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Abstract 

The inability of the current therapies to be perfectly selective towards cancer cells leads to toxic 

effects on healthy tissues that hinder patient’s quality of life and force eventually the clinicians to stop 

the anticancer treatment. It has been proposed that long lasting chemotherapy-induced 

gastrointestinal (GI) dysfunction is caused by neuronal loss in the enteric nervous system (ENS), but 

the exact mechanism has not been identified yet. We performed a transcriptomic analysis on ENS 

myenteric plexus of mice treated with cisplatin that revealed dynamic and coordinated alterations in 

pathways that account for ENS plasticity. For instance, apoptotic pathways involving the p53 family 

(p53, p63, p73) are transiently induced 1 day after treatment, while processes involved in neuronal 

plasticity are rather induced later on. In contrast, inflammation pathways are induced rapidly and 

maintained up to 7 days after treatment. In vivo and ex vivo analyses confirmed that cisplatin induces 

apoptosis in enteric neurons characterized by cleaved caspase 3, AIF relocalization and induction of 

pro-apoptotic genes (ex. puma), which correlated with expression of p53, p73 and p63. Ex vivo and 

in vivo loss of function experiments established further the implication of the p53 family during 

apoptosis in the ENS. Following cell death, neuronal plasticity processes were established in vivo, 

characterized by cell proliferation and labelling of neuronal/glial precursors. Altogether, these results 

established a cascade of events induced by chemotherapies in the ENS causing neuronal loss and 

regeneration that may contribute to digestive impairment. 
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Introduction 

The management of cancer remains a difficult challenge due to the extreme adaptability of the 

cancer cells to stress and their intimate interconnection with healthy tissues within the organism that 

favor their survival and impact negatively on patient’s physiology. For instance, clonal selection leads 

quickly to resistance against most targeted therapies. Hence, basic cytotoxic chemotherapies (i.e. 

oxaliplatin, cisplatin) that present less selectivity toward cancer cells remain the most frequent 

approaches to treat cancer despites their toxicity on healthy tissues. Although used on daily-basis to 

help patients, the efficiency of supportive care is unsatisfactory, inducing itself severe side effects (i.e. 

arrhythmia, heart failure), and therefore chemotherapies’ toxicities often decrease patient’s quality of 

life and lead eventually to dose limitations and/or total cessation of anticancer treatment, hindering 

patient’s survival 1-5. This is typically the case for cisplatin that is used to treat multiple cancers, 

including head and neck, testicular and lung cancers. 

One of the most common side effects of anticancer chemotherapies is the alteration of function of 

gastrointestinal (GI) tract, characterized by diarrhea, nausea and constipation 6. Furthermore, in 

contrary to what is frequently assumed, these side effects are increased by combining targeted 

therapies with chemotherapies 7. If some of these alterations (i.e. diarrhea) coincide perfectly with 

the cure, chemotherapy leads also to long-term disfunctions up to 10 years after treatment (e.g. 

constipation)!8. The etiology of these pathophysiological processes is still poorly known. Obviously, 

the well-known negative impact of the various chemotherapies on the highly proliferative epithelia 

of the digestive tract may account for the acute side effects of the drugs 9, 10, but likely not for the 

long term disfunctions. One alternate hypothesis that emerged proposes that GI side effects may be 

mediated by degradation of the enteric nervous system (ENS) integrity. Indeed, another important 

side effects of anticancer chemotherapies is neurotoxicity on the peripheric and central nervous 

system 11 12!13-16. 

The enteric nervous system (ENS) is the most complex division of the peripheral nervous system 

specific of the gastrointestinal tract (GIT), controlling both secretion/absorption and motility 17. It 

comprises neurons and enteric glial cells encompassed into ganglionic structures organized into two 

plexuses, the myenteric (motility control) and the submucosal (absorption control) plexus. ENS 

contains around 400 to 600 millions of neurons, classified in 15 different subtypes according their 

morphology, expressed neurotransmitters, and electrophysiological properties. Enteric glial cells 

provide support to neurons but also regulate synaptic transmission and maintenance of the epithelio-

intestinal barrier. This strong and dynamic system is affected by several pathologies specific of the 

GI tract, such as inflammatory and congenital bowel diseases, but also neurodegenerative 
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pathologies, such as Parkinson. In this later case, neuronal loss and enteric glial cells are suspected 

to be involved in the pathology initiation 18-20. In the adulthood, ENS displays a permanent plasticity 

characterized by a balance between neuronal apoptosis and regeneration 21, 22. 

In addition to these pathologies, ENS is impacted negatively by chemotherapies, which contributes 

significantly to the gastrointestinal dysfunctions 23. For instance, Vera et al. 24 and Wafai et al. 25 have 

shown by immuno-histological counting in mouse and rat that a repeated exposure of cisplatin or 

oxaliplatin reduces the neuronal population and the ganglion size in the ENS, particularly 14 days 

after oxaliplatin administration, causing enteric neuronal loss with colonic motility reduction. The 

impact on the neuronal population is selective, as HUC/D-positive neurons have their number 

reduced, in contrast to NOS-positive neurons that increase in number. In contrast, 5-Fluorouracyl (5-

FU) induces neuronal loss of both PGP9.5 and NOS-positive neurons after 7 days of chronic treatment 

26. Surprisingly, a pilot study performed in patients showed an increase in number of HUC/D- and 

NOS-positive neurons associated with abnormal neuronal excitability after anticancer treatment 27. 

This discrepancy is likely caused by the heterogeneity of group of the treated patients encompassing 

patient of different age and sex and with different types of treatment, highlighting the limits and 

difficulties to perform such studies in human. 

In addition to motility dysfunction, it has been hypothesized that chemotherapy-induced (e.g. 5-

fluoruracyl, Irinotecan) ENS neuronal loss may cause alimentary mucositis, which occurs in 40% case 

of standard dose and 100% in high dose chemotherapy 28-30. Alimentary mucositis is linked with 

mucin expression and secretion, physiologically involved in the protection of the gastrointestinal 

tract from stress, bacteria as well as penetration or digestion of mucosa. Hence, it has been proposed 

that ENS neuronal loss may alter the production and secretion of mucin by Goblet cells of the 

intestinal epithelium through changes in secretion of the neurotransmitter VIP (vasointestinal 

peptide) 31.  

Neurons are not the only cell type affected by chemotherapies. A recent study demonstrated that 

enteric glial cells (EGC) are also impacted by platinum treatment 32. For instance, immunostaining 

with specific glial makers showed a decrease of the proportion of GFAP (glial fibrillary acidic protein 

positive EGCs and an augmentation in number of the S100beta-positive EGC, another glial marker 

specific of cell damages and apoptosis, after a longer-term exposure (7 and 14 days).  

If the negative impact of various chemotherapies on ENS neurons and glial cells is now relatively well 

established, the molecular mechanism and signaling pathways involved are almost completely 

unknown. A pioneer study recently investigated the role of PARP1 and PARP2 in the neuronal loss 33, 

34. It showed an elevated expression of PARP1/2 in the ENS in response to oxaliplatin, which 
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correlated with release of cytochrome C, suggesting mitochondrial defect. The use of the PARP 

inhibitor BGP15 avoided in part nChat- and nNOS-positive neuron loss and restored some of 

gastrointestinal functions. Despite this interesting information, whether PARP expression, 

mitochondrial disfunction or even apoptosis takes place in the neurons upon oxaliplatin treatment 

was not determined, neither the pathways that may be involved. 

In order to decipher the molecular mechanisms involved in neuronal loss in the ENS upon 

chemotherapy we used a transcriptomic approach to identify the deregulated genes in myenteric 

plexus isolated from mice treated with an acute dose of cisplatin and extracted 1 day or 7 days after 

treatment. Following bioinformatics analyses of deregulated pathways, immunohistochemical and 

functional validation where performed to establish chronology and importance of selected molecular 

events that may affect ENS function 

 

Materials and methods 

Animal models 

TAP63CRE/+ mice were generated by the Clinique de la Souris (Strasbourg) by introducing the CRE 

recombinase cDNA after the TAp63 promoter. The ROSA26-tomato mice that contains the cDNA for 

the fluorescence protein Tomato after a LoxP flanked STOP cassette. By crossing these two mouse 

lines TAp63CRE/+:ROSA26 mice were generated in house. Wild type C57BL/6, TAp63CRE/CRE or 

TAp63CRE/+:ROSA26 C57BL/6 mice of 10 weeks were weighed and intraperitoneally injected with 10 

mg/kg cisplatin in 200 µl 0.009% saline. Mice were weighed on a regular basis. Treated mice were 

sacrificed either 1, 7 and 21 days after treatment. Small intestines and colons were taken out for 

immunofluorescent staining or RTqPCR. All animal experiments were approved by the Regional and 

National ethical committees. 

 

Colon embedding and sectioning for immunofluorescent studies 

Intestinal segments were dissected from the mice, placed in phosphate-buffered saline (PBS) to wash 

and intestinal contents were removed by rinsing the gut with PBS using a syringe. Then the segment 

was cut open longitudinally and rolled up by using watchmakers’ forceps to push the roll. They were 

directly placed in a 12-well plate filled with 4% paraformaldehyde (PFA) and a paper roll to ensure 

the rolled-up position of the intestinal segment. PFA-fixated tissues were washed 3 times with PBS, 

dehydrated, and embedded in paraffin. The paraffin-embedded specimens were sectioned using a 

microtome (Leica RM2145), with a thickness of 6 µm. The slices were transferred to a Superfrost® Plus 
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microscopic slide (Thermo Scientific) with water and left on a warm plate to let the specimens stretch. 

After aspiration and evaporation of the water, the slides were placed in an incubator overnight at 

37˚C. If staining was not performed directly, slides were stored in the dark at room temperature.  

 

Immunofluorescent staining 

IHC detection and analysis were performed on 6 µm deparaffinized ileum and colon sections. For 

Antigen retrieval, the slides were incubated in a 0.01 M sodium citrate solution (pH 6) at 100°C for 

10 min in a microwave, followed by a 2h cool-down period. 

The slides were washed twice with H2O and PBS and permeabilization was achieved using PBS –

Triton X100 0.1% for 3 to 5 minutes. Thereafter, the slides were blocked using PBS-Triton 0.1% with 

5% normal goat serum (NGS) during one to 2h at room temperature. Primary antibodies were diluted 

in blocking solution and slides incubated overnight at 4°C. P73 protein was detected by rabbit 

monoclonal antibody (1: 500 diluted (EP436Y); Abcam, UK);  Synaptobrevin was detected with a 

mouse monoclonal antibody (1: 400 (104211); Synaptic System, Germany), HUC/D with a 

monoclonal antibody (1: 300 (16A11); ThermoFisher Scientific, USA); Cleaved Caspase 3 with a 

rabbit polyclonal antibody (1: 200 (9661); Cell Signaling, Netherlands); AIF was detected with a 

monoclonal antibody (1: 100 (Sc 5586); Santa Cruz Biotechnologie, USA) ; Ki67 was detected with a 

rabbit monoclonal antibody (1: 500 (RM-9106S); ThermoFisher Scientific, USA).  The slides were 

rinsed with PBS-Triton 0.1% 4 times, 3-5 min. Each IHC was controlled negatively by processing 

sections in the absence of primary antibody.  

