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Background & Aims: Recurrent somatic mutations of RPS6KA3 gene encoding for the
serine/threonine kinase RSK2 were identified in hepatocellular carcinomas (HCC)
suggesting its tumor suppressive function. Our goal was to demonstrate the tumor
suppressor role of RSK2 in the liver and investigate the functional consequences of its
inactivation.

Methods: We analyzed a series of 1151 human HCCs for RSK2 mutations and 20
other driver genetic alterations. We then modeled RSK2 inactivation in mice in various
mutational contexts recapitulating or not those naturally found in human HCC, using
transgenic mice and liver-specific carcinogens. These models were monitored for liver
tumor appearance and subjected to phenotypic and transcriptomic analyzes.
Functional consequences of RSK2 rescue were also investigated in a human RSK2
deficient HCC cell line.

Results: RSK2 inactivating mutations are specific of human HCC and frequently co-
occur with AXIN1 inactivating or B-catenin activating mutations. Modeling of these co-
occurrences in mice showed cooperative effect in promoting liver tumors with
transcriptomic profiles recapitulating those of human HCCs. By contrast, there was no
cooperation in liver tumor induction between RSK2 loss and BRAF activating mutations
chemically induced by diethylnitrosamine. In human liver cancer cells, we also showed
that RSK2 inactivation confers some dependency to the activation of the RAS/MAPK
signaling that can be targeted by MEK inhibitors.

Conclusions: Our study newly demonstrated the tumor suppressor role of RSK2 and
its specific synergistic effect in hepatocarcinogenesis when its loss of function is
specifically combined with AXIN1 inactivation or 3-catenin activation. Furthermore, we
identified the RAS/MAPK pathway as a potential therapeutic target for RSK2-
inactivated liver tumors.
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Reverse primer (2)

RPS6KA3 GTGCAGGACCAGATGGAGTT Invitrogen
Forward primer (3)
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RPS6KA3 AGCAGCATCATAGCCTTGTCT Invitrogen
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primer

15 Biological samples
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PMID: 25822088 ; PMID:
29101368 ; PMID:
30531861 ; PMID:
31862487 ; PMID:
31206197
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PMID: 28622513

KOREAN HCC dataset

PMID: 24798001

LIRI-JP HCC dataset

PMID: 27064257
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repository

European PRJEB59874 https://www.ebi.ac.uk/ena/browser/view/PRIEB59874
Nucleotide

Archive (ENA)
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GraphPad Prism GraphPad Software 9

R software R Foundation for Statistical | 3.5.1
Computing https://www.R-
project.org

ImageLab software Bio-Rad 5.2.1

Sequencher software

Gene codes corporation

SDS software

Applied Biosystems

Fluidigm Real-Time PCR
Analysis software

Fluidigm 4.1.3
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Abstract

Background & Aims: Recurrent somatic mutations of RPS6KA3 gene encoding for the
serine/threonine kinase RSK2 were identified in hepatocellular carcinomas (HCC) suggesting
its tumor suppressive function. Our goal was to demonstrate the tumor suppressor role of
RSK2 in the liver and investigate the functional consequences of its inactivation.

Methods: We analyzed a series of 1151 human HCCs for RSK2 mutations and 20 other driver
genetic alterations. We then modeled RSK2 inactivation in mice in various mutational contexts
recapitulating or not those naturally found in human HCC, using transgenic mice and liver-
specific carcinogens. These models were monitored for liver tumor appearance and subjected
to phenotypic and transcriptomic analyzes. Functional consequences of RSK2 rescue were
also investigated in a human RSK2 deficient HCC cell line.

Results: RSK2 inactivating mutations are specific of human HCC and frequently co-occur with
AXIN1 inactivating or 3-catenin activating mutations. Modeling of these co-occurrences in mice
showed cooperative effect in promoting liver tumors with transcriptomic profiles recapitulating
those of human HCCs. By contrast, there was no cooperation in liver tumor induction between
RSK2 loss and BRAF activating mutations chemically induced by diethylnitrosamine. In human
liver cancer cells, we also showed that RSK2 inactivation confers some dependency to the
activation of the RAS/MAPK signaling that can be targeted by MEK inhibitors.

