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Résumé en Francais

Introduction

Mon travail de these concerne le mélanome, un cancer particulierement agressif,
responsable de la grande majorité des déces liés a un cancer de la peau. Le mélanome apparait suite
a des mutations notamment dans les protéines BRAF ou NRAS qui activent la voie MAP Kinase au
sein des mélanocytes, entrainant une prolifération anormale des cellules et une résistance a la mort
cellulaire. La prise en charge des mélanomes métastatiques de stade avancé fait appel
principalement a I'immunothérapie mais aussi a des inhibiteurs de la voie MAP Kinase. Cependant
une partie importante des patients ne répond pas aux traitements ou développe une résistance
provoquant des rechutes. Les causes précises responsables de ces cas réfractaires aux traitements ne

sont pas encore bien mises en évidence mais certaines pistes émergent.

De nombreux efforts ont été déployés pour comprendre les mécanismes moléculaires, tant
génétiques qu'épigénétiques, a I'origine de la résistance aux thérapies. L'hétérogénéité cellulaire du
mélanome est un obstacle majeur a une thérapie efficace. Les tumeurs de mélanome sont
composées d'une variété de types de cellules caractérisés par des signatures d'expression génique
spécifiques et des propriétés prolifératives, invasives et de résistance aux drogues différentes. Alors
que les tumeurs naives comprennent une grande majorité de cellules de mélanome de type
mélanocytiques, d'autres états cellulaires tels que les cellules souches de la créte neurale (NCSC) et
I'état indifférencié/mésenchymateux ont été caractérisés. Ces différents types cellulaires semblent
capables de changer d’état de facon dynamique en réponse a leur environnement et notamment aux
traitements, permettant une adaptation continue. Il est alors essentiel de mettre en évidence de

nouvelles cibles et des nouvelles thérapies afin de lutter contre ce cancer.

Dans ce contexte, mon équipe d’accueil a identifié plusieurs ARN longs non-codants

(IncRNAs) spécifiques et essentiels dans le mélanome. Les IncRNAs sont des molécules d’ARN d’au




moins 200 nucléotides ne possédant pas de cadre de lecture ouvert. Les IncRNAs sont impliqués
dans une multitude de processus (transcription, traduction, réplication de 'ADN...) en interagissant
avec des protéines ou acides nucléiques cibles. Les IncRNAs ont souvent des profils d’expression tres
spécifiques, dont certains uniquement présents dans des cellules tumorales. Ils sont ainsi des cibles
thérapeutiques potentielles car leur dégradation peut étre induite a 'aide d’oligonucléotides de
synthese de séquence complémentaire (antisense oligonucleotides, ASOs). L’équipe a contribué a
l'identification de SAMMSON, un IncRNA impliqué dans la régulation de la traduction, et plus
récemment, a identifié LENOX un régulateur du métabolisme et de 'homéostasie mitochondriale.
LENOX est exprimé dans tous les types cellulaires de mélanome et est essentiel pour leur viabilité et

pour la résistance aux inhibiteurs des MAP Kinases.

Mon travail de these se concentre sur un IncRNA nommé LENT (LncRNA ENhancer of
Translation), exprimé principalement dans les cellules de mélanome de type mélanocytique sous le
controle direct du facteur de transcription MITF. L'expression de LENT est associée a un mauvais
pronostique des patients et sa déplétion par des ASO entraine 'apoptose des cellules de mélanome.
Mon travail de theése vise a caractériser le mécanisme d’action de LENT, ses partenaires protéiques

et sa fonction afin d’évaluer son potentiel comme nouvelle cible thérapeutique dans le mélanome.




Résultats

J’ai montré que LENT est bien plus exprimé dans les cellules de mélanome cutané par
rapport aux autres cancers ou tissus sains en explorant des bases de données mais aussi in vitro dans
des lignées de cellules de mélanome. LENT est exprimé sous le controle direct du facteur de
transcription MITF et une analyse des données de scRNA-seq a montré qu'il est exprimé dans
plusieurs types de cellules de mélanome dont les cellules mélanocytiques (cellules exprimant des
marqueurs de la ligné mélanocytaire désignées aussi comme pigmentées ou prolifératives), mais
absent des cellules de mélanome de type NCSC et mésenchymateux. Des expériences de
fractionnement cellulaire et de RNAscope sur les cellules en culture ou sur des sections de
mélanome humains ont montré que LENT est localisé principalement dans le cytosol. Le silencing
de LENT par des ASOs entraine une diminution de la prolifération et une induction de I'apoptose,
tandis que son expression ectopique dans les cellules de mélanome ou HEK293T entraine une
augmentation de leur prolifération. Cet effet est également observable sur des xénogreffes de
cellules de mélanome in vivo chez la souris. En effet, 'injection d’ASOs par voie sous-cutanée
diminue de facon significative la taille des tumeurs sur les souris en comparaison avec un groupe
controle non-injecté. De plus, le silencing de LENT coopere avec celui des IncRNAs SAMMSON ou
LENOX pour induire 'apoptose des cellules de mélanome. La coopérativité LENT-LENOX a aussi été
observée in vivo avec une expérience de xénogreffe sur souris, comme mentionné ci-dessus. LENT
est donc un nouveau IncRNA fortement exprimé dans les cellules de mélanome et essentiel a leur
prolifération et leur viabilité, ciblable par ASO dans les cellules en culture et en xénogreffes in vivo.

Afin de comprendre son mode d’action, jai purifié LENT avec des oligonucléotides
biotinylés et des billes de streptavidine a partir des extraits de cellules de mélanome dans des
conditions natives ou suite au pontage par UV. Les protéines retenues avec LENT ont été identifiées
par spectrométrie de masse. J'ai ainsi identifié I'hélicase DHX36 comme une protéine interagissant
sélectivement avec LENT et non avec PCA3, un autre IncRNA utilisé comme controle. DHX36 est
une résolvase de structures de type G-quadruplex (G4), requise pour la traduction des ARNm avec
une structure G4. Cette interaction a été validé par immunoblot et par immunoprécipitation avec

un anticorps spécifique de DHX36 et analyse des ARNs associés par RT-qPCR. Une expérience de
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retard sur gel avec LENT transcrit in vitro et DHX36 purifiée a montré que cette interaction est bien
directe entre les deux molécules.

Jai ensuite montré par immunofluorescence et par fractionnement cellulaire que DHX36 et
LENT sont enrichis au niveau des mitochondries dans les cellules mélanocytiques. Des expériences
de fractionnement cellulaire en présence de digitonine ou de trypsine sur des mitochondries
purifiées ont indiqué une association particulierement forte de DHX36 avec ces organelles. J’ai donc
pu montrer que LENT et DHX36 sont fortement associés aux mitochondries dans les cellules de
mélanome. En revanche, le silencing de LENT n’altére ni la localisation ni la quantité de DHX36 dans
les cellules. Nous avons donc supposé que LENT pourrait moduler I'activité de DHX36. Pour cela, un
pulldown de DHX36 fut réalisé en présence ou en absence de LENT et les ARNs liés a I'hélicase furent
récupérés et analysés par séquencage. Cette expérience nous a permis de déterminer I'étendue des
ARNGs liés par DHX36 dans une cellule de mélanome et de les comparer avec d’autres études menées
dans différents types cellulaire. Il apparait que dans les cellules de mélanome, DHX36 lie
particulierement des ARNs impliqués dans des processus mitochondriaux, en lien avec sa
localisation particuliére et sont enrichis dans des motifs GC-riches impliqués dans la formation des
structures G4. D’autres processus sont communs entre les différentes études, notamment ceux liés
a la réponse au stress et a la transcription.

Par la suite, nous avons cherché a comparer les profils d’ARNs liés a DHX36 avec ou sans
LENT. Plusieurs centaines d’ARNs sont différentiellement liés par DHX36 apres silencing de LENT,
certains étant plus fortement liés a I'hélicase et d’autres, au contraire, moins liés. Les ARNs plus liés
sont impliqués principalement dans des processus de mitophagie et de dommages a 'ADN. A
l'inverse les ARNs moins liés sont corrélés avec des processus de synthese du cholestérol et de la
régulation des lysosomes. Une autre observation faite lors de la préparation des librairies pour cette
expérience est la présence d’ARNs ribosomiques (18S et 28S) liés 8 DHX36. Nous avons donc pensé
que DHX36 pourrait interagir avec la machinerie traductionnelle pour moduler la traduction des
ARNS liés par I'hélicase. Pour vérifier cela, nous avons réalisé des expériences de fractionnement de
polysomes suivi d'une analyse par western blot, montrant la présence de DHX36 dans la majorité
d’entre elles, avec un enrichissement fort dans la fraction 80S. La présence de LENT dans ces

fractions fut également déterminée par RT-qPCR, montrant une association forte de LENT avec la
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fraction 80S par rapport aux autres fractions. La présence de DHX36 et LENT dans ces fractions
suggere que ces molécules impactent la traduction cellulaire.

Nous avons examiné cette possibilité en réalisant des expériences de fractionnement de
polysomes en présence ou absence de LENT, suivi d'un séquencage ARN sur les différentes fractions.
La délétion de LENT semble modifier la quantité de centaines d’ARNs dans les ces fractions, en
particulier dans les fractions de polysomes légéres ou de nombreux ARNs se trouvent moins
abondants par rapport a la condition controle. Une analyse d’ontologie a montré que ces ARNs
moins associés aux polysomes en absence de LENT sont impliqués dans la régulation de la
dégradation et de la modification des protéines au niveau du réticulum endoplasmique.

Nous avons voulu savoir si une baisse de 'association de ces ARNm avec DHX36 et/ou avec
les polysomes avait un effet visible sur la quantité des protéines codées par ces ARNs. Ainsi, le niveau
des protéines NOX4 et RBP] est augmenté apres silencing de LENT, correspondant a une
augmentation de la liaison entre DHX36 et les ARNm codant ces protéines. A I'inverse, les niveaux
protéiques de UBE4A et de CTSD sont diminués et leurs ARNm sont moins liés a DHX36 apres
silencing de LENT. De facon similaire, les niveaux protéines de WFS1 et de HSPA5 sont réduits apres
délétion de LENT, leurs ARNm étant moins associés aux polysomes. La liaison d'un ARNm avec
DHX36 semble donc moduler sa traduction, LENT régulant les ARNs liés par DHX36 et leur
engagement dans le processus de traduction.

Afin de comprendre I'effet de la déplétion de LENT dans les cellules de mélanome, nous
avons réalisé des expériences de microscopie électronique a transmission avant ou apres déplétion
de LENT. De maniere évidente, la déplétion de LENT fait apparaitre de nombreux autophagosomes
dans le cytoplasme des cellules, dont beaucoup contiennent des fragments de mitochondrie. Une
induction de 'auto/mitophagie a été confirmé par western blot par 'accumulation de LC3B sous sa
forme couplée aux lipides, suite au silencing de LENT. Cette accumulation a également été constaté
dans des extraits de tumeurs xénogreffes des souris injectées avec 'ASO ciblant LENT. Cette
observation est en lien avec le fait que les ARNs plus liés a DHX36 en absence de LENT sont
impliqués dans le processus de mitophagie.

Cette mitophagie impacte la fonction et 'homéostasie des mitochondries. Des expériences
permettant de mesurer la capacité respiratoire des cellules montrent que I'absence de LENT réduit

la capacité respiratoire maximale des cellules et supprime leur capacité de réserve. De plus, nous
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avons observé que la traduction et le niveau d’expression de plusieurs protéines de la chaine
respiratoire mitochondriale étaient fortement induites apres dépletion de LENT. Des expériences
de fractionnement cellulaire et d'immunofluorescence ont montré que ces protéines tendent a
s'accumuler dans le cytosol et méme dans le noyau. Ce phénoméne de mPOS (accumulation de
précurseurs de protéines mitochondriales) entraine un stress cellulaire provoquant des dommages
aI’ADN et la mort des cellules. En effet, j'ai pu montrer une accumulation de gH2AX, un marqueur
de dommages a '’ADN, par western blot ainsi que par immunofluorescence quelques heures apres

I'accumulation de LC3B et donc de la mitophagie.
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Conclusion

Mes travaux de these ont permis de caractériser LENT un nouveau IncRNA fortement
exprimé dans les cellules de mélanome cutané. Cet ARN peut étre ciblé par des ASOs, in cellulo et in
vivo, entrainant sa déplétion et provoquant l'arrét de la prolifération puis la mort cellulaire de
mélanome. LENT interagit directement avec 'hélicase DHX36, responsable du déroulement des
structures G4 sur 'ADN et '’ARN. En interagissant avec cette protéine, LENT module la liaison de
DHX36 avec plusieurs centaines d’ARNm augmentant ou diminuant leur traduction. Cette
modulation impacte la traduction des ARNm cibles, se répercutant sur différents processus
cellulaires, notamment ceux codant des protéines impliquées dans la mitophagie et I'adressage des
protéines au niveau du réticulum endoplasmique. Ainsi, la déplétion de LENT entraine une
mitophagie suivi d’'une activation de la voie des dommages a 'ADN. En conséquence de la
mitophagie, des protéines mitochondriales s’accumulent dans le cytosol et le noyau, entrainant une
réponse mPOS qui combinée avec les dommages a 'ADN, conduit a la mort par apoptose. Cet effet
est renforcé par la dérégulation des processus de réticulum endoplasmique, empéchant une prise
en charge correcte des protéines et une dégradation normale de ces derniéres.

Ces résultats soulignent I'importance capitale de la fonction mitochondriale dans les
cellules de mélanome de type mélanocytique. Ces cellules ont donc développé un réseau de IncRNAs
pour promouvoir leur survie avec SAMMSON, LENOX et LENT agissant tous pour optimiser la
fonction mitochondriale par des mécanismes différents. En I'occurrence, LENT est nécessaire dans
ces cellules de par la localisation de DHX36, fortement associée aux mitochondries
indépendamment de LENT. DHX36 ne possédant pas une forte sélectivité de liaison, cette protéine
nécessiterai donc un cofacteur lui permettant de discriminer les ARNs liés. Les raisons pour
lesquelles ces cellules sont tres dépendantes de leur fonction mitochondriale restent a éclaircir. Il a
notamment déja été montré que d’autres IncRNAs sont capables de moduler I'activité de DHX36 par
liaison directe en indirecte.

En perspective, il serait important de poursuivre 'étude de la fonction de LENT d’'un point
de vue moléculaire pour comprendre précisément son mécanisme d’action. La détermination de la
structure de LENT ainsi que son interface d'interaction avec DHX36 sont essentielles pour

comprendre comment LENT modifie soit I'interaction de DHX36 avec des ARNS, soit sa sélectivité,
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soit son activité résolvase. Malgré les expériences réalisées, le lien entre la traduction de protéines
cibles et la mitophagie nécessite une étude plus approfondie. Parmi les protéines les plus affectées,
se trouve NOX4 déja connue pour réguler le ROS mitochondriale et la mitophagie ainsi que FUNDC;,
une protéine liée a la mitophagie dans des conditions d’hypoxie. Il serait donc intéressant de tester
si des inhibiteurs de ROS ou de NOX4 permettent d’atténuer les effets du silencing de LENT. Pour
conclure, LENT est une nouvelle cible thérapeutique intéressante contre le mélanome cutané,
pouvant étre combiné avec d’autres ASO ciblant des IncRNAs tels que LENOX ou SAMMSON mais
également avec des traitements déja utilisés en clinique comme les inhibiteurs de la voie de

signalisation MAPK.
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Preface

This thesis aims to decipher the role of a novel long non-coding RNA (IncRNA) named LENT
(LncRNA ENhancer of Translation) in skin cutaneous melanoma. LncRNAs represent a class of
molecules largely understudied which display different roles in genetic diseases but also more
recently shown, in cancer. Melanoma represents almost 8o % of deaths related to skin cancer and
while therapies are available, several mechanisms of resistance challenges researchers to study new
treatment options. In this context, it will be demonstrated in this work how IncRNAs could represent

anew class of cancer therapy targets by exploring the example of LENT in melanoma.

The present manuscript is divided in several parts, beginning with an introduction separated
in two sections. The first section will focus specifically on IncRNA, on their molecular aspects, but
also regarding their role in diseases and how to target them. The second section focuses on skin
cutaneous melanoma; its cell of origin, the onset of the disease as well as the characteristics of
melanoma cells and the current treatments available. The introduction ends with the role of

IncRNAs in melanoma, linking the two sections.

Results are presented in the form of a research article, containing its own introduction,
material and methods, results, discussion and also references. To better understand the context of
the results, I present some background concerning G-quadruplexes and the resolvase DHX36. The

thesis ends with a discussion and gives perspectives about the next steps of the project.

Annexes present the different projects I have worked on, in parallel to the main project

about LENT.
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LncRNAs characteristics

Introduction

Section 1: Long non-coding RNAs

A. LncRNAs characteristics

1. Definition

To begin with, it is necessary to state precisely what is a IncRNA. Historically, this class of
molecules was distinguished from other types of RNA by mainly two criteria: size and coding ability.
Indeed, it has been proposed that a IncRNA must be at least 200 nucleotides long ’, as a way to
separate them from small non-coding RNAs such as tRNAs, snoRNAs, siRNAs or miRNAs for
instance. This cut-off was apparently chosen as it represented a common exclusion size for RNA-seq
library preparation for small RNAs. Additionally, as their name suggests, a IncRNA must not contain
an open reading frame (ORF) composed of a start and stop codons, distinguishing them from
mRNAs. By using this definition, the human genome could contain more than 100 0oo IncRNAs *?,
which includes rRNAs (5.8S, 28S and 18S) as a specific class of IncRNAs. However, annotation of
IncRNA loci can be challenging due to their overall low expression and poor evolutionary
conservation *, generating disparities between databases *°, and making it difficult to assess precisely
the total number of IncRNAs present in the human genome. Nevertheless, in terms of expression,
IncRNAs represent only a very small fraction of the total RNA population in eukaryotic cells,

representing 0.03 % to 0.2 % of the total RNA mass, much less than the abundant rRNAs or tRNAs 6,

However, a recent article gave a consensus statement about IncRNA research, revisiting the
historical definition 7. Indeed, the cut-off of 200 nucleotides was mostly arbitrary and left a “grey
zone” of transcripts with sizes close to this limit, a little higher or lower. The consensus proposes to
fit non-coding RNAs into three classes: first, small RNAs as transcripts shorter than 50 nucleotides;

second, a class of transcripts between 50 and 500 nucleotides comprising RNA Pol III transcripts,
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Figure 1: RNA classes.

The transcriptome is composed of different classes of RNA based on their coding ability and length.
RNAs composed of an ORF that encodes a peptide are classified as messenger RNA (mRNA). If a
noncoding RNA is longer than 200 nucleotides, it is designated as a long noncoding RNA (IncRNA),
based on the historical definition. Ribosomal RNAs (rRNA) are also long noncoding RNAs, except
for the 5,8S which is 150 nucleotides long. If a noncoding RNA is shorter than 200 nucleotides, it's a
small RNA (sRNA) which is a class composed of different types of RNAs displaying various regulatory
functions such as: transfer RNA (tRNA), micro-RNA (miRNA), small nucleolar RNA (snoRNA), small
interfering RNA (siRNA), small nuclear RNA (snRNA) and piwi-interacting RNA (piRNA).
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Pol V transcripts in plants and small Pol II transcripts; and third, IncRNAs longer than 500

nucleotides and mostly transcribed by RNA Pol I1 7.

Whether we use the historical or more recent definition, it is clear that IncRNAs are defined more
by what they are not, than by what they are: not mRNAs by their absence of coding potential and
not small RNAs by their size (Figure 1). In this manuscript, we will mainly refer to the historical
definition, as most IncRNAs studies were based following those criteria, but it is important to keep

in mind that this definition is dynamic and prone to evolve as research in IncRNAs progresses.

2. Subtypes

Respecting the above definition, it is possible to classify IncRNAs into different categories, based
mostly on their genomic location and proposed by the GENCODE annotation catalog ®. The majority
of IncRNAs are considered intergenic (lincRNAs), having their own promoter and their locus not
overlapping with any nearby coding genes. They are mostly transcribed by RNA Pol II and are often
processed and polyadenylated °, even though they do not encode any peptide. They can resemble
mRNA by their structure, but are often way less expressed as it has been shown by RNA-seq in
HEKz293 cells for instance . They can contain less introns compared to mRNA, as only 2.6 % of
protein coding genes are intron-less compared to 32 % of IncRNAs. This feature potentially explains

their low expression as introns are known to promote gene expression “.

On the opposite, IncRNAs can be intragenic, with their sequences or part of their sequences
overlapping with a coding gene. For instance, sense intronic IncRNAs are transcribed from introns
of coding genes and do not possess their own promoter. They are less represented than lincRNAs in
the literature and less studied, moreover they seem to be regulated through different processes *".
Yet, it seems that they could represent the majority of ncRNAs present in mammalian cells, as
observed in mice “. LncRNAs can also be considered antisense (asRNA), meaning that they are
transcribed from the opposite strand of a coding gene, overlapping completely or partially with its
sequence °. Their name is often composed of the name of the coding sequence followed by the suffix
“AS”. Finally, some IncRNAs can be considered « bidirectional » as their promoter is shared with a
coding gene but are transcribed in the opposite direction. If an RNA does not fall into any of these

categories, it is considered as a processed transcript . To add a layer of complexity, it has also been
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Figure 2: LncRNA subtypes.

The different categories of IncRNAs are essentially based on their genomic localization. Intergenic IncRNA
(LincRNA) possess their own promoter and their locus is located between other genes, not overlapping with
them. In contrast, intronic or genic IncRNA are transcribed from introns of coding genes. IncRNA can also be
antisense (asIncRNA), transcribed from the opposite strand of a coding gene, partially or completely.

Bidirectional IncRNA share their promoter with a coding gene but are transcribed from the opposite strand.
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shown that IncRNAs may be processed and give rise to smaller RNAs, from their exons or introns,

especially snoRNAs *. The different IncRNA subtypes are represented on Figure 2.

As stated above, it is also worth mentioning that rRNAs can be considered as IncRNAs, especially
the 18S and 28S based on the recent definition, even though they display regulation and function
very specific to their class. Their role in ribosome architecture and translation has been widely
discussed in the literature * and will not be further elaborated in this manuscript as they are mostly

not annotated or considered as IncRNAs.

3. Origins and conservation in evolution

Human IncRNAs are known to be poorly conserved, even between primates *, and with well
described orthologs present in mice known for only few and even fewer traced back to the common
ancestor of vertebrates *°. Overall, it has been estimated that almost 400 IncRNA genes could have
originated more than 300 million years ago as orthologs of those genes have been characterized in
chicken (Figure 3) ™. Indeed, most of human IncRNAs are primate specific and display a low,
specific expression limited to certain tissues or cancers **. A minority of IncRNAs are well
conserved and display a strong expression such as XIST *, NEAT1 * or MALAT:1 *, which will be
described in coming parts. This lack of conservation suggests that most IncRNAs present on the
human genome appeared recently during evolution, but also potentially that annotating orthologs
can be difficult as RNA function is carried mainly through its 3D structure *. This particularity can
hinder the ability of algorithms to identify IncRNAs carrying similar function in different organisms

as they may not share similar sequences but can display similar 3D structures once processed.

Several hypotheses were suggested to explain the appearance of IncRNAs on the human
genomes and are still discussed today. Those propositions encompass: loss of protein coding
potential due to codon mutations, duplication events of repeated sequences from sRNA, de novo
appearance of previously un-transcribed sequences due to changes in the genomic landscape, and
insertion of transposable elements (Figure 4) *. The latter hypothesis seems responsible for the
emergence of the majority of current human IncRNAs, as 75 % of those transcripts contain at least
one exon of transposable element origin *. This number is much higher than for any other type of

RNAs, suggesting a strong link between TEs and IncRNA origin. Moreover, lincRNAs are even richer
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Figure 3: Phylogenetic tree of IncRNA orthologs.

The blue boxes indicate the number of IncRNAs orthologs between two branches. Brown boxes indicate the
number of IncRNAs specific to the indicated species. Among the 31 678 human IncRNAs mapped in this study,
only 489 are conserved between humans and chickens (approximately 1,5 %). Most IncRNAs are annotated

as species-specific. Adapted from Sarropoulos et al., 2019.
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in TE sequences compared to genic IncRNAs. A compelling example is the IncRNA-RoR, composed
of 6 different TEs *. More specifically, different classes of TEs exist, but do all classes contribute to
IncRNA origin? Among them are short interspersed elements (SINE), long interspersed elements
(LINE) and LTR/ERV elements, which represent class I, but also DNA transposons which represent
class I1 *°. Class I elements are also known as retrotransposons as they need to be reverse transcribed
to be inserted into the genome whereas class II are inserted through a cut and paste mechanism
without being reverse transcribed. Even though the human genome is composed mainly of SINEs
and LINEs of retroviral origin, they seem under-represented in IncRNAs sequences *’. On the other
hand, LTR retrotransposons and ERVs are depleted near coding genes, but highly represented in the

vicinity of IncRNAs loci, an observation made in humans and mice.

In addition, TEs overlap with IncRNAs loci notably at the TSS (22.5 %) and at polyA sites (29.9
%), which represent a greater proportion compared to coding genes with TEs overlapping at 1.7 %
of TSS and 7.9 % of polyA sites in this case *. Moreover, it was also observed that many human
IncRNAs possess proximal promoters and TSS composed of long terminal repeats (LTRs) of primate
specific TEs. Thus, LTRs often provide consensus TATA-elements and transcription factor binding
sites *, potentially explaining why so many IncRNAs show very tissue-specific expression. The
reason why this class of retrotransposons is overrepresented in IncRNA loci and adjacent regions
remain unclear, but a potential explanation may reside in the property of retroviruses to hijack

2

transcriptional activators as a way to boost their own expression *. Indeed, the presence of
LTR/ERVs would then be correlated with an increased transcription of their loci, giving rise to novel

IncRNA composed of those elements or regulated by the binding of those TEs in their vicinity .

However, it is also important to understand how those novel IncRNAs can be selected once they
appear during evolution. Globally, less than 10 % of the human genome is estimated to evolve under
measurable selection, the rest being dominated by genetic drifting *. Indeed, the majority of
IncRNAs accumulate mutations at a rate consistent with most of them lacking a function ¥,
supporting that the genome generates what can be considered as “junk transcripts” through cryptic
TSS apparition, as seen above, or by pervasive transcription **. Among this pool of junk transcripts,

33

some acquire beneficial functions by inhibition of nearby loci transcription rates * or by

representing enhancer elements for other loci *. This process is known as neutral evolution and

25



mRNA transcription

—>

Exon 1 Exon 2

sRNA transcription

—

Exon 3

Loss of coding

’ potential
—
Duplication
3’ events

-
>

LncRNAs characteristics

IncRNA transcription

—>

IncRNA transcription

—dl)

NRepeated elements

Untranscribed region

%’/W?ﬁ' rearrangeme.r:ts

Untranscribed region

5!

Exon 1 g Exon 2 = Exon 3

Figure 4: LncRNA origins.

Chromosomal

(@I

IncRNA transcription

>

5.!

Transposable

» element insertion
—

Xon 1 Exon 2 Exon 3

IncRNA transcription

3!
> Exon 1 g Exon 2 2 Exon 3

Several genomic events can give rise to novel IncRNA. Genes can lose their coding ability through the removal

of introns, exons or other regulatory elements but also by mutation of the START codon. They can also arise

from duplication of repeated sequences, increasing the size of a previously small noncoding RNA locus. Some

chromosomal rearrangements can also bring different regions of the genome close to each other, producing

an environment favorable for the transcription of a novel locus. Previously untranscribed regions can

eventually give rise to IncRNA through the insertion of a transposable element such as ERVs, providing

transcription factor binding sites and other promoter sequences (TATA, Inr).

26



LncRNAs characteristics

support an emergence of currently studied IncRNAs from a large pool of transcripts lacking a
function and prone to disappear during evolution *. Selected IncRNAs can then gain additional

functional domains trough subsequent evolution and selection, promoting their diversity.

In summary, IncRNAs show a wide diversity of structures, genomic locations, expression, and
conservation. Many factors may contribute to their origins, but retroviral elements seem to be the
major drivers of IncRNA expression and composition. They are mainly selected by neutral evolution
from transcripts displaying regulatory functions of nearby genes. However, IncRNAs are very
heterogenous and, thus, seem able to carry a plethora of functions in cells and to display a variety of

mechanisms *°, which will be described in the following parts.
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B. Molecular mechanisms displayed by LncRNAs

In this section, we will cover the main mechanisms by which LncRNAs exert their functions in
cells, focusing on the molecular aspects of their mode of action by exploring different examples. We
will separate those mechanisms by distinguishing nuclear and cytoplasmic IncRNAs. Indeed, many
known IncRNAs seem present in the nucleus of human cells *, consistent with them being first
selected as the presence of their loci influence the transcription of nearby genes. Nevertheless,
several IncRNAs were recently found acting in the cytoplasm, carrying out different functions and

working through different mechanisms *.

1. Inthe nucleus

First and foremost, many IncRNAs present in the nucleus were found to be associated with
chromatin ¥, suggesting that they may influence gene expression. It is the case for HOTTIP, aIncRNA
known to control the expression of different HOXA genes by maintaining active chromatin marks
near its target locus, through chromosome looping and recruitment of WDR5, a chromatin modifier
. In this case, HOTTIP acts as a scaffolder, interacting with a protein to maintain it at a certain
localization to promote its specific action on a particular locus. This kind of mechanism is common
to many IncRNAs, as their length enables them to fold into complex structures (loops, hairpins, long-
distance interactions...) which represent potential interaction interfaces with other molecules, as
shown for instance for the structured IncRNAs RepA * or Braveheart *. Another chromatin-
associated example is IncPRESS1, a IncRNA regulated by p53 which interacts directly with the
deacetylase SIRT6 *. By interacting with this protein, IncPRESS1 acts as a decoy to prevent SIRT6
access to open chromatin. Thus, these two chromatin-associated IncRNAs show similar protein
scaffolding proprieties, but act in opposite manner, HOTTIP promoting protein localization to a
locus and IncPRESS1 acting as a decoy, preventing a protein from accessing a locus. Both modulate
epigenetic marks and chromatin accessibility, providing a first example of how IncRNAs act on gene

expression.

In addition to interacting with chromatin modifiers, it has been shown that IncRNAs are also
able to directly interact with ssDNA, forming DNA-RNA hybrids known as R-loops, acting as

modulators of transcription and replication *. This type of interaction involves base-pair recognition
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trough accessible regions of IncRNAs with complementary DNA sequence. A good example is the
antisense IncRNA TARID, which was shown to bind the TCF27 promoter and form an R-loop *. This
R-loop promotes local DNA demethylation and thus triggers TCF21 expression. Moreover, R-loops
are not the only structures formed by IncRNA interaction with DNA. This can be illustrated by a
study on the antisense IncRNA KHPS1 which is able to form a triplex structure (RNA-DNA-DNA) by
interacting near the TSS of the oncogene SPHK7 . This triplex serves as a platform to recruit the

p300/CBP complex, promoting the transcription of the SPHK7 locus.

It has been shown additionally that some IncRNAs can be transcribed from enhancer elements,
known to promote expression of loci, even at long distance on the genome by forming chromatin
loops *. An example of those elncRNAs are the RNAs ELEANORS which represent a set of IncRNAs
able to promote several loci interactions around the ESR1 gene, activating its transcription by
forming a positive chromatin environment through the recruitment of activator proteins and
transcription factors ¥. Indeed, they are often used as bridges to connect the enhancer and the target

loci and can serve as a platform for protein complexes.

The previously described mechanisms involve regulation of gene transcription, by modifying the
chromatin environment, either by protein or DNA binding. Nevertheless, nuclear IncRNAs can also
harbor phase separation proprieties, a recent topic gaining interest in the last decade *. A very well
conducted study described recently the implication of the IncRNA NORAD on phase separation in
human cells ¥. NORAD is necessary to avoid aberrant mitosis in cells by negatively regulating
Pumilio proteins PUM1 and PUMz2, which act as post-transcriptional repressors that can bind
pumilio response elements (PREs). The challenge to explain NORAD’s mode of action resides in the
fact that only 400 NORAD molecules are present in HCT116 cells, each NORAD containing 18 PREs,
whereas more than 130 ooo PREs are present on expressed mRNAs. Based on this affirmation,
NORAD would seem unable to efficiently buffer Pumilio proteins. Interestingly, the authors
described that NORAD and PUMs are found together inside nuclear bodies, disrupted by the loss of
NORAD. Indeed, in vitro, the addition of NORAD to PUMs triggers phase separation, enabled by the
presence of intrinsic disordered regions on PUMs. Thus, a very restricted number of IncRNAs could
impact a large number of proteins by forming liquid-liquid phase separated structures, sequestering

them away from their targets *.
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Figure 5: Nuclear IncRNA mechanisms.

LncRNAs can bind proteins directly through their complex structures, modulating their function and/or
localization. They can also directly bind DNA to form hybrids and structures known as R-loops. These R-loops
can change the local genomic landscape by influencing chromatin mark deposition. LncRNAs can also be
transcribed from enhancers to form an active chromatin environment for a distant locus by recruiting
activator proteins. They are also able to trigger phase separation in the nucleus to sequester pools of proteins
and other RNAs to modulate their function. In addition, they can also influence RNA splicing by covering
splicing sites through direct binding with the RNA. Lastly, the transcription of IncRNA loci can act
intrinsically by influencing the surrounding chromatin environment, potentially promoting or inhibiting the

expression of nearby genes.
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Another possible mechanism of action for nuclear IncRNA is the regulation of splicing events.
Splicing is an essential step in the processing of RNAs, including IncRNAs, and is carried out by the
spliceosome machinery to produce mature and functional molecules *. A previous study showed
that an antisense IncRNA of the transcription factor ZEB2 is necessary to maintain a large intron
containing an IRES in the 5'UTR of the ZEB2 mRNA, necessary for ZEB2 expression *. In this
example, the asIncRNA covers the 5’ splice site of the intron through direct binding, preventing its

splicing and promoting ZEB2 expression.

Finally, as mentioned on the previous part on neutral evolution, IncRNA are not directly
responsible for regulation of gene expression, but it is simply their transcription that modulates the
expression of nearby genes, as shown by the lab of Eric Lander **. In this paper, they focus on different
IncRNA loci, for which the deletion of their promoter strikingly affects the transcription of genes
close to their respective loci. As a specific example, they showed that deleting the promoter of the
IncRNA BENDR reduced expression of the neighbor gene BEND4 by 57 %, whereas the elimination
of the spliced BENDR had no effect on BEND4 expression. Moreover, they also describe that other
types of RNA loci such as mRNAs can carry out this function, but it is particularly interesting that
IncRNAs harbor this mechanism as it could also explain the importance of some IncRNA showing a
very low number of copies per cell, their locus carrying the function. Instead of inhibiting nearby
genes transcription, promoters of IncRNAs can also represent enhancer sequences for distant loci

through chromatin looping *.

Thus, nuclear IncRNAs display a variety of mechanisms of action often linked with regulation of
transcription. Whether they interact with proteins or nucleic acids, they can change the chromatin
landscape of the nucleus, promoting or repressing gene expression. They are also able to modulate
the splicing of certain transcripts by covering splicing sites or to influence nearby genes by the
transcription of their locus. Interestingly, they are even able to form condensates within the nucleus,
trapping proteins and nucleic acids in those structures. These examples highlight the fact that, even
if often present in small numbers in cells, IncRNAs can influence critical pathways and basal cell
functions thanks to their structure and interactions with proteins and nucleic acids. Nuclear IncRNA

mechanisms are recapitulated on Figure 5.
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2. In the cytoplasm

In contrast to the above, IncRNAs present in the cytoplasm tend to act through different
mechanisms, even though the general principles of IncRNAs function (protein and nucleic acids
interaction) are retained. As mentioned above, IncRNA functions in the cytoplasm are less well
documented than in the nucleus, even if the number of articles describing cytosolic IncRNAs is

constantly rising.

One mechanism is the ability of IncRNAs to impact the stability of cytosolic mRNAs, as is the
case for the IncRNAs 12-SBS *. It was demonstrated that %2-SBS RNAs contain a sequence enabling
them to directly interact by base pairing with the 3'UTR of their mRNA targets. This interaction
facilitates the binding of the STAU1 protein, a known inducer of RNA decay, which was shown to
bind translationally active mRNAs. Those IncRNAs carry their function by forming double-stranded
RNA structures promoting their target degradation, resembling the action of other RNAs species
such as miRNAs. In an opposite manner, IncRNA binding to a mRNAs can also promote their
stabilization as shown with the mRNA BACE1 and its aslncRNA BACE1-AS *. Mechanistically,
BACE1-AS binds directly BACE1 mRNA to from a duplex structure to increase the half-life of the
mRNA. The precise mechanism has not been elucidated but the authors showed that depletion of
BACE1-AS reduces BACE1 mRNA and protein levels in cells. Thus, IncRNAs seem able to modulate

the stability of a set of mRNAs in the cytosol, influencing indirectly the proteome of the cell.

As it has been shown for mRNAs, IncRNAs are also able to stabilize cytoplasmic proteins. To
illustrate this, consider the example of IncRNA MalL1 *. This IncRNA can stabilize the protein OPTN
by direct interaction, which prevents ubiquitination of OPTN and its subsequent degradation. Of
course, IncRNAs can also promote the degradation of proteins through their binding as it is the case
for the IncRNA NRON which promotes degradation of the HIV protein Tat through direct binding in
association with other proteins implicated in the proteasome system *. Here, NRON display a

scaffolding function, by bringing protein Tat closer with other proteins that promote its degradation.

These examples illustrate that similar to nuclear IncRNAs, cytoplasmic IncRNAs are also able to
interact with proteins and nucleic acids to modulate their stability and function through direct
interactions. Nevertheless, cytoplasmic IncRNAs can also harbor specific mechanism adapted to

their localization. One of those is the potential for some IncRNAs to act as “sponges” to retain
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miRNAs such as the IncRNA TYRP1 studied by the Galibert group *. miRNAs are a group of small,
single-stranded RNAs, processed by the RISC complex and able to degrade cytosolic RNAs trough
base-pair recognition * . TYRP1 was shown to bind a miRNA designated miR-16, without being
degraded. As TYRP1 and miR-16 were shown to be present in similar levels in cells, TYRP1 then
seemed to act as an efficient “sponge” to dampen miR-16-induced degradation of RNAs. It is also
possible for IncRNAs to harbor a large number of miRNAs binding sites, enabling one IncRNA
molecule to retain a population of miRNA, as demonstrated for the IncRNA ciRS-7 ®. This RNA
belongs to a class of IncRNAs known as circular RNAs (circRNAs) and harbors 70 miRNAs binding
sites across its length. CircRNAs are generated by the spliceosome machinery through a back-
splicing event * are known to be stable RNA molecules as they are insensitive to exonucleases
degradation *. This type of mechanism is particularly efficient, enabling the cell to dampen the
effect of a specific set of miRNAs through the expression of a very limited number of IncRNA

molecules.

Most importantly, the cytoplasm is the compartment where translation takes place, and IncRNA
can also be implicated directly in this process, as they are often found in ribosomal cell extracts with
up to 70 % of cytoplasmic IncRNA bound to ribosomes ***. However, debates are still ongoing
whether those IncRNAs carry a function or if they are simply degraded at ribosomes, as blocking
translation elongation seem to enhance the stability of the majority of ribosome-bound IncRNAs *.
However, there is also the possibility that some of those IncRNAs modulate the translation process,
as shown for instance in a study of the lincRNA-p21 . In this work, authors showed that IncRNA-p21
was able to bind selectively the mRNAs JUNB and CTNNB4, reducing the amount of those mRNAs in

polysomal fractions, thus lowering their translation efficiency.

Yet, there is also another option to explain the presence of IncRNAs in ribosomal fractions: are
those RNAs all really non-coding? Indeed, IncRNAs are annotated often automatically, based on the
presence of open reading frames and known related proteins °, but what happens if there is an
unconventional start codon or if the produced peptide is very short and has not yet been
characterized? Following this idea, it has been shown that, as pervasive transcription exists and
could be the source of different IncRNAs ¥, pervasive translation also occurs in cells and allow

translation of short ORFs in IncRNAs into peptides . On the other hand, it seems that peptides
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Figure 6: Cytoplasmic IncRNA mechanisms.

LncRNAs are able to directly bind cytosolic mRNAs through base pairing, bringing different modulators of
mRNA stability with them. Similarly, IncRNAs can also bind proteins to modulate their stability, by
preventing their ubiquitination for instance. On the other hand, IncRNAs can be circular composed of many
miRNA binding sites, enabling them to efficiently buffer different mRNA populations. They can also directly
modulate mRNA translation through direct interaction, preventing the mRNAs from accessing the translation
machinery. Surprisingly, IncRNAs can also encode small peptides which can be translated, even if most of
them are rather instable. Last, they can also be transcribed directly from organelle (mitochondria,

chloroplasts) genomes, potentially modulating their homeostasis.
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produced from IncRNAs are often unstable because of the presence of degradation signals and
hydrophobic residues at the C-terminus of those proteins ”. Thus, non-canonical peptides might not

harbor a function in cells as they seem rapidly degraded.

Nevertheless, evidence has been reported that non-canonical peptides translated from IncRNA
could act on cellular processes, but with only very few examples well described *. An impressive
work was carried out by Chong and colleagues, coupling whole exome sequencing, bulk and sc-
transcriptomics, ribosome profiling and mass spectrometry ®. They were able to identify hundreds
of non-canonical peptides derived from noncoding RNAs and TEs, expressed in different tissues and
cell types, but also to confirm many IncRNAs as “true” noncoding. In addition, they were able to
demonstrate the immunogenicity of several of the peptides and their upregulation upon IFNy
treatment, proposing that they are not just products of pervasive translation but could be
deliberately translated to modulate signaling pathways. Subsequent work corroborated this
hypothesis as [IFNy treatment seem to induce ribosomal frameshifts which produce aberrant peptide

presentation (known as neo-antigens), modulating immune cell recognition ™.

To conclude on their function in the cytoplasm, it is also worth mentioning that three IncRNAs
are transcribed from the mitochondrial genome, and thus found inside the mitochondria ™. It was
observed that those mitochondrial IncRNAs have a cell and tissue specific expression and are
regulated by nuclear-encoded proteins such as the RNase MRPP1, leading to the supposition that
they could regulate mitochondrial function to some extent. It is also the case for the chloroplast

genome in plants which produces a long antisense RNA ™.

Strikingly, IncRNAs are able to act on a plethora of cellular processes, ranging from transcription
and splicing in the nucleus, to mRNA degradation and translation in the cytosol. They can interact
with proteins, DNA and RNA to modulate the stability of their target and their localization but can
also sequester them inside different structures based on phase separation or sponging proprieties.
LncRNAs can also be found at organelles, notably mitochondria, to influence different cellular
functions. Surprisingly, they can also be translated into short peptides which can presented at cell
surface for instance, revisiting their status as non-coding RNAs. Cytoplasmic IncRNA mechanisms

are recapitulated on Figure 6.
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Figure 7: Well conserved and expressed nuclear IncRNAs participate in cell homeostasis.

XIST is expressed from the X chromosome (Xic = X locus) and covers one copy of the X chromosome in

female cells, a process known as XCI. XIST modifies almost the entire X chromosome landscape, promoting

heterochromatin structure. The silenced chromosome appears as a condensed body in the nucleus, called a

Barr body. NEAT1 is an architectural IncRNA, responsible for the formation of membrane-less nuclear bodies

known as paraspeckles. By interacting with other factors, NEAT: create a liquid-liquid phase separation,

trapping other RNAs and proteins. Upon NEAT1 silencing, paraspeckles are destabilized, releasing many

factors which can then influence gene expression or mRNA export to the cytoplasm. TERRAs are transcripts

produced from the sub-telomeric region upon telomere damage. They can directly bind DNA, recruiting

factors involved in DNA repair and promoting telomere maintenance.
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C. Functions of IncRNAs in health and diseases

Now that we have seen the diversity of molecular mechanism displayed by IncRNAs, it is time to
explore their roles and functions on a larger scale, as it becomes clear that those molecules are
crucial to the progression of various diseases, with more than 200 ooo IncRNA-disease associations
reported in the IncRNADisease 2.0 database ™. As in the last section, several examples will be

discussed, focusing more on their importance in disease progression and normal physiology.

1. Normal conditions

LncRNAs are not necessarily linked to a pathology, they can also be essential for the normal
functions of the organism. Interestingly, these IncRNAs are often among the most conserved and
expressed in cells, highlighting their importance . The best example is the IncRNA XIST, regularly
considered as one of the most globally expressed and conserved IncRNA, but also one of the most
studied * and earliest described ". Of note, it has been shown that XIST is exceptionally conserved
in eutherians (placental mammals) and evolved through the loss of coding potential of a set of
protein coding genes present only in non-eutherian vertebrates  XIST is transcribed from the X
chromosome and essential for XCI (X-chromosome inactivation) which is established in the female
organism of mammals and crucial to prevent autoimmune diseases due to toxic effects arising from
double dose expression of certain chromosome X genes ”°. It acts to spread heterochromatin across
the X chromosome, repressing almost 1000 genes, by forming foci in different location of the
chromosome 7 and recruiting a variety of proteins, often linked with gene silencing such as SHARP
7, XIST works as the central actor of a larger machinery as shown by comprehensive identification
of RNA binding proteins by mass spectrometry (ChIRP-MS), identifying more than 8o protein
partners for XIST ™. This capacity of XIST is enabled by its length of 17 ooo nucleotides, representing

a large interaction interface for protein scaffolding, a mechanism described in the previous section.

Following the discovery and description of XIST, researchers have been looking for similar,
ubiquitous, and highly expressed IncRNAs. In this context, two IncRNAs have been identified
designed as NEAT1 and NEAT2 (known now mainly as MALAT1), both well conserved in
mammalians *. Although they share a similar name, those two transcripts share no homology. Since

its identification, NEAT1 has been shown to be essential for the assembly of paraspeckles in the
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nucleus by associating with paraspeckle proteins, thus making it known as an “architectural IncRNA”
% Paraspeckles are membrane-less structures capable of retaining proteins and nucleic acids to
regulate gene expression and are present in a variety of cells **. Loss of NEAT1 completely destabilize
paraspeckles ¥, potentially leading to cell death by apoptosis through the release of pro-apoptotic
factors . The NEAT1 mechanism resembles that of the previously mentioned NORAD, also an
abundant and conserved IncRNA *. Indeed, it is able to directly interact with proteins such as NONO
and SFPQ, triggering condensation and liquid-liquid phase. Regarding MALAT}, it was described
that this IncRNA could be involved in the regulation of splicing * but also gene expression through

84

chromatin binding along with NEAT:1 ™, although it does not display similar architectural
proprieties. Surprisingly, loss of MALAT1 does not produce a readable phenotype in mice, although
local transcription seems altered *, suggesting that the role of this IncRNA could be restricted to

specific conditions in a non-disease context, potentially more in adult cells.

One last interesting example are the TERRA IncRNAs, produced from chromosomes ends and
ranging from several hundred nucleotides to several thousand *’. TERRAs are expressed in a plethora
of human and mouse cell lines, showing their conservation beyond primates. They directly bind
short or damaged telomeres, forming R-loop structures, in association with factors linked with DNA
repair to promote telomere maintenance, essential in cell aging . It has also been suggested that
TERRAs could promote chromatin modifier action at telomeres, modulating epigenetic mark

deposition during cell cycle phases but also TERRA recruitment through a feedback loop *.

Through those few examples (Figure 7), we can appreciate that several IncRNAs carry out basal
functions in the organism and are often nuclear, well expressed and conserved, and modulate
directly or indirectly gene expression. Thus, those molecules once considered as “transcriptional
noise”, can in fact display functional features similar to other regulatory RNAs classes or proteins

and should be regarded as crucial modulators of cell homeostasis.

2. Genetic diseases and non-cancerous disorders

As stated previously, IncRNAs often display specific expression in a certain type of tissue and/or

disease, making them interesting biomarkers and/or therapeutic targets. Several disease-associated
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IncRNAs have been characterized, even though the number of studies on diseases other than cancers

remains limited.

Involvement of LncRNA in genetic diseases was suggested in the early 2000s with the study of a
patient displaying an inherited form of anemia called Thalassemia, displaying a deletion between

two gene clusters, enabling abnormal antisense transcription of the HBA2 gene ™

, normally
producing a hemoglobin essential for oxygen transport in the blood. This was explained by the
removal of the adjacent gene transcription termination site by the deletion, enabling the RNA Pol II
to transcribe a region of the strand opposite to the HBA2 locus. The presence of those abnormal
transcripts was then linked to silencing of the HBA2 locus by methylation. Thus, loss of this
hemoglobin by abnormal expression of an aslncRNA highlighted the potential for IncRNAs to be

responsible of genetic diseases. In this case, a novel IncRNA was formed by a genetic event, but

several known IncRNAs have also been implicated in genetic diseases onset.

Conversely, events involving IncRNA translocation cause various disorders documented in
different case studies. For instance, two families with brachydactyly (short fingers and toes)
displayed translocations on chromosome 12, leading to downregulation of a parathyroid growth
hormone designed PTHLH . The consequence of this event is the displacement of the elncRNA
DA125942 locus, normally necessary for PTHLH transcription by forming a chromatin loop between
its enhancer and the hormone locus. In addition, this event seems to promote DA125942 expression,
leading to dysregulation of additional genes through an unexplored process. In another case, a rare
translocation event was shown to disrupt the IncRNA RMST locus, downregulating its expression .
As RMST is essential for neural development via its association with the transcription factor SOXz,
the patient displaying this translocation presented Kallmann Syndrome (impairment of smell and
delayed or absent puberty). As a final example, a study focused on IncRNAs implicated in autism
spectrum disorder and intellectual disability by producing copy number variation morbidity maps
of a cohort of children *. This study identified a IncRNA called Inc-NR2F1 specifically disrupted in
those patients due to translocation events. Depletion experiments of Inc-NR2F1 in ES cells showed

that this IncRNA controls neural gene expression and is essential for neuronal cell maturation.

In addition to genetic diseases, IncRNA functions in other non-cancerous diseases have also

been explored in different studies. For instance, it has been shown that the IncRNA DANCR could
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Figure 8: LncRNAs are implicated in genetic and other non-cancerous diseases.

A novel asIncRNA is formed by the removal of a transcription termination site by a genomic deletion. The
presence of this RNA modifies the chromatin environment, repressing the expression of hemoglobin, leading
to thalassemia. A translocation event between chromosomes 4 and 12 causes the displacement of the
DA125942 elncRNA locus (CISTR-ACT), preventing its association with the PTHLH hormone locus. PTHLH is
thus downregulated, leading to brachydactyly. The IncRNA DANCR has been identified as an osteoporosis
marker as its high expression in blood cell is correlated with increases in cytokine production, enabling bone

resorbing activity of these cells.
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be used as a biomarker of osteoporosis %, a condition where bones become brittle, partially due to
monocyte bone-resorbing proprieties. Indeed, DANCR was found significantly and specifically over-
expressed in immune cells of patients showing signs of osteoporosis. The authors showed that
DANCR promotes the production of IL6 and TNF-a, two cytokines enabling bone-resorbing activity
by immune cells. Another study focused on IncRNAs specifically dysregulated in type 2 diabetes
(T2D) by analyzing transcriptomic data from pancreatic cells of patients **. A little more than 1000
IncRNAs were found to be expressed specifically in pancreatic cells amongst which a few were found
dysregulated in T2D, namely KCNQ10T1 and HI-LNC45. The functions of these IncRNAs in T2D have
not been characterized yet, but for now they could be used as biomarkers of T2D onset. A last
example is work on the role of asincRNAs implicated in hypertension *. This study described a set
of seven genes implicated directly in the regulation of blood pressure and focused on one of them
called NPPA as it modulates blood flow through smooth muscle contractions and presents a natural
antisense transcript designated NPPA-AS. This asRNA is poorly conserved outside of primates and
is co-expressed with the sense NPPA, modulating its splicing through direct interaction and thus
could regulate its expression. The precise function of NPPA-AS remains unexplored but this IncRNA

could represent a main regulator of blood pressure and a potential biomarker for hypertension.

To summarize, IncRNAs are directly implicated in various genetic or non-genetic diseases
(Figure 8). These transcripts can be novel, generated due to genomic events enabling aberrant
transcription ofloci and be responsible for abnormal regulation of important developmental factors.
Their specific expression in certain disease contexts can also make them interesting biomarkers,
whose expression in biological samples can be detected by transcriptomic analysis or RT-qPCR.
Moreover, specific tools have been recently created to discover new IncRNA biomarkers such as
Firalink, a pipeline already tested in cardiovascular and brain pathologies *, which in the future

could enable researchers to identify an increasing number of disease-related IncRNAs.

3. Cancers

It is now established that IncRNAs can display disease-related expression and functions.
Interestingly, they have been correlated with various cancers in the last decade , being regarded as
new biomarkers and potential therapeutic targets *. The topic of melanoma-specific IncRNAs will

not be discussed here but in the second section on melanoma.
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Figure 9. Many LncRNAs are implicated in cancer onset and progression.

PCA3 is aIncRNA specifically expressed in prostate cancer cells and promotes androgen receptor signaling to

boost proliferation. PCA3 can be easily quantified in urine to detect tumour cells. HOTAIR is a IncRNA

upregulated in many cancers. It is able to repress E-Cadherin transcription through methylation of its

promoter by binding chromatin remodelers. E-Cadherin is essential to make cell-cell contacts and maintain

cell layer structures. Upon its loss, cells gain mobility, promoting metastasis. In contrast, LET is expressed in

normal condition to repress HIF-1a, a factor promoting cell respiration and proliferation. In conditions of

hypoxia as encountered in tumours, LET is repressed by HDACg, stabilizing HIF-1a which enables cancer cells

to resist this oxygen stress.
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One of the first described cancer-associated IncRNA and potential biomarker is PCA3 discovered
in prostate cancer, almost 20 years ago *. Authors have shown that PCA3 is expressed up to 66-fold
higher in prostate cancer cells compared to normal conditions. Moreover, PCA3 could be detected
in urine of patients by RT-PCR, providing an easy method to detect prostate cancer onset. Since then
prediction models have been refined and risk-assessment has been improved using PCA3 detection
°. Nowadays, tests have been developed to achieve an easy and fast detection of PCA3 in urine
samples, such as paper-based detection devices ', providing an easy and efficient way of detecting
cancer onset using PCA3 detection making it the first IncRNA used in the clinic as a cancer
biomarker. Moreover, the function of PCA3 in cancer cells has also been assessed by depletion

102

studies "*. PCA3 silencing reduces cancer cell growth and triggers apoptosis showing that this
IncRNA is essential for prostate cancer proliferation and survival. In term of mechanisms, PCA3
seems present in the nucleus and its depletion strongly decreases the expression of androgen-

receptor signaling related genes, a pathway known as a promoter of prostate carcinogenesis and cell

survival *. However, its precise mechanism of action remains unknown.

Another well described IncRNA involved in cancer progression is HOTAIR, known to be
upregulated in a set of human cancers such as in breast, colon or gastric cancers . The enhanced
expression of HOTAIR was detected in gastric cancer cells compared to adjacent tissues and linked
with a short overall survival in patients . By depleting HOTAIR, it was observed that cancer cell
proliferation was not affected, but cells showed lower colony formation capacity in vitro and lower
metastatic capacity in vivo. Mechanistically, depletion of HOTAIR triggered the expression of E-
cadherin, which acts as an adhesion protein that holds cell together . The loss of E-cadherin is
common to many forms of cancers as it promotes cell mobility and invasion by disrupting epithelial
cell contacts 7. To explain this effect, it was shown that HOTAIR was able to recruit the PRC2 and
REST chromatin modulator complexes at the E-cadherin locus and promote its methylation,
lowering the expression of E-cadherin and thus promoting cancer cell metastatic capacity .
Similarly, to PCA3, HOTAIR could be considered as a novel biomarker for cancers due to its strong
expression compared to normal tissues, even though it is not specific to a particular cancer type and

would represent a more general marker.
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In contrast to PCA3 or HOTAIR which are upregulated in cancers, some other IncRNA can be
downregulated, promoting cancer onset and progression, such as the IncRNA LET (Low Expression
in Tumor) **, Indeed, LET has been detected at significantly lower levels in hepatocellular, colon or
lung carcinomas compared with adjacent tissues. In mice, xenograft experiments with colon cancer
cells ectopically expressing LET resulted in lower metastatic capacity. LET pulldown followed by
mass spectrometry showed an association with the protein NFgo, implicated in the stabilization and
transport of many mRNAs . In association with NFgo, LET is able to lower the level of HIF1a, a well-
known pro-hypoxic factor ™. In conditions of hypoxia, often found in tumors, the LET locus is
deacetylated by HDAC3, repressing its expression and enhancing HIF1a levels . High HIF1a levels
are then directly correlated with higher metastatic capacity of cancer cells, enabling cancer
progression via inhibition of LET. Strikingly, IncRNAs do not only act as oncogenic factors, they can
also display tumor suppressor activity and their expression can be inversely correlated with cancer

progression.

On another hand, MALAT1, already mentioned above, is involved in normal cell homeostasis but
can also be involved in the biology of cancer cells. MALAT:1 formally known as NEAT2 (Nuclear

8o

Enriched Abundant Transcript) was renamed MALAT1 (Metastasis-Associated Lung
Adenocarcinoma Transcript 1) due to its recognized role in lung cancer progression " In these
studies, MALAT1 was identified as a prognosis marker for stage 1 non-small cell lung cancer and was
upregulated in metastatic samples compared to adjacent tissues. The mode of action of MALAT1 is
still unclear, but is was shown that MALAT1 depletion lead to deregulation of 23 metastasis-

associated genes without affecting their splicing ™. In vitro, MALAT1 depletion decreased cell

motility, in line with its association with metastasis progression.

LncRNAs do not necessarily modulate cancer progression via their expression directly in cancer
cells directly, as they can also be expressed by immune cells such as lymphocytes, known to infiltrate
tumours and promote cancer cell clearance . For example, the cytoplasmic Inc-EGFR is expressed
by regulatory T cells and promote the stability of the growth hormone receptor EGFR by preventing
its degradation through direct binding ™. EGFR is known to be more expressed by tumour

infiltrating T cells compared to those present in the adjacent tissue and its upregulation seems
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15

correlated with tumour growth ™. Thus, in this example, a IncRNA present in the tumour

microenvironment may also able to indirectly enhance tumour growth.

The above examples indicate that many IncRNAs often display cell-type specific expression and
can be crucial in various disease settings, but are also sometimes necessary in normal tissues and

cells. They represent a new class of disease biomarkers, both in cancer (Figure 9) and other diseases.
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Figure 10: ASO mechanisms of action.

Once injected, the ASO will bind its complementary target sequence leading either to processing of the hybrid
by RNAse Hi target degradation, or formation of a hybrid too stable for RNAse H1 degradation. In this case,
the ASO can be used to cover splice sites to rescue splicing defects for instance. It can also prevent ribosomes
from accessing mRNAs, inhibiting their translation. Conversely, ASOs can also cover uORF to promote

translation from the pORF of the target mRNA.
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D. LncRNA targeting for therapy

As described above, the critical role of IncRNAs in disease could make them potential
therapeutic targets ™. In this section, we will discuss how they may be targeted particularly in
patients. Antisense oligonucleotides (ASOs) are widely considered as versatile strategies for

targeting IncRNAs both in vitro and in vivo "

. ASOs can be defined as synthetic single stranded
DNA or RNA molecules, in general between 12 and 25 nucleotides-long, complementary to their
target sequence. However, other types of RNA therapeutics exist such as double stranded siRNA ™

which are able to deplete cytosolic RNAs, but in contrast to ASOs, are not imported in the nucleus

19

1. Mechanism of ASO action

The most straightforward approach to inhibit the action of an oncogenic IncRNA is to trigger its
degradation. RNA clearance occurs naturally through the action of RNase in the cell *°. Selective
degradation of RNAs can be mediated by a well described process known as RNA interference
(RNAi) ™. Double stranded RNA present in the cytoplasm is rapidly cleaved into small pieces by the
protein Dicer and loaded in a complex called RISC which will then use one of the strands of the
cleaved RNA (small interfering RNA or siRNA) to mediate the degradation of complementary RNA
sequences. This mechanism is used by the cells to eliminate viral dsSRNA **, but also to process
miRNA precursors . Of note, degradation only occurs when the complementarity between the
siRNA and the target RNA is perfect, otherwise a mechanism of translation inhibition can occur if
the target is a mRNA ™. Moreover, DNA-RNA hybrids can also be specifically processed by RNAse

123

Hi, triggering degradation of the RNA molecule in the hybrid, but keeping the DNA intact .

Selective RNA degradation by complementary nucleic acids was quickly exploited by biologists
to target cellular RNAs, as demonstrated several decades ago in a work showing thymidine kinase
mRNA inhibition by expression of an antisense RNA ™. In this example, the antisense RNA is
expressed with plasmids injected in the nucleus, but it is also possible to directly insert nucleic acids
in cells, for instance by transfection or electroporation methods . Once in the cell, the injected
oligonucleotide will bind to its complementary target through base pair recognition and trigger its

degradation or inhibition through the mechanisms described above *"**. These strategies can be
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used to target IncRNAs or mRNAs, but also other ncRNA species such as miRNA, for which ASOs

known as antagomirs have been designed to trigger their degradation *°.

A pioneering study showed that ASOs could be used to correct splicing events responsible for
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thalassemia, a blood disorder caused by a lack of hemoglobin *” which was discussed above. This
study highlighted that a mutation in the gene of B-globin caused a splicing defect generating a non-
functional protein, responsible for hemoglobin deficiency. The authors managed to correct this
defect by designing a DNA ASO targeting the incorrect splicing site, making a stable DNA-RNA
hybrid insensitive to RNAse H degradation. In this way, the splicing site was covered, favoring the

correct splicing pattern and restoring the normal levels of hemoglobin without degradation of the

mRNA.

ASOs can also be used to prevent interaction of a target RNA with a protein exemplified in the
context of Myotonic dystrophy type 1, a genetic disease characterized by a shrinking and overall
weakness of muscles **. The origin of this disease is the presence of GUG repeats on the mRNA
DMPK, that promotes retention of the mRNA in the nucleus where it interacts with and sequesters
the MBNL1 protein, a splicing regulator crucial for muscle development. The authors designed an
ASO antisense to the toxic mRNA, insensitive to RNAse H degradation, that promoted the release of

the MBNL1 protein, reversing the defective splicing.

In a similar way, ASOs can also directly impact mRNA translation through direct interaction
with their start codon or UTR regions as shown for instance for the BCL2 mRNA ™. The binding of
the ASO seems sufficiently stable to prevent ribosome binding to the mRNA through steric blockade.
Protein expression can also be modulated by ASO through poly A site coverage, modifying target

mRNA stability and also translation efficiency .

Additionally, it is also worth mentioning that ASOs do not always trigger negative regulation of
their target RNA, they can for instance enhance translation efficacy. This was demonstrated by using
an ASO targeting the mRNA encoding LRPPRC **. The idea was to use an ASO covering an uORF in
the 5'UTR of the target mRNA. UORFs are present upstream of the canonical or primary ORF (pORF)
and are often found in less favorable context for translation initiation **. Indeed, they are scanned

by the preinitiation complex and can represent modulators of translation efficiency as they are able
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to trigger ribosome detachment from the mRNA. Using an ASO to cover the uORF is therefore a
means of upregulating the translation efficiency of the mRNA as it seems to be the case for LRPPRC

and also other tested genes *'.

However, the major mechanism of action of ASOs is to use ASOs complementary to the target
RNA sequence to form DNA-RNA hybrids that are cleaved by RNase H leading to degradation of the
target RNA and release of the ASO that can then target another RNA molecule. These mechanisms
are represented on Figure 10. Nevertheless, irrespective of the chosen strategy, to be successful in
the clinic the ASOs ultimately need to be delivered in vivo, implying that their structure and

characteristics need to be carefully studied beforehand.

2. Nucleotide modifications commonly used for ASO production

As stated above, delivering nucleic acids to an organism is not a straightforward process. Several
mechanisms impair ASO delivery, first because cell membrane surfaces are negatively charged,
similarly to nucleic acid which would prevent ASO from entering the cell . In addition, many
exonucleases exist that can degrade ASOs rapidly, especially if ASO are delivered in body fluids "**.
In addition, immune response must also be taken in consideration as cells are able to recognize
foreign nucleic acid and trigger a type 1 interferon response leading to inflammation and potential
apoptosis . To overcome this, researchers have been looking to modify classical nucleic acids to
make them resistant to nucleases and able to enter cells without the use of transfection agents but
also to escape the immune system. This gave rise to three generations of ASOs, products of

continuous development by biochemists (Figure 11) "*.

The first generation consisted mainly of modifications of the phosphate backbone of the
nucleotides by addition of sulfur or nitrogen ions, but also methyl groups. These modifications
enhanced ASO stability and resistance to nucleases but still enabled RNAse H cleavage of the
targeted RNA . Unfortunately, severe side effects due to unpredicted interactions with RNA
binding proteins by this generation of ASOs *” pushed scientists to develop a novel generation based

on different chemistry.

The second generation was developed around modifications of the ribose on the 2’ position,

sometimes in addition to a phosphate backbone modification. Compared to the previous
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Figure 11: Nucleotide modifications found in ASOs.

Three ASO generations exist, based on the type of chemical modifications. The first is characterized by

changes in the phosphate backbone, the second present modifications on the ribose 2’ position and the third

by heavily modified nucleotides. ASOs can be designated as Gapmers when they are composed of a sequence

sensitive to RNAse H cleavage and flanked by modified nucleotides resistance to RNAses.
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generation, those ASOs were proven to show enhanced specificity to their target and less toxic, but
unfortunately were unable to mediate the degradation of their target trough RNAse H recruitment
" Thus, they are of interest in situations involving targeting of an RNA without triggering its

degradation.

A third generation of ASO comprise more extensively modified nucleotides. Similarly to the
second generation, these modifications greatly improved ASO stability and binding to their target,
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but are refractory to RNAse H activity **"*°. However, a class of ASOs known as “GapmeRs” combines
chemical modifications such as LNAs to prevent their degradation by exonucleases in their single
stranded form on the nucleotides flanking a central sequence sensitive to RNAse H cleavage (Figure

11).

Other crucial modified nucleotides found in ASOs are 5-methylcytosines and pseudo-uridines
which limit immunogenicity by regulating type I interferon response . Those modifications were

142

notably used to design SARS-CoV-2 RNA vaccines as a way to reduce reactogenicity ‘.

In summary, ASO chemistry has been under constant development for several decades to
produce stable, deliverable, non-toxic and RNAse H sensitive oligonucleotides for disease treatment.
Moreover, new technologies enable researchers to improve ASO composition in the pursuit of more

efficient molecules by developing novel modifications ™.