For fluorescent detection Alexa Fluor Secondary antibodies (ThermoFisher Scientific, USA) were 

diluted in PBS-Triton 0.1% + 5% NGS and after two hours at room temperature, the slides were 

washed 4 times in PBS-Triton 0.1%. Nuclei were labeled with a DAPI solution (1/20,000) for 5 min. 

Slides were then rinsed in distilled H2O and mounted using Calbiochem® FluorSave™ Reagent 

(Merck Millipore, Germany). 

For DAB staining, sections were incubated with biotinylated goat antibody (Sigma, France) diluted 

1:200 for 1 h at room temperature. After four PBST washes (for 3 min each), endogenous peroxidase 

activity was blocked by a 10-min incubation in a 0,5% hydrogen peroxide solution in methanol. The 

slides were washed two times 5 min in PBS and incubated in Avidine streptavidin-peroxidase 

complex (ABC kit, Vector Laboratories, France) for 1 to 2 h at room temperature. After two PBST 

washes of 5 min, bound peroxidase was identified using DAB (1/10, Santa cruz, USA). Nuclear 

counterstaining was performed with a Harris hematoxylin coloration. Pictures of ganglia were taken 

with a Zeiss Axio Imager M2-Apotome2 fluorescence microscope. 
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Dissection, digestion and culture of mouse myenteric plexuses for ex vivo treatment 

C57BL/6 mice of 10 weeks were sacrificed using CO2, and the peritoneal cavity was opened. The 

segment of intestine closest to the rectum was identified, and a cut was made. By gently pulling and 

removing mesentery and fat at the same time, the gut was removed from the cavity. The caecum 

provided the distinction between the small intestine and the colon. Right under the stomach, another 

cut was made to completely remove the tract from the mouse. The tract was placed in phosphate-

buffered saline (PBS) to wash and remove fecal content from the intestines. Intestinal contents were 

removed by rinsing the gut with PBS using a syringe. Segments of approximately two to three 

centimeters at a time were placed in a Petri dish filled with dissection medium consisting of MEM 

glucose medium with streptomycin (50 ml medium with 500 µl streptomycin). Under a microscope 

with extra light sources, the outer muscular layer with the plexus was identified, and with watchmaker 

forceps the layer was pulled off the intestine very carefully. The procedure was performed for the 

entire colon and small intestine of each mouse. The segments were cut into small pieces and placed 

in digestion medium consisting of HBSS, streptomycin, DNAse and Liberase (highly purified 

collagenase I and II, Sigma Aldrich). Liberase was only added at the end to ensure its optimal 

enzymatic activity. Colon segments were digested for at least 4.5 hours, and small intestine segments 

for at least 4 hours in Eppendorf tubes in a 37˚C water bath. Approximately every hour the tubes were 

inverted to ensure effective digestion. Under the microscope, digestion efficacy was confirmed 

(white-colored tissues indicated insufficient digestion of the muscle layer), and the presence of 

plexuses was visually appraised. The parts were washed and gently pipetted up and down, if this did 

not disrupt the plexus networks too much. The segments were transferred to an Eppendorf tube with 

a high plexus/fluid ratio by trying to only aspirate the plexus particles. After sedimentation of the 

plexuses to the bottom and a short spin in an Eppendorf centrifuge, the supernatant was very 

carefully aspirated. The plexuses were brought into a 12-well plate with 500 µl of proliferation 

medium consisting of DMEM High Glucose medium, BSA, B27, streptomycin and β-

mercaptoethanol. The cells were placed in a 37˚C incubator with 5% CO2, and could be treated 

and/or kept in culture. 

 

RNA extraction 

RNA was extracted from cells using Trizol-mediated cell lysis. After extraction and RNAs precipitation, 

supernatants were removed and the RNA pellet was washed with 75% EtOH, centrifuged at 9000g 

for 5 minutes at 4˚C and again 75% EtOH was added. Then, the RNA was re-suspended in nuclease-

free H2O. After at least two hours in the -20˚C freezer, the RNA was quantified using NanoDrop 
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Spectrophotometer (Thermo Scientific). The A260/A280 ratio and the A260/A230 ratio were also 

documented, and should both be close to 2.0 for pure RNA samples.  

 

RTqPCR 

Owing to the very small RNA yield from myenteric plexuses, a special kit (Superscript™ III, Invitrogen) 

was used to optimize the reverse transcription of the ENS material. For every tube with RNA, first 

strand buffer, DTT, RNaseOUT™ and Superscript™ III enzyme were added according to the 

manufacturers protocol. The samples were placed into a thermic cycler to initiate the reverse 

transcription. The 20 µl of cDNA yielded thereafter was not diluted prior to further use. The Master 

mix for the RT-qPCR contained SybR Green reagent, primer mix (20 µl of forward primer, 20 µl of 

reverse primer and 60 µl of H2O) and H2O. For each well, 16 µl of Master mix was pipetted, and 4µl 

of cDNA. The plate was centrifuged for 1 minute at 1200 rpm at 4˚C, and the plate was run in a 7500 

Real Time PCR System (Applied Biosystems) machine and the 7500 software (V2.3). Analysis of the 

quantity was performed using the comparative ∆∆Ct method in Microsoft Excel. The housekeeping 

gene TATA box binding protein (TBP) expression was used as the reference value.  

 

RNA sequencing  

Sequencing was performed by the Sequencing platform of the IGBMC (Strasbourg) and results were 

first analyzed using AltAnalysis software  [28]. Deregulated gene were identified based on two-fold 

change expression and t-test p-value <0.05. Deregulated genes were then analyzed for over-

representation in selected biological processes in several resources: Gene Ontology, 

MPhenoOntology, Disease Ontology, GOSlim, PathwayCommons, KEGG, Transcription Factor 

Targets, miRNA Targets, Domains, BioMarkers, RVista Transcription Sites, DrugBank, BioGrid.  

 

Statistics 

Means were compared using the independent student t –test, and with one-way analysis of variance 

(ANOVA) with Tukey’s post hoc test. Differences were considered significant when p<0.05 (indicated 

with *). P-values of <0.01 and <0.001 were illustrated with ** and *** respectively to indicate the 

significance levels as analyzed by GraphPad Prism. Error bars represent the SD (standard deviation).  

!  
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Results 

Myenteric ganglia develop a dynamic, time-dependent and coordinated transcriptome in 

response neuronal loss induced by cisplatin 

To investigate the molecular mechanisms governing chemotherapies toxicity on the ENS, we treated 

Black 6 mice with cisplatin (10 mg/Kg) intraperitoneally and analyzed tissues 1 day or 7 days after 

injection. First, we performed immunohistofluorescence on tissues from the digestive system to label 

neurons using the selective neuronal maker HUC/D (Figure 1A). Quantification of neurons per 

ganglia indicated that cisplatin treatment decreased neuronal numbers by about 20% after 7 days of 

treatment and had no significant impact after 1 day (Figure 1B).  

Then, to identify the deregulated genes associated with neuronal loss, we purified myenteric 

networks from mice non-treated or treated for 1 day or 7 days and performed RNA seq analysis 

(Figure 1C). Deregulated genes with fold change > 2 and adjp value <0.05 where selected and 

pathways analysis were performed using multiple databases (ex. DAVID, STRING, Reactome, TRAP). 

625 and 1436 genes were deregulated after 1 and 7 days of treatment compared to non-treated 

mice, respectively (Figure 1D). 156 genes were estimated significantly differently deregulated 

between 1 days and 7 days of treatment. Pathways and mechanisms identified with z score > 2 in one 

of the conditions and with adjp value <0.05 were considered as deregulated.  

Genes transiently deregulated after 1 day of treatment segregated within pathways related to control 

of cell death and survival, such as apoptosis and DNA damage response. In addition, several of these 

genes were identified as direct targets (ex. bax, puma, mdm2, sesn2) of transcription factors of the 

p53 transcription factor family (p53, p63 and p73) (Figure 1E) 35. These 3 genes encode for multiple 

isoforms with function that can be opposite. For instance, TAp63 and TAp73 isoforms are often 

considered to favor cell death or cell cycle arrest via the regulation of various target genes, such as 

bax, puma, cdkn1a, similarly to p53.  These genes are involved in response to different types of 

cellular stresses!36. Concomitantly, pro-survival pathways such as AKT/PI3K and PDGF signaling were 

induced, suggesting the activation of compensatory mechanisms to protect cells from apoptosis 

within the myenteric ganglia.  

After 1 day of treatment, signaling pathways associated with inflammation and inflammasome (ex. 

IL3, NOD like-receptor) were induced and mostly remained elevated after 7 days of treatment (Figure 

1F). In addition, the expression of several interleukins (cxcl3, cxcl2, ccl6, ccl9) is induced at 7 days 

(Figure S1A). Concomitantly, genes that are direct targets of transcription factors (i.e. IRF4, Fox3P) 

involved in inflammation response followed the same profile, indicating that the activity of these 

transcription factors is induced in the myenteric ganglia after cisplatin treatment. To note, 
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mechanisms related to IFNγ seemed to be induced only transiently. Possible involvement of 

inflammation processes is further supported by the observation of cells with elevated COX2 

expression and increased recruitment of muscularis macrophages in the vicinity of the enteric 

ganglias (Figure S1B and C).  

In contrast, genes strongly induced after 7 days of treatment segregated within pathways and 

processes associated with neuronal plasticity (ex. long term potential) and identity (ex. frontal cortex) 

and stem cells activity (ex. fetal brain, induced pluripotent stem cells) (Figure 1G and H). Similarly, 

genes considered as target genes of transcription factors important for neuronal identify (ex. REST, 

CREB1) seem preferentially activated at 7 day of treatment 37, 38. These results indicated that in 

response to cisplatin, cells within the myenteric ganglia develop a dynamic, time-dependent, and 

coordinated response starting with activation of pathways controlling cell death/survival and 

inflammation that is followed by processes related to neuronal plasticity. 

 

Cisplatin induces apoptosis of ENS neurons 

To validated the results of the transcriptomic analysis, we performed a novel experiment and 

analyzed pro-apoptotic genes and target genes of the p53 family by RT-qPCR on RNA extracted from 

purified myenteric ganglia of mice treated with cisplatin. Two pro-apoptotic and target genes of the 

p53 family (noxa, puma) were transiently induced by cisplatin after 1 day of treatment (Figure 2A). 

Two other known target genes of the p53 family, mdm2 and cdkn1a, followed a similar profile.  

To further established if cisplatin induced neuronal cell death, we analyzed by 

immunohistofluorescence the activation of markers of apoptosis in the ENS ganglia. First, we 

quantified the cells with cleaved caspase 3 (Casp3*). Surprisingly, we detected in the ganglia of the 

ENS of non-treated mice a weak basal level of cleaved caspase 3 (Figure 2B and C). However, the 

intensity of the labeling and the number of cells labeled were significantly increased after 1 day of 

treatment, reaching about 50% of the cells. These results suggested that the neuronal loss observed 

(Figure 1B) might be due to neuronal apoptosis. To confirm that, co-labeling was performed using 

the specific neuronal marker HUC/D and the pro-apoptotic marker AIF. Cisplatin induced the 

localization of pro-apoptotic maker AIF in the nucleus of neurons labelled by HUC/D (Figure 2D). In 

addition, the effect of cisplatin correlated with the appearance of altered nuclei characterized by 

condensed or fragmented chromatin (Figure 2E). The AIF labeling significantly decreased after 7 day 

of treatment. These results confirmed that cisplatin induced neuronal apoptosis in ENS, which may 

account for the neuronal loss observed. An alternative mechanism for cell elimination is senescence 

and it was previously shown that cisplatin induces senescence in the GI epithelial crypt 39. Indeed, we 
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detected senescence in the crypts after 1 days of treatment with cisplatin (Figure 2F and G), which 

lasted up to 21 days post-treatment (data not shown), using beta-galactosidase assays and 

expression of the senescence marker p16INK4A. However, no signal was observed in the enteric 

ganglia, suggesting that apoptosis is the main process for elimination of enteric neurons. 

