792 108 (0.93-1.24) 0.296
Jejunostomy

No Reference 0.043 Reference 0.829

Yes 0.19 (0.04-095) 0.86 (0.23-3.30)
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TABLE 4 Multivariate analysis with primary and secondary endpoints

All cycles of preoperative At least one cycle of p value Radical surgery Radical swgery  p value
chemotherapy completed chemotherapy interrupted performed not performed
Control group (n = 38) 31 (81.6%) T(18.4%) 0.04 34 (895%) 4(10.5%) 097
FJ group (n = 50) 48 (96%) 2 (4%) 41 (B2%) 9 (18%)
FJ group: Responders 37 (100%) 0(0%) 0.01 34 (91.9%) 3(81%) 0.002
group (n = 37)
FJ group: nonresponders 11 (84.6%) 2(154%) T (53.85%) 6 (46.15%)

group (n = 13)

neoadjuvant treatment was only observed in the nonre-
sponders group where 15.4% of the patients were not able
to complete the full cycles of chemotherapy (154% in
nonresponders vs. 0% in responders, p = 0.01). The NRI
difference at the beginning of chemotherapy was at the
limit of the statistical significance (p = 0.053) between
control group and FJ group (Table 2). After chemotherapy,
there were no statistical differences between control and FJ

groups (p = 0.75).

Predictive Factors to Achieve Oesogastric Radical
Resection

The performance of the oesogastric radical resection
was not associated with the presence or the absence of a
preoperative F] on the uni- and multi-variate analysis
(Tables 3, 4). A radical oncological surgical resection was
obtained in 41 patients with a FJ (82%) compared with 34
patients without FJ (89.5%: p = 032). However, when
analyzing the subgroups of patients with a FJ, a nutritional
response during preoperative chemotherapy was a signifi-
cant predictive factor for the achievement of the
oesogastric resection. A surgical radical resection was
obtained in 91.9% of the patients (n = 34) who responded
to the FJ (responders group), but only in 53.85% of the
nonresponder patients (n = 7: p = 0.002). A progressive
disease was observed in 16% of FJ group (n = 8) and
5.26% of control group (n=2; p=0.11). Among FIJ
group, 38.5% of nonresponders (n = 5) had a progressive
disease compared with 81% of responders (n =3;:
p = 0.01). FJ did not decrease the postoperative morbidity
after the oesogastric resection. A major morbidity with a
Clavien-Dindo score superior or equal to grade 3 was
observed in 21.9% in the FJ group (n = 9) compared with
20.6% in the control group (n = 7; p = 0.88).°

DISCUSSION
The purpose of this study was to evaluate the impact of a

preoperative FJ during the neoadjuvant treatment of
patients with OGA. Preoperative FJ enabled significantly

more the patients to achieve all the full cycles of preop-
erative chemotherapy compared to control group without
FI (96% vs. 81.6%: p = 0.004). Considering patients with
a FJ, the rate of radical surgical resection also was sig-
nificantly higher in patients who presented a nutritional
response to the FI (responders group, 919%) than in
patients who did not (no responders, 53.85%). Our results
indicated a positive and decisive impact of FJ for the
outcome of surgical resection procedures of cancer patients
with OGA. This impact was observed at the level of the
ability of the patients to sustain a full chemotherapeutic
protocol when responding to the FJ, which favors the rate
of second-stage surgical resection. These results are an
important step into the patient care of OGA cancers that
often are associated with body weight loss and allow a
better definition of the recommendations for FJ.

Indeed, OGA are aggressive tumors with a poor prog-
nosis even when completely resectable.”’ ™ When
diagnosed, almost two thirds of the patients with a gastric
cancer present with a locally advanced disease.”” In western
countries, with surgery alone, a R0 resection (macroscopic
and microscopic complete resection according to the
International Union Against Cancer) is only obtained in
41.1% of the cases, and the median overall survival is only
of 16.4 months.** Thus, perioperative chemotherapy is the
“gold standard” for the manmagment of OGA™ ™ The
MAGIC trial evaluated the effect of a combination of pre-
and postoperative chemotherapy compared with surgery
alone in patients with resectable adenocarcinoma of the
stomach or lower oesophagus. The overall and progression-
free survivals were significantly improved in the
chemotherapy-containing arm.”® The 5-year survival rate
was 36% in the perioperative chemotherapy group com-
pared with only 23% in the group without perioperative
c:herrlml'lerapj,r.35 However, it is difficult to assess the rela-
tive contribution of the pre- and postoperative components
of the chemotherapy on the patient’s survival rate in both
the MAGIC and ACCORD-07 trials.**%

To receive a neoadjuvant chemotherapy, patients need
to be fit enough and not in a degraded physical condition. A
loss of bodyweight is almost inevitable and causes serious
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problems in the pre- and postoperative management of
OGA. Supplementation through preoperative nutritional
support and immunonutrition has already proven to benefit
critically ill patients with acute respiratory distress or
patients undergoing a major abdominal surgery.™ 7 Evi-
dence-based guidelines recommend a preoperative
nutritional intervention lasting for 7 to 14 days in moder-
ately or severely malnourished patients undergoing major
gastrointestinal surgery**~*" In OGA, dysphagia may be
the limiting factor of the oral administration of preopera-
tive nutritional support. Furthermore, the patient’s
adherence to this type of nutritional support may not be
optimal. An early preoperative nutritional support using a
Fl could be an alternative for the improvement of the
preoperative nutritional status, while minimizing the
impact of the patient’s adherence to the nutritional pro-
gram. In our series, the FJ group had a 74% nutritional
response during preoperative management, and this effect
was significantly correlated to the achievement of all cycles
of preoperative chemotherapy (96 vs. 81.6%), but also the
achievement of the oesogastric surgery (91.1 vs. 89.5%).
The achievement of the cesogastric surgery is limited to the
patient that responded to the FJ, indicating clearly that the
critical factors are the physiological impact of the F] and
not the surgical procedure by itself. However, the exact
physiological factors responsible for the better outcome
have not been identified. They might be overall body
weight, BM1, muscle mass, or blood components. It also
remains unknown why a significant fraction of the patients
with FJ did not respond properly. This might be a critical
point for further improvement.

The benefits from a nutritional support in well-nourished
subjects are still controversial **>* In our cohort, patients
in the control group did not have dysphagia or any criteria
of denutrition at the time of diagnosis. However, more
patients with FJ achieved the full length of the neoadjuvant
chemotherapy treatment than patients without FJ. Despite a
higher rate of progressive disease observed in FJ group
than in control group (respectively, 16% vs. 5.26%:
p = 0.11), the completion rate of chemotherapy was higher
(respectively, 96% vs. 81.6%: p = 0.04). Thus, these
results suggest that a FJ could be useful in all patients with
OGA, even those without denutrition at diagnosis. These
positive results need to be counterbalanced with few
potential postoperative complications that might occur
after the placement of a Fl. In our study, the complications
rate was very low (6%). This low rate of complications is
in accordance with the literature, and it is observed even
when the feeding catheter is used for a longer period of
time. 47052 In 3 series of more than 500 esophagec-
tomies, the Witzel tube jejunostomy was found to be safe
with a low complication rate (2.1%) and to be an efficient
way to provide enteral nutrition. "’
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Few studies have been perfomed to assess the impact of
a FI on the preoperative management of OGA. Our
monocentric study, with a limited population has inherent
limitations and sources of bias. A multicentric, randomized
trial with a large population is necessary for a more thor-
ough analysis of the impact of a FJ on the preoperative
managment of OGA.

CONCLUSIONS

Feeding jejunostomy with enteral nutritional support
during the preoperative management of oesogastric ade-
nocarcinomas is a safe and effective support for the
completion of the preoperative chemotherapy. The weight
response to the enteral support is a predictor factor for a
completion of the preoperative chemotherapy and could
identify a group of patients with a higher nutritionally risk
that would have better chance of reaching radical surgery.

DISCLOSURE None.
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ABSTRACT

The aim of this study was to evaluate the impact of a preoperative feeding jejunostomy (FJ)
on the occumrence of sarcopenia before and after preoperative chemotherapy for patients
with an oesogastric adenocarcinoma (OGA). Forty-six patients with potentially resectable
OGA were lled in a perioperative ch therapy protocol. Sarcopenia was evaluated by
measuring muscle surfaces (psoas, paraspinal and abdominal wall muscles) on abdominal
(T images at the level of the 3rd lumbar vertebra. A FJ was placed in 31 patients (67.4%)
before the neoadjuvant treatment (FJ group), while 15 patients (32.6%) started necadjuvant
treatments without FJ (control group). After preoperative chemotherapy, there were signifi-
cantly more sarcopenic patients in the control group, compared to the FJ group. In the FJ
group, 13% of the patients (n =4) were sarcopenic before treatment and 22.6% of them
(n = 7) became sarcopenic after preoperative chemotherapy (p =023). In the control group, if
initially only 6.7% (n=1) of patients were sarcopenic, the majority of the patients (6(P6,
n=9) became sarcopenic after chemotherapy (p=0012). The FJ was an independent risk
factor of sarcopenia after nepadjuvant chemotherapy. FJ with enteral nutritional support
during the preoperative management of OGA seemed to efficiently counteract sarcopenia
occurrence during precperative chemotherapy.
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Introduction 4], as a weight loss exceeding 15% of the usual body
weight is known to be associated with significantly
higher morbidity and mortality [5]. Patients present-

ing with weight loss at the time of diagnosis also have

Sarcopenia, is an age-related syndrome, characterized
by a progressive and generalized loss of skeletal
musde mass and strength [1]. Over the past years,
sarcopenia has been gradually recognized as a negative
prognosis factor after colorectal, pancreatic, hepatic,
and gastric surgery [2-4]. In the recent article of
Kawamura et al [2], gastric cancer patients with sarco-

a decreased overall survival [3-5]. While a post-opera-
tive nutritional support is becoming a well-established
part of the patient’s care, a pre-operative nutritional
support is still not a standardized option. In locally

penia were more prone to have a reduced surgery and advanced OGA, aggressive combined anticancer thera-

less likely to be treated with adjuvant chemotherapy.
They also showed that in terms of long term out-
comes, the overall survival was significantly shorter

pies using cytotoxic agents (such as cisplatin, 5-fluo-
ruracil, epirubicin, irinotecan) are known to be
associated with gastrointestinal side effects andmay

and deaths (from both gastric cancer as well as other

causes) frequent  in
with sarcopenia.

Nutritional management and accurate pre-operative

were  more patients

tumor staging are crucial for the patient’s care, espe-
cially with oesogastric adenocarcinoma (OGA).
Patients with OGA have an estimated weight loss
around 60% which is a factor of poor prognosis 3,

worsen an already deteriorated nutritional status.
Furthermore, pre-operative oral nutritional support is
not always possible in OGA, espedally in case of dys-
phagia. A preopemative feeding jejunostomy (FJ) is fre-
quently used when denutrition is diagnosed or in case
of dysphagia. Manfredelli et al. [6] have shown that
preoperative FJ significantly enabled more patients to
achieve all cydes of preoperative chemotherapy
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Table 1. Baseline demographic and clinical characteristics.

Total Study Population (n=46) Fl group (n=31) Control group (n=15) p-value
Mean age =50 (years) 61.6+106 611118 626+77 066
Gender 1.00
Female 0 7 3
Male 36 24 12
WHO Score 044
[t] 32 2 10
1 B 9 4
2 1 1] 1
Siewert Classification 029
1 24 17 7
2 10 8 2
£ ; 12 [ 6
Isolated cells .00
Yes n 8 3
No 35 3 12
T Stage 033
T2 7 13 4
T3 brl 16 mn
T4 2 2 o
Mean BMI +50 at admission “(g!mzi 26.0+6.1 256+ 64 26755 058

compared to the control group without FJ (96% vs.
81.6%; p=10.004). Considering patients with a FJ, the
rate of radical surgical resection was also significantly
higher in patients who presented a nutritional
response to the F] (responders group, 91.9%) than in
patients who did not (no- responders, 53.85%). These
results indicated a positive and decisive impact of F]
for the outcome of surgical resection procedures of
cancer patients with OGA. The objective of our study
was to eluddate the impact of a preoperative F] on
sarcopenia in patients with OGA after preoperative
chemotherapy.

Material and Methods
Study Setting and Selection of Participants

The Ethics Committee of our institution approved the
study and all patients gave their written consent for
their participation in this monocentric study. Patients
presenting with OGA were consecutively and retro-
spectively included in the database between January
2007 and March 2017. All patients were classified
according to sex, age, Word Health Organization
(WHO) score, tumor location according to the
Siewert classification [7], tumor staging, comorbidities,
usual Body Mass Index (BMI), and Nutritional Risk
Index (NRI) (Table 1).

Patients presenting with a non-metastatic OGA,
with a WHO score (-2, treated with a perioperative
chemotherapy protocol and who underwent an
abdominal computed tomography (CT) before and
after chemotherapy were included in our study. The
exdusion criteria were: confirmed metastatic disease
on noninvasive staging techniques (total-body com-
puted tomography or positron-emission tomography
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(PET-Scan)), WHO score 3 or 4, positive macroscopic
peritoneal carcinomatosis or positive peritoneal
cytology in staging laparoscopy (SL), the absence of
perioperative  chemotherapy. We also  excluded
patients with missing imaging data (CT) either before
and/or after preoperative chemotherapy, and patients
did not have second stage surgical resection of the
primitive tumor. In the analyze of factors influencing
the occurrence of sarcopenia after preoperative
chemotherapy, we excluded patients with preexistent
sarcopenia  before  preoperative  chemotherapy.
Complications were graded according to Clavien-
Dindo classification [8]. Major complications were
defined as a complication with a grade superior or
equal to 3a.

For all study population patients, a nutritional
assessment was conducted by measurement of BMI,
serum albumin and prealbumin, NRI score, oral
intake, daily caloric requirements. According to the
literature, NRI score was used to assess initial nutri-
tional status and to monitore the impact of nutritional
interventions [9, 10]. From January 2010 to December
2014, only patients presenting with dysphagia or
insufficient oral intake and a NRI < 97.5 underwent a
staging laparoscopy with peritoneal washing associated
with the placement of a FJ during the same operating
time. If the NRI was above 97.5, the patients only
underwent the SL with the peritoneal washing, Since
January 2015, all patients have had a SL with a FJ per-
formed. We have compared patients without FJ (con-
trol group) to patients with a FJ.

All patients without or with liquid dysphagia had a
supplementary oral intake (Fresubin® Jucy Drink,
Fresenius Kabi; Fresubin® 2kcal fiber Drink,
Fresenius Kabi). Oral intake was evaluated by a
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Table 2. Nutritional risk index before and after chemotherapy.

Nutritional Risk Index (NRI) Fl Group (n=31) Control Group [n= 15) p-value
Mean NRI before chemothermpy +5D 763 +25.1 B67+218 0.16
Mean NR| after chemotherapy + 5D 945+97 918+113 043

nutritionist during preoperative period, every 15day,
in order to adapt total intake (enteral and oral).

Sarcopenia Evaluation

Each patient’s record was reviewed for abdominal CT
images, acquired before and after the chemotherapy
cycles, in both F] and control groups. Muscle mass
was evaluated on electronically stored images, which
were taken for routine diagnosis purposes. According
to the literature [11, 12], the third lumbar vertebrae
(L3) served as a landmark for the choice of the seg-
mented CT slice used for the measurement of the
muscle cross-sectional area. The skeletal muscle com-
prised the psoas muscle, paraspinal muscles (erector
spinae, quadratus lomborum) and abdominal wall
musdes (rectus abdominus, internal and external obli-
ques and transversus abdominus), which were identi-
fied and quantified using Housefield units (HU)
thresholds from —30 to +110 HU. Surfaces were
measured with Image | ® software. The muscles
cross-sectional areas was segmented automatically and
manually corrected if needed and cross sectional areas
(em?) of the sum of all these muscles were computed
for each patient The obtained value was normalized
for stature through body-surface area (by the use of
the Mosteller formula [body-surface area (m?) =
(height (cm) > weight (kg)/3600) x 0.5]. Cutoffs for
sarcopenia were based on CT-based guidelines by
Prado et al. [11] (ie., L3 skeletal muscle index < 385
cm2/m2 for women and < 524 cm2/m2 for men).

Follow-Up

All patients were followed every 3 to 6mo, with a
physical examination. The diagnosis of recurrences
was based on postoperative examination, imaging,
tumor markers, or biopsy.

Statistical Analysis

Chi-square and Fisher’s exact tests were used to deter-
mine the assodation between nominal wariables.
Student’s t-test was used to evaluate differences in
means between two groups of continuous variables. A
univariate and multivariate logistic regressions were
also performed. A difference was considered signifi-
cant when p-value was < 0.05. Only variables with a
p-value < 0.20 on univariate analysis were included in
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the multivariate analysis. Kaplan-Meier survival was
calculated from the date of liver resection and signifi-
cant differences were determined with a log-rank test
All statistical calculations were performed using SPSS
10.0 (SPSS Inc., Chicago, IL).

Results
Cohort Demographics

We included 46 consecutive patients presenting with
OGA imaged by abdominal CT before and after pre-
operative chemotherapy. The F] group comprised 31
patients who underwent the placement of a FJ and 15
patients were induded in the control group, as they
only received perioperative chemotherapy without
enteral nutritional support. Demographic, clinical and
nutritional characteristics of the 2 groups are reported
in Tables 1 and 2. There was no difference between
the two groups in terms of demographics data.
Nutritional status was decreased in the FJ] group com-
pared to control group before preoperative chemo-
therapy, but the difference between the two groups
was not significant (p=0.16) (Table 2).

Sarcopenia Incidence

In the control group, only 6.7% (n=1) of the patients
were initially sarcopenic, but the majority of them
(60%, n=9) became sarcopenic after preoperative
chemotherapy (p =0.002). In the FJ group, 13% of the
patients (n=4) were sarcopenic at inclusion, but only
seven of them (22.6%) became sarcopenic after pre-
operative chemotherapy (p=0.3). More patients
became sarcopenic in the control group (without FJ)
after preoperative chemotherapy than in the FJ group
(respectively 60% vs 22.6%; p=10.012).

Factors Influencing Radiologic Sarcopenia

We have studied different factors which might signifi-
cantly influence the occurrence of sarcopenia after
preoperative chemotherapy. For this purpose, we
excluded patients (n=>5) with preexistent sarcopenia
(before preoperative chemotherapy). Age and pre-
operative feeding jejunostomy were significant risk
factors of sarcopenia (p=0.02 and p=0.006 respect-
ively; Table 3). In the multivariate analysis factors, age
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Table 3. Risk factors of sarcopenia occurrence, Patients with
sarcopenia at the diagnosis were excluded (n =5).

Sarcopenia p-value
Age (years)
<59 2 a2
>60 12
Gender
Female 3 1.00
Male n
WHO Score
1] 9 03z
1 4
2 1
Siewert Classification
1 10 006
2 o
3 4
Signet ring cells
] 10 069
1 4
T stage
12 6 082
13 B8
T4 o
Preoperative chemaotherapy interuption
Yes 1 0
BMI at admission
<20 2 023
20-<25 4
25-<30 6
=30 2
Jejunostormy
No 9 (64.3%) 0006
Yes 5 (18.5%)

> 60years old and preoperative feeding jejunostomy
were independent risk factors of sarcopenia (p=0.02
and 0.006 respectively; Table 4).

Impact of Sarcopenia on Postoperative Morbidity,
Oeso-Gastric Radical Resection Achievement
and Survival

After resection of the primary tumor, if we consider
sarcopenic patients together (n=14; 14.3%), there
were two patients with major complications (Dindo-
clavien >3a) while complications occurred in 7
patients without sarcopenia (regardless of the group,
n=27; 256%) (p=0.7). Thus, sarcopenia did not
appear as a significant risk factor of major postopera-
tive complication in our study.

Sarcopenia also did not appear as a significant risk
factor of prolonged length of stay after primitive
tumor resection, as the mean length of stay was
18day [7-52] in patients without sarcopenia com-
pared to 17.5day [9-39] in patients with sarcopenia.

The mean follow-up was 3+22years (range
0.1-8.7). After gastric resection, 31 patients died dur-
ing follow-up. For the two patients who died after
2years, we have no information about a potential
recurrence or the cause of death. Among the 46
studied patients, the overall survival rates, induding

173

the postoperative death, were 80%, 70.1%, 63.1%,
43.1%, and 24.6% at 1-, 2-, 3-, 4-, and 5-yearrespec-
tively (Figure 1A). The median survival was 4.1years
in the non-sarcopenic group compared to 3.9 years in
the sarcopenic group. The 1- 3-, and 5-year overall
survival of sarcopenic patients (n=16) did not differ
from those observed in non-sarcopenic patients
(n=30; p=0.7). The disease-free survival rates were
69.2%, 67%, 59.7%, 56.2%, and 52% at 1-, 2-, 3-, 4-,
and 5-year, respectively (Figure 1B). The disease-free
survival of sarcopenic patients did not differ from
those observed in non-sarcopenic patients (p=0.8).

Discussion

Sarcopenia was traditionally defined as an age-related
decline in muscle mass [1, 13]. The European
Working Group on Sarcopenia in Older People
(EWGSOP) recently proposed that the sarcopenic
phenotype should also include impaired muscular
strength and/or physical function [13]. In the litera-
ture, sarcopenia - irrespective of definition- is inde-
pendently assodated with poor prognosis across a
wide range of cancers [11] suggesting that muscle dys-
function is an important factor in the cancers history
[14]. However, sarcopenia is preferentially associated
with certain cancers, such as lung, pancreatic and gas-
tric cancer, but the exact reason for this specificity
remains unclear. Studies have also suggested that sar-
copenia is independent of the cancer stage and the
therapeutic protocols used [15], although doxorubicin
induces sarcopenia in animal models.
Importantly, it has been proposed that, in contrast to
fat loss, muscle atrophy is not restored by nutritional
complements [13, 16].

The purpose of this study was to further investigate
the occurrence of sarcopenia in patients with OGA,
and more precisely to evaluate the impact of a pre-
operative F] on sarcopenia occurrence during neoad-
juvant treatment. We have shown that preoperative F]
significantly decreased the occurrence of sarcopenia
during the preoperative chemotherapy: 22.6% vs 60%

Severe

of sarcopenia occurrence in the FJ and control groups
respectively (p=0.012). The absence of a preoperative
F] and age > 60years old were independent signifi-
cant risk factors of sarcopenia occurrence after pre-
operative chemotherapy. However, sarcopenia was not
a significant risk factor of major postoperative compli-
cations and prolonged length of stay after primitive
tumor resection. Sarcopenia did not influence overall
and disease-free survivals in our study. This differs
from previous studies showing that sarcopenia is of
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Table 4. Multivariate analysis with logistic regression reporting odds ratio (OR) and 95% CL

Crude OR 95% Cl o Adjusted OR 95% Q1 p
Preoperative FJ No 1 (ref) - 0.004 1 {ref) - 010
Yes 013 003054 n10 0.02-068
Gender Female 1 {ref) - 0954 1 (ref) - 0,593
Male 105 022502 055 0.06-474
gl Eég Ié:;ﬂ 1.21—_3455 oo !'igriﬂ 1 45!_23.95 e
BMI <20 217 026-1750 0224 2.9‘3 6.13-49.23 0463
20-<25 1 (refy - 1 {ref) -
25<30 488 090-2642 332 0.41-2727
=30 0.93 0.13-640 049 0.03-7.00
A 150+ <o Non saroopels after neoadjuvant chemotherapy [18]. In our study,
s = Sarcoperic there was a high incidence of sarcopenia in the con-
-§ 1 trol group of patients without FJ after preoperative
1 chemotherapy. Sarcopenia ocaurrence was influenced
E sl by an age > 60 years old and the need of a nutritional
5 support by means of a preoperative FJ, while the
tumor stage or the presence of signet ring cells were
T EEERE not risk factors.
Time (Years) Supplementation through preoperative nutritional
& support and immunonutrition has already proven to
-e- Monsarcopenic  benefit critically ill patients with acute respiratory dis-
g == Sarcopenic tress or patients undergoing a major abdominal sur-
g 1005 gery [19]. In our case, the period of time during the
% preoperative chemotherapy permitted to improve the
g % preoperative nutritional status of patients with OGA.
o We have shown in a previous publication that pre-
0 . . . . . operative FJ enabled a better completion of all cydes
2 4 & 8 el f tive chemoth 6]. Alth it i
Tane Cinoen) of preoperative chemotherapy [6] ough it is

Figure 1. Overall survival (A) and disease free survival (B)
(Kaplan-Meier test).

bad prognostic for overall survival [2-4]. The cause of
this difference might be due to the limited size of our
cohort that did not allow enough statistical power.
Sarcopenic patients are also prone to have an
increased propensity for nosocomial infections and
other complications during their hospital stay [12].
Tan et al have shown that sarcopenia could increase
chemotherapy toxicity and intolerance [12]. Many of
the preoperative risk profiles and known risk factors
(age, diabetes, or other chronic diseases...) are not
changeable nor is it not possible to improve them
during the short preoperative period. Nowadays peri-
operative chemotherapy is the gold-standard for the
management of OGA [17]. In order to receive a neo-
adjuvant chemotherapy, patients need to be fit enough
and not in a degraded physical condition. A loss of
body weight is almost inevitable and causes serious
problems in the pre- and postoperative management
of OGA. In their study, Mirkin et al have shown that
one third of their study population was sarcopenic
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admitted that nutritional supplementation alone can-
not restore muscle mass, the reversal of an observed
decline in muscle mass and particularly in physical
function has been achieved in a number of clinical
settings [20, 21]. Several strategies have been described
as combination of pharmacological/nutritional [22]
The role of
‘prehabilitation’ is rapidly emerging in surgical oncol-
ogy and holds major potential targeting sarcopenic
patients undergoing gastrointestinal cancer surgery, by
improving physiological status, enabling to increase
the patient’s ability to cope with surgical stress [14].
In our artide, we have shown that preoperative F]
could significantly counteract sarcopenia settling dur-

and exercise-based countermeasures,

ing the preoperative chemotherapy. Thus, a preopera-
tive F] could improve the preoperative nutritional
status and prevent the occurrence of sarcopenia dur-
ing neoadjuvant chemotherapy. This highlights the
importance of early actions on patient care, before
any deleterious impact of the tumor on the general
physiology occurs. It also dearly points to the fact
that cancer should be considered as a systemic path-
ology. It remains to establish if the gain observed with
preoperative F] could be further improved with more
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specific nutritional support. For instance, we previ-
ously showed that vitamin E derivatives could coun-
teract efficiently muscle atrophy in animal models
[23]. In addition, the molecular mechanisms involved
in the limitation of sarcopenia caused by F] has to be
investigated, to understand how early nutritional sup-
port may limit muscle atrophy. Several critical
molecular mechanisms for muscle atrophy have been
described. Tumor-induced inflammation leading to
cytokine production have been proposed as essential
mediators of muscle atrophy [24]. Similarly, activation
of p53-dependent signaling have been proposed as
common effectors in patients and animal models [25].
Hence, additional investigations are needed to estab-
lish how early nutritional support antagonizes inflam-
mation mediators or the p53 signaling pathway.

Although technological advances for tumor resec-
tion and improved surgical techniques are developed,
postoperative morbidity burden remains a significant
clinical challenge in gastrointestinal cancer care. We
failed to show a significant impact of sarcopenia on
major postoperative complications, the length of
stayand overall and disease free survivals, despite the
fact that many articles have demonstrated that sarco-
penia was associated with approximately 30% to 40%
increased risk of major and total complications after
gastrointestinal [14]. Furthermore, postoperative com-
plications not only affect the patient's symptoms and
recovery, but also have detrimental implications for
long-term risk of disease progression and mortality
[14, 26]. Since preoperative F] could decrease the risk
of sarcopenia occurrence, F] might be a critical point
for further improvement of preoperative OGA man-
agement in
complications.

Few studies have been performed in order to assess
the impact of a F] on the preoperative management of
OGA. Our monocentric study, with a limited popula-
tion has inherent limitations and sources of bias. The
interpretation of the sarcopenic status by means of a
radiologic assessment (CT-based abdominal muscle
evaluation) alone, such as proposed by Prado et al
and used by many authors afterwards may also be a
source of bias [14]. For these reasons, a multicentric,
randomized trial with a large population is necessary
for a more thorough analysis of the impact of a F] on
the preoperative management of OGA.