3. ASO-based therapies

Given the improvement of ASO composition, clinical trials began during the go’s for ASO
therapies, which gave rise to the first ASO approved by the federal drug agency called Fomivirsen in
1998 (Figure 12) "*. Fomivirsen was a first generation ASO targeting the mRNA of a protein from the
human cytomegalovirus, responsible for various symptoms including severe retina infection,
potentially harmful especially for babies and immuno-depressed patients **. Fomivirsen was
injected directly in the eyes, showing an efficient reduction of CMV particles but failed to diffuse to
other parts of the body. Ultimately, the drug was withdrawn from the market in 2002, not in relation
with potential side effects but because the demand for Fomivirsen fell as new anti-HIV drugs
efficiently cured CMV infections . Even if this drug did not last long in the clinic, it proved that

ASOs could represent novel therapeutic opportunities. Yet, it also showed that ASOs should be
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1998 —— Fomivirsen for CMV retinitis
2002 —+— Fomivirsen withdrawal
/
7
i
2013 —— Mipomersen for hypercholesterolemy
Eteplirsen for DMD
2016 ——
Nusinersen for SMA
2018 —— Inotersen for hATTR
2019 —— Milasen, patient-customized ASO
Golodirsen for DMD
2020 —— Viltolarsen for DMD
2021 —— Casimersen for DMD
2023 —— Tofersen for ALS
v

Figure 12: Timeline of FDA approved ASO therapies

All currently approved therapies are used to treat genetic diseases. Of note Milasen is derived from

Nusinersen. CMV: Cytomegalovirus; DMD: Duchenne muscular dystrophy; SMA: Spinal muscular atrophy;

hATTR: polyneuropathy of hereditary transthyretin-mediated amyloidosis; ALS: Amyotrophic lateral

sclerosis.

52



LncRNA targeting for therapy

injected near their target organ or tissue as it seems that their diffusion in the human body is

relatively limited.

A decade passed before the approval of a new ASO, Mipomersen in 2013 used to treat patients
with familial hypercholesterolemia (FH), correlated with cardiovascular disease . It is a second
generation GapmeR delivered by sub-cutaneous injection and then transported to the liver to
repress apolipoprotein B mRNA. The inhibition of this protein reduces low-density lipoprotein
cholesterol, the main cause of FH. Even though the drug presented satisfactory benefits on the
disease, it triggered severe side effects on patients such as hepatotoxicity, inciting the European
Medicine Agency to refuse its use in the clinic '*’. The drug is still used in the USA, but patients need
to be heavily monitored to limit the adverse effects of the drug. Mipomersen highlighted a downside

of ASO use; their tendency to induce hepatotoxicity through off-target binding .

The following years were marked by an increase of ASO-based therapies with seven new drugs
approved between 2016 and 2023 ", Some of them are GapmeRs (Mipomersen, Inotersen and
Tofersen) while others are characterized by various other nucleotide modifications. Without
describing in detail all of these examples, it is striking that all ASOs currently aim to cure genetic

diseases, in particular for Duchenne muscular dystrophy **, but none are used for cancer therapy.

Among those drugs, it is worth mentioning the development of Milasen in 2019, an ASO
customized to treat a young girl called Mila affected by Batten disease (a fatal neurodegenerative
condition) '*. A known pathogenic mutation (G to C substitution) was identified in the gene MFSDS,
a lysosomal regulator, as well as a transposon insertion in the same gene. This genetic event
prevented the correct splicing of the 6™ exon of the MFSD8 gene by forming a new splicing site,
producing an incorrect peptide. Milasen was designed to cover the abnormal splicing site, restoring
the normal splicing pattern of the gene. The structure of this ASO is derived from Nusinersen, an
FDA-approved drug usually prescribed for patients with spinal muscular atrophy. It resulted in an
improvement of the patient’s quality of life and halted disease progression even if the patient
eventually passed away a few years after the beginning of the treatment as the disease was already
at an advanced stage. Thus, Milasen was the first patient-customized ASO, demonstrating the

possibilities for personalized medicine trough ASO therapies **.
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Interestingly, new possibilities are emerging for ASO delivery as it seems that even with modified

nucleotides, their stability and transport is still not optimal. The new approaches mainly concern
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conjugation of ASO with peptides ®* or antibodies * to improve their capacity to pass cell
membranes and their specificity, but also the development of delivery vehicles such as liposomes **
widely developed for RNA-based vaccines. In the first case, coupling an ASO with an antibody
specific to a surface marker of a specific cell type, such as cancer cells, could represent an
opportunity to limit ASO toxicity and enhance their effect as they would be concentrated to cells of
interest. Delivery vehicles are often composed of lipids, allowing ASO delivery through cell

membrane fusion and protecting them from nucleases. Those new delivery systems are not used so

far in the clinic but could become new pertinent ways to improve ASO efficiency in vivo.

E. Conclusion of Section 1

In this section, we explored the biology of IncRNAs. LncRNAs are often poorly conserved and
less expressed than other RNA classes but display a wide variety of functions acting through a
plethora of mechanisms in different cell compartment. Even though they have been described and
linked with diseases for several decades, they have gained exponential interest in recent years thanks
to the development of novel therapeutic drugs called ASOs with several FDA approved ASOs
currently used to treat genetic diseases. Indeed, although the roles of several IncRNAs in cancer have
been described, no ASO-based therapy for cancer treatment have been approved by the FDA.
Nevertheless, current efforts by several drug companies are directed toward the development of

ASO-based therapies for cancer, that hold promise for the future.

In this context, we focused our efforts of the role of IncRNAs in skin cutaneous melanoma. To
provide a background to the work in this thesis, we will take a break from IncRNAs to focus on the
biology of melanoma, its onset, progression, heterogeneity and current treatments as a first step to

explore the roles of IncRNAs and their potential as therapeutic targets in this disease.
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Section 2: Skin Cutaneous Melanoma

A. Melanoma cell of origin

1. Melanoblasts to Melanocytes and MSCs

The first step to understand melanoma biology is to describe its origin. Human skin is composed
of several layers (Figure 13): the hypodermis that contains adipose tissues, the dermis which
contains collagen fibers, blood vessels and nerves, and finally the epidermis which is in contact with
the environment and composed mainly of keratinocytes **. Hair bulbs are also part of the epidermis
as they are surrounded by keratinocytes, forming an invagination in the dermis. Melanocytes are
cells present at the basal epidermis that arise from neural crest during development ** through Wnt
and BMP signaling pathways . They begin their life as precursor cells called melanoblasts and
undergo a dorsolateral migration to colonize the skin, the eyes, the inner ear and also the heart '**.
Different origins are possible for melanoblasts through the differentiation of neural crest progenitors

or neural crest-derived Schwann cell precursors (Figure 14) "

. The spreading of melanoblasts
during development is a tightly regulated process, orchestrated by B-catenin to ensure their even

distribution in the skin and to limit their proliferation *°.

In mice, earliest melanoblasts were observed around E 8.5, with the first determinants of
melanocyte identity observed between E 9.5 and E 10.5 *. Those earliest melanocytes markers are
MITF, a transcription factor and DCT, an enzyme essential for melanin production. Among those
two, MITF is regarded as the master regulator of melanocyte biology *®. It contains a basic helix-
loop-helix leucine zipper domain which binds double stranded DNA by recognizing an M-box motif
and belongs to the MiT subfamily which includes other TFs such as TFE3, TFEB and TFEC, able to
form heterodimers with MITF . MITF is central to melanoblast and melanocyte function,
coordinating many basal cell functions such as proliferation, metabolism, differentiation or
senescence by regulating the expression of almost 500 genes **. Several MITF isoforms exist based
on alternative promoter use '*, the A isoform presenting an ubiquitous expression, H being mainly
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expressed in the heart and M being exclusive to melanocytes and melanoblasts . Given its

specificity, MITF-M is considered as the main marker of melanocytic identity. Moreover, it has been
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Figure 13: Organization of the skin.

The skin can be divided into three layers: the hypodermis at the bottom, the dermis in the middle and the
epidermis on top. The hypodermis contains mainly fat storing and energy producing adipocytes acting as a
thermic barrier. The dermis mainly comprises fibroblasts and is rich in collagen. The epidermis is mainly
composed of keratinocytes which create a basal, suprabasal and cornified layer that form a barrier protecting
the body against the external environment. Melanocytes are also found in the follicular and interfollicular

epidermis with the MSCs located in the bulge region of the hair follicle.

Neural crest stem cells

Melanocytes
MITF + DCT + TYRP1

Melanocyte stem cells

/ peT

Notochord

Neurogenic precursors

FOXD3 + SOX2 Melanoblasts

MITF + DCT

Figure 14: Melanocyte development.

Melanoblasts are the precursors of melanocytes and MSCs. They arise from either neural crest stem cells
expressing SOX10 or neurogenic precursors expression FOXD3 and SOX2. The first determinant of
melanoblast identity are MITF and DCT. To become functional melanocytes, melanoblasts migrate from the
dermis to the epidermis and gain key enzymes for melanin production such as TYRP1. On the other hand,
melanoblasts can also become melanocyte stem cells through the loss of MITF, representing a pool of future

available melanocytes.
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shown that several phenotypes are associated with MITF loss of function in mice and humans,
including microphthalmia, loss of pigmentation across the body, osteoporosis and deafness '*.
Mutations of the MITF locus also lead to Waardenburg syndrome, characterized by hearing loss and

abnormal pigmentation of the skin, hairs and eyes .

Following E 11.5, melanoblasts leave the dermis for the epidermis where they will start to
proliferate and express melanin synthesis enzymes which will turn them into functioning
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melanocytes . Mature melanocytes then tend to accumulate in the epidermis in humans or hair
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follicles in mice and other mammals . They stay in the dermis in mice for instance but are depleted
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in human dermis *. Additionally, it has been shown that keratocytes present in the external layer of
the epidermis produce attraction cues for melanocytes whereas melanocytes secrete repulsion cues
for each other . This system promotes melanoblast migration to the epidermis and ensures that

melanocytes are well dispersed in human skin.

In addition to giving rise to functional differentiated melanocytes, melanoblasts also establish
melanocyte stem cells (MSCs), post-embryonic stem cells present in the bulge of hair follicles and
responsible for renewing the melanocyte population during the anagen phase of the hair cycle or in
the inter follicular epidermis 7. They exist as a quiescent cell population that do not produce
melanin as they lack key factors such as MITF ', but upon the appropriate stimuli, they undergo
asymmetric cell division generating the transitory migrating progenitor cell population and a new
population of stem cells. Depletion of the MSC population leads to progressive hair/fur greying in
humans and mice respectively . In addition, it has been shown that MSCs are also important in

zebrafish where they participate in pigment stripes pattern and fin regeneration .

At present, it is still unclear whether melanoma arise from melanocytes or MSCs, as both seem
able to transform into melanoma """, Thus, it is possible that the two populations could give rise to

melanoma, even if more work is needed to fully elucidate this question.

2. Roles of melanocytes and MSCs

Now that we have described their origins, we will describe the functions of those cells as they
are implicated in several processes. The major function of melanocytes in the body is to enable the

pigmentation of the skin, hairs and retina '*. To accomplish this, they synthetize a pigment called
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Figure 15: Melanin synthesis pathway.

Melanin is synthetized from tyrosine through a series of reactions catalyzed by enzymes (in green boxes)
which are expressed under the control of MITF. Two distinct pathways give raise to pheomelanin (yellow

pigment) and eumelanin (dark and brown pigments).
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Figure 16: Function of melanocytes in the skin.

Upon exposure to UVR, keratinocytes secret a hormone (a-MSH) which triggers melanin production. Melanin
is transported from melanocytes to keratinocytes where it forms a barrier between the nucleus and the UVR
source absorbing and deflecting the radiation. In absence of melanin, UVR can cause DNA damage and

oxidative stress resulting in cell death and increased mutation rate.
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melanin which is transported to adjacent cells, notably keratinocytes, through single layer vesicles

known as melanosomes

. Indeed, melanocytes possess a specific machinery enabling the
production of melanin by expression of a set of genes controlled mainly by MITF '®. Among those,
the tyrosinase enzymes encoded by TYRPr and TYRP2 are essential as they catalyze the first steps of
melanin synthesis by processing the amino acid tyrosine . Separate pathways will then produce
two types of melanin: the eumelanin which is a dark pigment and the pheomelanin which is
yellow/reddish (Figure 15) ". The ratio between those two pigments determines notably the skin
color of an individual. In addition, melanocytes also need a machinery to produce melanosomes in
order to transport melanin, which is composed of structural proteins such as PMEL ™ and MART1 "*
but also proteins involved in sorting and trafficking such as AP-3, BLOC1 and OCA2 . Quite
interestingly, melanin and melanosomes represent an ancient system of pigment delivery, found in

all kingdoms of life ™. In addition, melanin can also be delivered in the form of melanin granules

called melanocores which lack a lipid membrane .

Nevertheless, skin pigmentation induced by melanin production is not just a visual
characteristic, it is an adaptive trait which is determined by several environmental factors, the main
one being UVR exposure . Indeed, UV light of different wavelengths (UV A, B and C) are emitted
by the sun and impact living organisms as they can induce DNA damages and lead to inflammation,
sunburns and immunosuppression *°. Strikingly, populations more exposed to UVR tend to have a
darker skin, suggesting that melanin production is correlated with sun exposure and DNA damage
. Melanin molecules transported into keratinocytes form a barrier next to the nucleus, toward the
sun-exposed side of the cells (Figure 16) . This barrier will shield the nucleus from UVR in order to
prevent DNA damage as melanin is able to absorb and deflect UVR . A single melanocyte is
surrounded by approximately 36 keratinocytes, explaining their even repartition in the skin and
their limited proliferation as only one cell can ensure melanin delivery to many keratinocytes .
Mechanistically, the tanning response triggered by UVR induces p53 activation in keratinocytes,
followed by transcription of the POMC gene, encoding the a-MSH hormone . This hormone is
secreted and binds the MC1R receptor on the surface of melanocytes ', also able to adjust the ratio
of eumelanin/pheomelanin in the skin as it is one of the most polymorphic genes of the human
genome ¥". MCi1R activation promotes ATP conversion to cAMP which activates PKA, then able to

activate CREB and MITF. As seen previously, MITF will then promote the transcription of genes
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responsible for melanin production. MSC are also involved in the tanning response as they get
activated upon exposure to UVR. After their activation, they migrate to the epidermis through MCiR
signaling in order to enhance the melanocyte population ****°, However, this process is not the only

factor explaining the diversity of pigmentation in humans.

Indeed, the Vitamin D-Folate hypothesis was also proposed to explain the evolution of skin
pigmentation in human populations **°. Vitamin D is an essential nutrient synthetized upon UVR
exposure, able to influence approximately 5 % of the gene to regulate calcium levels in the body *'.
Folate is another essential nutrient (known as vitamin Bg) essential for DNA synthesis and repair **,
degraded by UV light on the opposite of vitamin D **. Thus, a balance between vitamin D and folate
is necessary to maintain essential functions of the body. Our ancestors living in Africa needed a
protection against folate degradation, linked with elevated melanin synthesis and a darker skin tone.

Migrations to northern parts of the world, where UVRs are weaker, lead to a loss of skin pigmentation

to facilitate vitamin D production as melanin deflects UV lights.

Thus, melanocytes and MSCs are essential component of the skin as they modulate

pigmentation, essential for DNA damage protection and vitamin D / folate balance. Moreover,
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melanocytes are heterogenous depending on their location and are essential for other

processes as impaired pigmentation is often linked with additional symptoms in diseases .
Conversely, a range of genetic and external factors can lead those cells to abnormal proliferation and

cell death resistance, leading to cancer.
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B. Melanoma onset

1. Mutations implicated in melanoma development

The first task to understand why cancer arises from melanocytes is to characterize the
mutational landscape of melanoma cells which represent the cancer type displaying the highest
mutational burden, mostly due to UVR and characterized by a specific UV signature (signature 7)
marked by C > T substitutions **. Strikingly, approximately 85 % of SKCM carry mutations in the
MAPK pathway, either in the kinase BRAF and or in the GTPase NRAS but also in NF1, a negative
regulator of the pathway (Figure 17) *”". The other 15 % are considered as triple-WT, often driven by
uncharacterized mutations. The MAPK pathway is central to melanocyte biology as it controls
proliferation and senescence but also MITF activity and is composed of a cascade of kinases,
activated through RTKs growth factor receptors ***. It has been shown that the mutation V60oE in
BRAF **, present in half of SKCM cases, is a gain of function mutation leading to constitutive BRAF
activation and hyper activation of the MAPK pathway stimulating melanocyte proliferation *°. Even
if the vast majority of SKCM seem indeed driven by UVR **, NRAS and BRAF mutations do not display
classical UVR signature mutations **, suggesting the implication of other additional stresses. Indeed,
it has been shown that oxidative DNA damage and UV-induced photoproducts are common in
melanocytes which lack efficient repair pathways due to melanin interference, potentially creating
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those mutations not displaying an UVR signature

Ofnote, SKCM is not the only melanoma subtype (Figure 18). Several others exist based on their
site of origin such as mucosal melanoma where half also display mutations in BRAF and NRAS **. In
contrast, these mutations are much less prevalent in acral melanoma *° (from non-glabrous skin
such as the palm and soles, driven by KIT mutations) and uveal melanoma *7 (from the retina, driven
by GNAQ and GNAn mutations **). This observation is related to the fact that BRAF and NRAS

mutations are indirectly UV-driven and become rare in regions of the body less exposed to the sun

which is the case for non-skin cutaneous melanomas *°.

Nevertheless, it has been observed that BRAF V600E is not sufficient to transform melanocytes
as the mutated cells enter oncogene-induced senescence, arresting their proliferating *****, which

suggests that other mutations are necessary for senescence escape and melanoma progression. The
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Figure 17: MAPK pathway and mutations leading to SKCM.

The MAPK pathway is composed of a cascade of kinases, activated by growth factors through receptor
tyrosine kinases that stimulate cell proliferation and survival. The upstream GTPase NRAS also activates the
PI3K/AKT/mTOR pathway to stimulate cell growth. The BRAF and NRAS are the most frequently mutated
proteins in melanoma cells, leading to hyperactivation of the pathway. Several additional proteins are also
often mutated in melanoma (NF1, PTEN and CDKN2A) overcoming senescence and leading to uncontrolled

cell proliferation and survival.
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Figure 18: Melanoma subtypes and mutational characteristics.

The vast majority of melanoma cases are SKCM, characterized by MAPK pathway mutations as seen above.
Mucosal melanomas also often display MAPK mutations but show higher rate of mutation in KIT than SKCM
which is also the case for acral melanomas. Uveal melanomas have a unique mutational profile as mutations

in GNAQ/11 are found in almost 9o % of cases. Numbers were provided by the melanoma research alliance.
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first identified genes came by looking at genetic mutations which predispose to melanoma such as
in MITF ** or in cyclin CDKN2A which is lost in half of melanoma cases ***. CDKN2A is responsible
for cell cycle arrest in G1 and G2 phases by interacting with other cyclins such as CDK4 and CDK6**.
The loss of this cyclin in addition to a mutation in the MAPK pathway could then enable
melanocytes to escape senescence and abnormally proliferate. Additional tumour suppressor genes
such as PTEN, TP53 and CDH1 are also often lost in melanoma cells, enhancing senescence escape
and cell motility **. Of note, TP53 is the most frequently altered gene in human cancer, as 50 % of
human tumours carry loss of function mutations of TPs53 **’, highlighting its role as a master tumour

suppressor gene implicated in many metabolic processes *’.

In summary, a set of mutations, rather than a single event, drives melanocyte toward melanoma
through the hyper-activation of the MAPK pathway and the loss of tumor suppressor genes due to

genetic alterations, UVR-induced damage and other stress factors.

2. Disease progression

Having defined the major mutations responsible for melanoma initiation we can see how they
contribute to the different stages of the disease. Indeed, melanoma mutations seem to appear
sequentially, driving disease progression step by step (Figure 19) **’. This process of sequential
progression was proposed already in 1969, where melanoma disease was assigned a score (Clark)

based on thickness of the lesion **.

As mentioned above, the first event is generally a mutation in the MAPK pathway leading to
melanocyte proliferation. A cluster of melanocytes will then undergo senescence and induce skin
pigmentation in a limited zone, which is referred as a nevus *°, benign skin lesions occurring in
most individuals during their life. Subsequently, either due to familial predisposition or DNA-
damage induced mutation, different tumour suppressor genes can be lost such as CDKN2A or PTEN
described above **%. A cell in the benign nevus will then escape senescence and proliferate to become
dysplastic, pushing against the basement membrane separating the epidermis from the dermis,
leading to the radial growth phase where cells will gain in motility and start to spread within the
epidermis™. Amplification of the CCND1 gene and activating mutations leading to TERT expression

are often found during this step, promoting melanoma cell proliferation by impairing the cell cycle
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Figure 19: Melanoma progression.

In the first stages, melanoma is localized to the epidermis is characterized by MAPK pathway (mainly BRAF
and NRAS) mutations. Additional mutations will then lead to the loss of tumor suppressors (CDKN2A, PTEN,
E-Cadherin and TP53) and gain of proteins enhancing tumour invasion (CCDN1, VEGF, N-Cadherin). While
early stage melanoma can be easily removed through surgical resection, the five-year survival rate of
melanoma patients greatly decreases if they are diagnosed in stage 3 or 4 when the melanoma cells have

started to spread to adjacent tissues and distant organs.
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230

and maintaining telomere length and immortalization *°. The tumour can then progress to a vertical
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growth phase, characterized by invasion of the dermis **'. This event is promoted by the loss of E-

107

cadherin, involved in epithelial cell contacts *” and the expression of N-cadherin promotes cell

232

motility and metastasis formation **. By colonizing the dermis melanoma cells will eventually reach
blood vessels and enter the circulation. Circulating cells will then reach different organs where they
will be able to proliferate and form metastasis ***. Those secondary tumors are the major cause of

death as they are found in lungs, liver or also the brain. In addition, metastases are transcriptionally

different from primary tumours, based on their anatomical site *****,

Of note, only a minority of melanomas derive from a pre-existing nevus, the majority have
already accumulated multiple mutations that allow them to bypass senescence and arise de novo on
the skin and seem more aggressive than their nevus-derived counterparts ***. A checklist (7PCL) has
been implemented to distinguish benign nevi from melanoma, mostly based on the color and shape

of the lesion as melanoma tend to be irregular and darker than benign nevi **'.

3. Classification

As discussed above, melanoma initiation involves a sequential series of events to lift several
molecular barriers and progress. An official staging nomenclature based on histopathology has been
proposed for melanoma to characterize the progression of the disease **°. The Clarck classification
is mainly based on tumour size, thickness, the invasion of adjacent lymph node and the presence of
metastasis. Stage o is also known as melanoma in situ and concerns tumours limited to the epidermis
of the skin. Stage 1 describes tumours less than 2 mm thick and stage 2 tumours less than 4 mm thick.

Signs of ulceration (breaking of the skin) can appear from stage one but are not necessarily present.

From stage 3, adjacent skin portions and lymph nodes are invaded by melanoma cells,
irrespective of tumour size. Lymph nodes are organs responsible for immune cell production and
are implicated in the elimination of cancer cells by collecting them through the lymphatic tube

network **

. Lastly, when cancer cells reach distant organs, the disease progress to stage 4,
irrespective of primary tumour size or adjacent lymph node invasion. According to the Melanoma
Research Alliance, the five-year survival rate of melanoma patients is 98,4 % for localized tumours

(stage o,1and 2), 63.6 % for regional tumours (stage 3) and 22.5 % for distant tumours (stage 4).
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Figure 20: Timeline of FDA-approved drugs to treat melanoma.

Drug development against melanoma went through several periods marked by increased response rates and
PFS. Initial chemotherapy was accompanied by severe side effects and poor responses. Melanoma
therapeutic management was revolutionized around 2010 with the arrival of targeted therapies against the
MAPK pathway and subsequently by modern immunotherapies that show much better response rates but

still lead to important side effects
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Figure 21: Mechanisms of immune-checkpoint and targeted therapies.

Targeted therapies specifically impact mutated kinases of the MAPK pathway in melanoma cells. Several
kinases of the pathway can be targeted especially MEK1/2 in the most recent therapies as it is downstream of
NRAS and BRAF. Modern immunotherapies work by injection of antibodies targeting receptors at the surface

of immune cells such as lymphocytes promoting their anti-tumoral activity.
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C. Treatments for melanoma patients

Even although melanoma accounts for only 1 % of all skin tumours, it represents 8o % of skin
cancer-related deaths due to its aggressivity *°. In total, 325 ooo new melanoma cases and 57 ooo
deaths were estimated for the year 2020 worldwide and those numbers should rise in the following
decade **. Even iflocalized melanoma is easily curable by surgical resection, advanced stages greatly
impair patient prognosis inciting scientists to develop therapies against advanced stage melanoma.
In the past, the first line treatment option for melanoma patients was chemotherapy with the
chemical Dacarbazine approved by the FDA in 1974 (Figure 20) **. This alkylating agent had a very
limited effect on cancer progression with less than 5 % of patient complete response rate. It has a
cytotoxic effect on cells and often results in severe side effects for patients. Thus, researchers were
prompted to discover new therapeutics means against melanoma, more efficient and less toxic,

which gave raise to immunotherapies and targeted therapies **.

1. Immunotherapy

It was suggested very early in cancer research that cancer cells were not the only determinant of
disease progression, as the immune system also has a central role in response to cancer ***. Notably,
several immune cell types such as lymphocytes are able to invade tumours and trigger cancer cell
death, providing a powerful system against cancer onset ***. One way to kill cancer cells and to boost
the immune environment is the secretion of cytokines such as interferons which have
antiproliferation and anticancer proprieties **. Thus, a therapy consisting of IFN a-2f injection was
approved in 1995 against melanoma. The treatment improved patient prognosis by reducing cancer
cell proliferation *°. Nevertheless, only a minority of patients responded to IFN treatment *¥. This
therapeutic approach was later improved with the approval of Peginterferon a-2f in 2011, a mix
between interferons and PEG, enabling a more efficient response **. Another cytokine displaying
antitumoral activity is interleukin-2 (IL-2) which is able to expand the lymphocyte population.
Again, only a limited response was observed upon IL-2 injection, which was approved by the FDA in
1998 **. Lastly, another strategy consisted in the elimination of an immune population called Tregs
which are correlated with a poor clinical outcome as they limit the action of other immune cells *°.
A drug known as Ontak was approved in 1999, constituted by Il-2 coupled with a toxin, specifically
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depleting Tregs **, even though the true effects of this drug have now been questioned *.
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Those treatments showed a rather poor response rate and a high percent of patients were
refractory to them. The field of melanoma immunotherapy greatly progressed in the 2010’s with the
development of new therapies consisting in the injection of antibodies to boost immune cell action
on cancer cells. The first one, ipilimumab, was approved in 2011 and is an anti-CTLA-4 antibody **.
The receptor CTLA-4 is an inhibitory checkpoint present on T cell surface that blocs T cell activation
and prevents autoimmune diseases ***. These antibodies work as antagonists in order to promote T
cell expansion and tumour infiltration. Strikingly, combination of ipilimumab and Peg-IFN

produced an overall response of 40 % in melanoma patients **.

Subsequently, another checkpoint called PD-1/PD-L1 was targeted by immunotherapy in
melanoma. PD-1 is presented on the surface of T cells whereas PD-L1 is located on tumour cell
surface. The interaction between the ligand and the receptor prevents T cell activation, and thus
cancer cell elimination **. Nivolumab is an anti-PD-1 antibody which was approved in 2014 for
melanoma therapy *. It greatly enhanced patients’ prognosis and showed a PFS of 6.9 months
whereas ipilimumab displayed a PFS of 2.9 months and chemotherapy a PFS of 2.2 months **,
Another anti-PD-1 approved therapy is Pembrolizumab in 2015, showing a lower toxicity than
ipilimumab for instance **. Of note, it is possible to combine immunotherapies, which improves
response rate to 58 % with a combination of nivolumab and ipilimumab compared to 52 % with

nivolumab alone and 34 % with ipilimumab alone **.

Thus, immunotherapy (immune checkpoint therapy) represents a powerful and versatile
approach and is now the first line treatment for metastatic melanoma patients. Nevertheless, a
significant proportion of patients are unresponsive to immunotherapy and severe side effects can
occur as those drugs tend to provoke autoimmune diseases *****. Notably, immune cells infiltration
is a direct predictor of response to immunotherapy as cold tumours (no immune infiltration) are
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globally insensitive to treatment on the opposite of hot tumours (immune infiltration)

2. Targeted therapies

Immunotherapies are not the only treatment possibility for advanced melanoma. As mentioned

above, the majority of melanomas harbor mutations in the MAPK pathway, leading to its
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hyperactivation *”. This observation led researchers to design inhibitors against the kinases

implicated in this pathway as a way to reduce melanoma cell proliferation and senescence escape.

The first drug of this kind approved by the FDA was vemurafenib in 2011, which was designed to
target BRAF V600E, found in many melanomas **. Vemurafenib treatment greatly improved
metastatic patient prognosis with an overall survival of 84 % at 6 months compared with 64 % with
a group treated by chemotherapy. Moreover, a response rate of 48 % was observed with vemurafenib
treatment compared to 5 % for chemotherapy. Other drugs targeting mutated BRAF have been

*** or Encorafenib **. Those different drugs led to an increased

developed such as Dabrafenib
response rate and better survival chances for melanoma patients **° but present also two major
downsides. The first is that only patients with melanoma presenting a BRAF mutation can benefit
from those treatments as half of melanoma harbor other mutations **. The second is related to
resistance mechanisms leading to re-activation of the MAPK pathway due to upregulation or
mutations of other kinases (CRAF, MEK1/2) of the MAPK pathway or of other pathways, limiting

clinical benefits *™**. Notably, BRAF gene amplification was seen in 20 % of tumours resistant to

BRAF inhibitors ** along with overexpression of CRAF and ARAF *°, restoring ERK signaling.

A possibility to overcome those limitations is to target the MAPK pathway downstream of BRAF,
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for instance by using MEK inhibitors such as Trametinib approved in 2013 *”'. The following year a
combination of Trametinib with Dabrafenib has been approved by the FDA as it showed better
effects than targeted monotherapy with an objective response rate of 76 % compared to 54 %,

2

respectively . A similar combination was approved in 2015 with Cobimetinib (another MEK
inhibitor) and Vemurafenib, which also improved the PFS of melanoma patients *”°. Nevertheless,
those treatments are often accompanied by adverse effects, especially with drugs combination **.
Of note, recent efforts have been made to combine immunotherapy with targeted therapies in

melanoma, even if no significant improvements have been observed so far compared to classic

targeted therapy combination **.

In summary, a great deal of effort in the last two decades have been made to treat patients with
metastatic melanoma. Targeted therapies and immunotherapies are available for melanoma
patients, alone or in combination, which greatly improved patient PFS and response rate compared

to chemotherapy or older immunotherapies (Figure 21). Conversely, a consequent portion of
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patients are still refractory to immunotherapy and resistance mechanisms impair targeted therapies
efficiency **, In addition, it was shown that resistance to targeted therapy in melanoma also
confers cross-resistance to immunotherapy *°. Those mechanisms of resistance are still not fully
understood, but many studies point out to the role of cancer microenvironment heterogeneity in
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this process **, and will be discussed below.
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D. Heterogeneity of melanoma tumours

1. Melanoma cell types

As stated above, the tumour microenvironment is complex, composed indeed of tumour cells
but also of immune cells as well as stromal cells of adjacent tissues. In addition to this diversity, each
cell population is also composed of different cell types, including cancer cells which can be found in
different states *"*°. The use of new technologies such as scRNA-seq which consist of the
dissociation of the tumour into single cells in solution followed by RNA-seq has revolutionized the
analyses and understanding of tumour heterogeneity *”°. Each cell is labeled individually, enabling
the analysis of the single cell transcriptome revealing the complexity of the cell population instead

of bulk RNA-seq which assess the overall transcriptome of a heterogenous collection of cells.

Before scRNA-seq, two major melanoma cell subtypes were already identified ****. The first

displays high expression of MITF, seen previously as the main melanocytic marker "

. Many genes
associated with MITF are also expressed in these cells such as TYR, PMEL and MLANA, all implicated
in melanin production. Conversely, a second melanoma cell population was identified with low or
no MITF expression. This MITF-low population instead express AXL, a receptor tyrosine kinase *"
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and NGFR, a stem cell marker **. The high MITF subtype was characterized as proliferative whereas

the low MITF subtype represent invasive cells (Figure 22).

One of the first scRNA-seq on melanoma tumours was performed in 2016 from 19 patient
tumours, enabling the sequencing of almost 5000 cells **. The well-known MITF-low and MITF-high
subtypes were identified in this analysis. This study also highlighted that invasive melanoma cells
represent the minority of malignant cells in these tumours, a characteristic potentially undetectable
using bulk RNA-seq. Of note, five non-malignant cell populations were found in this analysis: T cells,
B cells and macrophages of the immune cell compartment as well as endothelial cells and CAFs from
the stroma. Interestingly, authors found that the AXL-high invasive melanoma cell population was
enriched upon treatment with BRAF inhibitors, suggesting that invasive cells are more resistant to
targeted therapy than proliferative cells. CAFs abundance in tumours was also associated with a

greater AXL-high melanoma cell proportion, suggesting that CAFs could be involved in the
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Figure 22: Melanoma cell heterogeneity.

Melanoma cells can be mainly classified between the more differentiated melanocytic state and the most
undifferentiated mesenchymal cells. Melanocytic express MITF, SOXi0 and all the enzymes necessary for
melanin synthesis. They are highly proliferative and globally sensitive to therapies. Mesenchymal cells rely
on the TEAD/AP-1 program and express AXL, TCF4, JUN and ZEB1. They are highly invasive but show lower
proliferation. They are associated with therapy resistance and are enriched in tumours after treatment. Cells

that express intermediate levels of these markers can be considered intermediate or transitory state cells.
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Figure 23: scRNA-seq studies identified several melanoma cell types.

From Pozniak et al,, 2024. Through the years, different studies highlighted melanoma cell populations based
on their transcriptomic programs and classified them on a scale from melanocytic to mesenchymal. In their
recent study, the Marine group identified novel melanoma subtypes that fall on this axis. They show that the
MEL, Patient-specific B and hypoxia clusters represent melanocytic cells. Antigen presenting, MES, interferon
response and neural crest-like cells represent an intermediate phenotype. Mitochondrial, Patient specific A
and p53 response cells are more mesenchymal. Finally, the mitotic cluster was not enriched in markers of the

other cell types.
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appearance of this malignant cell population. Heterogeneity of T cell populations was also observed
in the different biopsies.

Two subsequent studies were conducted in 2018, enabling the discovery of new melanoma cell
types in tumours. In the first study ***, the authors designated these subtypes from melanoma cell
lines and patient tumours: melanocytic, transitory, neural crest like and undifferentiated. The
melanocytic population is similar to the MITF-High population from Tirosh **, presenting a strong
expression of MITF and other related genes such as SOX10 and CTNNB1. On the opposite, the AXL-
High population was also found and annotated as undifferentiated cells, with a high expression of
AXL, SOX9 and EGFR, corresponding to a set of genes known to be upregulated upon SOXio loss **.
They seem characterized by a loss of melanocytic identity with the absence of expression of many
key melanocyte genes. In addition to those previously described subtypes, the authors presented a
population designated as neural crest-like, characterized by the expression of SOX10 and NGFR, but
with low MITF expression that resembled the transcriptome of neural crest cell during development
before their differentiation into melanoblast trough MITF expression **. Transitory cells were
marked by an intermediate expression of many of those markers including MITF, SOX10, AXL and
NGFR, suggesting that they could mark intermediate states between melanocytic, neural crest and
undifferentiated cells. Interestingly, melanocytic and transitory types were linked with a
proliferative phenotype whereas undifferentiated and neural crest-like cells were correlated with an
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invasive phenotype **. Again, it was observed that dedifferentiated melanoma cells were resistant
to targeted therapy, but were sensitive to ferroptosis-inducing drugs, proposing a way to target this

cell population.

2

In a similar manner, the work carried by Rambow and colleagues ** described analogous
melanoma subtypes in PDX treated or not with MAPK inhibitors. The MITF high population was
designated as pigmented cells as melanin production was elevated through the MITF pathway. An
invasive population was characterized displaying a low MITF and expression of previously identified
invasion markers such as SLIT2, BGN and TNC **. The same neural crest -like cluster was identified,
again with expression of SOX10 and NGFR, but loss of MITF. In contrast to the study of Tsoi however,

transitory subtypes were not found in Rambow analysis. Instead, authors identified a cluster of

‘starved’-like melanoma cells (SMCs) which express a set of genes correlated with nutrient-
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deprivation *¥, strongly enriched upon treatment. These SMCs could represent a pool of drug

resistant cells, able to differentiate into proliferative melanoma cells at later stages.

Moreover, scRNA-seq analysis was also performed on a collection of cultured melanoma cells,
enabling the refinement of subtype markers **. In this study, 10 different cell transcriptomes were
assessed, showing six pigmented or melanocytic lines, three undifferentiated or mesenchymal-like
lines, and one neural-crest cell like. Among the six melanocytic cell lines, three were further
designated as intermediate cells, displaying diminished expression of MITF and SOXio and

resembling the transitory subset from Tsoi **.

Furthermore, the study of Karras and colleagues showed that melanoma growth is hierarchically
organized **. Perivascular niches contain melanoma stem-like cells exhibiting an embryonic
transcriptional program, originating from dedifferentiation of melanoma cells. Endothelial cells
present in these niches seem responsible for tumour growth signaling. This observation echoes with
the concept of cancer stem cells (CSCs), proposing that a limited number of malignant cells fuel
tumour growth as already observed in other models such as in breast, colorectal or brain cancers *”.
CSCs are highly plastic and could represent a reservoir of tumour cells able to differentiate upon
various stimuli. Authors also characterize the TF PRRX1 as an essential driver of metastasis onset as

it is specifically expressed in undifferentiated melanoma cells **.

More recently, a broader scRNA-seq analysis of almost 60 ooo tumour cells coming from 20

patients was reported *.

The previously identified melanoma subtypes were retrieved,
corresponding to melanocytic, mesenchymal and neural crest-like populations (Figure 23).
Moreover, novel subtypes were characterized. An antigen presenting cluster showing elevated
expression of multiple HLA class 1 and II genes, responsible for cell surface antigen presentation *”.
Another cluster was named interferon response and showed elevated levels of interferon response
genes which are activated upon exposure to interferon secreted by adjacent immune cells **. Two
additional populations known as mitochondrial and mitotic were described and seem routinely
found in many human biopsy samples **. Of note, the mitochondrial cluster was referred to as the

., Lastly, two stress

“low quality” cluster showing no particular enrichment for molecular pathways
response clusters were found, one more linked to hypoxia response often found at the tumour center

which is oxygen-deprived ** and the other linked with p53 response linked with cell apoptosis and
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DNA damage response *". In addition, two patient specific clusters were retrieved, one
corresponding to a highly proliferative signature and the second correlating with a highly invasive

signature.

Together these studies reveal that melanoma cells can adopt different cell states with distinct
gene expression signatures and biological properties. Melanoma tumours can be segregated into two
major cell types mainly based on MITF expression *7, those expressing MITF can be considered
melanocytic, proliferative or pigmented, whereas cells not expressing MITF are designated as
mesenchymal or undifferentiated. Cells displaying intermediate levels of MITF can be considered as
transitory or intermediate, whereas cells expressing SOX10 but not MITF are designated as neural
crest-like. This classification is analogous to that seen in other carcinoma characterized by Epithelial
to Mesenchymal Transition (EMT), with a loss of identity, gain of invasive capacity and cell plasticity
2% Tn the case of melanoma cells, it is more accurate to speak of a pseudo-EMT as melanocytes are
not epithelial cells. Further subtypes can be identified based on the expression of different markers,
showing specialization of melanoma cells in the tumour in response to external stimuli such as
treatment, immune or stromal cell influence. Again, cells with the characteristics of the immune-
like HLA-expressing cells and those with the IFN-response signature as well as those with a stress
response signatures were all found in other solid tumours suggesting that despite the differing
nature of the cells of origin, analogous tumour cell states can be found in tumours perhaps due to
the influence of the TME. Future work may further refine the complex composition of melanoma

tumours, potentially identifying additional novel and sparse malignant cell subtypes.

2. The tumoral micro-environment is a driver of therapy resistance

As mentioned above, current melanoma therapies are limited due to resistance mechanisms of
. . 8 .
melanoma cells. Several cancer cell subtypes exist in the tumour ***, which lead researchers to

speculate that not all melanoma cells respond to treatment in a similar manner (Figure 24).

As stated above, the first scRNA seq study of Tirosh *** supported the idea that mesenchymal
melanoma cells may be resistant to therapy as AXL was known to be implicated in intrinsic
resistance to RAF and MEK inhibition **. To investigate this, they analyzed RNA-seq data from six

melanoma biopsies before and after treatment with BRAF inhibitors and observed a shift toward the
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Figure 24: Melanoma cell types involved in therapy resistance.

Melanoma tumours are mainly composed of drug-sensitive melanocytic cells. Upon treatment, resistant
neural crest stem cell-like and mesenchymal cells persist and contribute to minimal residual disease. Through
phenotype switching some of those cells can recover proliferative capacity driving tumour growth and

leading to relapse.
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Figure 25: Phenotype switching enables cancer cell dissemination.

As stated above, primary tumours are mainly composed of melanocytic cells. Upon external stimuli such as
nutrient deprivation or immune infiltration, melanocytic cells can undergo pseudo-EMT leading to invasion
through the basal lamina and dissemination to the draining lymph node and adjacent tissues. If close to blood
vessels, mesenchymal cells can pass the endothelial barrier and enter the circulation. They can then exit the
blood vessels to invade distant organs. Some cells can undergo the reverse MET switching back to a

melanocytic-proliferative phenotype and forming metastasis.
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AXL program in the treated biopsies. Similar results were obtained with melanoma cells in culture.
Interestingly, melanoma cells expressing AXL were also linked with resistance to anti-PD1 treatment
, suggesting that this subtype represent a global drug-resistant state ***. CAFs are also implicated in

8 and are

this resistance as they seem to be related with the presence of mesenchymal cells **
responsible for an immune suppressive environment **. Several previously mentioned studies
observed the same pattern where the mesenchymal melanoma cell population tended to increase

upon different treatments, and this may also be the case for neural-crest like cells *****%%*

Mechanistically, it has been proposed that TCF4, a mesenchymal cell TF, could be central to
immunotherapy resistance as its activity suppress antigen presentation and IFN signaling resulting

in a dampened immune response **'

. These authors also found that treatment of mesenchymal cells
with BET inhibitor, which recapitulates TCF4 silencing, sensitizes cells to BRAF and MEK inhibitors.
Similarly, another major resistance driver is the aryl hydrocarbon receptor which is activated upon
treatment *°. Use of an AhR inhibitor in combination with BRAF inhibitor reduced the number of
resistant cells and prevented tumour growth. ATF4, the major driver of the integrated stress
response (ISR), also participates in therapy resistance as it is able to activate AXL and to reprogram
the translation of melanoma cells towards an invasive state *”'. Thus, mesenchymal melanoma cells
seem to be the major drivers of therapy resistance as they express specific factors that promote
immune escape and invasion whereas melanocytic cells are more sensitive to drugs in general.

Nevertheless, a key question arises following those observations: how are resistant mesenchymal

melanoma cells able to drive tumour growth if they are not able to highly proliferate?

A potential explanation would be the ability of cancer cells to dynamically and reversibly switch
between different phenotypes in response to external stimuli. Evidence for such phenotype

288,302

switching in melanoma has been provided by multiple studies . For instance, a study showed

that the depletion of MITF in melanocytic melanoma cells rendered them drug resistant, but

302

impaired their proliferation **. Mechanistically, it has been shown that MITF directly downregulates
the expression of AP-1-driven genes encompassing many invasion markers by antagonizing C-Jun, a
TF promoting inflammation-induced dedifferentiation of melanoma cells ******. This model explains

the appearance of mesenchymal cells upon treatment as they would not arise de novo but would

represent a population of drug-sensitive cells that switched their transcriptional program from the
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SOX10/MITF network towards a resistant phenotype through the AP-1 program *”. This process,
discussed before, is known as EMT *** and can also occur in the opposite sense, where mesenchymal
cells can switch back to a melanocytic phenotype, known as MET (Mesenchymal to Epithelial
Transition), which occur in many different cancers *”’. MITF and the kinase CDK7 also repress a
program dependent on the TF GATAS6, expressed in mesenchymal cells ***. When active, GATA6
promotes the expression of AMIGOz2, essential for melanoma cell survival **, and ABCGz2, an efflux

pomp implicated in drug resistance **.

Additionally, phenotype switching may also help to account for melanoma disease progression
in the body (Figure 25). Primary tumours are known to be mainly composed of melanocytic cells **,
highly proliferative but with poor invasive capacity. Some of those cells, close to blood vessels, could
undergo transcriptional changes, giving them a mesenchymal phenotype leading to tissue invasion
*®_Upon their arrival in a new environment, those invasive cells could reverse their phenotype from

mesenchymal to melanocytic, giving rise to metastasis **

. This plasticity is in part due to the
activation of an embryonic migration program in melanoma cells, normally repressed in
melanocytes **. This view of melanoma progression is different from the model were a set of
sequential mutations, seen previously (CDKN2A, BRAF, TPs3...) **, is responsible for the transition
from radial to vertical growth phases. Mutations represent irreversible genetic events whereas
phenotype switching is mainly regulated through reversible, epigenetic modifications ****2. Thus, a
combination of both genetic and epigenetic events is responsible for melanoma progression through
loss of tumour suppressor genes and phenotype switching toward invasive and drug-tolerant cell

states 3.

In summary, melanoma tumours are composed of a variety of cancer cell types which participate
in disease progression. Many of these cells are highly plastic and can switch from melanocytic to
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mesenchymal and vice versa in vivo **. Melanocytic cells express the MITF program, are highly
proliferative and drug sensitive whereas mesenchymal cells express the TCF4/PRRX1/AXL program,
are highly invasive and resistant to treatments. This potential for a dynamic switch between
melanoma cell types impairs treatment efficiency and promotes relapse. An important physiological

difference between melanocytic and mesenchymal cells is their metabolism. Understanding the

basis for these differences could be a key to uncover new therapeutic targets.
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E. Melanoma metabolism at the center of phenotype switching

1. Metabolic pathways in melanoma cells

It was observed already in the 1920s that cancer cells tend to use a peculiar metabolic pathway
compared to normal cells which consist of aerobic glycolysis, described by Otto Warburg and hence
known as the Warburg effect *°. Usually, in presence of oxygen, cells tend to privilege oxidative
phosphorylation to produce ATP through glucose conversion to pyruvate and its utilization by the
mitochondria, known as aerobic respiration (Figure 26) *°. This process is way more efficient (36
ATP molecules per molecule of glucose) than glycolysis which uses available glucose to produce
lactate and 2 molecules of ATP. However, cancer cells tend to perform glycolysis even in presence of
oxygen °7, as demonstrated in melanoma cells **. However, the precise benefits for cancer cells of
using this pathway remain debated *, but are likely linked to the fact that intermediates in the
glycolytic chain are used for nucleotide and amino acid synthesis that are essential in rapidly
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proliferating cells *°.

In melanoma, the major driver of glycolysis is the MAPK pathway which is known to be hyper-
activated in this context *°. Promotion of the MAPK pathway upregulates MYC and HIF1a signaling
which promote the glycolysis program through the activation of several factors such as GLUT1, LDH
or HK2 #". HIF1a is also known to be activated by the PI3K/AKT/mTOR pathway *** which is often
activated in melanoma cells **. Thus, melanoma cells highly depend on glycolysis compared to
melanocytes ***. This addiction is also present as the MAPK pathway downregulates OXPHOS,
promoting glycolysis use even more. At the molecular level, it was shown that oncogenic BRAF
downregulates MITF, known to promote the expression of PGCia, a transcription factor implicated

in mitochondria biogenesis **.

Nevertheless, as described above, some subtypes of melanoma cells maintain high MITF activity
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and thus express PGCio promoting OXPHOS in those cells **. The same study showed that a high
OXPHOS signature is also linked with an overall poor prognosis for melanoma patients. The precise
mechanism driving OXPHOS activity in those cells remain unclear as mTOR has been shown to

promote glycolysis or OXPHOS, depending on which mTOR complex is activated *’. Thus, it seems

that melanoma cells can be also discriminated based on their metabolism, melanocytic cells
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Figure 26: General cell metabolism.

Cells need ATP to fuel essential molecular processes, especially translation. To generate ATP cells uptake
glucose from their environment that is catabolized into pyruvate through glycolysis. In presence of oxygen,
pyruvate is converted into Acetyl-CoA which is used by the TCA cycle to produce NADH and FADHz2. Those
two molecules are then used by the electron transport chain to form a proton gradient used by the ATP
synthase to convert ADP into ATP. Under hypoxic conditions pyruvate is rather converted into lactate, a
process known as fermentation. In cancer cells, glycolysis to produce lactate is favored compared to acetyl-

CoA, even in presence of oxygen, a phenomenon known as the Warburg effect.
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expressing MITF depending more on OXPHOS than mesenchymal cells which rely more on

328

glycolysis **.

302

As melanoma cells can switch phenotype during cancer progression *”*, could the associated
metabolic switch be used by cancer cells to drive tumour growth and invasion? Indeed, it has been
shown that melanoma cell metabolism is influenced by the microenvironment. In case of glutamine
or glucose limitation, melanoma cells activate ATF4 which suppresses MITF and downregulates
global translation, but maintains a subset of translationally active mRNAs to promote ISR *****.
However, the ATF4 program is also able to activate AXL to promote an invasive phenotype while
also activating OXPHOS as this pathway is more efficient than glycolysis, especially when glucose is
limited *°. Additionally, lactate produced by glycolysis can also be secreted in the microenvironment
which acidify the extracellular Ph, promoting invasion and suppressing the immune system *'. This
property of melanoma cells could enable them to change their environment and their motility when
resources are lacking. Conversely, hypoxia conditions which promote HIFia activation, drive
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glycolysis use as oxygen is not available enough to fuel aerobic respiration ***. The E3 ubiquitin ligase
MDMz2, a known ps53 repressor, also translocates to the mitochondrial matrix upon hypoxia,
repressing MT-ND6 to reduce complex I activity and cell respiration **. It also promotes mitophagy
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by binding PARKIN, depleting mitochondria and reducing respiration **. Thus, a model proposes

that tumours contain hypoxic niches far from blood vessels ***

and composed of cells depending
mainly on glycolysis while cells closer to blood vessels would rely more on OXPHOS (Figure 27) **.
Moreover, it seems that both pathways could fuel each other and thus, that melanoma cells change
their metabolism dynamically in response to external cues, a process known as “metabolic

symbiosis”, also described in other cancers 336

Thus, cancer cells are able to modulate their metabolism based on their environment and
nutrient availability. Stress linked with hypoxia and nutrient deficiency promote invasion and
glycolysis as a way for cells to attain a more suitable environment for their proliferation. Once in
presence of oxygen and nutrients, cells can promote the OXPHOS pathway to enhance their growth,
limiting their motility in return. In summary, metabolism switch is a consequence of environmental

changes and drives cancer progression by influencing cancer cells invasion and proliferation.
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Figure 27: Tumour metabolism.

The tumour center far from blood vessels often represents a hypoxic environment. To survive, cells induce
HIF10 which promotes ATP production via glycolysis and represses MITF expression. The periphery of the
tumour or regions close to blood vessels increased oxygen represses HIFia and promotes mitochondrial

respiration and cell proliferation through MITF and PGCia activation.
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Figure 28: Effects of treatment on melanoma cells metabolism.

MAPK activation promotes glycolysis over OXPHOS as it activates HIF1a and reduces MITF activity leading
to reduced PGCia levels and mitochondrial respiration. Immunotherapies were shown to activate pathways
promoting glycolysis in cancer cells, but also in immune cells. On the other hand, MAPKi inhibits glycolysis
inducing a metabolic shift towards OXPHOS via altered mitochondrial homeostasis and upregulated PGCia

expression.
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2. Metabolic changes upon melanoma therapy

So far, we have seen that melanoma tumours are composed of different cancer cell types, relying
on different metabolic programs and responding differently to therapeutic drugs. Consequently, it
is interesting to assess what happens to cell metabolism upon treatment and if this could represent

an opportunity to elaborate new therapies (Figure 28).

It has been shown that CTLA-4 and PD-1 activation can inhibit the PI3K-AKT pathway *’. Thus,
immune checkpoint inhibitors which block CTLA-4 and PD-1, tend to promote the PI3K-AKT
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pathway and glycolysis whereas they decrease OXPHOS activity **°. Glycolysis is also used by effector
T cells which could explain why immune checkpoint inhibitors create an immunosuppressive
environment. It is then possible to speculate that combining immunotherapy with glycolysis

inhibitors could be an efficient way to deplete melanoma cells but would be challenging as several

immune cell types also rely on glycolysis **.

Conversely, MAPK inhibitors will downregulate glycolysis, promoting OXPHOS **. More
precisely, OXPHOS induction has been observed in almost half of BRAF-mutated melanomas
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resistant to targeted therapy **. PGCia expression has also been linked with therapy resistance and
poor patient prognosis, as discussed before *°. Different studies also underlined that some
melanoma cells are highly dependent on OXPHOS by TFAM activation, a mitochondrial TF, and not
by the classical MITF/PGCia axis **. Other pathways and metabolic regulators can be considered
such as the E4F1 TF, known to control the expression of genes involved in mitochondria homeostasis
and conversion of pyruvate to acetyl-CoA to fuel the TCA cycle *****. Furthermore, several studies
attempted to couple MAPK inhibitors with OXPHOS inhibitors 3*3%3%53° ghowing that

mitochondrial inhibitors were able to overcome resistance of melanoma cells to targeted therapies,

showing a promising therapeutic opportunity.

One of those drugs currently explored in combination with melanoma therapies is metformin,

an inhibitor of complex 1 of the electron transport chain in OXPHOS which is usually given to

3473

diabetic patients *7**, Its impact on melanoma progression is actively disputed as it was shown that

vemurafenib + metformin treatment displays a strong anti-proliferative effect on melanoma cells **
whereas another study showed that metformin stimulates tumour growth *°. In any case, OXPHOS

inhibitors are rather unspecific drugs that also impact the tumour microenvironment and are
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notably known to drive the emergence of autoimmune diseases as they enable chronic lymphocyte

activation *.

To overcome this, it would then be important to identify specific therapeutic targets in
melanoma cells that contribute to the OXPHOS pathway. LncRNAs could be interesting candidates
given their specific expression and their essential roles in cancer development “. Interestingly, two
IncRNAs have been recently identified as melanoma-specific and are implicated in mitochondrial

function, named SAMMSON and LENOX.
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F. Melanoma-specific IncRNAs impact cell metabolism

1. SAMMSON

The first identified melanoma-specific IncRNA is Linco1212, renamed as SAMMSON (Survival
Associated Mitochondrial Melanoma Specific Oncogenic Non-coding RNA) **. Its locus is located
adjacent to that of MITF and comprises its own promoter. Interestingly, SAMMSON expression is
regulated by SOXio, but is only expressed in melanoma cells and not in melanocytes. SAMMSON is
also not expressed in other cancer types. ASO-mediated SAMMSON depletion reduces clonal
capacity of melanoma cells and triggers their apoptosis, showing that this IncRNA is essential for
their proliferation and survival. Mechanistically, the authors characterized the protein interactome
of SAMMSON by biotinylated-oligonucleotide pulldown followed by mass-spectrometry, a
technique known as RAP-MS and often used to understand IncRNA functions ™. This experiment
identified two protein partners for SAMMSON: the exoribonuclease XRN2 and p32 (= C1QBP) which
is linked with mitochondrial processes. XRN2 is an RNA binding protein interacting with several
RNAs and is involved in their degradation ** , whereas p32 is more specific to SAMMSON and is

interesting given its role in cancer and OXPHOS regulation **.

SAMMSON depletion had no effect on p32 levels but depleted it from the mitochondrial
fractions, promoting instead its nuclear localization and reducing activity of OXPHOS complexes
potentially caused by a reduced level of several mitochondrial proteins implicated in respiration.
Indeed, mitochondrial deficiency can cause cellular stresses leading to cell death **. One of these is
known as mPOS (mitochondria precursor over-accumulation stress) and occur when mitochondrial
membrane potential is lost, leading to an impaired protein import and thus, an accumulation of
mitochonderial protein in the cytosol **. Indeed, the majority of mitochondrial proteins are nuclear-
encoded and translated in the cytosol before being imported inside mitochondria *’. Signs of mPOS
occur upon SAMMSON depletion as nuclear-encoded mitochondrial proteins such as ATBP and
SDHA accumulate in the cytosol and even in the nucleus, leading to cell death *°. This concept of
mPOS should be kept in mind for the results obtained on LENT where similar observations were

made in our study.
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Figure 29. SAMMSON mechanism of action.

From Vendramin et al., 2018. In normal (SAMMSON-negative) cells, CARF controls the nuclear localization
of XRN2 by sequestering a pool of XRN2 in the nucleoplasm. In the context of melanoma, SAMMSON
expression promotes the interaction of CARF with p32 in the cytoplasm at the expense of the CARF-XRNz2
interaction, thus favoring p32 mitochondrial localization and XRNz nucleolar localization. By modulating
these interactions SAMMSON determines a balanced increase in rRNA maturation and protein synthesis in
the cytosol and mitochondria. As a result, SAMMSON promotes cell growth.
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In agreement with the idea that MAPK inhibitors block glycolysis and promote a shift to
OXPHOS *° SAMMSON depletion coupled with dabrafenib treatment impaired PDX growth more
efficiently that the treatment with dabrafenib alone. Thus, targeting SAMMSON with ASOs could
represent an interesting therapeutic opportunity in complement to BRAF inhibitor as SAMMSON
expression is specific to melanoma cells compared to OXPHOS inhibitors which are unspecific.
SAMMSON was also shown to be expressed in mesenchymal melanoma cells, more dependent on

glycolysis but still sensitive to SAMMSON depletion.

A subsequent study confirmed previous observations on SAMMSON and also gave new insights
on its function **. In addition to p32 and XRNz2, the authors found that SAMMSON also interacts
with CARF, a p53 interacting protein regulating DNA damage response in the nucleus *”. In cells, in
absence of SAMMSON, CARF binds to XRN2 and limits its presence in the nucleolus where it is
involved in rRNA maturation. SAMMSON disrupts this complex allowing XRNz2 into the nucleolus
and scaffolds CARF interaction with p32 that is involved in mitochondrial rRNA processing. In this
way SAMMSON coordinates mitochondrial and cytoplasmic translation optimizing mitochondrial
homeostasis and preventing mitochondrial protein accumulation in the cytoplasm and subsequent

mPOS-induced cell death (Figure 29).

The benefit for melanoma cells of SAMMSON expression could be to give them a growth
advantage through an increased and coordinated translation potential, a process often coupled with

cell proliferation and metabolism as this process necessitates large amounts of ATP .

2. LENOX

More recently, a second melanoma-specific IncRNA called Lincoo518 or LENOX (LincRNA-
ENhancer of Oxidative phosphorylation) was described. LENOX expression is highly elevated in
SKCM and UVM compared with normal skin and is associated with an overall poor prognosis in
patients. It is expressed in all types of melanoma cells and is regulated by MITF and SOXio but also
by TFAP2A whose locus is adjacent to that of LENOX. TFAP2A is implicated in melanocyte
differentiation and could act as a potential tumour suppressor even if it's role in melanoma is still
disputed **. LENOX has even been proposed as a biomarker for melanoma as it can be detected by

using non-invasive patches and in biopsies **. Just like for SAMMSON, ASO-mediated depletion of
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Figure 30. LENOX mechanism of action.

From the INSB.CNRS website. The IncRNA LENOX interacts with the small GTPase RAP2C scaffolding its
interaction with DRP1. This interaction promotes DRP1 phosphorylation on the serine 637 which inhibit DRP1
function, preventing mitochondrial fission. The resulting increased mitochondrial fusion leads to enhanced

OXPHOS activity which promotes melanoma cell survival and resistance to MAPKi.
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LENOX reduces melanoma cell proliferation in vivo and in vitro and triggers apoptosis. LENOX
proteome was also determined by RAP-MS identifying a specific interaction with a group of small
GTP-binding proteins designed RAP2 A, B and C whose roles are poorly described in the literature
3%3% Interestingly, RAP2 localizes to mitochondria in melanoma cells suggesting it may be involved

in mitochondrial processes.

Strikingly, LENOX or RAP2C depletion reduces the reserve respiratory of melanoma cells and
modulates mitochondrial homeostasis with accumulation of shorter mitochondria which is
associated in the literature with impaired respiratory functions **’. Mechanistically, LENOX seems
to scaffold an interaction between RAP2C and the large GTPase DRP1, the major effector of
mitochondrial fission *. LENOX depletion reduced DRP1 S637 phosphorylation, an event that
negatively regulates fission activity of DRP1 and leads to accumulation of longer fused mitochondria
and hence enhanced respiratory capacity (Figure 30) **. Moreover, like SAMMSON, LENOX
depletion combined with MAPK inhibitor treatment leads to a cooperative reduction of melanoma

cell survival.

Conversely, even if both SAMMSON and LENOX seem to promote mitochondrial homeostasis,
they display opposing regulation upon vemurafenib treatment. SAMMSON levels go down in the
short term before being restored after three weeks, whereas LENOX is upregulated upon treatment
before going down in the longer term. Given its capacity to promote OXPHOS, LENOX is upregulated
to facilitate the glycolysis to OXPHOS switch induced by BARF inhibition. In contrast, as BRAF
inhibition blocks proliferation, SAMMSON is repressed due to the lower demand for protein
translation, a process known to be globally repressed in stressed cells ***®. Interestingly, it is possible
to deplete both SAMMSON and LENOX together by using sub-optimal ASO concentrations, which
produced a strong induction of apoptosis and proliferation arrest compared to single depletions.
Thus, LENOX and SAMMSON represent two potential therapeutic targets in melanoma, targetable
together in addition to MAPKi inhibitors to achieve an efficient depletion of all types of melanoma
cells. Of note, other melanoma-associated IncRNAs have been described in the literature, showing

that a complex network of IncRNAs modulate cell functions and promote melanoma progression

59,370,371
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G. Conclusion of Section 2

In this section, I discussed the main features of melanoma; the events involved in initiation and
progression of the disease, highlighting both the genetic and epigenetic mechanism that drive these
processes; the characterization of melanoma cell states and their relationship to the activity of
specific transcription factors, the proliferative, invasive and drug resistance properties of the
different cell states; the treatment options and how heterogeneity influences resistance and relapse;
the metabolic switch that accompanies phenotype switch and finally the role of IncRNAs SAMMSON
and LENOX in the regulation of translation and mitochondrial homeostasis in melanoma and their

potential as therapeutic targets.

The characterization of LENOX and SAMMSON and the possibility to combine their targeting
led us to search for other melanoma-specific IncRNA, potentially impacting other pathways of

melanoma metabolism.

In this context, the major focus of this thesis is characterization of Lincoo520 or LENT (LncRNA
ENhancer of Translation), a novel lincRNA highly overexpressed in SKCM and essential for
melanoma cell proliferation and survival. However, I will first provide some background to
introduce a helicase called DHX36, known to resolve DNA and RNA structures known as G-

quadruplexes (G4s). I describe the roles of G4s and DHX36 below.
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Section 3: Context for the Results

A. G-quadruplexes

Ggs are DNA or RNA structures composed of stacks of guanine tetrads, stabilized by ions and
held together by hydrogen bonds (Figure 31) **. Notably, they are stabilized by K+ but destabilized
by Li + ions. Several types of G4 exist based on their conformation as they can be either parallel or
antiparallel. They are widespread both in the genomic DNA *” and transcribed RNA ** of eukaryotes
cells. Strikingly, they seem globally absent from bacteria, suggesting that prokaryotes either lost their
need during evolution or that they developed other structures or mechanisms *”*. Conversely, a study
described that mitochondria DNA contains three times more G4s than nuclear DNA., challenging
this view *°. It’s also worth considering that G4s can be intramolecular or intermolecular as small
RNAs can interact together to form this type of structure *’. Moreover, several ligands and proteins

are known to bind Ggs, providing tools to assess their localization and their functions **.

For example, Ggaccess has been recently developed to study the role of G4 in the genome *”.
Ggaccess-profiling showed that G4 formation was associated with open chromatin regions,

8
3%° Even

nucleosome positioning and Pol Il transcription, a property also determined by G4 ChIP-seq
if the precise mechanism remains elusive, it seems that G4 formation could promote open
chromatin at promoter and thus, gene transcription as small ligands stabilizing G4 enhance Pol II
recruitment. Similar effects on transcription were also found in mitochondria *'. Additionally, G4s
were also often found at telomere extremities, rich in guanines and partially single-stranded **. A
proposed function of telomeric Gg4s is that they represent a cap, stabilizing and protecting the
telomere extremities, but experimental proof is still needed to validate this model. DNA Gg4s were
even found in the cytoplasm in response to oxidative stress **. They seem implicated in stress
granule formation, a process well described in response to stresses as it enables cells to modulate

the translation of stress-related transcripts ***

. A proposed mechanism is the synthesis of single-
stranded DNA upon DNA damage which could fold into G4s and be exported to the cytoplasm to

form these granules.

Interestingly, RNA Ggs are also stabilized in the cytoplasm upon different stresses, as a way to

stabilize RNA molecules **. Moreover, they are also able to trigger stress granule formation **, like
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Figure 31. G-quadruplex (G4) structures.
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Ggs are composed of stacks of guanines stabilized by ions. One layer is made of a guanine tetrad, each

guanine forming hydrogen bonds with two other guanines. Intramolecular G4s can be either antiparallel or

parallel based on their organization. In parallel G4s, all strands composing the tetrad go in the same direction,

whereas if two strands point in opposite directions it is an antiparallel G4. Intermolecular G4s can also be

formed where the guanines are contributed from different molecules.
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Figure 32. G4 functions. G4s are found across DNA and RNA in eukaryotic cells.

In the nucleus they were shown to be present at the extremities of telomers potentially preventing their

degradation. They can also regulate transcription as they were shown to be frequent at proximal promoters

and associated with open chromatin. In the cytoplasm, they were mainly found to be involved in translation

inhibition where their presence in the 5'-UTR prevents ribosome scanning on the mRNA. They can also be

present on ncRNA, representing interaction interfaces for G4 ligands, regulating key biological functions.
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their DNA counterparts. RNA G4s are also enriched in UTRs of mRNA relative to the CDS 87
suggesting that they may influence their translation. Indeed G4s were found to inhibit translation as
they may be too stable for the ribosome to process them **. Thus, G4s represent a widespread
structural feature of both DNA and RNA with suggested implications in all kinds of molecular

processes, even if their mechanisms of action are still not well understood (Figure 32).

Moreover, G4s have been linked with human pathologies as their presence was reported in
several transcripts essential for disease onset such as the oncogene NRAS or the tumor suppressor
TP53 *®. In melanoma, studies found that stabilizing G4s with ligands such as RHPS4 or 1ZTZ-1
inhibited cell proliferation *°**. Notably, the authors found that those two ligands target the
oncogene MYC, lowering its expression. These observations led researchers to propose that targeting
G4s could be a therapeutic strategy to target cancer cells. This prompted the development of a G4
ligand named Dicentrine which seem to bind preferentially oncogenic and telomeric G4s, suggesting
that differences exist between normal and oncogenic G4 structures **. Dicentrine treatment leads

to cell cycle arrest followed by apoptosis of cancer cells.