To assess whether cisplatin can directly induce cell death in ganglia independently of the influence 

of the surrounding tissues (intestinal epithelium, smooth muscles), we isolated the myenteric plexus, 

cultured them and treated them ex vivo for 24 hours with two concentration of cisplatin (C1, 5µM; 

C2, 20µM). As observed in vivo, pro-apoptotic genes (bax, noxa, puma) and target genes of the p53 

family (mdm2, cdkn1a) were induced after 24 hours of treatment with cisplatin (Figure 3A). Inversely, 

the anti-apoptotic gene Bcl2 was repressed. The elevated expression of pro-apoptotic genes 

correlated with increased fragmentation/condensation of nuclei (Figure 3B) and cleaved caspase 3 

labeling (Figure 3C).  

 

Activation of apoptosis in isolated myenteric ganglia is dependent upon proteins of the p53 

family 

The expression of p53 family members in the ENS has never been investigated. As several target 

genes of the p53 family were induced by cisplatin in the myenteric ganglia, we decided to analyze 

the expression profile of p53, p63 and p73 under these conditions. First, we extracted RNA from 

purified and isolated myenteric ganglia that were non-treated or treated with cisplatin and 

performed RT-qPCR to measure the expression of p53 and the TAp73 and TAp63 isoformes, which 

are susceptible to positively regulate p53 family target genes, such as bax, puma, mdm2. P53, TAp73 

and TAp63 isoforms were expressed in the ENS under basal (non-treated) condition (Figure 3E). 

TAp63 and TAp73 were induced by 24 hours treatment of the ENS ganglia with cisplatin. As 

expected, p53 mRNA were not induced, but immuno-cytofluorescence studies indicated a nuclear 

relocalization of p53 after cisplatin treatment (Figure 3D).  

To assess the potential role of the p53 family member in the response to cisplatin in isolated 

myenteric ganglia, we used pifithrin a molecule described as a p53 inhibitor but that can also inhibit 

the activity of other p53 family member 40. Isolated myenteric plexus was pretreated with pifithrin for 

1 hours, before treatment with cisplatin for 24 hours. As observed above the expression of the pro-

apoptotic gene Noxa was induced by cisplatin. This induction was completely abolished with pifithrin 

pretreatment (Figure 3F).  
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Cisplatin induces p73 expression in ENS neurons in vivo 

To further establish whether p53 family members were indeed induced by cisplatin in ENS, we 

performed immunocytofluorescence studies on the gut of mice non-treated or treated for 1 day or 7 

days with cisplatin. We detected a basal level of expression of p53 in the ENS plexus (Figure 4A). 

Surprisingly, cisplatin tended to diminish the protein level of p53 in the ENS plexus after 1 day of 

treatment (Figure 4A and B). At the mRNA level, cisplatin did not modify significantly the expression 

of p53 in myenteric plexus isolated from mice non-treated or treated (Figure 4B). In contrast, cisplatin 

induced the number of cells labelled for p73 and the intensity of the labelling after 1 day of treatment 

(Figure 4C and D). Labelling for p73 decreased significantly at 7 days of treatment. suggesting a 

transient induction of p73 in the ENS upon cisplatin.   At the mRNA level, TAp73 expression was only 

induced at 7 days of treatment. This suggested that in vivo the induction of TAp73 mRNA is slower 

compared to the isolated plexus and that the elevated protein level is due to stabilization of the 

protein 41. 

To established whether the p73 protein was expressed in the ENS neurons, co-labelling with two 

neuronal markers, synaptobrevin and HUC/D, were performed on the gut of mice non-treated or 

treated with cisplatin 42. P73 protein localized in the nucleus of cells that were positive for two 

neuronal markers, synaptobrevin and HUC/D (Figure 5A, B and C). In particular, the cytoplasmic 

labelling of HUC/D allowed to visualize well the nuclear localization of p73 protein in ENS neurons 

(Figure 5C). 

 

Loss of TAp63 expression favors sustained expression of proapoptotic genes in ENS 

We also attempted to visualize p63 expression in the ENS. Despite the use of multiple antibodies, we 

were never able to see p63 labelling (personal data). This might be explained by the lower mRNA 

expression level of TAp63 detected in myenteric plexus compared to p53 or TAp73 (Figure 6A). 

Hence, we used a genetic approach to assess the existence and the role of the expression of TAp63 

in ENS. Mice with CRE recombinase knockin into the promoter of TAp63 (TAP63CRE/+) were breaded 

with ROSA26-Tomato mice that contains the cDNA for the fluorescence protein Tomato flanked by 

LoxP sequences (Figure 6B). The generated compound mice (TAp63CRE/+:Rosa26-Tomato) 

expressed the fluorescent Tomato proteins in cells that have or have had an active TAp63 promoter. 

Co-labelling for Tomato and neuronal markers expression were performed on gut tissues of mice 

non-treated or treated with cisplatin. Expression of Tomato proteins was present in cells expressing 

neuronal markers (Figure 6C and D). However, cisplatin treatment did no modify the expression level 

of the Tomato protein. This can be explained by the fact that if ENS neurons express TAp63 at basal 
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condition and therefore CRE dependent recombination has already happened, it is not possible to 

detect an increase recombination visualized by Tomato labelling. 

To analyze the possible role of TAp63 in ENS, we inter-crossed TAp63CRE/+ mice to generate 

TAp63CRE/CRE mice that do not express TAp63 protein. TAp63CRE/+ and TAp63CRE/CRE mice were treated 

with cisplatin for 1 and 7 days and compared to non-treated mice. Analyses of the tissues by 

immunostaining did not reveal any significant differences in term of general ENS structure or number 

of neurons in any conditions (data not shown). However, analysis of the expression of selected genes 

revealed that loss of p63 elevated TAp73 mRNA level after 1 days of treatment with cisplatin (Figure 

6E). In addition, the expression of two target genes of the p53 family, Noxa and Cdkn1a, were 

maintained elevated in absence of TAp63 expression. These results indicate that TAp63 is expressed 

in ENS neurons and participates in the regulation of genes involved the regulation of cell survival and 

death. 

 

ENS undergoes cellular plasticity and regeneration processes after apoptosis 

The transcriptomic analysis revealed that at 7 days after treatment with cisplatin, cellular plasticity 

processes related to stem cell activation, neuronal identity and activity were induced, suggesting that 

following the neuronal apoptosis regeneration within the ENS was taking place (Figure 1). For 

instance, STRING pathway analysis highlight “neurogenesis” as Biological process enriched at 7 days 

of treatment that include 107 genes over 1650 (fdr = 8.45-14) (Figure 7A). Several genes related to 

neurogenesis are amongst the genes the most deregulated (i.e. kcnq3, unc80, ncam2, ntrk3). As 

before, we validated the expression changes of some of these genes, such as rtnk3, unc80 and kcnq3 

(Figure 7B). To further characterize the existence of possible plasticity and remodeling events, we 

treated mice with cisplatin for 7 and 21 days and analyzed gut tissues. We first characterized the 

expression of P73 and observed that it was significantly reduced after 21 days of treatment with 

cisplatin (Figure 7C). Then, we analyzed cell proliferation and presence of stem cells in the ENS. For 

instance, immunolabeling for SOX10, a marker for ENS stem cells, was performed. We observed an 

increased in cells expressing SOX10 7 days after treatment, which diminished after 21 day (Figure 

7D). Labelling for Ki67, a marker of cell proliferation, identified cells proliferating in the vicinity of the 

ganglia and along the plexus tract (Figure 7E). The exact identity of these cells remains to be 

established, but the proliferative activity and increase in SOX10 positive cells confirm the existence 

of plasticity processes following the apoptosis induced by cisplatin in ENS. 
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Discussion 

Cytotoxic chemotherapies remain the standard treatment for most types of cancer despite induction 

of severe acute and long-term side effects, for which supportive care are not completely satisfactory. 

Hence, the development of innovative therapeutic approaches requires a better understanding of 

the inherent molecular mechanisms. Long-term gastrointestinal dysfunctions induced by 

chemotherapies have been linked to alterations of enteric nervous systems integrity. More 

specifically, loss of specific neuronal populations has been described in response to cisplatin, 

oxaliplatin, 5-FU or irinotecan in murine models. However, the molecular mechanisms underlying the 

neuronal loss in response to these chemotherapies have not yet been properly explored. In this 

study, we demonstrate that cisplatin induces a dynamic coordinated transcription program starting 

with a pro-apoptotic step involving proteins of the p53 family and induction of inflammation 

response, followed by the activation of neuronal plasticity/differentiation processes. 

Cisplatin induced apoptosis in enteric neurons 

We established that cisplatin induces apoptosis in enteric neurons that is characterized by expression 

of pro-apoptotic genes (i.e. bax, puma, noxa) cleavage of caspase 3, relocalization of AIF and 

condensation/fragmentation of nuclei that have been observed ex vivo and in vivo. In particular, AIF 

relocalization have been observed in enteric neurons expressing the HUC/D neuronal marker. This 

apoptosis can explain the neuronal loss observed in our study after cisplatin treatment, and also the 

neuronal losses previously described following treatment with cisplatin, oxaliplatin, 5-FU or 

irinotecan 23 24 25 26 43. In mice treated with acute dose of cisplatin, this neuronal cell death is observed 

already 1 days after treatment, decreases at 7 days, and was undetectable 21 days after treatment, 

showing a transient and dynamic induction of a cell death program. The apoptosis is also induced in 

ex vivo cultures of myenteric plexus treated with cisplatin, suggesting that the pro-apoptotic 

transcriptional program is due to a direct impact of cisplatin on the myenteric plexus rather than an 

indirect action via the surrounding tissues (i.e. smooth muscle, epithelium). Because AIF is part of a 

caspase 3-independent apoptotic program that includes cleavage of PARP1 44, our results suggest 

that at least two cell death programs are involved in enteric neurons loss, one caspase-dependent 

and another caspase-independent. Furthermore, the activation of AIF in myenteric neurons, which 

we observed, can explain the protective activity of the PARP inhibitor BGP15 on the GI tract function 

altered by oxaliplatin that has been previously described 33, 34. The exact type of neurons suffering 

from apoptosis remains to be established. For instance, a general loss of neurons associated with a 

selective increase of nNOS-positive neurons have been described by Wafai et al. 25,  while McQuade 

et al. 26 described a loss of both nNOS-positive and PGP9.5-positive neurons.  
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Role of the p53 family in enteric neuronal apoptosis 

We showed that cisplatin induces the expression of p53 and TAp73 in enteric neurons, which 

correlated with the induction of several pro-apoptotic (bax, noxa, puma) and other targets genes 

(mdm2, ptgs2, cdkn1a) of the transcription factors of the p53 family. This induction peaks already 1 

day after the treatment and is likely to play a role in apoptosis as the inhibitor of p53 and TAp73 

(pifithrin) blocks cisplatin-induced expression of the pro-apoptotic genes. The exact contribution of 

each member of the p53 family in enteric neuronal apoptosis remains to establish, especially since 

we also observed in enteric neurons an expression of TAp63, whose silencing maintained elevated 

mRNA levels of selected pro-apoptotic genes 7 days after treatment. This observation suggests that 

a complex interplay may exist between the p53 family members to fine tune the promoter activity of 

their target genes. It is to note that the silencing of TAp63 did not lead to significant changes in ENS 

structure, in control condition or upon stresses, as we could evaluate so fare. Change in expression 

and the role of p53 and TAp73 in enteric neuron apoptosis is coherent with what has been described 

previously in the central nervous system by us and others 14, 15, 45-47. However, additional functions for 

p73 and p63 isoforms have been observed in the central nervous system that include stem cell 

maintenance, differentiation and senescence 48, 49. Therefore, we cannot exclude that p53 family 

members participates into such activities in the enteric neurons.  