Conclusions: Our study newly demonstrated the tumor suppressor role of RSK2 and its
specific synergistic effect in hepatocarcinogenesis when its loss of function is specifically
combined with AXIN1 inactivation or R-catenin activation. Furthermore, we identified the
RAS/MAPK pathway as a potential therapeutic target for RSK2-inactivated liver tumors.

Impact and implications

This study demonstrated the tumor suppressor role of RSK2 in the liver and showed that its
inactivation specifically synergizes with AXIN1 inactivation or 3-catenin activation to promote
the development of HCC with similar transcriptomic profiles as found in humans. Furthermore,
this study highlights that activation of the RAS/MAPK pathway is one of the key signaling
pathways mediating the oncogenic effect of RSK2 inactivation that can be targeted with
already available anti-MEK therapies.

Keywords: hepatocellular carcinoma, RSK2, AXIN1, R-catenin, mouse models, RAS/MAPK
signaling

Electronic word count (with references): 7688

Number of Figures and Tables: 5 Figures
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common type of liver cancer in adults and
rank fourth in cancer mortality worldwide [1]. Despite recent therapeutic progress, the
prognosis of HCC patients remains poor, partly due to a lack of understanding of the oncogenic
processes. Over the past decade, large-scale genomic studies in a wide variety of tumors have
substantially improved the discovery of new cancer driver genes in HCCs and identified
RPS6KA3 as the most frequently mutated gene in the RAS/MAPK pathway [2,3]. More
recently, recurrent RPS6KA3 genetic alterations were also found in pediatric liver cancers [4—
6].

RPS6KA3 is located on the X chromosome and codes for the serine/threonine kinase RSK2.
Germline mutations resulting in loss of function of RSK2 have been previously associated with
Coffin-Lowry syndrome (CLS), a rare genetic X-linked disorder characterized by cognitive
impairment and skeletal abnormalities [7]. Somatic mutations identified in liver tumors also
inactivate RSK2 activity suggesting its tumor suppressor function. RSK2 is activated
downstream of the RAS/MAPK pathway by ERK1/2 and is able to phosphorylate many
cytosolic and nuclear substrates, thus regulating many cellular functions, including
proliferation, differentiation, cell death and survival [8]. However, the role of RSK2 inactivation
in liver oncogenesis is still unclear and so far, most of the studies have rather suggested its
oncogenic role in human tumors [9-11]. RSK2 is not only a downstream effector of the
RAS/MAPK signaling but it also acts as a negative regulator of the pathway through inhibition
of the SOS protein [12,13]. Several studies have reported a hyper-activation of the RAS/MAPK
pathway following RSK2 inactivation [14-17] and a recent report has suggested that this
activation could contribute to its oncogenic activity by supporting cholesterol biosynthesis in
HCC [13]. However, the tumor suppressor function of RSK2 has not yet been demonstrated in
vivo and further investigations are needed to better understand how its loss promotes
hepatocarcinogenesis.

Here, we combined genomic analyzes of large sets of human HCCs with various experimental
models where RSK2 was either inactivated in mice in different genetic contexts, recapitulating
or not the natural mutational contexts found in human HCCs, or restored in a human RSK2
deficient HCC cell line.

Thus, we newly demonstrated the tumor suppressor role of RSK2 and its specific cooperative
effect in liver carcinogenesis when combined with AXIN1 inactivation or [3-catenin activation,
two other well-known HCC driver alterations. We also identified some dependency of RSK2
deficient HCC cells to the RAS/MAPK signaling pathway which can be therapeutically targeted
by MEKZ1/2 inhibitors.
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MATERIALS AND METHODS

Molecular and clinical analyses of human tumor samples

The global human HCC series includes 1151 samples from four different publicly available and
previously described NGS datasets. Tumors other than HCC include 9542 samples from 34
different cancer types and are all part of the TCGA project available on cBioPortal.

