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ABSTRACT

Background and aims: Hepatocellular carcinomas (HCCs) are heterogenaggsessive
tumors with low rates of response to treatmentdataced stages. We screened a large panel
of liver cancer cell lines (LCCLS) to identify agerthat might be effective against HCC and

markers of therapeutic response.

Methods: We performed whole-exome RNA and microRNA sequan@nd quantification
of 126 proteins in 34 LCCLs. We screened 31 aniceaagents for their ability to decrease
cell viability. We compared genetic, RNA, and pmt@rofiles of LCCLs with those of

primary HCC samples and searched for markers pbrese.

Results: The protein and RNA signhatures of the LCCLs wemmilar to those of the
proliferation class of HCC, which is the most aggree tumor type. Cell lines with
alterations in genes encoding members of the Ra$#iAignaling pathway and that
required FGF19 signaling via FGFR4 for survival ev@nore sensitive to trametinib than to
FGFR4 inhibitors. Amplification oFGF19 resulted in increased activity of FGF19 only in
tumor cells that kept a gene expression patterhepktocyte differentiation. We identified
single agents and combinations of agents that eztlu@bility of cells with features of the
progenitor subclass of HCC. LCCLs with inactivatimgtations inTSC1 and TSC2 were
sensitive to the mTOR inhibitor rapamycin, and<e@llth inactivating mutation P53 were
sensitive to the AURKA inhibitor alisertib. Ampldation of MET was associated with
hypersensitivity to cabozantinib and the combimatbsorafenib and inhibitors of MEK1 and

MEK2 had a synergistic anti-proliferative effect.

Conclusion: LCCLs can be screened for drugs and agents thahtnfig effective for
treatment of HCC. We identified genetic alteratiamsl gene expression patterns associated
with response to these agents. This informationhiniige used to select patients for clinical

trials.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is an aggressiveignahcy with few therapeutic
options at advanced stages. Since 2008, sorafesltive only systemic therapy approved in
first-line for unresectable HCERecently, four new agents demonstrated signifisantival
advantage in phase 3 clinical trials in first-lilenvatinib¥ and second-line (regorafenib,
cabozantinib and ramucirumdb) and the FDA has granted an accelerated approval to
nivolumab for HCC patients after sorafenib failiidowever, all these compounds provide
only limited benefit in terms of survival (2-3 mts) with low response rates and high inter-
individual variability. These observations could tetated to the high degree of molecular
complexity and diversity of HCC, which usually playcritical role in determining variable
tumor response of patients to treatment. Biologmaftkers are increasingly used in clinical
oncology for diagnosis, prognosis, and therapedgcision-making and have helped to
improve patient outcomes in various cancers. In H@@re are currently no validated

predictive molecular markers available for the nedfgctive systemic treatments.

Human tumor-derived cell lines have been widelyduse models for studying cancer
biology. They are very useful to understand medmasithat drive resistance and sensitivity
to anti-cancer compounds, in particular when acttieissue samples is limited as in HCC for
which non-invasive imaging has replaced biopsydiagnosis. Over the past decade several
large-scale pharmacogenomics studies in cancetimed including NCI-60, CCLE (Cancer
Cell Line Encyclopedia) and GDSC (Genomics of D&ansitivity in Cancer) have proven
their value for biomarker discovery as well as twaver mechanism of drug action and
determine molecular contexts associated with sigetifmor vulnerabilitie$™° Although
these programs have provided a wealth of publicalgilable data for the scientific
community, HCC cell lines were under-representedhiese different datasets. Given the

molecular heterogeneity of HCC, the analysis @frgé panel of cell lines recapitulating HCC



diversity may be more informative and may help tettdr translatein vitro

pharmacogenomics findings into clinical application

The goal of this study was to identify moleculaattees that are predictive of drug
sensitivity in HCC, focusing mainly on candidateugs already approved or in clinical
development and targeting key pathways involvetiapatocarcinogenesis. To this aim, we
used a collection of 34 human liver cancer derigeltllines characterized extensively at the
genomic, transcriptomic and protein level. Our msg was to understand pharmacological
responses in the light of molecular profiles acitheswhole panel of liver cancer cell lines in
order to identify 1) new potential attractive drugsthe treatment of HCC 2) molecular

markers predicting their sensitivity.



MATERIALS AND METHODS

Cell lines

The 34 Liver cancer cell lines (LCCL) were collettdrom public repositories or
collaborations and grown in monolayers in quiteilsinconditions, at 37°C in a humidified
5% CQ incubator (Supplementary Table 1). Cell line idgnivas verified by whole exome
sequencing (WES), BEL7402 and SMMC7721 cell linegrenv excluded because

contaminated by Hela cells as well as SK-HEP-1 hiaatan endothelial origi.

Identification of putative somatic variants and cofy number analysis
Identification of gene mutations and copy numbégrations (CNA) was performed by WES
(Supplementary MaterialJERT promoter and exon 1 &RID1A were screened by Sanger

sequencing because of low coverage in WES, asquslyi described?