In conclusion, G4s are gaining attention as they could represent novel anticancer targets as they
are present and essential for oncogenic transcript expression and function. Nevertheless, efforts are
necessary to characterize the diversity of G4 structures and to develop ligands able to efficiently
discriminate the different form of G4s. Moreover, tools are still needed to conduct in vivo studies of

G4 folding as they were found to be globally unfolded in eukaryotic cells *.

B. DHX36

Supporting the idea that Ggs regulate specific processes is the existence of multiple G4
resolvases. Among these, the helicase DHX36 is considered as one of the main G4 resolvases, in
particular for RNA molecules **. DHX36 is a member of the DEAH/RHA family of helicases and is
also known as RHAU or G4R1 in the literature. This helicase was first described as the major source

of G4 resolving activity in HeLa cell lysate in presence of ATP **

. Subsequent studies showed that
DHX36 is able to directly bind with high affinity to DNA or RNA through its N-terminal region **.
The structure of bovine DHX36 associated with the G4 formed by the MYC DNA sequence was

resolved (Figure 33) **. The helicase binds DNA through several interfaces. A helix called the DSM
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Figure 33. DHX36 organization and structure.

From Chen et al., 2018. Co-crystal structure of the bovine DHX36 with Myc DNA forming a G4. The DHX36
helicase contains several domains forming interfaces that interact with nucleic acids. The DSM and OB
domains interact with the G4 structure whereas RecA1, RecA2, WH and another region of OB form a tunnel

binding single stranded nucleic acids.
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projects away from the core of the protein and stacks on top of the G4, destabilizing the structure
with the help of an OB fold. The net result is to pull a single guanine out of the G4 thereby
destabilizing its structure. This process is reversible and can occur multiple times but stops if the
unwound guanine forms a base pair with the cytosine on the complementary strand, thus leading to
unwinding of the G4.

Interestingly, while DHX36 can destabilize G4 in DNA in an ATP-independent manner, DHX36
acts on G4-RNA substrates by a distinct ATP-dependent mechanism. DHX36 first induces a stably
unfolded state as seen for DNA substrates independently of ATP hydrolysis followed by successive
cycles of ATP-dependent and stepwise refolding of G4-RNA. The ATP-independent unfolding and
ATP-dependent refolding of G4-RNA can occur multiple times before DHX36 protein dissociates
from the G4-RNA substrate. DHX36 thus maintains the G4 in a dynamic state until the RNA binds to
molecules such as the ribosome that gain access to the RNA from the 5’ end.

DHX36 localizes mainly in the cytosol in HEK293 and HeLa cells and has a similar binding profile
to EIF4A implicated in translation initiation, suggesting a similar role for DHX36 *’. Moreover, 70 %
of DHX36 binding sites were mapped to exons of almost 4500 mRNAs. Interestingly, loss of DHX36
only had a mild effect on cell proliferation and increased the levels of its RNA targets by 20 %, in line
with the fact idea that G4 presence could stabilize nucleic acid molecules perhaps by limiting their
translation. Indeed, DHX36 loss was also associated with a marginal, but significant reduction in
translation efficiency of its target mRNAs. Phenotypically, DHX36 loss correlated with an increase
of stress granule formation and an elevation of the stress response marker PKR/EIF2AK2 ***. These
observations are in line with the previous proposition that the presence of a G4 on a mRNA impairs
its translation. DHX36-mediated translational control was further demonstrated in muscle stem-
cells, where an enrichment of DHX36 in the 5'UTR of mRNAs was observed **°. Nevertheless, effects
of DHX36 loss are limited, suggesting redundancy with other helicases. Multiple helicases have been
characterized as G4 resolvases such as the RECQL-family including BLM *** and WRN **, as well as
EIF4A, DDXs5, DDX21, DHXg or DDX3X **, In particular DDX3X, DDX5 and DHXg are reported RNA
G4 resolvases, with DHX9 shown to control mRNA translation efficiency ***. DHX36 was also found
present in the nucleus and seems able to resolve G4s present in the promoter of several genes,
enabling their transcription *****. DHX36 is also implicated in telomere maintenance as it binds the

telomerase RNA to unwind its G4 *.
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Interaction of IncRNA LENT with DHX36 regulates translation and suppresses

autophagy in melanoma.
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Abstract.

The melanocyte lineage determining Microphthalmia-associated transcription factor
(MITF) drives proliferation and survival of melanocytic melanoma cells through regulation of
both coding genes and long non-coding RNAs (LncRNAs). Here we characterize LINC00520
(hereafter called LncRNA ENhancer of Translation, LENT) regulated by MITF and strongly
expressed in melanocytic melanoma cells. LENT is essential for proliferation and survival of
cultured melanocytic melanoma cells and xenograft tumours. LENT interacts with the G4
quadruplex resolvase DHX36 and both associate with the ribosome in the 80S and light
polysome fractions. LENT modulates DHX36 association with a collection of mRNAs
regulating their engagement with polysomes and fine-tuning their subsequent translation. These
mRNAs encode proteins involved in endoplasmic reticulum (ER) and mitochondrial
homeostasis as well as autophagy. Consequently, LENT silencing leads to extensive autophagy
and mitophagy, compromised oxidative metabolic capacity and increased translation and mis-
localization of mitochondrial proteins leading to proteotoxic stress and apoptosis. The LENT-
DHX36 axis therefore fine-tunes translation of proteins involved in ER and mitochondrial
homeostasis suppressing autophagy and promoting survival and proliferation of melanoma

cells.
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Introduction

Melanoma tumours are notoriously heterogeneous, with melanoma cells adopting
multiple cell states with differing proliferative, invasive and stem cell capacities (1-7). Intra-
tumour heterogeneity is a major determinant of therapeutic resistance with mesenchymal-type
cells playing a critical role in targeted and immune checkpoint resistance (4, 7). The
transcription programs associated with the different cell states are driven by of a host of
transcription factors, with the lineage-defining MITF (Microphthalmia-associated transcription
factor) and SOX10 driving the more differentiated melanocytic cell state, while AP1, TEAD,
PRRXI1 and TCF4 drive the undifferentiated mesenchymal state (6—11). Other intermediate
states have been defined such as the neural crest stem cell (NCSC)-like state that plays a key
role in minimal residual disease and the emergence of drug resistant populations (3, 12).

In melanocytic melanoma cells, MITF and SOX10 bind together at cis-regulatory
elements to promote expression of genes driving proliferation, survival and oxidative
metabolism (8, 9). While, these factors regulate multiple coding genes they also regulate
expression of long non-coding (Inc)RNAs such as the melanoma-specific IncRNA SAMMSON
(LINCO01212) essential for melanoma cell proliferation and survival through coordinating
mitochondrial and cytoplasmic translation (13, 14). SAMMSON silencing induced
mitochondrial precursor overaccumulation stress (mPOS), a form of proteotoxic stress,
resulting in melanoma cell death. SOX10 also regulates the melanoma-specific IncRNA
LENOX (LINCO00518) that interacts with the small GTPase RAP2C promoting its interaction
with DRP1 and impairing mitochondrial fission through enhanced DRP1 S637 phosphorylation
(15). LENOX potentiates oxidative phosphorylation metabolism to promote melanoma cell
survival and resistance to MAP kinase inhibitors.

Here we characterize LINC00520 (hereafter called LncRNA ENhancer of Translation,

LENT) strongly expressed in melanocytic melanoma cells under the regulation of MITF and
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essential for proliferation and survival in vitro and in vivo. LENT interacts with the G4
quadruplex resolvase DHX36 and both associate with the 80S and light polysome fractions.
LENT modulates DHX36 association with a collection of mRNAs regulating their engagement
in polysomes and their subsequent translation. LENT coordinately regulates engagement with
the light polysomes of mRNAs encoding proteins enriched in endoplasmic reticulum (ER)
homeostasis as well as autophagy and mitophagy. Consequently, LENT silencing leads to
extensive autophagy/mitophagy, compromised OxPhos capacity and increased translation and
mis-localization of mitochondrial proteins leading to proteotoxic stress and apoptosis. Our
results are consistent with a model where LENT fine-tunes translation of proteins involved in
ER and mitochondrial homeostasis by modulating the ability of ribosome-associated DHX36
to unwind G4 structures in their mRNAs and their engagement with polysomes. LENT,
LENOX and SAMMSON hence constitute a set of melanoma-expressed IncRNAs that act
coordinately to fine-tune translation and/or mitochondrial activity and promote melanoma cell

proliferation and survival.

Results.
LENT is expressed in melanocytic melanoma cells and associated with poor patient
outcome.

Integration of MITF and SOX10 ChIP-seq data with RNA-seq following MITF
silencing in 501Mel melanocytic melanoma cells (9) identified LENT (LINC00520) as a
IncRNA directly and positively regulated by MITF. LENT expression was reduced upon
silencing of MITF or its cofactor BRG1 and the corresponding locus displayed several MITF
bound sites associated with BRG1 and marked by H3K27ac in 501Mel cells (Fig. S1A). LENT
expression was low in normal tissues (0.854 Log2 normalized counts) with highest expression

in the oesophagus mucosa and stomach in the GTEX database (Fig. S1B and data not shown).
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Expression was highest in cutaneous melanoma (SKCM, 6.189 Log2 normalized counts),
compared to other cancer types (1.490) including uveal melanoma (UVM, 1.732) (Fig. S1B).
Expression was also upregulated in primary melanoma compared to benign nevi and normal
tissues, (Fig. S1C). Thus, LENT expression was negligible in normal tissues and upregulated
more than 60-fold in cutaneous melanoma.

Analyses of sScRNA-seq data from human melanoma xenografts (3) showed that LENT
was widely expressed except in NCSC and mesenchymal cells (Fig. S1D), while in scRNA-seq
data from human melanoma patients (7), it was also broadly expressed except in mesenchymal
cells and was strongest in the hypoxia-stress cell cluster (Fig. S1E). Preferential LENT
expression in melanocytic type cells was confirmed by RT-qPCR analyses of a collection of
melanoma cell lines (Fig. S1F). Cytoplasmic LENT localization in MITF expressing melanoma
cells could be directly observed using RNA-scope on human melanoma patient sections,
whereas its expression was low in normal melanocytes (Fig. S1G). RNA-scope also showed a
predominantly cytoplasmic localization in cultured melanoma cells, whereas no signal was seen
in Hela cells (Fig. S1H). Further analyses showed the 432 nt isoform 5 as the most abundant in
501Mel cells and also in melanoma patients (Fig. S1I). LENT is therefore a cytoplasmic
melanoma-enriched IncRNA most abundant in melanocytic MITF-expressing cells.

To determine whether LENT expression correlated with patient outcome, we divided
the TCGA SKCM dataset into primary and metastatic samples, performed unsupervised
clustering of the transcriptome data from each and GSEA analyses of differentially expressed
genes to define the signatures of each cluster. In primary melanoma, LENT was co-expressed
with MITF and SOX10 in cells defined by an oxidative phosphorylation (OxPhos) and cell
cycle signature typical of melanocytic MITF-expressing cells, but was strongly reduced in

mesenchymal (designated as EMT, epithelial to mesenchymal transition) cells expressing
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markers such as PRRX1 (Fig. S2A). In contrast, as previously described (15) LENOX displayed
a broader expression pattern being expressed also in EMT cells.

In metastatic melanoma, LENT again was strongest expressed in the MITF-SOX10
expressing OxPhos/cell cycle cells, but reduced in cells with EMT signatures (Fig. S2B). In
primary melanoma, high LENT expression was associated with better survival whereas in
metastatic samples high LENT expression was associated with poorer outcome (Fig. S2C-D).
These observations are in line with the idea that low LENT-expressing mesenchymal cells
promote metastases of primary melanoma (6), whereas LENT-expressing cells with OxPhos
and cell cycle signatures associate with poorer survival in metastatic samples, hence accounting

for the differential association of LENT expression with survival.

LENT cooperates with LENOX and SAMMSON to promote melanoma cell proliferation
and survival.

To address the function of LENT in melanoma cells, we silenced its expression by
CRISPR interference (CRISPRi) using dCAS9-KAP1, transfection of locked nucleic acid
GapmeR antisense oligonucleotides (ASO) or by Doxycycline (Dox)-inducible expression of
LENT-targeting shRNA. CRISPRI silencing in 501Mel cells with LENT promoter-targeting
sgRNAs that potently reduced its expression resulted in strongly reduced colony forming
capacity (Fig. 1A-B). Transfection of melanoma cells with different phenotypes and driver
mutations, with 2 independent ASOs that reduced LENT expression by over 80% compared to
a non-targeting control (CTR) (Fig. 1C) led to reduced growth of melanocytic, but not
mesenchymal melanoma cells nor HEK293T cells that did not express LENT (Fig. S3A). ASO-
mediated silencing resulted in strongly reduced cell proliferation (Fig. 1D) and cleaved caspase
3-expressing apoptotic cells (Fig. 1E) with early and late apoptotic cells observed in flow

cytometry (Fig. S3B). We also silenced LENT with a stably integrated Dox-inducible shRNA
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that efficiently reduced 501Mel proliferation (Fig. S3C). In contrast, ectopic Dox-induced
expression of LENT isoform 5 stimulated colony formation in melanoma cells, but also in
HEK293T cells where it was not normally expressed (Fig. S3D-E)

To test if LENT silencing could also block xenograft tumour growth, melanocytic
IGR37 cells were injected subcutaneously in immunodeficient mice and when tumours reached
~100 mm?, mice were subsequently injected subcutaneously every 2 days with LENT ASO.
Compared to untreated controls, injection of LENT ASO reduced LENT expression in tumours
and strongly reduced tumour growth and tumour weight (Fig. 1F-G, and Fig. S3F).

All 3 targeting strategies as well as gain of function therefore revealed the essential role
of LENT in the proliferation and survival of melanocytic melanoma cells in culture and in vivo
xenografts.

We previously showed that ASO silencing of LENOX and SAMMSON cooperated to
induce melanoma cell death (15). To assess if LENT also collaborated with LENOX and
SAMMSON, melanocytic 501Mel and MMO11 cells were transfected with sub-optimal
concentrations of ASO targeting LENT alone or together with LENOX or SAMMSON.
Compared to LENT, LENOX or SAMMSON alone, a cooperative increase in apoptosis of both
lines was observed using the combinations of ASO, and an additive increase in slow
proliferation (Fig. 1H-I). LENT silencing also cooperated with MAP Kinase inhibition by the
dabrafenib and trametinib combination to eradicate melanoma cells (Fig. S3G). MITF and
SOX10 therefore coordinately regulate a network of 3 IncRNAs that cooperate to promote

melanoma cell survival.

LENT interacts with the G4 resolvase DHX36.
Consistent with the observation that LENT is predominantly cytoplasmic and so less

likely to influence transcriptional regulation, RNA-seq from ASO-control or LENT ASO-
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silenced cells revealed only minor changes in gene expression with only 97 up-regulated and
82 downregulated transcripts (Log2 fold-change +/-1 p<0,05). LENT silencing did not have a
major impact on gene expression (Fig. S4 and Dataset S1) and may therefore act via other
cellular processes.

To identify LENT interacting proteins, we performed pulldown from cytoplasmic
extracts of 501Mel cells using a tiling array of biotinylated oligonucleotides complementary to
LENT or as negative control, the prostate cancer lincRNA PCA3, followed by mass-
spectrometry. Compared to several control IncRNAs, LENT was selectively enriched using its
cognate oligonucleotides, but not those of the PCA3 control (Fig. 2A). Triplicate purifications
were performed and LENT-interacting proteins identified by mass-spectrometry. DHX36 was
the most enriched protein in the LENT pulldown with no peptides found in the 3 control
samples, but an average of 17 in the LENT pulldowns (Fig. 2B and Dataset S2). To confirm
this interaction, we performed LENT pulldown from native or UV-crosslinked extracts
followed by immunoblot. Under both conditions, DHX36 was enriched in the LENT pulldown
compared to the PCA3 control, whereas neither the SAMMSON-interacting CARF (14) nor
LENOX-interacting RAP2 (15) were enriched (Fig. 2C). For further confirmation, we
performed LENT pulldown from the HEK293T cells ectopically expressing LENT isoform 5.
DHX36 was detected after pulldown from LENT-expressing HEK293T cells, but not from
control cells with empty GFP vector (Fig. 2D). In the converse experiment, we
immunoprecipitated DHX36 from 501Mel cells and found enrichment of LENT compared to
the control IgG and compared to SAMMSON and MALATI (Fig. 2E-F).

To ask if LENT interacts directly with DHX36, we generated and purified recombinant
DHX36 in E.Coli (Fig. SSA-B) and performed electrophoretic mobility shift assay (EMSA)
with in vitro transcribed LENT isoform 5 RNA (Fig. 2G). The presence of increasing amounts

of purified DHX36 shifted LENT into slower migrating DHX36-RNA complexes. As DHX36
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binds RNA with G4 structures (19), we used the QGRS program (20) that predicted a potential
G4 structure in LENT, but with a rather low score. Mutation of three guanines in this sequence
decreased complex formation in EMSA, but did not fully abolish the interaction (Fig. 2G).
Together, these in cellulo and in vitro experiments revealed a selective and direct interaction of

LENT with DHX36 that is partially dependent on a potential G4 forming sequence in LENT.

LENT modulates association of mRNAs with DHX36.

DHX36 unwinds G4 structures in RNA and in particular in the 5’-UTR of mRNAs to
facilitate their translation (19, 21-24). This observation suggested that LENT may modify
DHX36 interactions with mRNAs and their translation in melanoma cells. We therefore
investigated the mRNAs associated with DHX36 and determined if their association was
modulated by LENT silencing. We performed triplicate DHX36 or control IgG
immunoprecipitations (IP) from 501Mel cells expressing control shRNA and the associated
mRNAs were sequenced. Almost 2000 mRNAs were preferentially found in the DHX36 IP
compared to IgG, whereas 1949 mRNAs were less present in the DHX36 IP compared to
control (Log2 fold-change +/-1 p<0,05) (Fig. 3A and Dataset S3). One of the most enriched
was the DHX36 mRNA suggesting DHX36 acts to regulate its own translation in a positive
regulatory loop. Ontology analysis showed that DHX36-associated mRNAs were enriched in
those encoding proteins involved in mitochondrial function with protein targeting to
mitochondrion, mitochondrial calcium ion homeostasis amongst the most enriched terms (Fig.
3B). Comparison with RNA-seq data from 501Mel cells showed no correlation between
association with DHX36 and expression levels excluding the possibility that we spuriously
enriched highly expressed mRNAs in the DXH36 IP (Fig. S6A).

It has been reported that mRNAs that associate with DHX36 are enriched in a GG-rich

motif with a propensity to form G4 structures [(25) and Fig S6B]. This motif was predicted to

105



be present in around 20% of the mRNAs enriched in the control IP, but close to 40% in the
DHX36 IP (Fig. S6C) and increased to 50-60 % when considering the mRNAs most enriched
in the DHX36 IP (Fig. S6C and Dataset S3). Examination of the DHX36 mRNA sequence
with QGRS mapper indeed identified several potential G4-forming sequences including the 5°-
GGnGGnGG-3’ motif (Fig. S6D) consistent with the observation that it was one of the most
enriched mRNAs. We compared mRNAs enriched in the DHX36 IP in 501Mel cells with
previously published RNA-seq data from HelLa or HEK293T cells designed to identify G4-
containing RNAs (26, 27). Comparing the overlap between the 2 HelLa datasets showed 1832
common mRNAs representing between 46% and 64% of the identified G4-containing mRNAs
using different techniques. Comparison with the 501Mel mRNAs enriched by DHX36 IP
showed that 900 (46%) were shared with the HeLLa and HEK293T datasets, with 341 common
to all (Fig. S6E). These common mRNAs were enriched in terms associated with transcription
and MAP Kinase signaling (Fig. S6F).

We also compared the top 500 RNAs in our dataset with the 500 most enriched in a
previously published DHX36 PAR-Clip (28) dataset. Among them, only 41 were common
between the two datasets, including the mRNA encoding DHX36 (Fig. S6G). We observed a
clear enrichment for mitochondria-related terms in the 501Mel DHX36 IP (Fig. S6H) compared
to Sauer et al, characterized by transcription and TGF-B signaling related terms (Fig. S6I).

We then investigated if LENT silencing modified mRNA interaction with DHX36. We
directly compared RNA-seq of the DHX36 IPs from the control shRNA compared to shLENT
cells and identified 484 genes displaying increased association with DHX36 in absence of
LENT and 429 with less association (p<0,05) (Fig. 3C, and Dataset S3). As expected, due to
its downregulation by shRNA silencing, LENT was identified as less associated with DHX36.
Ontology analyses of mRNAs showing increased DHX36 association revealed enrichment in

several process including cell cycle, mitophagy and autophagy, whereas those less associated
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were enriched in lysosome, metabolic process and allograft rejection (Fig. 3D). Analyses of the
mRNAs whose association with DHX36 was affected with the QUADRAatlas software showed
that a large majority comprised experimentally described and/or predicted G4s (Fig. S6J).
Together these data define DHX36-associated RNAs in melanoma cells and identify RNAs

whose association with DHX36 was positively or negatively modulated by LENT.

LENT and DHX36 are associated with the ribosome and regulate coordinate engagement
of mRNAs encoding proteins involved in ER homeostasis with polysomes.

While preparing the DHX36-associated RNAs for sequencing, we noted that the 28S
and 18S rRNAs were strongly enriched in the DHX36 IP, but not the control IP (Fig. 4A) and
therefore used ribo-depletion kits to prepare the libraries for RNA-seq. This observation
however strongly suggested that DHX36 was associated with the ribosome. To assess this, we
performed polysome profiling of 501Mel cell extracts and analyzed both RNA and protein
contents of the fractions. Based on the RNA absorption profile (Fig. 4B) and the distribution
profiles of EIF4A2 (initiation factor marking the 40S) and RPL36 (component of the large
subunit), we designated the 40S, 60S, 80S and polysome fractions. DHX36 showed association
with the 60S, 80S and was additionally present in the polysome fractions (Fig. 4C). As
expected, the control GAPDH mRNA was enriched in the heavier polysome fractions, whereas
LENT showed a strong peak in the 80S fraction, but rapidly decreased in the light polysome
fractions (Fig. 4D). These observations suggested that LENT may associate with DHX36 on
the 80S and light polysome fractions.

To investigate if the LENT-DHX36 axis regulated mRNA association with ribosomes,
we prepared biological triplicate polysome fractions from shControl or shLENT-silenced
501Mel cells. We pooled RNA from four fractions representing the 80S, light or heavy

polysome components from each replicate and assessed their composition by RNA-seq (Fig.
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4E and Dataset S4). Few RNAs showed differential presence in the heavy polysome (HP)
fractions from the control or LENT silenced cells, whereas 189 and 246 mRNAs were depleted
or enriched, respectively in the 80S fraction (Log2 fold-change +/-1 p<0,05) (Fig S7A-B and
Dataset S4). However, the most striking effect was seen in the light polysome (LP) fractions,
where 383 mRNAs were depleted in the LENT silenced cells, while only 21 were enriched (Fig.
4F).

We interrogated the polysome RNA-seq to determine if the mRNAs whose association
with DHX36 was positively or negative regulated by LENT were also differentially engaged
with the polysome fractions. Depletion of LENT was clearly seen in all fractions (Fig. SA). Of
the 383 RNAs depleted in the LP fractions, 74 were also depleted in the DHX36 RIP upon
LENT silencing (Fig. SB and Dataset S4) indicating a significant, but incomplete overlap
between the 2 experimental approaches. In contrast, almost no RNAs showed discordant
regulation, with only a single transcript up in DHX36 RIP and down in the LP fractions. For
example, the mRNAs encoding UBE4A and CTSD whose interaction with DHX36 was reduced
upon LENT silencing also showed reduced association with 80S, LP and HP fractions, with the
most striking reduction seen in the LP fraction (Fig. 5SC). In contrast, mRNAs encoding NOX4
and RBPJ whose association with DHX36 was increased upon LENT silencing were also
increased the 80S, LP and HP fractions and although the fold change was below cutoff, their
increased association was statistically significant (Fig. 5D).

An ontology analyses of the 383 mRNAs depleted in the LP fractions revealed their
strong enrichment in several pathways pertaining to endoplasmic reticulum (ER) homeostasis
such as ER stress, ER-associated protein degradation (ERAD), and protein glycosylation (Fig.
4G and Dataset S5). Key components of the ER stress/ERAD pathways such as the E3 ligase
SYNVI1, the HSPAS chaperone, and the PDIA3, -4, and -6 enzymes were all significant

depleted in the LP fractions, with PDIA encoding mRNAs also depleted in the 80S fraction
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(Fig. 5E and Fig. S7C). The mRNA encoding WFSI involved in ER Ca2+ transport was also
depleted in the LP fractions, along with those encoding the NOMOI, -2 and -3 proteins and
other components of the multi-pass translocon complex (Fig. SF and Dataset S5). Similarly,
mRNAs encoding the DPAGT1 and GALNT2, 7 and 12 enzymes involved in N-linked or O-
linked protein glycosylation, respectively, were all depleted in the LP fractions (Dataset S4).
KEGG ontology analyses gave comparable results, but further revealed enrichment in lysosome
function (Dataset S5). These results indicated that engagement in LPs of mRNAs encoding key
components of many processes associated with normal ER homeostasis and/or intracellular
protein transport was coordinately regulated by LENT.

Related to the above, mRNAs encoding the MHC class 1 HLA-A; -B and -C antigens
as well as the TAP1, TAP2 and CALR proteins involved in their transport and antigen
presentation were depleted in the LP fractions (Fig. S7TD-E and Dataset S4-S5). Moreover,
ontology analyses of the 74 mRNAs whose association with DHX36 was in addition reduced
by LENT silencing also revealed their strong enrichment in ER homeostasis, including the
above-mentioned HLA proteins, and lysosome function (Fig. S7F and Dataset S4-SS5).
Similarly, analyses of the RNAs depleted in the 80S fraction using relaxed criteria of Log2 fold-
change >0,7, but with a more stringent adjusted p-value of <0,01 also showed a strong
enrichment in many of the same terms related to ER homeostasis (Dataset S5).

The above data identified a set of mRNAs whose interactions with DHX36 and/or
engagement with the LP fractions were modulated by LENT. QUADRAatlas analyses of the 383
depleted mRNAs in the LP fraction indicated the presence of predicted (342/368) and
experimental (217/368) G4 forming sequences (Fig. S7G). The enrichment of potential G4
forming sequences of in these RNAs was consistent with the idea that the LENT-DHX36 axis
regulated their unwinding to facilitate their translation. To test this, we investigated if mRNAs

whose association with DHX36 and/or engagement with the LP fractions was modified by
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LENT silencing were differentially translated. UBE4A and CTSD whose mRNAs were less
associated with DHX36 and the LP fractions upon shLENT accumulated to lower levels
following ASO-mediated LENT silencing, whereas RNA-seq showed no change in overall
abundance of the corresponding mRNAs (Fig. SG and I). The decreased protein level was
therefore most likely due to altered translation and not mRNA down-regulation. In contrast,
protein levels of NOX4, FUNDCI1 and RBPJ, whose mRNAs showed increased association
with DHX36 and the LP fractions, were increased upon ASO-mediated LENT silencing with
again no overall changes in the corresponding mRNA levels (Fig. 5G and I). Furthermore,
increased NOX4 and reduced CTSD levels were seen in extracts from IGR37 xenograft tumours
treated with LENT ASO (Fig. SH). Similarly, levels of HSPAS5 and WFS1 proteins whose
RNAs were less associated with the LP fractions were also decreased despite the fact that we
did not detect changes in their association with DHX36 (Fig. SG). These data showed that
LENT modulated interactions of mRNAs with DHX36 and/or the ribosome LP fractions to

regulate their translation.

LENT and DHX36 are enriched at mitochondria.

Previous studies showed that DHX36 was predominantly cytoplasmic consistent with
its ability to regulate mRNA translation (23, 28). Immunofluorescence revealed that DHX36
was enriched at cytoplasmic structures in 501Mel, IGR37 and A375 melanoma cells (A375;
NCSC-type cells, not expressing LENT) that co-staining with HSP60 identified as
mitochondria (Fig. 6A-B). Co-staining with HSP60 was less prominent in HeLa cells and while
little nuclear staining was seen in 501Mel cells, stronger staining was seen in IGR37. ASO-
mediated LENT silencing did not modify DHX36 mitochondrial localization, nor did it affect

expression of DHX36 mRNA or protein (Fig. S9A-C).
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DHX36 association with mitochondria in 501Mel cells was confirmed by immunoblots
of cytoplasmic and mitochondrial fractions (Fig. 6C). Similarly, RT-qPCR showed that LENT
was also abundant in the mitochondrial fraction (Fig. 6D). We then performed immunoblots of
the mitochondrial fraction in presence of increasing quantities of digitonin that was previously
used to assess association of proteins with mitochondria (29). While, the control Vinculin
(VCL) and Beta-actin (ACTB) proteins were rapidly depleted with increasing digitonin
concentration, the mitochondrial protein COX IV was resistant to the highest concentrations
(Fig. 6E). Both DHX36 and the LENOX-interacting mitochondrial partner RAP2 were also
resistant to digitonin showing they were strongly associated with mitochondria. Consistent with
this, COX IV and DHX36 showed resistance to tryptic digestion in swelling buffer, whereas
VCL and ACTB were sensitive (Fig. 6F). Hence in melanocytic melanoma cells, DHX36 was
enriched and tightly associated with the mitochondria.

Together with the data from Fig. 4C, the immunofluorescence and biochemical data
suggested that LENT associated with DHX36 on the mitochondrial proximal ribosomes. It has
previously been shown that mitochondrial localized proteins are translated close to the
mitochondria facilitating their import (30-32). Consistent with this idea, immunostaining
showed that UBE4A was strongly enriched at mitochondria in 501Mel and IGR37 cells (Fig.
S9A). Similarly, while a fraction of NOX4 was present in the nucleus, it was also enriched in
mitochondria (Fig. S9B). The transcriptional regulator, RBPJ was mainly nuclear, but a fraction
of RBPJ could also be detected enriched at mitochondria (Fig. S9C). NOX4, RBPJ and UBE4A
were further detected by immunoblot in biochemically purified mitochondria (Fig. S9D). These
observations supported the idea that the LENT-DHX36 axis regulated translation of

mitochondrial localized proteins on mitochondrial-proximal ribosomes.

LENT silencing induces autophagy/mitophagy and proteotoxic stress.
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The above observations showed that LENT modulated interaction of mRNAs involved
in ER-homeostasis, lysosome and autophagy/mitophagy with DHX36 and/or the LP fractions
and their subsequent translation. We therefore investigated if LENT silencing impacted these
processes. Electron microscopy showed that LENT-silenced cells were characterized by lower
numbers of mitochondria, but an accumulation of numerous autophagosomes not seen in the
control shRNA cells (Auto in Fig. 7A). Many autophagosomes comprised mitochondria
identifiable by their cristae indicating extensive mitophagy. In agreement with this observation,
immunoblot with anti-LC3 antibody revealed accumulation of the LC3-1l form indicative of
autophagy in LENT silenced 501Mel and MM 117 cells (Fig. 7B). A more modest but detectable
LC3-11 accumulation was also observed in extracts from LENT ASO-treated 1G37 tumours
(Fig. 7C). Staining of control and LENT silenced cells with both lysotracker and mitotracker
showed increased numbers of lysosome-mitochondrial contacts in LENT silenced cells that was
further indicative of auto/mitophagy (Fig. 7D). Accumulation of autophagosomes was not seen
in LENOX silenced cells despite that fact that its silencing impacted mitochondrial homeostasis
(Fig. S10) (15). Thus, induction of autophagy/mitophagy were major phenotypes of LENT
silencing.

Given these observations, we asked if mitochondrial function was impacted by profiling
the Oxygen Consumption Rate (OCR) using the Agilent SeaHorse. Compared to control ASO,
LENT silencing reduced maximal OCR and reserve capacity, but not basal levels in 501Mel
cells, whereas no effect was seen in HelLa cells (Fig. 7E). DHX36 silencing reduced maximal
and reserve capacities in both cell types revealing its more general role in regulating
mitochondrial activity (Fig. 7E). The mitophagy and impaired mitochondrial function upon
LENT silencing led to increased ROS levels and the appearance of ROS-high apoptotic cells
(Fig. S11A). LENT silencing was further associated with activation of the DNA damage

response with increased gH2AX seen both by immunofluorescence (Fig. S11B) and
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immunoblot (Fig. S11C). Immunoblot analyses showed close to maximal LC3-11 accumulation
already 16 hours after LENT silencing, whereas gH2AX appeared only after 24 hours
suggesting it was a secondary effect of mitophagy (Fig. S11D).

The observed autophagy/mitophagy and impaired OxPhos prompted us to investigate
changes in translation of mitochondrial proteins of the electron transport complexes. Strikingly,
increased protein levels of ATP5SA, UQCR2, SDHB, COXII and NDUFBS8 were seen after
ASO-mediated LENT silencing in 501Mel cells and in melanocytic Mel888 and MM 117 cells
(Fig. 8A and Fig S12). In contrast, this accumulation was not seen in LENOX silenced cells
despite the fact that its silencing was also associated with lowered OxPhos capacity (15) (Fig.
8A). Both mitophagy and OxPhos protein accumulation were therefore specific to LENT-
silenced cells. Increased ATP5A levels, the most strongly affected in cells, was also seen in
extracts from LENT ASO-treated IGR37 xenograft tumours (Fig. 8B).

OxPhos protein accumulation may represent a compensatory response to the mitophagy
and impaired mitochondrial function and may at least in part result from their increased
translation as the presence of the corresponding mRNAs was up-regulated in the polysome
fractions from shLENT silenced cells (Fig. 8C and Fig. S12). However, as the increase in
association with the LP and HP fractions was modest, their accumulation may also result from
their impaired ERAD-mediated degradation. Furthermore, their accumulation was surprising
given the lowered OxPhos, suggesting the excess OxPhos proteins were not imported into the
mitochondria, but accumulated in the cytoplasm. Immunofluorescence showed accumulation
of mitochondrial proteins at the mitochondria, but also in the cytoplasm and the nucleus of the
LENT-silenced cells (Fig. 8D). Immunoblots on the cytosolic and mitochondrial fractions
showed increased presence of ATP5A in the cytosolic fraction, with little change in the
mitochondrial fraction showing that the accumulated protein was not imported into the

mitochondria but rather accumulated outside the mitochondrial (Fig. 8E).
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Together these data are consistent with the idea that LENT silencing impaired ER-
homeostasis resulting in auto/mitophagy with subsequent impaired mitochondrial function.
Accumulation of the mitochondrial proteins around the mitochondria and in the nucleus may

then induce mPOS (33, 34) or a more general proteotoxic stress leading to apoptosis (35).

Discussion.
LENT, a multi-functional IncRNA.

Here we characterize LENT as a cytoplasmic IncRNA that interacts with the G4
resolvase DHX36 to promote translation of mRNAs involved in ER homeostasis and
mitochondrial function and supressing autophagy in melanoma cells. Mining of public data
bases showed that LENT expression was much higher in cutaneous melanoma than in other
cancers and in normal tissues. Unsupervised clustering of the SKCM TCGA gene expression
data as well as scRNA-seq data from melanoma and RT-qPCR in a collection of melanoma cell
lines all converged to show that LENT was primarily expressed in melanocytic, but not
mesenchymal type melanoma cells. Its expression did not correlate with poor survival in
primary melanoma, that rather correlated with the presence of mesenchymal cells that promote
invasion and metastases (6). In contrast, its expression correlated with poor survival in
metastatic melanoma where it was expressed in proliferative melanocytic type cells marked by
an OxPhos signature consistent with the high expression of MITF and SOX10 (15, 36, 37).
ASO-mediated LENT silencing induced apoptosis in cultured melanoma cells and impaired
xenograft tumour growth. Moreover, simultaneous ASO targeting of LENT together with

LENOX or SAMMSON cooperatively impacted melanoma cell viability. Thus ASO-targeting
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of these IncRNAs individually or in combination highlights their potential as therapeutic
targets.

LINC00520 has been the focus of previous studies designated as LASSIE (38) or
LEENE (39). LASSIE was described as a IncRNA induced in endothelial cells by sheer-stress
that interacts with PECAM-1 to regulate vascular homeostasis by stabilizing adherens
junctions. On the other hand, Miao et al (39) reported that LEENE was induced by pulsatile or
oscillatory sheer stress in endothelial cells, but was localized in the nucleus and acted as an
enhancer (¢)RNA to regulate eNOS expression. Moreover, LEENE was further shown to
promote transcription of pro-angiogenic genes, angiogenesis and tissue repair following
ischemia (40). These observations contrast with melanoma cells where RNA-scope and cell
fractionation showed that LENT was predominantly cytoplasmic being distributed between the
cytosol and the mitochondria. We did not see enrichment of PECAM-1 in the RNA
pulldown/mass-spectrometry experiments and LENT silencing induced only minor changes in
gene expression and did not affect NOS3 (eNOS) expression. This comparison between our
data and that previously reported shows that LINC00520 is a multifunctional RNA functioning
in a cell-type and context dependent manner as an eRNA in the nucleus to regulate gene

expression or in the cytoplasm to regulate translation.

LENT coordinates ribosomal association of mRNAs encoding proteins involved in ER and
mitochondrial homeostasis in melanocytic melanoma cells.

We found that LENT selectively and directly interacts with the DHX36 G4 resolvase
suggesting that it may contain a G4 structure. The in vitro interaction between LENT and
DHX36 was reduced, but not abolished by mutation of a G-rich sequence with predicted
potential to form a G4 structure. Nevertheless, this G-rich sequence diverges considerably from

more canonical G4-forming sequences and LENT does not comprise the 5’-GGnGGnGG-3’
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motif or other motifs previously shown to be enriched in DHX36-associated RNAs (23, 28).
G4 forming sequences are however variable with the length and sequence of the loop regions
between the G blocks contributing to selectivity (41, 42) with DHX36 showing high specificity
for parallel G4 structures (19). Moreover, LENT specifically pulled down DHX36, but no other
well characterized G4 resolvases such as the RECQL-family including BLM and WRN, nor
DDX5, DDX11, DHX9 or DDX3X (41, 42) (43) (25). While several of these helicases are
mainly nuclear and more specific for G4 structures in DNA, DDX3X, DDX5 and DHX9 for
example are reported RNA G4 resolvases (25, 43, 44). The selectivity of the LENT-DHX36
interaction may therefore reflect specific features of a potential LENT G4 sequence or
alternatively, this interaction may be mediated by sequences or structures in LENT independent
of G4-formation.

Here we provide evidence that LENT modulates DHX36 interaction with a subset of
mRNAs. DHX36-RIP from control 501Mel cells identified DHX36-associated RNAs of which
around 40% were previously identified as harboring G4 structures by other methods in other
cell types. The most strongly associated RNAs were enriched in potential G4 forming motifs
and the 5’-GGnGGnGG-3’ motif (28) (23). Surprisingly however, the overlap between the
DHX36-associated RNAs in the HEK293T cells used by Sauer et al (28) and the melanoma
cells was much lower than seen with the other G4 enrichment protocols, perhaps reflecting the
different gene expression profiles in these cell lines. DHX36 IP after LENT silencing identified
RNAs whose association with DHX36 was either increased or decreased. One possibility is that
LENT comprises a G4 structure that simply competes with the G4s in other RNAs for DHX36
binding hence explaining their increased association upon LENT silencing. However, this
competition mechanism cannot explain the reduced binding of RNAs with DHX36 seen upon
LENT silencing. How LENT binding to DHX36 modifies its interaction with these RNAs in a

positive or negative manner remains to be determined.

116



An important observation of this study is the association of DHX36 with ribosomes, in
the 80S and the polysome fractions. This observation contrasts with that of Sauer et al, where
DHX36 was not readily seen in these fractions prepared from HEK293T cells (28), but rather
is in accordance with Murat et al, (43) who found DHX36 associated with the 80S and polysome
fractions in HeLa cells. The additional presence of LENT in the 80S and light polysome
fractions suggested that it may modulate the selectivity of DHX36 to resolve G4 structures in
target mMRNAs promoting/inhibiting their translation. In accordance with this idea, RNA-seq
following polysome profiling in LENT silenced cells showed a pronounced and selective
depletion of a set of mRNAs in the LP fractions. Association of many of these mRNAs with
the 80S and HP fractions was also reduced, but to a lesser extent. Of these mRNAs, 74 also
showed reduced interaction with DHX36 upon LENT silencing. In contrast, several mRNAs
whose association with DHX36 was up-regulated upon LENT silencing were enriched in the
80S, LP and HP fractions. Immunoblots showed that mRNAs whose engagement with the LP
fractions was promoted by LENT were less well translated upon its silencing and vice versa.

Together the above results support the idea that the LENT, via interaction with DHX36,
positively or negatively regulates engagement of mRNAs with polysomes and fine-tunes their
subsequent translation. However, not all of the mRNAs whose association with the LP fraction
was depleted displayed reduced interaction with DHX36 upon LENT silencing suggesting that
their interactions with DHX36 are less stable or take place only when they engage with the
ribosome. Despite this, these mRNAs are enriched in G4 sequences suggesting that they
nevertheless required DHX36-driven unwinding for engagement in the LP fraction.
Nevertheless, we cannot formally exclude the existence of alternative DHX36-independent
mechanism by which LENT regulates their polysome engagement. We note that it was
previously reported that DHX36 silencing often had only minor effects on translation of its

associated mRNAs. Quantitative mass-spectrometry revealed only marginal changes in
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translation of DHX36 associated mRNAs upon its silencing (28). Here the effects are even more
restricted as only a subset of DHX36 associated mRNAs were regulated by LENT, some
positively leading to increased translation and vice versa.

Despite the above caveats, the idea that the LENT-DHX36 axis regulates translation is
in accordance with previous studies reporting that DHX36 unwinds G4 structures in mRNA to
regulate their association with ribosomes and their translation in HEK293T and HeLa cells (28)
(43). Similarly, DHX36 binds and regulates translation of the mRNA encoding GNAI1 and
other mRNAs involved in skeletal muscle stem cell function (23). In these studies, silencing of
DHX36 was shown to fine tune translation suggesting that when silenced DHX36 function can
be carried out by one or several of the above-mentioned helicases. We rather showed how the
selectivity of DHX36 was regulated by LENT. Indeed, the changes in mRNA engagement with
polysomes seen upon LENT silencing were more pronounced than those reported for DHX36-
associated mRNAs in HeLa and HEK293T cells upon DHX36 silencing. Thus, when present,
DHX36 acts as a predominant mRNA G4 resolvase whose activity was modulated by LENT.

LENT is not the first IncRNA shown to affect DHX36 activity. Matsumura et al, (45)
identified a cytoplasmic G4-containing IncRNA designed GSEC that binds and inhibits DHX36
promoting motility of colon cancer cells. Similarly, SMaRT is a IncRNA that binds the G4 of
the MLX-y isoform preventing unwinding by DHX36 and repressing its translation in murine
muscle differentiation (46). Nevertheless, while GSEC and SMaRT seem to act as molecular
decoys to inhibit DHX36 function, LENT 1is unique in its ability to both positively and

negatively impact DHX36 function in an RNA selective manner.

LENT suppresses autophagy to promote melanoma cell survival.
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As described above, LENT promotes engagement of a collection of mRNAs with the
LP fractions. Strikingly, these mRNAs are strongly enriched in multiple aspects of ER and
protein homeostasis, encoding numerous subunits of several protein complexes or pathways,
such as SEL1-SYNV1 required for ERAD, TAP1, TAP2 and CALR involved in HLA transport
and antigen presentation, enzymes and machinery involved protein glycosylation or the SEC61-
NOMO multi-pass complex. Reduced translation of these mRNAs would be expected to lead
to accumulation of mis-folded and/or mis-localized proteins and ER stress. For example, down-
regulation of WFS1 has previously been shown to lead to reduced OxPhos capacity, increased
mitochondrial-lysosome contact and mitophagy similar to what was observed here (47) (48).
Consequently, a major phenotype of LENT silencing is autophagy and mitophagy that rapidly
appeared in LENT silenced cells associated with impaired OxPhos capacity.

A further consequence of impaired ER function and mitophagy is accumulation of
mitochondrial proteins in the cytoplasm and nucleus through their increased translation and/or
impaired ER-degradation leading to mPOS, proteotoxic stress and finally apoptosis that may
further involve activation of the DNA damage response. Our data therefore support the idea
that the major function of LENT is to fine-tune translation of these mRNAs and optimize
ER/protein homeostasis, maintain OxPhos capacity, suppress autophagy/mitophagy and
promote survival and proliferation of melanocytic melanoma cells.

Previous studies showed that IncRNA SAMMSON acts to coordinate cytoplasmic and
mitochondrial translation in melanoma cells to antagonize mPOS-mediated apoptosis (14) (13).
Here we show that LENT also regulates translation, but via a different mechanism, to
antagonize proteotoxic stress and autophagy-mediated apoptosis. Fine-tuning of translation and
protein homeostasis therefore seem to be critical IncRNA-regulated processes in proliferative
melanoma cells with a common feature being optimization of mitochondrial function and

OxPhos capacity.

119



Why melanocytic melanoma cells, as opposed to mesenchymal melanoma cells where
LENT is not expressed, specifically require fine-tuning of translation and high OxPhos capacity
is unclear. However, one likely possibility is that melanocytic melanoma cells, like normal
melanocytes, often synthesize melanin, a process that involves production of reactive oxygen
species rendering them particularly vulnerable to oxidative stress (49) (50). Optimization of
mitochondrial and ER function may therefore be essential to antagonize oxidative stress and
may therefore explain why proliferative melanoma cells exploit such diverse mechanisms to

optimize mitochondrial homeostasis and OxPhos capacity and ensure cell viability.

Materials and Methods

Analysis of the TCGA-SKCM cohort

For analysis of TCGA-SKCM, raw-counts were retrieved and primary tumors were separated
from distant metastasis samples. The raw-counts matrices were normalized by sequencing depth
using DESeq2 size-factors and then gene-counts were divided by median transcript length.
Consensus clustering was done in R using the ConsensusClusterPlus v3.17 package following
standard procedure. In short, matrices were filtered to keep only coding genes based on their
biotype annotation and the 5000 most variable genes were selected with the mad() function.
The matrices were median centered with sweep(), apply() and median() functions before
performing consensus clustering with ConsensusClusterPlus() using base parameters. The
number of clusters were selected based on the curve of cumulative distribution function in order
to define 4 clusters for primary tumors (CCP1-CCP4) and 5 clusters for distant metastasis
samples (CCM1-CCM5).

Cell culture and transfections

Melanoma cell lines SK-MEL-25, SK-MEL-25R, SK-MEL-28, and 501mel were grown in

RPMI1640 w/o HEPES medium supplemented with 10 % fetal calf serum (FCS) and
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gentamycin (40 pg/mL); IGR-37 and IGR-39 in RPMI1640 w/o HEPES medium supplemented
with 15% FCS and gentamycin (40 pg/mL). MMO11, MM117, MMO047, and MM099 were
grown in HAM-F10 medium supplemented with 10 % FCS, 5.2 mM glutamax, 25 mM Hepes,
and penicillin/streptomycin (7.5 pg/mL). M229, M229R, M249, and M249R were grown in
DMEM medium supplemented with glucose (4.5 g/L), 5 % FCS, and penicillin/streptomycin
(7.5 png/mL). A375 cells were grown in DMEM medium supplemented with glucose (4.5 g/L),
10 % FCS, and gentamycin (40 pg/mL). HEK293T cells were grown in DMEM medium
supplemented with glucose (1 g/L), 10 % FCS, and penicillin/streptomycin (7.5 ug/mL). HeLa
cells were grown in DMEM medium with glucose (1 g/L), 5 % FCS and gentamycin (40
pg/mL). To assess cell growth and viability, cells were stained with Trypan Blue (Invitrogen).
Trametinib (GSK1120212) and dabrafenib (GSK2118436) were purchased from Selleckchem.
SK-MEL-25, Sk-MEL-28, A375, and 501mel were obtained from ATCC, all other cell lines
were gifts from collaborators. All cell lines were regularly tested using the Venor GeM
Mycoplasma Detection Kit, and used at less than 10 passages.

ASO and siRNA were transfected using Lipofectamine RNAIMAX (Invitrogen) with 20 nM of
ASO (Qiagen) or siRNA (Thermo Fisher Scientific). ASO and siRNAs sequences are listed in
Supplementary Table S1. For ASO combination experiments, cells were transfected with 15
nM of LENT ASO and/or 15 nM of LENOX ASO and/or 5 nM of SAMMSON ASO. For
trametinib+dabrafenib-GapmeR cotreatment, cells were cultured for 3 days in presence or
absence of Dabrafenib (100 nM) + Trametinib (100 nM), transfected with 15 nM of GapmeR
and then cultured for additional 3 days before harvesting. Colony-forming ability was assessed
by plating 500 cells/9.6 cm?, wait for 10 days, fixing cells in formalin and staining with 0.05 %
Crystal Violet solution (Sigma Aldrich).

CRISPR interference
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501mel cells were co-transfected with a plasmid expressing dead Cas9 protein fused to the
Kruppel-associated box (KRAB) domain-containing KAP1 (dCas9-KAP1) and the red
fluorescent protein mScarlet (pX-dCas9-KRAB-Scarlet), together with another plasmid
expressing GFP and three single guide RNAs targeting the transcription start site of LENT
(pcDNA3-sgRNA-GFP) or a control plasmid expressing GFP only (pCMV-GFP). Double
Scarlet-GFP positive cells were sorted 24 hours after co-transfection, stained with Cell Trace
Violet and cultured for additional 96 hours.

Plasmid cloning and lentiviral transduction

For the ectopic expression experiment, LENT cDNA was cloned into the pCW57-GFP-P2A-
MCS vector (a gift from Adam Karpf; Addgene plasmid #71783; http://n2t.net/addgene:71783;
RRID: Addgene 71783). LENT shRNA (shLENT) or a scrambled control (shCTRL) were
cloned in LT3GEPIR (a gift from Johannes Zuber; Addgene plasmid #111177;
http://n2t.net/addgene:111177; RRID: Addgene 111177). Lentiviral particles were produced
in HEK293T cells, purified by ultracentrifugation, and resuspended in PBS. Lentiviruses were
titrated with flow cytometry by measuring the GFP signal intensity in HEK293T infected with
different dilutions of viruses. Melanoma cells were eventually infected at a multiplicity of
infection (MOI) of 1 and selected by puromycin addition to the media (I mg/mL) in every
following passage.

RNAscope

LENT and MITF RNAs were detected with the RNAscope assay (Advanced Cell Diagnostics,
ACD) according to the manufacturer’s protocol. Patient sections were deparaffinized, incubated
with hydrogen peroxide at room temperature for 10 minutes, boiled with target retrieval reagent
for 15 minutes, and then treated with protease plus reagent at 40 °C for 30 minutes. Sections
were hybridized with Hs-MITF probe (ACD, catalog no. 310951) and hs-LENT at 40 °C for 2

hours. Probes for Hs-LENT were custom designed by ACD. Hybridization signals were

122



amplified and visualized with RNAscope Multiplex Fluorescent Reagent Kit v2 (ACD, catalog
no. 323100). For co-detection of DHX36 with LENT, cells were fixed for 30 minutes with
formaldehyde 3.7 %, washed with PBS and incubated 10 minutes at room temperature with
H>0O,. After one wash in distilled water, primary antibody for DHX36 diluted in co-detection
diluent (1/200) was added o/n at 4 °C. Slides were washed in PBS + tween 0.1 % (PBST), fixed
in formaldehyde 3.7 % for 30 minutes, and washed again in PBST. Slides were treated with
protease III and washed with PBS. LENT hybridization signals were amplified following the
Multiplex Fluorescent Kit. Finally, DHX36 signal was developed by secondary antibody
incubation (diluted 1/2,000 in co-detection diluent), followed by tyramide signal amplification
(TSA Plus Kit, NEL760001KT, Perkin Elmer). Images were captured with a confocal (Leica
DMI6000) microscope. Mander’s and Pearson’s coefficients were calculated with the Fiji
software using the JACoP plugin.

Analysis of oxygen consumption rate in living cells

Oxygen consumption rate (OCR) was measured in an XF96 extracellular analyzer (Seahorse
Bioscience). 20,000 transfected cells per well were seeded 48 hours prior the experiment. The
cells were incubated at 37°C and the medium was changed to XF base medium supplemented
with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose for 1 hour before OCR profiling
with the Mitostress Test Kit sequentially exposed to 2 uM oligomycin, 1 pM carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone (FCCP), and 0.5 pM rotenone and antimycin A. Cells
were washed with PBS, fixed with 3 % PFA and permeabilized with 0.2 % triton. Nuclei were
counterstained with DAPI (1:500) and number of cells per well was determined with a Celomics
Cell Insight CX7 (Thermofisher Scientific).

Flow cytometry

To assess cell viability and proliferation, cells were stained with Cell Trace Violet (Invitrogen)

on the day of transfection, harvested after 72 hours and stained with Annexin V (BioLegend)
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and TOPRO-3 (Invitrogen) or the active caspase-3 Kit (BD Biosciences). Cells were analyzed
on a LSRII Fortessa (BD Biosciences) and data were analyzed with FlowJo software (TreeStar).
To analyse intracellular ROS, cells were stained in adherent conditions with CellRox Deep Red
(Thermo Fisher Scientific) at final concentration of 500 nM following manufacturer
instructions. After harvesting, cells were stained for active caspase-3 (BD Biosciences) and
analyzed on a LSRII Fortessa (BD Biosciences). To induce reactive oxygen species (ROS),
cells were treated with THBP (200 uM) for 30 minutes. To induce apoptosis, cells were treated
with staurosporine (500 nM) for 16 hours.

LENT pulldown and LC/MS-MS analysis

501mel cells were grown in 15 cm petri dishes, harvested by trypsinization, washed, pelleted,
resuspended in lysis buffer (TrisHCl 20 mM pHS, NaCl 200 mM, MgCI2 2.5 mM, Triton
0.05%, DEPC water) supplemented with fresh DTT (1 mM), protease and phosphatase inhibitor
cocktail (Thermo Fisher Scientific) and RNAsin (Thermo Fisher Scientific) and kept 20 minutes
on ice. For crosslinked pulldown, petri dishes were exposed to 400 mJ/cm? of UV radiation
with a CL-1000 crosslinker (254 nm lamp) and the concentration of NaCl in lysis buffer was
adjusted to 300 mM. Membranes were pelleted at 3,000 g for 3 minutes at 4°C and supernatant
precleared for 1 hour at 4 °C with 100 pg of streptavidin-coated sepharose beads (Cytiva). The
lysate was incubated 2 hours with streptavidin coated beads and 400 pmol anti-PCA3 or LENT-
specific DNA biotinylated oligonucleotides (listed in Supplementary Table S4). Beads were
pelleted for 3 minutes at 3,000 g and washed five times with lysis buffer. After final wash beads
were divided for RNA and protein extraction. RNA was purified by TRI Reagent and
isopropanol precipitation, digested with DNAse, reverse transcribed and analyzed by qPCR.
Proteins were eluted by boiling beads in Laemmli sample buffer and separated on NuPAGE
Novex 4% to 12% gradient gels. For mass spectrometry analysis, three independent

experiments were performed and the entire lane was excised after staining with Simply blue
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safe stain solution (Invitrogen). Analysis was performed at the Harvard Medical School Taplin
Mass Spectrometry Facility, as described previously (9, 15).

IGR37 xenograft model and ASO treatment

Swiss nude mice were purchased from Charles River Laboratories (France) and housed under
specific pathogen-free conditions. Animal care, use, and experimental procedures were
conducted in accordance with recommendations of the European Community (86/609/EEC),
European Union (2010/63/UE) and the French National Committee (87/848). The ethics
committee of IGBCM in compliance with institutional guidelines approved animal care and use
(APAFIS#2023010611181767). Mice were injected on the rear flank with 3x10° IGR37 cells
resuspended in 100 pL of 1x PBS + Cultrex Basement Membrane Extract (ref. 3432—005-01;
R&D Systems) with a 1:1 ratio. Tumor growth was monitored by caliper measurement every
two days and volume was calculated with the formula: (4/3 m) * (length/2) * (width/2) *
(height/2). After tumors reached 100 mm?, mice were injected subcutaneously every two days
with 15 mg/kg of ASO closed to the tumor for the LENT group, or not injected for the control
group. After two weeks of treatment, mice were sacrificed and primary tumors were dissected
and mechanically lysed in TRI Reagent for RNA extraction or LSDB for protein extraction.
Immunofluorescence of fixed and live cells

Cells grown on Millicell EZ slides (Millipore) were fixed with 4 % paraformaldehyde for 15
minutes. After two washes with PBS buffer, they were permeabilized in PBS + Triton X-100
0.1 % for 5 minutes and blocked with PBS + 10 % FCS for 20 minutes. Primary antibodies
were incubated overnight at 4 °C and after three washes with PBS + Triton 0.1%, cells were
stained for 1 hour at room temperature with Alexa Fluor-488 conjugated secondary antibodies
(Life technologies) diluted 1/500 in PBS + 10 % FCS. After three washes with PBS + Triton
0.1%, cells were stained with DAPI (final concentration 1 pg/mL) and mounted on microscopy

slides with Prolong Gold antifade reagent (Invitrogen). Anti-DHX36 (13159-1-AP) and anti-
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HSP60 were diluted 1/200 in PBS + 10 % FCS. Images were captured with a confocal (Leica
DMI6000) microscope. DHX36 enrichment at mitochondria was calculated with the ratio of
the DHX36 signal overlapping with HSP60 signal over the total DHX36 signal for each cell on
field.

For lysotracker + mitotracker experiment, live cells were incubated in medium complemented
with Lysotracker Deep Red 1/20 000, Mitotracker Green FM 1/10 000 and Hoechst 33342 1/10
000 for 1 h, washed and then observed with a confocal microscope inside a chamber at 37 °C
with 5 % COa.

Transmission Electron Microscopy

Samples were fixed by immersion in 2.5 % glutaraldehyde and 2.5 % paraformaldehyde in
cacodylate buffer (0.1 M, pH 7.4), washed in cacodylate buffer for further 30 minutes. The
samples were postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 hour at 4 °C
and dehydrated through graded alcohol (50, 70, 90, and 100%) and propylene oxide for 30
minutes each. Samples were oriented and embedded in Epon 812. Semithin sections were cut
at 2 um and ultrathin sections were cut at 70 nm (Leica Ultracut UCT) and contrasted with
uranyl acetate and lead citrate and examined at 70 kv with a Morgagni 268D electron
microscope (FEI Electron Optics, Eindhoven, the Netherlands). Images were captured digitally
by Mega View III camera (Soft Imaging System).

RNA extraction and RT-qPCR

Total RNA isolation was performed using TRI Reagent (MRC) and isopropanol precipitation,
according to the manufacturer protocol. Pelleted RNAs were resuspended in water and DNA
was depleted using the TurboDnase Free Kit (Thermo Fisher Scientific). RNA was then reverse
transcribed with the Superscript IV reverse transcriptase (Thermo Fisher Scientific) following
manufacturer instructions. qPCR was carried out with SYBR Green I (Roche) and monitored

by a LightCycler 480 (Roche). Target gene expression was normalized using TBP, HBMS, and
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RPL13A as reference genes. For polysome profiling normalization was performed using
mRNAs encoding GAPDH, TBP and HMBS. Primers for RT-qPCR are listed in the
Supplementary Table S2.

Protein extraction and Western blotting

Whole cell extracts were prepared by freeze—thaw technique using LSDB 500 buffer [S00 mM
KCl, 25 mM Tris at pH 7.9, 10 % glycerol (v/v), 0.05 % NP-40 (v/v), 16 mL DTT, and protease
inhibitor cocktail]. Lysates were subjected to SDS-PAGE and proteins were transferred onto a
nitrocellulose membrane. Membranes were incubated with primary antibodies in PBS + 5 %
BSA +0.01 % Tween-20 o/n at 4°C. The membrane was then incubated with HRP-conjugated
secondary antibody (Jackson ImmunoResearch, 1/2000) for 1 hour at room temperature, and
visualized using the ECL detection system (GE Healthcare). Antibodies used are listed in
Supplementary Table S3.

Mitochondria fractionation

Mitochondria were isolated with the Mitochondria Isolation Kit (Thermo Fisher Scientific)
following manufacturer instructions. Briefly, harvested cells were washed and pelleted,
resuspended in buffer A, and incubated 2 minutes on ice. Buffer B was added for 5 minutes,
vortexing every minute, and diluted with buffer C. Nuclei were pelleted 10 minutes at 700 x g
and supernatant centrifuged for 15 minutes at 3,000 x g. Purified mitochondria were washed in
buffer C and lysed in CHAPS 2%.

For mitochondrial protein content analysis after digitonin treatment, mitochondria were purified
as described above. Then, purified mitochondria were digested on ice for 15 minutes with
increasing concentrations of Digitonin (Invitrogen) in mitochondria isolation buffer (210 mM
Mannitol, 70 mM Sucrose, | mM EDTA, 10 mM HEPES and protease inhibitors cocktail).

Digested mitochondria were pelleted by centrifugation (13 000 g for 10 minutes) and the
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supernatant was removed. Digested mitochondria were then lysed and the protein content was
analyzed by SDS-PAGE.

For the trypsin treatment, mitochondria were also prepared following the Mitochondria
Isolation kit. Mitochondria were subsequently digested 20 minutes on ice with 50 pg/mL
Trypsin diluted in mitochondria isolation buffer. Digestion was stopped by adding 120 pg / mL
of soybean trypsin inhibitor. Pellets were centrifuged 10 minutes at 13 000 g at 4 °C, and lysed
as described above. For cell swelling conditions, mitochondria were digested with trypsin
diluted in HEPES-KOH 20 mM at pH 7.5 instead of mitochondria isolation buffer.
Identification of RNAs associated with DHX36

Cells were grown in 15 cm petri dishes, harvested by scraping, resuspended in lysis buffer (20
mM Tris-HCI pH 8, 200 mM NaCl, 2.5 mM MgCl2, 0.05 % Triton, DEPC water) supplemented
with DTT (1 mM), protease/phosphatase inhibitor cocktail (Thermo Fisher Scientific) and
RNAsin (Thermo Fisher Scientific) and kept on ice for 15 minutes, pipetting every 3 minutes.
Membranes were pelleted 10 minutes at 10,000 g at 4 °C and the supernatant precleared 1 hour
at 4 °C with protein G magnetic beads (Invitrogen). Lysate was quantified by Bradford protein
quantification assay (Bio-Rad) and incubated overnight on a rotating wheel at 4 °C with 5 pg
of the indicated antibodies. Then, 50 pL of resuspended Protein G magnetic beads were added
for 3 hours to isolate RNA — protein complexes and washed five times in lysis buffer. After
final wash, RNA was purified by TRI Reagent + isopropanol precipitation and proteins eluted
by boiling beads at 95 °C for 15 minutes in Laemmli buffer.

For RNA sequencing, RNAs were obtained from 501mel cells expressing a control shRNA or
an shRNA targeting LENT following the method described above. RNA profiles were
determined by using a 2100 Bioanalyser. rRNAs were depleted with the Ribo-Zero Plus rRNA

depletion kit (Illumina) and the libraries were prepared with the library prep mRNA ultralow
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Smarter kit (Takara). Sequencing was performed on a NextSeq 2000 high throughput sequencer
(Illumina). Analyses were performed as described in the next paragraph.

Bulk RNA sequencing data

Gene expression in 501mel cells transfected with control or LENT-targeting ASO was analyzed
by RNA-seq. After sequencing raw reads were pre-processed in order to remove adapter and
low-quality sequences (Phred quality score below 20) using cutadapt version 1.10. and reads
shorter than 40 bases were discarded. Reads were mapping to rRNA sequences using bowtie
version 2.2.8, were also removed. Reads were mapped onto the hgl19 assembly of Homo sapiens
genome using STAR version 2.5.3a. Gene expression quantification was performed from
uniquely aligned reads using htseq-count version 0.6.1pl, with annotations from Ensembl
version 75 and “union” mode. Only non-ambiguously assigned reads were retained for further
analyses. Read counts were normalized across samples with the median-of-ratios method.
Comparisons of interest were performed using the Wald test for differential expression and
implemented in the Bioconductor package DESeq2 version 1.16.1. Genes with high Cook’s
distance were filtered out and independent filtering based on the mean of normalized counts
was performed. P-values were adjusted for multiple testing using the Benjamini and Hochberg
method.

Motif enrichment analysis

To identify RIP-seq genes containing G-quadruplex regions, we first retrieved publicly
available RIP-seq data for DHX36 reported by Varshney et al (16) from GEO (accession:
GSE154570). We then performed de-novo motif analysis using the MEME-ChIP algorithm on
DHX36 RIP retained RNAs identifying the G-quadruplex motif “CCGCCGCY” and generating
the associated probability matrix. Lastly, we used the FIMO algorithm to find this motif in the
5’UTR regions of genes identified in the DHX36 RIP-seq analysis.

RNA in-vitro transcription and purification
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Double-stranded DNA molecules (gBlocks) containing LENT WT or LENT AG sequences
were ordered from Integrated DNA Technologies and used as PCR templates to generate RNA
by in-vitro transcription. DNA constructs were designed with the T7 RNA polymerase promoter
sequence. After run-off transcription, RNAs were purified by denaturing polyacrylamide gel
electrophoresis (PAGE) and extracted by the “crush and soak method” as described (17). For
EMSA experiments, the purified RNA transcripts were labelled at their 5’ end by addition of a
radioactive cap using the Vaccine Capping Enzyme with the ScriptCap m7G capping system
from CELLSCRIPT in the presence of [32P] aGTP (>6000 Ci/mmol). The 5'-radiolabelled
transcript was separated from enzyme and free nucleotides by Bio-Spin 6 Columns (Biorad).
DHX36 Protein Expression and Purification

The inducible expression plasmid (pDHX36 54-989), encompassing the sequence of the human
protein (aa 54 to 898) with a His6-SUMO N-terminus tag (18), was generously provided by
Rick Russell. Recombinant protein expression was carried out in BL-21 DE3 Rosetta2 pLysS
cells (Merck). Cells were grown at 37 °C until reaching an OD-600 nm value of 0.9.
Subsequently, the temperature was lowered to 18 °C, and protein expression was induced by
adding 0.5 mM IPTG for 16 hours. Cells were harvested by centrifugation, and the pellet was
resuspended in lysis buffer [SO mM Tris-HCI1 pH 8.0, 1 M NaCl, 10 % Glycerol, 10 mM 2-
Mercaptoethanol, I mM CaCl2, 10 pg/mL Dnase I (Merck), 1x Halt-Protease (Pierce)] before
being lysed by sonication at 4 °C. The lysate was clarified by centrifugation, and nucleic acids
were precipitated using 0.1 % polyethyleneimine and removed by centrifugation. The
supernatant was then passed through a Ni-NTA column (Protino, Macherey-Nagel) equilibrated
with buffer A (50 mM Tris-HCI pH 8.0, 1 M NacCl, 10 % Glycerol). After extensive washing
with the equilibration buffer, the protein was eluted with buffer A supplemented with 300 mM
Imidazole. Factions containing the protein were treated with ULP Protease at a ratio of 1:500

(W/W) and digested/dialyzed overnight at 4 °C in buffer B (50 mM Tris-HCI pH 8.0, 350 mM

130



NaCl, 10 mM 2-Mercaptoethanol, 10 % Glycerol). The DHX36 54-989 protein, liberated from
its N-terminal tag, was separated on a NINTA column equilibrated with buffer B, with the
protein predominantly found in the flow-through fractions. Further purification was
accomplished via chromatography on a Heparin affinity column (Hitrap HP, Cytiva). The
DHX36 54-989 protein was eluted by a linear gradient from 10 to 500 mM NaCl in buffer (50
mM Tris-HCI pH 8.0, 10 % Glycerol, 10 mM 2-Mercaptoethanol), resulting in a symmetrical
peak, and isolated at the end of the gradient. The protein fractions were concentrated in the
elution buffer to a final concentration of 7 uM (concentration determined using OD at 280 nm,
extinction coefficient 108180 M-1cm-1), snap-frozen in liquid nitrogen, and stored at -80°C.
The identity of the final purified protein was confirmed by mass spectrometry analysis
(performed at Strasbourg-Esplanade Proteomics Facility). Dynamic light scattering (DLS) was
used to investigate the solubility of the purified protein.