Gene alteration and clinical data were extracted from cBioPortal or from original publications.
Co-occurrence or mutual exclusivity between pairs of mutated genes in HCC was analyzed
using the OncoPrinter cBioPortal tool.

RPS6KA3/RSK2 mRNA and protein expression were assessed in HCC by gRT-PCR and
reverse-phase protein array (RPPA), respectively. Sanger sequencing of RPS6KA3 was
performed on cDNA for female samples to show that mutations occur on the transcribed/active
X chromosome.

Survival analysis was performed in patients treated with liver resection using the Kaplan-Meier
method.

Mouse models and immuno-histo-pathological analyses

Mice were housed in a specific pathogen-free facility and experiments were performed in
accordance with French government regulations. All mice were males on an almost pure
C57BL/6J background. Mice with constitutive and ubiquitous RSK2 inactivation (referred as
Rsk2” genotype) were generated by Dr. André Hanauer [18] and AhCre floxed Axinl mice
(referred as Axin1""/AhCre genotype) were generated by Pr. Trevor Dale [19]. A third murine
line was obtained by crossing the two transgenic models listed above to test for the cooperation
between RSK2 and AXINL1 loss in liver tumor development.

AXIN1 was disrupted using a transcriptionally inducible Cre recombinase under the control of
the Cyplal promoter (referred as AhCre) preferentially expressed in the liver, following
intraperitoneal injections of R-naphthoflavone.

For chemically induced mouse models of liver cancer, Rsk2®™ or wild-type mice were
administered with single intraperitoneal injection of DEN (90 mg/kg), according to three
different protocols: 1) at 6 weeks of age, followed by continuous oral administration of 0.05%
phenobarbital (PB) in the drinking water or 2) at 2 weeks of age 3) at 6 weeks of age.
Genotypes and genes knockout were verified as described in the supplementary material and
methods.

Mice livers were examined for tumor burden macroscopically and microscopically by HES and
immunohistochemistry following standard procedures described in the supplementary material
and methods.

Mouse liver transcriptomic analysis and mouse-human HCC expression profile
comparison

A total of 12 non-tumor liver and 14 HCC mouse samples were analyzed by RNA-Sequencing.
Libraries and sequencing were performed by Integragen SA and data have been deposited
on the European Nucleotide Archive at EMBL-EBI:
https://www.ebi.ac.uk/ena/browser/view/PRIEB59874

Mouse HCC transcriptomic profiles were compared with those of 196 human HCC based on
correlation matrix performed on a 372-gene expression signature. Differentially expressed
genes were identified using DESeq2 and GSEA analysis was performed using an in-house
pipeline.
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Functional analyses of RSK2 alteration in human HCC cell lines

RSK2 was stably overexpressed by lentiviral transduction or transiently knockdown by siRNA
transfection in one and 6 human liver cancer cell lines, respectively. RPS6KA3/RSK2 mRNA
and protein expression were checked by gRT-PCR and western-blot. Functional
consequences of RSK2 alteration on cell survival, drug response and MAPK signaling were
assessed by measuring mitochondrial activity and by western-blot.

Statistical analysis

Statistical analysis and data visualization were performed using both R software version 3.5.1
(R Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org) with
Bioconductor packages and GraphPad Prism 9 software (GraphPad Software, Inc., La Jolla,
CA). Comparison of a continuous variable in 2 groups was performed using either parametric
test (t-test) if the variable was normally distributed or non-parametric test (Mann-Whitney).
Qualitative data were compared using the Fisher’s exact test and Chi-squared test to compare
binary and non-binary categorical variables, respectively. Correlation analysis between
continuous variables was performed using Pearson r correlation when both variables were
normally distributed with the assumptions of linearity and homoscedasticity. All tests were two-
tailed and P-value < 0.05 was considered as significant.

A more detailed description of the different procedures and analysis methodologies is provided
in the supplementary material and methods and supplementary CTAT Table.