Selection of cancer driver genes in primary HCC turors and comparison with LCCL
We selected 72 HCC cancer driver genes from 5 HQGligally available datasets to
compare their alteration frequency between HCCla®@L (Supplementary Table 2A). See

the Supplementary Material for detailed description

Mutational signature analysis
We used théalimpsest R package to extract mutational signatures fromS/d&ta using the

open-source R package on Github: https://github/EanGeST/Palimpsedt.

RNA-sequencing
Total MRNA extraction was performed for the 34 LC@ing RNeasy mini kit (Qiagen) and

quality was checked. jxg of total RNA was used for sequencing (Supplenrgriviaterial).
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Gene fusion prediction and HBV integration

Fusions detected by TopHat2 (--fusion-search -efusnin-dist 2000 --fusion-anchor-length
13 --fusion-ignore-chromosomes chrM) were filtetsthg the TopHatFusion-post algorithm.
We kept only fusions validated by BLAST and withleast 10 split-reads or pairs of reads
spanning the fusion event, and we removed fusidestified at least twice in a cohort of 36
normal liver samples. HBV insertions were screeasddescribed in the Supplementary

Material.

Transcriptome analysis

Consensus clustering was performed with Biocondu@onsensusClusterPlus package.
Principal component analysis using the first 3 congmts was also generated.

The BioconductoDESeg2 package was used to detect differentially expregemes between
the LCCL transcriptomic subgroups. Detailed analyss well as Hoshida's and Boyault’s

prediction subclasses are described in the SupplamyeMaterial.

mMiRNA profiling

Total miRNA extraction from 34 LCCL was performesing TRIzol reagent (Thermo Fisher
Scientific, Carlsbad, CA, USA) according to mantdiaers’ recommendations. miRNA
profiling was performed using 1 pg of total RNA aating to the protocol described in the

Supplementary Material.

Reverse-phase-protein array
126 specific antibodies (Supplementary Table 3)evearalyzed on the 34 LCCL according to

the protocol described in the Supplementary Mdteria
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Single and combination drug screening
We analyzed 31 therapeutic compounds on the whatelpof 34 LCCL (Supplementary
Table 4). Drug screening was performed using theD3®0 digital dispenser (Tecan) to

create dose-response curves as described in tipbefrgntary Material.

Identification of biomarkers related to drug sensitvity
To identify molecular features associated with dmegponse we performed elastic net

regression as described in the Supplementary Nteri

Statistical analysis

Statistical analysis and data visualization wemégomed using both R software version 3.5.1
(R Foundation for Statistical Computing, Vienna,s&ia. https://www.R-project.org) with
Bioconductor packages and PRISM7 software (GraphBeftivare, Inc., La Jolla, CA).
Comparison of a continuous variable in 2 or moantR groups was performed using either
parametric test (t-test or ANOVA) if the variablesvnormally distributed or non-parametric
test (Mann-Whitney or Kruskal-Wallis test). Quadii@ data were compared using the
Fisher's exact test and Chi-squared test to compamary and non-binary categorical
variables, respectively. Correlation analysis betweontinuous variables was performed
using Pearson r correlation when both variableseweormally distributed with the
assumptions of linearity and homoscedasticity cgg®man'’s rank-order correlation. All tests

were two-tailed an®-value < 0.05 was considered as significant.

Tumors
The LICA-FR and TCGA cohorts of HCC patients inchglrespectively 156 and 319 tumors

cases were previously describgd®
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RESULTS

Liver cancer cell lines retain the genomic alteratins identified in HCC tumors

We qualified and analyzed a total of 34 liver canoell lines (LCCL) including 32
derived from HCC and 2 from hepatoblastoma (Hep@®tduh6) (Supplementary Table 1)
that were compared to 821 HCC primary tumors iridgaur HCC cohort (n=235Y,and 2
independent public datasets from Korea (n=2313nd mixed Asian/European origin
(n=355)° Male and female repartition was similar in LCCLdadCC tumors, while LCCL
were enriched in HBV and HCV infections and pasewntre younger (median age 51 versus
60 yearsP<0.0001) compared to HCC (Figure 1).

WES analysis identifieé higher median mutation rate in LCCL comparedht® 821 HCC
primary tumors for both synonymous (median=81 v&&4) and non-synonymous mutations
(median=339 versus 68) (Figure 1, Supplementarureig A and Supplementary Table 5)
that could be partly caused by the lack of avadlanhtched constitutional DNA resulting in
undetectable germline rare variants. Mutationahaigre analysis taking into account the type
of substitution and the trinucleotide context rdedahat most of the mutations identified in
LCCL were related to signature 1 and 5 both assatiaith age (Supplementary Figure 2).
Signature 24, related to aflatoxin B1 exposure, vadestified in PLC/PRF5 showing the
highest number of mutations (n=949) from an Afrigaatient with a typicalTlP53 R249
mutation (Supplementary Figure 2).