EMSA

5’ end labeled LENT WT and/or LENT AG RNA (10,000 cpm; < 3 nM) and a molar excess of
oligo(dT) in 8 pul of milli-Q (Millipore) water were heated for 2 min at 90 °C and chilled on ice
for 2 min. After addition of tenfold concentrated refolding buffer (50 mM MES/NaOH pH 6,
100 mM KOAc, 1 mM Mg(Oac); and one unit of Rnasin (Promega), RNA was renatured for
15 min at RT. 10 pl of RNA was finally incubated 30min in ice with increasing concentrations
of DHX36 (0-125nM) in twofold concentrated binding buffer (final concentration: 50mM
Tris/HCI1 pH8, 150mM NaCl, 10% glycerol, 10mM B-mercaptoethanol). Electrophoresis was
performed in TBM (89 mM Tris base, 89 mM boric acid and 1 mM Mg(Oac),) buffer at 120 V
for 5 h at 4 °C. Results were analyzed by phosphorimaging. Quantitative analysis was
performed using ImageLab software (Biorad).

Sucrose density gradient ribosome profiling
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Cells were washed twice with PBS, harvested by scraping and rapidly centrifuged at 300 g for
5 min at 10 °C. The resulting pellet was resuspended in lysis buffer (20 mM HEPES/NaOH pH
7.4,100 mM KOAc, 1 mM DTT, 0.5 mM Mg(Oac)2, 100 U of Recombinant Rnasin (Promega)
and Halt Protease inhibitor cocktail (ThermoFisher)). Cell lysis was performed by
nitrogen cavitation with 4639 Cell Disruption Vessel (Parr Instrument Company) at 350 psi for
50 min, stirring with a small magnet at 500 rpm in a cold room (4 °C). Lysate was then
centrifuged at 1000 g for 5 minutes and the supernatant was recovered avoiding the foam
(membranes) and the pellet (nuclei). After an incubation of 5 min at 30 °C, 20-30 OD260 of
cell extracts from both cell lines were gently layered over 7-47 % sucrose gradients in buffer T
(25 mM Hepes/NaOH pH 7.4, 79 mM KOAc, 2.5 mM Mg(Oac)2, 1 mM DTT, 3 U/ul Rnasin
(Promega). Gradients were centrifuged at 37000 rpm (Beckman, SW41T1i) for 2 h and 30 min
at 4 °C. After centrifugation, 45 fractions (0.25 ml/ fraction) were collected on a BIOCOMP
gradient fractionator equipped with an UV detector. For RNA-seq, biological triplicate
ribosome profiling was performed from control or shLENT-silenced cells as described above.
RNA from three fractions corresponding to the 80S, light or heavy polysome fractions was
pooled and sequenced using the Ribo-Zero Plus rRNA depletion kit (Illumina) as described

above.

Statistics
All tests used for statistical significance were calculated using GraphPad Prism10 and indicated
in the figure legends along with p values (****p <0.0001, ***p <0.001, **p <0.01, *p <0.05,
ns: p>0.05).
Resources.

All oligonucleotides and antibodies used are listed in Supplementary Tables 1-4.

Data availability.
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The datasets generated during and/or analyzed in this study are available from the
corresponding author 1. Davidson upon request. The RNA-seq data described in this paper have

been deposited with the GEO data base under the accession number GSE270716.

Table 1
GapmeR/siRNA/ShRNA Sequence
ASO NEG AACACGTCTATACGC
ASO LENT 1 TTTGATGAGTGAGTCG
ASO LENT 2 GAGTCGCTGAGAATTA
ASO LENOX GTAGAGGCTAGAACTG
ASO SAMMSON GTGTGAACTTGGCT
shSCR ATTACGTCTGTCATGAACCTC
ShLENT CCTTCCAAGCATTGCCTTTAT
siCTRL UGGUUUACAUGUUGUGUGA
siDHX36 CGGCAUGUGGUACGCGAAA
Table 2
RT-gPCR Primers Sequence
GAPDH_F ACAACTTTGGTATCGTGGAAGG
GAPDH_R GCCATCACGCCACAGTTTC
RPL13a_F TTGAGGACCTCTGTGTATTTGTCAA
RPL13a R CCTGGAGGAGAAGAGGAAAGAGA
HMBS_F GGCAATGCGGCTGCAA
HMBS_R GGGTACCCACGCGAATCAC
TBP_F CGGCTGTTTAACTTCGCTTC
TBP_R CACACGCCAAGAAACAGTGA
LENOX _F ACCTAACCTGCGAATGCTGT
LENOX R GCCTAAACATTTGCTGCCCC
LENT_F CAATGCTTGGAAGGCGTGAT
LENT_R AAACGTATGGCCACCTCTGA
MALAT1 F GGATTCCAGGAAGGAGCGAG
MALAT1_R ATTGCCGACCTCACGGATTT
UBE4A_F GAGAGCCAAGGAAGAGATTACCA




UBE4A R CTTGTTCATGTACTCACGGGC
RBPJ_F GGAAAGAGCAAAGGAGGGGA
RBPJ_R TCACCAAATTTCCCAGGCGA
NOX4_F CACCAGATGTTGGGGCTAGG
NOX4_R CTCCTGGTTCTCCTGCTTGG
SDHB_F AGGATCTTGTTCCCGATTTGAG
SDHB_R CGTAGAGCCCGTCCAGTTTC
ATP5A_F CTGCAAAGATGCTGTCCGTG
ATP5A_R GCATTTCTGGAGACCAGTCC
UQCRC2_F CCAAGCTGCCAAGAACAAGC
UQCRC2_R CAGCAACTAGAGCCTGGGAC
Table 3
Primary Antibodies Host | Application | Dilution Lot number
DHX36 (13159-1-AP) Rabbit WB 1/1000 00004147
IF 1/200
IP 5 pg/mL
CARF (BE-A303-861A- | Rabbit WB 1/1000 1
M)
RAP2 (sc-515711) Mouse WB 1/1000 B4397
HSP60 (in house) Mouse WB 1/500 AMTE-2H7
IF 1/100
VINCULIN (\4505) Mouse WB 1/5000 099M4850V
ACTIN (in house) Mouse WB 1/1000 1ACT-2D7
COX IV (ab202554) Rabbit WB 1/1000 GR3342068-1
UBE4A (sc-365904) Mouse WB 1/1000 C3117
IF 1/200
NOX4 (NB110-58849) Rabbit WB 1/1000 D134519
IF 1/200
EIF4A2 (ab31218) Rabbit WB 1/1000 GR3383097-1
RPL36 (PA5-117106) Rabbit WB 1/2000 WG3327290E
C1QBP (A302-863A) = | Rabbit WB 1/1000 1
p32 IF 1/200
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TOMM20 (H00009804- | Mouse WB 1/1000 HC5202153D
MO01)
RBP-Jk (sc-271128) Mouse WB 1/500 A2220
IF 1/100
OXPHOS (45-8199) Mouse WB 1/1000 VVB2939036
LC3B (ab51520) Rabbit WB 1/5000 GR3374012-2
gH2AX (ab22551) Mouse WB 1/1000 GR3358071-2
IF 1/100
FUNDCL1 (NBP1-81063) | Rabbit WB 1/500 000042870
CTSD (2284) Rabbit WB 1/1000 2
WEFS1 (26995-1-AP) Rabbit WB 1/500 00096359
HSPA5 (HPA038845) Rabbit WB 1/500 A83196
Normal Rabbit 1gG (12- Rabbit IP 5 ug/mL 3493998
370)
1
Table 4
RNA pulldown Probes Sequence
PCA3-1 GCACTTGCTATTTCTTCTGT
PCA3-2 CTCTGTTTTTCTGATGCCAG
PCA3-3 TGTTTGTTGCATGTCTTGTG
PCA3-4 ATTCTTTATTGCCAGGAGTG
PCA3-5 TATGCATATTGTGGTTGTCC
PCA3-6 TGTCTGAATCCTCTCCAAAC
PCA3-7 GCTAGCATCCATAATAGGAG
PCA3-8 TTGCATGCATGTACCACAAG
LENT-1 GAAATGTACACCATGCTGGG
LENT-2 TTATTTTGCTCCTTGCTGTT
LENT-3 TGAGACCCCAAAGAGGGAAA
LENT-4 CCTTGCTGTTCTCGAAAGAT
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LENT-5 CCTGGCTTTGATGATTCAGT

LENT-6 GGCAATGCTTGGAAGGCG

LENT-7 TTGCCACCAATCTCTCTG

LENT-8 GCGTGATAAGCTACCCAG

LENT-9 CAGAGGTGGCCATACGTTTG

LENT-10 GCTTGATGGGGAGAAGGAAG
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Figure 1: LENT depletion impairs melanoma cell proliferation and survival. A. LENT
levels measured by RT-qPCR after dCas9-KAP1-mediated LENT silencing compared by
paired t-test. B. Colony formation assay upon dCas9-KAP1l-mediated LENT silencing,
compared by one-way ANOVA (Dunnett test). C. LENT levels measured by RT-qPCR after
ASO-mediated depletion with two independent ASOs. D-E. Measurement of slow proliferating
or apoptotic cells by flow cytometry upon ASO-mediated LENT depletion compared by one-
way ANOVA (Dunnett test). Melanocytic cell lines are represented in blue and mesenchymal
cells are colored in orange. F-G. Tumour volumes in mice with IGR37 CDX tumours were
measured at the indicated number of days following initial injections of LENT-targeting ASO.
Tumours were weighed following sacrifice at day 14. Following the first ASO injection.
Volumes were compared by two-way ANOVA and weights by Mann-Whitney test. H-I. Same
measurements as for D-E but after ASO-mediated depletion of the indicated IncRNAs at sub-
optimal ASO doses, compared by one-way ANOVA (Dunnett test). *, P < 0.033; ** P <

0.0021; *** P <0.0002; **** P <0.0001.
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Figure 2: LENT interacts specifically and directly with the G4 resolvase DHX36. A.
Measurement of IncRNA levels by RT-qPCR after RNA pulldown with control probes (PCA3)
or LENT-targeting probes by two-way ANOVA. B. LC/LC Mass spectrometry analysis of
peptides retrieved after biological triplicate pulldown of PCA3 or LENT. C. Immunoblot
showing protein enrichment after the indicated RNA pulldowns, in native or UV crosslinked
conditions. D. Native LENT pulldown upon ectopic expression of GFP or LENT in HEK293T
cells. E. Enriched IncRNAs analysed by RT-qPCR after DHX36 immunoprecipitation
compared with a control IgG by unpaired t-test. F. DHX36 immunoprecipitation using a
specific antibody showing DHX36 enrichment by immunoblot. G. EMSA assay performed with
T7 in vitro transcribed WT or mutated LENT in presence of increasing concentrations of
purified truncated DHX36. The potential G4-forming structure predicted by PQSfinder in
LENT isoform 5 sequence is indicated in red. The mutated LENT sequence used for the EMSA
with the three guanines mutated in adenines underlined. *, P < 0.033; ** P <0.0021; *** P <

0.0002; **** P <(0.0001.
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Figure 3: LENT modulates association of RNA with DHX36. A. Volcano blot showing
RNAs enriched or depleted in the DHX36 IP vs control IgG IP. P-values were derived using
the Wald test and adjusted using Benjamini-Hochberg FDR correction. B. Gene ontology
analysis by EnrichR software of the 500 most enriched RNAs in the DHX36 IP. C. Volcano
blot showing RNAs enriched or depleted in the DHX36 IP upon shRNA-mediated LENT
silencing. P-values were derived using the Wald test. D. KEGG pathways by EnrichR of RNAs

enriched or depleted in DHX36 IP upon LENT depletion.
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Figure 4: LENT regulates polysome engagement of a subset of mRNAs. A. Bio-analyser
analyses of precipitated RNA show strong enrichment of 18S and 28S rRNAs in the DHX36 IP
but not the control IgG IP. B. Sucrose gradient separation of ribosomes with rRNAs measured
by UV-light spectrometry. C. Immunoblots for DHX36, the initiation factor EIF4A2 and the
large ribosomal subunit RPL36 after polysome separation. EIF4A2 is enriched in the 40S and
RPL36 in the 80S and heavier polysome fractions. D. Presence of LENT or GAPDH mRNA in
fractionated ribosomes as measured by RT-qPCR. E. Representative sucrose gradient
separation of ribosomes with rRNAs measured by UV-light spectrometry. Fractions pooled for
the 80S, LP and HP are indicated. F. Volcano blot showing RNAs enriched or depleted in the
LP fraction from control or shLENT cells. G. Gene ontology analysis by EnrichR software of

the 383 depleted RNAs in the ShLENT LP fraction.
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Figure 5: LENT fine-tunes translation of mRNAs differentially associated with polysomes.
A. A. RNA-seq data showing the representation of LENT in the 80S, LP and HP fractions. The
normalized number of reads are shown along with the adjusted p-value between the control and
shLENT conditions. B. Venn diagrams comparing RNAs modulated in the DHX39 RIP in
presence or absence of LENT silencing with those differentially present in the 80S and LP
fractions. C-F. RNA-seq data showing the representation of the indicated RNAs in the 80S, LP
and HP fractions. The normalized number of reads are shown along with the adjusted p-value
between the control and shLENT conditions. G. Immunoblots of the indicated proteins 48 hours
following ASO-mediated LENT silencing in 501Mel cells. H. Immunoblots of the indicated
proteins 48 hours following ASO-mediated LENT silencing in the IGR37 cell line or extracts
from IGR37 CDX tumours from control or LENT ASO-injected mice. I. Expression of the

indicated RNAs in ASO control or ASO LENT transfected cells represented as fold-change.
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Figure 6: LENT and DHX36 are mainly localized at mitochondria in melanoma cells. A.
Immunofluorescence by confocal microscopy showing DHX36 localization in different cell
lines. HSP60 is used as a mitochondria marker and DAPI to stain the nucleus. Scale bars = 10
uM. B. DHX36 signal was quantified in the whole cell and divided by the signal in
mitochondria or in the nucleus. Each measured cell is represented by one point and groups
compared by one-way ANOVA (Dunnett test). *, P <0.033; ** P <0.0021; *** P <0.0002;
xRk P <0.0001. C-D. DHX36 and LENT levels quantified by immunoblot or RT-qPCR in
cytosolic or mitochondrial fractions of different cell lines. E. Purified mitochondria were
digested with increasing concentrations of digitonin and retained proteins were analyzed by
western blot. F. Purified mitochondria were digested with trypsin with or without cell swelling

buffer and remaining proteins were analyzed by western blot.
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Figure 7: LENT depletion induces mitophagy and reduces oxygen consumption rate. A.
Transmission electron microscopy of 501Mel cells 48 hours following transfection of control
or LENT-targeting ASO. Autophagosomes and degraded melanosomes were observed in LENT
silenced cells. Scale bars are indicated on the images. B. Quantification of cytosolic LC3B
(LC3-I) and lipid-associated LC3B (LC3 II) by western blot in 501Mel or MM117 cells.
Vinculin is used as a loading control. C. LC3B immunoblot in extracts of IGR37 CDX tumours.
D. Confocal microscopy of unfixed 501Mel cells stained with lysotracker and mitotracker in
control or LENT silenced conditions. The numbers of co-localizing lysosomes and
mitochondria was determined and compared between the two conditions by Welch’s test. Scale
bars = 10 uM. E. Oxygen consumption rate was determined upon LENT or DHX36 silencing.
Reserve capacity was obtained by subtracting the maximal capacity with the basal capacity.
Comparisons were done by one-way ANOVA (Dunnett test). *, P <0.033; ** P <0.0021; ***,

P <0.0002; **** P <0.0001.
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Figure 8: LENT depletion triggers DNA damage and accumulation of OxPhos proteins.
A. Immunoblots detecting the indicated proteins in control or LENT depleted cells. Panels show
different exposures of the same immuoblot. B. Immunoblots detecting mitochondrial electron
transport chain proteins in extracts from IGR-37 CDX tumours. C. RNA-seq data showing the
representation of the indicated RNAs in the 80S, LP and HP fractions. The normalized number
of reads are shown along with the adjusted p-value between the control and shLENT conditions.
D. OxPhos proteins were detected by confocal microscopy immunofluorescence in control or
LENT-silenced cells. Proteins were quantified in the nucleus using the DAPI signal and
comparisons were made by Mann-Whitney test. Scale bars = 10 uM. E. Immunoblot of
ATP5AL1 in cytosolic or mitochondrial fractions upon LENT depletion. Ponceau is shown as

loading control. *, P <0.033; ** P <0.0021; *** P <0.0002; **** P <0.0001.
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Figure S1: LENT expression is the highest in melanocytic cells of skin cutaneous
melanoma. A. UCSC screenshot of the indicated ChIP-seq tracks from Laurette et al (9) at the
LENT locus illustrating binding of MITF and BRG1. B. LENT expression in tumors and normal
tissues were retrieved from the GTEX and TCGA databases and compared by one-way
ANOVA (Dunnett test). C. RNA-seq data from GSE98394 shows LENT levels in benign nevi
compared to melanoma by Mann-Whitney test. D. scRNA-seq data from GSE116237 shows
LENT expression in the different cell populations. Melanocytic subtypes are shown in blue and
mesenchymal subtypes in orange. E. scRNA-seq data from EGAD00001009291 from Pozniak
et al (7) shows LENT expression in the different cell populations. F. LENT levels were
determined by RT-qPCR in a collection of melanoma cell lines. Melanocytic are in blue and
mesenchymal in orange. G. RNAscope coupled with confocal microscopy to detect LENT and
MITF mRNA in sections from normal skin and melanoma. Nuclei are stained with DAPI. Scale
bars are shown on each image. H. RNAscope coupled with confocal microscopy to detect
LENT RNA in 501Mel or HeLa cells along with the negative and positive control reactions
provided by the supplier. Nuclei are stained with DAPIL. I. LENT isoform expression in
melanoma cell lines and in RNA-seq from patients (GSE98394). Isoforms are represented with
the Ensembl genome browser interface. Comparisons were made by one-way ANOVA (Dunn’s

test). *, P <0.033; **, P <0.0021; *** P <0.0002; **** P <0.0001.
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Figure S2: LENT expression is highest in OxPhos enriched cells and correlates with
melanoma patient survival. A and C. Data from the SKCM TCGA were separated into
primary tumor and metastases. Unsupervised clustering of the RNA-seq data from the two
groups was performed and the identity of the cell populations derived from GSEA Hallmark
analyses of the differentially expressed genes. Heatmaps show the expression of the indicated
genes as a Z-scored heatmap in the identified cell populations. B and D. Kaplan-Meier curves
for overall survival in patients according to LENT expression score using the optimal cut point
method with the associated log-rank p-value from the univariate Cox proportional-hazard

model. The number of patients in each group are indicated.
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Figure S3: Gain and loss of LENT in melanoma cells. A. ASO-mediated depletion of LENT
was performed in the indicated cell lines with two independent ASOs and cell numbers were
counted after 48h and compared with a control condition by one-way ANOVA (Dunnett test).
B. ASO-mediated depletion of LENT triggers apoptosis as shown by annexin V + PI staining
coupled with flow cytometry and compared with a control condition by one-way ANOVA
(Dunnett test). C. LENT was silenced by a Dox-inducible shRNA and LENT levels quantified
by RT-gPCR. Comparison of colony formation following Dox-induced expression of control
or LENT-targeting shRNA by unpaired T test. D. Ectopic expression of LENT in the indicated
cell lines was measured by RT-qPCR using a cell line with GFP inducible as a control. E.
Colony formation upon ectopic LENT expression was performed in the indicated cell lines and
compared the GFP control by one-way ANOVA (Dunnett test). F. LENT levels in the IGR-37
CDX were measured by RT-qPCR and association with tumour weight was performed by linear
regression. G. Cell proliferation was assessed after ASO-mediated LENT silencing in
combination with the indicated drugs. Comparisons were done by two-way ANOVA. * P <

0.033; **, P <0.0021; *** P <0.0002; **** P <0.0001.
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Figure S4: LENT silencing does not regulate gene expression. Volcano blot showing RNAs

enriched or depleted in 501Mel cells transfected with control or LENT targeting ASO. P-values

were derived using the Wald test.
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Figure S5: DHX36 purification and LENT sequence prediction. A. Comassie blue staining
of an SDS-PAGE of purified DHX36 protein indicated by the red arrow. B. Upper panel,
dynamic light scattering analysis of protein size distribution with Polydispersity index (%Pd)

for purified DHX36; lower panel the autocorrelation function.
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Figure S6. Presence of potential G4-forming structures in DHX36 associated RNAs. A.
Correlation between RNA expression level and enrichment in the DHX36 RIP calculated by
linear regression. B-C. The % of RNAs harboring the DHX36-interaction motif shown in B in
the S’UTR of the indicated sets of RNAs was determined by the Fimo algorithm. D. G4
prediction by PQSfinder in the DHX36 mRNA sequence. Guanines implicated in potential G4
structures are represented in parenthesis. E. Venn diagram representing the overlap between
RNAs enriched in the DHX36 RIP dataset reported here and the indicated data sets of potential
G4-containing RNAs. 341 genes are shared between the all four datasets. F. Gene ontology
analysis by EnrichR of the 341 common genes. G. Venn diagram showing the overlap between
the 500 most enriched RNAs in the 501Mel DHX36 RIP seq compared to the HeLa DHX36
RIP dataset (28). H-I. Ontology analysis of the mRNAs specific to the 501Mel or HeLa datasets
J. Analysis by QUADRatlas of the top 100 RNAs enriched in DHX36 RIP, control IgG RIP,
or RNA whose association with DHX36 was modulated by LENT silencing. Not all genes were
mapped by the algorithm explaining why the number of predicted or experimental G4s is not

represented as a fraction of 100.
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Figure S7. Effect on LENT silencing on ribosome engagement of RNAs. A-B. Volcano plots
showing RNAs enriched or depleted in the HP and 80S fractions from the control or shLENT
cells. C-E. RNA-seq data showing the representation of the indicated RNAs in the 80S, LP and
HP fractions. The normalized number of reads are shown along with the adjusted p-value
between the control and shLENT conditions. F. KEGG ontology analyses of the 74 RNAs
commonly regulated by LENT in DHX36 IP and polysome profiling. G. QUADRAatlas of the

383 RNAs depleted in the LP fractions.
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Figure S8: Effects of LENT depletion on DHX36 localization or protein level. A.
Immunofluorescence by confocal microscopy showing DHX36 localization in control or LENT
depleted cells. HSP60 is shown as mitochondria marker. Quantification was made by
measurement of the total DHX36 signal over the DHX36 signal in mitochondria and compared
to control by Mann-Whitney test. Scale bars = 2 uM. B. Immunoblot showing DHX36 levels
upon depletion of LENT or DHX36. HSP60 used as a loading control. C. LENT and DHX36

RNA levels shown by RNA-seq upon LENT depletion.
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Figure S9. Mitochondrial localization of proteins encoded by several mRNAs
differentially bound by DHX36 upon LENT depletion. A. RNA-seq shows quantification of
mRNAs differentially bound by DHX36 upon LENT silencing. B-D. Immunofluorescence and
confocal microscopy of the indicated proteins whose mRNAs were differentially bound by
DHX36 upon LENT silencing. Scale bars = 10 uM. E. Immunoblot after separation of

mitochondria from cytosol.
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Figure S10

Figure S10. Autophagy/mitophagy is specific to LENT silenced cells. Transmission electron
microscopy of 501Mel cells 48 hours following transfection of control, LENT or LENOX-

targeting ASO. Scale bars are indicated on the images.
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Figure S11. ROS production and DNA damage in LENT silenced cells. A. Flow cytometry
of control or LENT-silenced 501Mel cells stained by CellROX and cleaved Caspase 3 to
visualize ROS production and apoptosis. The ROS inducer TBPH was used as a positive
control. Comparisons by one-way ANOVA (Dunnett test). B. Immunofluorescence and
confocal microscopy of DNA damage marker gH2AX. Quantification of gH2AX signal in
nuclei of LENT depleted cells compared to control by Mann-Whitney test. Scale bars = 10 uM.
C. Immunblot showing gH2AX accumulation in LENT depleted cells compared to control with
VCL as a loading control. D. Immunoblots showing accumulation of phenotypes markers at

different time points upon LENT depletion. Vinculin is used as loading control.
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Figure S12. Immunoblots detecting mitochondrial electron transport chain proteins in extracts

from Mel88 and MM 117 cells. Bottom panel shows longer exposure.
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Legends to Supplemental Datasets.

Supplemental Dataset S1. Excel spreadsheet showing genes up and down regulated by ASO
silencing of LENT in 501Mel cells. On each page are shown gene symbol, Ensembl ID,
description, gene biotype, Log2 fold-change and adjusted p-value.

Supplemental Dataset S2. Excel spreadsheet showing results of mass spectrometry. Shown
are gene names, total number of peptides for each control (PCA3) and LENT replicate, mean
values and enrichment.

Supplemental Dataset S3. Excel spreadsheet showing results of DHX36 immunoprecipitation.
Page 1 shows RNAs enriched the DHX36 IP compared to control IgG, page 2 those depleted,
page 3 RNAs that are enriched in the DHX36 IP from LENT silenced cells compared to control.
Pages 4-6 show results of gene ontology of DHX36 enriched RNAs, those depleted by LENT
silencing and those increased by LENT silencing corresponding to Figs. 3B and D. Pages 7-9
show the ontologies of RNAs common to the DHX36 IP and the G4 enrichment studies the 500
most enriched in the DHX36 IP from Sauer et al and the 500 most enriched in this study
corresponding to Figs S6 F, H and L.

Supplemental Dataset S4. Excel spreadsheet showing results of RNA-seq from polysome
profiling. Pages 1-6 show RNAs enriched or depleted in each fraction and page 7 the 74 RNAs
common to the DHX36 IP and depleted in the LP fraction.

Supplemental Dataset S5. Excel spreadsheet showing on ontologies of RNAs enriched or
depleted in polysome profiling. Page 1 shows Biological processes of the RNAs depleted in the
LP fraction, (Fig. 4G) page 2 the KEGG pathways, page 3 KEGG ontology of the common

genes (Fig. S7F) and page 4 the KEGG ontology of the 80S fraction with relaxed cut off value.

179



180



General Discussion and Perspectives

A. LENT is unlikely to be a multifunctional IncRNA

Our study unraveled the essential role of the IncRNA LENT in melanoma cells, specifically
expressed in melanocytic cells through the control of MITF. Targeting LENT with ASOs triggered its
efficient degradation in melanoma cells, leading to apoptosis, whereas no effect was seen in
mesenchymal melanoma cells or non-melanoma cells where LENT is not expressed. Similarly,
injection of LENT-targeting ASO in mice reduced growth of IGR37 CDX tumours, with no weight loss
or other adverse effects over the short two-week timeline of the experiment. Mechanistically, we
showed that LENT is present in the cytoplasm and interacts with DHX36 to regulate translation of a

subset mRNAs and promote respiration and downregulate mitophagy and ER stress.

Nevertheless, as mentioned in the discussion of the article, LENT has been previously studied by
others in non-melanoma contexts, notably in endothelial cells where MITF-M is not expressed 406~
“%, In these cells, it was proposed that LENT expression was driven by KLF2 and KLF4 and was
upregulated by sheer or oscillatory stress pathways. However, mining the GTEX data base for LENT
expression in normal tissues showed its expression was highest in stomach and esophagus and
examination of single cell datasets in the GTEX database did not reveal higher expression in

endothelial cells compared to other tissues. Moreover, as shown in the manuscript, expression in

normal tissues is much lower than in melanoma.

Nevertheless, it is possible that LENT, even if expressed at very low levels in endothelial cells,
may still have a function. It was proposed that transcription of the LENT locus regulates gene
expression with LENT acting as an enhancer elncRNA in the nucleus to control eNOS, essential for
endothelial homeostasis *”. This echoes with the property of many poorly conserved nuclear
IncRNAs to influence nearby gene expression, even when expressed at low levels®*. Note however
that in the case of LENT, the proposed regulation is not of nearby genes, that are not co-regulated

with LENT, but of NOS3 that is located on chromosome 7. It was proposed that LENT promotes inter-
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chromosome interactions between the LENT locus on chromosome 14 and NOS3 on chromosome 7

through interactions with the Mediator complex, RNA pol Il and KLF4.

Clearly, this proposed function is very different from our observations where LENT is
predominant in the cytosol and acts on mRNA translation. Accordingly, we did not observe such
NOS3 regulation in melanoma cells by RNA-seq upon LENT depletion and we did not observe

enrichment of the transcriptional machinery by mass-spectrometry after LENT pulldown.

One possibility is that different LENT splice isoforms are present in endothelial cells compared
to melanoma cells. Indeed, multiple LENT isoforms are reported in the genome databases and we
observed that isoform 5 of LENT is the dominant isoform in melanoma cells and in patients. This
isoform also seems sufficient for LENT function as its ectopic expression in HEK293T cells was
sufficient to interact with DHX36 and enhanced their proliferation. Similarly, in vitro transcribed
isoform 5 is able to directly bind DHX36, consistent with its capacity to be functional. Unfortunately,
it was difficult to assess from the authors description which LENT isoform was acting as an elncRNA
in endothelial cells. They also propose that LENT is conserved in mice, but only an overall 20 %
sequence homology is observed, although this does not formally exclude that the mouse and human

orthologues shared conserved structural features essential for their function.

Thus, it is possible that LENT could have different functions based on the expressed isoform and
the cellular context, but more convincing evidence need to be provided. Nevertheless, the isoform 5
of LENT could represent a good therapeutic opportunity as it seems very specific to melanoma and

is sufficient promote melanoma cell survival.

B. DHX36 localization is dependent on the cellular context

An observation made in our study was the enrichment of DHX36 at the mitochondria compared
to non-melanoma cells or neural-crest like cells. LENT does not seem essential for this mitochondrial
localization of DHX36 as its depletion did not influence DHX36 localization in melanocytic
melanoma cells. Notably, two DHX36 isoforms have been characterized, one localized to the
cytoplasm and one in the nucleus as it contains a nuclear localization signal **°, even if another

article described both isoforms present in the cytoplasm *7. Nevertheless, it has not been yet
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reported in the literature that DHX36 could associate with the mitochondria. It is still unclear
whether some of the DHX36 localizes inside the mitochondria or is only maintained at the outer
mitochondrial membrane in melanocytic cells, considering that DHX36 does not contain a classical
mitochondrial targeting signal. We plan to perform an experiment of immunogold antibody
labelling coupled with transmission electron microscopy to assess precise DHX36 localization in our

410

cell lines *°. It would also be interesting to explore DHX36 interactome in melanoma cells through

immunoprecipitation of the helicase coupled with mass-spectrometry as a way to find proteins

involved in DHX36 localization *'.

Thus, DHX36 mitochondrial localization in melanocytic cells could highlight their dependency
on OXPHOS as our RIP-seq data shows that many mRNAs encoding proteins involved in

mitochondria function are bound and potentially regulated by the helicase.

C. DHX36 activity is regulated by IncRNAs

We showed that LENT interacts directly with DHX36 through several methods. This feature is
not exclusive to LENT as we saw that DHX36 is able to bind hundreds of RNAs, displaying a low
selectivity *. Nevertheless, it was already reported that IncRNAs binding DHX36 can regulate its
function. A first study highlighted DHX36 function in colon cancer in association with a IncRNA
named GSEC (G-quadruplex-forming sequence containing IncRNA) **. GSEC is an oncogenic
IncRNA essential for colon cancer cell motility that binds directly DHX36 with its 5' sequence
forming a G4. Overexpression of GSEC resulted in reduced DHX36 activity, whereas overexpression
of other G4-containing RNAs showed no effect on the helicase activity. Of note, DHX36 level is not
impacted by GSEC which could trigger a compensation in the cells resulting in marginal effects, as
shown in other studies ****". Thus, GSEC represents an example of an oncogenic IncRNA able to

promote cancer progression by antagonizing DHX36.

It is further interesting to note that DHX36 expression seems correlated with an overall good
prognosis of breast cancer patients, suggesting that it could represent a tumor suppressor gene *2.
Consistent with its role of tumor suppressor, overexpression of DHX36 reduced colon cancer cell

motility *°. Interestingly, this is also the case for melanoma as analysis of the TCGA SKCM dataset

shows that good prognosis correlates with DHX36 expression.
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Another IncRNA modulating DHX36 is SMART, which is able to bind a G4-containing mRNA
coding for MIx-y to decoy the helicase as a way to promote a correct myogenesis by attenuating Mlx-
y translation **. The authors propose that SMART does not directly bind DHX36 as it does not
contain a G4, but still influences DHX36 activity as SMART loss promotes translation of DHX36
targets, impairing muscle development. Thus, we are aware of at least two IncRNAs regulating

DHX36, either directly or indirectly.

Like GSEC, LENT is a IncRNA which binds DHX36 to modulate its function. Whereas GSEC
repress DHX36 activity, LENT seems to fine-tune DHX36 association with RNAs to promote cell
survival and proliferation. The common feature of these IncRNAs-DHX36 regulatory axes is the
modulation of DHX36 RNA binding profile without impairing its expression level, potentially
preventing the cells from triggering compensatory mechanisms. These examples could highlight a
propriety of some oncogenic IncRNAs to hijack DHX36 activity as a way to promote cancer cells

proliferation and survival.

D. How does LENT regulate RNA association with DHX367?

Even if the regulatory network controlled by DHX36 in presence or absence of LENT has been
characterized in our work, it is still unclear how LENT is precisely able to modulate DHX36 function.
There are two main possibilities: either LENT forms a G4 and interacts with DHX36 through its
described DSM and OB domains **, or binds the helicase through another interface. If there is a G4-
dependent interaction, LENT could compete with other mRNAs also containing G4s. However, this
mechanism seems unlikely to happen as LENT is less abundant than other DHX36 RNA targets and
has a weak G4 structure predicted. Moreover, LENT can promote DHX36 interaction with RNAs,
inconsistent with a competition mechanism. It is possible that LENT interaction with DHX36, G4-
dependent or independent, could modulate DHX36 conformation and/or activity in such a way as
to discriminate a set of mRNAs displaying common structural features. It is also possible that LENT
could also discriminate RNAs bound by DHX36 through base-pairing interaction by sequence

complementarity.

We are currently working with the group of Dr Eric Ennifar to perform Cryo-electron microscopy

on purified DHX36 complexed with in vitro transcribed LENT to characterize their interaction more

184



precisely and gain insights into the mechanism of action. This is challenging as for now only large
ribonucleoprotein complexes such as the ribosome have been well studied with this technique **. It
may also be possible to perform gel shift assays with truncated versions of DHX36 to assess which
domains interact with LENT and to use ATPase dead mutants to assess the role of the catalytic

function of DHX36 in interaction with LENT and fine-tuning of translation.
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Article 1: SMARCBA1 regulates a TFCP2L1-MYC transcriptional switch promoting

renal medullary carcinoma transformation and ferroptosis resistance

This study was published in Nature Commmunications in 2023. It describes the role of SMARCBi, a gene
encoding BAF47, a protein part of the SWI/SNF chromatin remodeler complex, lost in cases of renal medullary

carcinoma (RMC).

I helped in the assessment of changes in the proteome of RMC cells upon re-expression of SMARCB. Several
components of the SWI/SNF complex such as BRM and BAF45c are re-integrated into the complex, showing the
essential role of BAF47 as a scaffolder of this complex. Moreover, epithelial markers such as MITF or CDH1 are
gained upon SMARCB1 expression whereas mesenchymal markers such as VIM or MYC are lost, highlighting that

SMARC1 re-expression promotes a mesenchymal to epithelial transition in these cells.

I also participated in the characterization of the RMC cells death by ferroptosis upon re-expression of SMARCB1
by flow cytometry. Indeed, SMARCBr expression promotes TFCP2L1 activation, restoring ferroptosis sensitivity in

RMC cells as it also downregulates NFE2L2, a known effector of a ferroptosis-resistance program.

Lastly, I characterized BRG1 (SMARCA4) interactome in presence or absence of BAF47 to assess which proteins

are incorporated into the SWI/SNF complex in these two conditions by immunoprecipitation.
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Renal medullary carcinoma (RMC) is an aggressive tumour driven by bi-allelic
loss of SMARCBI and tightly associated with sickle cell trait. However, the cell-
of-origin and oncogenic mechanism remain poorly understood. Using single-
cell sequencing of human RMC, we defined transformation of thick ascending
limb (TAL) cells into an epithelial-mesenchymal gradient of RMC cells asso-
ciated with loss of renal epithelial transcription factors TFCP2L1, HOXB9 and
MITF and gain of MYC and NFE2[2-associated oncogenic and ferroptosis
resistance programs. We describe the molecular basis for this transcriptional
switch that is reversed by SMARCBI re-expression repressing the oncogenic
and ferroptosis resistance programs leading to ferroptotic cell death. Fer-
roptosis resistance links TAL cell survival with the high extracellular medullar
iron concentrations associated with sickle cell trait, an environment propitious
to the mutagenic events associated with RMC development. This unique
environment may explain why RMC is the only SMARCBI-deficient tumour
arising from epithelial cells, differentiating RMC from rhabdoid tumours
arising from neural crest cells.

First described in 1995, renal medullary carcinoma (RMC) is a lethal
malignant neoplasm arising from the kidney medulla region. Despite
its relative rarity, RMC is the third most common renal cancer among
young adults. It typically afflicts male patients of African descent with
sickle cell trait at a median age of 28 years, yet the association is still
poorly understood®’. RMC is highly aggressive with most patients
presenting metastatic disease at the time of diagnosis and less than 5%
survive longer than 36 months™. In addition, RMC tumours are

resistant to targeted therapies used for other renal cancers and the
best available cytotoxic chemotherapy regimens produce a brief
objective response in less than 30% of cases’*. Alternative treatments
such as anti-angiogenics, EZH2 inhibitors and immunotherapy have
been tested with varying success®. RMC tumour tissue resembles a
high-grade carcinoma exhibiting reticular or cribriform patterns and
usually stain positive for VIM, MUCI, pankeratins, PAX8, HIFlx and
VEGF®’. RMC are also characterized by a strong desmoplasia, a

A full list of affiliations appears at the end of the paper.
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prominent inflammatory infiltrate as well as the frequent presence of
sickled red blood cells'**.

The hallmark of RMC is loss of SMARCBI expression”, a core
subunit of the SWltch/Sucrose Non-Fermentable (SWI/SNF) chromatin
remodelling complex. Several mechanisms lead to SMARCBI loss in
RMC including deletions, point mutations, inactivating translocations
and loss-of-heterozygosity®. SMARCBI loss is also the hallmark of
malignant rhabdoid tumours (RTs), atypical teratoid/rhabdoid
tumours (ATRTs) and epithelioid sarcomas (ESs). The majority of RTs
and RMCs share common features such as their renal location and low
mutation burden®. We recently characterized the molecular char-
acteristics of RMC identifying frequent chromosome 8q gain asso-
ciated with a copy-number gain of MYC®. SMARCBI loss activates the
MYC pathway resulting in increased DNA replication stress and DNA
damage response. RMC are thought to arise from the distal region of
the nephron, however evidence is limited to correlation inference
using bulk RNA-seq data from 8 nephron biopsies with identified renal
cell populations®”. Thus, despite the above pathology and molecular
characterization, the cell of RMC origin is as yet not fully defined and
the molecular mechanisms involved in oncogenic transformation
associated with SMARCBL loss remain poorly characterized.

To address these issues, we integrated data from single-cell (sc)
RNA sequencing of human tumours, multi-region RNA sequencing,
bulk transcriptomic data from 2 RMC cohorts, and SMARCBI gain of
function experiments in cellular models. This comprehensive
approach revealed how the thick ascending limb (TAL) cells are
transformed into RMC through a transcriptional switch involving loss
of renal master regulator TFCP2L1 and activation of a MYC and
NFE2L2-associated transformation and ferroptosis resistance
programs.

Results

RMC ontogeny and molecular characterization of tumour cell
states

To characterize the molecular features and ontogeny of RMC, we
performed scRNA-seq on a post-treatment primary nephrectomy from
an RMC patient with lung metastases at diagnosis. The patient showed
complete response following 6 cycles of Methotrexate, Vinblastine,
Doxorubicin, Cisplatin (MVAC) treatment. A total of 996 cells from the
residual tumour site and 1722 cells from normal adjacent renal tissue
(NAT) were aggregated and analysed. Seurat UMAP clustering revealed
14 distinct populations amongst which were 7 renal epithelial clusters
and 7 stromal and immune clusters (Fig. 1a, b). Epithelial clusters
comprised 6 groups of cells from the proximal and distal tubules and 1
group of collecting duct cells each expressing specific markers
(Fig. 1c). Amongst these, we identified thick ascending limb (TAL) cells
with expression of SLCI2A1, EPCAM, CDHI and keratin 7 (KRT7), con-
sistent with previous renal scRNA-seq datasets' .

After merging cancer and NAT samples, we identified populations
enriched in the tumour sample comprising TAMs (tumour-associated
macrophages) and 2 clusters of cells harbouring an epithelial
mesenchymal transition (EMT) signature that we identified to be the
RMC tumour and CAF (cancer-associated fibroblast) cells (Fig. 1b). All
three clusters expressed specific markers (LYZ, MMP7 and POSTN,
respectively) with cytokeratin expression in RMC cells (Fig. 1c). Further
analyses of RMC and CAFs showed that each expressed overlapping as
well as distinct sets of EMT markers (Fig. Sla and Supplementary
Data 1a).

The UMAP plot revealed that RMC cells were located close to the
TAL population, consistent with a putative cell of origin located in the
distal part of the nephron. We interrogated all renal epithelial popu-
lations for shared transcriptional signatures with RMC cells and found
the best correlation with TAL cells of the kidney medulla (Fig. 1d).
Differential gene expression analysis of a pseudo-bulk reconstitution
of the RMC versus the CAF populations identified about 150 signature

genes for RMC and 50 genes for CAF (Fig. le). RMC cells showed a
specific oncogenic program, but retained many genes associated with
TAL and more broadly epithelial identities (Fig. 1e). RMC and CAF cells
did however commonly express EMT genes such as VIM and FNI, in
contrast to TAL cells (Figs. 1c, e). Altogether, these observations
identified TAL cells to be the normal renal population most related to
RMC and hence the likely cell-of-origin.

To investigate intra-tumoural heterogeneity, we re-clustered the
RMC cells identifying distinct RMC1 and RMC2 subpopulations
(Fig. 1f). Gene Set Enrichment Analysis (GSEA) revealed that RMC1 were
enriched in oxidative phosphorylation (OXPHOS), whereas RMC2 were
enriched in EMT, interferon gamma, inflammatory response and
hypoxia (Fig. 1g). Correlation of the RMCl1 and RMC2 specific sig-
natures to those of normal tubules revealed that RMCI partly retained
a TAL signature that was reduced in RMC2 (Fig. 1h). These observations
were independently confirmed by SWNE trajectory analysis that traced
transformation of TAL cells to RMC2 via the RMC1 population with
some cells retaining a more epithelial identity (Fig. 1i). This was further
supported by separation of RMC cells into a ‘stressed’ epithelial-like
phenotype with higher levels of cytokines (/L8, LCN2), keratins and
epithelial markers such as CDHI, CLDNI and into RMC2 cells with
higher expression of mesenchymal markers such as SFRP2, CDH2 and
FNI1. Thus, this RMC tumour comprised epithelial-like RMC1 cells and
mesenchymal-like RMC2 cells (Fig. 1j).

We next analysed a naive RMC sample from a primary nephrect-
omy of a 16-year-old patient with regional lymph node and adrenal
gland metastases (pT4N1MI) at presentation capturing a total of 3372
cells. Following surgery, the patient showed rapid progressive disease
under adjuvant MVAC regimen. The patient was also primary resistant
to durvalumab-tremelimumab immunotherapy and EZH2 inhibitor
Tazemetostat leading to death within one year of diagnosis. Among
3372 captured cells, a large group of RMC cells was identified along
with TAMs and other CD45-expressing immune cells (Natural killers,
neutrophils and T-cells), POSTN-expressing CAFs, and an unexpected
population of tumour-associated TAL2/3 cells (Fig. 1k-1). Both the RMC
and TAL cells, that segregated into two closely located groups on the
UMAP plot, expressed EPCAM as well as a cytokeratin signature
(Fig. 11-m). The TAL3 population could be distinguished from TAL2
cells by the lowered expression of the SLCI2A1, HOXB9 and PAXS renal
identity markers (Fig. 2a and Supplementary Data 1b). The RMC3 and
RMC4 populations were highly similar with the smaller RMC4 cluster
displaying an additional G2/M phase cell cycle signature designating
them as mitotic RMC3 cells (Fig. 2a). The SWNE trajectory repre-
sentation of the TAL and RMC populations illustrated the progressive
loss of TAL identity markers from the most differentiated TAL2 to TAL3
with some TAL3 cells closely related to the RMC group that retained an
epithelial-like signature (Fig. 2b).

Aggregation of the batch corrected data from the two tumours
(Fig. 2c¢), highlighted differences between the TAL and RMC sub-
populations illustrated using a collection of epithelial, mesenchymal,
endoplasmic reticulum (ER)-related stress genes (Fig. 2d, Fig. S1b). The
RMC3/4 cells from the naive tumour had a marked epithelial character
compared to intermediate RMCI1 cells from the treated tumour,
whereas RMC2 cells had the most mesenchymal phenotype (Fig. 2d).
GSVA analyses revealed enrichment for cell cycle in RMC4 cells,
OXPHOS and apical junction in RMC3 cells, and EMT and interferon
gamma response in RMC1 and RMC2 cells (Fig. 2e). SWNE trajectory
analyses highlighted the gradient of epithelial to mesenchymal phe-
notypes of the different populations (Fig. 2f).

We further performed multi-region tumour RNA-seq on a cohort
of four patients, for which single region transcriptome sequencing was
previously reported along with that of 7 additional cases (°, designated
as the MDACC cohort; and Supplementary Data 2). Overall, we gen-
erated an additional 25 bulk RNA-seq from multiple regions of these
primary tumours and the corresponding regional lymph nodes as well
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as 3 NATs and analysed intra- and inter-tumour heterogeneity using
CIBERSORTx deconvolution to infer their RMCI1-3 composition
(Fig. Slc, d). For clarity, we did notinclude the cycling RMC4 signature.
Primary tumour sections showed varying composition, some more
enriched in the epithelial-like signature, others with epithelial-like and
intermediate signatures, and a third group with all 3 signatures. In
contrast, the lymph node metastases sections were strongly enriched

in the mesenchymal-like signature. These data unravelled intra-tumour
heterogeneity in RMC and the importance of tumour cells with a
mesenchymal signature to metastatic progression.

We used SCENIC regulon analyses software to identify transcrip-
tional regulatory networks underlying the above signatures”. Com-
parison of the TAL and RMC populations from the treated tumour
revealed a transcriptional switch from high HOXB9 and TFCP2L1
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Fig. 1| Single-cell RNA sequencing of treated (A-J) and (K-M) naive RMC
tumours. a UMAP plot of the aggregated treated tumour and normal adjacent
tissue (NAT) representing the clusters identified by Seurat using a resolution of 1.12.
PCT proximal convoluted tubule cells, PST1/2 proximal straight tubule cells1and 2,
RMC renal medullary carcinoma cells, TAL1 thick ascending tubule cells of Henle’s
loop, DCT distal convoluted tubule cells, CNT connecting tubule cells, CD col-
lecting duct cells, CAF cancer-associated fibroblasts, MES mesangial cells, ED
endothelial cells, RBC red blood cells, PEC parietal epithelial cells, POD podocytes,
TAMI tumour-associated macrophages. b UMAP projection of sample origin or
selected gene signatures. ¢ Dot-plots representing gene markers of each identified
cluster in the RMC treated sample. Rectangles regroup clusters according to either
mesenchymal or epithelial markers. d Clustifyr correlation between RMC cells and
renal epithelial tubules transcriptomes. e Pseudo-bulk heatmap of 100 RMC-

specific and 50 CAF-specific genes using CAF1, RMC and TALI clusters as a matrix.
fUMAP representing RMC subclusters as identified by Seurat using a resolution of
1. g GSEA showing enriched “Hallmark gene sets” in RMCI relative to RMC2 cell
clusters. h Clustifyr correlation between RMC subclusters and renal epithelial
tubules transcriptomes. i SWNE trajectory analysis of the treated RMC clusters
using a set of selected markers per cluster and assuming TALI cells as origin.

Jj Heatmap representation of a set of selected EMT genes in the 2 RMC subclusters.
Kk UMAP plot of the naive tumour cell clusters as identified by Seurat. RMC3/4: Renal
medullary carcinoma cells; TAL2/3: thick ascending tubule cells of Henle’s loop;
NEU neutrophils, CAF2 cancer-associated fibroblasts, NK natural killers, TLC
T-lymphocyte cells, TAM2/3 tumour-associated macrophages. 1 Dot-plots of
selected gene markers of immune, epithelial and CAF cells. m UMAP projection of
the bulk RMC and cytokeratin signatures.

activity in TALI cells, to high MYC, HIFIA, YYI and NFE2L2 activity in
RMC cells (Fig. 2g). These data were consistent with the known role of
MYC in RMC transformation, whereas TFCP2L1 is a previously descri-
bed determinant of the distal portion of the nephron'®. Top TAL reg-
ulons were progressively lost upon transformation into RMC1 and
RMC2 populations exemplified by TFCP2L1, PPARGCIA, perhaps con-
tributing to the OXPHOS signature'®, and HOXB9, whereas others like
SOX9 were maintained (Fig. 2h).

Comparable observations were made between the TAL and RMC
populations of the naive tumour with loss of TFCP2L1 activity and gain of
MYC and NFE2L2/3 activity (Fig. 2i). Interestingly, while TAL2/3 cells
displayed TFCP2L1 activity they also showed a stress signature with
prominent activity of ATF4, XBPI and HIF2A. Moreover, they further
showed YY1 and MYC activity, hallmarks of RMC cells. TALI cells were
derived from NAT, whereas TAL2/3 cells were tightly associated with the
RMC cells in the tumour sample and showed a stressed pre-tumoural
phenotype with activation of several RMC regulons. Each RMC popu-
lation displayed a characteristic regulon activity such as cell cycle
(BRCAI, E2F4/6) in RMC4 cells®?, epithelial-like (OVOL2, ELF3) in RMC3
cells®” and mesenchymal-like (HESI, FOSL2) in RMC2**. Notably,
activity of the PAXS renal identity marker was strongly reduced in the
RMCI and RMC2 populations compared to RMC3 (Fig. Sle).

The role of TFCP2L1 in driving expression of epithelial genes was
reinforced by analyses of the Cancer Cell Line Encyclopaedia (CCLE)
showing positive correlation between TFCP2LI (and also OVOL2) and
EPCAM (Fig. SIf). Similarly, TFCP2LI correlated with epithelia markers
and anti-correlated with mesenchymal markers (Fig. S1g). In the TCGA
chromophobe renal cell carcinoma dataset, originating also from dis-
tal tubules, TFCP2LI and MITF expression correlated with that of CDHI
(Fig. S1h).

The above data defined an EMT gradient of RMC cells defined by
distinct transcriptional signatures also found in patient tumour sam-
ples. NAT-derived TALI cells were further distinguished from tumour-
associated TAL2/3 cells that displayed a stressed, pre-tumoral pheno-
type in their transcriptional signatures and regulon activities.

Tumour cell state of a patient derived RMC xenograft
We analysed a patient derived xenograft (IC-PDX-132) from an RMC
tumour treated with 6 cycles of cisplatin, gemcitabine and bev-
acizumab that had undergone 4 passages of subcutaneous injections
on immunocompromised mice. Around 10,000 cells were captured
and the sequences aligned to a human-mouse hybrid genome. A large
group of human RMC tumour cells were identified with high expres-
sion of EPCAM and the bulk RMC signature as well as a group of murine
cells corresponding to CAFs and pericytes, TAMs and monocytes, and
a smaller number of other immune cells (Fig. S2a-c and Supplemen-
tary Data 1c). A third group that we tagged ‘LQ’ (low-quality) comprised
cells with high levels of mitochondrial genes and potential doublets,
that were removed from the subsequent analyses.

Re-clustering the RMC cells revealed 4 subpopulations together
with some mouse cells of undefined identity that were not further

considered (Fig. S2d). The RMC8 cluster showed a strong cell cycle
signature and regulon activity designating them as mitotic RMC cells,
whereas RMC6 cells displayed high hypoxia and stress-associated
regulons such as ATF4 and DDIT3 (Fig S2d-f)*°. RMC5 and RMC7 on the
other hand corresponded to epithelial-like and intermediate state cells
respectively analogous to the RMC3 and RMCI cells in the human
tumours (Fig. S2e). No distinct highly mesenchymal population was
observed, although the mitotic RMC8 cells showed the most ded-
ifferentiated phenotype and highest expression of FNI and CD44.
SCENIC analyses of these populations identified the key MYC, YY1, and
NFE2L2 regulons in the RMC cells as seen above in primary human
tumours (Fig S2f).

These analyses revealed that the RMC PDX comprised principally
epithelial-like, intermediate and mitotic RMC cells as well as a sub-
population of hypoxic cells consistent with the idea that angiogenesis
could not fully irrigate the rapidly proliferating tumour.

Characterization of the RMC microenvironment

In addition to TAL and RMC cells, scRNA-seq revealed prominent CAF
and TAM populations in the RMC tumour microenvironment (TME).
Analyses of CAFs from both tumours revealed two populations with
either a myofibroblast myCAF signature (CAF1) predominant in the
treated tumour or an inflamed iCAF signature (CAF2) in the naive
tumour (Fig. S3a). Renal CAFs may arise from pericyte-like mesangial
cells”’. SWNE analyses incorporating NAT-derived mesangial (MES)
cells supported the idea they gave rise to the two CAF populations.

Analyses of the TAM population identified TAML cells displaying a
pro-inflammatory M1 signature (Fig. S3b). In contrast, TAM2 and TAM3
displayed an anti-inflammatory M2 signature with high expression of
known M2 markers IL10 and MAF?, that was strongest in TAM3. SWNE
trajectory analysis further confirmed the idea that the TAM2 signature
represented an intermediate state between the most polarized TAM1
and TAM3 states.

We then applied the CAF and TAM signatures to the bulk-RNA-seq
data from the patient tumour sections as described above. CAF2 cells
were detected in all primary and metastases sections, whereas CAF1
were not present in all primary sections and lowly represented in
metastases sections (Fig. S3a). Likewise, the TAM2 and TAM3 signa-
tures were detected in a subset of primary and metastases sections,
whereas the TAMI signature was poorly represented in the majority of
primary tumour sections, but was highly enriched in the lymph node
metastases sections (Fig. S3b).

These analyses showed that the naive tumour and untreated pri-
mary patient sections displayed a pro-tumoural, immunosuppressive
microenvironment with predominantly iCAFs and M2-type TAMs.
However, the MVAC-treated microenvironment was characterized by
Mil-type TAMs and myCAFs.

Cultured RMC cells recapitulate the EMT gradient
To better define the mechanism by which SMARCBI loss drives tran-
sition from the TFCP2LI-TAL epithelial program to the MYC-driven
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RMC, CAF and TAM clusters from the treated tumour (green hue) and the naive per selected regulon. h SCENIC analysis of the treated tumour indicating activities
tumour (yellow hue). d Pseudo-bulk heatmap showing a set of known EMT markers  of TAL regulons and RMC1- or RMC2-specific regulons. i SCENIC analysis of the

in all RMC clusters. Note that as RMC4 were cycling RMC3 cells, they were omitted  naive tumour revealing top regulons of RMC3/4 and TAL2/3 cells.

from the analysis to avoid redundancy. e GSVA analysis showing ontologies of
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Fig. 3 | Cultured RMC cells recapitulate EMT cell states. a Phase-contrast
microscopy at 20X magnification of normal kidney (RPTEC) and tumour cells
(RMC219 and RMC2C) showing distinct morphologies of RMC lines. Scale bar:
250 pm. n =3 independent biological replicates. b. Brightfield microscopy at x4
magnification of Boyden chamber matrigel assays using RMC lines (left) and
absolute quantification using absorbance of resuspended crystal violet (right).
Scale bar: 1000 um. Biological triplicates are plotted as means + SD and one-sided
unpaired ¢ test analyses were calculated by Prism 5; p value is indicated. ¢ Flow
cytometry of membrane protein expression of EPCAM and CD44 in RMC lines.

d Volcano plot depicting differentially expressed genes using normalized bulk RNA-

seq of RMC lines. P values were derived using the Wald test and adjusted using
Benjamini-Hochberg FDR correction. e GSEA using the Hallmarks genesets showing
pathways enrichment in respective RMC lines. Note that only pathways with

FDR < 0.25 are shown. f Volcano plot of differentially expressed 1681 FANTOMS-
defined TFs using normalized bulk RNA-seq of RMC lines. P values were derived
using the Wald test and adjusted using Benjamini-Hochberg FDR correction.

g Immunoblots detecting the indicated proteins. n=3 independent biological
replicates. h Immunoblots showing expression of selected proteins upon re-
expression of SMARCB1 in RMC2C (left) and RMC219 (right). n=3 independent
biological replicates. Source data are provided in the Source Data files.

oncogenic program, we analysed RMC2C and RMC219 cells®”.
RMC219 cells displayed a regular rounded morphology similar to pri-
mary RPTEC renal epithelial cells (Fig. 3a). RMC2C cells were larger
with a more mesenchymal morphology and were much more invasive
than the RMC219 cells (Fig. 3a, b). Similarly, flow cytometry indicated

that RMC219 cells were EPCAM high, whereas RMC2C cells were CD44
high (Fig. 3c), a marker of RCC aggressiveness®’. A similar analysis of
the UOK360 and UOK353" lines by flow cytometry revealed inter-
mediate phenotypes. UOK360 displayed higher EPCAM and lower
CD44 than UOK353 and more resembled RMC219 cells (Fig. S4a, b).
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Note however that UOK360 expressed both CD44 and EPCAM dis-
criminating them for the most epithelial RMC219 cells. UOK353 on the
other hand, had lower EPCAM, but CD44 levels closer to the RMC2C
cells. Moreover, we observed a progressive increase in invasive capa-
city along the EMT gradient from RMC219-UOK360-UOK353-RMC2C
(Fig. S4c). Cultured RMC cells therefore formed an EMT gradient as
observed in the scRNA-seq data on the human tumours.

We used RNA-seq to characterize the most epithelial and
mesenchymal RMC219 and RMC2C lines identifying an extensive set of
differentially expressed genes with preferential expression of epithe-
lial markers in RMC219 cells and mesenchymal markers in RMC2C cells
(Fig. 3d). GSEA revealed enrichment of EMT, inflammatory response
and hypoxia in RMC2C cells, as seen in the RMC2 tumour population,
and enrichment of cell cycle and DNA repair in RMC219 cells (Fig. 3e).
Moreover, while OXPHOS was enriched in RMC219, glycolysis was
enriched in RMC2C suggesting a metabolic switch upon EMT. MITF and
POU3F3, previously reported determinants of nephron morphogenesis
and TAL cell differentiation®”*, were preferentially expressed in
RMC219 cells, whereas EMT-transcription factors like TWIST1/2 and
SNAI2 were preferentially expressed in RMC2C cells (Fig. 3f). Immu-
noblot analyses confirmed higher expression of VIM, and SNAI2 in
RMC2C and higher expression of CDH1 and MITF in RMC219 cells
(Fig. 3g). Both cell lines however showed expression of NFE2L2 and
MYC and lacked SMARCBI. These cell lines therefore reproduced
epithelial-like and mesenchymal-like phenotypes analogous to those
observed in human tumours.

SMARCBI re-expression in RMC cells represses the oncogenic
program
We analysed expression of SWI/SNF subunits in RMC2C cells com-
pared to other SMARCBI-deficient cell lines and HEK293T kidney cells.
As expected SMARCB1 was absent from all tumour lines (Fig. S5a, b).
The catalytic ATPase subunit SMARCA2 (BRM) was absent in all lines
except VA-ES-BJ (epithelioid sarcoma), while SMARCA4 (BRG1) was
detected in all lines except CHLA-06-ATRT (rhabdoid tumour). RMC2C
cells showed the most important changes in SWI/SNF composition
with absence of SMARCD3, ARID2 and lowest expression of DPF3,
PBRML1, BRD7 and ARIDIA. Although the bulk patient RNA-seq data also
comprised signal from CAF and TAM cells, RMC-specific reductions in
SMARCAZ2, and DPF3 expression could still be observed (Fig. S5c).
We engineered RMC2C and RMC219 cells to re-express SMARCBI,
or mCherry as control, in a doxycycline (Dox)-dependent manner.
SMARCBI1 was maximally expressed in both RMC cell lines already 12h
after Dox addition (Fig. 3h). SMARCBI1 expression in RMC2C cells was
comparable to that seen in HEKT cells, seen in almost all cells of the
population and was integrated into SWI/SNF and co-precipitated with
BRGI (Fig. S6a-c). The renewed presence of SMARCBI1 induced rapid
re-expression of SMARCA2, but slower re-expression of DPF3 (Fig. 3h).
Similarly, the TAL-associated TFCP2L1, MITF and CDH1 were also
induced, whereas MYC, NFE2L2 and EMT markers VIM and FN1 were
down-regulated. Each line showed a similar response, but with faster
kinetics in the epithelial RMC219 cells where the oncogenic program
was more rapidly repressed and the epithelial program faster induced
than in RM2C2 cells. SMARCBL re-expression therefore reversed key
transcriptional changes observed during TAL to RMC transformation.
To globally assess gene expression upon SMARCBI re-expression,
we performed RNA-seq in each cell line 12 and 48 h after Dox-
treatment. In RMC2C cells, a rapid transcriptional response was seen
with 938 down-regulated and 1364 up-regulated genes after 12h
compared to RMC219 cells where only 12 genes were up-regulated over
the same period (Fig. 4a, Supplementary Data 3). After 48 h, a larger
number of up and down-regulated genes were observed in both cell
lines (Fig. 4b and Fig. S6d). Despite the differences in kinetics and
numbers of affected genes, GSEA analyses revealed that in both lines,
genes down-regulated were involved in oncogenic functions such as

cell cycle and proliferation, designated by the GSEA terms MYC or E2F-
targets in agreement with accumulation of G1/S phase RMC2C cells 12
and 48h after Dox treatment (Fig. Sée). Up-regulated genes were
designated by epithelial-like program terms such as cell adhesion,
apical junction and apical surface (Fig. 4c). Comparison with bulk-RNA-
seq from RMC patients relative to their NAT from both MDACC and
Institut Curie cohorts showed the opposite profile with genes up-
regulated in the SMARCBI-deficient tumours enriched in proliferation,
cell cycle and JAK-STAT3 pathway, whereas those down-regulated
associated with apical surface (Fig. 4d). Similarly, while OXPHOS was
increased upon SMARCBI expression in cell lines, it was reduced in
RMC tumours. RMC cell lines hence reproduce phenotypes and tran-
scriptional signatures seen in RMC tumours whose key features were
reversed by SMARCBI re-expression.

SMARCBI re-expression in RMC cells induces ferroptotic

cell death

SMARCBI re-expression induced cell death with a 10-20-fold increase
in the number of Annexin V-expressing cells (Fig. 4e). RMC219 cells
responded rapidly with many dead cells detected by 24 h after Dox
addition, whereas death of RMC2C cells was evident at 48 h, but
required a longer time to reach higher levels (Fig. 4e). To understand
the mechanism of cell death, we examined the gene expression
changes and noted that Heme metabolism was amongst the pathways
strongly up-regulated upon SMARCBI re-expression and down-
regulated in RMC patients (Fig. 4d). The Heme metabolism GSEA
term covers iron homoeostasis, response to reactive oxygen species
and ferroptosis (Fig. 4d, right panel). Following SMARCBI re-expres-
sion, key anti-ferroptosis genes such as NFE2[2, NUPRI and their target
GPX4, a well-characterized inhibitor of lipid peroxidation®* were down-
regulated in both lines (Figs. 5a and 3h). On the other hand, Transferrin
(TF) and transferrin receptor (TFRC) regulating iron uptake were both
rapidly induced in RMC219 and RMC2C cells (Figs. 4a, b, 5a and
Fig. S6¢). Following these acute events, at 48 h we observed increased
expression of a subset of genes involved in lipid peroxidation namely
DPP4, LOX, LPCAT paralogs and ACSL4 (Figs. 5a and 3h). These data
suggested that SMARCBI re-expression induced an acute increase in
iron uptake followed by increased lipid peroxidation and ferroptosis.

Complementary observations were made from our scRNA-seq
dataset where SCENIC showed that RMC tumour cells were char-
acterized by the activation of the NFE2L2/3 regulon a major regulator
of ferroptosis (Figs. 2d, i)*°. Consequently, expression of NFE2L2,
GPX4 and other anti-ferroptosis genes was upregulated in RMC cells
from the MVAC-treated tumour compared to TAL cells, whereas many
pro-ferroptosis genes were higher expressed in TAL cells (Fig. 5b).
Similarly, in the naive tumour, GPX4 and anti-ferroptosis genes were
upregulated in RMC compared to TAL cells (Fig. 5b). RMC tumours
further showed staining with 4-Hydroxynonenal (4-HNE) antibodies
compared to the surrounding stromal cells confirming their pro-
pensity to undergo lipid peroxidation (Fig. S7a). Moreover, in agree-
ment with their pre-tumoural phenotype, the RMC-associated TAL3
cells showed up-regulated expression of anti-ferroptosis genes and
down-regulated expression of the pro-ferroptosis genes compared to
the TAL2 cells. Activation of the MYC and NFE2L2/3 regulons in these
cells was therefore accompanied by activation of the ferroptosis
resistance program.