RESULTS

RPS6KA3/RSK2 meets the criteria of a tumor suppressor gene specifically in human
HCC

We analyzed somatic mutations, amplifications and homozygous deletions of RPS6KA3 gene
in 35 different types of malignancies including 1151 human HCCs from four independent
datasets with available NGS data (Fig. 1A left panel). This analysis identified genomic
alterations in RPS6KA3 in 26 tumor types ranging from 0.3% to 7.8%. HCC was the fourth
most frequently altered cancer with an overall frequency of 5.6%. The proportion of each class
of alteration was variable across the different cancer types but in the most frequently altered
(>5%), the predominance of homozygous deletions and truncating mutations was highly
suggestive of an inactivating mutational spectrum. In HCCs, point mutations were distributed
across all the RSK2 protein domains and were mostly truncating (60%), moreover, the majority
of missenses mutations (87%) were predicted to be deleterious (Fig. 1A right panel). This
typical inactivating mutational spectrum was similar to the one found in patients with Coffin-
Lowry syndrome carrying germline mutation of RPS6KA3 [7,20] (Fig. 1A right panel). By
contrast, the distribution of RSK2 mutation classes was significantly different in hon-HCC
tumors with a low rate of truncating mutations (18%) and the presence of a high proportion of
tolerated missense mutations, suggesting the absence of functional selective pressure against
inactivating events (Fig. 1A right panel). Moreover, it is striking that in tumors other than HCC,
RPS6KA3 mutations occurred frequently in the context of genetic instability in highly mutated
tumors with a median mutation load 11-fold higher than in RSK2 non-mutated tumors (884 vs
79 mutations/tumor) (Fig. 1A right panel), contrasting with HCCs (89 vs 72 mutations/tumor).
Of note, even in endometrial carcinoma, which is the most frequently altered cancer type for
RSK2, 75% of the RSK2-mutated tumors exhibited POLE mutations, producing a high
mutational burden, whereas only 4% of non-RSK2-mutated tumors were genetically altered for
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POLE. Taken together, these results suggest that RSK2 mutations in non-HCC tumors could
be potential passenger events, therefore, their functional consequence should be interpreted
with caution in these cancers.

In line with the inactivating nature of the mutations found in HCCs, we identified a significant
decrease in RPS6KA3/RSK2 mRNA and protein levels in HCCs genetically altered for
RPS6KA3 compared with non-altered HCCs (Fig. 1B). Moreover, in HCCs developed in
women, RPS6KA3 somatic mutations were constantly found on the active X chromosome (Fig.
1C). Consequently, in both men and women RPS6KA3 mutations are predicted to lead to the
complete inactivation of RSK2 and RPS6KAS3 thus meets the classic definition of a tumor
suppressor gene. Overall, these results strongly support the tumor suppressor function of
RSK2 specifically in the liver.

RPS6KA3 mutations frequently co-occur with AXINL1 or CTNNB1 mutations in HCC
Across all 1151 HCCs, by analyzing the co-occurrence of RSK2 inactivation with genetic
alterations in 20 other well-established HCC driver genes we identified a significant enrichment
of AXIN1 inactivating alterations in RSK2 inactivated HCCs (30.6% vs 6.2%) (Fig. 1D).
Remarkably, activating mutations in CTNNB1 that were mutually exclusive with AXIN1
alterations were also frequently found with RSK2 inactivation (33.9%), whereas there was no
significant enrichment. Thus, an alteration of the Wnt/3-catenin pathway either through AXIN1
inactivation or R-catenin activation, was identified in 64.5% of the RSK2 inactivated HCCs
versus 36.7% in RSK2 non-mutated HCCs (g-value<0.001), suggesting an oncogenic
cooperation of these alterations in liver carcinogenesis. Surprisingly, genetic alterations in APC
(also involved in the Wnt/R-catenin pathway) were found to coexist with AXIN1 or CTNNB1
mutations in RSK2 inactivated HCCs (Fig. 1D, right panel). At the transcriptomic level, the
G1 subgroup that we have previously described to be characterized by an overexpression of
liver progenitor markers [21] was significantly enriched in RSK2 inactivated HCCs, whereas
the G4 subgroup belonging to the non-proliferation class was underrepresented (Fig. 1E).
Accordingly, patients with RSK2 inactivated HCCs had higher levels of serum alpha-fetoprotein
(Table S1). Remarkably, the G1 progenitor transcriptomic phenotype was driven by the co-
occurrence of AXIN1 and RSK2 inactivation, whereas no obvious impact of RSK2 inactivation
leading to change in transcriptomic subtype was observed in [-catenin mutated HCCs,
suggesting that the functional impact of RSK2 loss depends on the genetic context (Fig. 1E
and Fig. S1). No significant relation with other clinical features were identified in RSK2 altered
HCCs (Fig. S2 and Table S1).