In LCCL, we identified mutations in 59 out of 72nca&r driver genes recurrently mutated in
HCC from 5 publically available datasets (Figure Sypplementary Tables 2A-B and
Supplementary Material). Mutational patterns ofsthgjenes were fairly similar in LCCL
compared to HCC primary tumors (Spearman r=0®50.0001) (Figure 1). Also, 16 genes
showed more frequent mutations in LCCL, includingitations in TP53, AXIN1 and

FGF19/CCND1 amplification known to be associated with clinigabggressive HCC

13



classified in the “proliferation clas$®.In contrast CTNNB1 mutations belonging the “non-
proliferation class” were less frequent in LCCL ¥dbcompared with primary tumors (29%).
CNA analysis identified recurrent homozygous deleti of CDKN2A/MTAP andAXIN1, and
focal amplification containingCCND1 and FGF19 in LCCL as in HCC (Supplementary
Figure 1B). As previously described, in primary H8@jor associations between risk factors
and gene mutation were found between alcohol inEk@CTNNB1 and TERT promoter
mutations and HBV infection antP53 mutations. In LCCL, we confirmed the significant
association between HBV infection anid53 mutations (Supplementary Figure 3). In
addition, 300 fusion transcripts were identified RNA sequencing across the 34 LCCL.
Among them, 51 involved cancer driver genes relaaddCC (n=11) or to other cancer types
(n=40) (Supplementary Table 6). We also detect8dcBimeric HBV-human fusion
transcripts in 13 LCCL with recurrent insertions TBERT promoter (3/34), as previously
reported in HCC primary tumors (Supplementary TaBl&?° Overall, our panel of LCCL
shared the most common genetic alterations idedtifn primary tumors recapitulating the

genomic landscape of the most aggressive HCCs.

Transcriptomic identified 3 LCCL subgroups recapitulating the most aggressive

subclasses of HCC

Unsupervised consensus classification of the RNjf\tsecing data enabled to classify
robustly 33/34 LCCL (except JHH1) defining 3 suhgys, CL1-3, further confirmed by
principal component analysis (Figure 2A). CL1 irddd the most differentiated LCCL with
epithelial features and an “hepatoblast-like” appeee, characterized by the expression of
hepatocyte and liver fetal/progenitor markers (FégRB-C and Supplementary Tables 8-9).
CL3 subgroup included less differentiated LCCL withore invasive, proliferative

“mesenchymal-like” profile, expressing higher lewékstem cell markers and EMT/metastasis

14



genes and low levels of hepato-specific genes (EBi@B-C and Supplementary Table 8-9).
CL2 subgroup displayed a mixed “epithelial-mesemncaly pattern between CL1 and CL3
with an intermediate expression of hepato-spegénes and stem cell markers and a mild
enrichment inTSC2 and NFE2L2 mutations (Figure 2B-C, Supplementary Table 8-9,
Supplementary Figure 3). The distribution of theeotHCC driver genes was not different
between the 3 subgroups (Supplementary Figure 4)ngUa centroid-based prediction
method, we showed that LCCL transcriptomic subgsowpre closely similar to the most
aggressive HCC primary tumors subclasses previcesiblished by Boyault (G1-G3) and
Hoshida (S1-S2) corresponding to the “proliferatitmss” (Figure 2Af>*? CL1 was mainly
similar to Boyault's-G1 and Hoshida's-S2 HCC subsks whereas CL2 and CL3 subgroups
corresponded to the Boyault's-G3 and Hoshida'si8iclasses (Figure 2A-B). However, the
“non-proliferative”, most differentiated and lesggaessive HCC class (G4-G6 and S3) was
not represented in our panel of LCCL. LCCL transtoimic profiles showed remarkable

stability compared with those from the external @Ddataset (Supplementary Figure 5A).

miRNome and protein expression are closely assoatat with LCCL transcriptomic

classification

We analyzed miRNA expression profiles by miRNA sawging and the expression of
126 candidate proteins by RPPA in the 34 LCCL. Wesused classification of miRNA and
protein expression profiles were strongly assodiatgth the transcriptomic CL1-CL3
subgroups (Figure 3A-B). Five miRNA showed a sigaint differential expression between
the 3 LCCL transcriptomic subgroups including migsT and two members of the miR-122,
and miR-194 family (Figure 3A and Supplementaryl&di®). Except for miR-1257 showing
the highest expression in CL1 and the lowest espyasn CL2 subgroup, expression of miR-

122-5p, miR-122-3p, miR-194-5p and miR-194-3p wlasaly related to the degree of LCCL

15



differentiation with the highest and lowest level CL1 and CL3 subgroups, respectively
(Figure 3A and Supplementary Table 10). AccordingtyR-122-5p was reported as liver-
specific and represents the most abundant miRN#ature hepatocytés.In the same line,

miR-194-5p was described as a liver epithelial oerker and its downregulation increased

EMT and HCC metastasis in preclinical modéls.

The 126 proteins analyzed by RPPA included 82 tptateins and 44 phospho-proteins
involved in various signaling pathways (SupplemgntBable 3 and Supplementary Table
11). Messenger RNA and their corresponding propressions were closely related
together (Spearman’s r=0.25 versus random prot&ia pairs r=0.002f<0.0001, Mann-
Whitney test), comparable to previous studies enotusamples (mean Spearman’s r2%).3
(Supplementary Figure 6 and Supplementary Table. 1¥¢ identified 19 proteins
significantly differentially expressed between LC@anscriptomic subgroups (Figure 3B and
Supplementary Figure 7). Protein expression pfileflected the differentiation state of
LCCL with proteins expressed in mature hepatocfad®H1AL, E-cadherin, p190A, RSK2,
HER3, FGFR4) that were dramatically downregulate@L3 subgroup and expression of the
hepatic progenitor marker cytokeratin 19 that wighér in CL1 and CL2 subgroups (Figure
3B). Protein expression identified a more pronodreetivation of the TGFR (TGFR3-I-Ill and
phospho-SMADZ2/3) and the non-canonical 3-catenthvpays (phosphoSer675) in CL2 and

CL3 subgroups (Figure 3B).