 

ENS plasticity in response to chemotherapy 

Upon cisplatin challenge and following enteric neuronal apoptosis, we observed an induction of 

gene signatures associated with neuronal identity, differentiation, plasticity and stem cell activity. 

Some of these signatures start simultaneously with the apoptotic signature, but they are further 

increased 7 days after the treatment. For instance, induction of ngfr, ret, gfap that are markers of 

neuronal/glial precursors are elevated 7 days after the treatment. In addition, several receptors (i.e. 

ret, gfra1, gfra3) for GDNF, an important trophic factor for enteric neuronal differentiation are also 

induced, as well as expression of receptors for neurotransmitters (e.g. glutamatergic), such as grik1, 

2 and 3. These plasticity transcriptional programs are associated with elevated expression of SOX10-

positive cells within the enteric ganglia, an indicator of glial precursor cells, and proliferative cells in 

their vicinity. These plasticity events involving a succession of proliferation and differentiation of 

neuronal and glial precursors are coherent with the recent findings of Kultarni et al. describing a 

dynamic balance between neuronal apoptosis and neurogenesis in the ENS in adults 22. The master 

genes controlling these events remain to be identified. Some of the signature suggest that the 

transcription factors CREB1 and REST might be involved. For instance, CREB1 has been previously 
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associated with neuronal survival and plasticity 50!51!52, 53. Furthermore, it has been shown that CREB 

is involved in neuronal survival and neurogenesis via the 5HT receptor activity 54. REST is also an 

essential factor to restrict gene expression in neuron and has been shown to silence neuronal pro-

apoptotic genes 38. Furthermore, as indicated above, proteins of the p53 family might also play a role 

in these processes. The exact contribution of these various transcription factors in the plasticity 

processes within the ENS in response to chemotherapies remains to be established. 

 

Chemotherapies induce inflammation in the ENS  

The gene signatures in the ENS generated after cisplatin treatment also suggest that a persistent 

inflammation takes place up to 7-day post-treatment. However, there seems to exist specific kinetics 

of activation as IL-2/3/5 signaling remains elevated while IFN-a/b signaling seems to be induced only 

transiently at 1-day post-treatment. These processes correlate with activation of specific transcription 

factors involved in the inflammatory mechanisms, such as IRF4 or FOXp3 55! 56, and increased 

expression of several cytokines and chemokines (i.e. cxcl3, cxcl2, ccl6, ccl9). The possible activation 

of inflammation processes is further confirmed by the strong induction of ptgs2 (Cox2) expression. 

Cox2 is a key protein in prostaglandin-dependent inflammation, in particular in the gastrointestinal 

tract where its deregulation has been associated with pathologies 57. Although additional studies are 

required to understand the exact nature of this inflammation, it appears now to be a general feature 

in the ENS in response to chemotherapies as it was also observed in response to 5-FU26. It remains 

also still to understand the contribution of the inflammation processes in the neuronal cell death or 

plasticity processes following chemotherapies, and in particular which types of immune cells might 

participate. Interestingly, we observed that muscularis macrophages are more present close to the 

ganglia in response to cisplatin. Several hypotheses can be proposed. For instance, muscularis 

macrophages have been described to be recruited in the vicinity of the enteric ganglia driven by a 

neuron-mediated-beta2-adrenergic signaling that is partly dependent on the expression of arg1 58. 

Arg1 is one of the genes that is strongly induced 7 days after treatment. In addition, some of the 

chemokines (ccl6, ccl9) expressed in response to cisplatin are preferentially expressed by 

macrophages. Interestingly, muscularis macrophages participate in the function and protection of 

the ENS, including to cleanup apoptotic debris 59. Hence, these cells could help regenerating enteric 

ganglia. However, inflammation via the secretion of cytokines/chemokines might also have 

deleterious effects. For instance, some chemokines/cytokines have been shown to induce neuronal 

cell death, such as Cxcl2 60, 61.  
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This study identified signaling pathways and molecular mechanisms that may account for the 

neuronal loss and regenerative processes upon chemotherapy. The protein of the p53 family seems 

to play a role in it. The succession of neuronal cell death and regenerative processes with the ENS 

may account for some of the long-term side effect induced by the chemotherapy. In addition, we also 

showed the induction of significant inflammatory mechanisms that may have complex impact on the 

pathophysiology of the gastrointestinal tract. We cannot either exclude that the secretion of cytokines 

or of chemokines by the ENS may impact the on the aggressiveness of the cancer cells in the case of 

colon or gastric cancers that are in the vicinity of the ENS 62. The next challenge is to use these 

informations to develop therapeutic approaches protective of the ENS upon chemotherapy. 
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Figure Legends 

Figure 1. ENS enteric plexuses develop a dynamic, coordinated and time-dependent transcriptomic 

program in response to the cytotoxicity induced by cisplatin. A. Labelling of ENS neurons for HUC/D 

(red) expression by immunohistofluorescence in colon tissues of non-treated mice. DAPI was used to 

label nuclei (Bleu). Scale = 200 µm. B. Counting of HUC/D immunoreactive (IR) neurons in colon of 

non-treated or cisplatin-treated (10mg/Kg, single dose) mice, 1 day (D1) or 7 days (7D) after 

treatment. Graph represent % of neurons per myenteric ganglia. * indicate p<0.05 (n=4). C. 

Schematic representation of the protocol followed to analyze the transcriptome of myenteric 

plexuses of mice treated with cisplatin (10mg/Kg, single dose).  D. Venn diagram illustrating the 

repartition of the deregulated genes between the different condition (NT, non-treated; D1, 1 days 

after treatment; D7, 7 days after treatment). Genes with fold change > 2 and adjp < 0.05 were 

selected as deregulated. E-H. Deregulated pathways associated with the positively deregulated 

genes. Graphs display z score for indicated deregulated pathways with adjp < 0.05. Deregulated 

pathways were identified using STRING, Reactome, DAVID and Altanalysis software. 

 

Figure 2. Cisplatin induces apoptosis in ENS neurons. A. Cisplatin induces expression of pro-

apoptotic genes (noxa, puma) and target genes (mdm2, cdkn1a) of the p53 family in myenteric cells. 

Myenteric plexuses of mice non-treated (NT) or treated for 1 day (D1) or 7 days (D7) with cisplatin 

were isolated and mRNA were analyzed by qPCR. Graphs represent means with SD relative to the 

control. **, *** indicates p < 0.01 or 0.001, respectively (n=3). Tbp was used a house-keeping gene. 

B. Cisplatin induces caspase 3 cleavage in ENS plexuses. Immunoreactive cells for cleaved caspase 

3 (Casp 3*) were counted in ENS plexuses of non-treated (NT, left picture) mice or mice treated for 1 

day (D1, right picture) with cisplatin. Cleaved caspase 3 was revealed by immunohistofluorescence. 

Graphs represent means with SD relative to the control. *** indicates p < 0.001, respectively (n=5). 

Scale = 100 µm. C. Cisplatin induces caspase 3 cleavage in ENS plexuses. Cleaved caspase 3 (Casp 

3*) was revealed by DAB immunohistochemistry and is visualized as brown deposits. Scale = 100 µm. 

D. Cisplatin induces AIF relocalization in ENS neurons. Gut tissues of non-treated (NT) mice and mice 

treated for 1 day with cisplatin were labelled for the pro-apoptotic effector AIF (green) and the 

neuronal marker HUC/D (red). Nuclei were labelled with Dapi (blue). Scale = 100 µm. E. Cisplatin 

induces nuclei fragmentation/condensation in ENS neurons. Gut tissues of non-treated (NT) mice and 

mice treated for 1 day with cisplatin were labelled for the neuronal marker HUC/D (red) and nuclei 

were labelled with Dapi (blue). F. Cisplatin induces senescence in GI crypts but not in enteric neurons. 

Senescence was detected in cells using the Senescence beta-galactosidase staining kit (Cell 
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Signaling Technology, USA). Senescence is visualized as bleu deposits. G. The senescence marker 

p16INK4 was revealed by DAB immunohistochemistry and is visualized as brown deposits. Scale = 100 

µm. 

 

Figure 3. Cisplatin induces apoptosis and expression of the p53 family members in ex vivo culture of 

myenteric plexuses. A. Cisplatin induces the expression of pro-apoptotic and other target genes of 

the p53 family in ex vivo culture of myenteric neurons. Myenteric plexuses were isolated from mice, 

placed in ex vivo culture, and then treated for 24 h with cisplatin (C1, 5µM; C2 10µM). RNAs were 

extracted and RT-qPCR were performed on mRNA for the indicated genes. Tbp was used as 

housekeeping gene. Graphs represent means with SD relative to the control. **, *** indicates p > 

0.01 or 0.001, respectively (n=3). B. Cisplatin induced nuclei condensation in ex vivo cultured 

myenteric plexuses. Nuclei of ex vivo cultured and non-treated (NT, left image) and cisplatin-treated 

(C2, right image) myenteric plexuses were labelled with Dapi and condensed nuclei were counted. 

Graphs represent means with SD relative in % of condensed nuclei compared to all nuclei. **, *** 

indicates p > 0.01 or 0.001, respectively (n=3). C., D. Cisplatin induces caspase 3 cleavage and 

nuclear relocalization in myenteric cells. Ex vivo cultured and cisplatin-treated (C2) or non-treated 

(NT) myenteric plexuses were labelled by immunocytofluorescence for cleaved caspase 3 (C) and 

p53 (D). E. Cisplatin induce the expression of TAp63 and TAp73 in myenteric cells. RNAs from non-

treated (NT) or cisplatin-treated (C1, 5µM; C2 10µM; 24 h) myenteric plexuses were extracted and 

RT-qPCR were performed on mRNA for the indicated genes. Tbp was used as housekeeping gene. 

Graphs represent means with SD relative to the control. *** indicates p < 0.001, respectively (n=3). 

F. An inhibitor of p53 and TAp73 reduces cisplatin-induced pro-apoptotic gene expression. RNAs 

from non-treated (NT) or cisplatin-treated (C1, 5µM; C2 10µM; 24 h) myenteric plexuses, in absence 

of in presence of pifithrin, were extracted and by RT-qPCR were performed on Noxa mRNA. Tbp was 

used as housekeeping gene. Graphs represent means with SD relative to the control. *** indicates p 

< 0.001, respectively (n=3). 