RSK?2 inactivation cooperates with AXIN1 inactivation or 3-catenin activation to induce
liver tumors in mice

In C57BL/6J mice, the ubiquitous and constitutive inactivation of RSK2 alone is not sufficient
to induce liver tumors [18]. Thus, in order to investigate the tumor suppressor role of RSK2 in
the liver, we generated three different mouse models combining RSK2 inactivation with an
additional genetic alteration using transgenic mice and liver-specific chemical carcinogens. In
the first two models, RSK2 inactivation was combined either with Axinl bi-allelic inactivation
induced in the liver at 6 weeks of age using the Cre/loxP system, or with [3-catenin activation
induced by diethyInitrosamine (DEN) administrated at 6 weeks of age, followed by continuous
phenaobarbital (PB) treatment, yielding 80% of Ctnnb1-mutated tumors [22], thus recapitulating
the two major oncogenic events co-occurring with RSK2 inactivation that we have identified in
human HCCs (Fig. 2A). We also generated a third model by treating juvenile mice with DEN
alone, which is known to induce liver tumors with BRAF activating mutations in approximately
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90% of cases in the C57BL/6J background [23], to test a more artificial context not found in
human HCCs and to assess the specificity of oncogenic cooperations with RSK2 inactivation
(Fig. 2A).

At 12 months of age, we identified a significantly higher penetrance of liver tumors reaching
62.5% in mice with double inactivation of RSK2 and AXIN1 (Rsk2™ ; Axin1"/AhCre) compared
with  mice harboring AXIN1 (Rsk2"; Axin1"/AhCre=8.3%) or RSK2 (Rsk2?¥ ;
Axin1"/AhCre=0%) inactivation alone and wild-type mice (Rsk2" ;
Axin1"/AhCre=0%) (Fig. 2A). There was no significant difference in liver tumor burden
between the four genotypes at 9 months (Fig. S3A) and no liver tumor development was
observed in the control mice with monogenic inactivation of Axinl alone (Rsk2";
Axin1"""/AhCre n=9) or combined with RSK2 inactivation (Rsk2?; Axin1"""/AhCre n=11).

In the DEN/PB model, the incidence of liver tumors was also significantly higher in Rsk2?
mice, compared with wild-type mice at 9 (Fig. S3A, 87.5% vs 20%) and 12 months (Fig. 2A,
100% vs 50%). By contrast, in juvenile mice treated with DEN alone, there was no difference
in liver tumor development between Rsk2” (75%) and wild-type mice (80%) at 6 months (Fig.
2A). Because tumor incidence was high in this model, we also injected 6-weeks-old adult mice
with DEN in order to induce a lower tumor burden and still observed a similar frequency of liver
tumors between Rsk2? (25%) and wild-type mice (27.3%) at 12 months (Fig. S3B).

In the three mouse models analyzed, there was no significant difference in the number of liver
nodules per mouse between genotypes (Fig. 2A and Fig. S3A) and the histology was
consistent with HCC in most cases with a moderate to high KI67 proliferation index (Fig. 2A).
However, a significantly lower KI67 index was observed in liver tumors developed in Rsk2™
mice treated with DEN and PB compared with wild-type mice (Fig. 2A).