We also identified two major networks of proteinregulation in the whole panel of LCCL
with proteins involved in DNA repair, cell cyclepaptosis and in the PISBK/AKT/mTOR
pathway (Figure 3C). Finally, investigating relaiship between protein expression and the
mutational status of the HCC driver genes mutatedLCCL yielded 268 significant
associations (Supplementary Table 13). As expectgdin D1 was overexpressed in LCCL

harboring co-amplification o€ECND1 andFGF19. AXIN1 protein was overexpressed in the
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CTNNB1 mutated LCCL. In addition, consistent with themactivation, mutations in the
tumor suppressor genes (TSTHC2 andAXIN1 were associated with the downregulation of
the corresponding proteins, we also found a knowso@ation between inactivating

mutations oKEAP1 and overexpression of NQO1 protein (Figure 4D).

Drug screening and molecular features associated thidrug sensitivity

In our panel of 34 LCCL we screened 31 drugs inalgicompounds approved or in
clinical development in HCC or other cancers andgating key pathways of liver
tumorigenesis (Figure 4A and Supplementary Tabéad 14). We also analyzed four drug
combinations with sorafenib including the AKT intidy MK-2206, the HDAC inhibitor
resminostat and the two MEK1/2 inhibitors tramdtiand refametinib.

We showed that the most potent drugs were thodetdinget general processes, such as
proteasome, mitosis or protein folding (Figure 4&)f note inhibitors targeting both
PISK/mTOR or mTOR alone were among the 7 most @ffeaddrugs with a median AUC
close to doxorubicin, a chemotherapeutic agent usedireat HCC by transarterial
chemoembolization (Figure 4A). Surprisingly, sordlfie lenvatinib, cabozantinib and
regorafenib that are multikinase inhibitors usedinst or second line systemic treatment of
HCC, showed mild efficiency and were ranked at #6, 25" 31" and 34 position,
respectively (Figure 4A). Remarkably, the MEK1/aibitor trametinib showed the highest
variable responses within the 34 LCCL. The comhamabf sorafenib either with the AKT
inhibitor MK-2206 or the anti-HDAC resminostat praéd an additive effect in inhibiting
cell viability, as indicated by a median combinatiodex (Cl) of 1.1 and 1.2, respectively
(Figure 4D and Supplementary Table 14). Strikinglgrafenib showed synergistic effect
when combined with MEK1/2 inhibitors in around 60% of the cell lines (Figure 4D), that
was more pronouced with trametinib (Figure 4A). @lle there was a good correlation

between AUC and GI50 values (Supplementary Figyran8l, our drug sensitivity profiles
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were well correlated with those from the externddS& LCCL dataset (Supplementary
Figure 5B).

Unsupervised hierarchical clustering of drug resgsnon the whole series of 34 LCCL
showed common sensitivity profiles for drugs wittmigar mechanism of action and identified
two main subgroups of LCCL associated with tramgomic subgroupsR<0.009) (Figure
4B). Accordingly, the global drug response rate Wwegher in the most differentiated CL1
subgroup, compared with CL2 and CL3 subgroupslese less differentiated and resistant
to most of the analyzed compounds (Figure 4C). @€ ncabozantinib, targeting multiple
kinases including c-MET showed a pharmacologicafiler close to the two selective MET
inhibitors (PHA-665752 Spearman’s r=0.38;0.02 and JNJ-38877605 Spearman’s r=0.39,

P=0.02) (Figure 4B).

We identified 8 drugs and 3 combinations showirffetent sensitivity pattern according to
the transcriptomic subgroups (Figure 4D). Amongnthé drugs including cabozantinib
(multi-kinase inhibitor), linsitinib (anti-IGF1R)alvespimycin (anti-HSP90), JNJ-38877605
(anti-MET), nutlin 3 (anti-MDM2) and the combinaticorafenib-MK2206, showed a higher
sensitivity specifically in the CL1 subgroup. Oftepfor the combination sorafenib-MK2206
(anti-AKT) the median Cl was 0.9 in CL1 compared1t@ for CL2 and CL3 subgroups
indicating a synergistic effect of the combination at least half of the CL1 cell lines
(Supplementary Table 14). Refametinib (anti-MEK) aanespimycin (anti-HSP90) were
more efficient in CL1 compared with CL3 subgroupile trametinib (anti-MEK1/2) showed
higher efficiency both in CL1 and CL2 subgroups.nbination of sorafenib either with
trametinib or refametinib was more potent both ihl1Cand CL2 subgroups. We also
identified 312 drug-protein predictive pairs (FigutE and Supplementary Table 15). Among
them, we validated the association between the &xginession level of NQO1 and the high

sensitivity to the two HSP90 inhibitors, alvespirimyand tanespimycift’®?® Expression of
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cytokeratin 19 was strongly associated with higtamsitivity to dasatinib (src-inhibitor), in
agreement with the higher dasatinib vulnerabilityai “progenitor-like” subtype of LCCE.