Preoperative F] seems to efficiently counteract sar-
copenia occurrence during preoperative chemotherapy
for patient with OGA. Preoperative FJ could be a cru-
cial factor in the preoperative management of OGA,
independently of tumor stage, improving the

order to decrease postoperative

175

preoperative nutritional status and long term out-
come, while decreasi ng postoperative comp].ic:ltinn s,
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Abstract

Muscle atrophy is a severe syndrome associated with certain types of cancers and chemotherapies
that worsen the prognosis for patients. We performed a transcriptomic analysis on skeletal muscle of
mice treated with the chemotherapeutic drug doxorubicin to identify the deregulated pathways that
may play a role in muscle atrophy. Beside increase in muscle atrophy mechanisms, such as trimé3,
we observed an activation of cell death (i.e. puma) and DNA damage (i.e. gadd45b) mechanisms,
and of p53 and TAp63 target genes (i.e. peg3) or regulators (i.e. aen), as well as a putative YAP
inhibitor, arrdc2. We first validated the deregulate genes and characterized the expression of p53
and TApé63 in muscle treated with doxorubicin. We then showed that p53 as well as TAp63 are
involved in the regulation of the expression of the pro-atrophic gene trimé3 via a direct interaction
on its promoter. Finally, we showed that the YAP transcription factor participates in the regulation of
trimé3 expression and is regulated by doxorubicin. Altogether, our results characterize novel
molecular mechanisms induced by the chemotherapeutic drug doxorubicin in skeletal muscle that

may account for atrophy observed in cancer patients.
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Introduction

Muscle atrophy can occur as part of many diseases and is often an indicator of bad prognosis,
impairing quality of life and increasing mortality [1, 2]. In addition, several conditions like aging,
starvation, disuse and immobilization can lead to muscle loss and, depending on the cause, different
molecular pathways can be involved in the muscle atrophy process. However, the imbalance
between protein synthesis and degradation mediated by the proteasome pathway and modulated
by the muscle specific ubiquitin ligases Trimé63 (Murf1) and Atrogin-1 (MAFbx) is a common feature
among the diverse causes of muscle loss [3]. These muscle specific ubiquitin ligases - Trimé3 and
Atrogin-1 - are described to be consistently upregulated in a range of skeletal muscle atrophy

models.

Cancer cachexia is a multifactorial syndrome characterized by pronounced muscle atrophy, systemic
inflammation and metabolic alterations [4-6]. Importantly, cachexia affects between 50 to 80% of
cancer patients and is responsible for about 20% of their death [7]. Increasing evidences point out
the impact of the tumors and/or the therapies on muscle function and integrity in cancer patients.
Studies suggest that the tumor itself plays an active role in muscle wasting due to its ability to secrete
pro-inflammatory cytokines and the large requirement of nutrients to maintain cell growth, creating
a tumor-host interaction that aggravates the condition of the patient [4]. At the same time, cancer
chemotherapy presents side effects that could contribute to cachexia, like anorexia, nausea and
diarrhea. But more than that, it has been shown that chemotherapeutic agents have a direct negative
effect on protein metabolism leading to cachexia [8] [?]. In this context, the anticancer drug
doxorubicin is well recognized for having negative muscle catabolic effects [ 10]. Some works suggest
that its atrophic effect would be due to production of ROS [11], TNF-a [12] or ceramides [13]. In
addition, it was shown that doxorubicin is able to induce p53 accumulation in cardiac myocytes,

which can contribute to muscle wasting [ 14].

However, despites the identification of these different mechanisms involved in muscle atrophy, no
efficient therapy has been yet developed to prevent muscle mass loss or restore it in cancer patients.
Hence, we used a transcriptomic approach on muscle of mice treated with doxorubicin to identify
novel mechanisms that might account for skeletal muscle atrophy and that could represent
therapeutic targets. Among the deregulated pathways, this approach pointed to an activation of p53

and its homologue TAp63.

In addition to the classical roles of the p53 family of transcription factors (p53, p63 and p73) in

tumorigenesis, cell cycle, apoptosis regulation, epithelial and neuronal development, numerous
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elements in the literature suggest that the p53 family modulates myogenesis and differentiation [15]
[16]. For example, recently it has been shown that the key muscle factor MyoD coregulates the pro-
apoptotic gene PUMA along with p53 [17]. Furthermore, p63 is particularly important during heart
development [18], and transdifferentiation of fibroblasts into cardiomyocytes-like cells [19]. p73
modulates myoblast differentiation [20]. In addition, p53 and pé3 play a role during muscle
regeneration and metabolism by controlling Sirt1, TIGAR and AMPK expression [21][22][23]. Within
the p53 family distinct promoters generate two classes of isoforms containing (TA) or not (AN) the N-
terminal transactivation domain generally recognized for having antagonist function [24].
Importantly, within skeletal muscles, the balance between TA and AN-isoform expression influences

on developmental and differentiation processes [25].

However, despites recent studies, the exact role and importance of p53 in muscle physiopathology
is still difficult to apprehend, due to contradictory results. For instance, p53 has been shown to be
induced during limb immobilization [26]. Overexpression of p53 in muscle is sufficient to induce
muscle atrophy and loss of p53 reduces muscle atrophy cause by limb immobilization [26]. However,
the loss of p53 does not impact on muscle endurance or adaptation, despites the activation of p53
during exercise [27]. Similarly, loss of p53 does not affect age-related cachexia in mice, despite that
induction of p53 in atrophic muscle is observed [28] [29]. Interestingly, p53 could have a regenerative
function for the muscle, but this is inhibited by deficiency of the Notch pathway in the aged muscle

[30].

Some of the discrepancies observed while studying the function of p53 in muscle physiopathology
might be due to compensation mechanisms by p53 family members. For instance, we underlined the
p53 family relation with muscle atrophy showing that pé3 is upregulated in amyotrophic lateral

sclerosis (ALS) and able to directly modulate Trim63 (Murf1) expression [31].

Hence, in this work, we investigate whether the p53 and TAp63 can modulate muscle wasting in a
cancer-associated cachexia model induced by doxorubicin and if it could be a common regulatory

mechanism of muscle atrophy associated to diseases.

Materials and Methods

Cell culture

C2C12 cells were obtained from ATCC (ATCC CRL-1772) and grown in DMEM (Dulbecco’s modified
Eagle’s medium; Life Technology, Carlsbad, CA) with 10% fetal bovine serum (Life Technology) at

37°C in a humidified atmosphere and 5% CO2. Mycoplasma contamination has been tested
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negatively using PlasmoTest (Invivogene, San Diego, CA). Cells and animals were treated with

doxorubicin (Pfizer 50mg).

Quantitative PCR

TRIzol (Invitrogen, Carlsbad, CA) was used to extract RNA. One pg of RNA was used for reverse
transcription (iScript cDNA kit, Bio-Rad, France) and gPCR was carried out (iQ SYBR Green, Bio-Rad).

Expression levels were normalized TBP as previously described [32].

Western blotting

Cells or tissue were lysed with LB (125 mM Tris-HCl pH 6.7, NaCl 150 mM, NP40 0.5%, 10% glycerol).
Proteins were denatured and deposited directly (35 pg of proteins) onto a SDS-PAGE gel. Western
blotting was performed using antibodies raised against p53 (mouse monoclonal anti-p53, 1C12, Cell
Signaling Technology, France), p63 (mouse anti-p63, 4A4, Santa Cruz Biotechnology; p63, Abcam,
France), p73 (rabbit monoclonal anti-p73, EP436Y, Epitomics Abcam Company, France), TAp63
(rabbit polyclonal anti-Tap63, 618901, Biolegend), Trimé3 (rabbit anti-Trimé3, D01, Abnova; Taipei,
Taiwan), Yap (mouse monoclonal anti-Yap, sc-101199, Santa Cruz) and phospo-Yap (rabbit
monoclonal anti-pYap, 13008, Cell Signaling). Secondary antibodies (anti-rabbit, anti-mouse: Sigma,

France) were incubated at 1:1000. Loading was controlled with actin (mouse anti-beta-actin, Sigma,

1:10000) (Antoine et al., 1996).
Transfection assays

Cells were transfected by JetPrim (Polyplus, Strasbourg, France) as previously described [33]. SIRNA
transfection was performed using 10 nM of siRNA against p63-pan (Trp63 Stealth RNAi MSS212111,
Invitrogen), 50 nM of siRNA against p53 (Trp53 s75474, Ambion) and 30 nM of siRNA against Yap
(Yap s76160, Ambion), using RNAIMAX or Dharmafect as described by the protocol provider (Life

Technology and Dharmacon™ respectively).
Trp53 sequence: GCU UCG AGA UGU UCC GGG Att
Trp63-pan sequence: CCG AGG UUG UGA AAC GAU GCC CUA A

Yap sequence: GGA UGA AAU GGA UAC AGG Att

Chromatin immunoprecipitation (ChlP) assay
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ChlIP assays were performed using the standard protocol from the Magna ChIP G kit (Millipore).
C2C12 lysates were sonicated 12 times at 10% power (Bioruptor™ UCD-200, Diagenode). For each
1 million cells, 1 pg of antibody was used. P53 and p73 were immunoprecipitated with a mouse
antibody raised against total p53 (mouse monoclonal anti-p53, 1C12, Cell Signaling Technology,
France) and p73 (mouse monoclonal anti-p73, E-3, Santa Cruz Biotechnology; Abcam, France).

Mouse-anti-RAB11A was used as negative control (Santa Cruz Biotechnology).

RNA sequencing

Sequencing was performed by the Sequencing platform of the IGBMC (Strasbourg) and results were
first analyzed using AltAnalysis software [34]. Deregulated gene were identified based on two-fold
change expression and t-test p-value <0.05. Deregulated genes were then analyzed for over-
representation in selected biological processes in several resources: Gene Ontology,
MPhenoOntology, Disease Ontology, GOSlim, PathwayCommons, KEGG, Transcription Factor
Targets, miRNA Targets, Domains, BioMarkers, RVista Transcription Sites, DrugBank, BioGrid.

Wild-type mice and doxorubicin treatment

In total forty wild-type (WT) male mice C57BL/6 background 5 months old were randomly assigned
to four groups of 10 mice each. The animals received a single intraperitoneal injection of doxorubicin
(Pfizer 50mg) diluted at 18mg/kg in 0.9% NaCl, during 1, 3 or 5 days. Vehicle-treated littermates
received the same formulation without doxorubicin. In vivo experiments were repeated twice with a
number of animals recommended to optimize statistical analyses according to the regional and
national animal ethics committee. All animal manipulations were performed under appropriate

supervision and observing protocols validated by the regional and national animal ethics committee.

Animals underwent an abdominal micro-CT at day 0 - day 3 - day 5 (Institut Pluridisciplinaire Hubert
Curien). We also performed, ex vivo magnetic resonance imaging using a preclinical 9.4 T MRI
(Bruker BioSpin MRl GmbH, BioSpec 94/20, Ettlingen, Germany) and a mouse body-coil. The mice
were placed carefully in the coil in dorsal decubitus in a prone position (head first). We performed
an axial RARE T2-weighted sequence, with the following parameters: TR = 24 ms, TE= 4000 ms,
average = 1, slice thickness = 0.5 mm, FOV = 28 x 28, image size = 128 x 128, excitation angle = 90°,
duration 4-5 minutes. Then, we performed a diffusion-EPI sequence with ADC map, using the
following parameters : TR = 25.49 ms, TE= 3200 ms, average= 1, flip angle = 90°, slice thickness =
Tmm, FOV = 28 x 28, image size = 128 x 128, diffusion directions = 1 (b0 - b200 - b 500 - b1000),

duration 4-5 minutes. We performed a T1-weighted in / out of phase sequence, using the following
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parameters: TR = 300ms, TE= 1,43/1,79 ms, average= 2, flip angle = 30°, slice thickness = Tmm, FOV
= 28, image size = 140x140, duration 1m 24 sec. We also performed a T1-weighted sequence (with
and without FS), using the following parameters: TR = 300 ms, TE= 3 ms, average= 2, flip angle =

30°, slice thickness = Tmm, FOV = 28, image size = 140x140, duration 1min 3 sec.

Surface measurements of paravertebral muscles were measured on an axial plane at the level of the
renal hilum and signal intensity were measured on the T1-weighted sequences using Region of

Interest (ROI) with the free DICOM viewer Horos ™ and Paravison® 6.1 software.

TAp63*/CeROSA26™m° reporter mouse line

TAP63RE* mice were generated by the Clinique de la Souris (Strasbourg) by introducing the CRE
recombinase cDNA after the TAp63 promoter. The ROSA26-tomato mice contain the cDNA for the
fluorescence protein Tomato after a LoxP flanked STOP cassette. By crossing these two mouse lines
TAp63RE+:ROSA26T°mate mice were generated in house. Wild type C57BL/6, TAp63<RE/CRE of
TAp63RE+:ROSA26Tomate C57BL/6 mice of 10 weeks were weighed and intraperitoneally injected
with 18 mg/kg doxorubicin in 200 pl 0.009% saline. Mice were weighed on a regular basis. Treated
mice were sacrificed either 1, 3 and 5 days after treatment. Gastrocnemius muscles were dissected
out for immunofluorescent staining or RTQPCR. All animal experiments were approved by the

Regional and National ethical committees.

Statistical Analyses

Statistical analyses were performed using a one-way analysis of variance followed by a Tuckey post-
test to allow a comparison between all the conditions. In the graphs, an asterisk indicates a statistically
significant difference. Tests confirmed a statistically significant difference between control and

treated mice. Statistical analyses were performed using Prism (GraphPad Software, San Diego, CA).

Results

RNA sequencing of doxorubicin-treated skeletal muscles shows multiple deregulated

pathways

To better understand and study chemotherapy-related changes in cancer patients’ muscle, a
frequently used model consists in treating mice with doxorubicin and follow the size and weight of
gastrocnemius skeletal muscles [35]. In order to identify novel molecular mechanisms involved in

chemotherapy-induced muscle atrophy, we used this model and analyzed the gastrocnemius skeletal
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muscles by RNA sequencing (Figure 1). Mice were treated (n=3) with doxorubicin and three days
after their muscle mass was measured after dissection, showing a 20% decrease in gastrocnemius
weight compared to controls (Figure 1A, B)[35]. In clinical routine, muscle atrophy can currently only
be diagnosed at relatively advanced stages using imaging, by means of a CT-based surface & density
evaluation (abdominal CT with or without contrast, or CT images of PET-CT) of muscle loss, which
consists in measuring the surface and the density (in Housefield units) of the paravertebral muscles
(psoas and erector spinae muscles) on an axial plane at the level of the 3rd lumbar vertebra (L3), then
normalized to weight and height (BMI). We applied the same measurement method to our drug-
induced muscle atrophy mouse model at the level of the renal hilium on micro-CT (Figure 1C, D) and
MRI (Figure 1E), for a better reproducibility of the measurement method. We compared our groups
of mice: one treated with doxorubicin and the other with only vehicle, and followed them
longitudinally at day 0, day 3 and day 5. We observed that doxorubicin induced a progressive
diminution in paravertebral muscle surface that could be observed on micro-CT from the 3" day after
the beginning of the experiment (Figure 1D). There was an average decrease in paravertebral muscle
surface between day 1 and day 5 of 15.3% + 0.90, compared to 1.23% + 0.64 for controls, but we did
no see significant differences in terms of muscle density. Similarly, using the same surface-
measurement method on MRI, we observed of a lower paravertebral muscle surface in doxorubicin-
treated mice (n=>5, 25.14mm? + 1.72) compared to controls (n=3, 32.33 mm? + 3.21, 29% decrease
p=0.0357 (Figure 1E). MRI showed signal intensity changes in paravertebral muscles between
treated-tumors and controls. For instance, the signal intensity ratio between fat saturated T1-weighed
images and non-fat saturated T1-weighted images was lower in doxorubicin-treated tumors (54.31
units + 2.18) compared to controls (61.76 units + 2.54, p=0.0357 (Figure 1E), but signal intensity ratio
between in and out of phase sequences showed no significant differences between groups
(p=0,3929). This means that the composition of the muscles has changed, with an increase of fatty-
like structures. It may indicate infiltration of fat or increase in conjunctive tissue upon doxorubicin

treatment.

Once muscular atrophy was established, we purified RNA from treated and un-treated control
muscles and and sequenced it. Sequencing results were analyzed by Altanalysis software to establish
a list of genes deregulated by 2-fold with an adjp value < 0.05. Then, pathways analyses were
performed using multiple databases (ex. DAVID, STRING, Reactome, TRAP). Deregulated processes

or pathways were selected when the false discovery rate was bellow 0.05 or the z score above 2.

As expected, muscle atrophy related pathways were identified as induced, which included the Murf-

1/Trimé3 ubiquitin ligase (Figure 1F). In addition, pathways related to cell death, autophagy, cell
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growth, and DNA damage, were also activated. Activation of these pathways correlated with
induction of target genes for the Tp53 and TApé63 transcription factors (Figure 1G). Target genes for
other transcription factors, such as Nfkb and Fox3p, were also induced. In particular, target genes for
MyoD1 were induced, indicating that muscle plasticity mechanisms leading to precursor proliferation

are activated upon doxorubicin treatment [36].

Inversely, several mechanisms, such as cell adhesion and extracellular matrix components, skeletal
muscle development and pro-survival mechanisms (AKT-Pi3K and PDGF signaling), were strongly
downregulated (Figure 1F). Similarly, target genes for several transcription factors, such as SP1,
NFAT3, and Myogenin were also downregulated, suggesting that the activity of these transcription
factors was downregulated in muscle upon doxorubicin treatment (Figure 1). Interestingly, these
transcription factors are also part of the molecular mechanisms of muscle cell differentiation

processes [36, 37].

TApé63 is induced during atrophy of skeletal muscle

The pathway analyses in skeletal muscles upon doxorubicin treatment identified the upregulation of
several target genes and regulators of Tp53 and TAp63, such as gadd45, nqo1, aen, edaZr, ddit4
and peg3(Figure 2A). This observation suggested that Tp53 and TAp63 were involved in the process
leading to muscle atrophy induced by doxorubicin. This was previously shown for p53 but never so
far for TApé3 [14]. However, as we previously showed that TAp63 expression was induced during
skeletal muscle atrophy in amyotrophic lateral sclerosis (ALS) [31], we decided to investigate further

the role of TAp63 in the response of muscle to doxorubicin.

Mice were treated with doxorubicin and gastrocnemius muscles were analyzed after 1, 3 and 5 days
of treatment. Under these conditions muscle mass decreased of about 25% after 3 days and stayed
diminished at 5 days (Figure 2B). As expected, expression of the two major pro-atrophic ubiquitin
ligases, trimé3 and atrogin1, was strongly upregulated at 3 days of treatment, with a significant but
small increase at 1 day and 5 days of treatment (Figure 2C and D). As expected, protein level of P53
increased upon 5 days pf doxorubicin treatment, without changes at the mRNA level. In contrast

TAp63 mRNA level was already increased at 3 days of treatment (Figure 2E and F).

We also attempted to visualize TAp63 protein expression in the muscles. Despite the use of multiple
antibodies, we never were able to detect TApé3 expression by western blot or immuno-
histochemistry (personal data). Hence, we used a genetic approach to assess the existence and the

role of the expression of TAp63 in skeletal muscles. Mice with CRE recombinase knock in located in
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the promoter of TAp63 (TAP63°RE*) were breaded with ROSA26™Ma mice that contains a LoxP
flanked STOP cassette before the cDNA for the fluorescence protein Tomato (Figure 3A). The
generated compound mice (TAp63“RE'*:Rosa26™°ma°) expressed the fluorescent Tomato proteins in
cells that have or have had an active TAp63 promoter. Expression of Tomato proteins was present in
myotubes of the compound mice (TAp63“R¥*:Rosa26™ma®) but not in the Rosa26™™® mice (Figure
3B). Tomato expression was also observed in nuclei. Interestingly the number of tomato-positive
nuclei was increased upon doxorubicin treatment (Figure 3B and C). These results suggested that
TAp63 was expressed in muscle cells and that its expression is activated by doxorubicin in some

nuclei.

To analyze the possible role of TAp63 in muscles, we inter-crossed TAp63“f¥* mice to generate
TAp63RECRE mice that do not express TAp63 protein. TAp63“R¥* and TAp63REREmice were treated
with doxorubicin for 3 days and compared to non-treated mice. No significant changes in
morphology was observed. However, analysis of trim63 expression showed that doxorubicin induced
more strongly trimé3 in TAp63 KO mice (Figure 3D). This result was surprising as we previously
reported that TAp63 was capable of inducing trimé3 expression [31]. Hence, we analyzed under the
same condition other genes that might be impacted by either doxorubicin treatment or TAp63
expression. Interestingly, under the same conditions atrogin-1 induction by doxorubicin is not
changed. In contrast, sirt1 that has previously been shown to be regulated by TAp63 [23]is induced
in WT mice but notin TAp63 KO mice (Supplementary figure 1). These results indicate that TAp63 is

expressed in muscles and participates in the regulation of specific genes involved in muscle atrophy.

TAp63 is induced by doxorubicin in myoblastic cells

To clarify the role of TApé3 in the response of skeletal muscle to doxorubicin, we used the murine
myoblastic cell line C2C12. In these cells, doxorubicin treatment induced also the mRNA levels of
several p53/TAp63 target genes (i.e. nqoT, noxa) (Figure 4A) that we also found upregulated in the
RNA sequencing experiment, indicating that the change in mRNA level was also occurring in muscle
cells of the gastrocnemius muscle and not only in some other cell types that might be present in this
muscle. We then analyzed the expression level of p53 and TAp63 in C2C12 cells treated with two
concentration of doxorubicin (0.4 and 0.6 uM) over different time. This time course experiment
revealed that doxorubicin strongly induced the mRNA level of TAp63 at 18h, which was maintained
at 24h of treatment (Figure 4B). P63 proteins were also induced although with less intensity (Figure
4C). p53 protein level was also induced by doxorubicin, in a time and dose dependent manner. The
induction of p53 protein expression and nuclear localization was confirmed by

immunohistochemistry (Supplementary Figure 2).
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Interestingly, the doxorubicin-induced expression of p53 and TApé63 correlated with trimé3 (Figure
4D) and atrogin-1 upregulation (Figure 4E), similarly to what was observed in vivo (Figure 2C and F).
These results showed that doxorubicin induces the expression of p53 and TAp63 and atrogenes in
myoblast cells in a similar time and dose dependent manner, suggesting that they might act in the

same pathway.
Functional interaction between p53/TAp63 and Trimé63

Based on the correlation existing between the expression of the different p53 family members and
atrogenes, we aimed at investigating whether the different members of the p53 family could regulate
the expression of trimé3 and atrogin-1. To do so, we performed gain of function experiments in
murine myoblastic cells (C2C12), treated or not treated with 0.6 uM of doxorubicin for 24 hours, and
subsequently analyzed for the expression of trimé3 and atrogin-1 mRNA by RT-gqPCR. The results
showed that overexpression of TAp63 strongly induces the expression of trimé3, which was further
potentiated by the treatment with doxorubicin (Figure 5A). Interestingly, ANpé3, normally described
for having a dominant negative effect, also stimulated Trimé3 expression. Overexpression of p53
also induced trimé3 expression, but with less intensity than TApé3. Importantly, overexpression of
the different p53 family members did not affect atrogin-1 expression (data not shown). These results

confirmed our previous data suggesting that the p53 family regulates trimé3 expression [31].

To investigate if the expression of trimé3 is not only induced but also depends on the expression of
the p53 and TAp63, we transfected C2C12 cells with p53 or pé3 specific siRNA, treated cells or not
with 0.6 pM of doxorubicin for 24 hours and analyzed again for the expression of trimé3 by RT-qPCR
(Figure 5B-E). The efficacy of the p53 and p63 siRNAs was confirmed by RT-gPCR (Figure 5B and C)
and Western blot (Supplementary Figure 3A and B). Importantly, transfection of siRNA against p53
or p63 strongly decreased Trimé3 expression in the presence of doxorubicin (Figure 5D and E)
suggesting that doxorubicin induced expression of trimé3 in part depends on p53 and p63 in C2C12.
Hence, it is possible that in TAp63 KO mice p53 compensate for the lack of TAp63 in regulating

trimé3.
Physical interaction between the p53/TAp63 and Trimé3.

Our results support the hypothesis that p53 family members may participate in the regulation of
trimé3 expression during muscle atrophy induced by doxorubicin. Indeed, we have previously shown
that TApé3 can bind and transactivate trimé3 promoter [31]. In order to evaluate if doxorubicin might

influence the p53 family binding to the trimé63 promoter we performed Chromatin
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immunoprecipitation (ChIP) assays covering two possible p53 binding sites in the trimé63 promoter
in presence of doxorubicin (Figure 6A). These binding sites were identified using both the
"Eukaryotic promoter database” and the “p53FamTAG" bioinformatic tools. One of the sites is
located at 660/-690 bp (RE1/2) and the second at 2015/2045 bp (RE3/4). The ChIP assay
demonstrated that both p53 and TAp63 bind to the trimé3 promoter (Figure 6B). However, it showed
also that although doxorubicin strongly induced trimé3 expression, it does not seem to further
increase the binding of p53 or pé3 to the trimé3 promoter. The binding of pé63 on the trimé63
promoter is also observed in the cardiomyocyte ENO2 cells when a TApé63gamme chromatin
immunoprecipitation and sequencing of the bound sequences (ChIP seq) was performed [38]. The
binding site is close to the start site at a position similar to the RE1/2 sites (Supplementary Figure 3C).
It is to note that the CHIP seq was done in non-treated cells, indicating that TAp63gamme is bound
to the trimé promoter at least inn some cells even in absence of treatment, as supporting our

observation in C2C12 cells.
Role of YAP in the expression of trimé63

One of the most induced genes in the RNA seq experiment was arrdc2 (fold change = 7.2) (Figure
7A). Interestingly, two family members of arrdc2, arrdc1 and arrdc3, are negative regulators of YAP
[39][40]. YAP is an important cofactor that belongs to the Hippo pathway, insuring the conversion of
mechanical stimuli into biological activity [41]. YAP participates in multiple processes through the
interaction with different transcription factors, such as TEAD1-4 and p73, which leads to the
expression of different types of target genes, such as ctgf, cyré61, igfbp5, puma, or ankrd1. In addition,
p53 regulates the Hippo pathway by interfering with upstream regulators, such as Lats1/2 [42], and
it has been shown that TAp63 can induce the Hippo pathway [43]. Interestingly, YAP has been shown
to inhibit trimé3 expression [44], and the Hippo pathway seems to play an important role in
controlling muscle plasticity [45]. Hence, we decided to analyze the impact of doxorubicin on the

activity of YAP in the skeletal muscle and if YAP participated in the activation of trimé3 expression.

Interestingly, analysis of the RNA sequencing data showed that several genes that are coregulated
by YAP, such as cyré1, puma of ankrd1 are upregulated following doxorubicin treatment. However,
other YAP co-regulated genes are downregulated, such as ax/ or igfbp5 (Figure 7A). The
deregulation of two of the most canonical targets genes of the Hippo pathway, cyré1 and ctgf, was
validated by RT-gPCR in an independent experiment (Figure 7B). Similarly, upregulation of cyr6 7 and

puma, other YAP target genes, was also observed in C2C12 cells treated with doxorubicin, while ctgf
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and igfbp5 were downregulated (Figure 7C). These results further suggested that YAP might be

regulated upon doxorubicin treatment.

To analyze YAP regulation, we performed immunofluorescence staining on C2C12 cells treated with
doxorubicin using a specific YAP phospho-antibody that recognizes YAP phosphorylated at s127.
This phosphorylation sequesters YAP in the cytoplasm into an inactive form. C2C12 cells at
confluence and in control condition showed a cytoplasmic and nuclear localization of YAP (Figure
7D). Treatment with doxorubicin induced a nuclear re-localization of YAP without a significant
decrease of YAP phosphorylation. These results suggested that doxorubicin induced YAP capacity

to induce gene expression by its nuclear localization.

To investigate the role of YAP in trim63 expression, we used loss of function experiments using the
YAP pharmacological inhibitor verteporfin and a siRNA towards YAP. Treatment of C2C12 with
verteporfin blocked the induction of trimé3 expression by doxorubicin without affecting the basal
expression of trimé3 (Figure 7E). Under the same conditions, verteporfin diminished the expression
of two YAP target genes, cyré 1 and ctgf, both in basal and doxorubicin-treated conditions. This result
suggested that YAP might be involved in the induction of trimé3 expression by doxorubicin but not
in its basal expression. Similarly, YAP siRNA diminished the expression of cyr67 in doxorubicin-
treated cells (Figure 7F). However, the effect of YAP siRNA on trimé3 was less marked compared to
verteporfin. To gain further understanding on how inhibition of the YAP and Hippo pathway might
be impacting on trim63 expression, we analyzed the expression of the TAp63 and one of its target
gene, aen. YAP siRNA diminished their mRNA level after doxorubicin treatment, suggesting that YAP

might control in part the expression of trimé63 through TAp63.

Discussion

Despites numerous studies and the identification of several molecular mechanisms involved in
muscle atrophy, including when it is caused by anticancer treatment, no efficient cure exists yet to
restore muscle mass and strength. This lack of therapeutic solution is significantly impairing the
quality of life and survival of cancer patients, and highlights the necessity to improve our
understanding of the signaling pathways that cause muscle atrophy. To do so, we performed, to our
knowledge, the first transcriptomic analysis on skeletal muscles of mice treated with an anticancer
drug. This allowed us to identify several pathways and processes that were deregulated, either
induced or repressed, upon treatment of mice with doxorubicin. Among them, target genes and
regulators of TP53 and TAp63 were identified as being significantly over-represented. Based on this

observation and our previous findings that TApé3 was induced in muscle atrophy during ALS and
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regulates trimé3, we further analyzed the role of TAP63 in the response of muscle to doxorubicin.

Doxorubicin deregulates multiple pathways in skeletal muscle

The transcriptomic analysis identified multiple pathways that were deregulated in the muscle of
doxorubicin treated mice. Some of them were expected, such as the activation of the trimé3/atrogin-
1 muscle protein degradation program [46] or the induction of apoptosis [47] and autophagy [48],
that were previously described in this context. In addition, our transcriptomic analyzes found negative
regulation of pro-survival pathways, such as AKT and MAPK pathways, which is consistent with the
activation of the apoptosis and autophagy events. However, several deregulated processes or
pathways were never connected to doxorubicin-induced skeletal muscle toxicities, such as activation
of glycogen and lipid metabolism, or inhibition of enzymes involved in remodeling of the

extracellular matrix.