 

Figure 4. Cisplatin induced p73 protein in ENS plexuses. A. Gut tissues of non-treated (NT) mice and 

mice treated for 1 day (D1) with cisplatin were labelled for p53 (green). B. Immunoreactive cells for 

p53 were counted in ENS plexuses of non-treated (NT) mice or mice treated for 1 day (D1) or 7 days 

(D7) with cisplatin. Graphs represent means with SD relative to the control. RNAs of myenteric 

plexuses isolated from non-treated or cisplatin-treated mice were extracted and by RT-qPCR were 

performed on p53 mRNA (n=3). Tbp was used as housekeeping gene. Graphs represent means with 



! "!#,*!"!

!

SD relative to the control. C. Gut tissues of non-treated (NT) mice and mice treated for 1 day (D1) 

with cisplatin were labelled for p73 (green). D. Immunoreactive cells for p73 were counted in ENS 

plexuses of non-treated (NT) mice or mice treated for 1 day (D1) or 7 days (D7) with cisplatin. Graphs 

represent means with SD relative to the control. *** indicates p < 0.001, respectively (n=5). RNAs of 

myenteric plexuses isolated from non-treated or cisplatin-treated mice were extracted and by RT-

qPCR were performed on TAp73 mRNA (n=3). Tbp was used as housekeeping gene. Graphs 

represent means with SD relative to the control. *** indicates p < 0.001, respectively (n=3). 

 

Figure 5. P73 expression localized in ENS neurons. A. Gut tissues of mice treated for 1 day (D1) with 

cisplatin were labelled for p73 (green), synaptobrevin (red) and Dapi (blue). B. Gut tissues of mice 

treated for 1 day (D1) with cisplatin were labelled for p73 (green), HUC/D (red) and Dapi (blue). 

 

Figure 6. TAp63 participates in the regulation of pro-apoptotic genes’ expression in enteric neurons. 

A. Relative expression level of p53, TAp63 and TAp73 in myenteric plexuses. RNAs of myenteric 

plexuses isolated from non-treated mice were extracted and by RT-qPCR were performed on p53, 

TAp63 and TAp73 mRNA (n=3). Tbp was used as housekeeping gene. Graphs represent means with 

SD relative to the Tbp expression. *** indicates p > 0.001, respectively (n=3). B. Schematic 

representation of the genetic approach used to assess the expression of TAp63 in the ENS. C. D. Gut 

tissues of mice treated for 1 day with cisplatin were labelled for Tomato (green), synaptobrevin (red) 

and Dapi (blue). Scale = 100 µm (C) or 20 µm (D).  E. Genetic inactivation of TAp63 prolonged 

activation of the pro-apoptotic gene Noxa. Myenteric plexuses of wild-type and TAp63CRE/CRE (KO) 

mice, non-treated (NT) or treated for 1 day (D1) or 7 days (D7) with cisplatin, were isolated and mRNA 

were analyzed by qPCR for the indicated genes. Graphs represent means with SD relative to the 

control. **, *** indicates p < 0.01 or 0.001, respectively (n=3). Tbp was used a house-keeping gene. 

 

Figure 7. Cisplatin induces late cellular plasticity in the ENS. A. Induction of neurogenesis related 

genes at 7 post treatment. Graph represent expression level of 107 genes from the RNA seq 

indicated as related to neurogenesis in STRING GO Biological process terms. Expression level are 

represented as fold change versus adp values for each gene. B. Validation by RT-qPCR of change in 

mRNA level of nrtk3 in myenteric plexus of mice non-treated or treated with cisplatin (10 mg/Kg) for 

1 day (1D) or 7 days (7D). Graphs represent means with SD relative to the control. **, indicates p > 

0.01 (n=4). C. p73 expression in enteric neurons decreases 21 days after cisplatin treatment. 



! "!#,+!"!

!

Immunoreactive cells for p73 and p53 were counted in ENS plexuses of non-treated (NT) mice or 

mice treated for 7 days (D7) or 21 days (D21) with cisplatin. Graphs represent means with SD relative 

to the control. ** indicates p > 0.01, respectively (n=3). D. Expression of the neuronal/glial cell 

precursor SOX10 is induced by cisplatin after 7 days of treatment. Immunoreactive cells for SOX10 

were counted in ENS plexuses of non-treated (NT) mice or mice treated for 7 days (D7) or 21 days 

(D21) with cisplatin. Graphs represent means with SD relative to the control. ** indicates p > 0.01, 

respectively (n=3). E. Cisplatin induced cell proliferation in the ENS 7 days after treatment. 

Immunoreactive cells for the proliferative marker KI67 (green) and the neuronal marker HUC/D (red) 

were counted in ENS plexuses of non-treated (NT) mice or mice treated for 7 days (D7) or 21 days 

(D21) with cisplatin. Graphs represent means with SD relative to the control. 
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Abstract 

Muscle atrophy is a severe syndrome associated with certain types of cancers and chemotherapies 

that worsened the prognosis for patients. We performed a transcriptomic analysis on skeletal muscle 

of mice treated with the chemotherapeutic drug doxorubicin to identify the deregulated pathways 

that may play a role in muscle atrophy. Beside increase in muscle atrophy mechanisms, such as 

trim63, we observed an activation of cell death (i.e. puma) and DNA damage (i.e. gadd45b) 

mechanisms, and of p53 and TAp63 target genes (i.e. peg3) or regulators (i.e. aen), as well as a 

putative YAP inhibitor, arrdc2. We first validated the deregulated genes and characterized the 

expression of p53 and TAp63 in muscle treated with doxorubicin. We then showed that p53 as well 

as TAp63 are involved in the regulation of the expression of the pro-atrophic gene trim63 via a direct 

interaction on its promoter. Finally, we showed that the YAP transcription factor participates in the 

regulation of trim63 expression and is regulated by doxorubicin. Altogether, our results 

characterized novel molecular mechanisms induced by the chemotherapeutic drug doxorubicin in 

skeletal muscle that may account for atrophy observed in cancer patients. 

!  
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Introduction 

Muscle atrophy can occur as part of many diseases and is often an indicator of bad prognosis, 

impairing quality of life and increasing mortality [1, 2]. In addition, several conditions like aging, 

starvation, disuse and immobilization can lead to muscle loss and, depending on the cause, different 

molecular pathways can be involved in the muscle atrophy process. However, the imbalance 

between protein synthesis and degradation mediated by the proteasome pathway and modulated 

by the muscle specific ubiquitin ligases Trim63 (Murf1) and Atrogin-1 (MAFbx) are a common feature 

among the diverse causes of muscle loss [3]. These muscle specific ubiquitin ligases - Trim63 and 

Atrogin-1 - are described to be consistently upregulated in a range of skeletal muscle atrophy 

models.  

Cancer cachexia is a multifactorial syndrome characterized by pronounced muscle atrophy, systemic 

inflammation and metabolic alterations [4-6]. Importantly, cachexia affects between 50 to 80% of 

cancer patients and is responsible for about 20% of their death [7]. Increasing evidences point out 

the impact of the tumors and/or the therapies on muscle function and integrity in cancer patients. 

Studies suggest that the tumor itself plays an active role in muscle wasting due to its ability to secrete 

pro-inflammatory cytokines and the large requirement of nutrients to maintain cell growth, creating 

a tumor-host interaction that aggravates the condition of the patient [4]. At the same time, cancer 

chemotherapy presents side effects that could contribute to cachexia, like anorexia, nausea and 

diarrhea. But more than that, it has been shown that chemotherapeutic agents have a direct negative 

effect on protein metabolism leading to cachexia [8] [9]. In this context, the anticancer drug 

doxorubicin is well recognized for having muscle catabolic effects [10]. Some works suggest that its 

atrophic effect would be due to production of ROS [11], TNF-α [12] or ceramides [13]. In addition, it 

was shown that doxorubicin is able to induce p53 accumulation in cardiac myocytes, which can 

contribute to muscle wasting [14].  

However, despites the identification of these different mechanisms involved in muscle atrophy, no 

efficient therapy has been yet developed to restore muscle mass in cancer patients. Hence, we used 

a transcriptomic approach on muscle of mice treated with doxorubicin to identify novel mechanisms 

that might account for skeletal muscle atrophy and that could represent therapeutic targets. Among 

the deregulated pathways, this approach pointed to an activation of p53 and its homologue TAp63. 

Despite the classical roles of the p53 family of transcription factors (p53, p63 and p73) in 

tumorigenesis, cell cycle, apoptosis regulation, epithelial and neuronal development, numerous 

elements in the literature suggest that the p53 family modulates myogenesis and differentiation [15] 
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[16]. For example, p63 is particularly important during heart development [17], while p73 modulates 

myoblast differentiation [18]. In addition, p53 and p63 play a role during muscle regeneration and 

metabolism by controlling Sirt1, TIGAR and AMPK expression [19] [20] [21]. Within the p53 family, 

distinct promoters generate two classes of isoforms generally recognized for having antagonist 

function, containing (TA) or not (∆N) the N-terminal transactivation domain [22]. Importantly, within 

skeletal muscles, the balance between TA and ∆N-isoform expression influence on developmental 

and differentiation processes [23]. Interestingly, p53 has been shown to be induced during limb 

immobilization [24]. In addition, we underlined the p53 family relation with muscle atrophy showing 

that p63 is upregulated in amyotrophic lateral sclerosis (ALS) and able to directly modulate Trim63 

(Murf1) expression [25]. 

Hence, in this work, we investigate whether the p53 and TAp63 can modulate muscle wasting in a 

cancer-associated cachexia model induced by doxorubicin and if it could be a common regulatory 

mechanism of muscle atrophy associated to diseases. 

 

Materials and Methods 

Cell culture 

C2C12 cells were obtained from ATCC (ATCC CRL-1772) and grown in DMEM (Dulbecco’s modified 

Eagle’s medium; Life Technology, Carlsbad, CA) with 10% fetal bovine serum (Life Technology) at 

37˚C in a humidified atmosphere and 5% CO2. Mycoplasma contamination has been tested 

negatively using PlasmoTest (Invivogene, San Diego, CA). Cells and animals were treated with 

doxorubicin (Pfizer 50mg). 

 

Quantitative PCR 

TRIzol (Invitrogen, Carlsbad, CA) was used to extract RNA. One µg of RNA was used for reverse 

transcription (iScript cDNA kit, Bio-Rad, France) and qPCR was carried out (iQ SYBR Green, Bio-Rad). 

Expression levels were normalized TBP as previously described [26]. 

 

Western blotting 

Cells or tissue were lysed with LB (125 mM Tris-HCl pH 6.7, NaCl 150 mM, NP40 0.5%, 10% glycerol). 