In our study, cytokeratin 19 expression was also@ated with higher response to trametinib
(anti-MEK1/2) and navitoclax (anti Bcl-2, Bcl-XLpd Bcl-w).

We also identified 143 significant associations wastn genetic alterations and drug
sensitivity (Supplementary Tables 16 and 17) amaevigch, TSCL/TSC2 inactivating
mutations were linked with a higher sensitivitythe@ mTOR inhibitor rapamycin (Figure 4F).
In addition, we confirmed in our large panel of LICGhe hypersensitivity to the AURKA
inhibitor Alisertib in theTP53-mutated cell lines (Figure 4&J.Interestingly, the onlWET-
amplified cell line (MHCC97H, Figure 4D) was highdgnsitivity to the two selective MET
inhibitors (PHA-665752 and JNJ-38877605) as well cabozantinib (Figure 4D and
Supplementary Table 14).

In order to explore among all the molecular feaygenomic alterations, miRNA and mRNA
expression), those that were the most associatidddnig response, we used elastic net (EN)
regression. This analysis yielded a huge numberaécular markers linked to drug response
with a median of 95 associated features per drug: (@ max: 139), when using an EN score
>0.7 (Supplementary Figure 9 and Supplementary Tdl@el9) and uncovered strong
associations in particular, between sensitivity the MEK1/2 inhibitors trametinib and
refametinib and expression BISD17B7 (see next paragraph). We could not identify strong
predictors for lenvatinib and regorafenib becauistheir poorin vitro efficiency. However,
elastic net analysis identified high mRNA levelRRMTS5 andGPSL as the best predictors of
sorafenib sensitivity andSTEAP2 and STEAP1 expression as strong predictors of
cabozantinib sensitivity. In contrast, resistanee the two drugs was predicted by
overexpression olUBE2H and SLC25A29 for sorafenib andNBAS and LAPTMA4 for

cabozantinib (Supplementary Table 19). Among thiéemhint features analyzed, mRNA
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expression showed the best predictive value, whi&RNA expression and genomic
alterations were poorly predictive of drug resporeseen when adjusting on the number of

tested features (Supplementary Figure 9 and Sugpitary Table 18).

Sensitivity to the MEK inhibitor trametinib is related to RAS-MAPK genomic

alterations and cell differentiation

We focused our analysis on the MEK inhibitor trambét that showed a bimodal
sensitivity pattern, with a group of highly sensgtiand a group of resistant LCCL (Figure
5A). We identified oncogenic alterations known tivaate the RAS-MAPK pathway in half
of the LCCL (Figure 5A). All these genomic alteceits were mutually exclusive, they
affected 4 oncogene$GF19 and MET amplifications,NRAS Q61L mutation andERBB4
fusion), and 2 TSGRPS6KA3 andNF1) (Figure 5A-B and Supplementary Figure 10). We
identified an enrichment of the RAS-MAPK pathwayngmic alterations in the most
sensitive LCCL to trametinib (10/14; 71%) compatedhose that were resistant (7/20; 35%)
while it did not reach statistical significanc®=0.08, Fisher's exact test) (Figure 5A).
Intriguingly, among the 1EGF19-amplified cell lines, nearly half of them (5/11kwe not
sensitive to trametinib and they showed highly afale levels of FGF19 mRNA not
explained byFGF19 copy number (Figure 5A and Supplementary Figur®)1&trikingly,
expression ofFGF19 in LCCL was both dependent on gene amplificationd @n the
transcriptomic subgroup with the highest expressiothe most differentiated CL1 subgroup
and the lowest expression in the poorly differdaetiaCL3 subgroup both in amplified and
non-amplified LCCL (Figure 5A). In contrasECND1 that was invariably co-amplified with
FGF19, was overexpressed in all the amplified LCCL whatethe transcriptomic subgroup
(Supplementary Figure 10A). Moreover, the 3 othey komponents of the FGF19/FGFR4

pathway including FXR (encoded WyYR1H4) known to transactivaté-GF19 were co-
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regulated together withrGF19 in LCCL (Figure 5C) Accordingly, within the FGF19-

amplified cell lines, we identified a strong coatbn between trametinib sensitivity and
FGF19 mRNA level (Figure 5D). A similar association wasserved with the two FGFR4
inhibitors BLU-9931 and H3B-6527, which reinfordeetlink between trametinib sensitivity,
FGF19 amplification and expression (Figure 5D). Altogaththese results revealed that
FGF19 amplification solely is not sufficient to predisensitivity to both trametinib and
FGFR4 inhibitors but the expression of a full pailgjwmodulated by the context of

differentiation is required.