The implication of these processes in the muscle toxicity of anticancer drugs makes sense as they
have been shown to be important in muscle homeostasis and plasticity. For instance, dysregulation
of lipid homeostasis or glycogen synthesis (i.e. gbe1 fold change = 2.27) have been shown to be
involved in muscle atrophy in various pathologies [49] [50] [51] [23]. Obviously, loss of extracellular
matrix and cell adhesion may also participate into muscular atrophy as these components are
essential for the structure and the function of the muscle [52]. Interestingly, this loss of interaction
with the matrix or adjacent cell may contribute to the complex regulation of the Hippo pathway and
YAP that we also observed. Indeed, the Hippo pathway and YAP are essential effectors of the
mechanotransduction processes that are often initiated at the membrane by interaction with the

extracellular matrix [41].

In addition to these deregulated pathways, the activity of several transcription factors is modulated
by doxorubicin in the muscle. For instance, a complex regulation of muscle developmental and
differentiation processes seems to take place as MyoD1, which favors proliferation of myoblasts, is
induced, while MyoG, which induced differentiation into myotube, is repressed [34, 37]. NFKB and
FOXP3 are induced which could be expected as they are nuclear effectors for the signaling pathway
induced by cytokines that are often association with cancer-related muscular atrophy [4, 53]. More
surprisingly, HIF1A pathway appears to be both induced and repressed. Although we cannot exclude
that it may represent an artefact of the bioinformatics analyses, it may also be explained by a complex

regulation of the specificity of HIF1A to target selected genes.
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Use of MRI and micro-CT imaging technique to support molecular results on muscle atrophy

Interestingly, the changes in lipid metabolism pathways is also supported by our MRI experiment
showing a significant change in muscle lipid content upon doxorubicin treatment. Indeed, the
changes observed at a molecular and genomic level, we have also been able to observe in vivo
morphological and composition changes in paravertebral muscles, using small animal imaging. Our
results on mice is similar to those observed in patient when analyzed with the method of Prado et al
stipulating that measurements of paravertebral muscle surface on an axial plane at the level of the
3 lumbar vertebra in humans (and the renal hilum in mice, for more reproducible measures) can
estimate sarcopenia [54]. Indeed, we observed that doxorubicin induced a progressive decrease of
paravertebral muscle surface, which we could observe on micro-CT from the 3™ day on after the
beginning of the experiment. In addition, with this method, we have been able to observe
doxorubicin-changes in muscle signal intensity on MRI between fat saturated and non-fat saturated
images. Our results supports other studies showing the potential of this methods in muscle or other
organs changes in animal models [55] [56]. For instance, MRI could be used, in both humans and
mice, to detect changes in the liver composition, such as steatosis (=fatty infiltration) of the liver, with
specific sequences such as the T1-weighted multi-echo DIXON sequence [57][58]. Similarly, MRI can
also be used to detect changes in muscles morphology and composition, such as injured muscle
changes in mouse models of rotator cuff tears or to image age-related sarcopenia in mice and rats
[55]. All in all, doxorubicin induced in vitro and in vivo changes in muscles, which we can easily

visualize and quantify with small animal imaging studies.
Doxorubicin induces Trim63 (Murf1) expression via the p53 and TApé63.

The transcriptomic approach showed an enrichment of p53/TApé3 target genes and regulators in
response to doxorubicin in the skeletal muscle. The induction of p53 was previously shown and is
consistent with activation of apoptosis and autophagy [ 14]. Similarly, activation of p53 was shown in
muscle atrophy in other contexts, such as limb immobilization [26], ALS [31], muscle unloading [59],
or spinal muscular myopathy [60]. However, abolishing p53 function by gene inactivation did not
rescue muscle atrophy, suggesting that compensatory mechanisms may exist [61]. Hence, the
activation of TApé3 by doxorubicin we described here, and that we previously showed in ALS [31],
could represent a such compensatory mechanism by inducing pro-apoptotic genes in place of p53.
In this context, itis interesting to note that pifithrin that has been shown to inhibit the activity of several

p53 family members can reduce the muscle atrophy induced by anticancer drugs [62].
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In addition, activation of p53 and TAp63 could also explain some of the deregulation of the muscle
metabolism. For instance, p63 has been shown to be involved in lipid metabolism [63], for example

by inducing apod [64], which is a gene that is induced by doxorubicin in our experiments.

In addition to this function of p53 and TAp63 in apoptosis, we also provide evidence that the
expression of the pro-atrophic ubiquitin ligase Trimé3 is controlled by p53 and TApé63 in the skeletal
muscle upon treatment with doxorubicin. Both transcription factors bind to the trimé3 promoter and
are involved in trim63 mRNA upregulation caused by doxorubicin in C2C12 cells. In addition, the
deletion of TAP63 in mice impact on the expression of trimé3 by increasing it. This suggests that a
compensatory mechanism induced by the loss of TApé3 ends up to favor trimé3 expression upon
doxorubicin treatment. For instance, TAp73 could be also part of these compensatory mechanisms
as we observed its upregulation in TAp63 KO mice (data not shown). Interestingly, p53 or TApé3 do
not play a role in atrogin-1 expression, neither in vitro nor in vivo, demonstrating a selective role of
these two transcription factors on the ubiquitin ligase that induces degradation of the muscle

structural proteins and not on the one targeting the muscle specific transcription factors [46].

This selective effect on trim63 and not atrogin-1 may also explain why we did not observe significant
differences in muscle structure and mass between the WT and the TAp63 KO mice upon doxorubicin
treatment. However, this can also be due to the intervention of p53 or even TAp73, which would be
consistent with our results and the previous studies showing that p53, p63 and p73 proteins play a

role in muscle cell proliferation and differentiation [20].
Role of YAP in muscle atrophy and expression of trimé63

Doxorubicin causes a differential regulation of YAP co-regulated genes. For instance, cyré61, puma
and ankrd1 are being upregulated, while ctgf, igfbp5 and ax/ are downregulated. This complex
regulation can be partly explained by the fact that YAP interacts with multiple transcription factors
that control the expression of these different target genes. For instance, puma and bax are co-
regulated by YAP and TAp73 [65]. Additional interaction between the p53 family and YAP have been
shown [66]. More precisely, activation of YAP leads to increased TAp63 activity with production of
ROS [67]. This latter study might explain our results showing that the expression of TAp63 and its
target gene aen is downregulated by YAP silencing upon doxorubicin treatment in myoblastic cells.
The mechanisms leading to YAP selective activation are yet to identified, but modulation of cell
stiffness by doxorubicin via interaction with DNA or other cellular components might account for part
of it. In this sense, some interesting co-factors, the VGLL proteins that interact with the TEAD

transcription factors, have been shown to negatively regulate YAP [68]. In particular, VGLL4 has been
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described to be important during muscle regeneration because of its knock-down avoids TEAD-4
related transactivation of MyoD, that consequently induces impairments in myoblast contraction and
differentiation. Another VGLL family members, Vgll3, is weakly expressed in mouse skeletal muscle
while its expression increased in response to hypertrophy or regeneration [69]. Interestingly, VglI3
silencing suppresses myoblast proliferation, while VglI3 overexpression promotes myogenic
differentiation by reducing the activity of the Hippo pathway. These complex regulations indicate
that additional studies will be necessary to understand the mechanism that regulates the association
of YAP with its different partners and how it impacts on the expression of selected genes in response
to doxorubicin. As YAP is an essential component of the Hippo mechano-transduction pathway, it is
possible that the modulation of cell stiffness by doxorubicin via the interaction with different cellular

component (DNA, membrane lipids, actin) might impact on YAP activity [ 70].

This complex regulation might also explain why the role of YAP and the Hippo pathway in skeletal
muscle is still controversial [71]. For instance, a dominant active form of YAP, that cannot be
phosphorylated at serine 127 and be sequestered into the cytoplasm, reduces the expression of
MyoG during myogenesis. This is consistent with our finding of an increase in YAP nuclear localization
upon doxorubicin treatment in myoblastic cells. Furthermore, transgenic mice with such a dominant
active mutant display muscle atrophy with elevated expression of trimé3 [72], supporting our findings
that upon doxorubicin YAP participates into the activation of trimé3 transcription. However,
overexpression of a normal YAP in mouse muscles produces the inverse phenotype [73], and even
upon denervation that causes muscle atrophy, its expression was induced. Similarly, muscles with
dystrophin mutation associated with Duchenne muscular dystrophy or mutation LMNA associated
with LMNA-related congenital muscular dystrophy have a constitutively activated YAP and YAP target

genes [74][75].

Interestingly, it was also found in this study a decrease in phosphorylation at serine 112 of YAP during
myoblast maturation. Hence, it appears that the function of YAP in muscle plasticity involves its tight
regulation by phosphorylation events that will also mitigate its association with different transcription

factors.

In conclusion, our study highlights the complexity of the signaling pathways involved in muscle
atrophy caused by anticancer treatments and point to the importance of the p53 family in this
process, including via the regulation of the pro-atrophic gene trimé63. Our results also provide

evidence of possible interactions between the p53 family and the Hippo pathway via the YAP co-
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activator during muscle atrophy, shaping a complex network linking mechanotransduction events

with metabolism and cell survival processes.
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Figure 1. Gastrocnemius muscle develop a dynamic transcriptomic program in response to the cytotoxicity
induced by doxorubicin. A. Schematic representation of the protocol followed to analyze the transcriptome of
gastrocnemius of mice treated with doxorubicin (18mg/Kg, single dose). CT=CT scan, MRI=magnetic resonance
imaging. B. Evolution of non-treated and doxorubicin treated mice weight (mg). * indicates p<0.05 (n=9). C.
Magnetic resonance imaging (MRI), axial T2-weighted sequence at the level of the renal hilium with manual
segmentation of the paravertebral muscles (green) between a doxorubicin-treated mouse at day 5 (right) and a
control mouse (left). D. Lumbar muscle surface measured by CT scan and represented as percentage of the
untreated time (D0). DO= Day 0 before the treatment, D3= 3 days after the treatment, D5= 5 days after the
treatment. E. Muscle fat content assessed by MRI. F-l. Pathways (F. H.) and transcription factors-associated genes
(G. L.) found increased (F. G.) or decreased (H. L.) enriched upon doxorubicin treatment. Deregulated genes
were identified by RNA sequencing. Graphs display -log 10 FDR and z score for indicated deregulated pathways
with adjp < 0.05. Deregulated pathways were identified using STRING, Reactome, DAVID and Altanalysis
software.
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Figure 2. Doxorubicin induces muscle atrophy markers in muscle tissue. A. Doxorubicin induces
expression of p53 family target genes (gadd45, nqo1, aen, edaZr, ddit4 and peg3) in gastrocnemius
muscles. Graph represent fold change with adjp value relative to the control obtained in the RNA
sequencing experiment. * indicates p < 0.05 respectively (n=3). B. Doxorubicin induces significant
loss of mice weight in a time-dependent manner. Mice were weighted before doxorubicin injection
(Ct) or 1 day (D1), 3 days (D3) and 5 days (D5) after doxorubicin injection. C. D. & F. mRNA level of
trimé3 (C) and atrogin1 (D) and tapé3 in gastrocnemius muscle (F) 3 days (D3) after treatment with
doxorubicin. Gastrocnemius muscle were removed, and mRNA were analyzed by gPCR. tbp was
used as housekeeping gene. Graphs represent means with SD relative to the control. * indicates p <
0.05 respectively (n=3). E. Doxorubicin induces the expression of p53 protein time-dependently in
gastrocnemius muscle. Skeletal muscle was removed before doxorubicin injection (Ct) or 1 day (D1),
3 days (D3) and 5 days (D5) after doxorubicin treatment and protein level was analyzed by western

blot. Actin was used a house-keeping gene.
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Figure 3
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Figure 3. TApé3 participates in doxorubicin-induced muscle atrophy. A. Schematic representation of
the genetic approach used to assess the expression of TAp63 in skeletal muscle. B. Muscle tissues of
mice treated for 3 days with doxorubicin were labelled for Dapi (blue) and native fluorescence of the
Tomato protein was observed (red). A nucleus with high expression of Tomato is indicated by a white
arrow. €. Doxorubicin induces TAp63 promoter activation in skeletal muscle. Immunoreactive nuclei
(white arrow in B) for Tomato (TAp63 activated promoter) were counted in section of gastrocnemius
from non-treated (NT) mice or mice treated for 3 days (D3) with doxorubicin. Graphs represent means
with SD relative to the control, and * indicates p< 0.05 (n=3). D. Doxorubicin induces the
upregulation of the pro-atrophic factor trimé3 mRNA in gastrocnemius muscle. Gastrocnemius
muscle of wild-type of KO TAp63 mice were isolated before treatment (Ct) or after 3 days (D3) of
doxorubicin, were extracted and RT-qPCR were performed on trimé3 mRNA (n=3). Graphs represent

means with SD relative to the control and * indicates p< 0.05.
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Figure 4
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Figure 4. Doxorubicin induces a correlated upregulation of TAp63 and Trim63 expression in C2C12 myoblastic
cells. A. Doxorubicin induces expression of p53 and pé3 target genes (ngo7, noxa, aen, bax and cebpd) in
myoblastic cell line C2C12. C2C12 cells were cultured in a non-treated (NT) or 1 day-treated (dox) media and
mRNA were analyzed by gPCR. Graphs represent means with SD relative to the control. * indicates p < 0.05
respectively (n=3). B. D. & E. Doxorubicin induces an important dose and time-dependent induction of skeletal
muscle atrophy mediators. C2C12 cells were cultured in a non-treated media (ct) or doxorubicin-treated media
at 0.4 or 0.6uM during 1 hour, 6 hours, 18 hours or 24 hours. mRNA levels were analyzed by gPCR for tap63 (B)
trim63 (C) and atrogin-1 (E). €. Doxorubicin induces protein level of p53, pé3 and Trimé3 in C2C12 cells.
Proteins were extracted from C2C12 cells in control condition (ct) or after doxorubicin treatment with 0.4 or
0.6uM during 6 hours, 18 hours or 24 hours and p53, pé3 and Trimé63 protein expression were analyzed by

Western blot. Actin was used a house-keeping gene.
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Figure 5
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Figure 5. TAp63 induces trimé3 expression in response to doxorubicin. A. Overexpression of p53 family
members potentializes doxorubicin-induced trimé3 expression. C2C12 mRNA were extracted after no
transfection (ct) or p53 family members overexpression p53, TAp63 or ANpé3 in non-treated (Ct) or treated for
1 day with doxorubicin (Dox). trimé3 mRNA level was analyzed by qPCR. Graphs represent means with SD
relative to the control. * indicates p < 0.05 respectively (n=3). tbp was used a house-keeping gene. B-E. Inhibition
of p53 family members negatively induce trimé3 expression in response to doxorubicin. mRNA level of tp53 (B),
tap63 (C) and trimé3 (D & E) were analyzed after extraction from C2C12 cells transfected by siRNA against p53
(sip53) (B.&D.) or TAp63 (siTAp63) (C.&E.) or not (ct) before (Ct) or after doxorubicin-treatment (Dox). Graphs

represent means with SD relative to the control. * indicates p < 0.05 respectively (n=3).
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Figure 6
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Figure 6. p53 and pé3 bind to the trim63 promoter A. Schematic representation of the trimé3
promoter indicating the location of putative p53/p63 binding sites. B. trimé3 promoter regions
(RE1/2 and RE4) obtained after chromatin immunoprecipitation (ChIP) using p53 or pé3 antibodies
were amplified by gPCR. C2C12 cells cultured in normal (Ct) or doxorubicin-treated (Dox). Graphs

represent means with SD relative to the control. * indicates p < 0.05 respectively (n=3).
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Figure 7. A. Expression fold change of arrdc2, ankrd1, cyré1, igfbp5, axl, ccnd1, plau and ctgf
obtained by RNA sequencing in gastrocnemius muscle of mice treated with doxorubicin. Graphs
represent means with adjp relative to the control. * indicates p < 0.05 respectively (n=3). B.
Gastrocnemius muscle were removed in control mice (Ct) or after 3 days (D3) or 5 days (D5) of
doxorubicin treatment in mice, and mRNA of YAP target genes (cyr6 1 and ctgf) were analyzed by RT-
gPCR. Graphs represent means with SD relative to the control. * indicates p < 0.05 respectively (n=3).
C. C2C12 cells were cultured in a non-treated (Ct) or doxorubicin-treated media (Dox) for 1 day and
RNA were extracted for RT-qPCR analysis of puma, cyré1, ctgf, igfbp5, yap and taz expression. Graphs
represent means with SD relative to the control. * indicates p < 0.05 respectively (n=3). D. YAP and
pPYAP (TAP phosphorylated at serine 127) protein expression and localization was analyzed by
immunocytofluorescence, stained with specific YAP and phopho-serine 127-YAP antibodies, and
DAPI, in control (Ct) or after doxorubicin treatment (Dox) of C2C12 cells. E. Expression of trimé3,
cyr61 and ctgf mRNA were analyzed in normal condition (ct) or YAP inhibition with verteporfin (Ver)
in response to doxorubicin (Dox) or not (Ct). Graphs represent means with SD relative to the control.
* indicates p < 0.05 respectively (n=3). F. Expression of yap, cyr61, trimé3, tapé3 and aen were
analyzed after RNA extraction from C2C12 cells transfected for 48 hours by siRNA against YAP (siYAP)
or not (ct), and treated with doxorubicin for 24 hours (Dox) or not (Ct). Graphs represent means with

SD relative to the control. * indicates p < 0.05 respectively (n=3).
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Supplementary Figure 1: Effect of doxorubicin on TApé3 KO mice. mRNA were prepared from WT and TAp63 KO
mice non-treated or treated for 3 days with doxorubicin (Dox) at 18mg/Kg. RT-qPCR were then performed to
measure sirt] and atrogin-1 expression. Graph represent means and error bars (n=6). * indicates p<0.001 as
measured by anova and tukey post test.
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Supplementary Figure 2: Effect of doxorubicin on p53. C2C12 cells were non-treated (A) or treated (B) with
doxorubicin (0.6 uM) for 24h and p53 was detected by immunchistochemistry. Cells were fixed and stained with
antibody against p53 and DNA was stained with DAPL.
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Supplementary Figure 3: Silencing of p53 and p63 on C2C12 cells. P53 and pé3 protein expression was detected by
Western blot after 48h of transfection with either siRNA control (C-) or siRNA (si) for p53 (A) or p63 (B).

C. NCBI schematic representation of the TApé3gamma binding sites detected in the Trimé3 promoter of the results
obtained by CHIP seq performed in ENO2 cells. Data from the ChiP seq are indicated bellow.
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3.DISCUSSION

Gastric
cancer

Late diagnosis : CT, MRI
insufficient

Limited efficiency of the
treatments

Associated sarcopenia =
muscle atrophy ~
70%+++

Poor prognosis

Fifth cancer in terms of worldwide incidence and third in terms of cancer-related deaths, gastric cancer
has a poor prognosis, with a very limited overall survival (less than a year) in advanced or metastatic
stages. Such a dreadful prognosis has many potential and combined explanations : i) gastric cancer is
a heterogeneous disease with multiple subtypes and molecular differences, ii) the poor and
unspecific symptoms of the disease, often presenting at very advanced stages, iii) the absence of non-
invasive diagnosis methods (for instance, various imaging modalities currently used in clinical routine
to diagnose or detect cancers — e.g. hepatocarcinoma, breast, lung cancer — at early stages, are of no
use in gastric cancer), iv) the limited treatment options - where surgery is the only curative option,
but is limited to early-stage tumors or good responders to preoperative chemotherapy - and the very
high (up to 75%) resistance rate to standard platinium-based chemotherapy agents, with
unsatisfactory targeted therapies available for now in clinical routine, v) the important proportion of
cancer cachexia and sarcopenia (50% of digestive tract cancer patients), accounting for around 20 to
25% of cancer mortality. Additionally, the relative low incidence of gastric cancer in industrialized
countries may account, at least partially, for the limited effort of investments in research on this field
by the pharmacological industry and health care systems. This highlights the progress that remains to
be made for its diagnosis and treatment, including the management of tumor/treatment-related
complications.

Facing this dramatic situation, the work performed during my thesis led to the establishment of several
animal models and a set of experimental protocols useful to address the challenges given by the
complexity of gastric cancer. For instance, these studies are laying down the premises for the
development of innovative tools to follow tumor growth, variations in the microenvironment
constitution (ex. immune landscape) and the impact on the macro-environment (ex. muscles), which
are key components to consider for the evaluation of biomarkers for personalized therapy or the
activity of novel therapies. In addition, we already somehow applied these protocols with my co-
workers to establish the in vivo activity of innovative anticancer therapies developed by our laboratory.
Altogether, these studies might open new avenues for the development of novel therapeutic protocols
or diagnostic tools, including novel imaging protocols.
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This is particularly pertinent as compared to other cancer types, with limited progress made over the
last years for the diagnosis of gastric cancer, especially regarding its detection at early stages of the
disease. With poor clinical symptoms, mostly presenting at advanced/metastatic stages of the disease,
the diagnosis of gastric cancer remains clinically challenging. Therefore, it would have been interesting
to be able to screen patients with imaging methods (CT, ultrasound or MRI) as it is currently done for
other cancers types such breast (screening mammograms) or hepatocarcinoma (a-foeto-protein
biological assays, ultrasound, CT/MRI..) or lung (low dose CT or X-rays). Unfortunately, the diagnosis
of gastric cancer is not possible on imaging alone and still relies on an invasive method = upper
digestive tract endoscopy with biopsies, as no significant progress has been made with the various
non-invasive imaging modalities so far. CT remains insufficient for the positive diagnosis and is
relegated to the assessment of regional tumor extension and distant metastasis, while MRl is of no use
in clinical routine. Therefore, most gastric cancers are still diagnosed at later stages of the disease,
where curative treatment options are extremely limited. The only curative option remains surgery +/-
perioperative chemotherapy, using platinum-based drugs (cisplatin or oxaliplatin). Unfortunately, the
survival rate of patients ongoing palliative therapies remains very low, as the majority (75%) of tumors
are chemoresistant at late stages. As other cancer types, gastric cancer shows inter-patients and intra-
tumor variability. Recently, the molecular classification of gastric adenocarcinomas by The Cancer
Genome Atlas (TCGA) led to the identification of dysregulated pathways, at which targeted therapies
attempts have been made, with unsatisfactory results so far [3]. Targeted therapies options are still
very limited, as anti-HER2 and anti-PDL1 are the only options potentially available, according to HER2+
or PDL1+ status of the tumor. Hence, taking into account the intratumoral clonal variation and/or the
influence of the tumor microenvironment might provide crucial information and lead to new targeted
therapies or novel treatment combinations, which might improve the therapeutic care and find
broader therapeutic applications in various cancer types, in a similar way to trastuzumab, developed
for HER2+ breast cancer and which found clinical applications in the therapeutic arsenal of HER2+
gastric cancers.

In preclinical research, to explore the molecular mechanisms supporting tumour growth and their
responsiveness to novel anticancer drugs and targeted therapies, animal models such as cell-derived
xenografts, patients-derived xenografts, syngeneic models or genetic engineered mice are very
helpful. Despite the variety of animal models available, choosing the optimal model remains
challenging, as each model bears strengths and weaknesses. One of the most interesting and well-
balanced animal model is patient-derived xenograft, obtained by implanting a human tumor sample
in an athymic immunodeficient mouse (subcutaneously = heterotopic or in the organ of interest =
orthotopic) [106-107] PDX models behave their primary human counterpart and can be predictive of
the clinical outcome and responses to chemotherapy, therefore appearing as an appealing tool for
personalized medicine decisions, by summarizing many of the disease hallmarks observed in cancer
patients [135].

For my PhD, | have developed several models of patient-derived xenografts of gastric cancer with a
21% success rate (ARTICLE 2). In gastric cancers, there were only a few previous reports of the
development and use of gastric cancer PDX models [109-110, 113-114, 126-130]. The success rates of
such xenografts in the two major papers was quite low (25% for Choi et al. et and 34% for Zhu et al.),
compared to other cancer types, where it can reach 70% (breast, colon...) [109, 114]. With our study,
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we confirmed that PDX mouse retain the major characteristics (morphological, genetics...) of the
human tumor they originate from and maintain them across passages in various mice generations,
reflecting the vast patient and tumor variability and heterogeneity, that is inherent to human cancer
[1]. Therefore, PDX mouse appear as one of the best preclinical model to investigate anticancer drugs,
tumour growth, mechanisms of drug resistance and to validate targets and positive/negative
predictors of responses to therapies.

For instance, regarding the development of new anticancer drugs, | have been able to validate in vivo
the efficacy of a combinatory suberoylanilide hydroxamic acid (SAHA) + cisplatin treatment in one
of the heterotopic PDX mouse model | developed (ARTICLE 3). During this experiment, we also took
advantage of the longitudinal follow-up of tumors to compare the accuracy of ultrasound imaging in
preclinical mouse models (ARTICLE 1). We showed that in addition of being an efficient measuring
device and more accurate than caliper, especially for non-ellipsoid tumors, the real-time imaging
provides the observer with a direct access to tumor morphology and potential treatment-related
structural changes, which we confirmed on histology. Even though small animal imaging somehow
differs from its human counterpart, every progress that will be made in this field bears potential direct
human applications. Over the last years, much progress has been made especially in small animal
abdominal oncology, with micro-CT, ultrasound, MRI, PET-CT... and more precise explorations,
improved sequences/protocols, better image quality, dedicated coils, reduced imaging time [112, 115,
123]. The scientists’ access to small animal imaging platforms has also been greatly improved. In
addition to ultrasound, | also used magnetic resonance imaging (MRI) to characterize our PDX
models. Despite a more complex set-up, MRI enables a morphologically-accurate and precise three-
dimensional analysis of tumor volume, structure, vasculature, with a very high spatial resolution [97-
98]. Longitudinal time course follow-up of various abdominal tumors and evaluation of distant
metastasis, especially to the liver, are also made possible. We showed that our subcutaneous tumors
bore different and sometimes distinctive appearances on MR imaging, which correlated to histological
differences between tumors.

For our PDX experiments, we used subcutaneous implanted-tumors, which resembled closely
morphologically, biologically and biochemically the primary human tumors they are issued from
(ARTICLE 1 and 2). Even though their subcutaneous location renders them easy to access, measure and
follow-up (ARTICLE 1), the major downfall is that heterotopic xenografts are transplanted tumors,
located within an abnormal microenvironment, encircled by a pseudo capsule [130-131]. For future
developments, we should aim at orthotopic implantations (= directly in the organ of interest) of our
tumors, which better mimics the original tumor, reproduces the loco-regional tumor environment and
better mimic of metastasis (up to 40%) than subcutaneous xenografts [136-137]. Currently, most
orthotopic gastric cancer models (70%) are derived from human gastric cancer cell lines rather than
tissue fragments, with variable engraftment rates, ranging from 0 to 100% between studies. Similarly,
we aim to develop genetic engineered mice. For instance, in gastric cancer researchers developed a
model of mixed gastric cancer from combinatorial loss of CDH1 (E-cadherin) and p53 gene, and the
acquisition of expression of the pro-oncogenic Kras in gastric parietal cells. In this mode, 100% of the
mice develop a thickened and whitened stomach (linea plastic) + lung metastases (100%) and 20% of
them liver metastases [135]. The major advantages of such model is that it bores > 25% of diffuse cells
and it is a immune-competent model. All existing gastric cancer PDX are of intestinal type and,
similarly, all our diffuse cancer tissue sample (primary tumor or its metastasis) engraftment attempts
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failed [109-110, 113-114]. The other asset of such model is that the cancer will occur directly in the
mouse stomach, without any external intervention other than the genetics modifications performed.
For instance, orthotopic PDX or genetic engineered mice imaging could aid in improving MRI detection
of stomach wall tumors. Additionally, genetic engineered mice could give us an extraordinary imaging
insight at the carcinogenesis of the stomach, from very early stages, with imaging studies of the in situ
development of gastric tumors that could potentially have broad human applications afterwards.

Our perception of cancer and carcinogenesis has greatly evolved by understanding that this
pathology does not only involve cancer cells but also their interaction with their microenvironment,
which represents a therapeutic target (e.g. anti-angiogenic). More recently, particular attention has
been paid to the macro-environment, which appears to be an important player as well (e.g. the
immune system). On this point, our PDX models are not optimal. The tumor microenvironment is
influenced by the host immune system (T cells, B cells, infiltrating immune cells, neutrophils...), with
which tumor cells are known to interact with during development and growth. In humans, PD-L1
expression varied between tumors and with around 30% of gastric cancer cells and 60% of gastric
cancer liver metastasis expressing PD-L1 signal to mimic normal cells and escape elimination [83].
Similarly, we showed that the expression of immune-check point inhibitor (i.e. PD-L1) can be also
very different between PDX models, suggesting that the immune landscape might also be different
(ARTICLE 2). Two PDX models (40%) strongly expressed PD-L1 and there was no significant expression
in the remaining 3 models (60%). Additionally, although only done on a small cohort (5 models), we
did not see a correlation between p53 expression and PD-L1, in contrast to a recent publication
indicating the reverse [138] However, our patient-derived xenografts are developed in athymic
immunocompromised NMRI mice, a specific strain of mice with reduced natural killer cell activity, lack
of immune system, which renders the model suboptimal, especially for immunotherapies testing.
Human lymphoma may potentially occur in xenografts mice, as highlighted by the risk of
lymphoproliferation (human proliferative lymphoma, from Epstein Barr Virus-infected human
lymphocytes) especially when NOD or NOG mice are used [113]. Therefore, new animal models
development should aim at narrowing the microenvironment gap, such as with humanized model of
tumors [139]. Humanized mice (HM) are highly immunodeficient mouse strains into which human
immune systems can be engrafted, results in a xenograft growth within the context of a human
immune system and its resulting tumor microenvironment. Recent studies have highlighted all the
similarities between human tumors and xenografts in humanized mice, regarding tumor structure,
metastasis, and signaling. All in all, humanized mice, despite higher costs, will facilitate the
investigation of novel cancer therapies, especially new immunotherapies.