Proteins were denatured and deposited directly (35 µg of proteins) onto a SDS-PAGE gel. Western 
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blotting was performed using antibodies raised against p53 (mouse monoclonal anti-p53, 1C12, Cell 

Signaling Technology, France), p63 (mouse anti-p63, 4A4, Santa Cruz Biotechnology; p63, Abcam, 

France), p73 (rabbit monoclonal anti-p73, EP436Y, Epitomics Abcam Company, France), TAp63 

(rabbit polyclonal anti-Tap63, 618901, Biolegend), Trim63 (rabbit anti-Trim63, D01, Abnova; Taipei, 

Taiwan), Yap (mouse monoclonal anti-Yap, sc-101199, Santa Cruz) and phospo-Yap (rabbit 

monoclonal anti-pYap, 13008, Cell Signaling). Secondary antibodies (anti-rabbit, anti-mouse: Sigma, 

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

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

 

Transfection assays 

Cells were transfected by JetPrim (Polyplus, Strasbourg, France) as previously described [27]. SiRNA 

transfection was performed using 10 nM of siRNA against p63-pan (Trp63 Stealth RNAi MSS212111, 

Invitrogen), 50 nM of siRNA against p53 (Trp53 s75474, Ambion) and 30 nM of siRNA against Yap 

(Yap s76160, Ambion), using RNAiMAX or Dharmafect as described by the protocol provider (Life 

Technology and DharmaconTM respectively).  

Trp53 sequence: GCU UCG AGA UGU UCC GGG Att  

Trp63-pan sequence: CCG AGG UUG UGA AAC GAU GCC CUA A 

Yap sequence: GGA UGA AAU GGA UAC AGG Att 

 

Chromatin immunoprecipitation (ChIP) assay  

ChIP assays were performed using the standard protocol from the Magna ChIP G kit (Millipore). 

C2C12 lysates were sonicated 12 times at 10% power (BioruptorTM UCD-200, Diagenode). For each 

1 million cells, 1 µg of antibody was used. P53 and p73 were immunoprecipitated with a mouse 

antibody raised against total p53 (mouse monoclonal anti-p53, 1C12, Cell Signaling Technology, 

France) and p73 (mouse monoclonal anti-p73, E-3, Santa Cruz Biotechnology; Abcam, France). 

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

 

RNA sequencing  

Sequencing was performed by the Sequencing platform of the IGBMC (Strasbourg) and results were 

first analyzed using AltAnalysis software  [28]. Deregulated gene were identified based on two-fold 
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change expression and t-test p-value <0.05. Deregulated genes were then analyzed for over-

representation in selected biological processes in several resources: Gene Ontology, 

MPhenoOntology, Disease Ontology, GOSlim, PathwayCommons, KEGG, Transcription Factor 

Targets, miRNA Targets, Domains, BioMarkers, RVista Transcription Sites, DrugBank, BioGrid.  

 

Wild-type mice and doxorubicin treatment 

 In total forty wild-type (WT) male mice C57BL/6 background 5 months old were randomly assigned 

to four groups of 10 mice each. The animals received a single intraperitoneal injection of doxorubicin 

(Pfizer 50mg) diluted at 18mg/kg in 0.9% NaCl, during 1, 3 or 5 days. Vehicle-treated littermates 

received the same formulation without doxorubicin. In vivo experiments were repeated twice with a 

number of animals recommended to optimize statistical analyses according to the regional and 

national animal ethics committee. All animal manipulations were performed under appropriate 

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

 

TAp63+/CreROSA26Tomato reporter mouse line  

TAP63CRE/+ mice were generated by the Clinique de la Souris (Strasbourg) by introducing the CRE 

recombinase cDNA after the TAp63 promoter. The ROSA26-tomato mice that contains the cDNA for 

the fluorescence protein Tomato after a LoxP flanked STOP cassette. By crossing these two mouse 

lines TAp63CRE/+:ROSA26 mice were generated in house. Wild type C57BL/6, TAp63CRE/CRE or 

TAp63CRE/+:ROSA26C57BL/6 mice of 10 weeks were weighed and intraperitoneally injected with 18 

mg/kg doxorubicin in 200 µl 0.009% saline. Mice were weighed on a regular basis. Treated mice 

were sacrificed either 1, 3 and 5 days after treatment. Gastrocnemius muscles were taken out for 

immunofluorescent staining or RTqPCR. All animal experiments were approved by the Regional and 

National ethical committees. 

 

Statistical Analyses 

Statistical analyses were performed using a one-way analysis of variance test followed by a Tuckey 

post-test to allow a comparison between all the conditions. In the graphs, an asterisk indicates a 

statistically significant difference. Tests confirmed a statistically significant difference between control 

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

CA). 
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Results 

RNA sequencing of doxorubicin-treated skeletal muscles shows multiple deregulated 

pathways 

To identify novel molecular mechanisms involved in chemotherapy-induced muscle atrophy, we 

treated mice with doxorubicin for 3 days and analyzed gastrocnemius skeletal muscle by RNA 

sequencing (Figure 1A). Under these conditions, muscle mass diminished by about 20% (Figure 1B) 

as previously observed [29]. Sequencing results were analyzed by Altanalysis software to first 

established genes deregulated by 2-fold with an adjp value < 0.05. Then, pathways analyses were 

performed using multiple databases (ex. DAVID, STRING, Reactome, TRAP). Deregulated processes 

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

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

1/Trim63 ubiquitin ligase (Figure 1C). In addition, pathways related to cell death, autophagy, cell 

growth, and DNA damage, were also activated. Activation of these pathways correlated with 

induction of target genes for Tp53 and TAp63 transcription factors (Figure 1D). Target genes for 

other transcription factors, such as Nfkb and Fox3p, were also induced. In particular, target genes for 

MyoD1 were induced, indicating that muscle plasticity mechanisms leading to precursor proliferation 

are activated upon doxorubicin treatment [30].  

Inversely, several mechanisms were strongly downregulated, such as cell adhesion and extracellular 

matrix components, skeletal muscle development and pro-survival mechanisms (AKT-Pi3K and PDGF 

signaling) (Figure 1E). Similarly, target genes for several transcription factors, such as SP1, NFAT3, 

and Myogenin were also downregulated, suggesting that the activity of these transcription factors 

were downregulated in muscle upon doxorubicin treatment. Interestingly, these transcription factors 

are also part of the molecular mechanisms of muscle cell differentiation processes [30, 31].  

 

TAp63 is induced during atrophy of skeletal muscle  

The pathway analyses identified the upregulation in skeletal muscles upon doxorubicin treatment of 

several target genes and regulators of Tp53 and TAp63, such as gadd45, nqo1, aen, eda2r, ddit4 

and peg3 (Figure 2A). This observation suggested that Tp53 and TAp63 were involved in the process 

leading to muscle atrophy induced by doxorubicin. This was previously shown for p53 but never for 

TAp63 [14]. However, we previously showed that TAp63 expression was induced during skeletal 
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muscle atrophy in amyotrophic lateral sclerosis (ALS) [25]. Therefore, we decided to investigate 

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

Mice were treated with doxorubicin and gastrocnemius muscles were analyzed after 1, 3 and 5 days 

of treatment. Under these conditions muscle mass decreased of about 25% after 3 days and stayed 

diminished at 5 days (Figure 2B). As expected, expression of the two major pro-atrophic ubiquitin 

ligases, trim63 and atrogin1, were strongly upregulated at 3 days of treatment, but small increases 

were also seen at 1 day and 5 days of treatment (Figure 2C and D). Interestingly, increased protein 

expression of p53 was also seen at 5 days of treatment while increased mRNA level of TAp63 was 

already observed at 3 days of treatment (Figure 2E and F).  

We also attempted to visualize TAp63 expression in the muscles. Despite the use of multiple 

antibodies, we were never able to see TAp63 labelling (personal data). Hence, we used a genetic 

approach to assess the existence and the role of the expression of TAp63 in skeletal muscles. Mice 

with CRE recombinase knock in within the promoter of TAp63 (TAP63CRE/+) were breaded with 

ROSA26Tomato mice that contains the cDNA for the fluorescence protein Tomato flanked by LoxP 

sequences (Figure 3A). The generated compound mice (TAp63CRE/+:Rosa26Tomato) expressed the 

fluorescent Tomato proteins in cells that have or have had an active TAp63 promoter. Expression of 

Tomato proteins was present in myotubes of the compound mice (TAp63CRE/+:Rosa26Tomato) but not 

in the Rosa26Tomato mice (Figure 3B). Tomato expression was also observed in nuclei. Interestingly 

the number of tomato-positive nuclei was increased upon doxorubicin treatment (Figure 3B and C). 

These results suggested that TAp63 was expressed in muscle cells and that this expression is 

activated by doxorubicin in some nuclei. 

To analyze the possible role of TAp63 in muscles, we inter-crossed TAp63CRE/+ mice to generate 

TAp63CRE/CRE mice that do not express TAp63 protein. TAp63CRE/+ and TAp63CRE/CRE mice were treated 

with doxorubicin for 3 days and compared to non-treated mice. No significant changes in 

morphology was observed. However, analysis of trim63 expression showed that doxorubicin induced 

more strongly trim63 in TAp63 KO mice (Figure 3D). This result was surprising as we previously 

reported that TAp63 was capable of inducing trim63 expression [25]. Hence, we analyzed under the 

same condition other genes that might be impacted by either doxorubicin treatment or TAp63 

expression. Interestingly, under the same conditions atrogin-1 induction by doxorubicin is not 

changed. In contrast, sirt1 that have previously shown to be regulated by TAp63 [21], is induced in 

WT mice but not in TAp63 KO mice (Supplementary figure 1). These results indicate that TAp63 is 

expressed in muscles and participate in the regulation of specific genes involved in muscle atrophy. 
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TAp63 is induced by doxorubicin in myoblastic cells 

To clarify the role of TAp63 in the response of skeletal muscle to doxorubicin, we used the murine 

myoblastic cell line C2C12. In these cells, doxorubicin treatment induced also the mRNA levels of 

several p53/TAp63 target genes (i.e. nqo1, noxa) (Figure 4A) that were upregulated in the RNA 

sequencing experiment, indicating that the change in mRNA level was happening in muscle cells of 

the gastrocnemius muscle and not in some other cell types that might be present in this muscle. We 

then analyzed the expression level of p53 and TAp63 in C2C12 cells treated with two concentration 

of doxorubicin (0.4 and 0.6 µM) over different time. This time course experiment revealed that 

doxorubicin strongly induced the mRNA level of TAp63 at 18h and maintained at 24h of treatment 

(Figure 4B). P63 proteins were also induced although with less intensity (Figure 4C). p53 protein level 

was also induced by doxorubicin, in a time and dose dependent manner. The induction of p53 

protein expression and nuclear localization was confirmed by immunohistochemistry 

(Supplementary Figure 2).  

Interestingly, the doxorubicin-induced expression of p53 and TAp63 correlated with trim63 (Figure 

4D) and atrogin-1 upregulation (Figure 4E), similarly to what was observed in vivo (Figure 2C and F). 

These results showed that doxorubicin induces the expression of p53 and TAp63 and atrogenes in 

myoblast cells in a similar time and dose dependent manner, suggesting that they might act in the 

same pathway.  

 

Functional interaction between p53/TAp63 and Trim63  

Based on the correlation existing between the expression of the different p53 family members and 

atrogenes, we aimed at investigating whether the different members of the p53 family could regulate 

the expression of trim63 and atrogin-1. To do so, we performed gain of function experiments in 

murine myoblastic cells (C2C12), treated or not treated with 0.6 µM of doxorubicin for 24 hours, and 

subsequently analyzed for the expression of trim63 and atrogin-1 mRNA by RT-qPCR. The results 

showed that overexpression of TAp63 strongly induces the expression of trim63, which was further 

potentiated by the treatment with doxorubicin (Figure 5A). Interestingly, ∆Np63, normally described 

for having a dominant negative effect, also stimulated Trim63 expression. Overexpression of p53 

also induced trim63 expression, but with less intensity than TAp63. Importantly, overexpression of 
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the different p53 family members did not affect atrogin-1 expression (data not shown). These results 

confirmed our previous data suggesting that the p53 family regulates trim63 expression [25].  