We also analyzed three immunohistochemical markers to characterize the liver tumors
developed in the different genotypes of each mouse model.

In the DEN/PB model, as expected, a large majority of the tumors in both Rsk2” and wild-type
mice showed a glutamine synthetase (GS) positive staining and nuclear accumulation of -
catenin that was more frequently observed in Rsk2?™ genotype, thereby reflecting a potent
activation of the B-catenin pathway (Fig. 2). We also confirmed the presence of classical 3-
catenin activating mutations in this model by RNA-sequencing in three tumors from the two
Rsk2 genotypes (Fig. S4A). By contrast, most tumors developed in the DEN model and all
tumors developed in the context of AXIN1 inactivation were negative for GS and 3-catenin
staining independent of Rsk2 genotype (Fig. 2). Similar finding has been reported in the
previous studies in the literature [19,24]. Furthermore, we found no transcriptional deregulation
in 10 canonical target genes (n=10) and 9 other liver-specific target genes of [3-catenin in
tumors with AXIN1 inactivation, regardless of Rsk2 genotype (Fig. S5A).

In the DEN model, liver tumors were characterized by more frequent positive staining for
phospho-ERK with an increased H-score compared with the two other mouse models
(transgenic and DEN/PB) (Fig. 2). These results are consistent with the well-known induction
of BRAF activating mutations in this model that we confirmed by RNA-sequencing and Sanger
sequencing in 4/5 (80%) of the tumors of each Rsk2 genotype (Fig. S4A). Furthermore, in the
DEN model, higher positivity of phospho-ERK (H-score) was observed in liver tumors from
Rsk2” mice compared with wild-type mice suggesting that loss of function of RSK2 potentiates
activation of the RAS/MAPK pathway in BRAF activated tumors, as we previously showed in
the HepG2 cell line with an activating mutation in NRAS [14,25] (Fig. 2). In the DEN/PB model
phospho-ERK positivity was noted only in a small fraction of tumors, with no significant
difference between Rsk2 genotypes, even when the comparison was restricted to only GS
and/or nuclear R-catenin positive tumors to limit the heterogeneity of the model (Fig. 2 and
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Fig. S3A and S3C). Strikingly, in mice with double inactivation of RSK2 and AXIN1 (Rsk2™ ;
Axin1"/AhCre), phospho-ERK positivity was predominantly found in the larger nodules.
Interestingly, we identified a typical activating mutation of HRAS by RNA-sequencing in three
independent tumors from two mice (Fig. S4B). Notably, the two nodules occurring in the same
mouse were mutated at the same position but with a different amino-acid substitution,
suggesting independent mutational events (Fig. S4B). Altogether, these results indicate that
HRAS activating mutations are specifically selected during liver tumor progression after double
inactivation of RSK2 and AXIN1, as no Hras mutation was identified in the larger nodules
analyzed in the other two mouse models (DEN/PB and DEN alone).

As previously described [19], in the non-tumor livers of AXIN1 inactivated mice, irrespective of
Rsk2 genotype, we found a significant increase in cellular atypia and hepatomegaly with a
higher liver/body weight ratio when compared with RSK2 inactivated (Axin1"YAhCre ; Rsk2™)
and wild-type (Axin1"/AhCre ; Rsk2") mice (Fig. 2A and Fig. S3A).

Overall, our results demonstrate that RSK2 inactivation synergizes with AXIN1 inactivation to
promote liver carcinogenesis and also support its cooperative effect with 3-catenin activation
but not with BRAF activation ; thus validating the co-occurrences found in human HCCs.
Moreover, RSK2 inactivation alone is not a strong inducer of the RAS/MAPK signaling in
tumors, but its co-occurrence with another triggering event may potentiate this activation.
Mouse HCCs from the different oncogenic cooperation models with RSK2 loss
transcriptomically match human HCCs

For each of the three mouse models, we selected the most advanced liver tumors for
transcriptomic analysis. We analyzed a total of 14 HCC samples from 10 mice including at
least two independent nodules for each genotype, with an exception of one condition for which
two parts of the same tumor were analyzed because only one sample was available (Table
S2). Principal component analysis (PCA) and unsupervised hierarchical clustering on the 1000
most variable genes divided the mouse HCC samples into two major groups (Fig. 3A). The
first included mouse HCCs with [3-catenin activation or AXIN1 inactivation and was grouped
according to their genotype. The second group was defined by HCCs developed in mice
inactivated for both RSK2 & AXIN1 and HCCs from the DEN model including Rsk2” & wild-
type genotypes. This group was also characterized by activating mutations in the RAS/MAPK
signaling (Fig. 3A).