If progress is being made regarding animal models, novel anticancer drugs and small animal
imaging, our global perception of cancers is also slowly shifting from an organ-centered disease to a
more global and systemic one. Cancer cachexia, which is a progressive loss of adipose tissue and
skeletal muscle mass, occurs in approximately 50% of cancer patients, especially in digestive tract
cancers [87]. The skeletal muscle loss, or muscle atrophy, is associated with loss of muscle strength,
which altogether define sarcopenia. More specifically in gastric cancer, around 30 to 60% of patients
develop cancer cachexia, independently of the cancer stage (ARTICLE 6). If late stage diagnosis and
limited treatment options partially accounted for the poor prognosis of gastric cancer, cachexia
worsens it, especially as its incidence increases after chemotherapy. It is an insidious syndrome that
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not only has a dramatic impact on patients’ quality of life, but also is associated with poor responses
to therapy (chemotherapy and immunotherapy) and decreased survival. |t is estimated to account
for 20 to 25% of deaths from cancer. [92]. Cancer cachexia is also characterized by systemic
inflammation and negative protein and energy balance. One of the main hypotheses is that cancer-
related muscle atrophy is caused by inflammatory processes involving interleukins (such as IL6, TNFa
and TWEAK) that are often produced by tumors. Released inflammatory agents could induce
mitochondrial decoupling, a failure in the expression of the key components of the electron transport
chain, which results in severe mitochondrial dysfunction and a decrease in mitochondrial ATP
production [140]. Skeletal muscle dysfunction and the related disrupted capacity for oxidative
metabolism, is believed to contribute to patient fatigue, decreased metabolic function, and muscle
mass loss [140]. Hence, the detection of IL6 and TNFa. in serum have been suggested to assess muscle
atrophy in patients, however, inflammation is unspecific of muscle atrophy and therefore introduces
an important bias [136]. In addition, functional studies and clinical trials aiming at antagonizing IL6 and
TNFa using monoclonal antibodies are disappointing and have not clearly confirmed the importance
of these interleukins in cancer-related muscle atrophy. However, the reasons why only some patients
are prone to develop cachexia remains largely unknown and cachexia is still largely an underestimated
and untreated condition. Hence, one of the remaining issues is to established the respective
contribution of the tumor and the anticancer therapies in cachexia. Unfortunately, no therapeutic
approach can yet efficiently restore muscle loss and strength. We recently showed that gastric cancer
patients (ARTICLE 5), who benefited from a nutritional support by means of a jejunostomy before
starting chemotherapy, had a better chance of fulfilling the complete 6-weeks rounds of
chemotherapy required for their treatment before surgical removal of the tumor. In addition, we
found that a majority of patients developed muscle atrophy after platinum salt-based (cisplatin or
oxaliplatin) chemotherapy (ARTICLE 6) and that muscle atrophy was drastically reduced for those who
underwent jejunostomy. Hence, our results indicate that chemotherapy agents might negatively
impact on muscle mass and that jejunostomy might represent a potential therapeutic approach to
reduce muscle atrophy in gastric cancer patients. However, jejunostomy is not a risk-free procedure,
with around 7 to 12% of postoperative complications and it also did not restore lost muscle mass.
Therefore, a better understanding of the underlying mechanisms of cancer-cachexia and sarcopenia
are required. For instance, using the anticancer drug doxorubicin, we confirmed that we can induce
muscle atrophy and muscle-related changes in C57BL/6 mice after three to five days (ARTICLE 7), with
increased in muscle atrophy mechanisms, such as the pro-atrophic gene trim63, with the involvement
of p53 as well as TAp63 regulation of the expression of the pro-atrophic gene trim63 via a direct
interaction on its promoter [120]. Currently in cancer patients, muscle atrophy can only be diagnosed
at relatively advanced stages, by means of a CT-based surface & density evaluation (abdominal CT with
or without contrast, or CT images of PET-CT) of muscle loss, which consists of measuring the surface
and the density (in Housefield units) of the muscles (psoas and erector spinae muscles) at the level of
the 3rd lumbar vertebra (L3), then normalized to weight and height (BMI) [90-91]. We applied the
same measurement method to our drug-induced muscle atrophy mouse model on micro-CT and MRI
(ARTICLE 7) and we have been able to observe anticancer drug-induced changes in the morphology
and composition of paravertebral muscles in mice. Doxorubicin induced a progressive and irreversible
decrease of paravertebral muscle surface (up to 15% muscle loss within the 5 first days) and such
decreased paravertebral muscle surface could also be observed on MRI. | have been able to observe
muscle atrophy in a drug-induced mouse model at rather early stages (day 5) and MRI also enabled
us to observe drug-induced changes in muscle signal intensity on MRI between fat saturated and non-
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fat saturated images. Unfortunately, the detection of sarcopenia in humans is currently only possible
at rather advanced stages on imaging. Still, there is no recognized means for specifically unmasking
early muscle atrophy or patients at risk of developing it during the course of the disease. Blood level
of IL6 and TNFa. are sometimes used markers for muscle atrophy, but they are not specific and present
bias, as they can also be induced by infections or other pathological affections often associated with
cancer or anticancer treatments [142]. Unfortunately, no imaging method is able to diagnose or even
suspect cancer cachexia and muscle atrophy at early stages and future developments should aim this
way. One of the dysregulated pathways we observed with our drug-induced muscle atrophy mouse
model (ARTICLE 7) involved metabolism regulations, such as the hypoxia transcription factor HIF1A
and the reactive oxygen species response factor NRF2. In addition, different muscle-specific genes
(TRIMB63, Atroginl - ubiquitin ligases that favor muscle protein catabolism via the proteasome...) also
showed a strongly increased expression. On the other hand, some of the muscle-specific genes, whose
expression was increased in our transcriptome, have been described as being regulated by hypoxia
and as potential early serum markers for muscular atrophy (dystrophia). In the near future, we aim to
evaluate selective PET-CT probes specific for hypoxia such as #F-AZA (fluoroazomycin
arabinofuranoside), F-MISO (fluoromisonidazole) - developed by our collaborators from IPHC - for
proof of concept that they could be used to detect early muscle atrophy. The hypoxia radio-tracers we
are considering, are part of the 2-nitromidazole family and under hypoxic conditions these compounds
are sequestered in cells lacking oxygen. 8-F-MISO bears the advantage of being trans-functional with
a Marketing Authorization, but suffers from low tumor uptake while ¥F-AZA is more hydrophilic, with
better specificity, but for clinical trials use only. Similarly, it would be very interesting to apply
phosphorus magnetic resonance spectroscopy and imaging (3'P-MRS/MRSI) to our animal models of
muscle atrophy (mouse bearing tumor at advanced stage or doxorubicin-induced muscle atrophy),
which offers an offer a very unique window to non-invasively look at tissue metabolism in vivo,
especially skeletal muscles, especially as it recently appeared promising technique to detect skeletal
muscle dysfunction at early stages [140-141].

Allin all, everything we learned about regarding the development and the use of preclinical models
in gastric cancer can find broad applications to other cancers and even non-cancerous diseases.
Animal models and their imaging modalities are widely used in preclinical translational research and
cancer-cachexia is a global systemic syndrome, overlapping the boundaries between cancer and
inflammation. As radiologist, working on such model enables us to have a direct to access organ-
related changes and the opportunity to witness cancer development from the very early stages - with
a close and reproducible monitoring of normal organs and tumor growth - which is not always feasible
with patients. Thus, the search for new biomarkers, the development of new imaging tools and the
improvement of existing diagnostic tools is essential for all cancers, with the need to develop more
personalized treatments. For this, we need new more realistic mouse models, closer to the
characteristics of patients and tumours. The future could be an integrated diagnosis, combining
histological features, imaging data, molecular analyzes and genetic characteristics of cancers, with the
aim of eventually offering personalized a la carte therapies to all cancer patients.
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Abstract: Gastric cancer (GC) remains a health issue due to the low efficiency of therapies, such as
cisplatin. This unsatisfactory situation highlights the necessity of finding factors impacting GC
sensibility to therapies. We analyzed the cisplatin pangenomic response in cancer cells and found
HDACH4 as a major epigenetic regulator being inhibited. HDAC4 mRNA repression was partly
mediated by the cisplatin-induced expression of miR-140. At a functional level, HDAC4 inhibition
favored cisplatin cytotoxicity and reduced tumor growth. Inversely, overexpression of HDAC4
inhibits cisplatin cytotoxicity. Importantly, HDAC4 expression was found to be elevated in gastric
tumors compared to healthy tissues, and in particular in specific molecular subgroups. Furthermore,
mutations in HDAC4 correlate with good prognosis. Pathway analysis of genes whose expression in
patients correlated strongly with HDAC4 highlighted DNA damage, p53 stabilization, and apoptosis
as processes downregulated by HDAC4. This was further confirmed by silencing of HDAC4,
which favored cisplatin-induced apoptosis characterized by cleavage of caspase 3 and induction of
proapoptotic genes, such as BIK, in part via a p53-dependent mechanism. Altogether, these results
reveal HDAC4 as a resistance factor for cisplatin in GC cells that impacts on patients’ survival.

Keywords: miR-140; HDAC4; p53; p73; BIK; gastric cancer; cisplatin

1. Introduction

Gastric cancer (GC) is the fifth most common cancer and represents the second highest incidence
of cancer-related death worldwide [1]. The first line of treatment is a surgical resection combined with
perioperative chemotherapy using platinum-based compounds (cisplatin, oxaliplatin). Unfortunately,
only a limited number of tumors respond to the treatment due to intrinsic or acquired resistance [2].
In addition, the lack of early prognosis markers leads to a late diagnosis often occurring at locally
advanced or metastasis stage, with a median survival time of only 10 months.

Cancers 2019, 11, 1747; doi: 10.3390/cancers11111747 www.mdpi.comfjournal/cancers
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In GC, resistance mechanisms are not well understood, but examples of activation of DNA
repair and decrease of the apoptotic response have been reported. One of the cisplatin resistance
mechanisms in GC cells is an overexpression or amplification of HER2, which leads to the initiation of
epithelial-mesenchymal transition (EMT) correlating with an unfavorable outcome for patients [3].
In addition, patients treated with cisplatin can exhibit an overexpression of ERCC1 and BRCA1, two
enzymes implicated in the nucleotide excision repair pathway, which also correlates with a worse
prognosis [4]. Furthermore, one major actor of the apoptosis pathway after DNA damage is the p53
protein. p53 is a known tumor suppressor, which is inactivated in more than 60% of GC [5,6] and
whose expression is related to the sensitivity of cells to cisplatin [7-9]. Part of the inhibitory impact
of p53 mutants on cell death is mediated by their interaction with the two other members of the p53
family: p63 and p73 [10]. These three genes encode for two classes of isoforms, either containing a
transactivation domain in the N terminus (p53, TAp63, and TAp73) or not (Ap53, ANp63, and ANp73).
It has been reported that these proteins are involved in many aspects of digestive cancers’ progression
and aggressiveness [11,12]. For instance, altered expression of TA/ANp73 isoforms has been observed
in gastric cancers and expression of the ANp73 isoform correlates with poor prognosis [13-15].

Another resistance mechanism to chemotherapies involves epigenetic modifications
(histone acetylation/deacetylation, histone/DNA methylation) and post-transcriptional regulations
(microRNAs) [16,17]. For instance, HDAC enzymes are aberrantly expressed in various cancer types
including GC [18]. The HDAC family is composed of 4 classes: the Zn*t dependent class I (HDACT, 2,3
and 8), Ila (HDAC4, 5,7 and 9), Ilb (HDAC6 and 10) and IV (HDAC11), and the NAD*-dependent class
1M (sirtuin). HDACs remove the acetyl group of lysine residues from histone and nonhistone substrates,
leading to chromatin compaction and decreased gene transcription [19]. HDAC1/2 are overexpressed
in advanced GC, and their expression level is correlated with poorer patient prognosis [20]. HDAC4 is
also overexpressed in GC cell lines and has been implicated in cell growth and apoptosis arrest [21].
Some of the functions of HDAC in cancer progression can be explained by their interaction with p53.
Indeed, HDAC1 can interact with p53, reducing its binding capacity to the promoter of the proapoptotic
gene BAX, thus favoring cancer cell survival [22].

Micro (mi)RNAs are small noncoding RNAs of approximately 22 nucleotides in size, which regulate
gene expression through target mRNA translation inhibition or destabilization. Numerous
deregulations of miRNAs have been described in gastric cancers, but their functions are not always
clear [23]. For instance, the oncomiR miR-21 is ovelexpressed in 92% of GC, Bead.ing to the inhibition of
the PTEN tumor suppressor expression [24]. Inversely, genomic loss of the tumor suppressor miR-101 is
implicated in cancer progression through EZH2 overexpression [25]. miRNAs often organize in clusters
and share common functions. Thus, miR-222-221 and miR-106b-25 are known to be upregulated in
GC tissues, increasing the G1/5 transition through the activation of CDK2 [26]. In addition, it has
also been shown that miRNAs can act on GC cells’ chemosensitivity. For instance, miR-143, miR-144,
and miR-145 are good prognostic markers for the effectiveness of the chemotherapy [27,28]. Finally,
miR-15b and miR-16 are downregulated in multidrug-resistant GC cell lines and their ectopic expression
chemo-sensitizes GC cells through the inhibition of the antiapoptotic gene BCL2 [29].

Here, we investigated the response of cancer cells and healthy digestive tissues to chemotherapies
in order to understand the molecular mechanisms underlying chemoresistances and side effects caused
by these ﬁ}erapies. To this end, we pe_rfomled a microarray analysis to identify genes dezegulated
by cisplatin in cancer cells and identified HDAC4 as a gene inhibited by cisplatin. Strengthened by
the finding of Kang et al. that HDAC4 is overexpressed in gastric cancer cell lines [21], we decided to
focus our attention on the role of HDAC4 and the underlying molecular mechanisms that are putin
place in response to cisplatin in GC cancer.
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2. Results

2.1. Loss of HDAC4 Following Cisplatin Treatment of Gastric Cancer Cells

Platinum-based compounds (e.g,, cisplatin) are used to treat multiple types of cancer. We previously
performed a microarray-based transcriptomic analysis on U87 cancer cells treated with cisplatin for 6
and 24 h [30]. Unsupervised bioinformatics pathway analyses showed that several genes involved in
epigenetic regulations were deregulated after 24 h of treatment (Figure 1A). Amongst them, HDAC4
was significantly repressed by cisplatin at 24 h compared to other HDACs or other epigenetic regulators.
Based on this observation, we chose to investigate whether the expression of HDAC4 was also
deregulated in gastric cancer cells upon cisplatin treatment, since cisplatin-based therapy is a standard
for the management of this type of cancer.
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Figure 1. Regulation of HD'AC4 expression in gastric cancer in response to cisplatin. (A) Genes encoding
epigenetic modulators deregulated in response to cisplatin treatment. The graph represents fold change
(treated /not-treated) obtained after microarrays analysis of US7 cells treated for 24 h with cisplatin
(ICs0) or not treated control (p < 0.05). Deregulated genes identified by statistical difference (p < 0.05)
were analyzed by bioinformatics for unsupervised pathway and mechanism clustering. (B) Expression
of HDAC4 in gastric cancer cell lines treated with cisplatin. HDAC4 mRNA level was assayed in AGS
(Wt p53) and H5C39 (p53 G2455) cells by RT-qPCR. Cells were treated at the ICsy and 1C;5 of cisplatin
(Cis) for 24 h. Bars are means of fold induction versus the control (Ct) and the indicated cisplatin
concentration (uM). %, p < 0.001 (n = 3), compared with the control, as calculated by one-way ANOVA
test followed by a Tukey post-test. (C) Expression of HDAC4 in AGS cell line treated with cisplatin
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for 24 and 36 h. HDAC4 mRNA level was assayed in AGS cells by RT-qPCR. Bars are means of fold
induction versus the control (Ct). *, p < 0.001 (n = 3), compared with the control, calculated by one-way
ANOVA followed by a Tukey post-test. Proteins from AGS cells treated or not (Ct) for 24 and 36 hwith
the indicated concentrations of cisplatin (ICsy, 1Cr5) were separated on an SDS PAGE gel and propped
with an HDACA specific antibody. Numbers at the bottom state in % the quantification of HDAC4
expression under cisplatin treatment (%Ct) compared to not treated AGS cells (Ct) and normalized to
actin expression.

We used two different gastric cancer cell lines with different characteristics (AGS and HSC39 cells).
AGS cells are of intestinal type (the major type of gastric cancer) and are wild-type p53. The HSC39
cells are of the diffuse type and present a p53 mutation {(G2455). The response of these cells to cisplatin
was first assessed by monitoring their survival using MTT assay after 48 h of treatment upon increasing
concentrations of cisplatin (Supplementary Figure 51). From these curves, we extrapolated the IC5,
IC3s, ICsq, and IC;5, which are concentrations of cisplatin that induced 20%, 35%, 50%, and 75% of
loss of cell viability, respectively. To validate the impact of cisplatin on HDAC4 expression in gastric
cancer cells, we treated the cells with cisplatin at twao doses (ICs and ICzs) for 24 h. Cisplatin treatment
drastically diminished HDAC4 mRNA level in the two cell lines after 24 h of treatment (Figure 1B).
The effect of cisplatin was dose-dependent. Then, we focused on AGS cells that represent the most
frequent (>75%) histological type (intestinal) of gastric cancer [1]. We examined in more details the
regulation of HDAC4 expression in AGS cells. Dose-dependent and time-dependent analyses of
HDAC4 mRNA and protein levels were performed (Figure 1C). Cisplatin-dependent downregulation
of HDAC4 expnession was detected already with low doses (ICz0, IC3s) of cisplatin and lasted up to 36h
after treatment. Similarly, immunofluorescence labeling of HDAC4 in AGS cells showed a decreased
of HDAC4 expression in all cells following cisplatin treatment after 24 h (Supplementary Figure 53C).

As the transcriptomic analysis revealed deregulation of genes coding for DNA and histone
methylation factors (Figure 1A), we tested the possibility that loss of HDAC4 expression was mediated
by promoter methylation using decitabine, an inhibitor of DNA methylases. However, decitabine
treatment did not abrogate the loss of HDAC4 expression—on the contrary, it rather reinforced
it, while indeed irlc:easing the expz\ession of SFLN11, a gene known to be regulated by promoter
methylation (Figure 2A and Supplementary Figure S1B) [31].
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Figure 2. miR140-dependent regulation of HDAC4 expression in gastric cancer cells treated with
cisplatin. (A) Expression of HDAC4 in the AGS cell line treated with cisplatin and decitabine. HDAC4
mRNA level in AGS cells treated for 24 hwas assayed by RT-qPCR. Bars are means of fold induction
versus the control (Ct). *, p < 0.001 (1 = 3), compared with the control, calculated by one-way ANOVA
followed by a Tukey post-test. (B) Expression of miR-140 in AGS cells treated with cisplatin over time
atincreasing concentrations. miRs levels were assayed by RT-gPCR. Bars are means of fold induction
versus the control (Ct) and the indicated cisplatin concentrations. *, p < 0.001 (n = 3), compared with the
control, as calculated by one-way ANOVA followed by a Tukey post-test. (C) Expression of miR-140 in
AGS cells transfected 48 h with a miR-140 specific mimic (mimic-140; 100 nM) or antimiR (antimiR-140;
30 nM) specific for miR-140 and treated or not with cisplatin (25 uM, 12 h). MiR-140 was assayed by
RT-qPCR. Bars are means of fold induction versus the control (Ct). *, p < 0.001 (1 = 3), compared with
the control mimic, and the control antimiR, as calculated by one-way ANOVA followed by a Tukey
post-test. (D,E) Expression of HDAC4 in AGS cells transfected 48 h with a miR-140 specific mimic
(D. mimic-140; 100 nM) or antimiR (E. antimiR-140; 30 nM) specific for miR-140 and treated or not with
cisplatin (25 uM, 12h). HDAC4 RNA level was assayed by RT-gPCR. Bars are means of fold induction
versus the control (Ct). %, p <0.001 (n = 3), compared with the control mimic, and the control antimiR,
as calculated by one-way ANOVA followed by a Tukey post-test.

2.2. miR-140 Partly Mediates Cisplatin-Induced HDAC4 Repression

We then hypothesized that cisplatin-induced repression of HDAC4 might be mediated partly
by miRNAs. Since HDAC4 mRNA level have been shown to be regulated by multiple miRNAs [32],
we assessed their contribution to the effect of cisplatin on HDAC4 mRNA. We analyzed upon cisplatin
treatment the expression of previously reported miRNAs targeting HDAC4 and miRNAs found in
public databases that might target HDAC4 (Supplementary Figure 52A). Cells were treated for 6, 24,
and 36 h at different concentrations of cisplatin (ICyg to ICz5). Amongst the miRNA tested, we found
miR-206, miR-29b, miR-299-5p, and miR-140 to be the most significantly induced by cisplatin in AGS
cells (Figure 2B and Supplementary Figure 52B). In particular, cisplatin strongly stimulated (up to
10-fold) miR-140 expression level 6 h after treatment, which reverted to the basal levels after 24 h.
Induction of miR-140 level was already occurring at low doses of cisplatin (ICzg, IC35).
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To further characterize the relationship between HDAC4 and those miRNAs induced by cisplatin,
we used mimics and anti-miRNA oligonucleotides to overexpress or block miRNAs in order to assess
their importance in HDAC4 regulation. Amongst the miRNAs tested, only changes in miR-140 levels
hada signi.ﬁca.nt i.mpact on HDAC4 mRNA levels. For instance, AGS cells were transfected for 48 h with
miR-140 mimics or anti-miRNA and then treated with cisplatin (ICsp) for 24 h before HDAC4 mRNA
levels were measured by RT-gPCR. We first verified that the mimics and anti-miRNAs oligonuclectides
had the expected effect on miR-140 expression (Figure 2C). Transfection of miR-140 mimics slightly
reduced HDAC4 mRNA level in control condition and more significantly (0.7-fold) in the presence of
cisplatin (Figure 2D). Reciprocally, anti-miRNA oligonucleotides directed against miR-140 increased
HDAC4 mRNA level in control condition and even more significantly (1.9-fold) upon cisplatin treatment
(Figure 2E). Interestingly, siRNA against DICER, the enzyme that produces miRNAs, did not restore
additional HDAC4 mRNA levels upon cisplatin treatment (Figure 52C). We also observed that miR-140
level impact on HDAC4 protein level as shown on HDAC4 mRNA (Figure 53A). Altogether, these
results indicated that miR-140 is at least partly involved in the regulation of HDAC4 RNA level caused
by cisplatin treatment.

2.3. Expression Level of HDAC4 Impacts on Cisplatin Cytotoxicity

Since it appeared that cisplatin reduces HDAC4 expression, we set out to determine whether
modulating HDAC4 expression prior to treatment could impact on the response of gastric cancer cells
to cisplatin. To this end, we used gain and loss of function experiments. AGS cells were transfected for
48 h with a plasmid expressing HDAC4, or with a HDAC4 siRNA that silenced HDAC4 expression.
After 48 h of transfection, cells were then treated with different doses of cisplatin for 48 h, and cell
survival was assessed using MTT assay. Overexpression of HDAC4 (Supplementary Figure S3B)
resulted in partial protection of AGS cells from cisplatin toxicity (Figure 2A ). Reciprocally, silencing of
HDACH4 (Supplementary Figure 53C and Figure 5F) resulted in further decreased cell viability caused
by cisplatin (Figure 3B). We then used the HDAC4 chemical inhibitor LMK235 [33] and investigated its
possible synergy with cisplatin treatment. Combinatory experiments associating increasing doses of
cisplatin with increasing doses of LMK235 were performed, and the survival of AGS gastric cancer cells
was monitored. Results were analyzed to establish the combinatory indexes (Figure 3C, Supplementary
Figure 53D and Supplementary Table 51) [34]. The analysis revealed that LMK235 and cisplatin were
acting in synergy to induce cytotoxicity at a lower dose of both drugs (>1Csp), further supporting the
pro-resistance role of HDAC4 in gastric cancer. In vitro experiments using MC1568, a controversial
and poorly soluble inhibitor of HDAC4 [35], confirmed that a combinatory treatment of an HDAC4
inhibitor and cisplatin produces a synergistic response in gastric cancer cells (data not shown). Similar
results were obtained on the diffuse type gastric cancer cell line HSC39. Cisplatin reduced HDAC4
protein levels and silencing of HDAC4 or inhibition using LMK235 favored cisplatin cytotoxicity
in vitro (Figure 3D and Supplementary Figures S1C and S3C). Furthermore, LMK235 inhibited tubulin
acetylation and improved the ability of cisplatin in reducing tumor growth in xenografts in nude
mice (Figure 3E). In addition, to further evaluate the importance of miR-140 in cisplatin cytotoxicity
and HDACH4 regulation, we transfected AGS cells with miR-140 mimic and measured cell survival
after treatment with cisplatin. MiR-140 mimics significantly reduced cell survival in cells treated with
increasing doses of cisplatin (Figure 52D), and this effect was additive when combined with HDAC4
siRNA (Figure 52E). These results further support the involvement of a miR-140-HDAC4 axis in the

response of gastric cancer cells to cisplatin.
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Figure 3. Function of HDACY expression in gastric cancer in response to cisplatin. (A) AGS cells were
plated in 96-wells plates, transfected with a plasmid (0.05 pg) encoding for HDAC4 (pHDAC4) or an
empty vector (pcDNA3, Ct) for 24 h and treated for 48 h with the indicated concentration of cisplatin.
The viability of the cells was evaluated using a MTT test. ¥, p < 0.001 (n = 4), compared with the control,
as calculated by one-way ANOVA test followed by a Tukey post-test. (B) AGS cells were plated in
96-well plates and transfected with a siRNA (10 nM) against HDACA or luciferase (10 nM, siCt) for
48 h and treated for 48 h with the indicated concentrations of cisplatin. The viability of the cells was
evaluated using a MTT test. ¥, p <0.001 (n = 4), compared with the control, as calculated by one-way
ANOVA test follow ed by a Tukey post-test. (C) Combinatory indexes of treatment with LMK-235 and
cisplatin. AGS cells were treated with a combination of increasing concentration of LMK-235 and
cisplatin and the cytotoxicity was evaluated by MTT after 48 h of treatment. The graph represents
combination indexes for cisplatin concentration of ICa, ICap, and ICsp combined with 1Cag, ICap, ICsp,
ICgp, and IC75 of LMK-235. Combination indexes are inferior to (.80, indicating a synergistic effect
between LMK-235 and cisplatin on AGS cell survival. (D) HSC39 cells were plated in 96-well plates
and transfected with a siIRNA (10 nM) against HDACA or luciferase (10 nM, siCt) for 48 h and treated
for 48 h with the indicated concentrations of cisplatin. The viability of the cells was evaluated using an
MTT test. ICs were statistically different, p = 0.016 (n = 5), compared with the control, as calculated by
the t-test. (E) HSC39 cells were implanted intradermal in nude mice. Mice were treated when tumor
reached 150 mm? with cisplatin (10 mg/Kg) or LMK235 (5 mg/Kg) or a combination of both once a
week. Tumor size was monitored twice a week using a caliper. * indicate p < 0.05 as calculated by test.
Inset: Western blot of acetylated tubulin (K40) and actin performed on tumor extracts at 28 days. Ct:
Control; C: Cisplatin; L: LMK235.