To investigate if the expression of trim63 is not only induced but also depends on the expression of 

the p53 and TAp63, we transfected C2C12 cells with p53 or p63 specific siRNA, treated cells or not 

with 0.6 µM of doxorubicin for 24 hours and analyzed again for the expression of trim63 by RT-qPCR 

(Figure 5B-E). The efficacy of the p53 and p63 siRNAs was confirmed by RT-qPCR (Figure 5B and C) 

and Western blot (Supplementary Figure 3A and B). Importantly, transfection of siRNA against p53 

or p63 strongly decreased Trim63 expression in the presence of doxorubicin (Figure 5D and E) 

suggesting that doxorubicin induced expression of trim63 in part depends on p53 and p63 in C2C12. 

Hence, it is possible that in TAp63 KO mice p53 compensate for the lack of TAp63 in regulating 

trim63. 

 

Physical interaction between the p53/TAp63 and Trim63.  

Our results support the hypothesis that p53 family members may participate in the regulation of 

trim63 expression during muscle atrophy induced by doxorubicin. Indeed, we have previously shown 

that TAp63 can bind and transactivate trim63 promoter [25]. In order to evaluate if doxorubicin might 

influence the p53 family binding to the trim63 promoter we performed Chromatin 

immunoprecipitation (ChIP) assays covering two possible p53 binding sites in the trim63 promoter 

in presence of doxorubicin (Figure 6A). These binding sites were identified using both the 

“Eukaryotic promoter database” and the “p53FamTAG” bioinformatic tools. One of the sites is 

located at 660/-690 bp and the second at 2015/2045 bp. The ChIP assay demonstrated that both 

p53 and TAp63 bind to the trim63 promoter (Figure 6B). However, it showed also that although 

doxorubicin strongly induced trim63 expression, it does not seem to increase the binding of p53 or 

p63 to the trim63 promoter.  

 

Role of YAP in the expression of trim63 

One of the most induced genes in the RNA seq experiment was arrdc2 (fold change = 7.2) (Figure 

7A). Two family members of arrdc2, arrdc1 and arrdc3, are negative regulators of YAP [32]![33]. YAP 

is an important cofactor that belongs to the Hippo pathway, which insure the conversion of 

mechanical stimuli into biological activity [34]. YAP participates in multiple processes through the 
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interaction with several transcription factors, such as TEAD1-4 and p73, which leads to the expression 

of different types of target genes, such as ctgf, cyr61, igfbp5, puma, or ankrd1, depending which 

transcription factor YAP is associated with. In addition, p53 regulates the Hippo pathway by 

interfering with upstream regulators (Lats1/2)![35]. TAp63 has also been shown to induce the Hippo 

pathway [36]. Interestingly, YAP has been shown to inhibit trim63 expression [37]. Besides that, the 

Hippo pathway seems to play an important role in controlling muscle plasticity [38]. Hence, we 

decided to analyze the impact of doxorubicin on the activity of YAP in the skeletal muscle and if YAP 

participated in the activation of trim63 expression. 

Interestingly, analysis of the RNA sequencing data showed that several genes that are coregulated 

by YAP, such as cyr61, puma of ankrd1 are upregulated. However, other YAP co-regulated genes are 

downregulated, such as axl or igfbp5 (Figure 7A). The deregulation of two of the most canonical 

targets genes of the Hippo pathway, cyr61 and ctgf, were validated by RT-qPCR on an independent 

experiment (Figure 7B). Similarly, upregulation of cyr61 and puma, other YAP target genes, was also 

observed in C2C12 cells treated with doxorubicin, while ctgf and igfbp5 were downregulated (Figure 

7C). These results further suggested that YAP might be regulated upon doxorubicin treatment.  

To analyze YAP regulation, we performed immunofluorescence on C2C12 cells treated with 

doxorubicin using a specific YAP phospho-antibody that recognizes YAP phosphorylated at s127. 

This phosphorylation sequesters YAP in the cytoplasm into an inactive form. C2C12 cells at 

confluency and in control condition showed a cytoplasmic and nuclear localization of YAP (Figure 

7D). Treatment with doxorubicin induced a nuclear relocalization of YAP without a significant 

decrease of YAP phosphorylation. These results suggested that doxorubicin induced YAP capacity 

to induce gene expression by its nuclear localization. 

To investigate the role of YAP in trim63 expression, we used loss of function experiment using the 

YAP pharmacological inhibitor verteporfin and a siRNA towards YAP. Treatment of C2C12 with 

verteporfin blocked the induction of trim63 expression by doxorubicin without affected the basal 

expression of trim63 (Figure 7E). Under the same conditions, verteporfin diminished the expression 

of two YAP target genes, cyr61 and ctgf, both in basal and doxorubicin-treated conditions. This result 

suggested that YAP might be involved in the induction of trim63 expression by doxorubicin but not 

in its basal expression. Similarly, YAP siRNA diminished the expression of cyr61 in doxorubicin-

treated cells (Figure 7F). However, the effect of YAP siRNA on trim63 was less marked compared to 

verteporfin. This might be explained by the involvement of the YAP paralogue, TAZ. To gain further 

understanding on how inhibition of the YAP and Hippo pathway might be impacting on trim63 
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expression, we analyzed the expression of the TAp63 and one of its target gene, aen. YAP siRNA 

diminished their mRNA level after doxorubicin treatment, suggesting that YAP might control in part 

the expression of trim63 through TAp63. 

 

Discussion 

Despites numerous studies and the identification of several molecular mechanisms involved in 

muscle atrophy, including when it is caused by anticancer treatment, no efficient cure exists yet to 

restore muscle mass and strength. This lack of therapeutic solution is significantly impairing the 

quality of life and survival of cancer patients, and highlight the necessity to improve our 

understanding of the signaling pathways that causes muscle atrophy. To do so, we performed, to our 

knowledge, the first transcriptomic analysis on skeletal muscles of mice treated with an anticancer 

drug. This allowed us to identified several pathways and processes that were deregulated, either 

induced or repressed, upon treatment of mice with doxorubicin. Among them, target genes and 

regulator of TP53 and TAp63 were identified as significantly over-represented.  Based on this 

observation and our previous findings that TAp63 was induced in muscle atrophy during ALS and 

regulated trim63, we further analyzed the role of TAP63 in the response of muscle to doxorubicin. 

 

Doxorubicin deregulates multiple pathways in skeletal muscle 

The transcriptomic analysis identified multiple pathways that were deregulated in the muscle of 

doxorubicin treated mice. Some of them were expected, such as the activation of the trim63/atrogin-

1 muscle protein degradation program [39] or the induction of apoptosis [40] and autophagy [41], 

that were previously described in this context.  The negative regulation pro-survival pathway, such as 

AKT and MAPK pathways are consistent with the activation of the apoptosis and autophagy events. 

However, several deregulated processes or pathways were never connected to doxorubicin-induced 

skeletal muscle toxicities previously, such as activation of glycogen and lipid metabolism, or 

inhibition of enzyme involved in remodeling of the extracellular matrix. The implication of these 

processes in the muscle toxicity of anticancer drugs make sense as they have been shown to be 

important in muscle homeostasis and plasticity. For instance, dysregulation of lipid homeostasis or 

glycogen synthesis (i.e. gbe1 fold change = 2.27) were shown to cause or be part in muscle atrophy 

present in various pathologies [42]![43]![44]. Obviously, loss of extracellular matrix and cell adhesion 
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may also participate into the muscular atrophy as these components are essential for the structure 

and the function of the muscle [45]. Interestingly, these loss of interaction with the matrix or adjacent 

cell may contribute to the complex regulation of the Hippo pathway and YAP that we also observed 

as they are essential effectors of the mechanotransduction processes that are often initiated at the 

membrane [34]. 

In addition to these deregulated pathways, the activity of several transcription factors is seen 

modulated by doxorubicin in the muscle. For instance, a complex regulation of muscle 

developmental and differentiation processes seems to take place as MyoD1, which favors 

proliferation of myoblasts, is induced, while MyoG, which induced differentiation into myotube, is 

repressed [30, 31]. NFKB and FOXP3 are induced which could be expected as they are nuclear 

effector for the signaling pathway induced by cytokines that are often association with cancer-related 

muscular atrophy [4, 46]. More surprisingly, HIF1A appears to be both induced and repressed. 

Although we cannot exclude that it may represent an artefact of the bioinformatics analyses, it may 

also be explained by a complex regulation of the specificity of HIF1A to target selected genes.  

 

Doxorubicin induces Trim63 (Murf1) expression via the p53 and TAp63. 

The transcriptomic approach showed an enrichment of p53/TAp63 target genes and regulators in 

response to doxorubicin in the skeletal muscle. The induction of p53 was previously shown and is 

consistent with activation of apoptosis and autophagy [14]. Similarly, activation of p53 was shown 

muscle atrophy in other contexts, such as limb immobilization [24], ALS [25], muscle unloading [47], 

or spinal muscular myopathy [48]. However, abolishing p53 function by gene inactivation did not 

rescue muscle atrophy, suggesting that compensatory mechanisms may exist [49]. Hence, the 

activation of TAp63 by doxorubicin we described here, and that we precedingly showed in ALS [25], 

can represent a such compensatory mechanism by inducing pro-apoptotic genes in place of p53. In 

this context, it is interesting to note that pifithrin that has been shown to inhibit the activity of several 

p53 family members can reduce the muscle atrophy induced by anticancer drugs [50]. 

In addition, activation of p53 and TAp63 could also explain some of the deregulation of the muscle 

metabolisms. For instance, p63 has been shown to be involved in the lipid metabolism [51], for 

example by inducing apod [52], which is a gene that is induced by doxorubicin in our experiments. 
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In addition to this function of p53 and TAp63 in apoptosis, we also provide evidence that the 

expression of the pro-atrophic ubiquitin ligase Trim63 is controlled by the p53 and TAp63 in the 

skeletal muscle upon treatment with doxorubicin. Both transcription factors bind to the trim63 

promoter and are involved in trim63 mRNA upregulation caused by doxorubicin in C2C12 cells. In 

addition, the deletion of TAP63 in mice impact on the expression of trim63, increasing it. This 

suggests that the compensatory mechanisms induced by the loss of TAp63 end up to favor trim63 

expression upon doxorubicin treatment. For instance, TAp73 could be also part of these 

compensatory mechanisms as we observed its upregulation in TAp63 KO mice (data not shown). 

Interestingly, p53 or TAp63 do not play a role in atrogin-1 expression, neither in vitro or in vivo, 

demonstrating a selective role of these two transcription factors on the ubiquitin ligase that induces 

degradation of the muscle structural protein and not on the one targeting the muscle specific 

transcription factors [39].  

This selective effect on trim63 and not atrogin-1 may also explain why we did not observe significant 

differences in muscle structure and mass between the WT and the TAp63 KO mice upon doxorubicin 

treatment. However, this can also be due to the intervention of p53 or even TAp73. This would be 

consistent with our results and the previous studies showing that p53, p63 and p73 proteins play a 

role in muscle cell proliferation and differentiation [18]. 