We then searched for similarities between the transcriptomic profiles of mouse and human
HCCs using a 372-gene expression signature that classifies human HCCs into 6 molecular
groups from G1 to G6 as previously described [21] (Table S3). Based on this transcriptomic
signature, we generated a pairwise correlation matrix between a set of 196 human HCCs
(LICA-FR cohort) and the 14 mouse HCC samples. Hierarchical clustering of pairwise
correlation coefficients allowed us to group the mouse and human HCCs into two major
clusters based on their similarity (Fig. 3B). The two mouse clusters were almost similar to
those previously identified in the unsupervised analysis except for one sample (1284_T1) that
was shifted from the transcriptomic group (Fig. 3B). The first group of mice HCCs with [3-
catenin activation (DEN/PB model) or AXIN1 inactivation corresponded to the “non-
proliferation” class of human HCCs (Fig. 3B). By contrast, the second cluster of mouse HCCs
developed in the RSK2/AXIN1 double knockout and DEN models was associated with the
more aggressive “proliferation” class of human HCCs, mainly characterized by TP53
inactivating mutations and G1 to G3 transcriptomic groups (Fig. 3B). To test the strength of
the association between the mouse models and each of the 6 human HCC transcriptomic
groups, we searched for statistical enrichment in the proportion of human HCCs with the 372-
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gene expression signature that was significantly correlated with each mouse HCC sample (Fig.
30).

This analysis revealed that mouse HCCs developed in the DEN/PB model were strongly
associated with [3-catenin mutated human HCCs from G5-G6 groups, irrespective of their Rsk2
genotype, as seen in humans (Fig. 3C and Fig S1A). By contrast, tumors with AXIN1
inactivation alone showed no association with any of the 6 human transcriptomic groups (Fig.
3C). Interestingly, as seen in human HCCs, tumors in the double knock-out model in mice also
showed similarity to the G1 human transcriptomic group; with the exception of one sample
demonstrating similar profile as 3-catenin activated human HCCs. This could be related to the
tumor heterogeneity with a large tumor area showing FNH-like pattern characterized by typical
GS staining in map-like pattern, without nuclear 3-catenin accumulation and without Ctnnb1l
mutation (Fig. 3C and Fig. S6) [26].

Tumors developed in the DEN model were mostly heterogeneous, regardless of their Rsk2
genotype, but were often associated with G1 and/or G3 human HCC transcriptomic groups
(Fig. 3C). Overall, our results show that mouse HCCs developed in the context of RSK2
inactivation combined with either AXIN1 inactivation or R-catenin activation, which
recapitulates the natural genetic co-occurrence found in human HCCs, also transcriptionally
mimic these HCCs subgroups.

Pretumor impact of RSK2 and/or acute AXIN1 inactivation in adult mouse liver

We studied the short-term consequences of RSK2 and/or AXIN1 inactivation prior to tumor
development in the liver of 6 weeks old mice.

As previously described [19], we found a significant 5-fold increase in K167 proliferation index
following acute loss of AXIN1 alone (after 4 days of BNF treatment) (mean=18.4%) compared
to wild-type mice (mean=3.9%), whereas no difference was observed for RSK2 inactivated
mice (mean=4.1%) (Fig. 4A). Interestingly, this increase was even more pronounced (2-fold)
when both AXIN1 and RSK2 were inactivated (mean=35.8%) indicating that concomitant loss
of these two genes has a synergistic effect in promoting liver cell proliferation.