2.4. Gastric Cancers Harbor HDAC4 Alterations that Impact on Patient Survival

To further characterize the role of HDAC4 in gastric cancer, we analyzed HDAC4 mRNA levels by
RT-qPCR in both tumor and adjacent healthy tissue biopsies from a cohort of 31 gastric cancer patients.
Although the HDAC4 expression pattern showed a strong variation in healthy and tumor tissues,
the HDAC4 mRNA level was significantly higher in gastric cancer biopsies (GC tumors) compared to
the adjacent healthy tissues (HT) (Figure 4A). We then analyzed HDAC4 expression data of the TCGA
(The Cancer Genome Atlas) database for gastric cancers and found that HDAC4 expression varied
depending on the molecular subgroup of gastric cancer (Figure 4B) [36]. For instance, the genetic
stable (GS) subgroup showed the highest level of HDAC4 expression, while the microsatellite instable
(MSI) showed the lowest expression. For instance, a two-fold difference (2.4 vs. 5.2) in expression of
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HDACH exists between the MSI tumors and the G5 tumors. This difference is slightly higher to the one
observed for the expression of E-cadherin (CDH1) between the G5 and MSI subgroups (66 vs. 111),
a gene whose expression loss is characteristic of the GS subgroup (Supplementary Figure 54A) [1].
In addition, HDAC4 level are in average lower in the intestinal histological subtype compared to the
diffuse subtype (Supplementary Figure 54B). Interestingly, expression of HDAC4 is also reduced in
tumors of patients that have been treated with chemotherapies (Supplementary Figure S4C).
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Figure 4, HDAC4 expression and role in gastric cancer patient survival. (A) Expression level of HDAC4
in gastric cancers. RNA was extracted from gastric cancer biopsies and adjacent healthy tissue samples
obtained from the CARDIA collection of the HUS, Strasbourg. RT-qPCR for HDAC4 was performed
and the results were normalized against TBP and G3PDH. The graph represents medians with ranges
(m =26). p < 0.0069, paired t-test. (B) HDAC4 expression level in the gastric tumors of the TCGA based
on the molecular subgroups. Expression data for HDAC4 in gastric tumor were extracted from the
TCGA data library and analyzed based on the molecular subgroups (MSI n = 58; EBV n = 24, CIN
n =126, GS n=50). The graph represents mean with 5-95 percentile. *** when p < 0.001, * when
p < 0.05 as determined by ANOVA followed by a Tukey post-test. MSI = microsatellite instable; EBV
= Epstein Barr virus; Cln = Chromosome Instable; GS = Genetic stable. (C,D) miR-140 and HDAC4
expression level in the gastric tumors of the TCGA based on the p53 mutational status. Expression data
for miR-140 and HDACH4 in gastric tumor were extracted from the TCGA data library and analyzed
based on the mutational status of p53, either wild type (p53 wtn = 141) or mutated (p53 ptn = 117).
The graph represents mean with standard deviation and analyzed by ANOVA followed by an unpaired
t-test. (E) Kaplan—Meier analysis of patients’ overall survival of the 379 patients with wildtype HDAC4
and 36 patients with either mutated or deleted HDAC4 and stratified according to HDAC4 mutational
status: 0 = no mutation, 1 = mutation or deletion. Mutation or deletion of HDAC4 was a predictor of
tumor recurrence (p = 0.0383). (F) Deregulated signaling pathways and cellular processes that correlated
negatively with HDACY expression in gastric cancer data of the TCGA. Gene expression data of gastric
cancer tumors from the TCGA were analyzed to identify genes with an expression that correlates
negatively (Pearson correlation coefficient <—(.3) with the expression of HDAC4 (cBioportal.com). Then,
the list of genes was subjected to unsupervised pathways analyses (DAVID: https://david.nciferf. gov;
https;//reactome.org). The graph represents the most relevant deregulated pathways.
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As over 50% of GC show p53 mutations, we then assessed the influence of the p53 status on the
expression of miR-140 and HDAC4 in gastric tumors. The HDAC4 mRNA level is lower in tumors with
mutated p53 proteins (Figure 4C). Conversely, we found that the expression level of miR-140 is higher
in tumors with mutated p53 proteins, which suggested that p53 might directly or indirectly repress
miR-140 expression (Figure 4D). This was confirmed by showing that silencing of p53 in AGS cells
increases miR-140 level, and, inversely, overexpression of p53 decreases miR-140 levels (Supplementary
Figure S7A).

Interestingly, in addition to the elevated expression of HDAC4, we observed that 7.7% of gastric
cancers available in the TCGA data were shown to have point mutations, frame shift deletion or deep
deletion in the HDAC4 gene that might affect its function (Supplementary Figure 54C). The exact
i.mpad’ of these alterations on HDAC4 Pmperﬁes remains to be established. However, a Kaplan—Meyer
analysis showed that the presence of these alterations was associated with a better patients’ overall
survival (Figure 4E). Importantly, the cancer molecular subtype MSI does not favor patient survival in
the same cohort (Supplementary Figure S4D).

Altogether, these results indicate that molecular subgroups of gastric tumors harbor an elevated
level of HDAC4 expression based on the p53 status. It also shows that deregulation of HDAC4 impacts
on patients” overall survival

2.5. HDACH4 Regulates Proapoptotic Pathiway, Including p53 and TAp73 Expression in Gastric Cancer Cells

We examined the potential molecular mechanisms that might account for the impact of HDAC4
expression on the response of gastric cancer cells to cisplatin. First, we analyzed the TCGA data
for gastric cancers by sorting for genes whose expressions are correlated positively or negatively
with HDAC4 expression. An unsupervised bioinformatics pathway analysis of those genes (DAVID:
https://david.ncifcrf. gov; https://reactome.org) revealed that several cellular mechanisms are altered
Figure 4F and Supplementary Figure S5A,B). This approach gave us an overview on the top ranked
pathways potentially affected by the expression level of HDAC4 in patients with gastric cancer.
For instance, the genes whose expression is negatively correlated with HDAC4 expression are related
to a relatively large variety of pathways/mechanisms (Supplementary Figure 55B). Amongst the top 7
ranked pathways/mechanisms anti-correlating with a high expression of HDACY are the cell cycle,
apoptosis, DMNA da.mage, and stabilization of p53 {Figure 4F).

These pathways are known to be some of the main targets of the p53 and TAp73 transcription
factors, which themselves are key factors in cancer cells’ cisplatin response [13-15]. Therefore,
we analyzed their expression levels and the induction of apoptosis in AGS cells upon cisplatin
treatment. Treatment of AGS cells with cisplal'in for 24 h did not induce cleavage of caspase 3,a marker
of apoptosis (Figure 5A). Cleavage of caspase 3 after cisplatin treatment occurred after 48 h of treatment
(data not shown). However, silencing of HDAC4 by a siRNA accelerated the ability of cisplatin
to induce cleavage of caspase 3 after 24 h of treatment. Similar results were obtained using the
HDAC4 chemical inhibitor LMK235 (Figure 5B). p53 mRNA was only modestly induced by cisplatin
(Supplementary Figure 56A) but p53 protein levels were increased in a dose- and time-dependent
manner upon cisplatin treatment (Supplementary Figure S6B). By contrast, both TAp73 mRNA levels
and proteins were increased by cisplatin (Supplementary Figure 56A,B). The expression of known p53
and TAp73 target genes that regulate cell survival, such as the proapoptotic gene PMAIPT (Noxa) and
the cell cycle regulator genes CDKNI (p21), P57 and AQP3, were induced by cisplatin (Supplementary
Figure S8A-D). Altogether, these results indicated that both p53 and TAp73 are induced by cisplatin in
AGS cells, which could lead to the activation of prDapoptoﬁc genes such as PMAIPI.
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Figure 5. HDAC4 expression correlates with deregulation of cell cycle and proapoptotic pathways
regulated by protein of the p53 family. (A). Proteins from AGS cells transfected with a siRNA (10 nM)
against HDAC4 or luciferase (10 nM, siCtl) for 48 h and treated for 24 h with the indicated concentrations
of cisplatin treated or not (Ct) with the indicated concentrations (ICsy, I1C75) of cisplatin were separated
on an 5DS PAGE gel. A Western blot experiment was performed using an antibody against cleaved
caspase 3 (cCASP3), and actin was using as loading control. Percentage of cleaved Caspase 3 is indicated
relative to siHDACY/Cis(1G5) and corrected with actin level. (B). Proteins from AGS cells treated
with cisplatin (ICsy) and LMK235 (ICy5) for 24 h were separated on an SDS PAGE gel. A Western blot
experiment was performed using an antibody against cleaved caspase 3, and actin was using as loading
control. (C,D). AGS cells were transfected with a plasmid encoding for HDAC4 (1ug) or an empty
vector (pcDNA3, Ct) for 24 h and then treated for 12 h with cisplatin. Expression of p53 and TAp73
was assayed by RT-qPCR (A) and Western blot (B). *, p < 0.001 (n = 3), compared with the control
as calculated by one-way ANOVA followed by a Tukey post-test. Percentage of protein is indicated
relative to the condition Ct/Ct and corrected with actin level. (EF). AGS cells were transfected with a
siRNA (10 nM) against HDAC4 or luciferase (10 nM, siCt) for 48 h and treated with cisplatin for 12 h.
Expression of p53 and TAp73 was assayed by RT-qPCR (E). Protein level for p53 and HDAC4 were
assayed by Western blot (F). *, p < 0.001 (1 = 3), compared with the si control as calculated by one-way
ANOVA followed by a Tukey post-test. Percentage of protein is indicated relative to the condition
s51C/Ct and corrected with actin level.

We then assessed whether HDAC4 impacts on P53 and P73 expression. AGS cells were transfected
for 24 h with an expression vector encoding HDAC4. Cells were then treated with cisplatin (ICsp)
for another 24 h before P53 and TAp73 isoform RNA and protein levels were measured by RT-qPCR
and Western blot, respectively. Overexpression of HDAC4 in AGS cells had no effect on p53 mRNA
level (Figure 5C) but induced p53 protein level by two-fold after cisplatin treatment (Figure 5D).
Interestingly, HDAC4 induced TAp73 expression both at mRNA and protein levels and in both control
and in cisplatin-treated conditions (Figure 5C,D). Reciprocally, HDAC4 siRNA reduced TAp73 mRNA
level without significantly affecting p53 mENA levels (Figure 5E). The effect at the protein level also
confirmed the previous experiment in that HDAC4 siRNA reduced p53 protein levels after cisplatin
treatment (Figure 5F).
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2.6. HDAC4 Inhibits BIK and Other Proapoptotic Genes” Expressions in Gastric Cancer Cells: Role of p53

We then investigated the expression levels of proapoptotic genes identified as co-deregulated
with HDAC4 in gastric cancer patients (Figure 4F and Supplementary Figure 55A B). For instance,
cisplatin stimulated the ex pression of several proapoptotic genes PMAIPI and BIK (Figure 6A) [37,38].
Moreover, the expression of those genes was further elevated when HDAC4 was silenced using siRNA.
In addition, the expression of two other proapoptotic genes CASP8 and BID was also slightly elevated
upon silencing of HDAC4, although no induction was seen upon cisplatin treatment. Similarly,
inhibition of HDAC4 with LMK235 led to increased BIK expression in the absence or presence of
cisplatin (Figure 6B). In addition, BIK expression was significantly reduced upon silencing of p53 using
siRNA, suggesiing that p53 p]ays a role in BIK expression.
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Figure 6. BIK expression is involved in caspase 3 cleavage induced by cisplatin and HDAC4 silencing,
(A). AGS cells were transfected with a siRNA (10 nM) against HDACA or luciferase (10 nM, siCt) for
48 h and treated with cisplatin for 12 h. Expression of proapoptotic genes (PMAIF1, BIK, CASFS, BIDY)
was assayed by RT-qPCR. *, p < 0.001 (n = 3), compared with the si control as calculated by one-way
ANOVA followed by a Tukey post-test. (B). AGS cells were transfected with a siRNA against p53
(30 nM) or luciferase (30 nM, siCt) for 72 h and treated with cisplatin (IC50) of LMK235 (IC25) alone or
combined (12 h). Expression of BIK was assayed by RT-gPCR. *, p < 0.001 (n = 3), compared with the si
control (siCtl) as calculated by one-way ANOVA followed by a Tukey post-test. (C). Proteins from AGS
cells transfected with a siRNA (10 nM) against BIK or luciferase (10 nM, siCt) for 48 h and treated for
24 h with cisplatin (IC50) of LMK235 (IC25) alone or combined or not (Ct) were separated on an SDS
PAGE gel. A Western blot experiment was performed using an antibody against cleaved caspase 3
(cCASP3), and actin was using as loading control.

Then, we assessed if these genes were necessary for the apoptosis induced by inhibition of HDAC4
activity. AGS cells were treated with LMK235 and cisplaﬁn alone or in combination, and in the presence
of absence of siRNA directed against BIK. Inhibition of HDAC4 by LMK235 induced cleavage of
caspase 3, which was further induced by cisplatin treatment (Figure 6C). Cisplatin further induced
caspase cleavage induced by LMK235. By contrast, silencing of BIK significantly reduced the cleavage
of caspase 3.

These results indicated that part of HDAC4 function in gastric cancer involves the regulation of
apoptosis, in part via BIK and caspase 3, and in part via the activity of proteins of the p53 family.

3. Discussion

Gastric cancer remains a worldwide iJ:npDrtant health issue, including in western countries, due
to a low 5-year survival rate (below 30%). Part of this unfavorable prognosis is due to the poor and
variable sensitivity of advanced gastric tumors to perioperative chemotherapy protocols, especially
platinum-based therapies. We gathered molecular and clinical evidence indicating that histone
deacetylase 4 (HDACY) is a good candidate to explain some of the features leading to a differential
sensibility of gastric cancers towards cisplatin. In addition, we identified a regulatory loop in which
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HDAC4 functionally interacts with a post-transcriptional regulator, miR-140, and tumor suppressor
genes p53 and TAp73 to control proapoptotic gene expression such as BIK.

The role of HDACH in the resistance of gastric cancer cells to cisplatin-based chemotherapy is
suggested by several observations. Firstly, HDAC4 expression is elevated in gastric cancer biopsies
compared to normal tissues, showing differences between molecular subgroups. In particular, HDAC4
expression is elevated in the genetic stable (G5) and chromosome instable (CIN) subgroup, as well
as in the diffuse versus the intestinal histological subgroup (Figure 4B and Supplementary Figure
54B). Although these differences are not always very strong, they are similar to the ones obtained
with genes that are well known to be differently expressed between gastric cancer subgroups, such as
E-cadherin (CDH1) (Supplementary Figure 54A) [36]. Importantly, mutations or deletions of HDAC4
in gastric cancers correlate with a better Patient survival, and that is even more discriminant than any
particular molecular subgroup (e.g., MSI). Secondly, the silencing of HDAC4 or inhibition of HDAC4
by pharmacological means favor cisplatin cytotoxicity in vitro and cisplatin anticancer activity in vivo.
Reciprocally, HDAC4 overexpression counteracts the activity of cisplatin. Thirdly, in gastric cancer cells
treated with cisplatin at a toxic dose, HDAC4 expression drops dramatically, which is supported by
clinical data of the TCGA showing that HDAC4 expression is lower in tumors that have been treated
with chemotherapy (Supplementary Figure 54B). Altogether, these data support each other and suggest
that HDAC4, according to its ex‘pression level and/or mutational status, h.igh vs. low or mutated,
dictates in part the sensitivity of cancer cells towards chemotherapy and overall survival. The role
of HDAC4 in chemotherapy resistance is further supported by additional studies showing that high
expression of HDAC4 reduces docetaxel activity [39] and favors the growth of these cells in the absence
of treatment [21]. Furthermore, HDAC4 is overexpressed in esophageal carcinomas and breast cancers
and is associated with a poor prognosis [40,41]. Similarly, high expression of HDAC4 is a bad prognosis
factor in selected glioblastoma subtypes (proneuronal, mesenchymal) [41]. In epithelial ovarian, colon,
and myeloid cancer cells, HDAC4 increases proliferation and migration [42-45]. Although these data
suggest that in general, increased HDAC4 expre ssion could be a resistance mechanism mn different
types of cancers and to several sorts of chemotherapeutic drugs, it is clearly not always the case. Indeed,
in the colon cancer cell line HCT116, HDAC4 participates in the resistance to 5-FU (5-flucrouracil)
but not to methotrexate [46]. Therefore, the role of HDAC4 in cancer progression and sensitivity to
chemotherapy seems complex, and additional information on HDAC4 partners or targets is required
to explain how HDAC4 expression can differently impact cancer cells behavior.

The results we obtained established that cisplatin treatment has a significant effect on HDAC4
expression in gastric cancer cells. Cisplatin-mediated repression of HDAC4 expression occurs at the
RNA level and can reach up to a 90% reduction at the protein level upon treatment with high doses of
cisplatin (ICzs). This reduction of HDAC4 level is functionally relevant as an artificial overexpression
of HDAC4 counteracts cisplatin activity. Reciprocally, an amplified inhibition of HDAC4 expression
using siRNA accentuates cisplatin cytotoxicity.

The cisplatin-induced regulation of HDAC4 expression in gastric cancer cells involves complex and
balanced mechanisms. One of them involves miR-140. Indeed, miR-140 is rapidly induced by cisplatin
(within 6 h) before returning back to basal levels after 24 h of treatment. Artificial overexpression of
miR-140 inhibits HDAC4 expression, whereas anti-miRNAs agajnst miR-140 counteract the nega!ive
effect of cisplatin on HDAC4 level by even doubling it. In addition, miR-140 expression significantly
impacts on gastric cancer cell behavior, as miR-140 mimics favor cisplatin cytotoxicity. However, the
role of miR-140 seems to be limited to an early event and cannot explain the long-term downregulation
of HDAC4 observed after cisplatin treatment. It seems that miR-140 participates in the initiation of
the HDAC4 mRNA downregulation but that other mechanisms ensure that HDAC4 repression is
maintained. These mechanisms remain to be identified.

A_lthough the mechanisms ]eading to miR-140 induction are not known yet, the dc:wnregulal:ion
of miR-140, including the one occurring after its initial induction at later time points of cisplatin
treatment, is partially mediated by p53 and TAp¥3. Indeed, silencing of p53 using siRNA increased
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miR-140 level in control condition and partially restored its level during cisplatin treatment. By doing
so, p53 and TAp73 help to maintain HDAC4 expression to a minimal level, even under cisplatin
condition. These in vitro data are confirmed by analyses of the clinical data of the TCGA showing
that the expression level of HDAC4 and miR-140 are different depending on the p53 mutational status
in gastric tumors. Altogether, this suggests that HDAC4 expression might be necessary to ensure
some of p53 functions upon cisplatin treatment. For instance, previous works have suggested that
HDAC4 was involved in the p53—de pendent nepressinn of G2Z/M regu]ﬂh::rs upon DNA damag'e, such as
Cdc2 and Cyclin B2 [47,48]. In addition, HDAC4 has been shown to play a critical role in cell survival
by interacting with p53BP1 during the G2/M cell cycle check point [49]. Hence, p53 and TAp73
might contribute to maintaining a minimal HDAC4 protein level to ensure in some cells a functional
G2/M cell cycle check point via the repression of miR-140. We were not able to confirm that HDAC4
regulates CDC2 or CYCLIN B2 in gastric cancer cells. However, we showed that HDAC4 modulates
the expression of two other target genes of the p53 and TAp73 proteins.

Moreover, several genes inhibited by HDAC4, such as PMAIPI and BIK, are proapoptotic,
which could contribute to the resistance mechanism initiated by high HDAC4 expression. This negative
effect of HDAC4 on proapoptotic genes also provides mechanistic bases for our observation that
silencing or inhibition of HDAC4 favors cisplatin-induced apoptosis. In particular, the expression
of BIK appeared to be inhibited in part by HDAC4 and induced by p53 upon cisplatin treatment.
This regulation impacts on cisplatin cy totoxicity by favoring caspase 3 cleavage and apoptosis.

4. Materials and Methods

4.1. Biological Materials

AGS and KATOIII cells were obtained from ATCC (ATCC@: LGC Standards S.a.r.L. 6, rue Alfred
Kastler BP 83076 F-67123 Molsheim Cedex France: CRL-1739™, HTB—!(}STM). The HSC39 were a giﬂ
from Dr. Yanagihira (National Cancer Research Center, 104_0045 Tokyo, Japan). Cells were grown in
RPMI (Roswell Park Memorial Institute medium, Dominique DUTSCHER 5AS-Head Office: 30, rue de
V'Industrie- BP62-67172 BRUMATH cedex, France) with 10% fetal bovine serum (Frankfurter Straye
129 B, Postfach 200152, 64293 Darmstadt, Germany) and 1% penicillin/streptomycin (FPAN-Biotech,
Am Gewerbepark 13, 94501 Aidenbach, Germany) at 37 °C in a humidified atmosphere and 5% COz.
Mycoplasma contamination was tested negative using PlasmoTest (Invivogen, 5 Rue Jean Rodier,
31400 Toulouse, France).

Healthy tissue samples, gastric tumor biopsies, and distant normal gastric tissues (1 = 26)
were obtained from the Digestive Surgery department of Hautepierre Hospital (CHU Hautepierre,
Strasbourg 67200, France, authorization number: NCT02491840) or the National Cancer Research
Center (National Cancer Research Center, 104_0045 Tokyo, ]apan). All san\ples were obtained
with patients’ informed consent according to the Declaration of Helsinki and approved (EST4:
IDRCB2015-A00198-41/PR12014-HUSn"6042) by the Human Ethics Committee of the Strasbourg
University Hospital (CHU Hautepierre, Strasbourg 67200, France.

4.2. Cell survival Assay

A total of 10,000 cells were seeded per well in 96-well microplates (Falcon Multiwell, Dutscher:
30, rue de I'Industrie- BP62, 67170 Brumath, France), 24 h prior to any treatment. Cisplatin was applied
for 48 h in fresh medium. MTT assay was performed as previously described by replacing the medium
with fresh medium supplemented with 5 mg/L MTT (Sigma, Lyon-Saint Exupéry BP 113, 69125 Lyon,
France) for 1 h [50]. Cells were lysed in in DMSO 100% (100 puljwells). Measurements were performed
at 550 nm with the Tristar? Multimode Reader (Berthold Technologies, Calmbacher Str. 22, 75323 Bad
Wildbad, Germany).

235



Cancers 2019, 11, 1747 14 of 18

4.3. Isobologram Assay

A total of 10,000 AGS cells were seeded per well in 96-well microplates (Falcon Mutliwell), 24 h
prior to any treatment. A combination of cisplatin and LMK-235 or different concentrations of each
drug alone were applied for 48 h in fresh medium. MTT assay was performed as described above.
Treatment efficiencies were compared to individual treatment control efficiencies with the Compusyn
program (ComboSyn, Inc.,, Paramus, NJ 07652, USA) which determined the combination indexes.
In the present study, when the combination index is superiur or equal to 1.20, it indicates an antagonist
effect, between 0.80 to 1.20 an additive effect, and when the index is inferior to 0.80, it suggests synergic
effects between LMK-235 and cisplatin on cell survival.

4.4, Quantitative RT-PCR

A total of 500,000 cells were seeded per well in 6-well mic roplates (Falcon Mutliwell), 24 h prior
to any treatment. Cells were then treated with indicated drug and time. TRIzol (Invitrogen) was used
to extract RNA. One microgram of RNA was used for reverse transcription (High Capacity cDNA
Reverse Transcription Kit, Applied Biosystems). cDNAs were diluted five times before being used
as described by the provider (4 ul/reaction) with FastStart Universal SYBR Green PCR Master Mix or
FastStart Universal Probe Master Mix TagMan (Roche, 30, cours de I'Tle Seguin 92650 Boulogne-Billancourt
Cedex, France) for gPCR with 20 uL as the total volume for each reaction. For miRNA analysis,
we used RT n‘liScript mix, Hi Spec reagent, (Qiagen, 3 avenue du Canada LP 809 91974 Courtaboeuf
Cedex; France) and miScript 5YBR Green PCR Kit (Qiagen) as described by the provider. qPCRs were
performed with 7500 Real Time PCR System (Applied Biosystems, Boulevard Sébastien Brant - F67403
Tllkirch Cedex, France). Relative expression levels were normalized to TBE, G3PDH or RNU6 using the

20-24CY pethod [51]. Primers used are provided in Supplementary Figure S9.

4.5. Western Blot Analyses

Cells or tissues were lysed with LB (125 mM Tris-HCI pH 6.7, NaCl 150 mM, NP40 0.5%, SDS
0.1%, 10% Glycerol). Proteins were denatured and deposited directly (40 ug of proteins) onto SDS
PAGE ge]s. Western bloﬁ:i.ng was perfonned using antibodies raised aga.inst P53 (rabbit ant'i—p53,
FL-393, Santa Cruz, 10410 Finnell Street, Dallas, TX 75220, USA), p73 (rabbit anti-p73, Ab40658, Abcam,
24 rue Louis Blanc, 75010 Paris, France), HDAC4 (rabbit anti- HDAC4, 607702, Biolegend, France 38
Rue de Berri, 75008 Paris 8, France), acetylated Tubulin K40 (Merck, 201, Rue Carnot Fontenay sous
Boisile-de-France 94126, France), and cleaved caspase 3 (¢cCASP3, #9661 Cell Signaling, Cell Signaling
Technology Dellaertweg 9b 2316 WZ Leiden, Netherlands). Secondary antibodies (antirabbit NA934V
and antimouse NXA931V Horseradish linked) were incubated at 1:10,000. Loading was controlled
by analyzing actin protein expression (mouse anti-actin Clone C4, Chemicon, 1:10.000) [52]. Western
blot quantifications were performed using the Pxi imager and Genetools (Syngenem, Beacon House
Nuffield Road Cambridge CB4 1TF, United Kingdom). The intensity of the bands is indicated as a
percentage (%) relative to control when a band is present in the control condition. If not, intensity is
indicated as relative to a selected condition as indicated in the figure legends.

4.6. Transfection

Expression vectors for p53, TAp73, and HDAC4 were transfected by polyethylenimmine (PEI) or
JetPrim (Poly plus, Strasbourg, France) as previously described [53]. SIRNA transfection was performed
using the RNAIMAX protocol as described by the provider (Life Technology, Saint Aubin, France).
Sequences of siRNA, miRNA mimic, and anti-miRNA oligonuclectide are provided in Supplementary
Figure 59.
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4.7. Microarrays Analysis and TCGA Analyses

Files from microarray experiments (GEO accession number: G5E66493) were analyzed individually
using AltAnalysis software [54]. Deregulated genes were identified based on 2-fold change
expression and t-test p-value < 0.05. Deregulated genes were then analyzed by GO-Elite with
Prune Ontology term using Z score (cutoff 1.96, p-value 0.05) and Fisher’s exact test for ORA (2000
permutation) for over-representation in selected biological processes in several resources: Gene
Ontology, MPhenoOntology, Disease Ontology, GOSlim, PathwayCommons, KEGG, Transcription
Factor Targeis, miRNA Targets, Domains, BioMarkers, RVista Transcri]:l tion Sites, DrugBank, BioGrid.

For TCGA analyses, data were downloaded from the chioportal.org web site and analyzed using
the statistical program GraphPad PRISM™, Statistical analyses were performed as indicated in the
figures based on distribution of the data toward the Normal (Gaussian) rule.

4.8. Xenografts

Tumors were implanted into BALB/c male nude mice {aged 68 weeks; Charles River) by
intradermal subcutaneous injection in the lower flank using 5 x 10° cells. Tumors were allowed to
grow up to 150 mm? before starting the treatment. Two hundred microliters of vehicle or cisplatin
(10 mg/Kg) or LMK235 (5 mg/Kg) or a combination of both was administrated intraperitoneally. Tumor
volume was measured with calipers until day 28. All experiments were conducted in compliance with
project and personal licenses issued under the French and Japanese Animals Committee guidelines for
the welfare of animals in experimental procedures. The work was approved by a local ethical review

committee (APAFIS #8320).

5. Conclusions

Altogether, this study highlights a complex regulatory loop linking the epigenetic regulators
HDAC4 and miR-140 that control in part the response to cisplatin-induced apoptosis via p53
and proapoptotic genes, such as BIK, which might impact on patient survival. This p53/TAp73-
miR140-HDAC4-BIK regulatory loop may play a critical role in gastric cancer response to therapy,
as both HDAC4 and P73 are expressed at an elevated level in this type of cancer. In addition, p53 is
mutated in more than 70% of metastatic gastric cancers. The clinical relevance of this regulatory loop is
highlighted by the fact that mutation or deletion of HDAC4 favors the survival of patients with gastric
cancer. Hence, the use of selective inhibitor of HDAC4, such as LMK235, in combination with cisplatin
may represent a promising therapeutic alternative.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/11/1747/s1,
Figure S1: Cisplatin cytotoxicity in AGS and KATOIII gastric cancer cells. Figure 52: Expression and role of miRs
in HDAC4 mRNA levels, Figure S3: Combinatory treatment in HSC39 gastric cancer cells, Figure 54: HDAC4
expression level in different gastric cancer subgroups, Figure S5: HDAC4 co-deregulated genes in gastric cancers,
Figure 56: Induction of p53 and p73 in gastric cancer cells, Figure 57: Regulation of HDAC4 and miR-140 by p53,
Figure 58 Cisplatin induces several p53 and TAp73 target genes in gastric cancer cells: RT-qPCR primers and
siRNA used in the study. Figure 59: List of used gPCR primes, siRNA, miRNA mimics and miRINA antimir.
Table 51: Combinatory treatment in AGS cells.
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Ruthenium and osmium complexes have been shown to bypass several resistance mechanisms of plati-
num anticancer drugs, suggesting that they might represent therapeutic alternatives. However, the resis-
tance mechanisms that may alter the cytotoxicity of ruthenium and osmium complexes have not been
identified yet. Here we investigated the mechanisms governing the variability in the cytotoxicity of two
ruthenium cyclometalated compounds and their osmium equivalents. We characterized their anticancer
properties in vitro and in vivo, and we developed a 4-step approach to identify genes involved in their sen-
sibility/resistance by correlating their cytotoxicity measures with transcriptomic data of 60 cancer cell lines.
As previously observed for ruthenium complexes, we showed that osmium compounds target the endo-
plasmic reticulum stress pathway and that their activity was not hindered by mutation in the tumor suppres-
sor gene TP53. Then, we identified multiple sensibility/resistance genes that correlated with the cytotoxicity
of cyclometalated compounds. Docking and functional studies demonstrated that inhibition of some of
these resistance mechanisms, namely ABCB1 export and EGFR expression, improved the activity of cyclo-
metalated complexes. Interestingly, switching from ruthenium to osmium favored cytotoxicity while
reducing sensibility to the ABCB1 export mechanism. In summary, this study represents the first compre-
hensive investigation of the resistance mechanisms that alter the biological activity of ruthenium or csmium
complexes, and identifies some of the chernical determinants that are important for their activity.