 

Role of YAP in muscle atrophy and expression of trim63 

Doxorubicin causes a differential regulation of YAP co-regulated genes. For instance, cyr61, puma 

and ankrd1 are being upregulated, while ctgf, igfbp5 and axl are downregulated. This complex 

regulation can be partly explained by the fact that YAP interact with multiple transcription factors that 

control the expression of these different target genes. For instance, puma and bax are co-regulated 

by YAP and TAp73 [53]. Additional interaction between the p53 family and YAP have been shown 

[54]. For instance, activation of YAP lead to increase TAp63 activity with production of ROS [55]. This 

latter study might explain our results showing that the expression of TAp63 and its target genes aen 

is downregulated by YAP silencing upon doxorubicin treatment in myoblastic cells. Overall, 

additional studies will be necessary to understand the mechanism that regulates the association of 

YAP with its different partners and how it impacts the expression of selected genes. 

This complex regulation might also explain why the role of YAP and the Hippo pathway is still 

controversial in skeletal muscle [56]. For instance, a dominant active form of YAP, that cannot be 
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phosphorylated at serine 127 to be sequestered into the cytoplasm, reduces the expression of MyoG 

during myogenesis. This is consistent with our finding of an increase in YAP nuclear localization upon 

doxorubicin treatment. More interestingly, transgenic mice with such dominant active mutant display 

muscle atrophy with elevated expression of trim63 [57], supporting our findings that upon 

doxorubicin YAP participates into the activation of trim63 transcription. However, overexpression of 

a normal YAP produces the inverse phenotype [58], even if its expression was induced upon 

denervation that causes muscle atrophy. Interestingly, it was also found in this study a decreased in 

phosphorylation at serine 112 of YAP during myoblast maturation. Hence, it appears that the function 

of YAP in muscle plasticity involved its tight regulations by phosphorylation events that will also 

mitigate its association with different transcription factors. 

In conclusion, this study highlights the complexity of the signaling pathways involved in muscle 

atrophy caused by anticancer treatments and point the importance of the p53 family in this process, 

including via the regulation of the pro-atrophic gene trim63. Our results also provide evidence of 

possible interactions between the p53 family and the Hippo pathway via the YAP co-activator during 

muscle atrophy, shaping a complex network linking mechanotransduction events with metabolism 

and cell survival processes.  
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Figure legends 

Figure 1. Gastrocnemius muscle develop a dynamic transcriptomic program in response to the 

cytotoxicity induced by doxorubicin. A. Schematic representation of the protocol followed to analyze 

the transcriptome of gastrocnemius of mice treated with doxorubicin (18mg/Kg, single dose). B. 

Evolution of non-treated and doxorubicin treated mice weight (mg). * indicates p<0.05 (n=9). C-F. 

Pathways (C. E.) and transcription factors-associated genes (D. F.) found increased (C. D.) or 

decreased (E. F.) enriched upon doxorubicine treatment. Deregulated genes were identified by RNA 

sequencing. Graphs display -log 10 FDR and z score for indicated deregulated pathways with adjp < 

0.05. Deregulated pathways were identified using STRING, Reactome, DAVID and Altanalysis 

software. 

 

Figure 2. Doxorubicin induces muscle atrophy markers in muscle tissue. A. Doxorubicin induces 

expression of p53 family target genes (gadd45, nqo1, aen, eda2r, ddit4 and peg3) in gastrocnemius 

muscles. Graph represent fold change with adjp value relative to the control obtained in the RNA 

sequencing experiment. * indicates p < 0.05 respectively (n=3). B. Doxorubicin induces significant 

loss of mice weight in a time-dependent manner. Mice were weighted before doxorubicin injection 

(Ct) or 1 day (D1), 3 days (D3) and 5 days (D5) after doxorubicin injection. C. D. & F. mRNA level of  

trim63 (C) and atrogin1 (D) and tap63 in gastrocnemius muscle (F) 3 days (D3) after treatment with 

doxorubicin. Gastrocnemius muscle were removed, and mRNA were analyzed by qPCR. tbp was 

used as housekeeping gene. Graphs represent means with SD relative to the control. * indicates p < 

0.05 respectively (n=3). E. Doxorubicin induces the expression of p53 protein time-dependently in 

gastrocnemius muscle. Skeletal muscle was removed before doxorubicin injection (Ct) or 1 day (D1), 

3 days (D3) and 5 days (D5) after doxorubicin treatment and protein level was analyzed by western 

blot. Actin was used a house-keeping gene. 

 

Figure 3. TAp63 participates in doxorubicin-induced muscle atrophy. A. Schematic representation of 

the genetic approach used to assess the expression of TAp63 in skeletal muscle. B. Muscle tissues of 

mice treated for 3 days with doxorubicin were labelled for Dapi (blue) and native fluorescence of the 

Tomato protein was observed (red). A nucleus with high expression of Tomato is indicated by a white 

arrow. C. Doxorubicin induces TAp63 promoter activation in skeletal muscle. Immunoreactive nuclei 

(white arrow in B) for Tomato (TAp63 activated promoter) were counted in section of gastrocnemius 

from non-treated (NT) mice or mice treated for 3 days (D3) with doxorubicin. Graphs represent means 

with SD relative to the control, and * indicates p< 0.05 (n=3). D. Doxorubicin induces the 
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upregulation of the pro-atrophic factor trim63 mRNA in gastrocnemius muscle. Gastrocnemius 

muscle of wild-type of KO TAp63 mice were isolated before treatment (Ct) or after 3 days (D3) of 

doxorubicin, were extracted and RT-qPCR were performed on trim63 mRNA (n=3). Graphs represent 

means with SD relative to the control and * indicates p< 0.05. 

 

Figure 4. Doxorubicin induces a correlated upregulation of TAp63 and Trim63 expression in C2C12 

myoblastic cells. A. Doxorubicin induces expression of p53 and p63 target genes (nqo1, noxa, aen, 

bax and cebpd) in myoblastic cell line C2C12. C2C12 cells were cultured in a non-treated (NT) or 1 

day-treated (dox) media and mRNA were analyzed by qPCR. Graphs represent means with SD 

relative to the control. * indicates p < 0.05 respectively (n=3). B. D. & E. Doxorubicin induces an 

important dose and time-dependent induction of skeletal muscle atrophy mediators. C2C12 cells 

were cultured in a non-treated media (ct) or doxorubicin-treated media at 0.4 or 0.6µM during 1 hour, 

6 hours, 18 hours or 24 hours. mRNA levels were analyzed by qPCR for tap63 (B) trim63 (C) and 

atrogin-1 (E).  C. Doxorubicin induces protein level of p53, p63 and Trim63 in C2C12 cells. Proteins 

were extracted from C2C12 cells in control condition (ct) or after doxorubicin treatment with 0.4 or 

0.6µM during 6 hours, 18 hours or 24 hours and p53, p63 and Trim63 protein expression were 

analyzed by Western blot. Actin was used a house-keeping gene. 

 

Figure 5. TAp63 induces trim63 expression in response to doxorubicin. A. Overexpression of p53 

family members potentializes doxorubicin-induced trim63 expression. C2C12 mRNA were extracted 

after no transfection (ct) or p53 family members overexpression p53, TAp63 or ∆Np63 in non-treated 

(Ct) or treated for 1 day with doxorubicin (Dox). trim63 mRNA level was analyzed by qPCR.  Graphs 

represent means with SD relative to the control. * indicates p < 0.05 respectively (n=3). tbp was used 

a house-keeping gene. B-E. Inhibition of p53 family members negatively induce trim63 expression 

in response to doxorubicin. mRNA level of tp53 (B), tap63 (C) and trim63 (D & E) were analyzed after 

extraction from C2C12 cells transfected by siRNA against p53 (sip53) (B.&D.) or TAp63 (siTAp63) 

(C.&E.) or not (ct) before (Ct) or after doxorubicin-treatment (Dox). Graphs represent means with SD 

relative to the control. * indicates p < 0.05 respectively (n=3).  

 

Figure 6. p53 and p63 bind to the trim63 promoter A. Schematic representation of the trim63 

promoter indicating the location of putative p53/p63 binding sites. B. trim63 promoter regions 

(RE1/2 and RE4) obtained after chromatin immunoprecipitation (ChIP) using p53 or p63 antibodies 
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were amplified by qPCR. C2C12 cells cultured in normal (Ct) or doxorubicin-treated (Dox).!Graphs 

represent means with SD relative to the control. * indicates p < 0.05 respectively (n=3).  

!

Figure 7. A. Expression fold change of arrdc2, ankrd1, cyr61, igfbp5, axl, ccnd1, plau and ctgf 

obtained by RNA sequencing in gastrocnemius muscle of mice treated with doxorubicin. Graphs 

represent means with adjp relative to the control. * indicates p < 0.05 respectively (n=3). B. 

Gastrocnemius muscle were removed in control mice (Ct) or after 3 days (D3) or 5 days (D5) of 

doxorubicin treatment in mice, and mRNA of YAP target genes (cyr61 and ctgf) were analyzed by RT-

qPCR. Graphs represent means with SD relative to the control. * indicates p < 0.05 respectively (n=3). 

C. C2C12 cells were cultured in a non-treated (Ct) or doxorubicin-treated media (Dox) for 1 day and 

RNA were extracted for RT-qPCR analysis of puma, cyr61, ctgf, igfbp5, yap and taz expression. Graphs 

represent means with SD relative to the control. * indicates p < 0.05 respectively (n=3). D. YAP and 

pYAP (TAP phosphorylated at serine 127) protein expression and localization was analyzed by 

immunocytofluorescence, stained with specific YAP and phopho-serine 127-YAP antibodies, and 

DAPI, in control (Ct) or after doxorubicin treatment (Dox) of C2C12 cells. E. Expression of trim63, 

cyr61 and ctgf mRNA were analyzed in normal condition (ct) or YAP inhibition with verteporfin (Ver) 

in response to doxorubicin (Dox) or not (Ct). Graphs represent means with SD relative to the control. 

* indicates p < 0.05 respectively (n=3). F. Expression of yap, cyr61, trim63, tap63 and aen were 

analyzed after RNA extraction from C2C12 cells transfected for 48 hours by siRNA against YAP (siYAP) 

or not (ct), and treated with doxorubicin for 24 hours (Dox) or not (Ct). Graphs represent means with 

SD relative to the control. * indicates p < 0.05 respectively (n=3). 
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Supplementary Figure 1: Effect of doxorubicin on TAp63 KO mice. mRNA were prepared from WT and 

TAp63 KO mice non-treated or treated for 3 days with doxorubicin (Dox) at 18mg/Kg. RT-qPCR were 

then performed to measure sirt1 and atrogin-1 expression. Graph represent means and error bars (n=6). 

* indicates p<0.001 as measured by anova and tukey post test. 

Supplementary Figure 2: Effect of doxorubicin on p53. C2C12 cells were non-treated (A) or treated (B) 

with doxorubicin (0.6 µM) for 24h and p53 was detected by immunohistochemistry. Cells were fixed and 

stained with antibody against p53 and DNA was stained with DAPI. 



Suplementary Figure 3: Silencing of p53 and p63 on C2C12 cells. P53 and p63 protein expression 

was detected by Western blot after 48h of transfection with either siRNA control (C-) or siRNA (si) for 

p53 (A) or p63 (B).  
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