Then, we searched for robust predictors of trarietresponse among all the molecular
features analyzed using elastic net regression.idéetified 5 genesHSD17B7, RORC,
MRPS14, SERINC2, LAD1) with a high mRNA expression associated with higher ttamie
sensitivity, named “trametinib 5 gene-score” todiceaccurately the response (Figure 5E and
Supplementary Table 19). We validated these resultdshe GDSC external dataset
(Supplementary Figure 11y primary HCC, both in TCGA (n=319) and LICA-FR=156)
datasets, the G3 and S1 transcriptomic subclagspesssed the lowest level of the signature
(Figure 6A and Supplementary Figure 12). In tumawg also showed that the mean
expression of the FGF19/FGFR4 pathway varied agogrth the transcriptomic subclasses
of HCC in the two datasets with the highest expoess the G1 and S2 subclasses and the
lowest expression in the G3 and S1 subclassesestitegly, expression of the “trametinib 5
gene-score” signature was highly correlated with tirean expression of the FGF19/FGFR4
pathway in both datasets (Spearman’s r=B<4).0001 for TCGA cohort, Spearman’s r=0.33,
P<0.0001 for LICA-FR cohort) (Figure 6A and Suppleneey Figure 12).

In HCC primary tumors, 24 focal amplifications det11q13.3 region were identified in the
TCGA series, including 21 cases with b#t®BF19 and CCND1 amplification and 3 cases

with CCND1 amplification alone (Figure 6B). As observed in QIC FGF19 mRNA
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expression in tumors was related to both the gemplification and the transcriptomic
subclass, with nd~GF19 overexpression when amplifications occurred in 8% and S1

subclasses, showing lower expressiomNBiH4 (Figure 6A-B). By contrast, as in cell lines,
CCND1 was invariably overexpressed in the amplified ttsnwhatever the transcriptomic
subclass suggesting that only FGF19 expressionsemasitive to the differentiation context.
Overall, G1/S2 subclasses of HCC may be the beslidate for a trametinib or anti-FGFR4

therapy while G3/S1 subclasses are unlikely toaedp
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DISCUSSION

In the present study, we showed that our panelGEL recapitulates the diversity of
the most aggressive “proliferation class” of HCChbat the genomic and transcriptomic
levels and this is a unique tool to translate mdeaustanding of liver cancer development into
therapeutics (summarized in Figure 7).

By combining genomic, transcriptomic and proteiofge analysis in our panel of 34 LCCL,
we identified strong similarities with the estabksl HCC molecular subclasses, suggesting
that LCCL are representative models of primary ttsnoNe identified three robust
transcriptomic subgroups of LCCL driven by the eliéintiation state and sharing features
similar to those described in HCC tumors. The Ché&gatoblast-like” subgroup of cell lines
expresses hepato-specific genes and fetal/progemtarkers, it corresponds to the
“progenitor subclass” of HC& CL2 “mixed epithelial-mesenchymal” and CL3
“mesenchymal-like” subgroups were less differeptiatvith an activation of the TGFR and
non-canonical R-catenin pathways, they were moreilasi to the “Wnt-TGFR* and
Boyault's G3 subclasses of HE'QFigure 7). The high expression of EMT-metastgsises

is another feature of the CL2 and CL3 subgroupsQ€L that may result from the aberrant
activation of the TGFR pathw&y.However, consistent with the underrepresentatibn o
CTNNB1 mutations in LCCL, the less aggressive “non-peoétion class” of HCC was not
represented in our panel of LCCL and of note evasé cell lines mutated f@TNNB1 did

not properly reflect th€ TNNB1 mutated subclass of primary HCC as they wereladisdied

in the proliferation class and show&B53 mutations, representing only a small and atypical
fraction of primary HCC mutated folCTNNB1 (Supplementary Figure 13). These
observations may be explained by the selectioh@htost aggressive phenotypes during cell
line establishment that favors cells with the lmstvival capabilities. Additional LCCL are

needed to represent the “non-proliferation classhich should be feasible with the
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development of new cell culture techniques sudhase using Rho-kinases inhibitors.

Our findings provided novel insights regarding tleeucial interplay between the
differentiation context, the genetic alterationgd atrug response in HCC (summarized in
Figure 7). Strikingly, the global drug responseeramong LCCL was related to the
transcriptomic subgroup and the cell differentiatstate with the most differentiated CL1
subgroup showing the highest drug sensitivity.

Cell differentiation also interferes with specifignaling pathways$=GF19 amplification is a
very appealing therapeutic target with the develepinof selective inhibitors of its receptor,
FGFR4%°3 However, FGF19 amplifications were not always associated with its
overexpression both in LCCL and HCC tumors. We sdtbwhat only LCCL expressing a
hepatocyte differentiation program with conservegression of the FXR transcription factor
and of the receptor complex, including FGFR4 andBKlere sensitive to the FGFR4
inhibitors, which extends other previous findifgs? Remarkably, this group of LCCL was
also highly sensitive to inhibition of MEK1/2, afffextor downstream FGF19/FGFR4, with
trametinib, which is already approved BRAF-mutated melanom%.In LCCL, trametinib
has demonstrated higher potency than the anti-FGHR#9931 thereby representing a new
attractive drug for targeting HCC addicted to th@FE9/FGFR4 pathway. Accumulating
evidence indicate that the differentiation cont@kays a determinant role in treatment
response, in particular it was shown that a therapgeting a specific mutation will not
necessarily have the same efficacy in tumors shatiie same mutation but arising in
different tissue type¥. In this line, a recent report demonstrated thategexpression and the
tissue of origin predicted much better drug sewigjtin pan-cancer cell line analysis than
genetic alteration® Here, we showed that this concept could be alsemgdized to tumors
from the same organ. Interestingly, trametinib lisoaefficient in LCCL harboring other