TLD1433) are or have been already tested in clinical trials, the
dewelopment of Ru-based compounds towards patients is hin-

Ruthenium- and osmium-based compounds are being inten-
sively investigated as potential anticancer drugs encouraged by
the intrinsic physico-chemical properties of transition metals
and the long-lasting successes of platinum-based drugs.'”
Although three Ru-based complexes (KP1039, NAMI-A, and
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dered by the diverse and controversial hypotheses on the
physico-chemical determinant(s) relevant for their biological
activity (ClinicalTrials.gov Identifier; NCT03053635)." Indeed,
multiple Ru- and Os-based compounds have been designed
with different ligands, such as half-sandwich “piano-stool”
structures, and different types of bonds between the metal and
the ligands (0, S, N, P, C, and CI).>* This variety leads to a
wide range of spatial structures, lipophilicities, metal charges
(0 to V) and redox potentials. The various physico-chemical
properties may also explain the diversity of possible direct bio-
logical targets (DNA, kinase, and redox proteins) and regulated
signaling pathways, such as the TP53 tumor suppressor gene
and the endoplasmic reticulum (ER) stress.®** However, the
relative contribution of a specific physico-chemiecal property to
a given effect on a direct target or signaling pathway often
remains enigmatic. In particular, it is difficult to comprehend
the exact contribution of each physico-chemical determinant
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taken individually (ie. redox potential, lipophilicity, and the
presence of specific ligands), as by changing a given ligand,
several of these characteristics are being modified
simultaneously.

In addition, as the mode of action often remains elusive,
the biological determinants that drive the sensitivity or resis-
tance of the cancer cells towards these compounds have never
been investigated. For instance, original work done on the
“piano stool like” Ru complex RM175 showed the requirement
of the DNA damage response factor and tumor suppressor gene
TP53 for its cytotoxicity.”” In contrast, we showed that the orga-
noruthenium complex, RDC11, acts via the endoplasmic reticu-
lum (ER) stress effector CHOP.™ More recently, it was shown that
two Os structures discriminate between the necessity for the
TP53 or ER stress pathway for their cylotcn:icil:y.“ Importantly, no
studies have yet described resistance mechanisms for Ru or Os
complexes. In the em of personalized medicine, such infor-
mation is critical for the development of optimized compounds
and for their translation towards clinical use.

In an attempt to address these issues, we searched for the
potential resistance mechanisms that might impact the cyto-
toxicity of Ru and Os complexes by investigating potential can-
didates, such as TP53, and by using an unbiased transcrip-
tomic approach on 60 different cancer cell lines. For this study
we chose 2 pairs of cyclometalated compounds bearing biden-
tate ligands that have been previously deseribed.'®™ Within
each pair, the complexes have similar ligands but differ by the
metal, either Ru or Os, which we expected to change the redox
potential of the complex. Both pairs also differ by the ligands
(one phenanthroline vs. two), which we expected to modulate
lipophilicity. Our hypothesis was that by comparing these 4
complexes we would be able to investigate the relative contri-
bution of the redox potential (based on the metal) and the
lipophilicity in their biological activity. A comprehensive
physico-chemical, molecular, cellular and in vive study was
performed on these 4 complexes to evaluate their mode of
action and the gene profiles required for their activity in
cancer cells.

Results

Exchange of ruthenium to osmium in organometallic
complexes favors anticancer properties

Fig. 1a shows the structure of the cyclometalated complexes
investigated in this study: the related compounds RDC11/
ODC2 and RDC34/0DC3 whose synthesis have been previously
described.*** The cytotoxicity of RDC11 and RDC34 has been
investigated earlier,'"*#**** All the compounds were stable
at room temperature in PBS at least for more than 24 hours
(Fig. 511). The replacement of Ru in RDC11 by Os in ODC2 did
not significantly affect the spatial structure or the lipophilicity
measured by the phase separation assay (log(P,/w) (Table 1).
However, the introduction of Os caused a significant drop in
the redox potential (£], M(III/II) value) as previously
described (Table 1)."**°

Inorg. Chem: Front.
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Fig.1 Growth inhibition and cytotoxic activity of the Ru and Os com-
plexes. (a) Structures of the Ru and Os complexes employed in this
study. (b) NCI data of Inhibition Growth 50 (IGyg) for the 60 NCI cell
lines treated with RDC11, ODC2, RDC34, and ODC3 obtained by SRB
were analysed using GraphPad Prism. (c). Mean of IG50 for each of the 8
types of cancer of the NCI panel. (d) ldentification of the cell cycle and
sub-G1 populations by flow cytometry analysis (FACS) in HCT116 cells
treated with RDC11 and ODC2 for 24 h. * **, and *** indicate statistical
differences of 0.05, 0.01 and 0.001 respectively as determined by
ANOVA followed by Tukey post-test using GraphPad Prism software.

Table 1 Physico-chemical properties of Ru and Os organometallics.
Redox potentials £%(V) of osmium and ruthenium (MY") 5. Ag/AgCL
phosphate buffer 0.075 M pH 7.5, scan rate 10 mV s 25 °C.
Lipophilicity was evaluated with log(P,/w) as described '*2%

Complexes E'°f V (AgfAgCl) Log(E./w)
oDC2 0.a09 115+ 0.05
RDC11 0.423 1.2 + 0,05
0DC3 0,031 2344 004
RDC34 0.324 2,354 0.05

Earlier studies, including ours, have shown that ruthenium
complexes can alter in vitro the activity of purified oxidoreduc-
tases, such as glucose oxidase, horseradish peroxidase, lactate
dehydrogenase or PHD2*** Thus, these redox enzymes
can be considered as direct molecular targets of these com-
plexes. To assess how the change in the metal or the ligand
could impact the ability of the metalacycles to affect their
direct molecular targets, we measured the activity of two puri-
fied redox enzymes, glucose oxidase and horseradish peroxi-
dase, in the presence of the organometallic derivatives. The
calculation of the k; rate constant for the electron transfer
between the active site of the enzyme and the complexes,
showed that the ability to alter in vitro the activity of both puri-
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Table 2 Biological properties of Ru and Os organometallics. The kg
value ((M™* s%) x 109 is the rate constant for the electron transfer
batween the reduced (glucose oxidase, GO) or cxidized (horseradish
peroxidase, HRP) form of the active site of the enzymes, and the Ru or
Os cyclometalated complexes; in vitro cytotoxicity in HCTL16 cancer
cells is indicated as ICsg in pM; in vivo activity on xenografted cancer
cells is indicated as % of tumor volume relative to the control mice (Ct)
treated with vehicle (PBS/cremophore)

k(M7 57 % 10° Anticancer activity

In vitro In vive
Complexes  Glucose Ox. HRP (IG5 pM] (tumor vol., % Ct)
0oDc 29+03 2.7 1.2+ 01 55412
RDC11 1.7+ 0.2 0.1 1.8+01 60 +11
0oDc3 1.8+ 0.2 58 0,09+ 0.01 58+8
RDC34 7.5+04 2.3 015+ 0.01 62+9

fied redox enzymes is related to their redox potential
(Tables 1 and 2). The addition of a second phenanthroline
ligand in RDC34 and ODC3 slightly lowered the redox poten-
tial by ca. 100 mV, and increased the lipophilicity, as expected
due to its extended aromatic system. In addition, these mesults
indicated that the modification of the spatial structure
(probable increase of steric effects) may also be responsible for
the impact on the ability to affect the redox enzyme function
(Tables 1 and 2). For instance, these differences might be
visible when comparing the structures of rRDC11% and ODC2™
with that of RDC34™ in which two acetonitrile units have been
substituted by a phenanthroline bidendate ligand.

To assess the influence of changing the metal and the
ligand on the cellular activity of the complexes, we first com-
pared their cytotoxicity on a panel of human cancer cell lines.
The replacement of Ru by Os decreased the ICs values (con-
centrations reducing viability by 50%) of ODC2 and ODC3 in
HCT116 cells measured by MTT [3-(4,5-dimethylthiazol-2-y1)-
2,5-diphenyltetrazolium bromide] assay (Table 2, Fig. S2a
and bf). The increase in activity was confirmed on various cell
lines issued from 8 types of cancers present in the NCI panel,
both on the 1G50 (50% of growth inhibition, Fig. 1b and e,
Fig, $2d and ef) and the LCs, (dose inducing 50% of lethality,
Fig. S2f and gt). ODC3 displayed a strong anti-proliferative
activity in the nanomolar range on cell lines of several types of
cancers, suggesting that improving the lipophilicity favors the
cytotoxicity, similarly towhat we previously described."**

We then compared the mechanisms that could account for
the cytotoxicity of Os and Ru complexes on HCT116 cells using
flow cytometry. Treatment of HCT116 cells with RDC11,
RDC34, ODC2 and ODC3 increased the number of cells in sub-
G1, as well as the number of cells in G0/G1 (Fig. 1d, Fig. S2¢f).
This suggested that ODC2 and ODC3 can induce both cell
cycle arrest in GO/G1 and apoptosis, as pointed out by the pres-
ence of a subG1 fraction. In addition, the number of cells in
the sub-G1 fraction was slightly more elevated when cells were
treated with ODC2 and ODC3 compared to cells treated with
their respective ruthenium counterparts (RDC11 and RDC34),
suggesting that ODC were slightly more potent to induce apop-
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tosis than RDC. To confirm the pro-apoptotic potential of
0ODC3, we measured the cleavage of PARP1 by western blot, a
marker of apoptosis. RDC34 and ODC3 were both able to
induce PARP1 cleavage (Fig. S2ht). Of note, quantification of
cleaved products indicated that ODC3 was more potent than
RDC34 to induce apoptosis, which is consistent with the survi-
val assays. Similarly, ODC3 induced a higher expression of the
pro-apoptotic gene NOXA (Fig. S2if). Finally, in vivo experi-
ments performed on 3LL lung cancer cells in mice showed
that ODC2 and ODC3 tended to be more efficient to reduce
tumor growth although the differences were not statistically
significant (Table 2, Fig. $2j7).

Osmium cyclometalated complexes enforee the induction of
the ER stress pathway

We previously showed that cyclometalated RDC11 and RDC34,
bearing one or two phenanthrolines respectively, induced
markers of the ER stress pathway.'>" This pathway responds
to protein misfolding, redox stress and intracellular calcium
imbalance.”*" We wondered whether their osmium counter-
parts, ODC2 and ODC3, may have the same properties,
especially since an osmium compound (CL2 in this study) that
also contained a phenanthroline but lacked the 2-phenylpyri-
dine moiety and the C-metal bond was described as being
unable to induce ER stress." Therefore, we evaluated the
ability of ODC2 and ODC3 to regulate the expression of ER
stress markers, which would assess the importance of 2-phe-
nylpyridine and the C-Os bond in the ability of the complex to
induce ER stress markers. ODC2 and ODC3 induced the pro-
apoptotic ER stress transeription factor CHOP, while neither
the coordinated phenanthroline complex (CL2) nor oxaliplatin
displayed any significant effect (Fig. 2a, Fig. S3at). Similarly,
0DC2, but not another platinum-based drug, cisplatin, induced
the phosphorylation of Elf2a, one of the early steps in the ER
stress pathway (Fig. 2b). Interestingly, ODC2 displayed a stron-
ger ability to induce these markers compared to RDC11, further
supporting the higher cytotoxicity of osmium complexes over
their ruthenium counterparts, likely mediated by the redox
potential difference. These results also indicate that the pres
ence of the cyclometalated 2-phenylpyridine ligand is important
to tune osmium complexes’ biological activity. Similar results
were obtained with ODC3 and RDC34 on CHOP and its target
gene CHACH (Fig. S3a and bf). To further understand the role of
the ER stress in the biological activity of ODC2, we inhibited
two effectors of the ER stress pathway, EIF2a and CHOP.
Inhibition of EIF2a by salubrinal did not reduce the biological
activity of ODC2 (Fig. S3ct). In contrast, the silencing of CHOP
expression diminished the cytotoxicity of ODC2 (Fig. 2c). These
results suggest that ODC2 does not require for its activity the
PERK1-EIF2a branch of the ER stress pathway, but still needs
the expression of the downstream effector CHOP.

Osmium cyclometalated compounds are insensitive towards
TP53 mutations

As shown in Fig. 1b, the 60 cell lines of the NCI displayed
different sensitivities towards RDCs and ODCs. We decided to

norg. Chem. Front.
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Fig. 2 Role of p53 and ER stress effectors in the cytotoxic activity of the Ru and Os complexes. (a) Western blot of p53 and CHOP in HCT116 cells
treated for 24 h with the indicated compounds at |Casupye. Ox = oxaliplatin (ICs =1 uM; IC = 5 uM); ODC2 (0, 25; 1; 2,5 pM) CL2 (ICas = 2 uM;
ICsq = 5; ICye =10 pM); Ct, DMSO 1%. (b} Western blot of EIF2a phosphorylated (eif2a*) in HCT116 cells treated for 24 h with the indicated com-
pounds. Cisplatin (Cisp; ICsy = 1M, Ty = 5 pM), RDC11 (ICs = 1 uM; IC;¢ 2.5 pM) (c) Survival of HCT116 cells treated or not with ODC2 at the ICsq
and transfected with siRNA directed against CHOP. Cells were transfected for 48 h with the siRNA before treatment for 48 h. Graph shows the mean
and standard deviation of % of surviving cells compared to the control condition (Ct) (d) IG50 of ODC2 and ODC3 in the NCI 60 cancer cell line
panel as distributed in two groups, cell lines with wild type p53 (p53 wt) (n = 15) or cell lines with mutated p53 (p53 pt; n = 30). *** indicates statisti-
cal differences between the means of the two groups (p < 0.001) as determined by ANOVA followed by Tukey post-test using GraphPad Prism

software.

investigate the molecular bases accounting for these differ-
ences. Based on the frequent mutation of the tumor suppres-
sor gene TP53 and its role in the activity of some osmium com-
plexes, such as CL2,'* we analyzed whether mutations in this
gene might represent a resistance factor for ODC2 and ODC3
activity. To do so, we classified the cell lines of the NCI into
2 groups. The first group contained cell lines with wild-type
p53 (p53 wt) and the second group cell lines with mutated p53
(p53 pt). The means of IG50 of both groups were compared.
We first observed that mutation of the p53 tumor suppressor
gene in the cancer cell lines did not diminish the eytotoxicity
of ODCs and rather increased it (Fig. 2e). This result suggests
that TP53 is not necessary for the activities of ODCs.

To further assess the role of TP53 in ODC activity, we ana-
lyzed the protein level of p533 by western blot in cells treated
with ODCs in comparison with the esmium complex CL2. CL2
was previously described as an inducer of the p53 protein
level.** Treatment of cancer cells with ODC2 did not increase
the p53 protein level (Fig. 2a), in contrast to CL2. We also tested
the impact of an inhibitor of p53, pifithrin, on the activity of
ODC2, The p53 inhibitor pifithrin did not reduce the cyto-
toxicity of ODC2 (Fig. S3df). This set of experiments indicate
that the biological activity of ODCs is not dependent on the p53
protein and that mutation in TP53 does not aceount for the
variability and cancer cell sensitivity towards ODCs or RDCs.

norg. Chem: Front.

Genomic approach identified ABCB1 and EGFR as resistance
hanisms for eyclome d ruthenium and osmium
complexes

mec !

As mutation in TP53 does not account for the variation in ODC
and RDC sensitivity in cancer cells, we searched for other
mechanisms. To identify potential resistance mechanisms of
cyclometalated complexes we used a non-biased strategy based
on 4 successive steps that integrated the cytotoxicity data
obtained from the NCI, the gene expression levels from Cell
Express (http:/eellexpress.cgm.ntu.edu.tw), and TCGA (http:/
www.cbioportal.org). To do so, we focused on RDC11 that gen-
erally displayed the lowest activity.

In the first step, we defined two groups of cell lines. The
first group contained the 4 most resistant cell lines towards
RDC11, namely NCI ADR, CAKI1, HCT15, and UD3, showing a
high 1G50 for RDC11 (around 107* M). These cells showed also
a low response towards ODC2 (close to 107 M), The second
group contained the most sensitive cell lines, namely HOP92,
OVCAR3, NCI H522, and SKMELS5, with a low IG50 close to or
below 107° M. Then, we analyzed the gene expression patterns
that might differentiate these two groups of cells using Cell
Express (httpsicellexpress.cgm.ntu.edu.tw). Among them,
1356 genes presented a p value < 107, indicating that the bio-
logical response of cancer cells towards the complexes might
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Fig 3 (a) Multistep selection process for resistant genes against Ru/Os complexes. (b) Heatmap of gene signature identification step using 8 cell
lines for CellExpress analysis. 4 sensitive cell lines (HOP92, SKMELS, H522, and OVCARS) and 4 resistant cell lines (NCI AR, CAKIL, HCTL5, and UO31)
for RDC11 were chosen and the genes co-expressed in each group were identified using the CellExpress website. (c) First validation step on 8 cell
lines using cBioPortal transcriptomic data. Data of indicated genes for 8 cell lines segregated in two groups (resistant versus sensible to RDC11
based on the IG50 from the NCI data) obtained from cBioPortal were analyzed using GraphPad Prism. In each group a cell line from each of the 4
types of cancer is present: HOP92 and NC| ADR for lung cancer, HCT15 and KM12 for colon cancer, BT549 and HS578T for breast cancer, OVCAR3
and OVCARB for ovarian cancer. Graph represents means and standard deviations of the relative mRMA level (z score) for the groups of sensitive
(Sens) and resistant (Res) cell lines. (d) Second validation step for EFGR expression on the 60 cell lines of the NCI and using cBioPortal transcriptomic
data. EGFR expression is indicated in the relative level (z score). (e) Functional validation step for EGFR using cetuximab (Cet, 0.5 pM), a selective
inhibitor of EGFR, on 2 cell lines, with low (OVCAR3) and high (OVCARS) expression of EGFR. Cetuximab was added 1 h before treatment with
RDC11. Cell survival was evaluated by MTT after 48 h of treatment. Graph indicates means {n = 3) and standard deviations of ICs, obtained in each
condition, ** indicates statistical differences of 0.01 as determined by ANC\A followed by Tukey post-test using GraphPad Prism software.

involve numerous pathways (Fig. 3a and b, S4af). In the
second step, we increased the number of cell lines included in
the correlation analysis by choosing 4 pairs of cell lines from 4
different types of cancers. This meant that for each cancer type
there was one sensitive cell line and one resistant cell line to
RDC or ODC: HOP92 and NCI ADR for lung cancer, HCT15
and KM12 for colon eancer, BT549 and HS578T for breast
cancer, and OVCAR3 and OVCARS for ovarian cancer. This step
was used to limit intercancer type bias, as for instance, renal
cancer cell lines showed less sensibility in general compared
to cell lines of other types of cancer. In this second step, we
selected out of the 1356 genes initially identified in step 1 the
100 most differently expressed (p value < 10~°) genes to further
assess whether their expression correlated with the cytotoxicity
of cancer cells by using the 4 pairs of cell lines. Out of these
100 genes, only 20 showed a statistically relevant correlation
between their expression and the eytotoxicity in cancer cells
(p value < 0.01), such as ABCB1, EGFR or NRF2F (Fig. 3c). In
the third step, these 20 genes were further validated by corre-
lating their expression to the 1G50 of the 60 cell lines of the
NCI panel (Fig. 3d). Out of 20 genes only 10 correlated with
the 1G50 with p value < 0.01, and only 8 with a good corre-
lation (r = +0.3) (ABGB1, r = 0.57; EGFR, r = 0.32; IRS2, r =
—0.31; GAS6, r = 0.37; NR4AZ, r = 0.3; SLO25A2, r = —0.4;
TNFRSF124, r= 0.33; NRF2F, r= 0.39).

This strategy allowed us to identify genes that have the most
robust correlation between their expression level and the toxi-
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city on cancer cell lines of different crigins. The final step was
to validate their importance in RDC11 cytotoxicity using the
loss of function experiments. To do so, we selected EGFR and
ABCB1 because both have pharmacological inhibitors with
FDA approval for their clinical use. For instance, we investi-
gated the importance of EGFR that is overexpressed in various
cancers and that can be inhibited by cetuximab, a monoclonal
antibody selectively targeting EGFR. Cell lines with low
(OVCAR3; z-score 0.16) and high (OVCARS; zscore 1.8)
expression of EGFR were treated with RDC11 alone or RDC11
with cetuximab (Fig. 3e). Cetuximab inhibition of EGFR signal-
ing was werified by following AREG and EREG expression
(Fig. S4ff), known downstream genes of EGFR signaling?'
Cetuximab increased by two-fold the cytotoxicity of RDC11 in
the OVCARS cells, but had no significant effect on OVCAR3
cells. Hence, the elevated expression of EGFR reduced RDC11
cytotoxicity. Altogether, these experiments indicate that the
strategy chosen and developed allowed us to identify molecular
signatures controlling RDC sensitivity towards specific cancer
cells.

ABCB1 as a carrier of cyclometalated complexes

Among the genes identified by our approach, ABCBI was the
gene whose expression correlated the most with the cytotoxie
activity of RDC11 and ODC2 (Fig. 5a, S4bf). ABCBI (MDR1,
P-gp) encodes a membrane protein that exports compounds
outside the cells. Thus, the correlation existing between the

Inorg. Chem Front.
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Fig. 4 Binding modes of RDC11 to the human ABCB1 transporter. (a) Overall view of the two adjacent binding modes of RDC11 (green and cyan
sticks) to the ABCBL protein (white ribbons). (b) Close-up of binding site 1 The RDC11 ligands are shown as green sticks, with the Ru atom displayed
as a pink sphere. ABCB1 residues lining the binding site are represented by tan sticks, and are labelled at their Ca-atom. (¢} Close-up of binding site
2. The RDC11 ligands are shown as cyan sticks, with the Ru atom displayed as a pink sphere. ABCBL residues lining the binding site are represented

by tan sticks, and are labelled at their Ca-atom.

level of ARCE1 expression and the cytotoxicity of RDC11 and
0ODC2 suggests that the ABCB1 protein might represent an
export mechanism for these two drugs. To test this hypothesis,
we first took the opportunity of the existence of an established
structure of ABCB1 to perform docking experiments.

The flexible docking of RDC11 into the inner hydrophobic
cavity of inward-facing ABCB1 unambiguously proposes two
adjacent binding modes to transporter residues known to host
several ABCB1 ligands (Fig. 4a). Site 1 corresponds to the
location where the absolute lowest binding free energy pose
(~7.52 keal mol™") of the ligand is found (Fig. 4b). RDC11 is
docked in a hydrophobic environment lined by several aro-
matic residues (Phe72, Phe336, Tyr950, and Phe951) that
exhibit either edge-to-face or face-to-face interactions with the
two aromatic groups of the RDC11 ligand. No polar inter-
actions with the ligand could be detected, the Ru atom being
just used as a tether to optimally orient the 2-phenylpyridine
and the 1,10-phenanthroline rings with respect to their aro-
matic environment. As with most ABCB1 ligands, a second
binding site (site 2), adjacent to the first one is found on the
upper part of the inner cavity (Fig. 4c) that is particularly rich
in aromatic residues.™* The second site corresponds to the
preferred location of most docking poses (Fig. 4b) with a
slightly lower binding free energy (from —5.18 to —6.76 kecal
mol ™). As for site 1, site 2 is lined by a majority of aromatic
amino acids (Phe303, Tyr307, Phe335, Phe336, Phe343, and
Phed78]) exhibiting aromatic interactions to the ligand. Again,
no apolar interactions with the transporter are detected in this
second binding site. These current docking data clearly
suggest that binding of this RDC11 ligand to a nucleotide-free
inward-facing conformation of the ABCB1 protein is feasible.

Inorg. Chem. Front

Inhibition of ABCB1 activity increased the cytotoxicity of
cyclometalated complexes

Having established that RDC and ODC complexes can be trans-
ported by ABCB1, we investigated the impact of ABCBI1
expression on their cytotoxic activity. For this, we selected two
colon cancer cell lines with either low (HCT116) or high
(SW480) expression for ABCBI (Fig. 5b). Importantly, the
expression of ABCBEI or other ABC transporters was not sub-
stantially impacted by the treatment with RDCs or ODCs
(Fig. S4b and cf). The inhibition of ABC transporters, includ-
ing ABCB1, was achieved by using verapamil. Verapamil treat-
ment lowered the RDC11's ICs in SW480 cells (high ABCB1
expression) from 6 pM to 22 pM (Fig. 5c). The relative
efficacity of RDC11 and ODC2 in the presence and absence of
verapamil was calculated for SW480 as percentage relative to
the treatment in the absence of verapamil. The ratio showed
that the cytotoxicity of RDC11 was inereased by about 275% in
the presence of verapamil in SW480 (Fig. 5d). Verapamil
showed a slightly lesser increase (250%) in the ecytotoxic
activity of ODC2 in SW480 cells (Fig. 5d). Of note, verapamil
did not impact the ODC2 cytotoxicity in HCT116 cells {low
ABCB1 expression; Fig. S4ef). These results confirm that
ABCB1 expression and activity account, at least partially, for
the sensitivity of cancer cells towards RDC11 and ODC2, and
that RDC11 might be more sensitive to the ABCBEI expression
level.

To further investigate the role of ABCB1 in the activity of
the complexes on a larger scale, NCI cell lines were separated
into two groups based on ABCB1 expression as measured by
the z-score: the first group with high expression (ABCB1
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Fig. 5 Impact of ABCB1 expression and inhibition on ruthenium- and
osmium-based organometallic complexes. (a) Correlation of the ABCE1
expression level (z score) with the cytotoxicity (IG50) of RDC11 in the
whole MCI cancer cell line panel (60 cell lines). The correlation coeffi-
cient is indicated as calculated by Pearson test and p value (n = 60). (b}
mRMNA levels of ABCBI in HCT116 and SW480 colon cancer cells
measured by RT-qPCR after 24 h of treatment at the ICsy (see Fig. 1).
mANA level of ABCAI was normalized to the housekeeping gene TBP.
() To test for the impact of the ABC transporter inhibitor verapamil
(50 uM), cells were treated for only 1 h with RDC1L, and the MTT assay
was performed after 48 h Verapamil was present during the whole
experiment. Curves are means of three independent experiments. (d)
ABC sensitivity represented as % of |1Cuyg difference between cells treated
only with RDC11 or ODC2 and cells co-treated with verapamil. p < 0.01
(¢ test) (d). (e) Shift of IG50 in the NCI 60 cancer cell lines depending on
the expression level (high, n = 4; low, n = 56) of ABCB1 *** indicates
statistical differences of 0.001 as determined by ANOWA followed by
Tukey post-test using GraphPad Prism software.

expression with a z score >2) and the second group with low
expression (z score < 2). All 4 compounds displayed low cyto-
toxicity in the high ABCE1-expressing group, and higher
cytotoxicity in the low ABCBI-expressing group (Fig. Se).
Interestingly, the difference of cytotoxicity between the two
groups of cell lines was higher with the ruthenium-containing
complexes compared to osmium-containing complexes [IG50
ratio of 1480-fold for RDC11 and 770-fold for ODC2; 1G50 ratio
of 4.75 x 10°-fold for RDC34 and 1980-fold for ODC3). This
suggests that in average the change of ruthenium for osmium
limits ABCB1 resistance mechanisms, Therefore, ABCB1 might
contribute to the balance of import and export mechanisms
governing organometallic drug concentration in cells,

Discussion
Ruthenium and osmium complexes are being intensively

investigated as potential anticancer drugs."™ Multiple Ru- and
Os-based compounds have been designed and this variety
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leads to a diversity of possible direct biological targets, includ-
ing DNA, kinase, redox proteins, and regulated signaling path-
ways, such as p53.”'® Three complexes (NAMI-A, KP1039 and
TLD1433) are being or have been tested on patients in clinical
trials, However, the relative contribution of a specific physico-
chemical characteristic to a given effect on a direct target or
signaling pathway remains often enigmatic for osmium and
ruthenium complexes. In addition, the biological determi-
nants that drive the sensitivity or resistance of the cancer cells
towards these compounds have never been investigated. To
address these questions, we used 2 pairs of metalacycles
bearing bidentate ligands that were previously described and
that differ either by the metal (Os versus Ru) or the number of
phenanthroline ligands (1 versus 2).1%20 we expected the metal
exchange to modify the redox potential and the number of
phenanthrolines to modify the lipophilicity. Using these com-
plexes, we compated in vitro and in vivo their anticancer pro-
perties and we investigated the potential resistance mecha-
nisms that impaired their activity by developing a 4-step strat-
egy that implemented correlations between the cytotoxicity
and the genetic signatures of 60 different cancer cell lines.

Osmium and ruthenium eyclometalated complexes as
anticancer drugs: role of redox potential and lipophilicity

The 4 complexes exhibited high cytotoxicity on all the 60 cell
lines tested. At least part of the cytotoxicity can be linked to
apoptosis as several markers were induced, such as the clea-
vage of PARP1 or induetion of NOXA. The exchange of ruthe
nium to osmium in the mono or diphenanthroline com-
pounds increased the cytotoxicity and the in viw anticancer
activity. As the exchange only modifies the redox potential of
the complexes, it further illustrates the importance of the
redox potential in the biological activity of cyclometalated
complexes. It was previously shown that the redox properties
of Ru complexes allow them to switch from an inactive Ru(mi)
state outside the cells into a Ru(n) active state when it entered
the cells.” However, in this study, we show that the redox
potential contributes to the ability of the Os and Ru complexes
to modulate the activity of their direct molecular targets, such
as redox enzymes. The addition of a second phenanthroline
increased also significantly the activity of the metalated com-
plexes, both with ruthenium and osmium. This effect is likely
due to the change in lipophilicity brought by the second phe-
nanthroline, but it might also be attributed in part to struc-
tural changes.