We next assessed if SMARCBI re-expression and increased
expression of the lipid peroxidation genes translated into an elevation
of lipid ROS assessed using BODIPY-Cl11-based flow cytometry (Fig. Sc
and Fig. S8). SMARCB1 re-expression induced a strong increase of lipid
ROS in both lines not seen in mCherry control lines. High lipid ROS was
associated with increased AnnexinV-positive cells. Importantly, the
increase in lipid ROS and in Annexin-V positive cells were both
impaired by ferrostatin-1, a selective ferroptosis inhibitor (Fig. 5¢). In
contrast, SMARCBI expression did not induce the activated Caspase 3
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apoptosis marker unlike Campothecin treatment. To further confirm
ferroptotic cell death, we treated RMC cells with the GPX4 inhibitor
RSL3. The RMC cells had IC50 values 2-4 times lower than other RT cell
lines and more than 100-fold lower than control RPTEC or HEKT cells
(Fig. 5d). We additionally assessed the ability of the pan-caspase inhi-
bitor zVAD-fmk or the necroptosis inhibitor necrostatin-1 (necl) to
inhibit SMARCB1 or RSL3-induced cell death. Reduced cell viability
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after Dox-induced SMARCB1 expression was rescued by ferrostatin-1
and by necl, consistent with the previously reported ability of higher
concentrations of necl to rescue ferroptosis in other tumour cell
lines”’?%, but not by zZVAD-fmk (Fig. S7b). Similarly, cell viability in
presence of RSL3 was also rescued by ferrostatin-1 and Necl, but not
ZVAD-fmk (Fig. S7b). Flow cytometry confirmed that RSL3-induced cell
death was rescued by high but not low concentrations of Necl
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Fig. 4 | Tumour-suppressor function of SMARCBLI. a Volcano plot revealing up-
and down-regulated genes at 12 h after SMARCBI re-expression in RMC lines. P
values were derived using the Wald test and adjusted using Benjamini-Hochberg
FDR correction. b Volcano plot revealing up- and down-regulated genes at 48 h
after SMARCBI re-expression in RMC lines. P values were derived using the Wald
test and adjusted using Benjamini-Hochberg FDR correction. ¢ GSEA showing top
up-and down-regulated pathways upon SMARCBI1 re-expression (48 h) with similar
ontologies observed in both lines. d Integrative heatmap showing GSEA Hallmarks
enrichments (left panel) in SMARCBI re-expressing RMC lines and 2 cohorts of RMC
primary tumours (MDACC: n =11; Curie: n=5) and Metascape ontology analysis of
genes constituting the GSEA “Heme metabolism” term (right panel). FDR values

were derived by GSEA using permutation and Benjamini-Hochberg correction.

e Phase-contrast microscopy at x10 magnification of RMC lines 48 h after re-
expression of either SMARCB1 or mCHERRY control. Scale bar: 500 um. (upper
panel) Quantification of cell death in RMC lines at selected time-points upon
SMARCBI re-expression, as assessed by flow cytometry (lower panel). Note that the
% of cells staining positive for either ANXAS or propidium iodide were tagged as
“dead”. The remaining unstained cells were tagged “viable”. Biological triplicates
are plotted as means + SD and one-sided unpaired ¢ test analyses were performed
by Prism 5 by comparing matched time-points: p values: ns= p > 0.05; *=p < 0.05;
**=p < 0.01; **=p < 0.001, RMC2C: p values 0.074, 0.082, 0.008 0.00006. RMC219:
p values 0.046, 0.00008, 0.00001. Source data are provided as a Source Data files.

(Fig. S7¢). As ferristatin does not rescue other forms of death®, these
data support the observation that SMARCBI1 expression induced fer-
roptotic cell death. Moreover, further evidence for ferroptosis came
from immunofluorescence (Fig. S6¢) showing not only that TFRC was
rapidly induced by SMARCBI re-expression, but also that while it was
located in the cytoplasm in most RMC2C2 cells at 24 h, there were
already some small rounded dying cells where TFRC was relocated to
the plasma membrane, hallmarks of ferroptosis®. TFRC located to the
plasma membrane in almost all RMC219 cells at the same stage con-
sistent with the observation that these cells undergo very rapid fer-
roptosis. These results confirmed that RMC cells were highly sensitive
to GPX4 inhibition and that cell death was due to ferroptosis.

IFNg, secreted by the immune microenvironment in tumours
in situ, induces tumour cell dedifferentiation and ferroptotic cell death
in melanoma***". IFNg treatment of RMC219 and RMC2C resulted in
durable expression of PDL1, STAT1 and IRF1 and of mesenchymal
markers JUN and ZEBI, induced in RMC219 cells and up-regulated in
RMC2C cells (Fig. 5e, f). In contrast, NFE2L2 expression was reduced.
IFNg treatment induced death of RMC2C cells between 48 and 72 h,
whereas death of RMC219 cells required 72 h (Fig. 5g). Importantly,
treatment with ferrostatin 1 diminished the IFNg-induced cell death
showing that it involved ferroptosis (Fig. 5h), while as control no
induced cell death was seen with HEK293T.

These results revealed that TAL cells were characterized by a
ferroptosis sensitivity program that was progressively replaced in pre-
tumoural TAL3 cells, in the RMC tumour populations and in RMC cell
lines by a NFE2L2 and GPX4-high ferroptosis resistance program. This
process was reversed by SMARCBI re-expression that down-regulated
NFE2L2 and GPX4 or by IFNg treatment leading to cell death by
ferroptosis.

SMARCBI re-expression promotes genomic SWI/SNF
re-localization to enhancers with TFCP2L1 motifs

To investigate the consequences of SMARCBLI re-expression on SWI/
SNF localization and the epigenome of RMC2C cells, we performed
BRGI and H3K27ac ChIP-seq 48 h after Dox treatment of SMARCBI or
control mCherry expressing cells. RMC219 cells could not be used due
to the rapid cell death upon SMARCBI1 expression. SMARCBI re-
expression increased the overall number of H3K27ac peaks, but had
little impact on their relative genomic distribution with similar frac-
tions of sites at transcription start sites (TSS) and other genomic
regions (Fig. S9a, b). However, comparison of read density at more
than 46000 non-redundant H3K27ac sites revealed a gain of sites
located distal to the TSS following SMARCBI re-expression (cluster G2,
Fig. S9c¢), whereas only a minor change was seen at the TSS. A fraction
of gained peaks were extended regions reminiscent of super-
enhancers (SE) known to regulate genes involved in critical aspects
of lineage identity or oncogenic transformation***’. While a large
number of H3K27ac-marked SEs and their associated genes were
shared between the mCherry and SMARCBI1 expressing cells, 240 SE-
associated genes were specific to the mCherry line and associated with
a variety of functions notably DNA repair and cell cycle (Fig. S9f). More
strikingly, 330 SE-associated genes specific to SMARCBI expressing

cells were associated with kidney epithelium development and dif-
ferentiation as well as cell polarity and junction (Fig. S9g).

SMARCBI re-expression also modified BRG1 genomic occupancy
with aloss mainly at the TSS (H4, Fig. S9d), but a gain at distal sites (HS8,
Fig. S9d). Integration of BRG1 and H3K27ac read density profiles at
more than 40,000 non-redundant co-occupied sites identified those
with concomitant gain of H3K27ac and BRC1 following SMARCBI re-
expression (A3, Fig. 6a) predominantly located distal to the TSS (C2).In
contrast, cluster A2 defined sites with reduced BRG1 predominantly
located at the TSS (A2/B1) with a smaller set at distal sites (Cl1). Cor-
relation with RNA-seq data indicated that genes associated with cluster
A3/C2 showed increased expression following SMARCBI re-expression
(Fig. 6a). RSAT analyses revealed a strong enrichment for TFCP2L1,
HOXB9, and MITF binding motifs at the distal gained A2/C3 sites
(Fig. 6b). Moreover, ontology analyses of the nearest genes to the A3/
C3 sites showed enrichment in differentiation, cell adhesion and kid-
ney epithelium development (Fig. 6¢). SMARCBI-dependent BRG1
recruitment and H3K27ac modification was exemplified at intragenic
regulatory elements at the MITF locus, at a putative regulatory element
at the 3’ end of the TFCP2L1 gene, or atintragenic regulatory regions of
the SYTI3 and DOCKI genes, that were all re-activated following
SMARCBI re-expression (Fig. S9h). SMARCBL re-expression therefore
led not only to re-expression of TFCP2L1 and MITF, but also re-
localization of BRG1 to putative H3K27ac marked distal enhancers and
super-enhancers associated with the epithelial gene expression
program.

We additionally performed Cut&Tag experiments to profile BRG1
and SMARCBI genomic localization 24 h after Dox treatment. While no
SMARCBI signal was seen in control mCherry cells, strong SMARCB1
occupancy was seen following its Dox-induced expression (Fig. S10a).
Ata subset of sites, low BRG1 binding and H3K27ac was seen in absence
of SMARCBI (cluster Al), whereas at the remainder BRG1 and H3K27ac
were seen only in presence of SMARCBI (cluster A2). When SMARCB1
occupancy was examined at the 10983 distal sites observed at 48 h
(Fig. 6a), de novo recruitment of SMARCBI1, BRG1 and marking by
H3K27ac was observed at 24 h (Fig. S10b, clusters B2 and B3). Rapid de
novo SMARCBI recruitment along with BRG1 and H3K27ac was
exemplified at the MITF, TFCP2L1, SYT13 and DOCK 1 loci as shown
above (Fig. S9h). Moreover, in accordance with the strong enrichment
for TFCP2L1 binding motifs at these sites (Fig. 6b), TFCP2L1 co-
precipitated with BRG1 from extracts of Dox-treated cells (Fig. S10c).
Together these results showed that upon its re-expression, SMARCB1
integrated the SWI/SNF complex that interacted with TFCP2L1 and was
rapidly recruited to the H3K27ac-marked regulatory elements asso-
ciated with epithelial genes.

As mentioned above, TFRC was rapidly induced 12h after
SMARCBI re-expression. The TFRC promoter was strongly marked by
H2K27ac in both the mCherry control and 24 h after SMARCBI re-
expression (Fig. S10d). Moreover, BRG1 and SMARCBI were recruited
at 24 h. TFRC therefore behaved as an ‘immediate-early’ gene whose
promoter was pre-marked with H3K27ac, but whose activation was
associated with rapid BRG1 and SMARCBLI recruitment. This contrasts
with epithelial program genes whose activation was slower and where
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both BRG1/SMARCBI recruitment and H3K27ac modification occurred
de novo.

SMARCBI re-expression remodels MYC genomic binding

It has been reported that SMARCBI interacts directly with MYC to
antagonize its DNA binding and genomic occupancy in RT cells***. To
address this in RMC cells, we performed MYC ChIP-seq in SMARCBI1-

expressing and mCherry control cells 48 h after Dox addition. We
identified 54,786 non-redundant MYC sites, a much larger number
than previously observed*. All MYC-bound sites in G401 RT cells, that
were predominantly located close to the TSS, were occupied also in
RMC2C cells (Fig. S11a, b). For example, MYC sites commonly bound in
G401, RMC2C2 and in the Hela ENCODE data sets were observed at the
NCL and CDK4 loci (Fig. S11b).
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Fig. 5| SMARCBI regulates ferroptosis. a Heatmap showing the KEGG ferroptosis
gene signature in SMARCBI re-expressing RMC2C (left) and RMC219 (right) cells.
b Heatmap showing expression of the ferroptosis gene signature in RMC and TAL
clusters. ¢ Flow cytometry quantification of Bodipy-C11, ANXAS and cleaved CASP3
at 72h in SMARCB1 or mCHERRY expressing cells and using either Ferrostatin-1
(Ferl) or camptothecin (CAMP) as controls. Biological triplicates are plotted as
means + SD and one-sided unpaired ¢ test analyses were performed by Prism 5, ns=
p>0.05; *=p < 0.05; **=p < 0.01; ***=p < 0.001 and ****=p < 0.0001. P values: upper
left panel: 0.076, 0.027 0.005, 0.001; lower left: 0.05 0.06, 0.01, 0.02; upper centre
panel: 0.12, 0.13, 0.0001 0.001; lower centre panel: 0.37, 0.21 0.000007 0.0004;
upper right panel: 0.16, 0.0002, 0.09, 0.0001; lower right panel: 0.09, 2.27 E-09,
0.18 0. 0002. d. Cell viability (IC50) upon increasing concentrations of RSL3, a class
Il ferroptosis inducer. Biological triplicates are plotted as means + SEM. e Gene
expression changes of known IFNg downstream targets upon treatment of RMC
lines with 10 ng/mL recombinant human IFNg. Biological triplicates are plotted as

means + SEM. f Immunoblots showing expression of selected EMT and ferroptosis
markers in RMC lines treated either with IFNg or DMSO vehicle control. n=3
independent biological replicates. Molecular mass markers in kDa are indicated.
g Cell death quantified by flow cytometry using annexin-V in RMC lines. Biological
triplicates are plotted as means + SD and one-sided unpaired ¢ test analyses were
performed by Prism 5, ns=p > 0.05; *=p < 0.05; **=p < 0.01; **=p < 0.001. P values:
left panel: 0,09 0,01 3,72E-06; right panel: 0.22, 0.17, 0.0001. h Flow cytometry-
based quantification of cell death at 72 h upon treatment with IFNg alone, IFNg with
Ferl or DMSO in RMC lines and normal kidney cells as control. Represented values
are the mean of 3 biological replicates as means +SD and unpaired ¢ test analyses
were performed with Prism5 by comparing conditions to matched DMSO. P values:
ns=p > 0.05; *=p < 0.05; *=p < 0.01; **=p < 0.001 and ***=p < 0.000L. P values: left
panel: 0.21 0.23; centre panel: 0.0004 0.008; right panel 9.98 E-06, 0.037. Source
data are provided as a Source Data files.

In keeping with reduced MYC expression, around 50% fewer peaks
were observed in SMARCBLI expressing cells where its occupancy was
remodelled with a relative re-localization to the TSS that increased
from 24 to 41% of the detected peaks (Fig. S9a, b). Read density profiles
at the non-redundant MYC sites identified those with gained (12/18,
Fig. S9e) or diminished (13/19) occupancy located at both TSS proximal
and distal regions. Notably, integration with BRG1 and H3K27ac data-
sets revealed that MYC occupancy was increased at TSS proximal sites
marked by H3K27ac, but characterized by diminished BRG1 occupancy
(D1/E], Fig. 6d). In contrast, a large set of distal located sites were lost
upon SMARCBI re-expression (D4/F3) with a smaller number showing
increased occupancy (D3/F2). Global analyses confirmed that BRG1
flanking a subset of MYC bound sites in the mCherry control cells was
diminished following SMARCBI re-expression, whereas H3K27ac was
unchanged (Fig. S9c¢). RSAT analysis of the top 1000 MYC peaks con-
firmed a strong enrichment of the cognate E-box motif (Fig. 6e). MYC-
binding motifs were also strongly enriched at the D1-D4 sub-clusters,
together with MAZ at D1 sites, whose activity was associated with TAL
transformation (Fig. 2g-i and S11d).

As shown above, the term ‘MYC targets’ was a prominent hallmark
of genes down-regulated by SMARCBI re-expression. We determined
the % of genes in the GSEA hallmark gene sets overlapping with those
associated with each MYC sub-cluster. Genes associated with D1 sites
were strongly enriched in MYC targets, mitotic spindle, mTOR, E2F.
DNA repair and G2M hallmark signatures (Fig. S12a). Genes associated
with D4 also displayed a similar, yet lower, enrichment in many of these
pathways. Correspondingly, genes associated with D1 and D4 showed
global down-regulation (Fig. S12b), whereas those associated with D2
and D3 showed up-regulated expression. Thus, many genes associated
with oncogenic transformation and down-regulated by SMARCBI re-
expression were associated with a gain of promoter-proximal MYC, but
strongly reduced BRG1 binding.

A similar analysis of BRG1 sub-clusters, showed genes associated
with A2 were strongly enriched in the above oncogenic-associated
hallmarks (Fig. S12c). In contrast, A3 sites with strongly gained BRG1
binding were enriched in genes associated with apical junction/surface
and kidney morphogenesis hallmarks, consistent with re-activation of
an epithelium program. We used ROSE to identify MYC-H3K27ac-
marked or BRGI-H3K27ac-marked SEs in control and SMARCBI-
expressing cells (Fig. S12d, e). The ontology of the SE-associated
genes was consistent with a switch from MYC/BRGI driving prolifera-
tion and oncogenesis in absence of SMARCBI to TFCP2L1/BRGI driving
an epithelium program in presence of SMARCBL.

To better understand the paradoxical observation that MYC
binding increases at down-regulated oncogenic genes, we looked
more closely at the large set of diminished D4 sites associated with
similar ontology terms to D1. Re-clustering of D4 identified a small
number (J1, Fig. SI2f) of promoter-proximal sites associated with
H3K27ac and a large majority of distal sites (J2, Fig. S12f). Strikingly, a

large number of genes were commonly associated with both clusters
(Fig. S12g). Hence many genes of the oncogenic program had both
promoter-proximal and distal MYC sites showing increased and
decreased occupancy, respectively. Importantly, the D4 sites were
enriched in binding motifs for HIFIA and SNAIL in agreement with
coordinate activation of MYC, HIF1A and EMT programs in RMC. Loss
of MYC at the D4 sites upon SMARCBI expression was therefore con-
sistent with their role in driving transformation.

Overall, these results showed that SMARCBLI re-expression did not
repress MYC genomic occupancy, but rather remodelled its binding
profile in a manner suggesting that altered enhancer-promoter com-
munications and loss of promoter-proximal BRG1 binding underlie
reduced expression of the proliferation/oncogenic program.

Discussion

Oncogenic transformation of TAL cells into RMC

Here we integrate transcriptomic data from RMC patients with gain
and loss of SMARCBI function in cell-based models to decipher the
mechanism of a transcriptional switch driving oncogenic transforma-
tion and ferroptosis resistance of TAL epithelial cells.

ScRNA-seq analyses of RMC cells compared to NAT identified TAL
cells as RMC cell-of-origin. TAL cells were marked by strong activity of
TFCP2L1, HOXB9 and MITF transcription factors associated with the
epithelial expression program. TAL transformation was characterized
by loss of expression and activity of these factors, but gain of MYC and
NFE2L2 that drive proliferation and ferroptosis resistance. Further
evidence for this series of oncogenic events came from the fortuitous
capture of tumour-associated TAL2/3 cells that displayed a pre-
transformed state retaining TFCP2L1 activity, while at the same time
showing MYC and YYI activity accompanied by a hypoxia and stress
signature.

TAL transformation generated an epithelial-mesenchymal gra-
dient of RMC tumour cells that was reproduced by RMC219, UOK360,
UOK353 and RMC2C cell lines. Mesenchymal-like cells were observed
in the treated tumour and the mesenchymal transcriptional signature
was present in primary tumours from naive patients and was pre-
dominant in the lymph nodes. Thus, de-differentiation into this
mesenchymal state is not specific to drug-treated tumours, but
appears to be an intrinsic feature of RMC tumours that likely con-
tributes to their metastatic spread.

SMARCBI re-expression in RMC2C cells provided experimental
mechanistic support for the above model of TAL-RMC transformation.
SMARCBI expression reactivated TFCP2L1, HOXB9 and MITF expres-
sion and promoted BRGI re-localization to enhancers and super-
enhancers driving expression of an epithelial expression program that
were de novo marked by H3K27ac and enriched in binding motifs for
these factors (Fig. 6f). The lack of ChIP-grade TFCP2L1 and MITF
antibodies did not allow us to directly confirm their presence at these
enhancers. However, we previously showed that MITF interacts with
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SWI/SNF and actively recruits BRG1 to melanoma-cell promoters and
enhancers* and here we showed that TFCP2L1 also co-precipitated
with SWI/SNF. In contrast, SMARCBI1 re-expression led to reduced
levels of MYC and NFE2L2. Genomic profiling revealed a remodelling
of MYC genomic binding with sites showing both gained or reduced
occupancy. Paradoxically, while MYC binding increased at the prox-
imal promoters of genes involved in oncogenesis, it was lost at sites
distal to these genes. Although there are clear limitations in assigning
distal binding sites to regulation of a given gene, a large set of genes
showed increased MYC binding at the promoter and diminished
binding at distal sites suggesting the importance of enhancer-
promoter communication in their activation. More importantly how-
ever, BRG1 occupancy was strongly reduced at these promoters
showing that MYC cooperated with SWI/SNF lacking SMARCBI to
activate the oncogenic program and that BRGI1 eviction and not MYC
loss reversed the oncogenic process.

Integrating patient and in cellulo-derived data converged to show
that pre-tumoral TAL2/3 cells displayed a hypoxia/stress state acti-
vating MYC and NFE2L2 to drive ferroptosis resistance allowing survival
under conditions favourable to SMARCBL loss (Fig. 6f). Subsequently,
SMARCBI loss led to BRG1 recruitment at promoters of MYC occupied
oncogenic genes and inhibition of the TFCP2LI/HOXB9/MITF-driven
TAL epithelial program. In RMC cells, SWI/SNF lacking SMARCB1
cooperates with MYC to drive the oncogenic program, whereas
SMARCBI-containing SWI/SNF is evicted from MYC-driven oncogenic
promoters and re-located to enhancers driving the TAL epithelial
program.

Distinct cells-of-origin and oncogenic mechanisms in RMC

and RT

The above observations highlight major differences with previous
studies on RT cells. In G401 RT cells, SMARCBI1 antagonized MYC DNA
binding and chromatin occupancy**. In contrast, in RMC cells, antag-
onism translated not as a loss of MYC binding, but eviction of
SMARCBI-containing SWI/SNF from MYC occupied promoters and
reduced oncogenic gene expression. It has been reported that BRD9-
containing non-canonical (nc)BAF plays a critical role in driving the
oncogenic state in SMARCB1-deficient RT**%, NcBAF strongly coloca-
lized with CTCF although other enriched transcription factor motifs
were also identified. However, MYC was not amongst the strongly
enriched motifs in either study. This leads to the paradoxical obser-
vation that despite the essential role of BRD9/ncBAF in driving the
transformed state, it is not enriched at MYC-bound sites, whereas
depletion studies in RT cells* and our current data revealed MYC as
the essential oncogenic driver. Given the strong association of ncBAF
with CTCF and not MYC, it is unlikely that the BRGI seen at the MYC
promoters in RMC cells corresponds to ncBAF. Moreover, CTCF motifs
were not enriched at the promoter sites where BRG1 was evicted, but
were present at distal sites, where no BRG1 was detected. Thus, the role
of ncBAF in RMC remains to be determined.

In RT cells, SMARCBI re-expression led to SWI/SNF re-localization
to what have been described as lineage-specific enhancers***°, How-
ever, the transcription factor motifs at SMARCBI1-bound enhancers
were not always informative as to the nature of the cell of origin. The
lack of a clearly defined cell(s) of origin, and their intrinsic biology has
hampered a detailed understanding of the transformation process.
Mechanistic studies were often limited to SMARCBI re-expression in
RT cell lines with little supporting patient data. An exception is atypical
teratoid RT (AT/RT) where the epigenetic profiles of the AT/RT
tumours were compared with other types of brain tumours or normal
brain”. Nevertheless, the validity of these comparisons is limited since
more recent data provide strong evidence that RT arise following
arrest of neural crest cell differentiation into mesenchyme, in parti-
cular Schwann cells*>. Many of the above limitations have been

overcome in our study, where patient-derived and functional in cellulo
data converged to define the transcriptional program of the TAL cell of
origin and to decipher the mechanistic details of a reversible tran-
scriptional switch driving their transformation into epithelial- and
mesenchymal-type RMC states. We thus highlight the fundamental
difference between RMC arising from mesoderm-derived differ-
entiated epithelial TAL cells and RT derived from differentiating neural
crest cells.

A link between RMC ferroptosis and sickle cell trait

A key finding of our study is activation of a ferroptosis resistance
pathway in RMC cells. Analyses of gene expression signatures in
scRNA-seq, patient cohort RNA-seq and the RMC cell lines defined how
the ferroptosis sensitivity signature in TAL cells is replaced by a fer-
roptosis resistance signature in RMC cells. This process is reversed in
RMC cells upon SMARCBI re-expression leading to their ferroptotic
cell death unlike other RT cells where SMARCBI re-expression leads to
cell cycle arrest or apoptosis*****, Indeed, RMC cells are more sensi-
tive to GPX4 inhibition than RT lines. Ferroptosis is therefore a specific
vulnerability of RMC tumours.

The above observations link the RMC oncogenic process with
sickle cell trait. The kidney medulla is amongst the most hypoxic
micro-environments in the organism®*. Due to its central role in urine
concentration, the loop of Henle is characterized by increasing
osmolarity and hypoxia that are highest in the TAL region. Msaouel
et al. proposed a model where the high interstitial NaCl concentration
induces DNA double strand breaks (DSB), whereas microcirculatory
ischaemia induced by red blood cell (RBC) sickling reduces this
osmolarity reactivating DSB repair in a chronic hypoxic environment
by NEHJ favoring translocations and deletions, particularly in fragile
regions such as chromosome 22q where the SMARCBI locus is
located™.

Our observations enrich this model with iron release by RBC
sickling favouring ferroptosis of TAL cells and their renewal to main-
tain the homoeostasis of the epithelium®*”. Early initiation of ferrop-
tosis resistance observed in the pre-tumoural TAL cells would thus
promote their survival under the high NaCl and hypoxic conditions
driving error-prone DSB repair. The increased extracellular iron con-
centration due to the fragility of the sickled RBCs acts as a selective
pressure for survival of ferroptosis resistant TAL cells in an environ-
ment propitious to the mutagenic events associated with RMC devel-
opment. This unique set of circumstances may explain why RMC is the
only SMARCBI-deficient tumour arising from epithelial cells, com-
pared to RTs arising from a developmental block of neural crest
differentiation.

Methods

Ethical approval

Tumour sample collection for further research analysis was approved
by ethical Committees of Strasbourg University Hospital and Curie
Institute and all patients provided an informed written consent for
the use of material for further research. Animal care and use for this
study were performed in accordance with the recommendations of
the European Community (2010/63/UE) for the care and use of
laboratory animals and carried out in accordance with the principles
of the Declaration of Helsinki and with GDPR regulations. The
experiments were approved by the Curie Institute animal ethical
committee  CEEA-IC  #118  (Authorization  APAFIS#11206-
2017090816044 613-v2 given by National Authority) and performed
in accordance with the internal, national and European guidelines of
Animal Care and Use. The establishment of PDX received approval by
the Institut Curie institutional review board OBS170323 CPP ref 3272;
n de dossier (2015- AO0464-45). Written institutional informed con-
sent was obtained from the patient.
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Tumour samples

The two RMC samples subjected to scRNAseq were collected from
Strasbourg University Hospital and Curie Institute, according to insti-
tutional guidelines. One tumour came from a 21-year-old female
patient on a post-treatment primary nephrectomy from an RMC
patient with lung metastases at diagnosis, whereas the second came
from a 16-year-old male patient with regional lymph node and adrenal
gland metastases (pT4N1IMI1). Bulk RNAseq came from 11 patients
recently reported® and we generated an additional dataset of multi-
region RNAseq of a cohort of 4 of the RMC patients, including multiple
sections and lymph nodes metastasis (Supplementary Data 2).

Human single-cell sample preparation and RNA-seq

Following the treated tumour resection, samples from the tumour and
adjacent non-malignant normal adjacent tissue were each conserved at
4 °Cin1mL of MACS Tissue Storage Solution (Miltenyi Biotech). Single
cell suspensions were prepared using gentleMACS™ dissociator and
human tumour dissociation kit (Miltenyi Biotech) following manu-
facturer’s instructions. Samples were applied to a MACS SmartStrainer
70 um (Miltenyi Biotech) placed on a 15mL Falcon tube and 10 mL
DMEM were used to wash C tube and SmartStrainer. Following cen-
trifugation at 300 g and 4 °C for 10 min, cells were sorted using CD45
(TIL) Microbeads (Miltenyi Biotech). CD45+ and CD45- fractions were
centrifuged (300 g, 10 min, 4 °C) and dead cells were removed using
Dead cell removal kit (Miltenyi Biotech). CD45- and CD45+ were mixed
in1to 4 ratios. Cell viability and concentration were assessed before 3’-
mRNA single-cell libraries were prepared using the Chromium (10x
Genomics) following the manufacturer’s instructions. Libraries were
sequenced 2x100bp on HiSeq4000 sequencer.

Folowing resection of the naive tumour, the sample was cut in
small pieces then dissociated 30 min at 37°C in CO2-independent
medium (Gibco) + 0,4 g/l of human albumin (Vialebex) with Liberase
TL (Roche) 150 ug/ml and DNase 1 (Sigma) 150 pg/ml. Dissociated cells
were then filtered with a 40 mm cell strainer, then washed and resus-
pended with CO2-independent medium + 0,4 g/l of human albumin. A
fraction of the cell suspension was used to enrich tumour cells using
Tumour isolation kit (Miltenyi Biotech, cat#130-108-339). Cells were
then resuspended at 800 cells/ul in PBS+BSA 0,04%. Tissues
were processed within 1 h after tumour resection, and sorted cells were
loaded in a 10x Chromium instrument within 6 h.

Patient-derived xenograft sample preparation

Renal medullary carcinoma (RMC) patient derived xenograft (IC-pPDX-
132) was established from a resected RMC tumour treated with 6 cycles
of cisplatin, gemcitabine and bevacizumab. The undissociated tumour
was engrafted in the subscapular fat pad of NSG (NOD.Cg-Prkdc*®?
IL28™!/S7)) mice. A PDX tumour fragment was then serially trans-
planted using the same procedure into Swiss Nude (Crl:NU(Ico)-
Foxn1™) mice until passage 4 which was used for the single cell RNA-
seq experiments. No PDX tumour was allowed to grow beyond the
1000 mm3 size limitation. Mice were maintained in IVC cages in a semi
pathogen-free facility under standard housing conditions with con-
tinuous access to food and water. Curie Institute animal facilities
comply with all appropriate standards (cages, space per animal, tem-
perature (22 °C), light, 12-hour light/dark cycle, 50% humidity, con-
tinuous access to food and water), and all cages are enriched with
nesting materials.

scRNA-seq analysis of human primary RMC tumours

After sequencing, raw reads were processed using CellRanger (v3.1) to
align on the hgl9 human genome, remove unexpressed genes and
quantify barcodes and UMIs. Data were then analysed in R (v4.0.2). For
the treated tumour, tumour and NAT samples were aggregated with
the cellranger ‘aggr’ command. The resulting aggregation was ana-
lysed with Seurat v3.2.0 following the recommended workflow. Cells

were filtered for feature count ranging from 120 to 2000 and per-
centage of mitochondrial reads <15%. Counts were normalized with the
“LogNormalize” method and data scaled to remove unwanted sources
of variation (UMI count and mitochondrial reads). The number of
principal components was determined from the Jackstraw plots.
Clustering was performed on variable features using the 25 most sig-
nificant principal components and a resolution of 1.15. For the naive
tumour, the same Seurat pipeline was performed using feature counts
from 200 to 6000, mitochondrial read fraction <20% and a resolution
of 1.0 using the 20 most significant principal component for the
clustering. Aggregate analyses of tumours 1 and 2 was performed by
merging the two R objects and using the Seurat sctransform with batch
correction function to normalize and scale data reducing the impact of
technical factors.

scRNA-seq analysis of patient-derived RMC xenograft

For the IC-pPDX-132 sample raw reads were aligned on an hgl9-mm10
hybrid genome. Cells were filtered based on feature counts ranging
from 200 to 7000 and global clustering performed with a resolution of
0.3 using the 20 most significant components. Human and Mouse cells
were re-clustered separately by first filtering cells with mitochondrial
read fraction >20% and then using a resolution of 0.4 with 25 principal
components.

Functional analysis using scRNA-seq data

Regulome analyses of active transcription factors were performed
using the SCENIC v1.1.2.2 package”. Transcription factor activities were
visualized on the UMAP using AUCell v1.8.0 or as heatmaps using the
R-package ‘pheatmap’. RMC correlations with the different renal
tubule clusters were computed by Clustifyr v1.0.0% using cluster
marker signatures for RMC (TIMP1, FN1, CTHRC1, DCBLD2, COL1A2,
COLIAL ARL4C, COL6A2, LGALSI, CD44, VIM, CLU, MMP7, SERPINAL,
WFDC2, SFRP2, MUCI1, KRTI18, KRT7, EPCAM, CDHI, CLDN4, CLDNIO,
DEFBI), RMC1 (WFDC2, FXYD2, SLPI, CLDN4, KRT7, KLF6, GSTPI, EEFIAI
CLDN3, TM4SFI) and RMC2 (FNI, COLIA2, COLIAL, TIMP1, CD44,
CTHRCI, RARRES3, BGN, TFPI2, COL6A2). Trajectory analyses were
plotted and visualized using Similarity Weighted Nonnegative
Embedding (SWNE)*°. Gene set variation analysis were performed
using the r-package GSVA®’.

For the “bulk RMC signature”, the upregulated genes from the
differential analysis of the MDACC RMC cohort (11 tumours versus 6
NAT) were selected using log2FC>2 and FDR<0.01°. For all sig-
natures, gene sets were retrieved from either Hallmarks MSigDB or
KEGG pathways. Gene signatures were computed and visualized on
UMAPs using the R package VISION v2.1.0 (https://github.com/
YosefLab/VISION).

Anti-4 Hydroxynonenal staining of RMC tumours

Sections from 2 independent RMC tumours and as control a colorectal
cancer were fixed in 10% neutral-buffered formalin, paraffin embed-
ded, sectioned, and stained with hematoxylin and eosin. 4-um tissue
sections were processed on VENTANA-Benchmark-XT, with incubation
at room temperature in an antigen retrieval process (EDTA citrate
buffer, pH 8,3, CC1 buffer, 8 mn), then incubated with 4HNJ-2 (Anti-4
Hydroxynonenal antibody, mouse monoclonal, clone HNEJ-2, Abcam;
dilution: 1/5000 during 32 mn), revealed with ‘Ultra View’ Universal
DAB Detection kit and counterstained with Hematoxylin solution
(Ventana Roche Systems).

Cell culture, establishment of RMC lines stably expressing
SMARCB1

RMC219 cells were grown in HAM-F12/D-MEM (1:1) medium supple-
mented with 10% foetal calf serum (FCS), Glutamine 2 mM, AANE and
PS. UOK360 and UOK353 cells were grown in D-MEM medium sup-
plemented with 10% foetal calf serum (FCS) and Glutamine 2 mM.
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RMC2C cells were grown in MEM medium with 10% FCS, AANE, 50 ng/
mL EGF and PS. Cell lines were provided by colleagues and are not
commercially available. Authentication performed by immunoblot
showing absence of SMARCBI expression and by RNA-seq. HEK
293 T cells were obtained from ATCC. All cell lines were regularly
tested as negative for Mycoplasma infection using the Venor™ GeM
Mycoplasma Detection Kit, and used at less than 10 passages. RMC
cells infected with lentiviral constructs were grown in respective media
replacing normal FCS with tetracyclin-free FCS (Dutscher) and sup-
plemented with G418 (300ug/mL). SMARCBI1 expression was induced
by treatment with either DMSO or 2 pM of doxycycline.

Lentiviral pInducer20 vector was obtained from Addgene and the
cDNA of either SMARCBI or mCherry was cloned into the vector by
Gateway. We then used pInducer20-mCherry or -SMARCBI containing
lentiviruses to infect 1x10° RMC2C or RMC219 cells. Cells were selected
using 500ug/mL G418 for a week and then maintained under these
conditions.

In vitro treatments

For ferroptosis, cells were either treated with DMSO or 2uM doxycy-
cline alone or co-treated with 2uM doxycycline and 1uM ferrostatin-1
(SelleckChem, #S57243), zZVAD-fmk (MedChemExpress, #HY-16658B) or
necrostatin-1 (MedChemExpress, #HY-15760) for the indicated times.
For the Caspase-3 assays, cells were either treated with SuM camp-
tothecin (SelleckChem, #51288) for 4 h, DMSO or 2uM doxycycline for
the indicated times. For the IFNg experiments, cells were either treated
with DMSO or 10 ng/mL of IFNg (Peprotech, 300-02).

Cell death, caspase-3 and lipid peroxidation analyses by flow
cytometry

Cells were harvested at the indicated times and co-stained with
Annexin-V-FITC and propidium iodide following manufacturer
instructions (BioLegend, #640914). To assess active Caspase-3, cells
were fixed and permeabilized before incubation with the FITC-
conjugated caspase-3 antibody (dilution 1/6) following manu-
facturer’s instructions (BD Biosciences # 550914) for subsequent flow
cytometry analysis. To assess membrane lipid perodixation, cells were
stained using 10uM of Bodipy 581/591 Cl1 (ThermoFisher, #D3861)
following manufacturer’s instructions. To assess senescence, cells
were treated with 100 nM bafilomycin Al (Sigma, #19-148) for 1h fol-
lowed by 2mM CI12FDG (Invitrogen, #D2893) for 2 h before being
washed and harvested for flow cytometry analyses. All assays were
analysed on a LSRII Fortessa (BD Biosciences) and data were analysed
using Flowjo v6.8.

Immunofluorescence

Cells grown on glass slides in 24-well plates, were fixed with 4%
paraformaldheyde for 15 min. After two washes with PBS buffer, they
were permeabilized in PBS+triton X-100 0,1% for 5 min and blocked
with PBS +10% FCS inactivated for 20 min. Primary antibodies were
incubated overnight at 4 °C and after three washes with PBS+Triton
0,1%, cells were stained for 1 h at room temperature with AlexaFluor-
488 conjugated secondary antibodies (Invitrogen goat anti mouse #
A11001 and goat anti-rabbit # A32731) diluted 1/500 in PBS+10%
FCS. After three washes with PBS+Triton 0,1%, cells were stained with
DAPI (final concentration 1 ug/ml) and mounted on microscopy
slides. Images were captured with a confocal (Leica DMI6000)
microscope.

Cell viability assay by fluorescence screening

In total, 5 x 10° of indicated cell types were seeded on 96-well plates in
four technical replicates on day 1. The next day, cells were treated
either with DMSO control or with an increasing concentration of RSL3
(SelleckChem, 8155) ranging from O to 10 uM. At day 3, cells were
washed with PBS and stained using PrestoBlue (Invitrogen, A13261)

according to manufacturer instructions before fluorescence was
quantified on a multi-modal spectrometer (Berthold Mithras, LB940).
IC50 values were calculated using the fraction of DMSO control.

Immunostaining quantification by flow cytometry

Wildtype RMC219 and RMC2C cells were harvested and 1x10° cells
were resuspended in buffer A (PBS 1X, EDTA 2 mM, inactivated FCS 1%)
and SuL of Human TruStain FcX (Biolegend, 422301) was added for
10 min at room temperature. Following blocking, cells were stained for
1h with 5uL of conjugated EPCAM-FITC (Biolegend, 324203) and
conjugated CD44-PE (Biolegend, 103023). Following two PBS washes,
cells were resuspended in buffer A before flow cytometry on a LSRII
Fortessa (BD Biosciences) and analysis using Flowjo v6.8.

Boyden Chamber Invasion assays

Before seeding, 100ul of diluted Matrigel (1:20, 356234, Corning) was
added in each insert (24-well 8um inserts, Corning) and left to dry for
2 h at 37 °C before being washed twice with PBS. Subsequently, RMC
cells were harvested and 2x10° cells and seeded in the Boyden
chambers in corresponding media without serum. 24 h later, migrated
cells were fixed using PFA 4% for 10 min before being stained using
Crystal violet for 10 min. Excess stain was washed 3 times in PBS before
images were captured on phase contrast microscope. Quantification of
migrated cells was done by resuspension of staining using 100 mM
acetic acid for 15 min before luminescence was measured on a BioTek
Luminescence microplate reader (using Gen5 software).

RNA preparation and quantitative PCR

RNA isolation was performed according to standard procedures
(Macherey Nagel RNA Plus kit). RT-qPCR was carried out with SYBR
Green I (Roche) and SuperScript IV Reverse Transcriptase (Invitrogen)
and monitored using a LightCycler 480 (Roche). The mean of ACTB,
TBP, RPL13A and GAPDH gene expressions was used to normalize the
results. Primer sequences for each cDNA were designed using Primer3
Software and are available in Supplementary Table 1.

Public data correlation analysis using TGCA and CCLE database
Spearman correlation for all selected genes were retrieved from co-
expression studies using the Cancer Cell Line Encyclopaedia (Broad,
2019) and the TCGA chromophobe renal cell carcinoma (KICH) data-
bases. All transcription factors were extracted using the “Full Human
TFs” list from®. Scatter plots were made using PrismS. For the corre-
lation with TFCP2L1, the epithelial and mesenchymal genes were
retrieved from Watanabe et al.”.

Bulk RNA sequencing

RMC cell lines were analysed by RNA-seq under the different indicated
conditions. After sequencing raw reads were pre-processed in order to
remove adapter and low-quality sequences (Phred quality score below
20) using cutadapt version 1.10. and reads shorter than 40 bases were
discarded. Reads were maping to rRNA sequences using bowtie ver-
sion 2.2.8, were also removed. Reads were mapped onto the hgl9
assembly of Homo sapiens genome using STAR version 2.5.3a. Gene
expression quantification was performed from uniquely aligned reads
using htseg-count version 0.6.1pl, with annotations from Ensembl
version 75 and “union” mode. Only non-ambiguously assigned reads
were retained for further analyses. Read counts were normalized
across samples with the median-of-ratios method. Comparisons of
interest were performed using the Wald test for differential expression
and implemented in the Bioconductor package DESeq2 version 1.16.1.
Genes with high Cook’s distance were filtered out and independent
filtering based on the mean of normalized counts was performed.
P-values were adjusted for multiple testing using the Benjamini and
Hochberg method. Deregulated genes were defined as genes with
log2(foldchange) >1 or <-1 and adjusted p value < 0.05.
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Analysis of bulk RNA-seq of patient samples

For RMC cohorts, raw counts were retrieved in excel format and nor-
malized first by sequencing depth using DESeq2 sizefactors and then
divided by median of gene length. Samples were clustered using the
hclust function with “ward.D2” linkage function and visualized as
heatmaps using pheatmap package v1.0.12. The deconvolution of
immune and stromal cells was done using MCP-counter v1.2.0%%
Sample compositions were also estimated by deconvolution from our
single-cell data using the CIBERSORTx algorithm®. Volcano plots were
generated with ggplot2 v3.3.2. Gene set enrichment analyses were
done with the GSEA software v3.0 using the hallmark gene sets of
Molecular Signature Database v6.2. Gene Ontology analysis was done
using DAVID (http://david.abcc.ncifcrf.gov/). Gene list intersections
and Venn diagrams were performed by Venny.

Protein extraction and Western blotting

Whole cell extracts were prepared by the standard freeze-thaw techni-
que using LSDB 500 buffer (500 mM KCI, 25mM Tris at pH 7.9, 10%
glycerol (v/v), 0.05% NP-40 (v/v), 16 mM DTT, and protease inhibitor
cocktail). Cell lysates were subjected to SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and proteins were transferred onto a nitro-
cellulose membrane. Membranes were incubated with primary
antibodies in 5% dry fat milk and 0.01% Tween-20 overnight at 4 °C. The
membrane was then incubated with HRP-conjugated secondary anti-
body (Jackson ImmunoResearch; Goat against Mouse: 115-036-71; Goat
against Rabbit: 111-035-144 dilution 1.2000) for 1 h at room temperature,
and visualized using the ECL detection system (GE Healthcare). The
references of all antibodies are available in Supplementary Table 2.

Chromatin immunoprecipitation and sequencing (ChIP-seq)
BRG1 ChIP experiments were performed on native MNase-digested
chromatin. Between 10 to 20 x 108 freshly harvested RMC2C cells
bearing either SMARCB1 or mCHERRY and treated 2uM doxycycline
for 48 h were resuspended in 1.5 ml ice-cold hypotonic buffer (0.3 M
Sucrose, 60 mM KClI, 15 mM NaCl, 5mM MgCl2, 0.1mM EDTA, 15 mM
Tris-HCI pH 7.5, 0.5mM DTT, 0.1mM PMSF, PIC) and cytoplasmic
fraction was released by incubation with 1.5 ml of lysis-buffer (0.3 M
sucrose, 60 mM KCI, 15 mM NacCl, 5mM MgCI2, 0.1 mM EDTA, 15 mM
Tris-HCI pH 7.5, 0.5 mM DTT, 0.1 mM PMSF, PIC, 0.5% (vol/vol) IGEPAL
CA-630) for 10 min on ice. The suspension was layered onto a sucrose
cushion (1.2 M sucrose, 60 mM KClI, 15 mM NacCl, 5 mM MgClI2, 0.1 mM
EDTA, 15 mM Tris-HCI [pH 7.5], 0.5 mM DTT, 0.1 mM PMSF, PIC) and
centrifuged for 30 min 4 °C at 5000 g in a swing rotor. The nuclear
pellet was resuspended in digestion buffer (0.32Msucrose, 50 mM
Tris-HCI [pH 7.5], 4 mM MgCl2, 1mM CacCl2, 0.1 mM PMSF) and incu-
bated with 10ul of Micrococcal Nuclease (NEB) for 7 min at 37°C. The
reaction was stopped by addition of 20ul of EDTA 0,5M and suspen-
sion chilled on ice for 10 min. The suspension was cleared by cen-
trifugation at 8000 g (4°C) for 10 min and supernatant (chromatin)
was used for further purposes. Chromatin was digested to around 80%
of mono-nucleosomes as judged by extraction of the DNA and agarose
gel electrophoresis. H3K27ac and MYC ChIP experiments were per-
formed on 0.4% PFA-fixed chromatin isolated from RMC2C cells
bearing either SMARCB1 or mCHERRY and treated 2uM doxycycline
for 48h according to standard protocols®. ChIP-seq libraries were
prepared using MicroPlex Library Preparation kit v2 and sequenced on
the Illlumina Hi-seq 4000 as single-end 50-base reads®. Sequenced
reads were mapped to the Homo sapiens genome assembly hgl9 using
Bowtie with the following arguments: -m 1 --strata --best -y -S -1 40 -p 2.
Cut&Tag was performed using the Active Motif CUT&Tag-IT kit fol-
lowing the manufacturer’s instructions.

ChlIP-seq analysis
After sequencing, peak detection was performed using the MACS
software (Zhang et al., 2008). Peaks were annotated with Homer using

the GTF from ENSEMBL v75. Global clustering analysis and quantitative
comparisons were performed using seqMINER®. Super-enhancers
were called with the python package Ranking Of Super Enhancers
(ROSE) https://github.com/stjude/ROSE.

De novo motif discovery on FASTA sequences corresponding to
windowed peaks was performed using MEME suite (meme-suite.org).
Motif correlation matrix was calculated with in-house algorithms using
JASPAR database as described in®. Motif discovery from ChIP-seq
peaks was performed using the RSAT peak-motifs algorithm (http://
rsat.sb-roscoff.fr/peak-motifs_form.cgi).

Motif analysis Searching of known TF motifs from the Jaspar 2014
motif database at BRGl-bound sites was made using FIMO®® within
regions of 200bp around peak summits, FIMO results were then
processed by a custom Perl script which computed the frequency of
occurrence of each motif. To assess the enrichment of motifs within
the regions of interest, the same analysis was done 100 times on ran-
domly selected regions of the same length as the BRG1 bound regions
and the results used to compute an expected distribution of motif
occurrence. The significance of the motif occurrence at the BRGI-
occupied regions was estimated through the computation of a Z-score
(z) with z= (x — p)/o, where: - x is the observed value (number of motif
occurrence), — [t is the mean of the number of occurrences (computed
on randomly selected data), — o is the standard deviation of the
number of occurrences of motifs (computed on randomly selected
data). The source code is accessible at https://github.com/slegras/
motif-search-significance.git.

Statistics

All experiments were performed in biological triplicates, unless stated
otherwise in the figure legends. All tests used for statistical significance
were calculated using Prism5 and indicated in the figure legends along
with p values (***p<0.0001, *p<0.001, *p<0.01, *p<0.05,
ns: p >0.05).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data used in this study are available in the main article or as sup-
plementary information to the manuscript. Source data are provided
as a Source Data file. The sequencing data used in this study are pub-
licly available in the GEO database under accession number
GSE181001. Source data are provided with this paper.
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Article 2: An atlas of the human liver circadian transcriptome and its

carcinogenic perturbation by hepatitis C virus infection

This next article describes the novel influence of circadian rhythm on liver physiology and disease. It is currently
under minor revisions in Nature Communications. Circadian rhythm corresponds to the changes in the organism
over a 24 h time period. Notably, hepatitis C virus infection of chimeric mice with human hepatocytes showed that

both the rhythmicity of the transcriptome and epigenome was disturbed compared to non-infected mice.

I participated in this study by performing chromatin immunoprecipitation on fixed chimeric mice livers
infected or not by HCV and at different time points after the infection. I precipitated open chromatin with an
antibody targeting H3K27ac and H3Kgac marks, followed by sequencing. This showed that almost 1500 genes
expression were impacted by HCV infection, often showing loss of rhythmic expression and leading to chronic liver

disease.
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1 Summary:

2 Chronic liver disease and cancer are global health challenges. The role of the circadian clock (CC)
3 asaregulator of liver physiology and disease is well established in rodents, however, the identity
4  and epigenetic regulation of rhythmically expressed genes in human disease is unknown. Here
5  we unraveled the rthythmic transcriptome and epigenome of human hepatocytes using human liver
6 chimeric mice. We identified a large number of rhythmically expressed protein coding genes in
7  human hepatocytes of chimeric mice, which includes key transcription factors, chromatin
8 modifiers, and critical enzymes. We show that hepatitis C virus (HCV) infection, a major cause
9 of liver disease and cancer, perturbs the transcriptome by altering the rhythmicity of the
10  expression of more than 1500 genes, and affects epigenome, leading to an activation of critical
11  pathways mediating metabolic alterations, fibrosis, and cancer. HCV-perturbed circadian
12 pathways remain dysregulated in patients with advanced liver disease. Collectively, these data
13 support a role for virus-induced perturbation of the liver clock in cancer development and may

14 provide opportunities for cancer prevention and biomarkers to predict HCC risk.

15
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1 Introduction

2 Mammals are endowed with an endogenous timing system known as the circadian clock (CC), a
3 well-known regulator of physiology and behavior!*. The CC is self-sustained and present in
4  virtually all cell and tissue types. The CC-oscillator represents the core of this molecular ‘clock’
5 and operates as a transcriptional-translational feedback system'*®. Notably, components of the
6 CC-oscillator drive daily rhythmicity of their own expression and the temporal expression of
7  target genes (CC-controlled genes; CCGs), thereby ensuring coordinated function of cells, tissues,
8  and organs'. Studies with animal model systems reveal an essential role for the CC to regulate
9  metabolism, immune and endocrine functions'**’. Furthermore, perturbation of CC function in
10  murine models associates with diverse pathologies including metabolic diseases and cancer'*7-
11 ' However, the role of disrupted liver CC in the development of human chronic liver disease is

12 largely unknown due to our limited knowledge on diurnal gene expression in the human liver.

13 Hepatitis C virus (HCV) is a major cause of chronic liver disease and hepatocellular carcinoma
14  (HCC). Direct-acting antivirals (DAA) can eliminate HCV and cure infection!>!*, however, a
15  significant HCC risk persists, especially in patients with advanced fibrosis even after viral
16  elimination'*'7. The lack of reliable biomarkers to predict HCC risk after viral cure poses a
17  clinical challenge'*'®. Despite significant strides, the molecular basis of HCV-induced liver
18  disease and HCC development is still only partially understood'®!’. Several studies suggest a role
19  for HCV-induced transcriptional reprogramming in the development of HCC'®2! however, the
20 molecular drivers and mechanisms remain unknown. Here, we aimed to investigate the role of
21  the hepatic clock in liver disease biology by identifying the circadian transcriptome and

22 epigenome of human hepatocytes and its perturbation in chronic HCV infection.

23
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1 Results

2 Comparative analysis of the rhythmic transcriptome in human and mouse hepatocytes.

3 Assessing the rhythmicity of the liver transcriptome in humans is challenging as it would require
4 multiple biopsy samples over a 24 h period which poses a non-acceptable risk for the patient. We
5  therefore used a human liver chimeric mouse (HLCM) model as a surrogate. These mice are
6 immunodeficient and engrafted with primary human hepatocytes (PHH) and it is well established
7  to recapitulate critical aspects of patient liver disease biology including chronic viral and
8  metabolic liver disease’**>*. To identify the genes displaying a rhythmic expression pattern in
9 human hepatocytes, we investigated temporal changes in transcript abundance in liver tissue
10 samples from HLCM (Fig. 1a). Hence, 3 HLCM were sacrificed every 4 hours throughout the 24-
11 hour period starting at Zeitgeber 0 (ZT0; time of light ON, and ZT12- time of light OFF). We
12 performed 2 independent animal experiments (Series 1 and 2; Supplementary Tables 1 and 2) to
13 map the human hepatic diurnal transcriptome. Measurement of human serum albumin levels
14  indicated the comparable levels of hepatocyte engraftment (degree of humanization) in both
15  experiments (Series 1: ~14203 pg/mL, and Series 2: ~14973 pg/mL; Supplementary Table 1).
16  This was further confirmed by comparing human vs. mouse RNA-sequencing (RNA-seq) reads
17 (Supplementary Table 2) and human hepatocyte-specific CK8-18 immunostaining (Extended
18  Data Fig. 1) suggesting ~65% to ~70% humanization of the chimeric livers. Importantly,
19  hematoxylin-eosin (HE) staining revealed a conserved lobular hepatic architecture in HLCM with
20  no sign of engraftment-induced stress or steatosis (Extended Data Fig. 1). To assess the temporal
21 changes in the liver transcriptome of HLCM RNA-sequencing (RNA-seq) was performed, which
22 produced an average of 35 million reads per sample (Supplementary Table 2). To distinguish

23 transcripts originating from human and mouse tissue, sequence reads were mapped and annotated
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1 to both the human and mouse genome (Methods, and Supplementary Table 2). Post-annotation
2 unsupervised clustering was performed to determine the biological heterogeneity amongst HLCM
3 samples with respect to the expression phase of all the core CC-oscillator genes and CC-output
4  regulatory transcription factors in human hepatocytes (Extended Data Fig. 2a, b). This unbiased
5  approach allowed us to choose 2 samples from each timepoint from Series 1 and all 3 samples for
6  each timepoint from Series 2 for subsequent evaluations (Extended Data Fig. 2a, b). One sample
7  of Series 1 had to be excluded because of insufficient reads (Extended Data Fig. 2a; indicated in
8 red). Taken together, we analyzed 5 HLCM per timepoint to ensure a robust data set for further

9 analysis of diurnal transcriptome in human hepatocytes.

10 The rhythmicity of CC-gene expression in the chimeric livers were analyzed by
11 MetaCycle?. Notably, core CC-genes in engrafted human hepatocytes from both experiments
12 showed comparable oscillation profiles to residual murine hepatocytes and showed the
13 characteristic rhythmicity of these genes (Series 1 vs. Series 2 in Fig. 1b, and merged Series 1 and
14 2 in Extended Data Fig. 3a)!*. These comprise the RORE-containing genes CRYI, BMALI,
15 NPAS2, CLOCK, NFIL3, which reach maximal expression during active phase (ZT12-ZT0) and
16  minimal levels during rest phase. In contrast, BMAL1/CLOCK- -transcriptional activity dependent
17 E-Box containing genes DBP, TEF, PERI, and PER2 are mostly expressed during rest phase
18  (Fig. 1b and Extended Data Fig. 3a). Next, we compared the expression of CC-genes between
19  HLCM liver and in the liver of wild-type (WT) mice®*® which suggested their phase advancement
20 in the transplanted liver (Extended Data Fig. 3b). Importantly, our analyses of the expression
21 pattern of the CC-genes in engrafted human hepatocytes, residual murine cells, and their
22 comparison with the WT mice liver clock (Fig. 1b and Extended Data Fig. 3a, b) is consistent

23 with recent observations®’. Next, we applied the recently developed algorithm dryR*® to analyze
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1 differential rthythmicity of gene expression in HLCM liver. This algorithm determines variations
2 ofamplitude (fold changes), phase (peak expression time) and mean expression levels of circadian
3 orthologous gene expression, allowing the comparison of datasets with multiple conditions and
4  between species. The dryR algorithm distributes groups of genes to different models of
5  rhythmicity. Through dryR we identified five distinct categories of transcriptional profile in
6 HLCM livers that include genes with: cycling in human hepatocytes (model 2; colored green in
7  the cartogram), cycling in mouse hepatocytes (model 3; pink in the cartogram), unaltered rhythm
8 [model 4, grey: merger of pink (mouse) and green (human)], and altered rhythm (model 5;
9 diverged expression between two species either in phase or amplitude while displaying some
10  rhythmicity) (Fig. 1c and Supplementary Table 3). Additionally, a fifth model includes non-
11 rhythmic genes in both species (model 1; Supplementary Table 3). dryR revealed ~1,700 rhythmic
12 protein coding orthologous genes in HLCM liver of which 824 were uniquely rhythmic for human
13 hepatocytes (model 2; Fig. 1¢ and Supplementary Table 3). We also found 103 genes (model 5)
14 whose expression was altered between human and mouse hepatocytes, while 749 genes (model
15  4) showed unaltered rhythmic expression in two species in HLCM liver (Fig. lc and
16  Supplementary Table 3). Comparing cycling genes in human hepatocytes of HLCM with that of

17 WT mice livers® and post-mortem human livers®®

revealed rhythmic genes which are shared
18  (Extended Data Fig. 4a, b and Supplementary Table 3). However, the ‘number’ of shared genes
19  were not statistically (hypergeometric test) significant probably due to (i) whole liver tissue
20  contains cells other than hepatocytes, and (ii) using dryR we analyzed only protein coding genes

21 (with known murine orthologues) while different categories of non-coding genes are also known

22 to have diurnal rhythmicity in whole liver tissue.
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1 Next, a classification of rhythmic genes in human hepatocytes of HLCM for their

2 biological function using the Molecular Signature database (MSigDB)>**

allowed a comparison
3 with known ‘clock’-controlled physiological processes reported in the mouse liver®*® (Fig. 1d
4 and Extended Data Fig. Sa, b). Temporally resolved enrichment analysis revealed an
5 overwhelming role for the hepatic clock to regulate pathways involved in leptin, bile acid,
6 cholesterol, fatty acid, and heme metabolism. In addition, we found that human rhythmic
7  pathways involved in stress response (DNA repair, reactive oxygen species, p53 signaling),
8  signaling pathways (NOTCH, KRAS, TGF-f), and cell cycle clustered in comparable temporal
9 windows (‘peak’ expression = 1 ZT) as seen in mice (Fig. 1d and Extended Data Fig. 5a, b).
10  Human hepatocytes showed a rhythmic expression of cellular processes (apoptosis, hypoxia
11  response), cytokine signaling (IFNa, IFNy, IL6, TNFa, complement system), VEGF
12 (angiogenesis) and unfolded protein response which operate at different temporal windows
13 compared to murine hepatocytes. Consistent with a recent study?’, we also observed that some of
14 the key genes involved in growth hormone (GH)-STAT5*! and mTOR signaling pathways, e.g.,
15 STATI, STAT3, STAT5B, MTOR, LAMTORI-5 were non-rhythmic (model 1) in transplanted
16  human hepatocytes (Supplementary Table 3). Taken together, our study identifies the diurnal

17  transcriptome and rhythmic physiological processes in human hepatocytes.
18

19  Diurnal regulation of transcription factors and enhancer regions impact pathways relevant

20  for liver homeostasis.

21 Rhythmic expression of transcription factors (TFs) can generate temporal patterns of target gene
22 expression. To identify rhythmically expressed TFs in human hepatocytes of HLCM we analyzed

23 a dataset containing 1600 human TFs*2. Analyses of dryR-classified rhythmic genes led to the

9
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1 identification of ~140 rhythmically expressed TFs (~8% of all rhythmic genes) in human
2 hepatocytes of HLCM livers (Fig. le and Extended Data Fig. 6, 7a, b) that are well-known
3 regulators of physiopathology. Evaluating the expression of TFs in human and mouse cells of
4  HLCM revealed that key TFs like IRF2, NCOR2, JUNB, RELB, and IRF I were uniquely rhythmic
5 in human hepatocytes (model 2; Fig. 1f, Extended Data Fig. 6 and Supplementary Table 3),
6 correlating with the pathway analysis indicating that several of the cytokine and stress response
7  pathways are temporally distinct in human and mouse livers (Fig. 1d). We found shifted
8  expression phase of TFs regulating xenobiotic metabolism (NRI/2, and HLI"; Extended Data
9 Fig. 6, and 7a) and altered expression (model 5) for CEBPG (Fig. 1e). Importantly, amongst
10  rhythmically expressed TFs in both species in HLCM liver contained CC-regulatory TFs
11 (BMALI/ARNTL, CLOCK, NRIDI), and orchestrators of metabolism (PPARD, CREB3L3). In
12 HLCM livers, we identified several human orthologues of zinc finger TFs (ZNFs) being expressed
13 in different dryR categories, e.g., ZNFs (217, 248, and 318; model 2 - only cycling in human
14 hepatocytes), while ZNFs (330, 277, 362 and 367, model 4 - unaltered in two species) (Extended

15  Data Fig. 6 and Supplementary Table 3).

16 Gene expression requires epigenetic changes at promoter and enhancer regions. To
17  determine whether these rhythmicity in transcript levels are associated with epigenetic
18  remodeling of the chromatin, we performed ChIP-sequencing (ChIP-seq) of samples from the
19 HLCM liver (Fig. 1a). We initially focused on the temporal variation in histone 3 lysine 27
20  acetylation (H3K27ac) levels an established marker of promoter and enhancer activation®*-*%, and
21 whose deregulation is related to chronic liver disease!>*>*¢. Comparative analysis revealed the

22 diurnal variation of H3K27ac levels in enhancer and promoter regions in human hepatocytes and

23 in the liver of WT mice®. Analyzing the enhancer activation pattern showed that the changes for

10
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1 CC output regulatory TF D-box binding protein (DBP) follows a similar pattern in human and
2 murine hepatocytes, while variations in H3K27ac levels surrounding /RF2 promoter-enhancer

3 were only rhythmic in the human hepatocytes (Fig. 1g and Extended Data Fig. 8).

4 Taken together, our results provide an atlas of human hepatocellular diurnal
5 transcriptome, unveiling its epigenomic variations in vivo. Importantly, altered expression of
6 several of the identified rhythmic genes and processes are reported to associate with chronic liver

7 disease!??0%.

9  HCYV infection perturbs the rhythmicity of human liver transcriptome in vivo.

10 To understand whether perturbation of the human hepatocellular rhythmic transcriptome
11  associates with liver disease and cancer, we investigated the impact of HCV infection on diurnal
12 gene expression in two independent animal experiments (Series 1 and 2; Supplementary Tables 1,

1214 and does neither infect nor replicates in

13 2). HCV exclusively infects human hepatocytes
14  murine cells?*?***’. HLCM were infected with patient-derived HCV for 10 weeks (Fig. 2a and
15  Supplementary Table 1) and assessed for hepatic diurnal gene expression. RNA-seq from the
16 HCV infected HLCM livers (3 HLCM / experiment / circadian timepoint) yielded specific
17  transcriptomic profiles that clustered in an unsupervised manner (Supplementary Table 2 and
18  Extended Data Fig. 9a, b). While humanization of the mouse livers in control and HCV animals
19  were similar at the time of infection according to human albumin levels in the sera, we observed
20  aslightly reduced humanization in the HCV animals after 4™ week of infection (Extended Data

21 Fig. 10c) as described previously in a similar model** (Extended Data Fig. 10a-c and

22 Supplementary Table 1). Loss of human hepatocytes is likely due to an induction of cellular stress

11
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1 in HCV-infected livers!®?*?3 which was also reflected histologically by CK8-18 staining.
2 Importantly, we next employed a species-specific ‘reads’ mapping strategy which allows for an
3 independent analysis of human and mouse transcriptome (see methods). Additionally, this method
4  of analyzing human (and mouse) reads independent from each other also takes into account

5 artifacts arising from different humanization levels in different groups of HLCM.

6 Due to the restricted tropism of HCV to human hepatocytes, we studied the impact of

7  HCV-infection on diurnal transcriptome only in human hepatocytes (control and infected) of

8 HLCM. Notably, analyzing two independent animal infection experiments showed overall

9  perturbation in the expression of key CC genes (Fig. 2b and Extended Data Fig. 11a). The ‘peak’
10  expression for BMALI (ZT20) was consistently but modestly reduced (FDR<0.067), which
11  correlated with a reduced maximal level (ZT4) of its target gene, transcription factor DBP
12 (Fig. 2b, Extended Data Fig. 11a, b). However, other key CC genes (CLOCK, PERI and REV-
13 ERBo/NR1D1) displayed only overall tendencies of deregulation in infected hepatocytes (Fig. 2b,
14  Extended Data Fig. 11a). Also, between ZT4-ZT8 the expression level of REV-IERBo target gene
15 NFIL3 was increased in HCV-infected livers (Fig. 2b, Extended Data Fig. 11a, b). Importantly,
16  the dryR analyses of HCV infection (see below) confirmed that two key CC TFs (BMALI/ARNTL
17 and NFIL3) belong to the ‘altered’ group of genes (model 5; Supplementary Table 4). Taken
18  together, these analyses indicate that by perturbing the expression of circadian TFs, HCV
19 infection likely impacts the global gene expression of their downstream targets, e.g., BMALI-
20 activated (E-Box-containing), and NFIL3-repressed (D-Box-containing) genes. Interestingly, we
21 found that serum HCV RNA levels in HLCM displayed a modest diurnal rhythmicity with a peak
22 in the active phase (ZT16-ZT20). However, the clinical translation of this finding remains to be

23 explored (Extended Data Fig. 12).
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1 Next, in the human hepatocytes of HLCM we investigated HCV-induced perturbation of
2 the entire thythmic transcriptome and pathways using dryR*®. Similar to Fig. lc, we identified
3 five distinct categories of transcriptional profile in HCV-infected HLCM livers (loss, gain,
4  unaltered, and altered rhythm (Fig. 2c and Supplementary Table 4), plus one additional category
5  of non-rthythmic genes in comparison to non-infected controls. The global impact of HCV-
6  induced perturbation of the hepatocellular diurnal transcriptome (~22% of all the rhythmic genes)
7  was reflected by the deregulation of several physiological processes (Fig. 2d and Extended Data

8  Fig 13), including pathways of HCV-induced proteogenomic changes?®3%*

. Importantly,
9  pathways (enriched for cycling genes; FDR <0.05) being significantly dysregulated comprise key
10  drivers of chronic liver disease, including metabolic alterations (fatty acids, lipids, peroxisome
11  organization), fibrosis (TGFp-signaling, SMAD activity, fibroblast proliferation, and EMT
12 response), and oncogenic pathways linked to HCC development (liver cancer signatures, MYC,
13 H-RAS, and EGFR signaling) (Fig.2d, Extended Data Fig. 13). All these pathways were
14  previously determined to be cycling by dryR (Fig. 1d) within model 2 (loss of rhythmicity)
15  (Fig. 2d). Although HLCM lack T- and B-cells (adaptive immunity deficient), engrafted

16  hepatocytes can activate cell intrinsic innate immunity-related pathways'*2°

, which may act to
17  defend against stress and infection. Consistently, HCV-infected HLCM liver showed an
18  upregulation of innate immune and inflammatory pathways (NF-kB, TNFa, IL6/STAT3, and
19  Type I interferons) (Fig. 2d, Extended Data Fig. 13). Next, we performed immunostaining of
20 MYC a well-known oncogene driving various aspects of chronic liver disease and HCC. While
21 MYC was barely detectable in the uninfected liver, it was significantly (p=0.015) upregulated

22 upon HCV infection in HLCM liver supporting activation of downstream target pathways at the

23 transcriptomic level (Fig. 2d and Extended Data Fig. 14a-c). Several studies have noted that the
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1 lack of adaptive immune cells prevents the development of steatosis and that only marginal
2 fibrosis develops in HLCM liver*®#!#?_ Consistently, histology of HLCM liver did not detect any
3 steatosis (Extended Data Fig. 15a). Sirius red staining and quantification of collagen positive
4  areas (CPA) showed modest but significant liver fibrosis in the infected mice (Extended Data
5  Fig. 15b, c¢). In summary, these data shows that HCV infection dysregulates the diurnal liver
6 transcriptome and rhythmic processes, which likely predisposes to the advancement of chronic

7 liver disease.
8 HCYV infection disrupts rhythmic epigenetic variations that drive gene expression in vivo.