alterations in the RAS-MAPK pathway suchRRS5KAS3 inactivation otMET amplification.
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However,MET amplifications, even if they are rare events, e efficiently targeted by
specific MET inhibitors including cabozantinib atitese findings could be translated in the
clinics as we confirmed recently MET oncogenic atldnh in a patient with an advanced
HCC amplified for MET, who achieved a complete tumiesponse after treatment by
teponinib, a specific Met inhibitdf. Our study has also highlighted a synergistic eftsc
sorafenib in combination with MEK1/2 inhibitors witigher sensitivity in the CL1 and CL2
subgroups of LCCL, in lines with recent studiesH&C preclinical models and in HCC
patients®’%®

Our screening also identified potential new attvactrugs alreadwapprovedn the clinics in
specific molecular contexts. Our results showegbarses in LCCL harboring inactivating
mutations InNTSC1 or TSC2 treated by an mTOR inhibitor, suggesting that 7&e of HCC
demonstrating the same alterations could benefih frapamycin or alternative inhibitors, in
line with previous reports (Figure ¥%3***Dasatinib also showed enhanced efficiency in
LCCL expressing high levels of cytokeratin Z9\e recently reported a specific enrichment
of immunohistochemical expression of CK19 in theogenitor subclass” of HCC which may
represent a good candidate for dasatinib thetapylditionally, we identified other potential
drugs that may specifically target the “progenismibclass” of HCC such as linsitinib, an
inhibitor of IGF1R, or sorafenib in combination tvithe anti-AKT MK-2204. Indeed,
linsitinib hypersensitivity in the CL1 subgroup b€CL, that recapitulates the “progenitor
subclass” of HCC, is consistent with the strongrexpression of IGF2. Accordingly, a recent
work in transgenic mice demonstrated the pro-ongieg®le of IGF2 in the liver and showed
that blocking IGF2 by an antibody efficiently impad growth of liver tumor cells
overexpressing IGF2n vitro andin vivo.*? In the present work, we also enlighten the specifi
vulnerability of TP53-mutated LCCL to the AURKA inhibitor alisertib catvorating a recent

study in mice€® Thus, alisertib may represent a new therapeutioxpnity for P53 mutated
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HCC patients, agP53 is the most frequently mutated TSG in HCC andjl urdw, was
considered to be undruggable. The lack of biomadkien clinical trials may partly explain
why some drugs that appear to be effectiveitro such as rapamycin, tivantinib or dasatinib
failed in patients. Unexpectedly, gold standardrapees for advanced HCC including
sorafenib, lenvatinib, cabozantinib and regorafesiowed poor efficiency in LCCL
suggesting that they have only limited anti-probtese effect on liver tumor cells but more
likely target tumor microenvironment. Accordingll] the effective drugs in HCC share an
anti-angiogenic activity that could not be exploraeditro and represents a limitation in the

use of cellular models.

In conclusion, our work showed that LCCL representvaluable and powerful
resource for drug-biomarker discovery that may beful to guide future clinical trials.
Moreover, this study provides a comprehensive nubdecharacterization of the most widely

used LCCL that are freely accessible on our webisitp://Iccl.zucmanlab.com
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FIGURES LEGENDS

Figure 1. Mutational landscape of driver genes in 8 LCCL compared with HCC
primary tumors. Top panel shows total (putative somatic) mutatate for each cell line.
The heatmap represents mutations and CNA of thélG€-associated genes mutated in
LCCL. On the left, histograms showing comparisongehe alteration frequency between
LCCL and HCC (Fisher's exact tesk-value: * <0.05; ** <0.001; *** <0.0001 and
Spearman’s correlation). In the bottom, pie chand histograms comparing the distribution
of viral infection, gender (Fisher’s exact testflage (Mann-Whitney test) between HCC and

LCCL.

Figure 2. Transcriptomic analysis of 34 LCCL.A) Consensus clustering and principal
component analysis (PCA) of LCCL mRNA expressioafipgs for the optimal number of
clusters at k=3 and association with Hoshida’s Bagault's HCC transcriptomic subclasses
(Chi-square testB) Gene set enrichment analysis (GSEA) showing the ritain categories
of gene sets enriched in each group of LCCL (FDB¥0Onormalized enrichment score
(ES)>4 (red bars) in at least one LCCL group) (sés® Supplementary Table 8 )
Expression pattern of genes related to liver daifiiation, EMT-metastasis and proliferation
differentially expressed between the 3 subgroupsLOCL (ANOVA test) (see also

Supplementary Table 9). Horizontal line represémtsmedian.