Osmium cyclometalated complexes induce ER stress effectors

Both ODC2 and ODC3 induced the expression of the ER stress
pathway effector CHOP, as well as one of its target gene,
CHAC1. Interestingly, the osmium complex with one phenan-
throline and no Os-C bond did not induee these markers, as
previously reported.” Henee, the ability of inducing ER stress
markers seems to be rather a characteristic of cyclometalated
ruthenium and osmium and not a general feature. However,
we previously reported that ruthenium complexes with piano-
stool structures can also have similar properties on ER stress
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markers.*® Importantly, the activation of the ER stress
pathway, or at least of some of its effectors, can account for the
cell death induced by these cyclometalated complexes, Indeed,
the silencing of CHOP reduced ODC2 cytotoxicity. However,
salubrinal which inhibits the PERK-EIF2 pathway did not affect
the ability of ODC2 to induee eytotoxicity. Hence, it is likely that
the ODC2-regulated expression of CHOP might involve one of
the two other components of the ER stress pathway, ATF6 or
XBP1s."” The exact mechanistic processes that allow cyclometa-
lated compounds to induce the ER stress pathway remains to be
established, Interestingly, the ER stress pathway has been
shown to be induced by intmeellular redox imbalance and
abnormal protein oxidation, which may both be altered by the
redox properties of cyclometalated compounds, including via
the deregulation of redox enzyme activities.™

ABCB1 and EGFR expression as resistance mechanisms
against cyclometalated compounds

To our knowledge, no resistance mechanisms have yet been
identified against Ru or Os compounds, despite the fact that
their anticancer activity is tested in patients. The 4-step sereen-
ing process that we developed showed that multiple genes may
account for the sensibility of a given cell line towards cyclome-
talated compounds. The difficulty encountered in validating
the 60 cell lines some of the genes identified as sensibility
markers in the first step (8 cell lines) highlights the number
and the clonal variabilities of the resistance mechanisms that
may be involved, The genes initially identified that may, at
least in part and in some cell lines, account for the sensibility
towards ruthenium and osmium compounds span multple
cellular processes. Similarly, resistance mechanisms are
complex and how cancer cells respond to a given drug
depends on multiple factors, such as the availability of direct
targets, number of off-targets, and expression of generic anti-
and pro-apoptotic proteins. Taking advantage of the existence
of inactivating drugs, we demonstrated that the overexpression
of ABCB1 or EFGR reduced the cytotoxicity of cyclometalated
drugs. For instance, ABCB1 may account for an elevated export
of the Os and Ru cyclometalated compounds towards the
outside of the cell. Surprisingly, these complexes seem to be
more sensitive towards ABCBI expression compared to cispla-
tin (Fig. 54bt) or oxaliplatin (data not shown). Alternatively, it
may also suggest that Os and Ru complexes are more efficient
to overcome other resistance mechanisms, such as the
mutation of TP53, favoring the role of ABCB1. Besides the use
of an inhibitor of ABCB1 transporter to demonstrate its role,
docking and modelling analyses support that ABCB1 may
export cyclometalated complexes by its binding on two sites,
site 1 (Phe72, Phe336, Tyr950, and Phe951) and site 2 (Phe303,
Tyr307, Phe335, Phe336, Phe343, and Phe978). As for many
existing substrates, we cannot rule out the possibility of a sim-
ultaneous occupation of both sites by two molecules of
RDC11. The structurally elose resemblance between RDC11
and ODC2 indicates that both complexes are fitting into
ABCB1. However, the existing modeling tools do not allow us
to differentiate possible fitting differences caused by changes
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in the electron density surrounding the metal ion that caused
the difference in terms of redox potential. Hence, by reducing
cyclometalated drug concentration in the cell, cytotoxicity is
reduced. This finding represents also one of the very few infor-
mation on the mechanisms of import/export of Ru or Os com-
plexes in cells. Indeed, besides the report that the import of
these Ru complexes into cells is mediated by passive and
active mechanisms,™ so far there is no information that cyclo-
metalated complexes are expelled and subjected to such resis-
tance mechanisms,

Concerning the other gene that seems to partially dictate
the sensitivity of cancer cells toward Ru and Os metalacycles, it
is likely that EGFR, the receptor for the growth factor EGF,
induces proliferative and pro-survival pathways, such as MAPK
and AKT, that may partly counteract the pro-apoptotic and cell
cycle arrest effects of the metallacycles. This information is to
be carefully considered as EGFR over-expression or activating
driver mutations are frequent events in several cancer lg,rpes.'“l

Although the elevated expression of ABCBI and EGFR is
clearly a factor that influences the capacity of cancer cells to
respond to Os and Ru metallacyeles, their impact on the ICso
of these drugs remains below 1 order of magnitude (change in
2- to 3-fold of the IC;,). This has to be compared to resistance
mechanisms affecting platinum based-drugs or targeted thera-
pies, such as the cetuximab. For instance, the difference of
ICq, of cisplatin between sensitive and resistant ovarian cancer
cells is well abowe 2 orders of magnitudes.® Similarly, the
difference in sensitivity for cetuximab between cell lines
ranges from 107 to 10* pM.™ Therefore, the importance of
these resistance mechanisms identified for Os and Ru metalla-
cycles has to be relativized and highlights the anticancer
potential of these compounds.

In conclusion, this study is the first report, to the best of
our knowledge, that identifies resistance mechanisms against
osmium or ruthenium complexes. In particular, we demon-
strated that the cytotoxic activity of cyclometalated complexes
is reduced by the high expression of ABCBI and that the
exchange of ruthenium by osmium reduces this effect. Henee,
the efficacy of ruthenium and esmium complexes in patients
might be improved by cotreatment with inhibitors of ABC
transporters, such as verapamil. Furthermore, the insight
gained into the role of the redox potential in the biological
activity of these compounds constitutes a significant step
towards the design of more effective and less expensive small
molecules that could target cancer cells more efficiently.

Methods
Chemicals and enzymes

Ruthenium and osmium derived compounds were synthesized
and characterized as previously described.™**** Oxaliplatin
and wverapamil were purchased from Sigma-Aldrich® and
cetuximab was provided by Merck.

Glucose oxidase from Aspergillus niger was obtained from
Sigma (211 U mg™"), and o-glucose was obtained from Acros.
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All reagents and components of buffer solutions were used as
received and solvents were at least HPLC grade. Horseradish
peroxidase isoenzyme C (type VI, RZ = 3.1) was purchased from
Aldrich. Hydrogen peroxide was standardized by daily measur-
ing the absorbanece at 230 nm (¢ =72.8 M~" em™"). The concen-
tration of the heme group was determined spectrophotometri-
cally using the ratio Auafdss and the HRP activity was
measured by the guaiacol assay.

Cell culture, MTT (3-(4,5-dimethylthiazol-241)-2,5-
diphenyltetrazolium bromide) test, 1Csq and NCI Ky

Human colorectal HCT116 and SW480 cells, ovarian OVCAR3
and OVCARS were obtained from ATCC and maintained at
37 °C at 20% Q,, 5% CO, in DMEM, 1 g L™ glucose
(Dulbeceo’s modified Eagle’s medium; Life Technology), sup-
plemented with 10% fetal calf serum (Life Technology), peni-
cillin/streptomycin (100 Ul mL™-100 pg ml™") and gentamyein
(50 mg mL™"). MTT test was performed using 96-well culture
plates (Costar).*” ICsq was calculated on extrapolated fit curves
based on concentrationfeffect data analyzed by using
GraphPad Prism using the equation: ¥ = Bottom + (Top-
Bottom)/(1 + 10(M* %) « HiliSlope)). NCI renamed the 1Cs,
into IG50, the concentration that causes 50% growth inhi-
bition, to emphasize the correction for the cell count at time
zero; thus, KG50 is the concentration of the test drug where
100 % (T — T)(€ — T,) = 50 (dtp.cancer.gov/databases_tools/
docs/compare/compare_methodology.htm#specon).

Transfection of SiIRNA

SIRNA transfection was performed using the RNAIMAX proto-
col as described by the provider (Life Technology, Saint Aubin,
France). Sequences of siRNA for CHOP were previously
deseribed."*

Electrochemical measurements and calculition of rate constants

Electrochemical measurements were performed on a PC-inter-
faced potentiostat-galvanostat AUTOLAB PGSTAT 12. A three-
electrode setup was used with a BAS working glassy carbon
electrode, with Ag/AgCl as a reference electrode and with an
auxiliary platinum electrode. Before each measurement, the
working electrode was polished with diamond paste, rinsed
with water and then with MeOH. The solution was purged
with argon or nitrogen. Anodic peak currents (i,) were
obtained from cyclic voltammograms in the absence of the
enzyme. Catalytic currents (i) were obtained in the presence
of GO and p-glucose under nitrogen. The rate constants,
k;, were caleulated from the slopes of linear plots of the ratio
fetlio against ([GO)w)"™ (v is the scan rate), as described.""
Electrochemical simulations were carried out in order to
calculate k; for HRP, using the DigiEleh 4.0 package from
ElchSoft Simulation Software & Experience (Kleinromstedt,
Germany). The diffusion coefficients were taken as 1 x 107"
em? s7* for HRP,** and 1.6 x 107° em® 57 for H,0,.** The rate
constant for H,0, and HRP of 1.7 x 10’ M " 5" was used.*
The electrode surface was taken as 0.0707 cm®, The rate con-
stant ks and the transfer coefficient a were first found in the
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simulation of separate cyclic voltammograms of the complexes
in the absence of H,0, and HRP and then were further used to
simulate cyclic voltammograms of osmium and ruthenium
compounds in the presence of HRP/H,0, (HRP/H;0, (0.2 pM/
1 mM), RDC/ODC (20 pM), phosphate buffer 0.075 M pH 7.6,
and scan rate 10 mV s_l, 25 °C). The rate constants k; were
varied until the best visual match between calculated and
experimental cyclic voltam mograms was achieved.'®

Quantitative reverse transcription-PCR (RT-gPCR)

Gene expression was assessed by qPCR using TBP as the nor-
malizing gene.” Total RNA was isolated with Tri-reagent
(MRC). RNA was quantified using a Manedrop 2000 spectro-
photometer (Thermo Scientific) and ¢cDNA synthesized from
1 pg of total RNA using the High Capacity ¢cDNA synthesis kit
(Applied). qPCR was performed in an Applied thermal cycler
using the FS Universal SYBR Green Master mix (Roche) or with
TagMan Gene expression assays (Applied Biosystems) and the
FS Universal Probe Master mix (Roche). Specificity of the
amplification was assessed by performing a melting curve ana-
lysis. Nucleotide sequences of the primers are indicated in ESI
Material and methods.t

Western blot

Cells were lysed in Laemmli sample buffer 1x (125 mM Tris-
HCL, pH 6.7, containing 3.3% SDS, 0.7 M 2-mercaptoethanol,
10% glycerol and 0.02% bromophenol blue) and then boiled
for 5 minutes before loading. Equal amounts of total-protein
extracts were separated on 10 to 12% PAGE and then electro-
transferred  to  nitrocellulose  membranes  (Bio-Rad
Laboratories). Equal loading was ensured by using an antibody
directed against actin (1/2000; Sigma). Immunoprobing was
performed with p53 (1/500; BD Transduction Labs), CHOP (1/
1000; Novus Biologicals), and Eif2a (1/1000, Abcam).
Membranes were then probed with secondary horseradish-per-
oxidase-conjugated antibody (anti-rabbit, 1/5000 or- mouse 1/
1000, Santa Cruz). The antibody reaction was revealed with
chemiluminescence detection procedures (Immun-StarT™M
HRP Chemiluminescence Kits, Bio-Rad Laboratories) and
using the Molecular Imager® ChemiDocTM XRS + System
(Bio-Rad Laboratories).

In vive tumor growth

C57BL/6 mice (8-weeks old) were injected subcutaneously with
5 x €' 3LL cells. Injections of RDC (RDC34 and ODC3 at
4 mmol kg™'; RDC11 and ODC2 at 13.3 mmol kg™) started
when tumors were palpable (100 mm”®) and were performed
intraperitoneally twice a week. Tumor volumes were measured
using a caliper. Solutions were prepared in PBS/5%
Cremophore. Data are representative of two independent
experiments (r = 7 animal per group). The control group was
injected only with vehicle (PBS/5% Cremophore). Drug effect
was statistically different (p < 0.01) compared to the control, as
calculated by a one-way ANOVA test followed by a Tukey test.
Animal experiments have been approved by the regional ethic
and animal welfare committee and are performed by author-
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ized and trained personnel, and hosted in an animal facility
with the necessary mandatory administrative authorizations.

Flow cytometry

Hypodiploid DNA was measured as described.” Briefly, 5 x 10°
cells were centrifuged and fixed in 1 ml of ice-cold 70%
ethanol at 4 °C for 1 h, washed once in PBS, 2 mM EDTA, and
resuspended in 1 ml of PBS containing 0.25 mg of RNase A,
2 mM EDTA, and 0.1 mg of propidium iodide. After incubation
at 37 °C for 30 min, cells were analyzed. The fluorescence of
10 000 cells was analyzed using a FACScan flow cytometer and
CellQuest software (BD Biosciences, San Jose, CA).
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5.3. APPENDIX 3 : A redox ruthenium compound directly targets
PDH2 and inhibits the HIF1 pathway to reduce tumor
angiogenesis independently of p53
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pointed to HIF-1 as a top deregulated metabolite pathway. Unlike cisplatin, treatment with the ruthenium
complex decreased HIF1A protein levels and expression of HIF1A target genes. The rapld downregulation of
HIF1A protein levels infolved a direct interaction of the ruthenium compound with the redox enzyme PHDZ2, a
HIF1A master regulator. HIF1A inhibition led to decreased angiogenesis in patient-derived xenografted using
fragments of primary human colon tumors. Altogether, our results show that a ruthenium compound impacts
metabolic pathways acting as anticancer agents in colon cancer via an original mechanism of action that affects
redox enzymes differently than platinum-based drugs.

Caolon cancer

1. Introduction rapamycin), or monocional antibodies (e.g. anti-VEGF) have been de-

veloped to target these pathways. Although these therapies have

The tumor microenvironment is one of the most important de-
terminants of cancer progression together with the accumulation of
intrinsic molecular alterations, such as mutations in the p53 tumor
suppressor gene [11. In recent years, multiple studies have highlighted
that cancer cells have different metabolic profiles due to the poorly
irrigated tumor by blood vessels and reduced oxygenation. To survive,
cancer cells shift from oxidative toward glycolytic metabolism [1].
Several malecular mechanisms ensure this shift, such as the HIF1/VEGF
and mTOR pathways that respond to reduction in oxygen and other
nutrients, and reprogram the cancer cell metabolism by impacting the
activity of metabolic redox enzymes [2]. Thus, small molecules (e.g.

achieved improvements, clinical data indicate drawbacks mostly linked
to their ability to target a single molecule. This limits their use only toa
subset of cancers presenting a particular molecular signature, thus fa-
voring the develog of resi e by clonog T [3]. Asa
o | e, SCi remain challenged to develop new specific
drugs directed against novel targets. A complementary and attractive
strategy would be to identify anticancer candid that simul ly
target several key components of the cancer metabolism in order to
slow down the develog in cells deprived
of the drug's single target.

Since the discovery of cisplatin, metal-based drugs turned out to be

t of resi e mech
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one of the most active fields in antitumor chemotherapy research.
Platinum derivatives exert their cytotoxic properties through the for-
mation of DNA adducts, which activate several signaling transduction
pathways leading to cell growth arrest or cell death [4]. This poor se-
lectivity is mostly responsible for the side effects of platinum drugs,
such as neurotoxicity [5,6]. Furthermore, tumor cell resistances due to
mutations in key signaling pathways, such as in p53, limit their use [7].

Ruthenium complexes have been intensively investigated as po-
tential alternative because of the interesting chemical properties of
ruthenium: (a) the availability of 6 coordination sites leading to mul-
tiple combinations of ligands, (b) a slow rate of ligand exchange,
compatible with a reasonable stability in a biological context and (c) a
broad mange of redox potentials allowing a potential interference with
biological macromolecules [8,9]. Therefore, various structures of ru-
thenium derivatives have been tested in vivo and they seem to offer
promising anticancer activities, especially against cisplatin-resistant
tumors or even anti-metastatic activity, while presenting a general
lower toxicity on healthy tissues compared to cisplatin [8-17]. To date,
two ruthenium complexes, namely NAMI-A and KP1019, have entered
clinical trials [18].

Even though ruthenium-based compounds have already been tested
in humans and largely studied in pre-clinical in vitro models, their mode
of action remains uncdear and most likely involves multiple cellular
targets. Indeed, some ruthenium compounds bind DNA, although quite
differently from cisplatin [19,20] [21-26]. However, the presence of
ruthenium confers also a specific range of redox potentials to the
compounds that correlates with their cytotoxicity, and that allows them
to be efficient mediators of electron transfer to or from oxidized or
reduced active sites of redox enzymes thereby affecting their activity
[27-29]. As such, ruthenium derivatives can interact with glutathione
(GSH) [30], leading to GSH depletion and increased sensitivity to re-
active oxygen species (ROS) [31].

To gain a better understanding of the molecular pathways impacted
by ruthenium complexes, we investigated further the mode of action of
one of these molecules, RDC11 (ruthenium derived compound 11),
which is an organoruthenium compound characterized by a covalent
bond between the ruthenium atom and a carbon of a phenylpyridine.
RDC11 previously showed interesting anticancer activity in ww in
syngeneic models [25,26]. In addition, RDC11 interacts with DNA less
efficiently than dsplatin while having a higher cytotoxicity, suggesting
that target(s) other than DNA are involved in the ruthenium complexes’
cytotoxicity against tumor cells [25,26]. To further understand the
signaling pathways involved we performed a transcriptomic approach
showing that multiple mechanisms were affected differently than with
cisplatin, in particular epigenetic modulators [32]. However, our un-
supervised pathway analyses pointed towards additional pathways de-
regulated by RDC11 treatment, in particular metabolic pathways, sug-
gesting a multimodal mechanism of action. Therefore, we hypothesized
that the ability of redox ruthenium-based molecules to interfere with
redox enzymes might affect intracellular signaling pathways that are
sensitive to the cell metabalism. Hence, we decided to focus on the
regulation of one of these pathways, the HIF1 (Hypoxia Inducible
Factor 1) pathway, which is strongly connected to the adaptive meta-
bolic response of cancer cells to the hypoxia developing in poorly
vascularized tumors [2]. In the current study, we show that alterations
of the HIF1 pathway by an organoruthenium compound is an effective
strategy to disrupt cancer metabolism and a novel way to bypass me-

ch ible for pl drugs e
2. Materials and methods
2.1. Chemicals
Ruthenium derived comp ds were synthesized as pr ly de-

scribed [21,26]. Cisplatin was purchased from Mylan Pharmaceuticals,
Deferoxamine Mesylate from Sigma-Aldrich® and MG132 from
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Calbiochem. ALLM, ALLN and Z-VAD-FMK were obtained from Tocris
Bioscience. Glucose oxidase from Aspergillus niger was obtained from
Sigma (211 Umg~"), and p-glucose was obtained from Acros.

2.2. Cell culture, MTT (3-(4,5-dimethylthiazol-2y1)-2, 5-
diphenylterrazolium bromide) test and NCI [Gsp

Human colorectal adenocarcinoma HCT116 and SW480 cells, ob-
tained from ATCC, were maintained at 37 °C in normoxic (20% O, 5%
CO2) or hypoxic (94% Ny, 5% CO., 1% Os, Tri-Gas Incubator, Sanyo)
conditions in DMEM, 1g/L ghicose (Dulbeccos modified Eagle's
medium; Life Technology), supplemented with 10% fetal calf serum
(Life Technology), penicillin/streptomycin (100 UL/mL — 100 pg/ml)
and gentamycin (50mg/mL). HUVEC (Human Umbilical Vein
Endothelial Cells, ATTC) were grown in Endothelial Cell Basal Media
from Cambrex, supplemented with 1-glutamine and 10% FBS. Cell lines
are every 6 months tested for mycoplasmas (MycoTOOL, Roche) and
are not maintained more than 20 passages. MTT test was performed
using 96-well culture plates (Costar) [33]. NCI renamed the 1Cs, into
the Glgg, the concentration that causes 50% growth inhibition, to em-
phasize the correction for the cell count at time zero; thus, Glsg is the
concentration of test drug where 100 x (T-TO)/(C-TO) = 50 (dmp.
cancer. gov/databases toals/docs,/compare,/com pare_ methodology.
him#specon).

2.3. Ruthenium complex-matrix affinity precipi

Cells were grown in 10 cm plates. Precipitations were performed as
previously described [6]. Cells were lysed in 1mL of NP40 lysis Buffer
1X (125mM Tris-HCL pH 6.7, containing 0.1% NP40, 10% glycerol,
150mM NaCl). Equal amounts of total-protein extracts (3 mg) were
incubated for 5 h with 100 pL of 50% shurry RDC11-matrix beads. After
4 washes in NP40 lysis buffer, complexes were either boiled or eluted
using RDC11 (5pM) or dsplatin (5pM). PHD2 was then detected by
Western blot. Matrix-RDC11 was synthesized attaching RDCI11 onto a
Hypogel 400-COOH (Sigma). Successful synthesis was assessed by
Spectroscopy.

2.4, Quantitative reverse transcripion-PCR (RT-gPCR)

Gene expression was assessed by qPCR using 185 as the normalizing
gene [5]. Total RNA was isolated with TRIzol reagent (Invitrogen). RNA
was quantified using a Nanodrop 2000 Spectrophotometer (Thermo
Scientific) and cDNA synthesized from 1 pg total RNA using the iScript
cDNA synthesis kit (Bio-Rad Laboratories). gPCR was performed in Bio-
Rad iCycler thermal cycler using iQ SYBR Green supermix (Bio-Rad
Laboratories). Specificity of the amplification was assessed by per-
forming a melting curve analysis. Nucleotide sequences of the primers
are indicated in supplementary material and methods.

2.5, Intracellular reactive oxygen species (ROS) measurement

5-(and-6)-carboxy-2",7"-dichlorodihydrofluorescein  diacetate (car-
boxy-H2DCFDA) (Molecular Probes) was used to detect intracellular
ROS levels according to the manufacturer’s instructions and as pre-
viously described [ 34]. For ROS quantification, cells were seeded in 96-
well black plates (Greiner Bio-One) and treated with RDC. Afterwands,
cells were washed with PBS and incubated with 10pM carboxy-
H2ZDCFDA in DPBS for 1h. Cells were then washed with PBS and
fluorescence was measured by a plate reader (Perkin Elmer) with an
excitation wavelength of 485nm and an emission wavelength of
535nm.

2.6. Clonogenic assay

Cells were transfected by control SRNA or HIF1A-directed siRNA
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Fig. 1. An organcruthenium compound induces cytotoxcity and regulates cellular metabolism independently of p53,

A, Growth inhibition (GI) cawsed by the organoruthenium compound and cisplatin on the 60-cancer cell line panel of the NCL Median Gls, (dose for growth
inhibition of 5096) for all NCI cell lines is indicated. * indicate p < 0.05 as calculated by &test.

B, Survival dose response of HCT116 colon cancer cells upon of RDCL1 and cisplatin treatment. Cells were treated for 48 h at the indicated concentrations (uM) of
cisplatin and RDC11 at confluence. Cell viability was determined using the MTT test Bars are means and asterisks indicate statistically significant difference
(* = p < 0.001) compared o control, as calculated by a One-Way ANOVA test followed by a Tukey post-test over the three ind ependent experiments.

€, D, Growth inhibition (G1) caused by the organoruthenium compound and cisplatin on the 60-cancer cell line panel of the NCI classified by expression of wild-type
(p53 wt) or mutated (p53 pt) p53 protein, * indicate p = 0.05 as calculated by t-test

E, Graphs represents number of genes in the indicated pathways that are regulated by RDC11 and cisplatin at 24 h. Microarray data were analyzed using AltAnalysis
and R bicinformatics wols to identify in KEGG, Gene Ontdlogy, miRNA, transcription factors databanks, the signaling pathways and mechanisms corresponding to
the mis-regulated genes,

F, Production of radical oxygen species (ROS) in HCT116 cells treated with RDC11. HCT116 cells grown on coverslips coated with polyornithine were treated with
RDC11 (RDC 5uM) for the indicated time and labelled with carboxy-H2DCFDA. Fluorescence was quantified with a fluorimeter. Bars are mean and asterisks indicate
statistically significant difference (p < 0.01) compared to control, as calculated by a one-way ANOVA test followed by a Tuckey post-test over the three independent

experiments,

G, RDC11 increases the NAD+ /NADH ratio. 2 x 107 HCT116 cells were treated with RDC11 (5 pM) for the indicated time. NAD+ and NADH were subsequently

e 1 Zal

quantified following the tirers Py
(*** = p = 0.001; One-Way ANOVA + Tukey post-test),

¥ and methods). Both NAD+ and NADH were calculated Fom a standard curve

H, Measure of Oy consumption by glucose oxidase in presence of RDC11. Purified glucose oxidase was incubated with increased concentration of glucose and RDC11
(125, 2.5 and 5 mM), O, was measured using a Clarke electrode and represented as dOo/dt(Ms-1).

(50nM, Qiagen™, USA) for 48h using RNAiMax (Invitrogen™, USA).
Cells were then harvested and diluted after treatment, and either 100 or
200 cells were seeded in 6-well microplates. They were then cultured
for 12 days, and clones were stained with a methylene blue solution.
Surviving positive clones, defined as clones composed of = 50 cells
were counted. The plating efficiency (PE) was determined from the
number of positive clones obtained when cells were not treated. The
percentage of surviving clones in other experimental conditions was
calculated by normalizing the number of positive clones with respect to
the PE.

2.7. Measure of purified PHD2 activity

Biotinylated peptides derived from the HIFIA Oxygen dependent
degradation domain (ODDD: Biotin-DLDLEALAPYIPADDDFQL) were
immobilized on NeutrAvidin-coated 96-well plated. 50 ng of purified
PHD2 enzyme (Recombinant Human EGLIN1/PHD2 Protein;
HO00054583-P01, Novus Biological) was then incubated at 30°C for 1 h
in a reaction buffer containing 40 mmol/L Tris-H{, pH 7.4, 4 mmol/L
2-oxoghitarate, 1.5mmol/L FeSO4, 10mmol/L KCL and 3 mmol/L
MgCI2 in absence or presence of the ruth compl efi
ocamine or cisplatin [35], Peptide hydroxylation was detected using a
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polyclonal rabbit antibody raised against a hydroxylated HIF1A
(D43B5, Cell Signaling), followed by addition of a goat anti-rabbit HRP-
conjugated secondary antibody.

2.8, In vitro angiogenesis

The anti-angiogenic activity was studied by looking at the genera-
tion of a capillary-like network by HUVECs. Briefly, 96-well plates were
coated with ECMatrix™ (Millipore) which was allowed to polymerize at
37 °C for 45 min. 5000 cells were then seeded in 200 pL of medium into
each well 1h later, cells were treated with 200 pL of medium con-
taining cisplatin or RDC11. After 4 h, cells were photographed and tube
formation or intersections between cells were scored manually and
expressed relative to controls.

2.9. In vivo angiogenesis plug assay

C57BL/6 female mice (6 weeks old) were injected subcutaneously
with 600 pl of cold liquid phencl-red free Matrigel (BD Bioscience)
supplemented with VEGF (36ng/Matrigel plug; PeproTech), heparin
(12 U/Matrigel plg; Sigma), TNF-a (0.72 ng/Matrigel plug;
PeproTech), PBS (for controls) or RDC11 (5pM), near the abdominal
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Fig. 2. RDC11 reduces expression of HIF1A target genes,
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A-C, HCT116 cells were treated with 5 uM of cisplatin or 5pM of RDC11 for the indicated ime in normoxic (20% O4) or hypoxic (1% O4) conditions. RT-qPCR was
performed using primers for VEGF (A), GLUTT (B), ENO1 (C), and 188 as housekeeping gene. Data represent relative change in the expression of the different genes in
comparison with untreated cells (Ct) and were normalized with 188, Columns, means of triplicates; bars, SD. Asterisks indicate statistically significant difference

*ee=p < 0001 ** =p < 00L *=p < 0.05)compared to control, as calculated by a One-Way ANOVA test followed by a Tukey post-test over the three

independent experments,

D. Survival dose response of HCT116 colon cancer cells upon of RDCL1 treatment. Cells were treated for the indicated time at the indicated concentrations (uhM) of
RDC11. Cell viability was determined using the MTT test. Bars are means and asterisks indieate statistically significant difference (* = p < 0.001) comparad to
control, as caleulated by a One-Way ANOVA test followed by a Tukey post-test over the three independent experiments,

midlines and at the base of the neck. After 4 days, mice were sacrificed
and the Matrigel pligs explanted, Matrigel plugs were subsequently
washed with PBS, photographed and then weighed. Their hemoglobin
content was evaluated with the Drabkin's reagent kit according to the
manufacturer’s instructions (Sigma).