9  The diurnal variation of epigenomic changes driving promoter-enhancer activation/repression in
10  health and chronic liver disease in human hepatocytes is unexplored. Hence, we profiled 24-hour
11 changes in two epigenetic markers of gene activation: histone 3 lysine 27 acetylation (H3K27ac)
12 and histone 3 lysine 9 acetylation (H3K9ac) in liver obtained from infected and non-infected
13 HLCM. We identified global rhythmicity in both H3K27ac and H3K9ac levels in promoter-
14  enhancer regions of cycling genes in uninfected livers (Fig. 3a, d and Supplementary Table 3).
15  Amongst cycling genes, we identified transcription start site (TSS)-enriched peaks for both
16  H3K27ac and H3K9ac. Moreover, we also found peaks of H3K27ac and H3K9ac within gene
17  bodies and intergenic regions that suggests possible diurnal epigenetic regulation of yet to be
18  characterized distal enhancer regions (Fig. 3a-fand Supplementary Table 5). Importantly, overall
19  circadian variation in H3K27ac was completely lost in the infected liver. The loss of H3K27ac
20  variation emerged as a generalized plateau of TSS-associated H3K27ac peaks (Fig. 3a-c). Also,
21  the observed circadian intergenic enhancer regions were persistently hyper-H3K27 acetylated in
22 the infected liver (Fig. 3a). In contrast to H3K27ac, HCV-induced higher H3K9ac levels mostly

23 from the end of the rest phase and during the active phase that caused a saturation of peak numbers
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1 (ZT8-ZT20) when compared to the non-infected animals (Fig. 3d-f). Thus, HCV alters circadian
2 epigenome at both promoter-enhancer (H3K27ac and H3K9ac), and gene body (H3K%ac) levels
3 (Fig. 3a-f). In addition, analyses of gene-specific circadian variations in levels of H3K27ac and
4 H3KO9ac of liver disease driving genes (XBP/ and RAF1) and CC-component CRY/ confirmed
5 the HCV-induced epigenetic perturbations (Fig. 3g, Extended Data Fig. 16a, b). To unravel the
6  TF motifs most enriched in H3K27ac peaks in HCV-infected HLCM livers, we intersected TSS
7  and enhancer-associated peaks with TF binding site predictions from JASPAR*** (Fig. 3h). This
8 revealed an overall suppression of H3K27ac levels in the regulatory regions of genes controlled
9 by CC-output regulatory TFs (e.g., DBP, HLF, TEF, NFIL3; regulators of D-Box genes)
10  correlating with an overall dysregulation of their target pathways (bile acid metabolism,
11  xenobiotic metabolism; Extended Data Fig. 13). Importantly, we also observed an enrichment of
12 H3K27ac peaks in enhancer regions for known transcriptional drivers of chronic liver disease
13 progression in the HCV-infected HLCM, e.g., NRF1/NFE2L1 (regulator of lipid metabolism,
14 oxidative/hypoxic stress), E2Fs and EGRs (regulator of cell cycle, stress response) (Fig. 2d and

15  3h, Extended Data Fig. 13).

16 Histone acetylases and deacetylases are known enzymatic regulators of histone
17  acetylation. In HLCM, no significant transcriptional change of key histone acetylases (EP300,
18  and CREBBP) or deacetylases of the HDAC or SIRTUIN families were observed upon HCV-
19 infection (Fig. 3j, Extended Data Fig. 17a, b). Notably, dryR identified SIRT! to be uniquely
20  rhythmic in human hepatocytes (model 2, Supplementary Table 3), while the expression of all
21 other SIRTUINs (SIRTs 2-7) showed no rhythmicity in control HLCM livers (Fig. 31, Extended

22 Data Fig. 17c and Supplementary Table 3). Our results demonstrate that HCV infection impairs
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1 the hepatic transcriptome and epigenome to create an environment that is conducive to the

2 development of liver disease.

3 The HCV non-structural (NS) proteins 4 and SA suppress SIRT1 and BMALI1 protein
4  expression in an infectious cell culture model.

5  SIRTI is the only epigenetic regulator which was identified by dryR to display diurnal rhythmicity
6  in human hepatocytes of chimeric mice and is a known regulator of CC-oscillator in mice*. Given
7  the technical challenges associated of performing specific loss-of-function studies in human
8  hepatocytes of the chimeric mice, we utilized the state-of-the art cell culture system of HCV

4647 (previously used to discover the essential biological process involved in HCV

9 infection
10  replication and viral pathogenesis as well as the clinical antiviral therapy)'®'%2%% to investigate

11 potential mechanistic links between SIRT and key CC gene BMALI.

12 For loss-of-function studies, we established CRISPR/Cas9 guided control (sgCTRL) and SIRT]
13 (sgSIRTI) knock-out (KO) in human hepatocyte-derived Huh7.5.1 cells (Fig. 4a). In sgSIRT]
14 cells, BMALI protein was significantly reduced compared to the controls (Fig. 4a and Extended
15 Data Fig. 20). SIRT1 regulates BMALI transcription as in sgSIRT] cells the “basal” level of
16  BMALI promoter driven luciferase (BMALI-Luc) activity was significantly reduced (Fig. 4b).
17 Consistently, SIRT1 agonist (SRT2183)* increased the “basal” level of BMALI-Luc activity in
18  Huh7.5.1 cells (Fig. 4c) and this effect was abolished in SIR77 KO cells (Fig. 4c). These results
19  suggest a potential functional role for SIRT1 to regulate BMALI expression in the HCV cell

20  culture model.

21 Next, we explored the role of individual HCV proteins in the expression of SIRT1 and
22 BMALI in Huh7.5.1 cells, by ectopically expressing viral-encoded structural (core: C and core-
23 envelope: CE2) and non-structural (NS3, NS4, NS5A and NS5B) proteins. We confirmed that
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1 HCV infection significantly reduced SIRT1 and BMALI1 expression in Huh7.5.1 cells (Fig. 4d
2 and Extended Data Fig. 21). HCV NS4 and NS5A reduced the levels of both SIRT1 and BMALI
3 (Fig. 4d and Extended Data Fig. 21). We investigated which HCV protein affects the expression
4 ofboth SIRTI and BMALI transcriptionally by determining their promoter-luciferase activity. We
5 found that of all the HCV proteins only NS4 and NS5A significantly reduce the promoter
6 activities of both SIRTI-Luc and BMALI-Luc (Fig. 4e, f), suggesting that decreased SIR7/
7 (deacetylase) levels not only leads to a reduction in BMALI levels, but also likely contributes
8 (along with other chromatin regulators) to the HCV-induced epigenomic alterations in the cell

9  culture model.
10

11 HCYV perturbation of the diurnal gene expression is associated with HCC risk in patients

12 with chronic liver disease.

13 Toinvestigate the clinical impact of these findings, we investigated the virus-induced perturbation
14 of the rhythmic pathways in patients with chronic hepatitis C. Our analysis of transcriptomic
15  changes in these patients broadly supports our observations in HLCM by revealing that HCV
16  perturbs the expression liver disease-relevant rhythmic pathways (Fig. 5a), as shown in a side-
17  by-side comparison in this well characterized cohort of pooled transcriptomic data from
18  chronically infected patients (F1-F4 stage liver disease) and control subjects without liver
19  disease!* (Fig. 5a). Most of the liver specimens in these patient cohorts were obtained in the
20 morning, however, we cannot exclude a moderate temporal heterogeneity due to a variation in

21  clinical schedules.

22 Next, we studied whether DAA cure results in reversal of transcriptomic changes of the evaluated

23 pathways in the HLCM mouse model (HCV-infected vs DAA-treated; Supplementary Table 7)
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1 as well as in HCV-infected and viral-cured patients (Pat 1,2, and 3; Supplementary Table 6),
2 which revealed that the virus-induced changes in the human transcriptome are only partially
3 reversed following viral clearance (Extended Data Fig. 18a). Importantly, an independent
4  analysis of these disease relevant pathways either in viral-cured patients with HCC

5  (Supplementary Table 6) or with MASH showed their perturbation (Extended Data Fig. 18b, c).

6 Finally, we aimed to study whether the perturbation of rhythmic gene expression was associated
7  with HCC risk in patients. Notably, using we have previously shown that HCV-induced
8  epigenetic changes are associated with a persistent HCC risk post viral cure®>. The effect on
9 carcinogenic pathways is reflected by the perturbation of the well characterized prognostic liver
10 signature (PLS)*!**° which robustly predicts survival, liver disease progression and HCC risk
11  in patients with different etiologies including chronic hepatitis C. The PLS was perturbed to a
12 HCC high risk status during chronic HCV infection. A systematic dissection of the 186 PLS genes
13 revealed that genes associated with a low HCC risk and good prognosis are cycling into a much
14 higher proportion compared to the expression of HCC high risk/poor prognosis genes (Fig. 5b).
15 Thus HCV-induced CC-perturbation seems to affect the expression good prognosis genes much

16  more than the poor prognosis genes (Extended Data Fig. 19).

17 Next, we aimed to identify a gene signature that reflects HCV-induced perturbation of CC
18  genes and at the same time predict patient outcome. Therefore, we assessed whether diseased
19  human livers express the various dryR gene sets we identified in the HCV-infected HLCM liver
20 (Fig. 2¢). We compared the perturbed rhythm associated with disease phenotype by using our
21 previously described genome-wide transcriptome profiles of liver tissues from 216 early-stage
22 (Child-Pugh class A) cirrhosis patients'®. We defined gene sets of HCV-infected and control

23 hepatocytes for early (ZT0-ZT8) and late (ZT12-ZT20) time points, as up-regulated genes with
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1 fold changes >4 in each condition. We observed correlation of some of the gene sets from early
2 time points of HCV-infected hepatocytes with several disease severity-related features, e.g.,
3 severer (larger) gastroesophageal varices and high-risk pattern of the PLS!8214048-51 (Ejg 5b,
4 Supplementary Tables 8, 9). In contrast, the gene sets derived from the control and late time points
5 in HCV-infected hepatocytes were associated with low-risk pattern of the PLS. Using these gene
6  sets as a common signature termed HCVclock, we were able to classify the HCC patients into
7 high-risk (poor outcome) and low-risk (good outcome) groups. Importantly, we observed changes
8 in gene set enrichment index (GSEI) which indicates “magnitude of correlation” with overall
9 survival according to HCVclock classification (Fig. 5c, d), suggesting possible clinical relevance.
10  Finally, our analyses of HCV-disrupted rhythmic pathways in HLCM and patient cohorts revealed
11 a firm link with all major ‘hallmarks’ of cancer (Fig. 5e). Collectively, our analyses demonstrate
12 that the HCV-induced perturbation of the human hepatocellular diurnal transcriptome correlates

13 with clinical risk of developing HCC.
14
15  Discussion

16  The liver is the central metabolic organ in mammals and performs evolutionary conserved
17  metabolic processes. However, given an evolutionary distance of ~80 million years with nocturnal
18  rodents in which the CC has been extensively studied, it is important to identify genes and
19  corresponding pathways that are rhythmic in human tissues, and hepatocytes, and which are
20  deregulated in liver disease. Our study provides a comprehensive temporal gene expression atlas
21  and identifies epigenomic changes in human hepatocytes that facilitates bioinformatic analyses
22 to study their potential role in liver disease. The abundance and complexity of transcripts in a

23 multifunctional tissue like the liver does not explain all dimensions of its physiology, but the
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1 study of temporal gene expression patterns as provided here offers a new and crucial dimension
2 of understanding human liver in health and disease. It has generally been assumed, given the
3 conservation of biological processes across mammals, that diurnal transcriptomes are comparable
4  across species while expressing mostly orthologous rhythmic genes. However, this investigation
5 identifies crucial genes (TFs, epigenetic remodelers, enzymes etc.) and pathways which show
6 rhythmic expression only in human hepatocytes (Fig. 1 and Extended Data Fig. 5-7). Critically,
7  many of these pathways were recently identified as human hepatocyte specific?’. We found that
8 the CC genes in engrafted human hepatocytes and resident murine hepatocytes display
9  comparable patterns of expression (Fig. 1b). This effect was recently confirmed and suggested to
10  be due to a dominant cellular ‘clock’ synchronizing ability of engrafted human hepatocytes?’.
11 Together, our investigation and that of Delbés and co-workers®’ confirm that the engraftment of
12 human hepatocytes into a new environment (neuronal and systemic signals, food, light cycle,
13 temperature) did not prevent the re-establishment of a functioning rhythmic hepatic CC-oscillator.
14  The HLCM model is well established to investigate viral and metabolic chronic liver disease.
15 However, the CC-oscillator in engrafted human hepatocytes was phase-advanced when compared
16  to the WT mice liver?’. This is consistent with the literature in the field suggesting that this being
17 due to the differential sensitivity of human hepatocytes to metabolic and systemic signaling®’>>>*.
18 It should be noted that HLCM are immunodeficient, and transcripts of liver resident immune cells
19  cannot be studied extensively using such animal models. However, the engrafted hepatocytes
20  have an intrinsic capacity to induce innate immune responses to stress and infection, as evidenced
21 by their expression of several cytokine (TNF, IL6, and type I interferons) signaling pathways
22 (Fig. 2d). Physiologically, the CC governs the expression of numerous critical genes controlled

23 directly by the CC-components (e.g., BMALI, DBP, TEI), or through CC-regulated rhythmic TFs
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1 (Fig. 1). Even though HCV-infection perturbed the expression of only a few CC genes (Fig. 2b),
2 this perturbation was associated with a dysregulation of the transcriptomic oscillation of 22% of
3 rhythmic genes (loss, gain, and altered rhythmicity) (Fig.2 and Extended Data Fig. 13).
4  Importantly, previous studies demonstrated that viral infections and chronic liver disease is driven

5  through similar perturbed pro-oncogenic pathways in various disease etiologies!->!40-3433,

6 Using chronic hepatitis C as a model disease, our data indicate a critical role of the

7  dysregulated hepatocellular CC for virus-induced cancer as shown by perturbation of the

8 oscillation of the major cancer hallmark pathways in both HLCM and patients (Fig. 2, 3, 5).

9  Mechanistic studies identified a previously unrecognized epigenetic imprinting (dysregulated
10  histone acetylation) in enhancer regions of circadian genes, that correlated with impairments of
11  cancer hallmark pathways upon viral infection. A strength of our study is the use of two state-of-
12 the-art model systems for HCV infection with data integration of liver tissues of HCV-infected
13 patients, a technical limitation of the study is that these model systems still only partially mimic
14 the cell circuits in patients and a diurnal analyses of the patient liver transcriptome and proteome
15 would require serial biopsies over a 24 hour time period which are not available due to ethical
16  constraints. Our analyses obtained in a state-of-the-art cell culture model for HCV infection
17 suggest a role of the NAD-dependent deacetylase SIRT1°¢ for HCV-induced CC perturbation.
18  In the cell culture model, HCV reduced SIRT1 protein and BMALI levels (Fig. 4) suggesting
19  virus-induced perturbed SIRT1 and BMALI expression as candidate mechanism contributing to
20  the virus-induced changes of the rhythmicity of part of the transcriptome. Of note, the regulatory
21 role of SIRT1 on BMALI has been previously established in mice*>’*%. Supporting this
22 hypothesis, we observed a perturbed expression of BMALI targets in HCV-infected HLCM livers

23 including TFs like DBP and several other genes (Extended Data Fig. 11b and Supplementary
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1 Table 4). While these data may suggest a virus-induced BMALl-associated suppression in
2 infected HLCM, additional in vivo validation experiments would be required for arresting
3 conclusions. Interestingly, we also observed an HCV-induced perturbation of the promoter-
4  enhancer associated histone mark (H3K27ac) in vivo while gene-body associated H3K9ac was
5 only disrupted during ZT8-ZT20 (Fig. 3a-h), indicating a dynamic act at the epigenomic level
6 between different chromatin remodelers regulating gene expression. Taken together, these
7  alterations in different TFs, chromatin modifiers and their downstream targets suggest intricate
8  mechanisms that could largely explain HCV-induced deregulation of the cellular transcriptome
9 that collectively have the potential to activate pathways known to drive liver disease (Fig. 2-4 and

10  Extended Data Fig. 20).

11 Moreover, our findings of gene expression in patients suggest a profound effect of HCV
12 infection on HCC risk biomarkers (i.e., PLS) (Fig. Sb-d). As, CC-targeting compounds® have been
13 shown to attenuate liver disease progression in rodent models®, our results may provide
14  opportunities to discover CC-based biomarkers to predict HCC risk and novel therapeutic targets
15  for cancer prevention.
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17  Humanized liver chimeric mice were produced by splenic injection of cryopreserved PHH (BD
18  Biosciences, San Jose, CA) into uPA/SCID mice as previously described®. The PHH donor
19  (HF284) was a deceased 2-year-old female patient with no recorded history of liver disease and
20 viral infection. The isolated PHH showed positive enzymatic activities for multiple human
21 Cytochromes (CYP). PHH were stored and thawed as instructed to maintain their high viability

22 (~75%). Both control and HCV-infected mice were engrafted with the same batch of PHH into
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1 the spleen. All animal protocols described in this study were performed in accordance with the
2 Guide for the Care and Use of Laboratory. Animals (https://grants.nih.gov/grants/olaw/guide-for-
3 the-care-and-use-of-laboratory-animals.pdf) and the experimental protocol was approved by the
4  Ethics Review Committee for Animal Experimentation of the Graduate School of Biomedical
5  Sciences, Hiroshima University with approval number A14-195. All mice (male) were kept in
6 isolated cages and fed ad libitum on CFR1 diet (Oriental Yeast Co., Ltd, Tokyo, Japan). Twelve
7  weeks after hepatocyte transplantation, mice were injected intravenously with or without 10°
8  copies of genotype 1b HCV-infected serum®. After serum inoculation, mouse blood samples
9  were obtained serially, and human albumin concentrations and serum HCV RNA levels were
10 measured. Human serum samples were obtained from a patient who had provided written
11  informed consent for participation in the study. The serum sample was divided into small aliquots
12 and stored -80 °C until use. Both control and HCV-infected mice were provided ad libitum chow
13 diet and water. Both groups of mice were maintained in 12 h light-dark cycle for 10 weeks and

14 were sacrificed through carbon dioxide every four hours.

15  Measurement of human albumin levels. Human hepatocyte repopulation rates were estimated
16 by blood human albumin levels. Blood samples (5 pL) were collected periodically from the tail
17  vein, and the levels of human albumin levels were determined with the Human Albumin ELISA

18  Quantitation kit (Bethyl Laboratories Inc., Montgomery, TX, USA).

19  Measurement of HCV load from serum samples. RNA was extracted from mouse serum
20  samples using Sepa Gene RV-R (EIDIA Co., LTD., Tokyo, Japan). Extracted RNA was reverse
21 transcribed using random primer (TakaRa Bio Inc., Shiga, Japan) and M-MLV reverse
22 transcriptase (ReverTra Ace; TOYOBO Co., LTD., Osaka, Japan) according to the instructions

23 provided by the manufacturer. HCV RNA levels in mice were measured using the COBAS
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1 TagMan HCV test (Roche Diagnostics, Tokyo, Japan). The lower detection limit for the assay in

2 mice was 3.45 log [U/mL.

3 RNA-seq NGS library preparation. The amount of total RNA was quantified using the Qubit
4 2.0 Fluorometric Quantitation system (Thermo Fisher Scientific, Waltham, MA, USA) and the
5 RNA integrity number (RIN) was determined using the Experion Automated Electrophoresis
6 System (Bio-Rad, Hercules, CA, USA). RNA-seq libraries were prepared with the TruSeq
7  Stranded mRNA LT sample preparation kit (Illumina, San Diego, CA, USA) using Sciclone and
8  Zephyr liquid handling workstations (PerkinElmer, Waltham, MA, USA) for pre- and post-PCR
9  steps, respectively. Library concentrations were quantified with the Qubit 2.0 Fluorometric
10  Quantitation system (Life Technologies, Carlsbad, CA, USA) and the size distribution was
11  assessed using the Experion Automated Electrophoresis System (Bio-Rad, Hercules, CA, USA).
12 For sequencing, samples were diluted and pooled into NGS libraries in equimolar amounts.
13 Expression profiling libraries were sequenced on HiSeq 3000/4000 instruments (Illumina, San
14  Diego, CA, USA) following a 50 bp, single-end recipe. Raw data acquisition (HiSeq Control
15 Software, HCS, HD 3.4.0.38) and base calling (Real-Time Analysis Software, RTA, 2.7.7) was
16  performed on-instrument, while the subsequent raw data processing off the instruments involved
17  two custom programs based on Picard tools (2.19.2). In a first step, base calls were converted into
18  lane-specific, multiplexed, unaligned BAM files suitable for long-term archival
19  (IlluminaBasecallsToMultiplexSam, 2.19.2-CeMM). In a second step, archive BAM files were

20  demultiplexed into sample-specific, unaligned BAM files (IlluminaSamDemux, 2.19.2-CeMM).

21 H3K27ac and H3K9ac chromatin immunoprecipitation (ChIP). Chromatin
22 immunoprecipitation (ChIP) of H3K27ac and H3K9ac were performed as described previously?,

23 with minor modifications. In brief, for ChIP from humanized mice we used ~100 mg liver per
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1  time point. Liver tissues were dounce homogenized in cold PBS, on ice. Subsequently, fresh
2 formaldehyde was added (1% final concentration (v/v) to the PBS containing cells and incubated
3 on a flip-flop rocker for 10 min at room temperature, followed by the addition of 2 M glycine
4  (0.125 M final concentration) and incubation for 5 min (room temperature). Cross-linked cells
5  were pelleted (400 x g, 5 min) at 4 °C, washed twice in ice-cold PBS and resuspended in ice cold
6  lysis buffer [10 mM EDTA, 50 mM Tris-HCl (pH 8), 1% SDS, 0.5 x PMSF and protease inhibitor
7 cocktail Complete, EDTA-free (Roche)]. Cross-linked lysates were sonicated [Covaris; (Power
8 200 Watts, Duty factor 28%, Cycles/burst 200 and time/sample 20 min)] at 4 °C to generate 200-
9 500 bp chromatin fragments. Cellular debris were removed by centrifugation (10000 x g, 10 min)
10 at 4°C and the supernatant (chromatin extract) was quantified and verified for sonication
11  efficiency. Next, the chromatin extracts were pre-cleared with 30 pL of protein G Dynabeads (per
12 sample) for 1 h at 4 °C. Next, beads were discarded, and equal amounts of lysates were subjected
13 to immunoprecipitation. 10% of the lysate was saved and served as input DNA. Next, individual
14 samples were diluted 1:8 (v/v) in ChIP dilution buffer (16.7 mM Tris, 0.01% SDS, 1% Triton X-
15 100, 1 mM EDTA, 16 mM NaCl, 1X Complete, EDTA-free (pH 8.1) and incubated overnight at
16 4 °C on a rotating wheel with control IgG (Diagenode, #C15410206) and either H3K27ac (Active
17  Motif, #39133) or H3K9ac antibody (Active Motif, #39137). Next, 50 uL of pre-cleaned
18 Dynabeads G were added for 60 min at 4°C on a rotating wheel. Protein G-bound
19  immunocomplexes were then washed twice with low-salt buffer (20 mM Tris, 0.1% SDS, 1%
20  Triton X-100,2 mM EDTA, 150 mM NaCl, pH 8.1), twice in high-salt buffer (20 mM Tris, 0.1%
21 SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl, pH 8.1), twice in LiCl buffer (10 mM Tris,
22 250 mM LiCl, 1% NP-40, 1% sodium deoxycholate, | mM EDTA, pH 8.1), and finally washed

23 twice in 1 mL TE buffer (10 mM Tris, 1 mM EDTA, pH 8). Chromatin was released from the
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1 beads by incubation with 250 uL of elution buffer (1% SDS, 100 mM NaHCO3, pH 8) for 10 min
2 at room temperature on a shaker at 1250 rpm in a tabletop centrifuge. The elution step was
3 repeated and both eluates were pooled. 1 pL of RNaseA (10 mg/mL; Fermentas) and NaCl
4 (200 mM final concentration) was added to the eluate and incubated at 65 °C overnight. The
5 reaction was stopped by 3 pL proteinase K (10 mg/mL; Fermentas) and incubated at 50 °C for
6 1 h. DNA was subsequently purified from the eluate using QIAGEN PCR purification kit in a

7  final volume of 50 pL. This DNA was used for library preparation.

8  ChIP-seq NGS library preparation. ChIP samples were purified using Agencourt AMPure XP

9 beads (Beckman Coulter) and quantified with the Qubit (Invitrogen). ChIP-seq libraries were
10 prepared from 3 to 10ng of double-stranded purified DNA using the MicroPlex Library
11  Preparation kit v2 (C05010014, Diagenode s.a., Seraing, Belgium), according to manufacturer's
12 instructions. In the first step, the DNA was repaired and yielded molecules with blunt ends. In the
13 next step, stem-loop adaptors with blocked 5 prime ends were ligated to the 5-prime end of the
14 genomic DNA, leaving a nick at the 3-prime end. The adaptors cannot ligate to each other and do
15  not have single-strand tails, avoiding non-specific background. In the final step, the 3 prime ends
16  of the genomic DNA were extended to complete library synthesis and Illumina compatible
17  indexes were added through a PCR amplification (7 + 4 cycles). Amplified libraries were purified
18 and size-selected using Agencourt AMPure XP beads (Beckman Coulter) to remove
19  unincorporated primers and other reagents. Libraries were sequenced on an Illumina HiSeq 4000
20  sequencer as single read 50 base reads. Image analysis and base calling were performed using

21 RTA version 2.7.7 and bcl2fastq version 2.20.0.422.

22 Patient cohort: The cohort ¢ included chronically infected patients (F1-F4) and control subjects

23 without liver disease'®. The patient characteristics have been described®. Most of the liver
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1  specimens in these cohorts were obtained in the morning, however, we cannot exclude a moderate
2 temporal heterogeneity due to variation in clinical schedule. The humanized samples in cohort b

3 were all sacrificed during the circadian rest phase.

4  Transcriptome analyses. NGS reads from humanized mouse livers and human patient samples
5 were mapped to an artificial genome containing the human and mouse Genome Reference
6  Consortium GRCh38 and GRCm38 assemblies (humanized mouse) or the common GRCh38
7  assembly using HISAT2%. The study protocol for human patient samples was approved by the
8  Hiroshima University ethical committee (approval number HI-98-21) in accordance with the
9  Helsinki declaration. All patients provided written informed consent. Mouse and human reads

t, and normalization as well as differentially expression analysis

10  were counted with htseq-coun
11 performed with Bioconductor DESeq2 (1.28.1)** package based on a model using the negative

12 binomial distribution. Clustering for selecting closest samples at each ZT was performed using

13 ward.D2 algorithms as implemented in the Bioconductor ComplexHeatmap package®’.

14 ChIP-seq analyses. Raw reads were demultiplexed using bcl2fastq v2.20.0.422 mapped to the
15  human genome hg38 using the Bowtie aligner v1.2.2°. Quality control checks were performed
16  using FastQC. Bigwig files were created using make UCSCfile from HOMER® with the
17  parameters- norm 14028944-fraglength 200. All original alignment files were scaled down to the
18  same number of reads set as the lowest number of the mapped reads (14M for H3K27ac) or to the
19 maximum of 20M (in the case of H3K9ac) using the tool MACS2 randsample®. with the
20 following parameters-n14028944-f BAM. All original Peaks were then called in uniquely mapped
21 reads using MACS3% v3.0.0b3 with parameters -f BED-g hs. Target genes were defined using
22 the predicted transcription factor binding sites listed in the JASPAR’ database with a score higher

23 than 500.
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1 The dryR analyses of cycling genes and pathways. Differences in cycling gene pattern and
2 assignments to expression modules comparing mouse vs. human hepatocytes, as well as between
3 control (uninfected human hepatocytes) and HCV-infected human hepatocytes were analyzed
4  using dryR’°. In the case of comparing rhythmicity between human hepatocytes and mouse
5  hepatocytes, only genes with orthologues in both species and with a mean of more than 10 read
6  counts were used as input for the dryR analyses, as described?’. Intersections with external data
7  were performed based on human gene names and hypergeometric tests were calculated for
8  overlaps. Gene set enrichments for MsigDB v7.27! sets comparing conditions were calculated
9  using local javaGSEA, and sample-wise enrichments were calculated using GSVA™. Genome
10  tracks were generated using the Bioconductor karyoploteR”® package based on down-samples
11 BAM alignment files, heatmaps were generated using the Bioconductor ComplexHeatmap®

12 package, and other customized plots were generated using ggplot2.

13 Assessment of HCVcrock signature. To assess the presence of the 4 CC-oscillator
14  transcriptomic model (i.e., loss, gain, altered, and unaltered) in liver disease patient cohort for
15  association with clinical characteristics and prognosis, CC-oscillator gene sets were first defined
16  as differentially expressed genes (at 4-fold or more) between early (ZT0-ZT8) or late (ZT12-
17 ZT20) time points in each of HCV-infected and control conditions in each model. Subsequently,
18  enrichment of the gene sets were assessed in our previously generated genome-wide
19  transcriptome profiles of 216 early-stage (Child-Pugh class A) HCV-related cirrhosis patients'®
20 (GSE 15654) by using the eseach algorithm utilizing Kolmogorov-Smirnov statistic-based

21  enrichment score?!?!

implemented in the eseach module of GenePattern genomic analysis
22 toolkit™ (github.com/genepattern/gparc-module-docs). Gene set enrichment index (GSEI) was
g genep gp

23 calculated as -log10 (nominal p-value for the enrichment score) with sign of enrichment score for
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1 each signature and each patient as previously reported®!*!. GSEI was also calculated for our
2 previously reported Prognostic Liver Signature (PLS) that predicts poor prognosis of liver
3 cirrhosis patients!®?!4%4-31 - Correlation of GSEIs with clinical characteristics and PLS was
4  evaluated by Spearman rank correlation test. Using the CC-oscillator signatures correlated with
5 clinical features reflecting liver disease severity, the 216 cirrhosis patients were classified into
6  high- or low-risk groups using the Nearest Template Prediction (NTP) algorithm” implemented
7  in the Gene Pattern Nearest Template Prediction module. Association of the classification with
8 time to overall death was assessed by Kaplan-Meier method and Cox regression. All analyses

9  were performed using R statistical language (www.R-project.org).

10 Histology and immunohistochemistry. Samples for histology were placed in 10% neutral
11  formalin overnight before transfer to 70% ethanol and later embedding in paraffin and cross-
12 sectioned to obtain 5 pm section, and then extra-coated with paraffin to preserve tissue integrity.
13 Glass slide-mounted tissues were scanned with Nanozoomer scanner (Hamamatsu), and images
14  were analyzed using image processing software (ImagelJ). Additional sections were stained with
15  antibody specific for CK8-18, and cMYC. Deparaftinization was performed in the BondMax
16  automate (Leica biosystem) in Bond Dewax Solution. Antigen unmasking was performed in the
17 BondMax in EDTA buffer plus detergent pH 8.9-9.1 at 95 °C. Sections were preincubated with
18  H0» for 5 minutes and then incubated with primary antibodies (CK18, M701029-2, Clone DC
19 10, Dako; 1:150; cMYC, #ab32072 Active Motif 1:300) according to manufacturer’s instructions.
20  After subsequent washes with Bond Wash Solution (Leica), sections were incubated with the
21 secondary antibody for 20 min. After washing, sections were incubated in Mixed-DAB-Solution
22 for 6 min. Images were taken with a Leica Kit- DS9800 microscope (Leica Biosystem) using Plan

23 20x objectives and analyzed using Image J. For H&E and Sirius Red staining sections were
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1 deparaffinized, rehydrated and processed. For Sirius Red staining: slides were incubated with a
2 0.1% Sirius Red solution dissolved in aqueous saturated picric acid for 1 h (Sirius Red: Sigma-
3 Aldrich, Direct Red 80, #365548), washed in acidified water (0.5% HCI), dehydrated, and
4  mounted under coverslips with Eukitt mounting medium (Sigma). For HE staining the
5 deparaffinized and rehydrated sections were washed up and stained with Mayer’s Hematoxylin
6  solution. Briefly, whole slide images were generated using 3D Panoramic SCAN and uploaded
7  into Ndpi view software. For collagen positive area (CPA) morphometric quantification was
8  performed in the Sirius Red -stained slides and quantified as a percent of the total image analysis
9 areausing ImageJ (NIH). Quantification of CPA and HE slides to determine fibrosis and steatosis,

10  respectively were done blindly.

11  CRISPR/Cas9 gene editing of Huh7.5.1 cells. Lentiviruses expressing single guide RNA
12 (sgRNA) were produced in HEK 293T cells by co-transfection with an envelope plasmid
13 (pMD2.G), a packaging plasmid (psPAX2) and a lentiviral vector expressing the sgRNA
14  (pXPR _BRDO016) from the Broad Institute. Co-transfection was performed using the CalPhos
15  Mammalian Transfection Kit (Clontech Laboratories) according to manufacturer’s instructions.
16  LX2 stably expressing Cas-9 endonuclease was generated by transduction of a lentiviral vector
17  expressing Cas9 (pXPR _BRDI11, Broad Institute). For control (CTRL) and SIRTI KO,
18  Huh7.5.1-Cas9 cells were then transduced with lentiviruses expressing single guide RNA
19  (sgRNA) CTRL targeting GFP (sgCTRL: 5’-GGT GAA CCG CAT CGA GCT GA) or specific
20  sgRNAs (sgSIRT1-A: 5°-GTT GAC TGT GAA GCT GTA CG; sgSIRT1-B: 5’-CCA GAG AGG
21 CAG TTG GAA GA; and sgSIRT1-C: 5’-ATC CTC CTC ATC ACT TTC AC) designed by the
22 Synthego (California, USA). After 48 h, transduced cells were selected under puromycin

23 treatment (4 pg/mL). KO was determined at genetic level using T7 endonuclease assay (Alt-R
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1 Genome Editing Detection Kit, IDT), according to manufacturer’s instructions, and by

2 performing western blot analyses with SIRT1 specific antibody.

3 Antibodies. ChIP-seq was conducted using antibodies targeting H3K27ac (Active Motif;
4 #39133), H3K9ac (Active Motif, #39137) and IgG (Diagenode, #C15410206). Following
5 antibodies were used for IHC: CK18 (CK18, #M701029-2, Clone DC 10, Dako), and MYC
6 (Abcam, #ab32072). Western blot and immunostaining analyses were performed using: SIRT1
7  (Abcam, #ab110304), CK18 (Dako, M7010, clone DC10), BMALI1 (Abcam, #ab93806), HCV-
8 Core (Invitrogen, #MA1-080), HCV-NS3 (GenTex, #GTX131276), HCV-NS4 (Invitrogen,

9 #PA1-73108), HCV-NSS5A, B-actin (Chemicon, #MAB1501), and B-Tubulin (GenTex, #101279).

10  Luciferase reporter assay. The BMALI-luciferase (BMALI1-Luc) reporter construct was
11  obtained from the laboratory of Dr. D. Ray (Oxford, UK), and the SIRT'/-luciferase (SIRT1-Luc)
12 construct was developed in the laboratory of Dr. J. Auwerx (Laussane, Switzerland). Briefly,
13 Huh7.5.1 cells were transiently transfected with 300 ng of either BMALI- Luc or SIRT1-Luc
14 reporter constructs using ViaFect transfection reagent (Promega, #E4982) in Opti-MEM (Gibco,
15 #31985-062) according to the manufacturer’s instructions. 500 ng of pEFP plasmid was also
16  added to transfection mixture as transfection control. Luciferase activities were determined by the
17 Bright-Glo or ONE-Glo Reporter Assay System (Promega) and a Mithras LB940 plate reader
18  (Berthold Technologies). The relative luciferase activity values of treated cells were normalized

19  to that of control cells.

20 Cell line, virus, and viral plasmids: Human hepatoma Huh7.5.1 cells were cultured in
21 Dulbecco’s modified Eagle’s medium (Gibco, #61965-026) containing 10% fetal bovine serum

22 (Cytiva, #SH30066.03), 0.5% gentamycin (Gibco, #15710-049), and 1% non-essential amino
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1 acids (Gibco, #11140-035). Cells were differentiated in 1% DMSO-containing medium. HCV Jcl
2 (genotype 2a/2a) were used in viral infection study. Plasmids expressing HCV core-E1-E2 (pEF-
3 JFHI-CE2), core (pEF-JFH1-Corel91), NS3 (pEF-JFHI1-NS3), NS4 (pEF-JFH1-NS4), NS5B
4  (pEF-JFH1-NS5B), and NS5A (pEF-JFHI-NS5A) were a gift from Dr. Takaji Wakita (Dept. of

5  Virology, National Institute of Infectious Diseases, Tokyo, Japan).

6 Reagents and chemicals: DMSO were purchased from Sigma. SIRT1 agonist (SRT2183) was

7  from Med Chem Tronica, #HY-19759.

8  Statistical analysis: For cell culture experiments results are presented as both mean and

9 individual values. The Data were compared by Welch’s t-test or Kruskal-Wallis-ANOVA,
10  Bonferroni’s test by using GraphPad Prism v 9.5 (GraphPad software). The statistical tests were
11  two-tailed, and significance was set at P < 0.05 (*) or < 0.01 (**). For immunoblotting, the band
12 density was quantified by using ImagelJ (US National Institutes of Health). Gene expression and
13 pathway enrichments were compared on bulk level for each ZT separately. Gene expressions were
14  compared using DESeq2 and then using Wald test (p<0.05). Gene set enrichment scores were
15 drawn online plots and compared applying the Wilcoxon signed-rank test (p<0.05) as
16  implemented in R on enrichment scores.
17  Data availability: Raw files and technical details about the RNA-seq and ChIP-seq data have
18  been deposited in the National Center for Biotechnology Information’s Gene Expression
19  Omnibus (GEO) and are accessible through GEO series accession number GSE200812.
20  Previously published data (GSE84346, SRP170244, PRINA606244, GSE15654) were also used

21 for this work.

22 Inclusion and ethics: All the authors approved the contents of the manuscript as well as their

23 contributions and order in the author list.
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1 Figure Legends

g Fig. 1: The rhythmic transcriptome of human liver cells in vivo.

4 a) Schematic representation for the generation of immunodeficient humanized liver chimeric mice

5 (HLCM). Liver tissues obtained from these HLCM were used to perform circadian RNA-seq and

6 ChIP-seq. PHH: primary human hepatocyte.

7 b) Circadian expression pattern of core CC-oscillator genes and CC-output regulators in human and

8 mouse liver cells of HLCM in two independent experiments (Series 1 and 2).

9 ¢) Expression pattern of genes showing circadian variations in human and mouse hepatocytes in
10 HLCM as predicted by dryR (n=5 HLCM/ circadian timepoint). dryR identified four models of
11 rhythmic genes in HLCM. A fifth model comprising only non-cycling genes is not shown. Phase
12 distribution of respective models is indicated by radial coordinates, where green-human, pink-
13 mice, and grey-overlap of human and mice.

14 d) HALLMARK pathways significantly (FDR<0.05) enriched for dryR genes displaying circadian
15 variations in human hepatocytes in HLCM (n=5 HLCM/ circadian timepoint) as listed in (c¢) and
16 their expression in WT mice. Similar pathways show overlapping (x1 ZT step) of peak
17 enrichment scores comparing human and WT mice maximum enrichment scores.

18 e) Circadian expression pattern of transcription factors (TFs) in human hepatocytes in HLCM (n=5
19 HLCM/ circadian timepoint), as predicted by dryR.

20 f) Examples for circadian expression pattern of dryR identified TFs as listed in (e). The Y-axis
21 represents the DESeq2 normalized reads. Human hepatocytes (red) and in residual murine (green)
22 cells. n=5 HLCM/ circadian timepoint; bars represent SD.

23 g) ChIP-seq coverage plots indicate circadian variations in H3K27ac levels in IRF2 in human
24 hepatocytes and WT mice liver.

25  Fig. 2: HCV disrupts the human liver diurnal transcriptome.
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1 a) Schematic representation for the chronic HCV infection of HLCM. Liver tissues obtained from
2 these infected HLCM were used to perform circadian RNA-seq and ChIP-seq. Two independent
3 infection experiments were performed. PHH: primary human hepatocytes.
4 b) Heatmap of circadian expression pattern of CC components in human cells in the liver of control
5 (uninfected) and HCV-infected HLCM (n=5 HLCM / group / circadian timepoint).
6 ¢) The dryR-identifies four categories of CC-disturbed genes according to their expression in control
7 and HCV-infected human liver cells in HLCM (n=5 HLCM / group / circadian timepoint). A fifth
8 model comprising only non-cycling genes is not shown. Phase distribution of indicated models is
9 indicated by radial coordinates, where green: control, pink: HCV, and grey: overlap of control and
10 HCV.
11 d) Examples for significantly enriched (FDR<0.05) circadian pathways (i.c., HM: HALLMARK,
12 GO: Gene Ontology, BC: BIOCARTA, RE: Reactome gene sets) identified in control human liver
13 cells (Fig. 1d), shown in comparison to HCV-infected livers. n=5 HLCM / group / circadian
14 timepoint. Bold dots inside figure panels represent (p<0.05; Wilcoxon signed-rank test).

15  Fig. 3. HCV impairs the diurnal remodeling of the circadian enhancers.

16 a) H3K27ac peaks at different circadian time-points across the gene bodies of cycling genes in
17 control and HCV-infected human liver cells in HLCM. TSS: transcription start site.
18 b) TSS-associated H3K27ac peaks of cycling genes at different circadian time-points in control and
19 HCV-infected human liver cells in HLCM. TSS: transcription start site.
20 ¢) Quantitation of H3K27ac peak numbers at TSS from (b), Mann Whitney test.
21 d) H3K9ac peaks at different circadian time-points across the gene bodies of cycling genes in control
22 and HCV-infected human liver cells in HLCM. TSS: transcription start site.
23 e) TSS-associated H3K9ac peaks of cycling genes at different circadian time-points in control and
24 HCV-infected human liver cells in HLCM. TSS: transcription start site.
25 f) Quantitation of H3K9ac pecak numbers at TSS from (¢), Mann Whitney test.
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1 g) Promoter-enriched H3K27-acetylation for HCV host factors XBP1 and RAFI in control and HCV-
2 infected human liver cells in HLCM.
3 h) Percentages of enhancer/TSS-enriched peaks with gain or loss of H3K27-acetylation that overlap
4 with transcription factor binding sites in gene targets as listed in the Jaspar database. Only the 50
5 top hits are shown for cach direction.
6 i) Circadian expression pattern of indicated SIRTUINSs (1, 2, and 3) in human and mouse liver cells
7 in HLCM. The Y-axis represents the DESeq2 normalized reads. n=5 HLCM/ group / circadian
8 timepoint. Bars represent SD. dryR identified SIRT! as uniquely rhythmic (model 2; Fig. Ic) in
9 human hepatocytes of HLCM liver, while SIRTs 2 and 3 are non-rhythmic (model 1,
10 Supplementary Table 3).
11 j) Circadian expression pattern of indicated Sirtuins in control and HCV-infected human liver cells
12 in HLCM. The Y-axis represents the DESeq2 normalized reads. n=5 HLCM/ group / circadian
13 timepoint. Bars represent SD. Bold dots inside figure panels represent (p<0.05; Wald test).
14

15  Fig. 4. HCV NS4 and NS5A perturbs SIRT1 expression in a cell culture model for HCV infection.

16 a) Western blot (WB) analyses of BMALI and its relative quantification in control (sgC7RL) and
17 SIRTI KO (sgSIRTI; clone A) Huh7.5.1 cells.
18 b) BMALI-luciferase (BMALI-Luc) activity in control (sgCTRL) and SIRT1 KO (sgSIRT1) Huh7.5.1
19 cells, 24 and 48 h post-transfection.
20 ¢) BMALI-Luc activity in control (sgCTRL) and SIRTI KO (sgSIRTT) Huh7.5.1 cells, treated with
29 SIRT1 agonist SRT2183, as indicated.
22 d) Western blot analyses of indicated proteins from Huh7.5.1 cells following either HCV infection
23 or transient expression of individual HCV proteins.
24 e) SIRTI-luciferase (SIRTI-Luc) activity in Huh7.5.1 cells following transient expression of
25 individual HCV proteins, as indicated.
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1 f) BMALI-luciferase (BMALI-Luc) activity in Huh7.5.1 cells following transient expression of
2 individual HCV proteins, as indicated.
3

4  Fig.5. HCV perturbed rhythmic pathways are partially reversed following viral cure and stay

5  perturbed in patients progressing to virus-induced cancer.

6 a) Human liver circadian pathways (as identified in Fig. 1) showing either similar or distinct
7 enrichment (FDR<0.05) in liver of HCV-infected HLCM, and infected patients. Humanized mice:
8 HCV-infected HLCM (Fig. 2b; control vs HCV), Patients: Control vs HCV-Infected (F1-4). Pool:
9 analyses of all the samples in respective groups. Red=significant enrichment, blue=significant
10 negative enrichment, white=no significant enrichment/unchanged.
11 b) Correlation between induction of the CC-oscillator signatures and clinical demographics and the
12 previously reported Prognostic Liver Signature (PLS) in 216 carly-stage (i.c., Child-Pugh class
13 A) HCV cirrhosis patients'®. The signatures were defined as genes with > 4-fold over-expression
14 in either HCV-infected or control hepatocytes in early or late time points in each of the 4
15 representative models (i.c., loss, gain, altered, and unaltered). All pair-wise correlations between
16 the variables (correlation matrix) as shown in rows and columns. The correlation matrix was
17 clustered to depict groups of variables sharing similar patterns of correlation. The deep blue, light
18 blue and brown color bars indicate the presence of the 3 major correlation clusters.
19 c¢) Classification of the 216 early-stage cirrhosis patients'® by the CC-oscillator signatures associated
20 with clinical featured related to liver disease severity (Supplementary table 7), Magnitude of gene
21 signature/set modulation is shown in each patient (in each column) in the cohort. The
22 induction/suppression of the circadian clock gene sets (shown in bottom half of the panel) was
23 determined by Gene Set Enrichment Index (GSEI) as previously described?!. The PLS and
24 HCVclock risk predictions were determined by using Nearest Template Prediction (NTP)
25 algorithm. For the PLS, normalized expression levels or the PLS member genes were used for
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1 the NTP analysis as previously described'®*’. For the HCVcrock risk prediction, the GSEIs of the
2 circadian clock gene sets for the NTP analysis were used. AFP, alpha-fetoprotein; ALT, alanine
3 aminotransferase; AST, aspartate aminotransferase; PLS, prognostic liver signature; SVR,
4 sustained virologic response.

5 d) Association of the discase-severity-related HCVerock signature-based classification with overall
6 survival in the 216 early-stage HCV cirrhosis patients'®.

7 ¢) The Hallmarks of Cancer and the rhythmic pathways in human liver which were altered by HCV-
8 infection, predisposing towards HCC.

9

10 Extended Data Fig. 1: Representative images of hematoxylin-cosin (HE) and human hepatocyte-specific
11 CKS8-18 staining of control humanized liver chimeric mice (HLCM). Wide ficld HE images revealed
12 conserved lobular architecture of engrafled human hepatocytes and absence of stress response. Residual
13 murine hepatocytes (smaller and intensely eosinophilic compared to human counterparts) could be seen in

14 the immediate peri-vascular regions. Scale bars: 500 um.

15

16  Extended Data Fig. 2: Unsupervised clustering of control humanized liver mice (HLCM) samples and
17  CC genes from two independent circadian experiments (Series 1 and 2), as indicated. 3 HLCM were used
18  in each circadian time-point. Sample S76790 ZT16 (Series 1; indicated in red) was ignored due to low

19  coverage and low humanization level.

20

21 Extended Data Fig. 3: (a) Circadian expression of core CC genes and CC output regulators in human (red
22 lines) and residual murine (green lines) hepatocytes obtained from liver of control HLCM (n=5 HLCM /

23 circadian timepoint). The curves are shown as normalized DESeq2 read counts. Bars represent SD.
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1  (b) Heatmap showing expression of indicated CC genes in human and murine hepatocytes in control

2  HLCM and WT mice livers, as indicated.

4  Extended Data Fig. 4: (a) dryR genes with shared and/or unique circadian gene expression pattern in the
5  cells of human and mouse origin in HLCM livers (Fig. 1¢), and genes with circadian expression pattern in
6  wild type mice as published in Reference®. (b) Genes with shared and/or unique circadian gene expression
7  pattern in the cells of human origin in HLCM livers (Fig. 1¢), and genes with circadian expression in post-

8  mortem human liver (Talamanca ct al.). Hypergeometric tests reveal non-significant overlaps.

10 Extended Data Fig. S a, b: Pathways significantly (FDR<0.05) enriched for genes displaying diurnal
11 variations in human hepatocytes in HLCM as listed in (Fig. 1C) and their expression in WT mice. Similar
12 pathways (a) show overlapping (1 ZT step) of peak enrichment scores comparing human and WT mice
13  maximum enrichment scores. (b) Pathways significantly (FDR<0.05) enriched for genes displaying
14  distinct (scparated by more than 1 ZT) diurnal variations in human hepatocytes in HLCM as listed in
15  (Fig. 1C) and their expression in WT mice. BC: BIOCARTA, and KE: KEGG. N=5 HLCM / circadian
16  time point. ZTO: represented twice in each panel to maintain conformity.

17

18  Extended Data Fig. 6: Heatmap of dryR-identified transcription factors (TFs) with diurnal and unique
19  circadian gene expression pattern in the cells of human and mouse origin in HLCM livers. n=5 HLCM /

20  circadian timepoint. ZTO: represented twice in each panel to maintain conformity.
21
22 Extended Data Fig.7: Examples of transcription factors with diurnal and unique circadian genc

23 expression pattern in the cells of human (red) and mouse (green) origin in HLCM livers (Fig. le and
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1  Extended Data Fig. 6). Curves are shown as normalized DESeq2 read counts (n=5 HLCM / circadian

2 timepoint). Bars represent SD.

4  Extended Data Fig. 8: ChIP-seq coverage plots indicate circadian variations in H3K27ac levels in the

5  CC-output regulator gene DBP in human hepatocytes from HLCM and WT mice liver.

7  Extended Data Fig. 9a, b: Unsupervised clustering of HCV-infected humanized liver mice (HLCM)
8  samples and CC genes from two independent circadian experiments (Experiment series 1- shown in a and
9  series 2- shown in b), as indicated. 3 HLCM were used in each circadian time-point (n=18 HLCM /

10  experiment).
11

12 Extended Data Fig.10: (a) Quantification of human-specific CK8-18 staining reveals degree of
13 humanization in control and HCV-infected HLCM liver. Each data point represents individual HLCM. All

14 the mice from cach group were used for staining and quantification. ***: p<0.001

15  (b) Representative images of CK8-18 staining of engrafted human hepatocytes in control and HCV-
16  infected HLCM liver. The black arrows indicate perivascular regions with murine hepatocytes. Scale bar:

17 250 pm.

18  (c¢) Serum levels (ng/mL; x107) of human albumin in control and HCV-infected HLCM, as indicated. All
19  the mice from each group were used for this measurement (Supplementary Table 1). *: p<0.05, **: p<0.01,

20 FF*:p<0.001.

21

49

295



Avrticle 2: An atlas of the human liver circadian transcriptome and its carcinogenic perturbation by hepatitis C

virus infection

10

11

12

13

14

15

16

17

18

19

20

21

22

Extended Data Fig. 11: (a) Heatmap of diurnal expression pattern of indicated CC genes in control and

HCV-infected HLCM livers in two independent experiments, as indicated.

(b) Circadian expression of indicated CC genes in control and HCV-infected HLCM livers (n=5 HLCM /
group / time point). The data represents normalized DESeq?2 reads. Bars represent SD. Bold dots (p<0.05;

Wald test). For BMALI (ZT8: p=0.07).

Extended Data Fig. 12: Serum levels of HCV in infected HLCM in different circadian timepoints, as

indicated. N=3 HLCM/timepoint.

Extended Data Fig. 13: Percentage of distinct categories of cycling genes (obtained through dryR

analysis) in circadian pathways in HCV-infected HLCM livers. n=5 HLCM / group / circadian timepoint.

Extended Data Fig. 14: (a, b) Representative images of MYC immunohistochemistry (IHC) from control

(a) and HCV-infected HLCM liver

(b) at different circadian time points. Note that MYC (oncogene) is barely expressed in control conditions.

Scale bar: 300um.

(¢) Quantification of MY C-immuno-stained cells from control and HCV-infected HLCM liver (as shown

in panels a, b). p=0.01557 (Mann-Whitney test).

Extended Data Fig. 15: (a) Representative images of HE stained liver sections of control and HCV-
infected HLCM liver, and quantification of the steatosis (inflammation and ballooning). Each point

represents an HLCM.
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1  (b) Sirius red staining of the control and HCV-infected HLCM liver at different circadian time points

2 indicate mild fibrosis upon viral infection.

3 (c¢) Quantification of the collagen positive area (CPA) from Sirius red-stained (b) in control (n=18) and

4  HCV-infected (n=18) HLCM liver.

6 Extended Data Fig. 16: (a) Circadian variations in H3K27ac levels in control and HCV-infected HLCM

7 livers for CRY].

8  (b) Circadian variations in H3K9ac levels in control and HCV-infected HLCM livers, for indicated genes.

10  Extended Data Fig. 17: (a) Circadian expression pattern of indicated histone acetylases and deacetylases
11  from control and HCV-infected HLCM liver. The Y-axis represents the DESeq2 normalized reads (n=5
12 HLCM / group / circadian time point). Bars represent SD. Wald test revealed non-significant differences

13 in expression for all the genes.

14  (b) Circadian expression pattern of indicated Sirtuin genes (SIRTs 2, 4, 6, and 7) in control and HCV-
15  infected human liver cells in HLCM. The Y-axis represents the DESeq2 counts (n=5 HLCM / group /
16  circadian time point). Bars represent SD. Wald test revealed non-significant differences in expression for

17  all the genes.

18  (c) Circadian expression of indicated Sirtuin genes (SIRTs 2, 4, 6, and 7) in human (red) and mouse (green)
19  liver cells in control HLCM. The Y-axis represents the DESeq2 normalized reads (n=5 HLCM / group /
20  circadian time point). Bars represent SD. dryR also identified SIRTSs 2, 4, 6, and 7 as non-rhythmic (model

21 1; Table S3) in human hepatocytes of HLCM.

22 Extended Data Fig. 18: (a) Human liver circadian pathways (as identified in Fig. 1d) showing ecither

23 similar or distinct enrichment (FDR<0.05) in liver of indicated HCV-infected and viral-cured groups.
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1  HLCM= humanized mice (HCV-infected vs DAA-cured; Supplementary Table 7), and patients (Pat 1, 2,
2 and 3): HCV-cured paired biopsy (Japanese cohort; Supplementary Table 6). Red= significant enrichment,

3 blue=significant negative enrichment, white=no significant enrichment, unchanged.

4  (b) Human liver circadian pathways (as identified in Fig. 1d) showing either similar or distinct enrichment
5 (FDR<0.05) in liver of indicated groups. HLCM= humanized mice (HCV-infected vs DAA-cured;
6  Supplementary Table 7), and HCV-infected and cured patients with HCC (Taiwanese cohort,
7  Supplementary Table 6). Red= significant enrichment, blue=significant negative enrichment, white=no

8  significant enrichment, unchanged.

9  (c) Human liver circadian pathways (as identified in Fig. 1d) showing either similar or distinct enrichment
10 (FDR<0.05) in liver of MASH patients. Red= significant enrichment, blue=significant negative

11 cnrichment, white=no significant enrichment, unchanged.

12 Extended Data Fig. 19: Proportions of circadian genes of the 186-gene prognostic liver signature (PLS)

13 and its perturbations by HCV-infection in HLCM livers.

14  Extended Data Fig. 20: Full-length WBs for the gels shown in Fig. 4a. Also, shown are full length WBs

15  for three independent (N: 1, 2, and 3) experiments.

16  Extended Data Fig. 21: Full-length WBs for the gels shown in Fig. 4d. Also, shown are full length WBs

17  for three independent (N: 1, 2, and 3) experiments.
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Figure 3
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Figure 4
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Figure 5
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Extended Data Fig. 1:

Control Liver (HLCM)
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Extended Data Fig. 2:
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Extended Data Fig. 4:
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Extended Data Fig. 5:
a)

Human Mouse
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Extended Data Fig. 6:
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Extended Data Fig. 7:
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Extended Data Fig. 8:
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Extended Data Fig. 9:
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Extended Data Fig. 10:
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Extended Data Fig. 11:
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Extended Data Fig. 12:
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Extended Data Fig. 13:
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Extended Data Fig. 14:
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Extended Data Fig. 15:
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Extended Data Fig. 16:
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Extended Data Fig. 17:
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Extended Data Fig. S18:
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Extended Data Fig. 19:
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Extended Data Fig. 20:
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Extended Data Fig. 21:
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Article 3: TFE3 fusion proteins drive oxidative metabolism, ferroptosis resistance

and general RNA synthesis in translocation renal cell carcinoma

This article has been submitted to different journals, we are waiting for their responses. It describes the
role of TFE3, a transcription factor of the MiT family (with MITF) in renal cell carcinoma displaying TFE3-
fusion transcripts with NONO and PRCC (tRCC). These fusion proteins bind elements across the genome,
promoting ferroptosis resistance and OXPHOS leading to abnormal cell proliferation.

| participated in the characterization of the TFE3-fusion cell lines sensitivity to RSL3, a GPX4 inhibitor
which induces ferroptosis. Strikingly, tRCC cell lines are sensitive to ferroptosis as they show same 1C50 for
RSL3 than A375 melanoma cells, known to be sensitive to ferroptosis on the opposite of the melanocytic
501mel cells. This result showed that TFE3-fusion proteins drive ferroptosis resistance, which can be

overcome by treatment with RSLS3.
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Abstract

The oncogenic mechanisms by which TFE3 fusion proteins drive translocation renal
cell carcinoma (tRCC) are poorly characterised. Here, we integrated loss and gain of function
experiments with multi-omics analyses in tRCC cell lines and patient tumors. High nuclear
accumulation of NONO-TFE3 or PRCC-TFE3 fusion proteins promotes their broad binding
across the genome at H3K27ac-marked active chromatin, engaging a core set of M/E-box-
containing regulatory elements to activate specific gene expression programs as well as
promiscuous binding to active promoters to stimulate mRNA synthesis. Within the core
program, TFE3 fusions directly regulate genes involved in ferroptosis resistance and oxidative
phosphorylation metabolism (OxPhos) increasing functional OxPhos levels. Consequently,
human tRCC tumors display high OxPhos scores that persist during their epithelial to
mesenchymal transition (EMT). We further show that tRCC tumour aggressiveness is related
to their EMT which although enriched in tumours harbouring ASPSCR1-TFE3 fusions, is also
a frequent feature of tumours harbouring several other TFE3 fusions. In tRCC tumours, the
presence of mesenchymal tRCC cancer cells associates with that of myofibroblast cancer-
associated fibroblasts (myCAFs) that are both hallmarks of poor prognostic outcomes. We
define tRCC as a novel metabolic subtype of renal cancer and provide unique insights into how
broad genomic binding of TFE3 fusion proteins promotes tRCC tumourigenesis by regulating

OxPhos and ferroptosis resistance and more generally stimulating RNA synthesis.

Significance.
This study advances understanding of the molecular mechanisms underlying oncogenic
transformation by TFE3 fusion proteins in translocation renal cell carcinoma and defines

features of tumour cells and their microenvironment that negatively impact patient outcome.
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Integrative multi-omics analyses reveal how extensive genomic TFE3 fusion protein binding

drives oncogenic programs and identify novel potential therapeutic targets.
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Introduction

TFE3 and TFEB are members of the Microphthalmia-associated Transcription (MiT)
family that regulate lysosomal function, nutrient/stress response and drug resistance .
Translocation renal cell carcinomas (tRCC) are characterised by genetic translocation events
involving one member of the (MiT) family, most frequently 7FE3 (90% of cases) 3. TRCC is
a rare subtype of kidney cancer that represents 1-4% of all adults RCC*>, but is the most
frequent RCC arising in children and adolescents 7. The translocations result in expression
of chimeric fusion proteins comprising TFE3 and another gene partner, under the control of

constitutively active gene promoters®

. The complexity of tRCC is underscored by the
identification of over 20 TFE3-partners, accentuating histological and clinical heterogeneity.
Among these, SFPQ, ASPSCRI1, PRCC, and NONO are the most frequent fusion partners. Aside
these translocations, no other highly recurrent mutations have been identified, suggesting that
the fusion proteins are the primary drivers of transformation. In agreement with this, all fusion
proteins retain the TFE3 DNA binding and dimerization (basic-helix-loop-helix leucine-zipper;
bHLH-LZ) domains allowing them to bind to cis-regulatory elements in the genome. Despite
recent recognition of tRCC as a distinct RCC subtype, the precise oncogenic mechanisms
fueling tRCC tumorigenesis remain elusive. Consequently, there is an urgent medical need to

unravel the molecular function of TFE3-fusion proteins to comprehensively understand the

molecular basis of tRCC and identify novel therapeutic targets.

To better understand how TFE3 fusion proteins drive transformation in tRCC, we
performed gain and loss of function experiments complemented by multi-omics approaches to
profile genome occupancy of TFE3 fusions, identify active cis-regulatory elements and
characterize the gene expression programs under their control in model cell lines and human
tumours. Our findings revealed that NONO-TFE3 and PRCC-TFE3 fusions exhibit broad

binding to thousands of sites across the genome, engaging distal and proximal M/E-box-

332



Avrticle 3: TFE3 fusion proteins drive oxidative metabolism, ferroptosis resistance and general RNA synthesis

in translocation renal cell carcinoma

containing regulatory elements, as well as promiscuously associating with active promoters.
Amongst the core regulated genes are those driving oxidative phosphorylation (OxPhos)
metabolism, culminating in elevated OxPhos levels in tRCC cells, and those promoting
ferroptosis resistance. Analyses of RNA-seq of tRCC patient tumors demonstrated heightened
OxPhos scores confirming the observations from the cell lines. Remarkably, elevated OxPhos
score persisted in tumors that had undergone epithelial to mesenchymal transition (EMT), a
known marker of tumor aggressiveness. Furthermore, using transcriptional signatures derived
from clear cell renal carcinoma (ccRCC), we revealed that tRCC tumors with EMT signatures
displayed increased levels of myofibroblastic cancer-associated fibroblasts (myCAFs) that
correlated with poorer survival. Thus, EMT and the presence of myCAFs emerge as common
hallmarks, adversely impacting the prognosis for both ccRCC and tRCC. We further identified
a signature of TFE3-fusion regulated genes, strongly associated with poor patient outcome,

including novel potential therapeutic targets.

Results
Abundant constitutive nuclear expression of TFE3 fusion proteins is essential for tRCC
cell line viability

To address the role of TFE3 fusion proteins in tRCC, we used 4 cell lines expressing
either NONO-TFE3 (lines UOK109, TF1) or PRCC-TFE3 (UOK 120, UOK 146). Each fusion
protein presents a different breakpoint within TFE3, but conserve its bHLH-LZ domain
maintaining their ability to specifically bind DNA. To assess expression of TFE3 fusion
proteins compared to native TFE3, we performed immunoblots on extracts from the above lines
as well as 2 non-transformed renal cell lines (RPTEC, HEK293T), 4 clear-cell (cc)RCC lines
(RCC4, UOK121, A-498, 786-0O) and 2 papillary (p)RCC lines (UOK112, ACHN). High

expression of NONO-TFE3 and lower expression of PRCC-TFE3 fusions in the corresponding
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tRCC lines was observed, while expression of native TFE3 in the other cell lines was variable,
but considerably lower than the fusion proteins (Fig. S1A). In contrast, no native TFE3 protein
was visible in tRCC lines consistent with the 7FE3 gene location on the X chromosome and
hence in cells of male origin, UOK 109, TF1 and UOK120, the single copy of TFE3 is subject

to translocation®™!!

whereas in the female UOK146 line expression of the non-translocated
allele transcript is silenced'®. In addition, biochemical fractionation of the nuclear and
cytoplasmic compartments showed strong enrichment of TFE3 fusion proteins in the nucleus
similar to what is observed with the control BRGI, the catalytic subunit of the SWI/SNF
chromatin remodelling complex (Figs. S1B). Thus, the tRCC cell lines abundantly express the
expected nuclear TFE3-fusion proteins.

To characterize the gene expression programs of the tRCC cell lines, triplicate RNA-
seq was performed for each line. More than 80% of the 3000 most highly expressed protein-
coding genes were common to all 4 cell lines (Fig. S1C) and were enriched for pathways
previously associated with function of native TFE3 such as lysosome function and endocytosis
(Fig. S1D). In addition, various metabolic pathways were enriched notably those linked to the
electron transport chain, oxidative phosphorylation (OxPhos), reactive oxygen species (ROS)
and carbon metabolism (Fig. S1D). Each line displayed hybrid EMT-type markers (Fig. S1E).
For example, while TF1 and UOK146 showed highest expression of the epithelial marker
EPCAM, they overexpress the mesenchymal PRXX/ and SNAI1/2 genes, respectively. Of note,
the EMT regulators SNAI1/2 were mostly expressed in the PRRC-TFE3 lines as compared to
TWISTI or TWIST2 most expressed in the NONO-TFE3 lines. Overall, UOK120 appeared to
be the most mesenchymal line with the lowest expression of most epithelial markers, and higher
expression of multiple mesenchymal markers and/or regulators (Fig. S1E).

To assess the role of TFE3 fusion proteins in the transformed phenotype, their

expression was silenced using siRNA specifically directed against the TFE3 C-terminal region
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and compared with non-targeting control siRNA. RT-qPCR indicated efficient knockdown of
TFE3 in the 2 PRCC-TFES3 lines (UOK 120, UOK 146; >80% reduction) as compared to control.
Less efficient silencing was observed in the NONO-TFES3 lines (UOK 109, TF1) perhaps due to
the higher fusion expression. (Fig. 1A). Similar effects were seen on immunoblots with strongly
reduced levels of fusion protein in UOK 120 and UOK 146 lines, with less attenuated effects in
UOK109 and TF1 lines (Fig. 1B). TFE3 fusion silencing dramatically reduced colony forming
ability with a reduction reaching 90% for both NONO-TFE3 cell lines as compared to 60% and
80% for UOK 120 and UOK 146 lines, respectively (Fig. 1C). Thus, high levels of fusion protein
were essential for tRCC cell viability irrespective of their epithelial/mesenchymal states.
TFE3 fusions drive expression of genes involved in OxPhos

To identify genes regulated by TFE3 fusions, RNA-seq was performed on each cell line
after siRNA-control (siCTR) or siRNA-TFE3 (siTFE3). Following silencing, the number of
reads at the fusion junction and read coverage over TFE3 exons present in both NONO- and
PRCC-TFES3 fusions were strongly decreased (Figs. S2A-B). Following TFE3-fusion protein
silencing, we observed up- or down-regulation of hundreds of genes (range: ~200-500) in each
tRCC cell line using a standard cut-off (log2 fold change > +/- 1, and adjusted p-value <0.05,
Fig. S2B and Dataset S1).