Figure 3. miRNA and protein profiles analysis in 34LCCL. A) Left panel, consensus
clustering of LCCL miRNA expression profiles (at®=and association with transcriptomic
subgroups (Chi-square test). Right panel, numbeniBNA differentially expressed between
each transcriptomic subgroup of LCCL, median exgogs(horizontal line) per subgroup is

shown for the 5 differentially expressed miRNAswestn the 3 LCCL subgroups and
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expression per LCCL is represented on the heatise® §lso Supplementary Table 1B).
Left panel, hierarchical clustering of LCCL proteiprofiles and association with
transcriptomic subgroups (Chi-square test). Righheab boxplots of the 19 proteins
differentially expressed between LCCL transcriptorsubgroups (Mann-Whitney test) (see
also Supplementary Table 11 and Supplementary &i§urC) Protein interaction network
showing the most significant positive (red linesyl amnegative (blue dashed lines) correlations
between protein pairs across LCQL). Volcano plot comparing protein expression accaydin
to the mutational status of HCC driver genes. Blnel red points represent protein-gene
mutation interaction, and indicate proteins undpressed and overexpressed in LCCL when
the gene (in italics) is mutated, respectively. yOnkeractions with @&-value <0.01 and a

Log, ratio>1 are shown (see also Supplementary Table 13

Figure 4. Drug responses and associated moleculaatures in 34 LCCL.A) Top panel,
pathways and biological processes targeted by #melpof tested drugs. Below, boxplots
showing for each drug the distribution of sensiyiwalues across LCCL. + indicates the
mean. Bold: drugs approved in HC®) Hierarchical clustering showing patterns of
sensitivity to 31 drugs and 4 combinations in LC&hd association with transcriptomic
subgroups (Chi-square test). AUC values in rowsevaentered and scaled (z-score). At the
bottom, boxplots comparing Spearman’s rank colimatoefficients (left) andP-values
(right) between AUC of drug pairs with identical different molecular target<C) Violin
plots representing the distribution of AUC values the whole panel of drugs according to
LCCL transcriptomic subgroup. Tin black line: SDiadk dot: medianD) Left panel,
boxplots for the 11 drugs/combinations with diff@resensitivity profiles between LCCL
transcriptomic subgroups (Red dot: MHCCOMET-amplified cell line). Right panel, the

Combination Index distribution is shown for the fodrug combinations (see also
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Supplementary Table 14F) Volcano plot of Spearman’s correlations and sigarifce
between drug sensitivity (AUC) and protein expressiBlue and Red dots indicate
respectively the most significant negative and tpaesicorrelations R-value<0.05, and
Spearman’s r>0.5) (see also Supplementary Table A)5Sensitivity to rapamycin and
alisertib and mutational status BBCL/TSC2 andTP53 genes (see also Supplementary Table
16).

Statistical difference between groups was deterthinpea Mann-Whitney test in panels B, C,

D and F.

Figure 5. Alteration of the RAS-MAPK pathway and trametinib sensitivity in 34 LCCL.

A) Trametinib sensitivity, genomic alterations of fRAS-MAPK and their consequence on
MRNA and protein expression in LCCL (see also Sempehtary Figure 6). Difference in
FGF19 mRNA according to the gene amplification statud #re transcriptomic subgroups
was assessed by a two-way ANOMR). Schematic representation of oncogenic alteratodns
the RAS-MAPK pathway identified in LCCL and drugsadyzed in the present study (H3B-
6527 was evaluated in another stfJlyC) mRNA expression of the key components of the
FGF19/FGFR4 pathway, difference between groupsasasssed using an ANOVA test and
correlations between each component of the pathwagp Pearson’s tesD) Correlation
between sensitivity of drugs targeting MEK1/2 orFR3l andFGF19 mRNA expression in
FGF19 amplified LCCL (Spearman’s testr) Volcano plot and heatmap showing the 10-top
MRNA predictive of trametinib response identifigdEN regression (see also Supplementary
Table 19). On the right below, correlation betweesmmetinib response and the mean
expression of the 5 mRNA (green) overexpressedemsisve LCCL (“trametinib 5-gene
score”) (Spearman’s test).

Variance stabilized values were used for mRNA |exelept foMET andERBBA4.
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Figure 6. Transcriptional expression of the “trametnib 5-gene score” and the key
components of the FGF19/FGFR4 pathway in HCC accordg to the transcriptomic
classifications A) Boxplots showing expression of the “trametinib érng score” and the
mean MRNA level of the FGF19/FGFR4 pathway accgrdm Boyault's and Hoshida’s
transcriptomic classifications; below, mean expoesdevel +/- SD is shown for each
component of the FGF19/FGFR4 pathway. The colotesbalow each boxplot indicates
MRNA level per sample (Red: high expression, Blioev expression), ranked in each
transcriptomic subclass by the “trametinib 5-get@e’. Differences between transcriptomic
subclasses were assessed using ANOVA. Variancdiztdbvalues were used for mRNA
level. B) On the top: schematic representation of the 1Byi@nomic region containing
CCND1 andFGF19. At the bottom, Tukey boxplots showing mRNA expgies of CCND1

andFGF19 according to their amplification status and HC&hscriptomic subclass.

Figure 7. Summary of HCC molecular classes previolys established and their
corresponding LCCL subgroups with the main drug/bianarker pairs associations
identified in the present study. HCC molecular classes and associated features were

extracted from previous reports!' Ampl: amplification; mut: mutation
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Consensus clustering of 34 LCCL (2000 mRNA)
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Figure 3

A Consensus clustering of 34 LCCL (250 miRNA)
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Figure 7
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