2.10. In vive angiogenesis in human xenografted colon twmors

Fragment of a surgical piece of a human colon tumor was sub-
cutaneously implanted and amplified in nude mice. Pre-amplified -
mors were extracted and homogenized prior to implantation into novel
nude mice. Two h g tumor ples (100 pl) were implanted
subcutaneously at each side of mice back. Treatments were started once
tumors reached 100 mm® of volume. Tumor volumes and mouse
weights were monitored twice a week, Vascularization was monitored
by the hemoglobin content measurement by a colorimetric assay and
the expression of HIF1 target genes by RT-qPCR. Experiments were
conducted in compliance with the French Animals Committee guide-
lines for the welfare of animals in experimental procedures and ap-
proved by a regional ethical review committee.
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3. Results

3.1. The organoruthemium compound RDC11 alters redox enzyme activity
and metabolic pathways independently of p53

We assessed the activity of the organomthenium compounds RDC11
on the NCI-60 human tumor cell lines panel (Fig. 1A, Supplementary
Table 51} Glsy, which corresponds to the concentration that inhibit
50% of cell growth as measured by the NCI was used to compared the
activity between compounds, We found that the activicy of RDC11
(median Glgy = 2.63puM) is higher than that of dsplatin (median
Glgp = 6.339uM). A typical difference of the response between cis-
platin and RDC11 is shown in the colon cancer cell line HCT116 in
Fig. 1B. Importantly, unlike displatin, the activity of RDC11 was not
affected by the presence of p53 mutations (Fig. 1C and D). This result
was confirmed using siRNA against p53 and HCT116 cells in which p53
was deleted [21], which did not alter RDCI1 cytotoxic activity
(Supplementary Figs. S1C and D). In addition, RDC11 displayed antic-
ancer activity in several different colon cancer cell lines
(Supplementary Table 52), while presenting a reduced cytotoxicity on
healthy cells (Supplementary Figs. S1A and B).

To identify signaling pathway deregulated by RDC11, we performed
an unbiased wide transcriptomic experiment followed by bioinfor-
matics pathway analysis [32]. Amongst the deregulated pathways,
several cellular metabolic pathways were present (Fig. 1E). Interest-
ingly, RDC11 and cisplatin displayed different alterations of these
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pathways. Notably, RDC11 inhibited the expresion of genes regulated
by the HIF1 pathway umlike cisplatin (Supplementary Tables 53-5).
Interestingly, on HCT116 human colon cancer cells, RDC11 increased
the levels of reactive oxygen species (ROS) (Fig. 1F). Use of ROS che-
lators (NAC: N-acetyl-cysteine) reduced slightly the cytotoxicity of
RDC11 (Supplementary Fig. 52C). RDC11 alo produced a rapid in-
crease in NAD + levels over NADH (Fig. 1H). Similar results were
obtained in SW480 colon cancer cells (Supplementary Figs. 82A and B).
The ratio NAD/NADH is of importance in controlling the activity of
cellular enzymes critical for cancer development, such as PARP and
SIRT [36]. These changes in metabolic markers, suggested that RDC11
has the ability to impact on redox enzymes, as previously described for
other complexes [29]. Therefore, we used Clarke electrodes to follow
03 consumption by the redox ghicose oxidase in p we of
increased concentration of ghicose and RDC11 (Fig, 1G, Supplementary
Fig. S1E). We found that increasing quantity of RDC11 reduced the
activity of the ghicose oxidase redox enzyme. Taken together, these
data suggested that treatment with RDC11 affected the cellular meta-
bolism and the HIF1 pathway.

3.2. Platinum and ruthenium compounds differently impact the HIF1
pathway

HIF1 is a transcription factor composed of two subunits: the con-
stitutively expressed @ subunit (HIF1B) and the highly regulated a
subumnit (HIF1A) [37]. The unsupervised pathway analyss identified the
HIF1 pathway as deregulated based on change in the expression of
several of its targets gemes: VEGFA, GLUTI (SLC2AI1), PSD3, KLF6,
NRNI1, P4HA2, EGLN3, ENO1, TSC22D (Fig. 1E; Supplementary Table
53). The unsupervised pathway analysis did not identify the HIF1A
pathway as deregulated under the cisplatin condition. However, 3 of
these genes were also downregulated by cisplatin but with a lower in-
tensity - P4HA2, VEGFA, GLUT1. Because VEGF, involved in angio-
genesis, and GLUT1 and ENOI, involved in ghicose metabolism are
hallmarks of an HIF1A response [38] and resulted in their down-
regulation by RDC11 in the transcriptomic analysis, we further ana-
lyzed their expression. As expected, hypoxia increased the expression of
these HIF1 target genes (Fig. 2A—C). After 24 h of treatment, the RDC11
drastically reduced the mRNA level of all 3 genes, both in normoxia and
hypoxia. This negative effect was already detected after 6h. Although
cisplatin was able to reduce VEGF and GLUTI levels in hypoxia, it was
cleardy less effective than RDC11, Similar results were obtained with
additional HIF1A target genes at the mRNA level and the protein level
(Supplementary Figs, S3A and B). Importantly, the inhibition of the
HIF1 target genes by RDC11 was also observed in the SW480 cells that
harbor a mutated p53 protein (pS3R273H/P309S). To note, the loss of
gene expression was not due to cellular loss/cytotoxicity as we nor-
malized our experiments toward total RNA and reference genes. Fur-
thermore, at 6 h and 24 h there was no significant cytotoxicity detected
(Fig. 2D). Alogether, these data indicated that RDC11 was more potent
than cisplatin to reduce the activity of HIF1 target gene in colon cancer
cells via a p53 independent pathway.

We then monitored the protein levels of HIF1A and HIF1B subunits
in HCT116 and SW480 colon cancer cells under the same conditions. As
expected HIF1A was not expressed (SW480 cells) or only expressed at
low levels (HCT116 cells) in the normoxia condition, due to its Op
dependent prolyl-hydroxylation with subsequent ubiguitination and
proteasomal degradation (Fig. 3A and B). RDC11, unlike cisplatin,
strongly reduced HIF1A protein levels in hypoxia in both cell lines and
also in normoxia in HCT116 cells, after 6 and 24 h of treatment. HIF1B
was constitutively expressed and RDC11 lowered its expression espe-
cially after 24 h of treatment in normoxia and hypoxia in both HCT116
and SW480 cells. This inhibition of HIF1A protein level might explain
at least in part the cytotoxic activity of the ruthenfum compound as the
silencing of HIF1A decreased cell survival (Fig. 3C). Inversely, over-
expression of HIF1A reduced RDC11 cytotoxicity (Supplementary Fig.
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Fig. 3. RDC11 reduces protein levels of HIF1A,

A, B, Western blot analysis of HCT116 (A) and SW480 (B) colorectal cancer
cells treated with 5 M of cisplatin or 5uM of RDC11 for the indicated time in
normoxic (20% Oz) or hypoxic (1% Oz) conditions. Immunoblotting was per-
formed with anti-HIF1A, anti-HIF1E and anti-actin antibodies (Supplementary
materials and metheds). C, HIF1A silencing reduces cell survival and co-op-
erates with RDC11 cymwtoxicity. Graphical representation of a clonogenic sur-
vival assay of cancer cells that were treated with 0.5 pM RDC1 1, with an anti-
HIF1A siBNA, or with a combination of both molecules. Non-treated cells, as
well as cells transfected with a non-specific scramble siRNA were used as ne-
gative controls, The percentage of surviving clones in other experimental con-
ditions was caleulated by normalizing the number of positive clones with re-
spect to the PE. Pictures showing representative examples of clonogenic
survival assays corresponding to each condition are shown left to the graph.

$2D),

Additionally, RT-gPCR analyses showed that RDC11 was able to
strongly reduce HIFIA and HIFIE mRNA after 24h of treatment in
HCT116 cells, which is consistent with its drastic effect on HIF1 pmotein
levels (Supplementary Fig. 53C), However, the lower reduction of
HIF1A and HIF1B mRNA observed 6h after RDC11 treatment suggests
the existence of other mechanisms (e independent of mRNA synthesis
and degradation) that can contribute to the rapid and dramatic loss of
HIF1A protein levels,
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Fig. 4. HIF1A protein reduction involves only partly protease-dependent degradation.

A; B, Western blot analysis of HCT116 colorectal cancer cells treated with 5pM of RDC11 for 6 h in normoxic (A, 20% O2) or hypoxic (B, 1% O2) conditions, in
absence or in presence of the indicated protease inhibitors (MG132, 10 pM; ALLM, 10 pM; ALLN, 10 pM; Z-VAD-FME, 20 uM). Immunoblotting was performed with
anti-HIF1A and anti-actin antibodies. Note the presence of two bands for HIFLA, the upper band that correspond to the non-hydroxylated form and the lower band

that is the hydroxylated form.

3.3. The ruthenium complex reduces HIF1A protein levels through multiple
mecharisms

Degradation of HIF1A by the proteasome after hydroxylation by the
iron-containing PHD2 enzyme is one of the important mechanisms
regulating its cellular levels [37], Thus, we assessed whether RDC11
was still able to reduce HIF1A protein levels in the presence of MG132,
a potent and reversible proteasome inhibitor. As expected, in absence of
RDC11, the MG132 treatment clearly stabilized HIF1A proteins (Fig. 4A
and B). Strikingly, the acocumulation of HIF1A induced by MG132 was
also detected, although to a much lower extent, in the presence of
RDC11, both in normoxia and hypoxia. In addition, RDC11 favored the
accumulation of hydroxylated HIF1A in hypoxia conditions, suggesting
that RDC11 promoted the activity of the hydmoxylases such as PHD2.
Indeed, in vitro treatment of cell extracts with RDC11 stimulated hy-
droxylation of an HIF1A peptide encompassing the oxygen-depend
degradation domain [39] (Supplementary Fig. S5A). In this assay, de-
feroxamine (DF0) and inhibitor of PHD2 {N-oxal) reduced the RDC11-
dependent hydroxylation of the HIF1A peptide, while cisplatin had no
impact. Similar rmesults were obtained with PHD2 siRNA
(Supplementary Fig. 4). Altogether, these results indicated that RDC11
stimulated the degradation of HIF1A proteins through the proteasome,
but it camnot completely account for the drastic reduction of HIF1A

protein levels, suggesting the involvement of other mechanisms.

3.4. The ruthenium complex interacts with the hydroxylase PHD2

RDC11 promoted the appearance of the hydroxylated form of HIF1A
(lower band) during hypoxia (Fig. 4B), suggesting a possible involve-
ment of the PHD2 hydroxylase. To investigate the direct interaction
between PHD2 and RDC11, covalently attached RDC11 molecules onto
a matrix (Hypogel 400) (RDC11-matrix) were incubated with cellular
protein extracts. After several washes, proteins were detached by
boiling or by competition with free RDC11 or cisplatin and separated on
SDS-PAGE before immunoblotting for PHD2 detection (Fig. 5A) A
naked matrix (Matrix-@3) was used to assess the specificity of the in-
teraction. Incubation of the cellular extracts with the RDC11-matrix
pulled PHD2 down. The specificity of the interaction between RDC11
and PHD2 was confirmed by the absence of bands when the naked
matrix was used or when proteins were eluted with cisplatin, This re-
presents the first demonstration of a direct interaction between a ru-
thenium compound and a redox enzyme in cancer cells.

The iron chelator deferoxamine (DFQ), which inhibits PHD en-
zymes, was used to further investigate the role of PHD2 in RDC11
regulation of HIF1A. As expected, DFO induced HIF1A stabilization
through the accumulation of its non-hydroxylated form (upper band,

150

257



V. Vidimar et al

Cancer Letters 440441 (2019) 145-155

A B
o o 18: % ‘ DFO ‘
g 8 ooz Nt |RDC| Nt |RDC
3 € ¢ 3 & § § ' '
u%%%u?%ﬁﬁpuna-.-l
PHD2| w—— - - -
actin _-'.'|
Matrix-RDC Matrix-&
C MG132
‘ DFO ‘ N-Oxal ‘ N-Oxal
Nt |[RDC| Nt |RDC| Nt |RDC| Nt |RDC| Nt |RDC| Nt |RDC
T
HIF1A -
HIF1A-OH .-|. - -
aminh e ||~
D
220
200
e 180
O 160
=
< 140
§ 120
< 100 §
W 80 [PFgla
T
T 60
O 40
20
0
(cgption on next page)

Fig. 5C). Upon PHD2 inhibition, RDC11 did not induce the appearance
of the lower and hydroxylated band of HIF1A. Similarly, inhibition of
PHD2 activity with its selective inhibitor N-oxalilglycine stabilized
HIF1A with an accumulation of its non-hydroxylated form. In addition,
RDC11 inhibited significantly less HIF1A protein level in both cases,
indicating the partial dependence of RDC11 activity on PHD2 function.
Although these data suggested that RDC11 might affect HIFIA
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hydroxylation, RDC11 had no effect on PHD2 protein levels (Fig. 5B). In
addition, the activity of purified PHD2 was increased by RDC11 treat-
ment unlike cisplatin (Fig. 50). Interestingly, another ruthenium com-
plex with a similar structure (RDC28 [28]) also enhanced PHD2 ac-
tivity, in contrast to a close structural variant lacking the carbon-
ruthenium bond (RDC16 [40]1). Hence, these results indicate that
RDC11 directly interacts with PHD2 and that this function is important
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Fig. 5. RDC11 interact with PHD2 and its activity is dependent upon PHD2 function,

A, HCT116 cells were lysed and 3 mg of protein extract was incubated with RDC1 1-matrix or empty matrix (Matrix-0) for each indicated condition. After 4 washes,
protein complexes were detached by boiling (boiled) or competition with RDC11 (5pM, elu. RDC11) or cisplatin (5 uM, elu cis). Proteins were then separated on SDS
PAGE and immunoblotted with PHD2 antibody.

B, HCT116 cells were treated ovemnight with deferoxamine mesylate (DFO;, 150 uM) to chemically induce hypoxia and subsequenty for six hours with RDC11 5pM.
Western blot was done using anti-HIF1A and anti-actin antibodies.

€, HCT116 cells were treated overnight with 5pM of RDC11 in normoxda (20% O,) or in chemically-induced hypoxia using deferoxamine mesylate (DFO, 150 uM}, or
with MG132 10 yM). N-Oxalilglycine (8 M) was used to inhibit PHD2. Western blot was performed using anti-HIFIA and anti-actin antibodies.

D, Purified PHD2 (50ng) were incubated with Biotinylated peptides derdved from the HIFIA Oxygen dependent degradation domain (ODDD:
Biotin-DLDLEALAFYIPADDDFQL) immobilized on NeutrAvidin-coated 96-well plated. Reaction was performed in presence of the indicated compounds (5uM,
RDC11, RDC16, RDC28, Cisp; 150 uM: DFO) for 1h. Peptide hydroxylation was detected using a polyclonal rabbit antibody raised against a hydroxylated HIF1A
followed by addition of a goat anti-rabbit HRP-conjugated secondary antibody. Columns represent average of triplicates with error bars and * indicate p < 0.001

compared to control, as calculated by a One-Way ANOVA test followed by a Tukey post-test

Fig. 6. RDC11 inhibits angiogenesis both in viro and

in vive.

A, HUVEC: were seeded on ECMatrix™ and 1 h later
. treated with RDC11 5 pM. After 4 h, cells were
photographed and tube formation or intersections
between cells were scored mamually and expressed
relative to controls. (** =p < 001;* =p < 005
vs Control; One-Way ANOVA + Tukey post-test).
B, C57BL/6 mice (6-week-old) were injected sub-
cutaneously three times with 600l of cold liquid
Matrigel supplemented with VEGF (36ng/Matrigel
plug), heparin (120/Matrigel plug), TNF-a (0.72ng/
o Matrigel plug), PBS (for controls) or RDCIT (5pM).
) After 4 days, mice were killed and the Matrigel plugs
explanted. Quantification of the hemoglobin content
‘was performed with the Drabkin's reagent ldt
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for RDC11-dependent downregulation of HIF1 protein levels.

3.5. The ruthenium complex reduces angiogenesis both in vitro and in viwo

HIF1A has a critical role in controlling angiogenesis [41]. In vitro
tests showed that RDC11 was able to reduce the formation of inter-
sections berween HUVEG cells 4 h after treatment (Fig. 6A). To evaluate
the effect of RDC11 on angiogenesis in vivo, we usad an assay where
angiogenesis was induced by different factors embedded in a Matrigel
plug subcutaneously implanted in mice, Four days after implantation,
the plugs were extracted and the degree of vascularization was eval-
uated by assessing the hemoglobin content. The Matrigel plugs con-
taining RDC11 were nearly uncolored, while the control plugs were
redder, sign of the presence of small blood-filled channels (Fig. 6B).
Quantification of the hemoglobin content confirmed this difference.
These results showed that RDC11 was able to exert an anti-angiogenic
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VEGF

€, D, E, pre-amplified homogenized fragments of
human colon tumors were subcutaneously implanted
in nude mice. Mice were treated with oxaliplatin
(11mole/Kg) or RDC11 (11 pmolkg) twice a week
once the tumor reached 100 mm®, The dase 11pMy/
Kg carresponds to the MTD in nude mice. Tumor size
was followed (D). Vascularization was estimated by
colorimetric assay detection of hemoglobin (C) and
expression of HIF-1 target genes (vegf and gl ) by
RT-qPCR 21 days after the first treatment. Bars re-
¥ ted means =+ dard deviations (n = 8;
* = p = 005 vs Control; Oneway
ANOVA + Tukey post-test).

Oxali RDC

GLUTT

effect both in vitre and in vivo.

RDC11 was active against the growth of primary human colon
tumor fragments from a patient tissue xenografted in nude mice. The
xenografted mice were treated with RDC11 (11 pmol,/kg) or Oxaliplatin
{11 ymol/kg). Tumors were analyzed 21 days after the first treatment to
ensure the structural integrity of the tumors. RDC11 significantly re-
duced tumaor size ( + 45%) as compared to Oxaliplatin (Fig, 6C). We
then analyzed the tumors for hemoglobin content and expression of
HIF1A target genes (VEGF and GLUT1). Treatment of the tumors with
RDC11 reduced both the vascularization and the expression of HIF1A
target genes (Fig. 6D and E). The reduced vascularization was further
confirmed by analyzing CD31 staining, a marker for angiogenesis
(Supplementary Figs. 558 and C).
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4. Discussion

The redox properties of muthenium complexes have made them
promising anticancer candidates and potential alternatives to platinum
compounds. Indeed, instead of solely targeting DNA like platinum de-
rivatives, ruthenium drugs have been shown to affect the intracellular
redox state and activity of metabolic enzymes, which seems to correlate
with their cytotoxicity [28] [42] [30] [31] [29]. However, the phy-
siological relevance for their anticancer activity of the functional in-
teraction between redox enzymes and ruthenium drugs is still largely
unknown.

This is the first comprehensive study showing a direct link between
alteration of redox enzymes by a ruthenium complex (RDC11) and the
consequent impact on cancer cell metabolism and tumaor growth in vive.
Here we demonstrate that the organoruthenium compound RDC11 al-
ters the activity of two redox enzymes involved in the cellular meta-
bolism, namely ghicose oxidase and PHD2. Importantly, we report a
physical interaction between PHD2 and RDC11 and how this alters
PHD2 function, thus affecting the HIF1 pathway, a master regulator of
cancer cell survival and mmor angiogenesis. The alteration of these
redox enzymes comelates with an increase in ROS  and
NAD + metabolites. However, it is very likely that the cytotoxicity of
RDC11 is not mediated solely by a specific impact on PHDZ2 and glucose
oxidase, but rather on a variety of redox enzymes as well as other types
of targets.

The alteration of the metabolism induced by RDC11 might be a
direct reflection of the alteration of cellular redox enzymes that have a
redox potential in the range of redox potential of the ruthenivm com-
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elevated the level of HIF1A hydroxylation in cells, and blocking the
activity of PHD2 with a selective inhibitor affected the ability of RDC11
to reduce HIF1A protein levels. In addition, RDC11 interacted directly
with PHDZ2, an enzyme that controls HIF1A protein levels [37]. Finally,
RDC11 induces the activity of purified PHD2 in vitro, unlike a non-cy-
totoxic ruthenium complex. Therefore, we believe that PHD2 is a direct
target of RDC11 and that RDC11 might stimulate the activity of PHD2
by a mechanism yet to be discovered but that likely involves the redox
potential of the ruthenium complex. However, our results clearly show
that mechanisms other than interaction with PHD2 are involved as
proteasome inhibitors do not reverse the level of HIF1A protein levels.

For instance, in addition to affecting HIF1A protein degradation,
RDC11 drastically decreased HIFIA mRNA levels within 24h, sug-
gesting repression of the HIFIA promoter or destabilization of the
HIFIA mRNA. The exact contribution of these mechanisms in RDC11-
induced HIF1A protein loss and its nature remains to be investigated.
Destabilization of HIF1A mRNA might involve change in expression of
miRNA targeting HIF1A. In this respect, our bioinformatic analysis also
showed that the aminoacyl tRNA biosynthesis and ribosome biogenesis
are affected by RDC11. Both these pathways are known to be deregu-
lated in cancer and linked to mTOR signaling, which is deployed by
cancer cells to foster cell survival and proliferation via upregulation of
protein biosynthesis [48]. Because RDC11 induces the ER stress
pathway [25], which negatively regulates mRNA translation and
crosstalk with mTOR [49], we believe that aminoacyl tRNA biosynth-
esis and ribosome biogenesis could also account for RDC11 anticancer
activity. Preliminary results indicate that indeed, RDC11 inhibits the
activity of mTOR (V. Vidimar and C. Gaiddon; unpublished observa-

pounds [42] [28]. Indeed, PHD2 activity was altered with ruthenium
complexes containing a carbon-ruthenium bond and not with a struc-
tural equivalent lacking it. These complexes differ only by their redox
potential. This multi-targeting property of RDC11 represents an ad-
vantage to avoid the development of resi i as often
seen for selective inhibitors. For instance, RDC11 retains its cytotoxicity
on cancer cells that have mutated p53, suggesting that this activity does
not depend on the p53 status, which has been recently shown to control
cancer cell metabolism [43]. By avoiding the need of the p53 pathway,
RDC11 retains its activity on cancer cells with mutated p53 proteins,
which represent more than 50% of the tumors.

The RDC11-4nduced perturbation of the redox enzymes and cellular
metabolism affected several metabolic signaling pathways, particularly
the HIF1 pathway. Indeed, HIF1A protein levels were dramatically re-
duced by RDC11 both in normoxia and hypoxia. Interestingly, this ef-
fect of RDC11 was much more pronounced than that of cisplatin,
pointing out that platinum- and ruthenium-based molecules act differ-
ently. The downregulation of both HIF1 subunits correlated with a
decrease in the expression of several HIF1 target genes (Le. VEGF and
GLUTI) linked to angiogenesis or glucose metabolism. Interestingly,
multiple studies highlight the role of HIF1 in cancer aggressiveness and
platimm resistance [44]. Indeed, silencing of HIF1A decrease cell
survival. Hence, the downregulation of HIF1 activity induced by the
ruthenium compound might help to bypass tumor resistance and have a
double impact on tumor growth by decreasing cancer cell survival and
reducing angiogenesis. It is to note that despite inhibiting angiogenesis,
RDC11 did not reduce metastasis formation when cancer cells were
implanted in the tail's veins of mice (C. Gaiddon; unpublished ob-
servations). F , the d egul of the HIF1 might provide
some insights about how ruthenium compounds induce the ER stress
pathway [25,45]. Indeed, hypoxia has been shown to induce ER stress
[46]. Furthermore, glucose deprivation is a known inducing condition
for ER stress activation [47]. Therefore, by acting on the HIF1 pathway,
in particular by reducing the expression of glucose transporter GLUT1,
ruthenium complexes might favor ER stress.

We identified a PHD2-mediated protein degradation of HIF1A as
one of the mechanisms involved in the quick loss of HIF1A proteins
observed as early as 6h after RDC11 treatment. Indeed, RDC11
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tion). F , further investigation is needed to elucidate this.

Nevertheless, by impacting the activity of redox enzymes, the ru-
thenium compound RDC11 represents an innovative tool to manipulate
the cellular metabolism and target cancer cells. Similar observations of
inhibition of HIF1A protein levels and activity were done with variants
of RDC11, such as RDC34 (C. Licona and C. Gaiddon; unpublished
observations) also containing a Ru-C bond and the phenylpyridine and
phenanthrolin ligands. This new information on the mode of action of
ruthenium compounds is of high interest for anticancer therapy since
key actors of tumaorigenesis are affected by rutheniom complexes. The
HIF1 pathway plays a role in the nutritional status of cancer
cells and makes them able to adapt to oxygen deprivation. OQur ob-
servation that RDC11 reduced VEGF levels and angiogenesis may re-
present one of the aspects in support of its value for the control of
cancer growth. In this respect, the identification of PHD2 as a one of the
direct targets of a ruthemium compound alleviate a recurrent un-
resolved issue in our understanding of the mode of action of these
compounds and critical bottleneck in designing more potent and more
selective drugs. Interestingly, the regulation of PHD2 seems to be un-
ique to ruthenium complexes with Ru-C bond, as previously shown with
other erzymes [42]. Importantly, our results also clearly show that
ruthenium complexes do not have a single targer. PHD2 and glucose
oxidase are not sufficient to explain all the cytotoxicity of RDC11 nei-
ther the loss of HIF1A expression. However, this multimodal in-
tracellular action will help to bypass the development of resistances in
cancer cells. As PHD2 and other redox enzymes are often ubigquitoushy
present in cancer cells, it is expected that the effects observed in colon
cancer cells might also happen in other cancer cell types, although this
might have to be confirmed by additional studies.

Finally, when considering rothenium complexes as a therapeutic
alternative, this study highlights two characteristics that can been seen
as critical advantages. The first is that platinum and ruthenium com-
plexes clearly display a differential regulation of the HIF1 pathway,
which shows that their mode of action differ significantly. Moreover,
ruthenium compounds have a more complex mode of action, involving
the alteration of the activity of redox enzymes responsible for the cel-
lular metabolism. The fact that ruthenfum-based drugs, unlike platinum
drugs, target the tumor cells by affecting their metabolic needs, also
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provides molecular basis to explain how these drugs can bypass cancer
cell resistance mechanisms [21,25,26]. The second important feature is
that ruthenium compounds are likely to target simultaneously multiple
redox enzymes via their redox potential. This represent an advantage by
reducing the ability of the tumors to easily develop resistance me-
chanisms, as seen when a unique target is aimed. These two properties,
independence from p53/DNA damage and simultaneous redox targets,
are competitive advantages that point to ruthenium compounds as
anticancer drugs.
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d’analyses précliniques pour le traitement du
cancer de I'estomac

Résumé en frangais

Le cancer gastrique est un cancer complexe et hétérogene, de mauvais pronostic pour lequel il n’existe pas
a I’heure actuelle de thérapie ciblée réellement efficace.

Durant ma thése, j'ai développé et maintenu 5 xénogreffes dérivées de patients (PDX) différentes,
relativement représentatives de la complexité des cancers gastriques (degré de différenciation cellulaire,
statut p53/PD-L1..) avec un taux de réussite d’environ 21%. Nous avons ensuite caractérisé nos modeéles
animaux en imagerie petit animal (échographie, CT et IRM...) avec une comparaison a nos données
histologiques et moléculaires appariées. Nous avons utilisé ces modeles pour le développement de
nouvelles approches thérapeutiques (HDACi , RDC11...).

Nos résultats ont permis de développer différents modeles animaux et plusieurs protocoles expérimentaux
qui seront utiles pour relever les défis posés par la complexités des cancers et notamment du cancer
gastrique. Cela pose les prémisses du développement d'outils innovants pour le suivi de la croissance
tumorale, I'étude des variations de la constitution du microenvironnement (ex. paysage immunitaire) et sur
les tissus environnants (ex. les muscles), qui sont des éléments clés a considérer pour le développement de
biomarqueurs, notamment our évaluer I'activité de nouvelles biothérapies ciblées, débouchant sur des
prise en charges plus personnalisées de nos patients.

Mots clefs : cancer gastrique, modéles animaux, xénogreffes dérivées de patients, échographie, IRM,
atrophie musculaire, paysage immunitaire, PD-L1

English summary

Gastric cancer is a complex and heterogeneous cancer with a poor prognosis, for which there is currently no truly
effective targeted therapy. During my thesis, | have developed and maintained 5 different patient-derived
xenografts (PDX), which are somehow representative of the complexity of gastric cancers (degree of cell
differentiation, p53/PD-L1 status ..) with a success rate around 21%. We then characterized them with small
animal imaging (ultrasound, CT and MRI, etc.) and compared them to paired histological and molecular data. The
overall idea behind the development of such novel animal models is to use them for the development of new
therapeutic approaches and innovant molecules, some of which we have already tested in our laboratory (HDACi,
RDC11...). The development of different animal models and several experimental protocols will be useful to meet
some of the challenges issued from the complexities of cancers and gastric ones especially. This lays the
foundations for the development of innovative tools to monitor tumor growth, study variations in the tumor
microenvironment (e.g. immune landscape) and in surrounding tissues (e.g. muscles), which are keys elements
to consider for the development of biomarkers designed to evaluate of the activity of new targeted biotherapies,
leading to more personalized care for our patients.

Keywords : gastric cancer, mouse models, patient-derived xenografts, MRI, ultrasound, muscle atrophy, immune
checkpoint, PD-L1
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