Gene Set Enrichment Analyses (GSEA) using the Hallmarks gene sets showed
consistent down-regulation of the Oxidative Phosphorylation (OxPhos) pathway in all tRCC
lines. In addition, we observed enrichment for down-regulation of oncogenic pathways in
several cell lines such as MYC targets and pathways related to cell cycle and proliferation (E2F
targets, G2M checkpoint; Figs. 1D and S2C). Limited pathways were enriched for up-regulated
genes (Fig. 1D). Among the 200 genes comprising the GSEA OxPhos signature (Dataset S2),
between 115 and 139 genes were down-regulated depending on the line, with 54 genes

commonly down-regulated in all 4 lines (Fig. 1E). These genes encode multiple subunits of the
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mitochondrial respiration chain complexes I (NDUF (NADH:ubiquinone oxidoreductase), 11
(SDHA/B), 111 UQC (ubiquitol-cytochrome ¢ oxidoreductase) and IV (COX cytochrome c-
oxidase) (Fig. 1F). In addition, multiple subunits of the V-type proton ATPase, a complex
responsible for acidification of intracellular organelles notably lysosomes, also comprised in
the GSEA OxPhos pathway, were down-regulated by siTFE3. These observations suggested a
direct role of TFE3 fusions in regulating expression of genes involved in OxPhos metabolism.

To evaluate whether these gene expression changes affected OxPhos, mitochondrial
activity was measured by profiling the Oxygen Consumption Rate (OCR) using the Agilent
SeaHorse (Fig. 1G). Comparison of OCR activity showed higher basal and maximum
respiration capacities in 3 of the tRCC lines compared to the 786-O and UOK 121 ccRCC lines,
the exception being TF1 with higher basal, but not maximal OCR levels (Fig. 1H).

To determine the contribution of the TFE3 fusions to the elevated OxPhos capacity,
SeaHorse experiments were performed in siTFE3 versus siCTR cells 72h after transfection.
Although basal OCR levels were unaffected, both maximum respiration and reserve capacity
were significantly decreased after siTFE3 in UOK 109, UOK 146 and UOK 120, with a tendency
observed for TF1 line (Fig. 1I). These data showed that TFE3-fusions drive expression of genes
involved in OxPhos resulting in a higher contribution of OxPhos to the metabolism of tRCC

compared to ccRCC cell lines.

Ectopic expression of TFE3 fusions leads to loss of renal identity and stimulates OxPhos.

To determine whether TFE3 fusions can directly activate OxPhos, we performed gain
of function experiments using HEK293T embryonic kidney cells. HEK293T cells were infected
with lentiviral particles containing a Doxycycline (Dox)-inducible expression vector for either

native TFE3 (T), NONO-TFE3 (NT), PRCC-TFE3 (PT) or GFP control. 24 hours after Dox
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addition, a strong induction was seen at both the mRNA (Fig. 2A) and protein expression levels
with NONO-TFE3 accumulating to lower levels than PRCC-TFE3 (Fig. 2B). Under these
conditions, ectopic TFE3, NONO-TFE3 and PRCC-TFE3 proteins all accumulated in the
nucleus (Fig. 2C).

To identify genes regulated by ectopic protein expression, we performed RNA-seq 24
hours after Dox induction. Ectopic TFE3 expression deregulated over 1000 genes as compared
to the GFP control line using standard cut-off (log2FC>|1| and adj.p.val<0.05, Fig. 2D and
Dataset S3). Most genes deregulated by native TFE3 expression were also deregulated using
fusion proteins (Figs. S3A-B), whereas additional gene sets either commonly or specifically
deregulated by both fusion proteins were observed. Overall, 558 genes were up-regulated in all
TFE3-expressing lines and linked to functions previously ascribed to native TFE3 such as
lysosome, mTORC1-associated pathway or transport of small molecules through ion channels
(Fig. S3A). Although fewer (71) common down-regulated genes were found, ontology showed
they were linked to morphogenesis and development processes including kidney development
suggesting that ectopic fusion protein expression may lead to loss of epithelial and kidney
identity (Fig. S3B).

While hallmark GSEA analysis showed few significant pathways for down-regulated
genes, several pathways were enriched amongst up-regulated genes such mTORCI signalling
and immune signalling (TNFa signalling via NFkB, IFNg response; Fig. 2E). Importantly and
in line with loss of function experiments, OxPhos was up-regulated in all conditions (Figs. 2E
and S3C). Among the 200 genes in the OxPhos pathway, between 84 to 119 genes were up-
regulated with 59 genes common to all 3 lines including those encoding subunits of complexes
of the electron transport chain and the lysosomal V-ATPase, but also other genes involved in
mitochondrial homeostasis and function (Figs. 2F-G). In line with these observations, ectopic

expression of TFE3, and to a greater extent TFE3 fusions enhanced basal and maximal OCR
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respiration as well as reserve capacity compared to the GFP control line (Figs. 2H-I). Thus,
both loss and gain of function converged to show that TFE3 fusion proteins activated genes of

the OxPhos pathway leading to enhanced OxPhos metabolism.

TFE3 fusions bind promiscuously at active promoters and stimulate RNA synthesis

To better understand how the fusion proteins regulate gene expression, we performed
Cut&Tag (C&T) in all 4 tRCC cell lines to profile TFE3 fusion protein binding along with
H3K27ac ChIP-seq to identify active cis-regulatory elements. Read density analyses of the non-
redundant TFE3 peaks from all lines revealed a large number of low occupied sites that did not
coincide with H3K27ac (Cluster 14 in Fig. S4A). We therefore focussed our analyses on the 84
765 non-redundant sites strongly occupied in at least one of the 4 lines (Fig. 3A). Using this set
of highly occupied sites, we found that number of TFE3 peaks was around 2-fold higher (65
000-78 000) in both NONO-TFE3 expressing lines compared to PRCC-TFE3 (33 000-42 000)
lines, whereas comparable numbers (44 000-64 000) of H3K27ac ChlIP-seq peaks were
observed in each cell line (Fig. S4B).

MEME-ChIP-analyses of the top 1000 TFE3 peaks in the UOK 120 and UOK146 lines
revealed strong enrichment in the M/E-box motif, that was the only enriched motif (Fig. S4C).
In contrast, analogous analyses of the UOK 109 and TF1 TFE3 peaks revealed enrichment of
GC-rich SP1/KLF-type motifs in addition to the M/E-box motif. Analyses of motif locations
showed that the M/E-box motif protected at the peak centre, whereas the other motifs were
spread across the peaks. Similar results were found using RSAT software, where the M/E-box
motif was highly represented in the UOK 120 and UOK 146 peaks, but was lower ranked in the
other lines, where in addition the GC-rich SP1/KLF and NFY motifs were also detected (Fig.
S4D). Thus, the fusion proteins bind to their cognate M/E-box motif, but additional indirect

binding was seen, in particular of NONO-TFE3.
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The GC-rich SP1/KLF and NFY-binding CAAT-box motifs are prevalent in proximal
promoters with the CATT-box located around 70 nucleotides upstream of the transcription start
site (TSS) !2. Read density analyses showed that many of the 84 765 non-redundant were
associated with H3K27ac either in a common or cell-specific manner (Fig. 3A) and consistent
with the presence of SP1 and CATT-motifs, strong TFE3 fusion occupancy of ~8 700 active
H3K27ac-marked promoters was seen (Fig. 3B). TFE3 fusion binding was also seen at 19 040
promoter distal regions (Fig. 3C) with a set of sites commonly occupied in all 4 lines (clusters
1-14), but showing differential association with H3K27ac (clusters 8-14). The remaining sites
showed cell-specific occupancy such as cluster 15 preferentially occupied by NONO-TFE3 or
clusters 16-19 corresponding to sites selectively occupied and/or marked by H3K27ac in a cell
line-specific manner.

To consolidate these findings, we performed TFE3 C&T in the HEKT cells described
above. As an additional control, these experiments were performed with an independent TFE3
antibody that was used in parallel in a replicate C&T in UOK109 cells. Comparison of the
UOK109 data with the 2 TFE3 antibodies revealed high concordance of the strongly bound
sites, with only the weak binding sites showing less signal with the second antibody (Fig. S5).
In the HEK-GEFP cells, binding of endogenous TFE3 was seen at only 1058 sites, with 615 at
proximal promoters (+/- 500 nt from TSS) associated with genes involved in lysosome and
mTOR signalling as previously reported > 14 15 16 Interestingly, OxPhos and autophagy !7 '®
were also represented (Figs. S6A-B). MEME-ChIP analyses of endogenous TFE3 sites revealed
enrichment only of the M/E-box motif (Fig. S6C). In contrast, 17-28-fold more sites were seen
in HEKT cells expressing native TFE3 or PRCC-TFE3 fusions with the NONO-TFE3 showing
the highest number of peaks (Fig. S6A). MEME-ChIP revealed enrichment of the M/E-box in
the TFE3 and PRCC-TFE3 expressing lines together with the SP1/KLF motif, whereas in the

NONO-TFE3 expressing cells, the SP1/KLF and NFY-binding CAAT-box motifs were the

339



Avrticle 3: TFE3 fusion proteins drive oxidative metabolism, ferroptosis resistance and general RNA synthesis

in translocation renal cell carcinoma

most enriched (Fig. S6C). Again, the M/E-box was protected at the peak centre whereas the
other motifs were spread across the peaks. While endogenous TFE3 was present at only 615
proximal promoters, the ectopically expressed proteins bound much more promiscuously at
promoters, most notably NONO-TFE3 (Fig. S6A). Thus, high nuclear accumulation of native
TFE3, PRCC-TFE3 and, in particular of NONO-TFE3, in HEKT cells led to promiscuous
promoter binding.

The broad genomic binding seemed inconsistent with the limited effects on gene
expression seen by RNA-seq upon fusion protein silencing. It was previously reported that
MYC can bind promiscuously to active promoters and stimulate mRNA synthesis ' 2°. As such
an effect cannot be readily detected by standard RNA-seq, we performed EU incorporation to
determine if TFE3 fusion silencing reduced nascent mRNA synthesis. In each cell line, siTFE3
reduced EU incorporation compared to the siCTR and hence reduced levels of mRNA synthesis
(Fig. 3D). The reduction was most prominent in the NONO-TFE3-expressing lines in particular
an almost 45% reduction in UOK109 compared to the milder (15-20%) reduction in PRCC-
TFE3 expressing lines. Together with the C&T results, these data indicated that TFE3 fusion
proteins can both activate specific gene expression programs and, via binding to active

promoters, more generally stimulate levels of mRNA synthesis.

TFE3 fusions directly regulate OxPhos and ferroptosis genes

To define the core program of TFE3-fusion driven genes, we identified ~12 534 sites
commonly bound in all 4 tRCC cell lines comprising an M/E-box of which 3900 were located
in the proximal promoter (+/- 500 nucleotides from TSS, Dataset S4). KEGG ontology of the
3313 associated protein coding genes showed enrichment in previously defined TFE3 functions
(lysosome, mTOR pathway, autophagy and mitophagy) but also cell cycle and metabolic

pathways including Oxphos and ferroptosis (Fig. 3E). Of the 235 OxPhos signature genes

340



Avrticle 3: TFE3 fusion proteins drive oxidative metabolism, ferroptosis resistance and general RNA synthesis

in translocation renal cell carcinoma

(comprising GSEA-OxPhos and KEGG-OxPhos genes Dataset S2), 145 were associated with
the presence of TFE3-bound sites comprising an M/E-box within a distance of +/- 30kB of the
TSS marked by H3K27ac (Fig. S6D). Among the 54 OxPhos genes down-regulated by siTFE3
in all 4 cell lines, 33 displayed a TFE3 bound site, while of the 59 genes up-regulated in the 3
modified HEK293T cells, 44 displayed TFE3 binding (Fig. S6D).

Examples of TFE3 occupancy of M/E-box-containing sites at genes of mitochondrial
electron transport chain complexes and the lysosomal V-ATPase in the tRCC lines are shown
in Figs. STA-C. Many of these genes were also bound by ectopic native TFE3 and the NONO-
and PRCC-TFES3 fusions in HEKT cells along with endogenous TFE3 binding in the GFP line.
For example, the COX5A and ATP6VOELI loci displayed fusion protein binding to the same
sites in the tRCC and HEKT cells (Figs. S7B-C). Similarly, PPARGCIA (PGC1A) a master
regulator of mitochondrial biogenesis regulated by MITF in melanoma 2! also displayed
multiple TFE3 fusion binding sites at the promoter and putative upstream and downstream
regulatory elements in the tRCC lines (Fig. S7C). In contrast, no endogenous TFE3 was seen
at the PPARGCIA locus, and only a subset of the sites seen in the tRCC lines were bound in
HEKT cells expressing ectopic TFE3.

We noted that ferroptosis was represented in the core program and that several critical
genes were regulated by the TFE3 fusions (Fig. 3E). GPX4 and the ferroptosis modulators
GCLC and HMOX1 were upregulated by ectopic fusion protein expression in HEKT cells and
both loci showed prominent binding of fusion proteins in the tRCC lines and HEKT cells (Fig.
S8A-B and Dataset S3). Moreover, the GPX4 locus displayed a broad H3K27ac signal
reminiscent of a super-enhancer in all 4 tRCC lines indicating that it may be a critical gene in
these cells. In line with this, all 4 tRCC lines showed low IC50 values for the GPX4 inhibitor
RSL3 between 2.6 nM for UOK 109, and 58 nM for TF1 (Fig. 3F). These values were similar

to that of A375 melanoma cells known to be ferroptosis sensitive and much lower than for

341



Avrticle 3: TFE3 fusion proteins drive oxidative metabolism, ferroptosis resistance and general RNA synthesis

in translocation renal cell carcinoma

501Mel melanoma cells (IC50> 2 mM, not shown) reported to be ferroptosis resistant 22, RSL3-
induced cell death was efficiently rescued in the presence of the ferroptosis inhibitor ferristatin-
1. These data showed that TFE3 directly regulated key ferroptosis genes in tRCC cells that
consequently display marked sensitivity to GPX4 inhibition.
Human tRCC tumours retain elevated OxPhos gene expression during EMT

To investigate whether the elevated TFE3-driven OxPhos in the 4 tRCC cell lines was
also seen in human patient samples, we integrated clinical and RNA-seq data of 37 TFE3-tRCC
primary samples and 2 metastasis samples (from the same patient, therefore 38 patients and 39
samples) from a cohort of patients from American and French institutes and TCGA whose
clinical and pathological features are summarized in Figs. S9A-B. This cohort comprised 66%
(n=25) females and 34% (n=13) males (ratio 1.92:1 female:male), with a median age of 34
years (range: 3-65), amongst which 8 were under 18. All stages were broadly represented with
53% cases presenting stage I-1I and 47% stage III-IV, with at least 10 cases already spread in
lymph nodes and 1 case was poly-metastatic with two different metastatic samples collected.
SFPQ (n=12), PRCC (n=12), ASPSCRI (n=5) were the most frequent fusion partners. The
cohort also comprised the p34 subunit of general transcription factor TFIIH (GTF2H3) as a
novel fusion partner of TFE3 (Fig. S9C). At the end of follow-up, 14 (36%) patients died with
median overall survival of 47 months (range: 8.3-231.1 months).

To evaluate general differences in the gene expression signatures between tRCC and
NAT, we normalized the bulk RNA-seq of 18 normal adjacent tissue (NAT) from the TCGA
KIRC and the 39 TFE3-tRCC samples. 2856 genes were up-regulated in tumour samples and
2146 in NAT (Fig. S9D-E). Ontology analysis of genes up-regulated in tumours revealed
enrichment in cell proliferation (regulation of cell activation, ribosome, mitotic cell cycle) and
immune pathways (regulation of immune effector process, positive regulation of immune

response and cytokine production). In contrast, genes up-regulated in NAT were enriched in
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kidney structure and function (inorganic ion transmembrane transport, kidney development)
and several metabolic pathways (organic hydroxy compound metabolic process,
monocarboxylic acid metabolic process). Hence, transformation was associated with loss of
epithelial and kidney identity and function, but gain of proliferation and immune markers.

To refine these analyses, we performed unsupervised clustering of gene expression
identifying 3 main clusters, each enriched in specific fusion partners (Fig. 4A). Cluster 1 was
enriched in PRCC-TFE3 fusions (8/12 cases, p.val=2.4e-3) with 3 of the remaining 4 in cluster
3. Cluster 2 was enriched in SFPQ- or NONO-TFE3 fusions (9/14, p.val=3.7e-4) with 4 of the
remaining 5 in cluster 3 (Fig. 4B). SFPQ and NONO cases were combined as they belong to
the same RNA-binding protein family and are known to form a protein complex®. Cluster 3
encompassed all 5 ASPSCRI-TFE3 fusions (enrichment p.val=2.4e-3), but comprised a
majority (10 of 16) of non-ASPCRI fusions. Hallmark GSEA analyses of genes differentially
expressed between clusters revealed the mesenchymal characteristics and hot-immune profile
of Cluster 3 (Fig. 4B). Conversely, clusters 1-2 were more epithelial with enrichment in OxPhos
and other metabolic pathways.

The immune profiles were consolidated by MCP-counter analysis showing clusters 1
and 2 to be mostly composed of cold tumours (22/23), whereas cluster 3 displayed immune
infiltration (Fig. S10A). Similarly, use of a signature gene set confirmed the EMT gradient
between clusters 1-3 (Fig. S10B). Combining these analyses further revealed the higher
fibroblast signature score of mesenchymal tumours. Correlation with patient survival showed
that cluster 3 (HR=5.84, Log-rank p.val=0.034) and fibroblast score (HR=3.46, Log-rank
p.val=0.027) were strongly associated with poor survival (Fig. 4C).

We next examined the OxPhos signature score using the 200 genes of the GSEA-
OxPhos Hallmark pathway. Clusters 1 and 2 displayed higher scores than Cluster 3 (Fig. 4D).

To compare the tRCC OxPhos scores to those of ccRCC, we stratified ccRCC tumours based
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on our previously reported single cell RNA-seq signatures that defined an EMT gradient
associated with poor survival and an OxPhos to glycolysis switch 2*. Based on deconvolution
of the TCGA-KIRC collection with the ccRCC tumour cell signatures, we selected 20 tumours
of the ccRCC.epi (epithelial), ccRCC.int (intermediate) and ccRCC.mes (mesenchymal) states
and scored their OxPhos signatures (Fig. 4D). Comparison with the tRCC clusters showed that
although ccRCC.epi had a comparable OxPhos score to tRCC clusters 1 and 2, tRCC tumours
showed higher OxPhos score than the ccRCC.int and ccRCC.mes. Cluster 3 in particular
showed a higher OxPhos score than ccRCC.mes. Thus, while OxPhos score strongly declined
upon EMT in ccRCC, it remained elevated during EMT in tRCC consistent with the ability of
TFE3 fusions to drive OxPhos gene expression.

EMT in tRCC tumours associates with presence of myCAFs and poor outcome

We investigated whether we could use the ccRCC tumour cell signatures to identify cell
populations in tRCC. CibersortX deconvolution of the tRCC cohort showed that the
intermediate ccRCC.int signature was present in almost all tumours (Figs. SA-B). In contrast,
cluster 3 tumours showed enrichment in ccRCC.mes, whereas ccRCC.epi was associated with
clusters 1 and 2. Deconvolution with the ccRCC myofibroblast (my)CAF and antigen-
presenting (ap)CAF signatures revealed enrichment of myCAFs in cluster 3 and hence strong
correlation with ccRCC.mes, whereas apCAFs were more broadly associated with tumours of
each cluster (Figs. SA-C). Both ccRCC.mes (HR 5.06 Log-rank p=0,005) and myCAFs (HR
4.25, Log-rank p=0,005) were strongly associated with poor tRCC outcome (Fig. SD).

We confirmed these findings in an independent tRCC cohort whose composition and
clinical characteristics were described (Fig. S11A and %°). Unsupervised clustering defined 3
main clusters, each enriched in specific fusion partners (Fig. S11B) with cluster 3 comprising
the 9 ASPSCR1-TFE3 fusions and displaying analogous features to cluster 3 of the above-

described cohort (Fig. S11C). Cluster 3 showed strongest association with poor survival as did
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the EMT and fibroblast scores (Fig. S11D). Deconvolution with the ccRCC tumour cell
signatures again revealed the strong myCAF-mes association and both cell populations strongly
associated with poor survival (Figs. S11E-F). Furthermore, scoring their OxPhos signatures
again revealed that the tRCC EMT cluster 3 retained a higher OxPhos core compared to
ccRCC.mes tumours (Fig. S11G).

The data from these 2 cohorts showed that tRCC tumours displayed a high OxPhos score
that was maintained during EMT. Moreover, tRCC EMT was associated with enrichment in
mesenchymal cancer cells and myCAFs that both strongly associated with poor survival.

Lastly, we integrated the loss and gain of function with the C&T data to define a set of
genes whose expression was diminished by TFE3-fusion silencing in tRCC cells, induced by
ectopic expression in HEKT cells and in human tumours samples and whose promoters
comprised a M/E-box containing TFE3 binding site associated with H3K27ac (Fig. 6A). This
set of 71 genes fulfil the criteria of those directly regulated by TFE3 fusions both in tRCC cells
and in human tumours. From these, we selected the 10 genes most expressed in the cluster 3
EMT tumours (Fig. 6B) and found that in both patient cohorts, high expression of this signature
was strongly associated with poor outcome (Fig. 6C). These TFE3 fusion-regulated genes
defined a signature for aggressive tRCC, several of which (TRPV2, EEF2K; GRN and VPS18)

are novel potential therapeutic targets.

Together, our data suggest that TFE3 tRCC represent a spectrum of tumours ranging
from epithelial to mesenchymal, with high expression of oxidative phosphorylation and

ferroptosis resistance driven by a TFE3 core program (Fig. 6D).
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Discussion
TFE3-fusion driven gene expression.

Here, we performed loss and gain of function experiments in cultured cells alongside
multi-omics analyses conducted in both tRCC cell lines and patient tumors. Through this
integrated and comprehensive approach, we profiled the genomic binding of TFE3 fusion
proteins identifying a core set of target genes including those involved in OxPhos and
ferroptosis. TFE3-fusions directly regulated OxPhos genes leading to higher functional OxPhos
levels and drove ferroptosis resistance, with cells highly sensitive to RSL3-induced ferroptotic
cell death. Consequently, tRCC tumours displayed elevated OxPhos scores that persisted during
their EMT defining a novel metabolic subtype of renal carcinoma. Furthermore, we uncovered
a correlation between EMT, the presence of mesenchymal tRCC cells and myCAFs that
emerged as hallmarks of poor prognostic outcome. This association underscores the clinical
relevance of EMT and the presence of myCAFs in the overall progression and outcome of
tRCC.

An important observation of our study is the broad binding of NONO-TFE3 and PRCC-
TFE3 over the genome. Previous studies on a limited set of tRCC lines reported only small
numbers of TFE3 fusion binding sites (around 3032 sites in UOK146 and SFPQ-TFE3
xenograft lines '*, 4129 in UOK 109 and 1584 in UOK 120 '®) and they provided no information
on association with active H3K27ac-marked regulatory elements. These observations, obtained
by ChIP-seq using antibodies distinct from those used here, are inconsistent with the abundant
nuclear fusion protein expression. The comprehensive Cut&Tag profiling we report here using
2 independent antibodies, identified more than 12 000 M/E-box-containing sites occupied in all
4 tRCC lines, with 3900 located in proximal promoters of genes many of which were associated
with functions previously found to be regulated by native TFE3, such a lysosome and mTOR

pathway, but also novel pathways pertinent to oncogenic transformation such as cell cycle,
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metabolism and ferroptosis. Our observations are complementary to those of Sicinska et al., 2
who showed that ASPRC1-TFE3 fusions bound broadly to active H3K27ac-marked chromatin
regions across the genome in alveolar soft-part sarcoma cells. While these authors did not
distinguish M/E-box containing elements from E/M-box independent binding, their data
together with that reported here underscore the conclusion that promiscuous genome occupancy
is a feature of multiple TFE3-fusion proteins in both sarcomas and tRCC.

While endogenous TFE3 bound only a restricted number of sites in HEKT cells,
consistent with its lower expression and limited nuclear presence, ectopically expressed native
TFE3, and the NONO- and PRCC-TFE3 fusion proteins bound many more sites and
promiscuously at promoters. In particular, the NONO-TFE3 fusion displayed broadest binding
in both tRCC and HEK293T cells. The 1000 most occupied PRCC-TFES3 sites in HEKT cells
and UOK 120 and UOK 146 tRCC cells were strongly enriched in the E/Mbox motif, indicating
that most sites were directly bound. In contrast, analogous analyses of NONO-TFE3 revealed
enrichment for the E/Mbox, but also promoter SP1/KLF and NFY motifs, indicating that unlike
PRCC-TFE3, NONO-TFE3 bound indirectly at promoter sites with high affinity. While, this
may be explained by the much higher nuclear accumulation of NONO-TFES3 in the tRCC lines,
this is not the case in the HEKT cells, rather suggesting that increased indirect promoter binding
is an intrinsic property of the NONO-TFE3 fusion.

Several mechanisms may account for the ability of the fusions to associate with active
promoters. The NONO-SFPQ complex was previously shown to interact with the C-terminal
domain (CTD) of the largest subunit of RNA polymerase II (Pol II) and bind to proximal
promoters 2 2® 2 The NONO-TFE3 fusion protein may therefore also be recruited
promiscuously to promoters in an analogous manner via the Pol Il CTD. Although less is known
concerning the splicing factor PRCC, the TFE3 fusion partners are invariably proteins involved

in RNA splicing or metabolism. It is now well established that such factors assemble on the
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CTD to coordinate transcription and splicing ** *' 2. For example, the TFE3 partner ZC3H4 is

333435 and was shown to be

not involved in splicing, but restriction of non-coding transcription
recruited to active promoters. This idea is further underlined by the observation that TFE3 can
be fused with Mediator subunit MEDI1S5 or the p34 subunit (GTF2H3) of TFIIH, general
transcription factor complexes integral to the Pol II preinitiation complex. It is therefore
probable that recruitment to active promoters is a general feature of TFE3 fusions. In addition,
it was reported that high NONO-TFE3 accumulation may result from its oligomerization and
formation of phase separated condensates *°. The presence of the fusion partners in nuclear
speckles or other phase separated structures coordinating transcription and RNA
splicing/metabolism may further contribute to promiscuous TFE3-fusion binding to promoters
and other regulatory elements.

Nevertheless, broad promoter binding was also seen with ectopically expressed native
TFE3 indicating that while the fusion partner may contribute to this, it is not absolutely
necessary. Promoter binding may therefore be mediated either through the presence of the
fusion partner and/or by TFE3 tethering via SP1-family or NFY transcription factors whose
motifs were abundant at TFE3-bound promoter sites. The ability of native TFE3 to bind
promoters when accumulated in the nucleus may be pertinent to tRCC where TFEB is either
amplified or fused with the non-coding RNA MALAT]1 ®37 3 In both situations, native TFEB
accumulates in the nucleus suggesting that promiscuous promoter binding may also be a facet
of its oncogenic function.

Here we found that mRNA synthesis was diminished upon TFE3 fusion silencing
consistent with its broad promoter recruitment. Moreover, consistent with the increased
propensity of NONO-TFE3 to bind active promoters, the strongest reductions in EU
incorporation were seen in UOK 109 and in TF1, despite its poorer transfection efficiency. It

was previously reported that high MYC accumulation in cancers led to its promiscuous
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promoter recruitment causing transcriptional amplification ' 2°. Similarly, oncogenic RAS
stimulates global mRNA synthesis when used to transform immortalized fibroblasts ** and
RAS-mediated oncogenesis is associated with increased TATA-binding protein expression and

increased transcription that promote oncogenic transformation 40 *!

. Together, these data
suggest that global stimulation of mRNA synthesis is a feature shared by several oncogenic
proteins and that contributes to oncogenic transformation. Hence TFE3 fusions may act in a

bipartite manner, activating specific genes via binding to M/E-box containing regulatory

elements and more generally stimulating mRNA synthesis via promoter binding.

TFE3 fusion-driven OxPhos and ferroptosis resistance as mechanisms driving tRCC
tumorigenesis.

Loss and gain of function experiments revealed that TFE3 fusions directly drive a large
set of OxPhos genes. Down-regulation of OxPhos gene expression correlated with reduced
maximal and reserve OxPhos capacities following siTFE3 silencing, but we did not observe the
reduced basal OxPhos previously reported in UOK109 cells ** 3®. Ectopic fusion protein
expression in HEK293T cells rapidly activated numerous OxPhos genes leading to increased
functional OxPhos levels. Therefore, both loss and gain of function experiments converged to
show how the NONO- and PRCC-TFE3-fusions directly regulated OxPhos related genes
driving high OxPhos levels in tRCC lines. This comprehensive set of genes went beyond the
previously reported PPARGC14 and NMRK?2 genes ** 44,

These observations from cell lines were extended to two independent patient tumour
cohorts. In line with the ability of TFE3 fusions to drive OxPhos gene expression and as
previously suggested ** '* 46 t{RCC tumours displayed globally elevated OxPhos scores
compared to ccRCC. Furthermore, by stratifying ccRCC tumours of different EMT status, we

showed that OxPhos score was strongly reduced during EMT in ¢ccRCC, but maintained at
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higher levels in tRCC. This function of TFE3 in tumours is reminiscent of its role in metabolism
and mitochondrial function in normal tissues *’. High OxPhos has been associated with an
increased propensity for oncogenic transformation and resistance to apoptosis ** 4°. Similarly,
maintaining elevated OxPhos may promote tumour growth in the stressful cellular
environments encountered in primary tumours and during metastatic dissemination °°. The
TFE3-related transcription factor MITF was shown to drive OxPhos in melanoma through
regulation of PPARGCIA, but also the non-coding RNAs SAMMSON and LENOX 2! 31 3233,
High OxPhos in melanoma is associated with resistance to oxidative stress and resistance to
MAP kinase inhibition. The fact that numerous pathways converge to regulate OxPhos further
highlights the important role of this pathway in tumour development. Together these
observations support the idea that TFE3 fusion driven OxPhos may be an essential aspect of the
initiation, survival and progression of tRCC tumours and a mechanism shared amongst MiT
family-dependent tumours.

Another mechanism that may contribute to tRCC tumorigenesis is ferroptosis resistance.
Ferroptosis-related genes were found in the core program of TFE3-fusion proteins, with GPX4,
HMOXI1, GCLC and ASCLI upregulated by TFE3 fusion protein expression in HEKT cells.
Notably, GCLC and HMOX]I have been described as NFE2L2 (NRF2) targets >* > a pathway
reported to be active in tRCC '*. Nevertheless, TFE3-fusions bind to M/E-box motifs in the
HMOXI and GCLC proximal promoters and upregulated their expression identifying them as
direct target genes. Similarly, the proximal promoters of the Xc-transporter system genes
SLC3A2 and SLC7A411 also displayed TFE3-fusion binding to M/E-box motifs with SLC7411
expression upregulated upon fusion protein expression in HEKT cells. Accordingly, tRCC lines
showed marked sensitivity to GPX4 inhibition with IC50 values in the nanomolar range similar
to renal medullary carcinoma lines that we previously showed were highly sensitive to GPX4

inhibition **. Although NFE2L2 can regulate antioxidant and ferroptosis response in different
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cellular contexts, in tRCC TFE3 fusions may bypass this requirement to directly regulate key
ferroptosis genes such as GPX4 and GCLC promoting ferroptosis resistance and protection from
oxidative stress both of which enhance tumour growth. These observations are reminiscent of
those reported in melanoma where TFE3 drives GPX4 inhibitor sensitivity in MITF-low
melanoma cells 22. Direct TFE3 fusion regulation of genes involved in OxPhos and ferroptosis
therefore constitute two complementary mechanisms contributing to tRCC tumorigenesis.
Moreover, the observation of ferroptosis resistance in tRCC underlines this process as a
common mechanism for RCC development /.

EMT and myCAFs, markers of poor outcome common to tRCC and ccRCC.

Analyses of the tRCC cohorts revealed that EMT and presence of myCAFs both
associated with poor outcome, characteristics shared with ccRCC ?*. In each tRCC cohort, we
stratified tumours that differed in EMT status, hot-immune microenvironment and presence of
CAFs. As previously observed >, ASPSCR1-TFE3 tumours displayed a strong propensity for
EMT, but tumours with other fusion partners also underwent EMT. Interestingly, tumours with
PRCC or SFPQ fusions displayed either epithelial or mesenchymal signatures highlighting the
variability among their phenotypes. EMT of tRCC cancer cells was further consolidated by
deconvolution with signatures for epithelial and mesenchymal ccRCC cancer cells. Tumours
with EMT signatures were enriched in mesenchymal cancer cells showing that the bulk EMT
signature was not only due to presence of fibroblasts or other components of the TME.
Similarly, deconvolution revealed that EMT tumours were enriched in myCAFs and that
enrichment in both mesenchymal tumour cells and myCAFs were strongly associated with poor
survival. Thus, despite the distinct oncogenic mechanisms, both ccRCC and tRCC tumours
display EMT and infiltration by myCAFs that constitute hallmarks of poor disease outcome.
These results might explain why tRCC patients are highly resistant to immune checkpoint

inhibitors 3 . Future studies will clarify the similarities and differences in the myCAF across
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RCC subtypes and whether this could be used to personalize treatments of patients using
immune checkpoint inhibitors.

By defining direct TFE3-fusion target genes strongly expressed in aggressive tRCC, we
identified several with therapeutic potential. TRPV2 (Transient Receptor Potential Vanilloid
type-2) is a Ca*" permeable ion channel associated with cell survival, proliferation, and

metastasis in various cancers % ¢

! Several activating (Probenecid) and inhibiting (Tranilast)
molecules have been characterized and have been shown to have clinical potential for several
cancers %% % Interestingly Tranilast has further been shown to act on CAFs, reducing TGFp
signaling, fibrosis and myCAF numbers, an observation of particular significance given the role
of myCAFs in poor outcome of tRCC ® % EEF2K is an atypical protein kinase that
phosphorylates and inactivates EEF2 to modulate translation ®. EEF2K is phosphorylated and
regulated by MTORC]1 and hence is regulated by cellular nutrient levels like TFE3 and plays a

role in autophagy. EEF2K may play a role in tumour development and several inhibitory

molecules are being developed to block its function 7.

VPS18 is an E3 ligase involved in the homotypic fusion and vacuole protein sorting
(HOPS) complex and regulates autophagosome-lysosome fusion ®®. VPS18 expression is
elevated in several cancers and is strongly up-regulated in response to drug treatment to elicit
drug resistance . In contrast, its silencing blocks xenograft tumour growth. Moreover, its
inhibition by the lysosomotropic agent RDN, an amino-methylated derivative of naturally
occurring bi-sbibenzyl riccardin D 7° that binds the VPS18 RING domain disrupting the VPS18-
VPS16 interaction, impairs lysosomal function and lysosomal mediated drug resistance.

Consequently, RDN reverses TFE3-driven lysosomal mediated multidrug resistance .

Progranulin encoded by the GRN gene is a secreted lysosomal chaperone involved in
inflammatory and immune response, regulation of growth and invasion of several cancers, and

. . og e o o) . . o
is an inhibitor of ferroptosis "' 7. Tumour derived GRN can modulate the microenvironment
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and promote immune evasion and in a mouse model of pancreatic cancer, anti-GRN antibody
blockade inhibited tumour initiation and progression ’*. Moreover, the GRN-targeting antibody
AGOI is currently in phase 1 clinical trial 7. Each of the above proteins therefore represent

novel potential therapeutic targets for tRCC.

Methods
Cell Culture

UOK109, UOK120, UOK121, UOK112 and UOK146 were generous gift from Dr
Martson Linehan (NIH, Bethesda, USA) while TF1 line was a generous gift from Dr Gilles
Pages (Nice, France). These cell lines were grown in DMEM medium supplemented with
glucose (4.5g/L), 10% heat-inactivated Foetal Calf Serum (FCS), Non-essential amino acid
(AANE) and 1% penicillin/streptomycin. The remaining cell lines were purchased from ATCC.
The embryonic kidney HEK293T cell line and the derived lines expressing ectopic TFE3
fusions as well as UOK121, UOK112 and RCC4 cells were grown in DMEM medium
supplemented with glucose (1g/L), 10% FCS and 1% penicillin/streptomycin. The primary
kidney cell line RPTEC was grown in DMEM/F12 medium supplemented with 2.5mM L-
Glutamine, 15mM HEPES, hTERT Immortalized RPTEC growth kit-supplement A&B (ATCC
ACS-4007), gentamycin (40pg/mL) and G418 (100pg/mL). 786-O ccRCC cells were grown in
RPMI 1640 medium supplemented with glucose (2.5g/L), HEPES (10mM), 10% FCS, sodium
pyruvate (1mM) and gentamycin (40pg/mL). A-498 ccRCC cells were grown in MEM medium
(LifeTechnologies 31095-029) supplemented with 10% heat-inactivated FCS and gentamycin
(40pg/mL). The papillary carcinoma renal cell line ACHN was grown in MEM medium (ATC
30-2003) supplemented with 10% FCS and gentamycin (40ug/mL). All cells were cultured at
37°C, 5% COa.

Cell line transfection with siRNA
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For siRNA knockdown experiments, 400 000 cells were plated in 6-well plates 18 hours
before transfection. Transfection was performed in OPTI-MEM medium using lipofectamine
RNAIMAX (13778150 — Invitrogen) with 25nM siRNA (mix of 3 individual siRNA for
knockdown of TFE3 — J-009363 -06, -08, -09, or with a pool of 4 non-targeting siRNA as
control — D-0018-10 — Dharmacon). After 7 hours of incubation, OPTI-MEM was replaced by
complete medium. siRNAs sequences are listed in the Table S1.

Plasmid production, lentiviral particle production, cell line transduction and expression

TFE3, NONO-TFE3 and PRCC-TFE3 cDNAs were synthesized by GenScript and
subsequently cloned into the all-in-one doxycycline inducible lentiviral vector pCW57-GFP-
P2A-MCS vector (Addgene plasmid #71783) in place of GFP. Lentiviral particles were
produced to express independently each of the 3 genes of interest or GFP control by transfection
of HEK293T cells with packaging plasmids. Lentiviral particles were purified by filtration and
ultracentrifugation and resuspended in PBS. After titration, HEK293T cells were infected at
multiplicity of infection of 1 using polybrene and selected by puromycin addition to the media
(1pg/mL). After establishment of the stable cell lines, expression of the proteins of interest was
induced by adding of Doxycycline (Dox) in the medium (10pg/mL).

RNA extraction and quantitative PCR

Total mRNA isolation was performed using Trizol (TR 118) and isopropanol
precipitation. RNA was then treated with DNAsel following the TurboDNAse kit instructions
(AM1907 — ThermoFisher) and 1pg of RNA was reversed transcribed using SuperScript IV
(18090050 — ThermoFisher) following manufacturer instructions. gPCR (program: 95°C,
15min; (95°C, 10s; 55°C, 15s; 72°C, 10s) x60; (95°C, S5s; 70°C, 1min05; 95°C, 5 min) x1; cool
down) was performed using SYBR Green I (Roche) and monitored by a LightCycler 480

(Roche). Target gene expression was normalized using the geometric means of 7BP, HMBS,
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GAPDH, RPLPO as reference genes. Primers for RT-qPCR were designed using the
OligoAnalyzer™Tool from IDT and are listed in Table S2.
Total protein extraction

Whole cell extracts were prepared by 4 freeze-thaw cycles in LSDB 0.5M buffer (0.5M
KCl, 25mM Tris pH7.9, 10% glycerol v/v, 0.05% NP-40 v/v, 16mM DTT and protease inhibitor
cocktail, 1861280 — Thermo Fisher). After 20 minutes on ice, extracts were centrifuged for 10
minutes at 13 000g, 4°C and supernatant was retrieved.
Differential extraction of nuclear and cytoplasmic proteins

Protein extracts from nuclear and cytoplasmic compartments were prepared using
manual lysis and sucrose buffer. Briefly, cells were resuspended in hypotonic buffer (1mL
buffer / g of cells — 10mM Tris pH7.65, 1.5mM MgCl,, 10mM KCI), incubated on ice for 5 min
and transferred to a loose Dounce. After 15 strokes, sucrose buffer (0.33mL/g cells — 20mM
Tris pH7.65, 15mM KCI, 60mM NacCl, 0.34M sucrose) and PMSF (0.2mM) were added to the
lysed solution and centrifuged for 10min at 4500g, 4°C. The supernatant was recovered
(cytosolic extract) and the pellet resuspended in sucrose buffer (1mL/g cells). Hypertonic buffer
(20mM Tris pH7.65, 25% glycerol, 1.5mM MgClz, 0.2mM EDTA, 900mM NaCl) was added
dropwise under slight agitation (0.35mL/g cells), tubes were incubated for 30min at 4°C on a
wheel and centrifuged for 10min at 4700g, 4°C. The supernatant formed the soluble nuclear
extract.
Immuno-blots

Proteins were quantified using the Bradford protein quantification assay (BioRad) and
20pg of extract were used to perform SDS-polyacrylamide gel electrophoresis. Proteins were
transferred to a nitrocellulose membrane. Membranes were incubated overnight at 4°C with
primary antibody diluted in PBS + 5% dry-fat milk + 0,01% Tween-20. After washing steps,

membranes were incubated with HRP-conjugated secondary antibodies for 1 hour at room

355



Avrticle 3: TFE3 fusion proteins drive oxidative metabolism, ferroptosis resistance and general RNA synthesis

in translocation renal cell carcinoma

temperature and revealed using the ECL detection system (GE Healthcare). Antibodies and
used dilutions are listed in Table S3.
Colony forming analyses by Crystal violet staining

Colony formation was assessed by plating 5 000 cells in 6-well plates, incubating them
for 14 days and finally fixing in 4% paraformaldehyde and staining with 0,05% Crystal Violet
solution (Sigma Aldrich). Modified HEK293T lines used for Dox-inducible gain of function
experiments were plated on poly-D-lysine pre-coated dishes and Dox was renewed every 48
hours.
RNA-sequencing and analysis

Cells were harvested by scraping 72 hours after siRNA transfection and total mRNA
was extracted with Trizol as described above. For HEKT cells, RNA was prepared 24 hours
after Doxycycline (Dox) addition. Following QC and library preparation, RNA-seq was
performed on an Illumina Hiseq4000 as 2*100bp paired end sequencing following Illumina’s
instructions. After sequencing raw reads were pre-processed in order to remove adapter and
low-quality sequences (Phred quality score below 20) using cutadapt version 1.10 and reads
shorter than 40 bases were discarded. Reads were mapped to rRNA sequences using bowtie
version 2.2.8 and matching reads removed. Remaining reads were then mapped onto the hg19
assembly of Homo sapiens genome using STAR version 2.5.3a. Gene expression quantification
was performed from uniquely aligned reads using htseq-count version 0.6.1p1, with annotations
from Ensembl version 75 and “union” mode. Only non-ambiguously assigned reads were
retained for further analyses. Read counts were normalized across samples with the median-of-
ratios method. Comparisons of interest were performed using the Wald test for differential
expression and implemented in the Bioconductor package DESeq2 version 1.16.1. Genes with
high Cook’s distance were filtered out and independent filtering based on the mean of

normalized counts was performed. P-values were adjusted for multiple testing using the
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Benjamini and Hochberg method. Deregulated genes were defined as genes with log2(fold-
change) >1 or <-1 and adjusted p-value <0.05. Gene set enrichment analyses were done with the
GSEA software v3.0 using the hallmark gene sets of Molecular Signature Database v6.2. Gene
Ontology analysis was performed using the Database for Annotation, Visualization and Integrated
Discovery (http:/david.abce.nciferf.gov/). Gene list intersections were computed and Venn

diagrams represented using the web tool Venny (https://bioinfogp.cnb.csic.es/tools/venny/). Gene

set variation analysis (GSEA) was computed using the Bioconductor R package GSVA v1.48.3.
Measure of Oxygen Consumption Rate (OCR) in living cells

OCR in living cells was measured using the MitoStress kit and the XF96 extracellular
analyser (Agilent) following manufacturer’s instructions. Cells were seeded 48 hours prior to
measurement in SeaHorse microplates (Agilent) in order to have confluent cells on the day of
measurement: 30 000 cells per well for translocation cell lines, 40 000 cells for Dox-inducible
HEK?293T lines, 10 000 cells for 786-O and 20 000 cells for UOK 121. Dox-inducible HEK293T
cells were treated with Dox 24 hours prior to measurement. For siRNA-mediated knockdown,
30 000 UOK109 cells were seeded per well, after 7 hours of incubation with siRNA and 65
hours prior to measurement, whereas 20 000 cells were seeded for TF1, UOK 120, UOK146.
For each line, 6 wells were considered for technical replicates per experiment and up to 5
biological replicates were performed. The day before measurement, the cartridge was hydrated.
One hour before measurement, medium on cells was changed for XF base medium
supplemented with 1mM pyruvate, 2mM glutamine and 10mM glucose and cells were
incubated at 37°C with no CO;. After calibration of the cartridge, cells were sequentially
exposed to 1uM oligomycin, 1uM carbonyl cyanide-4-(trifluorome-thoxy)-phenylhydrazone
(FCCP), and 0.5uM rotenone/antimycin A, with 13 min between each drug. After measurement,
cells were fixed with 4% PFA, permeabilized with 0.2% Triton and stained with DAPI

(1pg/nL). Number of cells per well was determined by microscopy at the IGBMC High
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Throughput Screening Facility and used to normalize obtained measurements per well.
Calculation of basal, maximal and reserve capacity were performed as defined in the Agilent
User Guide.
ChiP-seq and Cut&TAG

For H3K27ac chromatin immunoprecipitation, cells were grown in 15cm petri dishes
and fixed with 0,4% PFA for 10min at room temperature with agitation. Crosslinking was
quenched by adding glycine (2M, pHS8) for 10min with agitation. Fixed cells were washed once
with PBS, harvested by scraping, pelleted and resuspended in lysis buffer (2-times pellet
volume — 50mM TrisHCI pHS8, 1% SDS, 10mM EDTA, 0,1M PMSF, protease inhibitor
cocktail). Lysates were transferred to Covaris tubes and sonicated in a Covaris sonicator to
obtain DNA fragments (median size 200-500 bp). After sonication, lysates were centrifuged at
13 000g, 4°C for 10min. Chromatin sonication was verified on agarose gels after decrosslinking
(overnight incubation at 65°C with 0.3M NaCl, RNAseA and 1h incubation with proteinase K
at 42°C) and phenol-chloroform extraction. 100pug of chromatin were diluted with ChIP dilution
buffer (16.7mM Tris HCI pHS8, 167nM NaCl, 1.2mM EDTA, 1.1% Triton X-100, 0.01% SDS)
and precleared with Protein G DNA magnetic beads (30pL/mL lysate) for 1h, 4°C. After bead
removal, chromatin extracts were incubated with anti-H3K27ac (1pg/20ug of chromatin) at
4°C, overnight. To recover antibody-chromatin complexes, Protein G DNA magnetic beads
were added to each sample and incubated at 4°C for 1h. Beads were then washed with 4
different buffers, two times each (Low Salt Buffer: 20mM Tris HCL pHS8, 150mM NaCl, 2mM
EDTA, 1% Triton X-100, 0.1% SDS; High Salt Buffer: 20mM Tris HCL pH8, S00mM Nacl,
2mM EDTA, 1% Triton X-100, 0.1% SDS; LiCl Buffer: 10mM Tris HCI pH8, ImM EDTA,
1% sodium deoxycholate, 1% NP40, 0.25mM LiCl; TE Buffer: 10mM Tris HCI pHS8, 1mM
EDTA). Finally, beads were re-suspended twice in DNA elution buffer (0.1M NaHCOs3,

1%SDS) and incubated 15min at room temperature. Decrosslinking and phenol-chloroform
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extraction were then performed and extracted DNA was resuspended in water. After QC and
library preparation, DNA was sequenced on Illumina HiSeq 4000 sequencer as 1*50bp single-
read following Illumina’s instructions.

For Cut&TAG, cells were plated in 10 cm petri-dish for 48h and harvested using
CellStripper solution and washed 2 times in PBS 1X. 500 000 cells were used for Cut&TAG
experiments following the manufacturer’s instructions (Cut& TAG-IT™ Assay kit —n°53160 —
ActiveMotif). Libraries were prepared using the Nextera™-Compatible Multiplex Primers (96-
plex — n°53155 — ActiveMotif). Libraries were verified on a BioAnalyzer before 2 rounds of
purification using SPRI beads as described in the Cut&TAG kit. Antibodies used are listed in
Table S3.

Analysis of ChIP-seq and Cut&TAG

Following sequencing, reads were mapped to the Homo sapiens genome assembly hg19
using Bowtie with the following arguments: -m 1 --strata --best -y -S -1 40 -p 2. Peak detection
was performed using the MACS software v1.4.3 for transcription factors and v2.1.1 for
chromatin marks. Peaks were annotated with the ‘annotatePeaks’ command from HOMER
v4.11 using the GTF annotation file from ENSEMBL v75

(http://homer.ucsd.edu/homer/ngs/annotation.html).  Global clustering analyses with

quantitative comparisons and representations of read density heatmaps were performed using
seqMINER. Gene ontology analyses from peak annotations were performed with the
Bioconductor R package clusterProfiler v4.8.2 and the metascape web tool

(https://metascape.org). Motif discovery from ChIP-seq peak sequences was performed using

the MEME CHIP and RSAT peak-motifs algorithms (http://rsat.sb-roscoff.fr/peak-

motifs form.cgi). Peak intersections were computed using bedtools v2.26.0 and for multiple
samples, the R package DiffBind v3.8.4. Visualization of ChIP-seq signal at specific gene loci

of interest was achieved using the UCSC genome browser (https://genome.ucsc.edu/).
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RNA-sequencing and analysis of patient tumour samples

RNA sequencing for TFE3 tRCC was available for 39 samples from 38 patients (one
patient presented with metastases resulting in two samples) including in house cohort of 26
samples and 13 samples from TCGA KIRC and KIRP cohorts. Identification of fusion

transcripts for 17 of those samples have been previously reported 7> 76

and nine samples were
novel. Library preparation, sequencing and fusion transcript detection for those novel samples
was performed as previously described 7. After sequencing, raw read counts were adjusted for
batch-effect correction using ComBat-seq by providing the sequencing batch as the ‘batch’
argument. For analyses requiring integration with TCGA-KIRC samples, an additional covariate
specifying the type of sample (tRCC, normal adjacent tissue or ccRCC) was provided as the ‘group’
argument. The adjusted raw-count matrices were normalized by sequencing depth using DESeq2
size-factors and then gene-counts were divided by median transcript lengths.

Consensus clustering of TFE3-fusion samples was performed using the R package
ConsensusClusterPlus v3.17 following standard procedure. In short, matrices are filtered in order
to keep only coding genes based on their biotype annotation. The 5000 most variable genes were
retained with the mad() function and the matrices were median centered with the sweep(), apply()
and median() functions. Consensus clustering was done with the ConsensusClusterPlus() function
using base parameters. The appropriate numbers of clusters were chosen based on the curve of
cumulative distribution function. Differential gene expression analyses between the different
groups were done with DESeq2 with functional analyses and visualization performed as described
in the previous section for cellular models.

Translocation tumour samples were subjected to deconvolution analysis using the R-
package MCP-counter v1.2.0. Then, hierarchical clustering was performed based on the MCP-
counter population scores using the hclust() function with “ward.D2” linkage in order to define

“hot” and “cold” tumour groups.
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Translocation tumour samples were scored according to their mesenchymal/epithelial
signature ratios in the following way: epithelial and mesenchymal genes derived from ccRCC

samples described in Liang et al. 7

were subjected to unsupervised clustering using tRCC samples
then these genes were assigned into mesenchymal and epithelial categories based on their
expression patterns in tRCC in order to adapt the original signatures. Some genes such as VEGFA
and ANGPTL4 showed different expression patterns in tRCC compared to what was described in
ccRCC and were re-assigned to their proper categories while some genes such as CA9 had no clear
expression patterns in tRCC and were removed. Lastly, mesenchymal genes and proximal tubule
markers identified from single-cell analyses were added to complete the new mesenchymal and
epithelial signatures in order to have the 22 representative genes in each category. The
‘SignatureRatio’ value was computed as the geometric mean of the mesenchymal signature divided
by the geometric mean of the epithelial signature.

Deconvolution of tRCC samples using the ccRCC single cell RNA-seq signatures we
previously described was performed using CIBERSORTx algorithm 2*. To stratify epithelial,
intermediate and mesenchymal ccRCC samples, tumor samples from the TCGA-KIRC were
ordered by the ccRCC.epi/ccRCC.mes ratio of their CIBERSORTX score, then the top 20 were
chosen as epithelial, the bottom 20 as mesenchymal and the 20 around the median as intermediate.

Scoring of a considered list of genes to determine patient survival was defined as the
geometrical mean of representative genes of the transcriptional signature.

Patient survival was computed in R using packages survival v3.2 and survminer v0.4.9.
Patients were stratified using the surv_cutpoint() function and Kaplan—Meier curves were
represented with the survfit() and ggsurvplot() functions. Hazard ratios were determined by

univariate Cox proportional-hazards models with the “coxph()” function.

Labelling nascent RNA with S-ethynyluridine (EU)
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EU incorporation experiments were conducted using the Click-iT™ RNA Alexa
Fluor™ 594 Imaging kit from Invitrogen (C10330), following the supplier's recommendations.
Cells were transfected with siCTR or siTFE3 in 6-well plates before replating 25000 cells in 8-
well cell culture slides (CCS8 — Mattek) and growing for 24h. Fresh media containing 1 mM
of the cell-permeable uridine analog, 5-ethynyluridine (EU) and a final concentration of 50
ng/mL Actinomycin D were added for one hour prior to fixation. Fixation was performed with
a 3.7% Formaldehyde solution in PBS for 15 minutes, followed by permeabilization with a
0.5% Triton-X PBS solution for an additional 15 minutes before continuing with the EU
labelling in accordance with the protocol’s instructions. After one wash step with PBS 1x, cells
were fixed with 3.7% formaldehyde for 15min at RT, washed once with PBS and permeabilized
with 0.5% Triton X-100 in PBS 1x for 15min and washed again with PBS. Cells were then
incubated with Click-IT® reaction cocktail as described in the kit for 30 min at RT protected
from light. The cell nuclei were counterstained with Hoechst 33342. After two washes in PBS
1x, microscope slides were mounted using DAPI-ProLongGold (P36935 — ThermoFisher).
Images were capture with a SP8-X confocal microscope and the EU fluorescence signal from
the nucleus was quantified using the Hoechst signal as a mask for determining the mean
fluorescence of the EU signal in each nucleus by analyses using a FlowJo macro program.
Treatment with RSL3 and determination of 1C50

10 000 cells were plated in 96-well plate and cultured overnight. Cells were treated with
1, 5, 10, 25, 50, 100, or 250 nM of RSL3 with or without 1uM ferrostatin-1 (SelleckChem,
#S7243) and cultured for 48 hours. Each condition was performed in triplicate. Complete
medium was replaced by a solution of 1:1 complete medium/PrestoBlue™ (A13261 —
Invitrogen) and incubated for 1h at 37°C, 5% COx>. Viability was then evaluated by measuring
the absorbance at 590 nm. Dose response curves and the half maximal inhibitory concentration

(IC50) were calculated using GraphPad Prism software.
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Statistics.
The statistical tests used in each analysis, mainly paired t-test, 1-way Anova (with Dunett’s

correction) or Wilcoxon test, are described in the corresponding figure legends with the p-

values.

Table S1 - siRNA sequences

siRNA Sequence (5’ -> 3’)

UGGUUUACAUGUCGACUAA, UGGUUUACAUGUUGUGUGA,
siCTR - pool
UGGUUUACAUGUUUUCUGA, UGGUUUACAUGUUUUCCUA

SiTFE3 #6 GGAAUCUGCUUGAUGUGUA
siTFE3 #8 CGCAGGCGAUUCAACAUUA
SiTFE3 #9 CAGAGCAGCUGGACAUUGA

Table S2 - Primers sequences — Primers used for RT-qPCR to verify TFE3 expression level in cell lines

Primer name Sequence (5’ ->3’)

HMBS_F GGCAATGCGGCTGCAA
HMBS_R GGGTACCCACGCGAATCAC
GAPDH_F ACAACTTTGGTATCGTGGAAGG
GAPDH_R GCCATCACGCCACAGTTTC
RPLPO_F AGTGTTCTGGGCTGGCACA
RPLPO_R GAAACTGCTGCCTCATATCC
TFE3_F GCCATCACTGTCAGCAACTC
TFE3_R GATGAGAGTGCCCAGTTCCT

Table S3 — Used antibodies for Western-blot and Immunofluorescence analysis
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Target Host Application Dilution Reference
WB; Cut&Tag (tRCC) 1/2500; 1pg HPA-023881 (Sigma)
Rabbit | Cut&Tag (UOK109, HEKT) 1ug Lot. 000009169
TFE3
Rabbit Ab93808 (Abcam)

Lot 1003520-27

WB 1/1000 V4505 (Sigma Aldrich)
VCL Mouse
Lot 099M4850V
WB 1/10 000 Ab110641 (Abcam)

BRG1 Rabbit
Lot : 1000647-1

GAPDH Rabbit WB 1/1000 In house
Histone WB 1/1000 Ab1791 (Abcam)
Rabbit
H3 Lot 150891-1
ChlIP-seq 10pg 39133 (ActiveMotif)

H3K27ac | Rabbit
Lot 31521015-13

Cut&Tag Control 10pg Ab171870 ((Abcam)
1gG Rabbit
Lot 3353004-2
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Figure 1. TFE3 fusion proteins regulate colony forming capacity and OxPhos gene
expression. A. TFE3-fusion protein expression was measured by RT-qPCR 72 hours after
siRNA transfection and expressed as fold change over siCTR normalized to housekeeping gene
RPLPO (n=3). Conditions were compared by paired t-test (*: p.val<0.05, ***: p.val<0.001). B.
Immunoblot of total protein extracts after siCTR or siTFE3 treatment. TFE3 blots for
UOK109/TF1 and UOK120/UOK146 lines were exposed separately for 1 second and 10
seconds respectively. VCL was used as a loading control. C. Cells were treated with siCTR or
siTFE3 and 5000 cells seeded and cultured for 14 days, fixed and colored with crystal violet to
assess colony forming ability (n=6). Conditions were compared by paired t-test (***:
p.val<0.001). D. Gene Set Enrichment Analysis (GSEA) results comparing siCTR with siTFE3
using the Hallmark gene sets. Significantly deregulated pathways (p.val<0.05, FDR<0.25) are
represented for each of the 4 lines. E. Venn diagram showing overlap between significantly
deregulated OxPhos genes in each cell line as defined by GSEA. F. Heatmap showing
expression of the 54-commonly down-regulated OxPhos genes as a Z-score. G. Measure of
OCR in tRCC (UOK109, TF1, UOK120, UOK146) and ccRCC (UOK121, 786-0) cell lines
(n=5). OCR values measured in tRCC and ccRCC lines were normalized by the number of cells
in each well. H. OCR values were used to measure the basal and the maximal respiration levels
and compared these levels between each tRCC and the two ccRCC lines by 1-way Anova
(Dunnett’s multiple comparison test, ns: non-significant — p.val>0.05, *: p.val<0.05, **:
p.val<0.01, ***: p.val<0.001). I. Measurement of OCR in tRCC lines 72 hours after treatment
with siCTR or siTFE3 (n=5). OCR values were used to measure the basal and the maximal
respiration levels and reserve respiration capacity. siCTR and siTFE3 conditions were
compared by paired t-test (ns: non-significant p.val>0.05, *: p.val<0.05, **: p.val<0.01). For

Max OCR: p.val UOK109 = 0.0047; TF1 = 0.19; UOK120 = 0.027; U0K 146 = 0.048
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Figure 2. Enhanced OxPhos following ectopic expression of TFE3 fusions in HEK293T
cells. A. Fold change of TFE3 expression compared to no-Dox treatment was measured by RT-
gPCR at the indicated times after Dox addition (n=3). B. Immunoblots of total protein extracts
after the indicated time of culture in presence of Dox. VCL was used as loading control. Blue
arrow indicates native TFE3 protein, orange arrow NONO-TFE3 (NT) and pink arrow PRCC-
TFE3 (PT). C. Western blot analysis of cytoplasmic (cyto) and nuclear (nucl) protein extracts
of indicated HEK293T cell lines. BRG1 was used as positive control for the nuclear extract,
GAPDH for cytoplasmic extract. * Indicates a non-specific signal in the GFP control nuclear
extract. D. Log2FC values (over GFP) of TFE3, NONO and PRCC in each line and number of
genes deregulated 24 hours after Dox addition (log2FC > +1; adj p.val<0.05 over GFP) in each
line (n=3). E. GSEA ontology analysis of differentially regulated genes in each cell line over
GFP-line control. Significantly deregulated pathways (p.val<0.05, FDR<0.25) are represented
for each of the 3 lines, restricted to the top10 pathways for HEK+PT line. F. Venn diagram
showing overlap between significantly up-regulated OxPhos genes according to GSEA. G.
Heatmap showing relative expression of each of the 59-commonly up-regulated OxPhos genes
as a Z-score. H. Measurement of the OCR values following ectopic TFE3, NT or PT expression
(n=4). OCR values measured in each HEK line were normalized by the number of cells in each
well and used to measure the basal and the maximal respiration levels and the reserve respiration
capacity. Experimental conditions were compared over the GFP-condition by 1-way Anova
(Dunnett’s multiple comparison test, ns: non-significant p.val>0.05, *: p.val<0.05, **:

p.val<0.01).
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Figure 3. Profiling genome occupancy of TFE3 fusion proteins. A. Read density maps for
TFE3 fusion protein occupancy (T) and H3K27ac (K27) at the 84 765 non-redundant sites. B-
C. Read density maps for the non-redundant TFE3 fusion protein and H3K27ac sites at
proximal promoters (<1 kb from the TSS, B) or putative distal enhancers (>30 Kb from the
TSS, C). D. Level of EU-incorporation in each tRCC line 48 hours after siCTR or siTFE3. The
upper panel shows the combined quantification of the relative EU intensity signal in the nucleus
for each cell line from the 3 independent experiments normalized by the mean intensity of the
control condition. Student T-test: pvalue 0.033 (*), 0,002 (**), < 0,001 (***). The lower panel
shows results for the 3 independent experiments with errors bar representing 95% confidence
interval. Paired Student T-test pvalue 0.033 (*), 0,002 (**), < 0,001 (***). E. KEGG ontology
of genes associated with TFE3 fusion protein occupancy of M/E-box containing sites +/- 500
bp of the TSS. Each indicated KEGG pathway presented an FDR < 0.05 and number of genes
found in each pathway were noted to the right of the bar. F. RSL3 IC50 values of tRCC lines

in presence or absence of 1 mM ferristatin-1 (Fer-1) as indicated.

375



Article 3: TFE3 fusion proteins drive oxidative metabolism, ferroptosis resistance and general RNA synthesis

in translocation renal cell carcinoma

A Cluster 1 Cluster 2 Cluster 3

TFEICuster
FusionPartner

TFE3Cluster
Cluster!
Cluster2
Cluster3

o
2 FusionPartner
B
REM10
PRCC
NONO
Cluster 1| lMEcvs
12 cases Lucns
KHSRP

GTF2H3

o2

ASPSCR1
Stage

Stage |

Stage Il

Stage Il

| E= S

NA

Cluster 2

11 cases

Cluster 3

15 cases

PatientStatus
Alve.
Deceased
NA

Partner composition

B Cluster 1 Cluster 3
PRCC enriched
enricl EMT-enriched

3 Cluster 2

- NONO/SFPQ

a enriched

g2

3

2

:

24

0

w

z

«K GSEA Hallmarks
c Cluster D
1 Theto OxPhos200 signature expression
| R R e = Cluster 1
i i — Cluster 2 ke
LL =t . =™ Cluster 3 © I 1 % % %
025 ‘wov-;r; ‘5 si '
""""HR: 5.84 (1.26 - 27.19) =
@ %k %k
om _ P=0,0245 _ c -
2 9 1 o =2 I 1
11 2 0 0 n 4_
15 5 2 1 =
N
]
i £
Fibroblast score T 2 A
o -
™ x § ‘
Y =
% — Low §
— High O O—TTTTTTT
] Lo &I
*"*HR: 3.46 (108 - 11.12) & S 6‘06 Q\ v Qn’\;vs
13 o P=0.0372 O LTS L L
S - L FFEFEE
5o 19 1 2 1 SEE TS
a's 19 5 1 0 (&)
<) o
% Months

Figure 4

Figure 4. EMT and OxPhos in human tRCC. A. Heatmap of the unsupervised clustering of

gene expression with the indicated clinical and molecular parameters, showing the distribution
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of tRCC in 3 clusters. Distribution of tRCC samples according to fusion partner type within the
3 major clusters; p-values were indicated for most frequently represented partner in each cluster.
B. GSEA ontology analyses of differentially expressed genes between the different clusters
indicating the enriched terms (p.value<0.05, FDR<0.25) for each cluster (with only the top15
for Cluster 3). C. Kaplan-Meier curves for overall survival in tRCC patients according to
classification in the three clusters or fibroblast score, calculated using MCP counter, according
to the optimal cut point method with the associated log-rank p-value. Hazard ratio (HR) was
calculated using univariate Cox proportional-hazards model. D. Expression score of the 200-
signature genes of GSEA-OxPhos Hallmark in NAT, each tRCC cluster and the indicated
ccRCC tumour subtypes from the TCGA KIRC collection. Overall scores were compared by

Wilcoxon test (**: p.val<0.01, ***: p.val<0.001).
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Figure S. Deconvolution of tRCC tumours using ccRCC tumour cell and CAF signatures.
A-B. Heatmaps showing deconvolution using the ccRCC tumour cell and CAF signatures
inferred by CIBERSORTx and displayed as row-scaled (A) or column-scaled (B) absolute
scores on bulk RNA-seq data from the tRCC tumour samples. C. Spearman correlation
coefficient (coloured box) and associated p-value (number in box) between the indicated
populations. D. Kaplan-Meier curves for overall survival according to the ccRCC.mes and
myCAF proportions using optimal cut-off value method with the associated log-rank p-value

and the HR from the univariate Cox proportional-hazards model.
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Figure 6. Association of gene expression signatures with patient outcome. A. Venn diagram
showing the intersection of: 1645 protein-coding genes up-regulated in HEK293T lines with
ectopic expression of either NONO-TFE3 or PRCC-TFE3 (log2FC>0.5, adj.pval<0.05), 3350
protein-coding genes associated with concomitant M/E-box-containing TFE3 and H3K27ac
peaks in each tRCC line, and 2856 protein-coding genes up-regulated in tumor samples
compared to NAT (log2FC>1, adj.pval<0.05). B. The 126 common genes defined in panel A
were further filtered to identify those down-regulated following siTFE3 (log2FC<-0.5,
adj.p.val<0.05) in at least one of the 4 tRCC cell lines to generate a final collection of 71 genes.
Heatmaps of the expression of these 71 genes in each cluster of the FR-US tRCC patient cohort.
The red square represents the top 10-genes with strongest expression in tRCC-Cluster 3. C.
Kaplan-Meier curve for overall survival in patients according to the expression score calculated
for the 10 gene signature using the optimal cut-point method with the associated log-rank p-
value. HR was calculated using the univariate Cox proportional-hazard model. D. Schematic
model based on the analyses in this study showing Proximal Straight Tubule (PST) cell
transformation in tRCC after the translocation event involving TFE3, the EMT and its
associated markers. Upon transformation, tRCC acquire ferroptosis resistance and maintain
elevated OxPhos that tends to decrease with the EMT. High nuclear accumulation of TFE3
fusions leads to their promiscuous promoter recruitment stimulating of mRNA synthesis.

Finally, EMT and the presence of myCAFs correlate with poor outcome.
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Figure S1. Expression of TFE3 and its fusion proteins in cell lines. A. Western blot analysis
of total protein extracts from the indicated cell lines: tRCC (UOK109, TF1, UOK120,
UOK146), ‘normal’ kidney (HEK293T, RPTEC), ccRCC (RCC4, UOK 121, A-498, 786-0)
and papillary RCC (UOK 112, ACHN). Vinculin (VCL) was used as loading control. Blue arrow
indicates native TFE3 protein, orange arrow NONO-TFE3 and pink arrow PRCC-TFE3 fusion
protein. B. Western blot analysis of cytoplasmic (cyto) and nuclear (nucl) fractions from the
tRCC cell lines. BRG1 was used as positive control for the nuclear extract and GAPDH for
cytoplasmic extract. The same blot was exposed 1 second for NONO-TFE3 and 30 seconds for
PRCC-TFE3. C. Venn diagram indicating overlap between the 3000 most expressed protein-
coding genes in each tRCC line. D. DAVID gene ontology analysis of the common 2422 highest
expressed protein-coding genes using KEGG. Each indicated KEGG pathway presented an
FDR < 10 and number of genes found in each pathway were noted to the right of the bar. E.
Heatmap showing the expression of selected epithelial or mesenchymal marker genes in each

line.
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Figure S2. Genes de-regulated by siTFE3 silencing. A. UCSC view of the RNA-seq reads
at the 7FE3 gene locus. Orange box represents the TFE3 region present in NONO-TFE3 fusion,
while pink box encompasses the region conserved in PRCC-TFE3 fusion. B. Table indicating
the read count at junction between TFE3 and the fusion partners and the number of deregulated
genes in siTFE3 samples compared to siCTR (log2FC > +£1; adj.p.val<0.05). C. Enrichment
plots of the Oxidative Phosphorylation (OxPhos) pathway after GSEA analysis between siCTR

and siTFE3 conditions in each line.
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Figure S3. Genes regulated by ectopically expressed TFE3 fusion proteins. A-B. Venn
diagrams showing the number of deregulated genes in each line and the associated ontology
analysis of the commonly regulated genes using MetaScape software. C. Enrichment plots of
the Oxidative Phosphorylation (OxPhos) pathway according to GSEA analysis after ectopic

expression of native TFE3 or NT or PT fusion proteins in HEKT cells over GFP condition.
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Figure S4. Profiling of TFE3 fusion protein genomic occupancy. A. Read density maps for
TFE3 fusion protein occupancy (T) and H3K27ac (K27) at all non-redundant sites. B. Total
numbers of peaks with the indicated characteristics in each cell line after removal of low-
occupied sites (C14 of the density map in panel A). C. Results of MEME-ChIP analyses of the
DNA motifs at the top 1000 TFE3 bound sites in each cell line, with associated e-value and
motif distribution over the peak. D. Results of RAST analyses of transcription factor binding

motifs at the top 1000 TFE3 bound sites in each cell line showing associated rank and e-value.
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Figure SS. Replicate TFE3 Cut&Tag using independent antibodies in UOK109 cells.
Tornado (left panel) and read density plots (right panel) of the replicate TFE3 Cut&Tag

experiments with the antibodies shown above each track.
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Figure S6. TFE3 binding in HEKT cells. A. Total numbers of peaks and those at the proximal
promoters (500nt from the TSYS) in the indicated HEKT cell line. B. KEGG ontology analyses
of genes with binding of endogenous TFE3 in the proximal promoter in the HEK-GFP line.
Each indicated KEGG pathway presented an FDR < 0.05 and number of genes found in each
pathway were noted to the right of the bar. C. Results of MEME-ChIP analyses of the DNA
motifs at the top 1000 TFE3 bound sites in each cell line, with associated e-value and motif
distribution over the peak. D. Number of OxPhos genes in each category associated with TFE3
occupied M/E box containing a H3K27ac-marked regulatory elements common to each cell

line.
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OxPhos. A-C. UCSC genome browser views of the TFE3 C&T, and H3K27ac ChIP-seq in
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each cell line, as indicated by the colour code, at the indicated loci: NDUFB2 complex I (A, left
panel); SDHB complex 1I (A, right panel); UQCRQ complex III (B, left panel), COX54
complex IV (B, right panel), the ATPV6VOEI (C, left panel) and PPARGCI1A (C, right panel)

gene loci. Arrows indicate TFE3 binding to H3K27ac-maked sites comprising an M-box motif.
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Figure S8. TFE3 fusion regulation of ferroptosis. A-B. UCSC genome browser views of the
TFE3 C&T, ATAC-seq and H3K27ac ChIP-seq in each tRCC and HEKT cell line, as indicated
by the colour code, at the GPX4 (A) and GCLC (B) loci. C. RSL3 IC50 values of control

melanoma lines in presence or absence of 1 mM ferristatin-1 (Fer-1) as indicated.
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Figure S9. Clinical characteristics of the tRCC cohort. A. Table presenting the clinical and
pathology characteristics of the tRCC patient tumor cohort. B. Pie chart showing the
contribution of the indicated fusion partners to the cohort. C. Schematic representation of a
novel TI'E3 fusion with GTF2H3 encoding the p34 subunit of general transcription factor
TFIIH. D-E. Ontology of genes up- (D) or down- (E) regulated in tRCC tumours compared

with NAT.
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Figure S10. Immune infiltration and EMT in tRCC. A. MCP counter analyses of the tRCC
cohort. B. Heatmap of the differential expression of a collection of epithelial and EMT related

makers in the tRCC cohort displayed as a Z score.
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Figure S11. Clinical and molecular characteristics of an independent tRCC cohort. A. Pie
chart showing the contribution of the indicated fusion partners to the cohort. B. Heatmap of the
unsupervised clustering with the indicated clinical and molecular parameters showing the
division of samples in 3 clusters (upper panel). Distribution of samples by fusion partner within
the 3 major clusters (lower panel). C. GSEA analyses of genes differentially expressed between
clusters 1 and 3 indicating the Top10 enriched terms (p-value<0.05, FDR<0.05). D. Kaplan-
Meier curves for overall survival in patients according to the cluster or the fibroblast score,
calculated from MCP-counter, using the optimal cut point method with the associated log-rank
p-value and Hazard ratio (HR) from the univariate Cox proportional-hazard model. E.
Spearman correlation coefficient (coloured box) and associated p-value (number in box)
between the indicated populations after deconvolution using the ccRCC tumour cell and CAF
signatures inferred by CIBERSORTx on bulk RNA-seq data from the tRCC tumour samples.
F. Kaplan-Meier curves for overall survival in patients according to ccRCC.mes or myCAF
scores using the optimal cut point method with the associated log-rank p-value and Hazard ratio
(HR) from the univariate Cox proportional-hazard model. G. Expression score of the OxPhos
genes in NAT, each tRCC cluster and the indicated ccRCC tumour types from the TCGA.KIRC
collection. Overall scores were compared by Wilcoxon test (*: p.val<0.05, **: p.val<0.01, ***:

p.val<0.001).

Supplemental Dataset 1. Genes up and down regulated by siTFE3 compared to siCTR in
each tRCC cell line. On each spreadsheet are indicated Gene name, Ensemble gene ID,
Description, normalized reads in each condition, Log2 fold change and adjusted p-value. Note
for up-regulated genes log2 fold change > + 1, and adjusted p-value <0.05, but for down-

regulated genes log2 fold change <- 0,5, and adjusted p-value <0.05.
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Supplemental Dataset 2. OxPhos Genes. Page 1. Legend, Page 2. List of OxPhos genes from
the GSEA signature, Page 3. non-redundant list of OxPhos genes from the GSEA and KEGG

signatures signature.

Supplemental Dataset 3. Genes up and down regulated by ectopic TFE3 and fusion
protein expression in HEKT cells. On each spreadsheet are indicated. Ensemble gene ID,
Gene name, Description, gene biotype (only coding genes are listed) GO, normalized reads in

each condition, Log2 fold change and adjusted p-value.

Supplemental Dataset 4. Page 1. List of E/M-box containing peaks in open chromatin
comment to all 4 tRCC cell lines. Indicated are peak ID, Peak coordinates, Chromosomal
locations of peaks, locations relative to gene, distance to TSS, nearest Ensemble ID of nearest
promoter, gene name and description. Page 2. Core program of protein coding genes with a
TFE3 peak +/- 500 nt from the TSS. Page 3. KEGG ontology analyses of the core program

protein coding genes.
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Article 4: The chromatin remodeler BRG1 is required for melanoma cell plasticity

This article has not been submitted yet, it is in the final phases of redaction. It describes the role of BRG1
(encoded by SMARCA4), a component of the SWI/SNF complex. BRG1 is essential for 3D growth of mesenchymal
cells, in association of PRRXj, a transcription factor known to promote cell invasion.

I helped in the characterization of the interaction between PRRX1 and BRG1 by co-immunoprecipitation. This
PRRX1/BRG1 complex promotes the expression of genes implicated in cell invasion and EMT. I also assessed the
impact of the depletion of BRG1 or BRM on other proteins of the SWI/SNF complex and helped the main author to

perform spheroid formation assays to characterize the effect of BRG1 depletion in these conditions.
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Abstract.

Cell heterogeneity is a key feature of melanoma tumours. The melanocyte lineage
identity factor Microphthalmia-associated transcription factor (MITF) regulates gene
expression in more differentiated melanocytic-type melanoma cells using the SWI/SNF
chromatin-remodeling complex as a cofactor. Here, we address the role of SWI/SNF catalytic
subunit BRG1 in undifferentiated mesenchymal (MES) melanoma cells that do not express
MITEF. BRGI silencing regulated motility and invasion, but had minimal effects on proliferation
of MES cells cultured in 2D conditions. In contrast, BRG1 was required for the formation of
3D melanospheres that involved transition towards a more neural-crest stem cell-like (NC)
state. BRG1 binds a set of MES-specific enhancers together with PRRX1, a key transcription
factor promoting melanoma invasion, that is upregulated in NC/MES intermediate state
melanospheres along with many of its target genes. BRG1 and PRRX1 bound sites overlap with
those of AP1 and we show that PRRX1 interacts with both AP1 and SWI/SNF. Our data provide
novel insights into how interplay between BRG1, AP1 and PRRX1 regulate gene expression in
MES melanoma cells and their transition to a MES/NC intermediate state. This NC/MES
intermediary state, highly expressing PRXX1 and other key EMT transcription factors, more

closely mimics the characteristics of metastatic melanoma than fully mesenchymal cells.
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Introduction.

Melanoma is the most aggressive skin cancer arising from the oncogenic transformation
of melanocytes by several recurrent somatic mutations, the most frequent of which are
BRAFVSE an activating mutation found in 50-60% of tumours, NRAS (=20% of tumours) and
loss of function mutations in NF'1 (=10%) . Despite progress in patient outcome through the
use of targeted MAP kinase inhibitor and immune checkpoint therapies, a large number of
patients acquire resistance or are considered as non-responders. One of the major factors
leading to resistance is cellular plasticity and heterogeneity 2. Many studies defined cell
populations with different epigenetic profiles and transcriptional signatures in cell lines, PDX

3456

tumours and mouse and human melanoma comprising melanocytic (MEL), neural crest

78 cell states whose

stem cell (NC) type, mesenchymal (MES) and various intermediate
identities are determined by the expression and activity of key transcription factors ° 1°.

We previously characterized how MITF and SOX10 drive the MEL program.
Integration of ChIP-seq and RNA-seq after their siRNA-mediated silencing identified a large
set of direct target coding and non-coding genes that drive melanoma proliferation and survival
1112 proteomics also revealed that MITF and SOX10 interacted with the SWI/SNF remodelling
complex and we showed that the catalytic subunit BRG1 is essential for proliferation of MEL
cells, melanocyte development and mouse melanoma in vivo '2 13, MITF and SOX10 actively
recruit BRG1 to chromatin to establish the epigenetic landscape of MEL cells and promote the
melanocytic gene expression program.

Here, we investigated the role of BRG1 in MES melanoma cells that do not express
MITF or SOX10. Our findings demonstrate that BRG1 silencing in MES cells had minimal

impact on cell proliferation and gene expression under 2D culture conditions. However, it had

a significant regulatory effect on genes essential for the formation of 3D melanospheres that
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involved a transition towards a more NC state characterized by up-regulation of expression of
PRRX1 and other key transcription factors involved in epithelial to mesenchymal transition
(EMT). Chromatin immunoprecipitation sequencing (ChIP-seq) revealed localization of BRG1
to distinct sets of regulatory elements in MES compared to MEL cells. In MES cells, BRG1
localizes to AP1-TEAD-bound enhancers a subset of which are additionally bound by
transcription factor PRRX1. Our data provide evidence that BRG1 plays an important role
melanoma cell plasticity and the transition between the MES and NC states. MES cells grown
as 3D spheroids adopt a NC/MES intermediate state, highly expressing PRRX1 and other key
EMT transcription factors, that better mimics the characteristics expected of metastatic

melanoma than fully MES cells.

Results.

BRGT1 is required for optimal growth of mesenchymal melanoma cells.

To address the function of BRG1 in MES cells, we used 3 previously characterised
primary cultures from patients MM099, MM047 and MM029 3 # each of which display MES
gene expression signatures and epigenetic profiles but different oncogenic mutations,
BRAFVYE jn MM099, BRAFY9K jn MM029 and NRAS?!" in MM047. To better characterise
the gene expression profiles of these and other melanoma lines, we compared their gene
expression signatures with the previously described signatures for MES, NC, MEL and
IFNg/antigen presenting (IFNg) as well as additional intermediate state signatures ’. As
previously reported °, the MMO099 signature (MMO099 cells grown in 2D conditions) was
characteristic of the MES phenotype similar to that of the MM029, and MMO074R ' (Fig. S1A).
MMO047 on the other hand, displayed a signature closer to an NC/MES intermediate than a fully
MES signature. This is in agreement with the fact that the MMO047 cells were driven to a more

MES-like state upon resistance to the CDK?7 inhibitor THZ1 15 In contrast, 501Mel, IGR37,
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Mel888 displayed the expected MEL signature, whereas MMO074 had a more INT/MEL
phenotype consistent with its ability to adopt a more MEL (MM047VR) or MES (MMO074R)
state upon drug challenge °. These signatures were also reflected in the differential expression
of a set of marker genes with MITF and SOX10 highly expressed in the MEL state, NES, NGFR
and PRRX1 most expressed in the NC state, and SOX9 in the MES state (Fig. S1B). Extending

1 ' consolidated the

these analyses to the public data on the MMO-lines from Wouters et a
differential expression of key marker genes in the MEL-INT-NC-MES gradient (Fig. S1C-D).
Immunoblot experiments confirmed the lack of detectable MITF and SOX10 expression, but
expression of SOX9 in the MM029, MM047 and MMO099 lines, whereas the opposite was seen
in 501Mel cells (Fig. S2A). In contrast, similar levels of expression of SWI/SNF subunits
including BRG1, BRM, BAF170, BAF155 and BAF53 were seen in both cell types.

To address the role of BRG1, we performed siRNA-mediated silencing of BRG1, BRM
or control siRNA (siC). Each siRNA selectively targeted either BRG1 or BRM with no change
in the RNA level of BRM upon BRG1 silencing and vice versa (Fig. S2B). BRG1 silencing did
however lead to BRM protein accumulation without affecting mRNA level and vice versa
suggesting a competition between the catalytic subunits for SWI/SNF complex formation (Fig.
1A). BRGI silencing elicited only a minor reduction in colony forming capacity of MM099
and MMO029 cells, but a stronger effect in MMO047 cells (Fig. 1B). BRGI silencing also had
only minor impact on proliferation of MM099 and MMO029 cells with a mild increase in slow
proliferating cells, but a more important effect in MMO047 cells (Fig. 1C). BRM silencing had
little effect in all lines. Similar to the above, BRG1 silencing did not induce apoptosis and
induced senescence only in MMO047 cells, while BRM silencing had little effect in all cell types
(Figs. 1D and S2C).

We performed RNA-seq on siBRG1- and siBRM-silenced MM099 and MMO047 cells.

Consistent with the minimal effects on cell proliferation, only 156 genes were deregulated in
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MMO099 and 137 in MMO047 cells using a standard cut-off (log2 fold change + 1 and adjusted
p-value <0.05: Fig. 1E and Supplemental Dataset 1). Nevertheless, close to 1000 de-regulated
genes were identified using a less stringent cut-off (log2 fold change + 0.5 and adjusted p-value
<0.01) in each cell type (Fig. S3A). Gene set enrichment analyses (GSEA) revealed an increase
in terms associated with inflammation and cytokine signalling in both lines and a reduction in
apical junction and cell proliferation that was more pronounced in MMO047 consistent with the
slower growth seen above (Fig 1F). In agreement with the GSEA, further ontology analyses
confirmed up-regulation of inflammation and cytokine signalling as well as cell migration (Fig.
1G). Cellular compartment (CC-FAT) ontology analyses showed that both up and down
regulated genes were predominantly associated with the membrane and the extracellular matrix.
Comparison between the lines revealed 104 up and 94 common down-regulated genes that
showed similar ontology signatures to those of each line individually, with cell migration and
cytokine signalling as represented pathways (Fig. S3B-C). In contrast, BRM silencing regulated
only a small number of genes that were not further analysed.

Together the above results showed that BRG1 silencing had little impact on cell
physiology and/or gene expression in the most MES MM099 and MMO029 lines, but a more
pronounced effect in the MMO047 cells that displayed a more MES/NC transition state
phenotype. These effects remained mild compared to the potent proliferation arrest, senescence
and strongly de-regulated gene expression previously reported when the same siRNAs were

used to silence BRG1 in 501 Mel cells!?.

BRG1 regulates invasion and migration of mesenchymal melanoma cells.

The above ontology analyses suggested a potential role of BRGI in cell adhesion and
migration. In a Boyden chamber assay with a matrigel barrier, siBRG1 silencing promoted
increased invasion of all 3 cell lines, whereas silencing of BRM had no visible effect (Fig.

S4A). Similarly, shBRG1 silencing also strongly increased invasion that was not noticeably
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increased by further siBRM silencing (Fig. S4B). Furthermore, medium from the siBRG1, but
not the siBRM or siC silenced cells increased invasion of untreated MMO099 cells indicating
that secreted cytokines were responsible at least in part for the increased invasive capacity,
consistent with the RNA-seq results described above (Fig. S4C). In a wound-healing assay,
siBRGI silencing increased cell motility allowing a more rapid wound closure compared to siC
or siBRM (Fig. S4D). Thus, paradoxically, BRG1 acts to negatively regulate migration and
invasion of these cells that have otherwise been characterized by their high motile and invasive

characteristics 4.

Differential BRG1 genomic occupancy in mesenchymal and melanocytic cells.

To better understand the role of BRG1 in the MMO099 cells, we performed native BRG1
ChIP-seq as previously described in 501Mel melanocytic cells'? and ChIP-seq for H3K27ac.
More than 110 000 BRG1 peaks were detected of which around 48% co-localized with
H3K27ac-marked nucleosomes (Fig. 2A). Ontology analyses of the genes associated with the
BRG1-bound sites in each cluster revealed a wide range of cellular functions in agreement with
the large number of bound promoters (Fig. 2B).

It has been previously shown that AP1 and TEAD factors are key determinants of the
MES gene expression program > !¢ 1. We integrated ChIP-seq data for FOSL2 and TEAD4
from MES-type Sk-Mel-147 cells !7 with the BRG1 and H3K27ac ChIP-seq data. Alignment
with more than 78 000 FOSL2 bound sites revealed several clusters, where AP1 and TEAD4
were located between BRG1-bound and H3K27ac-marked nucleosomes (C1), where AP1 and
TEAD4 were bound between H3K27ac-marked nucleosomes with reduced BRG1 (C2) and
where AP1 and TEAD4 located between BRG1-bound nucleosomes in absence of H3K27ac
(C3, Fig. 2C-D). Cluster CI1 therefore defines a set of potentially transcriptionally active

regulatory promoter and enhancer elements.
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We next compared BRG1 genome distribution in MMO099 and 501Mel cells. More
BRG1-bound sites were seen in MM099 compared to 501Mel, although the proportions in each
genomic compartment were comparable (Fig. S5A). The majority of sites were cell-specific,
but with around 14 000 sites commonly occupied in both cell types (Figs. S5A and B). Ontology
analyses of the nearest genes in each cluster showed that the commonly occupied sites were
associated with diverse fundamental cellular functions such as transcription, translation and
intracellular transport (Fig. S5C). The MMO099-specific sites were associated with
inflammatory response or angiogenesis, whereas 501 Mel-specific sites were enriched in genes
involved in cell cycle, mitosis and cell division consistent with our previous observations that
MITF and SOXI10 recruited BRGI to regulatory elements associated with these genes
associated with these functions '>. Moreover, the term cell cycle appears in both the common
and 501Mel-specific clusters defining distinct gene sets regulated in both cell types or
specifically in 501Mel cells. For example, the Citron kinase (CIT) is a key Rho effector that
functions to maintain proper the mid-body structure during cell mitosis '*. In 501Mel cells, the
CIT locus comprises multiple MITF binding sites, a SOX10 binding site with H3K27ac and
prominent BRG1 at the promoter and intergenic regions (Fig. S5D). In MMO099 cells, BRG1
occupancy was restricted to sites at the 3’ end of the gene. CIT is regulated by MITF and BRG1
in 501Mel cells, but not in MMO099 cells, and is therefore an example of a mitotic gene whose
expression was regulated under the control of MITF and SOX10 specifically in MEL cells 2.
Similarly, BRG1 and H3K27ac were widely distributed across the MITF locus in 501Mel cells,
whereas H3K27ac was lost in MMO099 cells and BRG1 was restricted to the promoter region of
the A and B isoforms (Fig. S5D). The opposite was seen at the MES expressed SOX9 locus,
with selective H3K27ac and BRG1 occupancy in MM099 cells (Fig. SSE).

Minnoye et al, '® used ATAC-seq to identify putative melanocytic- or mesenchymal-

specific enhancer elements based on differential chromatin accessibility in melanoma from
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multiple species and identified conserved melanoma enhancers showing cross-species
accessibility. Around 40% of the identified MES regulatory elements showed strong BRG1
occupancy at the flanking nucleosomes in MMO099 cells and around 30% showed strong
concomitant H3K27ac signal (Fig. 2E). In contrast, only a small subset of sites occupied in
501Mel cells corresponded to MES enhancers. Conversely, more than 50% of MEL enhancers
showed BRG1 occupancy and H3K27ac in 501Mel cells, with only a subset showing signal in
MMO099 cells (Fig. 2E). These data showed that BRGI selectively occupied MES or MEL
regulatory elements in a cell-specific manner. Moreover, for each cell type, sites showing
highest signal for BRG1 and H3K27ac were those that showed the highest percentage of cross-

mammalian species conservation (Fig. 2F).

BRG1 promotes a mesenchymal to a neural crest-like state transition upon growth as 3D
spheroids.

The presence of BRG1 at MES enhancers contrasted with the observation that BRG1
did not appear to be a major regulator of MES cell proliferation under standard 2D growth
conditions. To better address the role of BRG1, we asked whether it may play a more important
role in regulating 3D growth. MES cells were transfected with siRNAs and seeded for growth
as 3D melanospheres. In all 3 lines, siBRGI silencing efficiently inhibited melanosphere
formation, while siBRM had no measurable effect (Fig. 3A). Similarly, use of a shRNA
targeting BRG1 also potently inhibited 3D growth of MMO099 cells (Fig. 3B). We analysed the
effect of BRGI silencing in ultra-low attachment round-bottom plates where individual spheres
can be visualized and the number of viable cells subsequently determined by an ATP-cell
quantification assay. As seen with free growing spheres, BRGI silencing led to a potent
reduction in single spheroid growth of MMO099 cells (Fig. 3C). Thus, while siBRGI silencing
had limited effect on cell proliferation in 2D, it had a more potent effect on 3D spheroid

formation.
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Given this more potent effect, we performed RN A-seq after siBRG1 or siBRM silencing
of cells grown under 3D conditions. We first made a comparison of the siC control in the 2D
and 3D conditions to identify genes de-regulated upon the transition from monolayer to
spheroid growth. An important re-programming of gene expression was observed with more
than 2600 and 3000 genes up or down-regulated in 3D conditions, respectively (Fig. 4A and
Supplemental Dataset 2). In 3D conditions, ontology and GSEA analyses revealed a strong
enrichment in genes associated with the extracellular matrix, hypoxia, TNF and inflammatory
signalling, whereas genes involved in cell proliferation and DNA replication were down-
regulated (Fig. 4B-C). The 2D to 3D transition is thus associated with reduced proliferation,
increased hypoxia and a major reorganisation of the cell membrane and extracellular space.

To better understand the altered gene expression program, we compared the MM099
2D and 3D gene expression signatures in the context of those described above in Fig. S1. In
comparison to the MM099 2D signature, the MM099 3D shifted towards a MES/NC transition
signature with similarity to the A375 and SK-Mel-24 NC-type cells (Fig. S1A-B). The shift
from a MES to NC-MES transition state upon 3D growth spheres up-regulated NES and a set
of transcription factors including PRRX1, but down-regulated AXL and EGFR (Fig. S1E).
Nevertheless, expression of SOX10 or NGFR, 2 key markers of the full NC state were only
weakly expressed. Hence, while BRG1 had minor effects on MMO099 in a 2D MES setting, it
was required for the shift towards the NC state associated with 3D sphere formation. None of
the lines showed a strong IFNg signature apart from IFNg-treated MM 074 cells, but the MM099
3D cells displayed a mild IFNg signature consistent with the increased interferon and
inflammatory signals seen in the ontology analyses (Fig. S1A and Fig. 4B-C).

BRGT silencing in spheroids led to reduced expression of more than 430 genes and up-
regulation of 193 genes (Fig. 4D and Supplemental Dataset 2). GSEA and ontology analyses

indicated up-regulation of genes associated with the interferon and inflammatory pathways and
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cell proliferation, whereas down-regulated genes were associated with the extracellular matrix
and hypoxia signatures in agreement with the reduced 3D growth (Fig. 4E-F). Thus, many
ontology terms associated with genes up-regulated upon 3D growth (hypoxia, angiogenesis)
were downregulated upon BRG1 silencing (Fig 4F). Strikingly, a set of more than 243 genes
that were strongly induced upon 3D growth were down-regulated by siBRG1 silencing, whereas
a smaller set of genes normally repressed upon 3D growth were up-regulated by 3D silencing
(Fig. 4G, Supplemental Dataset 3). Comparison with previous signatures showed that many
genes associated with the locomotion and ECM signature described by Verfaillie ef al.!” as
TEADA4 targets were either induced or repressed upon 3D growth and this regulation was upset
by BRG1 silencing (Fig. 4H, Supplemental Dataset 4). RNA-seq of siBRM knockdown spheres
where no effect on growth was observed revealed minimal effects on gene expression with little
effect on genes induced or repressed upon the 2D to 3D transition (Fig. 4G). These data
identified a set of genes that required BRG1 for their up-regulation upon transition to 3D

growth.

PRRX1 promotes MES 3D spheroid growth.

To identify transcription factors potentially involved in upregulating genes upon the 2D
to 3D transition and the expression of genes down-regulated by BRG1 silencing, we analysed
the RNA-seq data using the EnrichR package and the ARCHS4 data base. Analysis of the 1000
most upregulated genes upon 2D to 3D transition identified TWIST1, NFATC4, the
homeodomain proteins PRRX1 and PRRX2 and OSR1/2 as the top associated factors (Fig.
S6A). Similarly, analysis of the 433 genes down-regulated by BRGI silencing identified
TWISTI1, OSR1, PRRX1 and PRRX2 as associated factors (Fig. S6B). Examination of the
RNA-seq data showed that OSR1 and OSR2 were only weakly expressed in melanoma cells

and not regulated upon the 2D-3D transition, while PRRX2 was not expressed. In contrast,
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TWIST1, NFATC4 (and the related NFATC1/2) and PRRX1 expression was up-regulated in
3D conditions and TWIST1 and PRRX1 were down-regulated upon BRG1 silencing (Fig. S1E
and Fig. S6C). However, TWIST1 expression was not specific to MES cells and was also
expressed in 501Mel cells (Fig. S6D). Two other EMT regulators, ZEB1 and the recently
described TCF4 ', were also strong upregulated upon the transition to 3D (Fig. S6C).

Of these transcription factors, PRRX1 has recently emerged as a key factor driving
melanoma invasion ®. PRRX1 expression was activated during the transition from the MEL to
MES states, up-regulated in 3D conditions and down-regulated upon BRG1 silencing (Fig. 4A
and D, Fig. S1E). Examination of the PRRX1 locus showed more extensive BRG1 occupancy
in MMO099, mainly of intronic regions, than seen in 501Mel cells (Fig. SS5E). While PRRX1
expression was clearly associated with undifferentiated states, a closer examination of its
expression in melanoma cell lines showed higher expression in the transition from the NC to
MES states exemplified by A375, Sk-Mel-24 and the MMO099 3D cells than in the MES state
exemplified by MM099(2D) and MMO029 (Fig. S1B and E). Similar observations were made in
the MM-collection of lines where PRRX1 was highest expressed in the NC/MES intermediate
(Fig. S1D).

Currently available antibodies that we tested worked poorly in detection of endogenous
PRRX1. To overcome this and map PRRX1 genomic binding, we generated a MMO099 line with
ectopic doxycycline (Dox) inducible HA-tagged PRRX1 expression. We used these cells to
perform Cut&TAG with HA-antibody mapping 16 600 PRRX1 binding sites. Alignment of
these sites with BRG1 and H3K27ac ChIP-seq indicated a group of sites associated with both
BRG1 and H3K27ac (C1), sites associated with either of the two (C2, C3) or sites devoid of
both (C4, CS5, Fig. 5SA). We then used RSAT to analyse the DNA motifs present at the 1000
most bound PRRX1 sites. Surprisingly, the most enriched motif was FOS-JUN (AP1) followed

by KLF motifs, with potential Homeodomain recognized motifs being much less numerous and
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of low enrichment (Fig. 5B). In agreement with this, alignment of the PRRX1 bound sites with
the FOSL2 and TEAD4 profiles from the MES-type Sk-Mel-147 cells identified a set of sites
bound by all 3 factors (C1-C3, Fig. 5A). PRRX1 was also found at FOSL2 and TEAD4 sites at
MES enhancers in particular those showing the highest BRG1 and H3K27ac signal (Fig. 5C).
Overlap of the binding sites for each factor indicated a large number of shared sites (Fig. 5D).
More than 10 000 PRRX1 binding sites were shared with either FOSL2 or TEAD4. Moreover,
when we analysed the DNA-binding motifs at the remaining 6000 PRRX1 sites, JUN-FOS was
again the most enriched motif with no significant enrichment of Homeodomain binding motifs
(data not shown). This suggests that although these sites are not bound by FOSL2 in SK-Mel-
47 cells they may be bound in MMO099, or are bound by other JUN-FOS heterodimers.

These observations suggested that PRRX1 may recognize the genome via interaction
with AP1, rather than by direct interaction with Homeodomain recognition motifs on the DNA.
To assess this, we performed HA-immunoprecipitation of tagged PRRX1. Two independent
cell extracts were precipitated with HA antibody that efficiently precipitated HA-PRXX1 (Fig.
5E). Re-incubation of this blot revealed co-precipitation with BRG1 after HA IP, but not the
IgG control. Each set of IPs was then examined for the presence of other proteins. In addition
to BRG1, the PBRM and ARID2 subunits of SWI/SNF were specifically co-precipitated with
HA-PRRX1 (Fig. 5F). Similarly, FOSL2 and JUN also specifically coprecipitated with HA-
PRRX1 (Fig. 5G). These data therefore supported the idea that PRRX1 was recruited to the
genome through interactions with AP1 and interacted with the SWI/SNF complex.

We next examined the requirement of PRRX1 and its regulation of target genes in 3D-
spheroid growth. SIRNA-mediated PRRX1 silencing reduced proliferation of MM099 cells but
did not induce senescence or apoptosis (Fig. 6A-B) Similarly, in agreement with PRRX1 up-
regulation upon 3D growth, siPRXX1 silencing reduced MM099 and MMO047 spheroid growth

(Fig. 6C). To ask if PRRX1 target genes were regulated during the 2D-3D transition, we
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selected 200 genes with strongest PRRX1 bound sites in their proximal promoters for example
LNPI1, RAB5B and CBX5 (Fig. S7TA) and examined their expression. The expression of a
majority of these genes was up-regulated upon 3D growth, while smaller subsets were down-
regulated or showed little change (Fig. 6A; note that SMARCA4 was included in the list as
control although it is not a PRRX1 target gene using the criteria described above). We also
examined a set of genes defined as the PRRX1-regulon ®. Again, a majority were up-regulated
upon 3D growth, with smaller numbers showing the opposite regulation or regulation by
siBRGI silencing in 3D conditions (Fig. 6B). We performed the converse analyses asking
which of the 627 genes up or downregulated by siBRG1 in 3D conditions comprised a PRRX1
binding site associated with H3K27ac (consistent with an active enhancer) and BRG1 within
30kb of their TSS. Of these, 140 of the 627 deregulated genes, encompassing both up and
downregulated gene sets, (22%) displayed prominent PRRX1 binding, both at promoter
proximal and/or distal sites. For example, FAT4, downregulated upon siBRG1 in 3D, displayed
prominent PRRX1 binding associated with FOSL2, BRG1 and H3K27ac downstream of the
TSS (Fig S7B). At the SERPINB2 locus upregulated by siBRG1, PRRX1 bound to both
promoter proximal and upstream sites associated with H3K27ac, BRG1 and AP1/TEAD4 (Fig.
S7B). Ontology analyses of these 140 genes showed strong enrichment in membrane and
extracellular proteins involved in cell motility and receptor signalling (Fig. 6C). Together these
data identify a set of PRRX1 target genes most of which were upregulated upon the 2D-3D

transition along with PRRX1 itself.

Discussion.

Here we investigated the role of BRG1 in MES melanoma cells. BRGI silencing had
little effect on cell proliferation in the most fully MES MMO099 or MMO029 cells grown under

standard 2D conditions, but impacted the transition from a MES to an NC/MES state when
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grown as 3D spheroids. In contrast, BRG1 silencing had more impact in MMO047 cells that
displayed a NC/MES intermediate state even under 2D conditions, consistent with our previous
observation that they adopted a more MES state upon acquisition of THZ1 resistance °*. BRG1-
mediated chromatin remodelling therefore seemed to have greater regulatory function in this

intermediate state and upon state transitions.

Previously, Wouters '* showed that MM099, MM047 and MM029 cells all displayed
high motility. Surprisingly, BRG1 silencing further increased their increased their motility and
invasive capacity. Increased MMO099 invasion was also seen using medium from the siBRG1
silenced MMO099 cells showing that it was mediated at least in part through increased expression
of secreted cytokines. Indeed, expression of multiple cytokines was upregulated by BRGI
silencing including CSF1, implicated in immune checkpoint therapy resistance 2°, CXCL1 2!
and VCAMI shown to promote immune infiltration and metastases in breast cancer and
melanoma 2. In particular, its function in cross-talk with endothelial cells may be particularly
pertinent give their role in promoting melanoma tumour growth ®. We note that the genes
encoding these cytokines were also potently up-regulated in 3D spheroids. Thus, BRG1 acted
to repress migration through modulating expression of genes encoding cytokines and other

membrane and extracellular proteins.

MES MMO099 cells grown as spheroids transit from a MES to a MES/NC intermediate
state characterized by up-regulated expression of several NC markers such as AQPI, NOTCH3,
and NES, but reduced expression of MES markers such as AXL, AMIGO?2, and ABCG2. Karras
et al ® described a pre-EMT NC stem cell population, characterized by expression of the above
markers, that drives melanoma tumour growth. In contrast, transition to the MES/NC state was
also characterized by upregulation of multiple EMT transcription factors, notably PRRX1 and

819

TCF4, both of which have been shown to play a role in EMT and/or melanoma invasion © , as

well as many of their target genes. The MMO099 spheroids even in the absence of other cells of
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the TME therefore more closely mimic in vivo metastatic melanoma cells than cells grown in

2D.

We unexpectedly observed that PRRX 1 genome occupancy overlapped with a subset of
AP1/TEAD bound MES-specific enhancers. Almost all PRRX1 sites overlapped those of AP1,
whereas a large set of AP1 sites did not show PRRX1 binding. We did not observe enrichment
of cognate PRRX1 binding motifs at these sites, but as PRRX1 coprecipitated with AP1 and
SWUI/SNF subunits, this rather suggested that PRRX1 is recruited to the genome indirectly via
interactions with AP1 and/or SWI/SNF. Furthermore, AP1 acts as a pioneer factor interacting
with SWI/SNF and directing it to remodel and open chromatin at enhancers 2*. Thus, in
melanoma cells, a network of interactions between AP1, PRRX1 and SWI/SNF may activate

MES enhancers.

AP1 was previously reported to act as a platform for recruitment of other transcription
factor such as ZEB1 and YAP1 in breast cancer cells >, or the glucocorticoid receptor (GR)%.
GR binds a subset of the sites lacking its cognate binding motifs via interactions with AP1 that
as mentioned above acts as a pioneer factor opening chromatin for GR binding®. AP1 further
interacts with and recruits TCF21 to the genome in smooth muscle cells 2 and with BMALLI in
senescent cells 2’. AP1 is proposed to be the key regulator of MES enhancers 2%, This is not
inconsistent with the observations reported here that suggest AP1 may act autonomously, but
also as a pioneer factor and platform to integrate other transcription factors such as TEAD4,
PRRX1 and possibly others yet to be identified, recruiting them to the genome and activating
MES enhancers. This contrasts with MEL melanoma cells, where MITF and SOX10 cooperate

to recruit SWI/SNF to activate MEL enhancers 1.

Together our data provide novel insights into regulation of gene expression in MES
melanoma cells. Our experiments show that BRG1 binds to MES-specific enhancers and is

required for transition from the MES to a MES/NC intermediary state. This transition involves
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up-regulated expression of PRRX1 that occupies and activates a subset of MES enhancers via
interactions with AP1 and SWI/SNF leading to regulation of genes involved in melanoma

metastasis.

Methods.

Cell culture.

Melanoma cell lines 501Mel were grown in RPMI 1640 medium supplemented with
10% foetal calf serum (FCS). MMO029, MM047 and MM099 were grown in HAM-F10 medium
supplemented with 10% FCS, 5.2 mM GLUTAMAX and 25 mM HEPES. To generate HA-
PRRXI1 cells, cDNA for the longest protein-coding human PRRX1 transcript (NM_022716.4)
was purchased from Genscript and Gateway-cloned into a modified lentiviral vector
pInducer20-HA(Cter)-puro. 5x10° low-passage MM099 cells were infected and selected with
3ug/ul puromycin for 3 days before passaging and subsequent downstream analyses.
pINDUCER20-mCHERRY-HA was used as a control.
Si/shRNA silencing

SiRNA knockdown experiments were performed with the corresponding ON-
TARGET-plus SMARTpools purchased from Dharmacon Inc. (Chicago, Il., USA). SIRNAs
were transfected using a 1:2 ratio of Lipofectamine RNAiMax (Invitrogen, La Jolla, CA, USA)
for 6 hours. Transfected cells were harvested after 72 hours for subsequent analyses. Lentiviral
shRNA vectors were obtained from Sigma (Mission shRNA series) in the PLKO-puro vector.
We used sShASMARCA4 construct (TRCN0000015549) and lentiviral empty vector as a control
and infected 5x10° MMO099 cells. Infected cells were maintained under 3ug/ml puromycin

selection for 3 days before passaging and subsequent analyses.
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Proliferation, viability and senescence analyses by flow cytometry

To assess proliferation after siRNA treatment, cells were stained with Cell Trace Violet
(Invitrogen) on the day of transfection and harvested 72 hours later for flow cytometry analysis.
To assess cell viability, cells were harvested 72 hours after siRNA transfection and co-stained
with Annexin-V and propidium iodide (Biolegend Apoptosis kit, #640914) following
manufacturer instructions for flow cytometry analysis. To assess senescence, cells were treated
with 100nM bafilomycin Al for lhr followed by 2mM C12FDG (Invitrogen) for 2hr before
being washed and harvested for flow cytometry analyses. Cells were analysed on a FACS

Celesta or Fortessa (BD Biosciences) and data were analysed using Flowjo v6.8.

3D sphere formation and cell quantification

SiRNA-treated cells were harvested, counted and seeded at a density of 1 x 10*in ultra-
low attachment, round-bottomed 96-well plates (Corning Costar) for spheroid formation in KO-
DMEM medium. For free-floating melanospheres, harvested cells were counted and seeded in
KO-DMEM at a density of 2 x 10° on 24-well suspension-culture plates (Greiner Bio-One). At
day 7 post-siRNA, 4X magnification images of wells were taken with a phase-contrast
microscope. Melanosphere viability was assessed using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega, Madison, WI, USA). After addition of 100 pl of CellTiter Glo
reagent to each well for 10 min with orbital rotation, luminescence was measured on a BioTek

Luminescence microplate reader (using GenS software).

RNA preparation, quantitative PCR and RNA-seq analysis

RNA isolation was performed according to standard procedure (Qiagen kit). qRT-PCR
was carried out with SYBR Green I (Roche) and SuperScript IV Reverse Transcriptase
(Invitrogen) and monitored using a LightCycler 480 (Roche). The mean of ACTB, TBP,
RPL134 and GAPDH gene expression was used to normalize the results. Primer sequences for

each cDNA were designed using Primer3 Software and are available upon request.
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RNA-seq was performed essentially as previously described * After sequencing raw
reads were pre-processed in order to remove adapter and low-quality sequences (Phred quality
score below 20) using cutadapt version 1.10 ** and reads shorter than 40 bases were discarded.
Reads were mapped to rRNA sequences using bowtie version 2.2.8 3! and matching reads
removed. Remaining reads were then mapped onto the hg19 assembly of Homo sapiens genome
using STAR version 2.5.3a *2. Gene expression quantification was performed from uniquely

1 3, with annotations from Ensembl version 75

aligned reads using htseq-count version 0.6.1p
and “union” mode. Only non-ambiguously assigned reads were retained for further analyses.
Read counts were normalized across samples with the median-of-ratios method. Comparisons
of interest were performed using the Wald test for differential expression and implemented in
the Bioconductor package DESeq?2 version 1.16.1 **. Genes with high Cook’s distance were
filtered out and independent filtering based on the mean of normalized counts was performed.
P-values were adjusted for multiple testing using the Benjamini and Hochberg method. Gene
set enrichment analyses were done with the GSEA software v3.0 using the Hallmark gene sets
of Molecular Signature Database v6.2 3. Gene Ontology analysis was performed using the
Database for Annotation, Visualization and Integrated Discovery *¢. Heatmap representations of
RNA-seq gene expression were generated with the pheatmap R package (v1.0.12).

Raw fastq data for MELO, IGR-39, IGR-37, SK-MEL-24, SK-MEL-5, CIM and

MOXIMVI  were retrieved from the Cancer Cell Line Encyclopedia

(https://sites.broadinstitute.org/ccle/) and processed as described above. To compare the

transcriptional signatures of the indicated melanoma cells with signatures described in Tsoi et
al., ’, geometric mean expression values for each signature were calculated in the different cell
lines. Heatmaps of row-scaled signature values and key genes expression were generated using

Prism or by pheatmap R package (v1.0.12).
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Gene ontology analyses were performed with the Gene Set Enrichment Analysis
software GSEA v3.0 using the hallmark gene sets of the Molecular Signatures Database v6.2

and the functional annotation clustering function of DAVID.

ARCHS4 TF enrichment prediction

To identify the transcription factors potentially driving the gene expression changes
upon the 2D-2D transition and in BRG1-silenced melanospheres, the up- and down-regulated
genes with criteria log2FC + 0.5 and p-value < 0.05 were analyzed on the EnrichR platform
(Ma'ayan lab, https://maayanlab.cloud/Enrichr/) using the ARCHS4 package (ref:

https://doi.org/10.1038/s41467-018-03751-6). The expression of the top 10 TFs were assess in

our RNA-seq data.

Protein extraction and Western blotting

Whole cell extracts were prepared by the freeze-thaw technique using LSDB 500 buffer
(500 mM KCI, 25 mM Tris at pH 7.9, 10% glycerol (v/v), 0.05% NP-40 (v/v), 16mM DTT,
and protease inhibitor cocktail). Cell lysates were subjected to SDS—polyacrylamide gel
electrophoresis (SDS-PAGE) and proteins were transferred onto a nitrocellulose membrane.
Membranes were incubated with primary antibodies in 5% dry fat milk and 0.01% Tween-20
overnight at 4 °C. The membrane was then incubated with HRP-conjugated secondary antibody
(Jackson ImmunoResearch) for 1h at room temperature, and visualized using the ECL detection
system (GE Healthcare). Antibodies: MITF (MS-771-P, Interchim), SOX10 (ab155279,
Abcam), SOX9 (82630, Cell signaling), BRG1 (ab110641, Abcam), BRM (11966, Cell
signaling), BAF170 (A301-038A, Bethyl laboratories), BAF155 (sc-10756, Santa Cruz),
BAFS53A (ab131272; abcam), ACTB (2D7, IGBMC), BAF47 (91735, Cell signaling), PRRX1

(PA518831, ThermoFisher), VCL (V4505, Sigma-Aldrich).

Wound healing assays
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500,000 cells were seeded in 6-well collagen-coated plates before being transfected with
siRNAs. 48hrs later (or when maximum confluency was obtained), a total number of 4 scratches
were made in the plates using sterile 2ul tips. Pictures were captured on a phase contrast
microscope at TO and each day until cells from one condition achieved total wound healing.

Quantification of cell migration was done using ImageJ with the wound healing macro.

Boyden chamber assays

SiRNA-treated cells were harvested, counted and 200,000 single cells were seeded in
Boyden chambers (24-well 8um inserts, Corning) in corresponding media without serum. For
invasion assays, 100ul of diluted Matrigel (1:20, 356234, Corning) was added in each insert
and left to dry for 2hrs at 37°C before being washed twice with PBS and seeded with the
200,000 cells. 24hrs later, migrated cells were fixed using PFA 4% for 10 min before being
stained using Crystal violet for 10 min. Excess stain was washed 3 times in PBS before images
were captured on a phase contrast microscope. Quantification of migrated cells was done by
resuspension of staining using 100mM acetic acid for 15min before luminescence was

measured on a BioTek Luminescence microplate reader (using Gen5 software).

Immunoprecipitation

Whole cell extracts were prepared by the freeze-thaw technique using LSDB 500 buffer
(500 mM KCI, 25 mM Tris at pH 7.9, 10% glycerol (v/v), 0.05% NP-40 (v/v), 16mM DTT,
and protease inhibitor cocktail). Up to 1mg of whole cell extracts were diluted in LSDB without
KCI to a final concentration of 150mM KCI and incubated overnight with Sug of specific
antibodies. The next day, 50ul of washed magnetic protein-A/G beads (Dynabeads, Invitrogen)
were added to the extracts for 2hr. Beads were washed 3 times in LSDB 300mM KCl, twice in
LSDB 150mM and immunoprecipitates were eluted in 100ul of 0.1M glycine pH 2.8 at room
temperature for 15min, before addition of 10ul of Tris-HCI pH 8. For SDS-PAGE analysis, 10

to 15ul of eluted proteins were boiled in equal amount of Laemmli buffer before being loaded
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on the gels. Antibodies: BRG1 (ab110641, Abcam), PRRX1 (PA518831, ThermoFisher),
FOSL2 (sc-447 Santa Cruz), JUN (#9165 Cell Signalling Technology) PBRM1 (#ABE70,
Merck Millipore), ARID2 (#82342 Cell Signalling Technology); HA (#H6908, Sigma Aldrich)

Control IgG (ab171870, Abcam).

Chromatin immunoprecipitation and sequencing

BRGI1 ChIP experiments were performed on native MNase-digested chromatin. 10 X
107 to 20 x 10® freshly harvested MM099 cells were resuspended in 1.5 ml ice-cold hypotonic
buffer (0.3M Sucrose, 60 mM KCI, 15 mM NaCl, 5 mM MgCI2, 0.1 mM EDTA, 15 mM Tris—
HCI pH 7.5, 0.5 mM DTT, 0.1 mM PMSF, PIC) and cytoplasmic fraction was released by
incubation with 1.5 ml of lysis-buffer (0.3M sucrose, 60 mM KCI, 15 mM NaCl, 5 mM MgCl2,
0.1 mM EDTA, 15 mM Tris—HCI pH 7.5, 0.5 mM DTT, 0.1 mM PMSF, PIC, 0.5% (vol/vol)
IGEPAL CA-630) for 10 min on ice. The suspension was layered onto a sucrose cushion (1.2
M sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA, 15 mM Tris—HCI [pH
7.51,0.5 mM DTT, 0.1 mM PMSF, PIC) and centrifuged for 30 min 4°C at 4700 rpm in a swing
rotor. The nuclear pellet was resuspended in digestion buffer (0.32Msucrose, 50 mM Tris—HCl
[pH 7.5], 4 mM MgCI2, 1 mM CaCl2, 0.1 mM PMSF) and incubated with 10ul of Micrococcal
Nuclease (NEB) for 7 min at 37°C. The reaction was stopped by addition of 20ul of EDTA
0,5M and suspension chilled on ice for 10 min. The suspension was cleared by centrifugation
at 10,000 rpm (4°C) for 10 min and supernatant (chromatin) was used for further purposes.
Chromatin was digested to around 80% of mono-nucleosomes as judged by extraction of the
DNA and agarose gel electrophoresis. H3K27ac ChIP experiments were performed on 0.4%
PFA-fixed chromatin isolated from MMO099 cells according to standard protocols. ChIP-seq
libraries were prepared using MicroPlex Library Preparation kit v2 and sequenced on the
Illumina Hi-seq 4000 as single-end 50-base reads.

Sequenced reads were mapped to the Homo sapiens genome assembly hgl9 using
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Bowtie with the following arguments: -m 1 --strata --best -y -S -1 40 -p 2. Peak detection was
performed using the MACS software v1.4.3 for transcription factors and v2.1.1 in “broad”
mode for chromatin marks *’. Peaks were annotated with the ‘annotatePeaks’ command from
HOMER v4.11 using the GTF annotation file from ENSEMBL v75. Global clustering analyses
with quantitative comparisons and representations of read density heatmaps were performed
using seqMINER **. Motif discovery from ChIP-seq peak sequences was performed using the

RSAT peak-motifs algorithm *° using JASPAR core non-redundant vertebrates (2020)

(http://rsat.sb-roscoff. fr/peak-motifs form.cgi) for comparing discovered motifs. Visualization
of ChIP-seq signal at specific gene loci of interest was achieved using the UCSC genome

browser (https://genome.ucsc.edu/). Identification of sequences containing specific binding

motifs was done using FiMo *!. Cut&Tag was performed using the Active Motif CUT&Tag-
IT kit and anti-HA 12CAS antibody following the manufacturer’s instructions.
Immunostaining

Cells were seeded at a density of 5 x 10° on 4-well chamber slides (Lab-Tek,
ThermoFisher) and transfected with siRNAs. 72hr post-siRNA treatment, cells were first fixed
in 4% PFA for 10min and then permeabilised with 3 x 5 min 0.1% Triton in PBS, blocked for
1 hr in 5% skim milk in PBS, and incubated overnight in 5% milk with primary antibodies. The
following antibodies were used: BRG1 (ab110641, Abcam), BRM (11966, Cell signaling) and
ACTB (2D7, IGBMC). Then, cells were washed 3 x 5 min 0.1% Triton in PBS, and incubated
with secondary antibodies, Cy3 mouse-anti-rabbit, and Cy5 rabbit-anti-mouse (Invitrogen) for
2 hrs. Cells were subsequently incubated with 1/2000 DAPI nuclear stain for 10 min, washed 3
x 5 min in PBS, dried and mounted with Vectashild. Visualization was done using inverted

confocal microscope SP8 UV.
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Figure 1 BRG1 and BRM are dispensable in fully mesenchymal melanoma cells. A.
Immunoblots on cell extracts from the indicated cell lines for the indicated proteins after siRNA
silencing of BRG1 or BRM. B. Colony forming ability of the indicated cell lines after siBRG1
or siBRM silencing. Cells were stained 7 days days after transfection with 0.5% Crystal Violet.
Quantitation of the surviving stained cells is shown in the lower panel. C-D. The number of
slow proliferating (C) or senescent cells (D) were determined by flow cytometry using cell trace
violet assay or after labelling with C;2FDG respectively. E. Impact of BRGl and BRM
silencing on gene expression. Volcano plots showing de-regulated gene expression after
siBRG1 silencing in the indicated cell lines. F. GSEA analyses BRG1 regulated genes in
MMO099 and MMO047 cells. G. David CC-FAT and BP-FAT categories of the up and down
regulated genes in each cell type after BRG1 silencing showing the number of genes and the p-
values. In all experiments n=3 and unpaired t-test analyses were performed by Prism 5. P-

values: *= p<0,05; **=p<0,01; ***= p<0,001; data are mean + SEM.
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Figure S1. Expression of cell state signatures and key markers in melanoma cell lines. A.
Heatmap comparisons of the gene expression signatures of the indicated cell lines/primary
cultures with those defined by Tsoi et al., 7 B. Heatmap representation of the expression of the
indicated marker genes in each cell line. C-D. Heatmap comparisons of the gene expression
114

signatures of the collection of cell cultures analysed by Wouters et al * and expression of the

indicated marker genes in each culture. E. Heatmap representation of the expression of the

indicated marker genes in MMO099 cells under the different conditions.
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Figure S2. Impact of BRG1 and BRM silencing in mesenchymal melanoma cells. A.

Immunoblot showing the expression of the indicated proteins in each cell line/primary culture.

30

437



Article 4: The chromatin remodeler BRGL1 is required for melanoma cell plasticity

Molecular mass markers are shown on the right in kDa. B. RT-qPCR quantification of BRG1
or BRM expression in each cell lines under the indicated conditions expressed as Log2-Fold
change relative to the siRNA control. C. Apoptosis was quantified by flow cytometry using
Annexin-V 72 hours after siBRG1 or siBRM silencing. In all experiments n=3 and unpaired t-
test analyses were performed by Prism 5. P-values: *= p<0.05; **= p<0.01; ***= p<0.001;

data are mean + SEM.
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Figure S3. BRGI is a transcriptional modulator of cytokine signalling in mesenchymal

melanoma cells. A. Table showing the number of deregulated genes using the indicated
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criteria. B. Venn diagram illustrating the overlap between gene expression changes in each cell

type. C. DAVID ontology analyses of the common up- or downregulated genes.
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Figure S4. BRGI1 regulates melanoma cell motility and invasion. A. Boyden chamber assay

showing cells that crossed the matrigel barrier after siBRG1 or siBRM silencing compared to
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control siRNA. B. Boyden chamber assay showing cells that crossed the matrigel barrier after
shBRGI1 silencing compared to control shRNA in the presence or absence of concomitant
siBRM silencing. C. Boyden chamber assay showing cells that crossed the matrigel barrier after
incubation with conditioned medium from cells transfected with the indicated siRNAs. D.
Wound healing assay illustrating increased motility of siBRGI silenced cells. In all experiments
n=3 and unpaired t-test analyses were performed by Prism 5. P-values: *= p<0.05; **=p<0.01;

*kk— p<(.001; data are mean = SEM.
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Figure 2. BRG1 genome occupancy in MMO099 cells. A. Read density map showing

comparison of BRG1 bound nucleosomes and H3K27ac modified nucleosomes in MM099

cells. B. For each category, the BRG1 bound regions corresponding to proximal promoters

were identified and their ontology determined as DAVID BP-FAT. C. Read density map
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showing comparison of FOSL2 and TEAD4 bound sites in Sk-Mel-147 cells with BRG1 and
H3K27ac in MMO099 cells. D. The meta-profile of cluster C1 shows that AP1 and TEAD factors
bind to regulatory elements flanked by BRG1 bound and H3K27ac-marked nucleosomes. E.
Read density maps showing BRG1 occupancy of nucleosomes surrounding the MES and MEL
specific enhancers defined by Minnoye et al., '® in MM099 and 501Mel cells illustrating the
selective occupancy of these sites in each cell type. F. The % of cross-species conserved

accessible regions present in each of the clusters shown in the heatmaps of panels D and E.
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Figure S5. Comparison of BRG1 genome occupancy in MM099 and 501 Mel cells. A. Venn
diagrams showing overlap between BRG1-bound sites in 501Mel and MMO099 cells (top panel)
as well as pie charts illustrating the distribution of sites with respect to defined genomic regions
(middle and bottom panels). B. Read density map showing comparison of BRG1 bound
nucleosomes in MM099 and 501Mel cells. C. DAVID BP-FAT ontology analyses of the genes
closest to the sites in each category. UCSC screenshots of specific loci showing the indicated
ChIP-seq tracks in 501Mel cells in blue and MMO099 cells in red. D. Gene loci (MITF and CIT)
showing preferential BRG1 occupancy in 501Mel cells. The transcriptional start sites of the A,
B and M MITF isoforms are indicated. Arrow heads show occupied sites around the M isoform
start site in 501Mel cells absent in MMO099 cells and occupied sites around the A-B isoform
start sites in MMO099 cells absent in 501Mel cells. At the CI7 locus, arrow heads show occupied
sites around the start site in 501Mel cells absent in MMO099 cells and intronic occupied sites in
MMO099 cells absent in 501Mel cells. E. Gene loci (SOXY9, PRRX1) showing preferential BRG1

occupancy in MM099 cells. Arrow heads show occupied sites in MM099 absent in 501 Mel.
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Figure 3. BRG1 is required for MES cell spheroid growth. A. Bright field images of free
growing spheroids 7 days after silencing of BRG1 or BRM compared to control siRNA. B.
Bright field images of free growing spheroids of shBRG1 or shC cells after 7 days. C. Bright
field images of single spheroids 7 days after silencing of BRG1 compared to control siRNA.
Right panel shows quantification of ATP levels as a measure of cell number in the spheroids in
the different conditions. n=3 with 4 technical replicates for each N. Unpaired t-test analysis
were performed by Prism 5. P-values: *= p<0,05; **= p<0,01; ***=p<0,001; data are mean =+

SEM.
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Figure 4. Gene expression changes associated with transition from 2D to 3D growth. A.
Volcano plot showing de-regulated gene expression of control silenced cells in 2D and 3D
conditions. B. David BP-FAT categories showing the number of genes and the p-values. C.
GSEA analyses of deregulated genes in 3D growth. D. Volcano plot showing de-regulated gene
expression in BRG] silenced spheroids. E. David BP-FAT categories of BRG1-regulated
genes showing the number of genes and the p-values. F. GSEA analyses of BRG1-regulated
genes. G. Heatmap showing the normal and de-regulated expression of the genes identified in
the Venn diagram upon the transition from 2D to 3D growth with siBRM shown as additional
control. H. Heatmap showing the expression of the Locomotion and ECM signature genes of

Verfaillie et al., > upon the transition from 2D to 3D growth with or without BRG] silencing.
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Figure 5. Profiling of PRRX1 genomic occupancy. A. Read density heatmap of PRRX1
Cut&Tag in MMO099 cells integrated with H3K27ac and FOSL2 and TEAD4 in Sk-Mel-147
cells. RSAT analyses of the top 1000 PRRX 1-bound sites showing enrichment in AP1 motifs,
but no significant enrichment of Homeodomain motifs. C. Read density heatmap of PRRX1
H3K27ac, FOSL2 and TEAD4 at the collection of MES enhancers. D. Intersect overlap of
PRRX1 bound sites with FOSL2 and TEAD4. E-G. Immunoblots showing
immunoprecipitation of HA-tagged PRRX1 from MMO099 cells. Duplicate HA IPs and
corresponding IgG controls were revealed with antibody against PRXX1 (bottom panel E- or
BRG1 (upper panel E). Each IP was then rerun on additional gels and revealed with the

indicated antibodies in panels F and G (bottom panel G was revealed with HA antibody).
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Figure S6. Transcription factors involved in spheroid growth. A-B. The 1000 most
upregulated genes upon the 2D-3D transition or those down-regulated by BRG1 silencing in
3D spheroids were analysed using EnrichR. The ARCHS4 TF co-expression category identified
several transcription factors potentially involved in their regulation. C. Heatmap showing the
relative expression of selected transcription factors in 2D vs 3D and following siBRG1 as a Z

score. D. PRRX1 and TWIST1 expression assessed by RNA-seq in the indicated cell lines.
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Figure 6. PRXX1 is required for gene regulation involved in MES 3D spheroid growth. A.
RT-gPCR illustrating PRRX1 knockdown in each cell type. B Proportion of slow growing
senescent and apoptotic MMO0099 cells following PRRX1 silencing assessed as described in
Fig. 1. C. Bright field images of free growing spheroids following PRRX1 silencing. In all
experiments n=3 and unpaired t-test analyses were performed by Prism 5. P-values: *= p<0.05;
**=p<0.01; ***= p<(0.001; data are mean = SEM. D. Heatmap showing changes in expression
of the top 200 genes with promoter proximal PRRX1 binding in MMO0099 cells under the
indicated conditions. E. Heatmap showing changes in expression of the genes defined as the
PRRX1 regulon in Karras et al., ¥ in MMO0099 cells under the indicated conditions. F. DAVID

gene ontology analyses of the 140 siBRG1 regulated genes with PRRX1 binding sites.
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Figure S7. Binding of PRRXI1 at selected target gemes. A. UCSC screenshots of
representative genes up-regulated upon 3D growth with PRRX1 binding sites in their proximal
promoter. The ChIP-seq data for the other indicated factors is also shown illustrating PRRX1
overlap with FOSL2, TEAD4, BRG1 and H3K27ac. B. Genome tracks of the ’4T4 loci, a gene
down-regulated by siBRG1 and the SERPINB?2 loci, a gene upregulated upon siBRG1, in 3D
conditions. PRRX1 frequently overlaps with FOSL2, TEAD4, BRG1 and H3K27ac both at
promoter proximal and promoter distal sites. In panels A and B, arrows indicate representative

peaks where these overlaps are observed.

Supplementary Dataset 1. Summary of RNA-seq results following BRGI1 silencing in
MMO047 or MM099 cells. Shown are gene names, description, fold change, p-value and adjusted
p-value. As indicated, other pages on the spreadsheet show the ontology analyses of each gene
set.

Supplementary Dataset 2. Summary of RNA-seq results following BRGI1 silencing in 3D-
grown spheres of MMO099 cells. Shown are gene names, description, fold change, p-value and
adjusted p-value. As indicated, other pages on the spreadsheet show the ontology analyses of
each gene set.

Supplementary Dataset 3. List of genes identified as essential to 3D growth and regulated by
BRG1 in MMO099 cells. Shown are gene names, description, fold change, p-value and adjusted
p-value.

Supplementary Dataset 4. List of genes identified as essential to locomotion and ECM
organization and regulated by TEAD factors in MMO047 cells (described in Verfaillie et al.,

2015). Shown are gene names, description, fold change, p-value and adjusted p-value.
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Résumé

Le mélanome est le plus agressif des cancers de la peau, représentant 1 % des cancers cutanés mais responsable de la plupart
des déces liés a ces cancers. Les mélanomes métastatiques sont traités par immunothérapie ou par une inhibition ciblée de
MAPK. Néanmoins, la résistance primaire ou acquise met les chercheurs au défi de trouver de nouvelles thérapies. Dans ce

contexte, le laboratoire d’accueil a identifié une série de longs ARNs non-codants (LncRNA) spécifiques du mélanome.

Mon projet concerne le IncRNA LENT (LncRNA Enhancer of Translation) fortement exprimé dans les mélanomes par rapport
aux autres cancers ou tissus. LENT est régulé par le facteur de transcription MITF et exprimé dans les cellules de mélanome
mélanocytiques. Le silencing de LENT inhibe la prolifération des mélanomes et induit 'apoptose. La purification de LENT
couplée a la spectrométrie de masse a révélé une interaction sélective avec la résolvase de G quadruplex DHX36 qui régule la
traduction d’ARNm et se localise aux mitochondries dans les cellules de mélanome. La délétion de LENT module I'association
de nombreux ARNm avec DHX36 et les polysomes, modulant leur traduction. Cette délétion promeut la mitophagie et réduit
la capacité de réponse au stress des cellules de mélanome, entrainant leur mort. LENT représente ainsi une nouvelle cible

thérapeutique pour traiter le mélanome cutané.

Mots-clés : Mélanome, Long ARNs non-codants, Mitochondries, Traduction, G-quadruplex

Résumé en anglais

Melanoma is the most aggressive form of skin cancers, accounting for 1% of all cutaneous cancers, but is responsible for the
majority of deaths from these cancers. Metastatic melanoma is treated with immunotherapy or targeted MAPK inhibition.
However, primary or acquired resistance is challenging researchers to find new therapies. In this context, the host laboratory

has identified a series of melanoma-specific long non-coding RNAs (IncRNAs).

My project concerns the IncRNA LENT (LncRNA Enhancer of Translation), which is highly expressed in melanoma compared
with other cancers or normal tissues. LENT is regulated by the transcription factor MITF and expressed in melanocytic
melanoma cells. Silencing of LENT inhibits melanoma proliferation and induces apoptosis. Purification of LENT coupled to
mass spectrometry revealed a selective interaction with the G quadruplex resolvase DHX36 which regulates mRNA translation
and localizes to mitochondria in melanoma cells. LENT deletion modulates the association of many mRNAs with DHX36 and
polysomes, modulating their translation. This deletion promotes mitophagy and reduces the stress response capacity of

melanoma cells, leading to their death. LENT therefore represents a new therapeutic target for treating cutaneous melanoma.

Keywords: Melanoma, Long noncoding RNAs, Mitochondria, Translation, G-quadruplex