In addition, immunohistochemical staining of CK7 revealed different morphological changes in
the liver depending on the genotype with an increase in number of oval cells per portal tract in
Rsk2™ mice (mean=21.3 vs 14 in wild-type mice Fig. S7) and a significant enlargement of bile
ducts in AXIN1 inactivated mice possibly related to hyper-proliferation of cholangiocytes
(mean=32.6 pym vs 17.5 ym in wild-type mice) (Fig. 4A). These two features were also
commonly found in the Rsk2” ; Axin1"/AhCre double knock-out mice (Fig. 4A). PCA analysis
of liver transcriptomic profiles on the 500 most variable genes revealed four distinct groups
corresponding to each mouse genotype (Fig. 4B). RSK2 inactivated livers were more similar
to wild-type livers, whereas livers inactivated for AXIN1 alone or combined with RSK2 loss
showed more divergent profiles (Fig. 4B). Consistent with these results, differential expressed
genes (DEGSs) analysis identified only 132 differentially expressed genes between RSK2
inactivated and wild-type mouse livers with a large predominance of down-regulated genes
(80%) (Fig. 4C and Table S4), while AXIN1 inactivation alone or combined with RSK2 loss
had a greater effect on the transcriptomic profile with 2723 and 1906 DEGs, respectively,
compared to wild-type livers with an almost equal distribution between over and under-
expressed genes (Fig. 4C and Table S4). We also identified 1439 DEGs between normal
livers deficient for AXIN1 alone and those deficient for both AXIN1 and RSK2 (Fig. 4C and
Table S4). We then performed a gene set enrichment analysis (GSEA) comparing the three
genotypes compared to wild-type livers that identified inflammation/immune response and cell
cycle/proliferation as the two main enriched categories of gene sets accounting for 20 to 25%
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of the whole significant gene sets (Table S5). Inflammation/Immune response gene sets were
particularly enriched in RSK2 inactivated livers with a slight over-representation of positive
normalized enrichment score (NES), while negative NES were enriched in mice livers
inactivated for both RSK2 and AXIN1 indicating a decrease in inflammatory processes
specifically driven by the concomitant loss of RSK2 and AXIN1 (Fig. 4D). This decrease was
also significant in RSK2/AXIN1 deficient livers compared to those only inactivated for AXIN1
supporting the role of RSK2 loss in the inflammatory process deficiency specifically in the
context of AXIN1 inactivation (Fig. 4D). Surprisingly, cell cycle and proliferation related gene
sets were all negatively enriched in RSK2 inactivated livers. This contrasts with AXIN1 and
RSK2/AXIN1 inactivated livers, that both demonstrated strong positive enrichment with higher
significance when both AXIN1 and RSK2 were inactivated, although there was no significant
difference when comparing RSK2/AXIN1 deficient livers with AXIN1 (Fig. 4D). These results
are consistent with the proliferation index analysis. Finally, we identified no obvious
transcriptional deregulation of 3-catenin target genes (except Lect2) in AXIN1 inactivated
livers, regardless of Rsk2 genotype (Fig. S4B).

RSK2 deficiency in human liver cancer cells results in some dependency to the
RAS/MAPK signaling

Several studies have shown the inhibitory role of RSK2 on the RAS/MAPK pathway [12,13].
So, we wondered whether activation of the RAS/MAPK signaling mediated by the loss of RSK2
would render liver tumor cells dependent on this pathway for their growth. For this purpose,
we restored the expression of RSK2 in the Hep3B cell line derived from a human HCC that is
constitutively deficient for RSK2 through a gene deletion [25]. This cell line also harbors a
homozygous deletion of AXIN1 gene and was classified in the G1 HCC transcriptomic group,
thus fully recapitulating one of the natural molecular context of RSK2 inactivation found in
human HCCs [25] (Fig. 5A). We showed that stable rescue of RSK2 expression in Hep3B cells
by lentiviral transduction of the RPS6KA3 open reading frame resulted in a significant decrease
in ERK phosphorylation and cell viability (Fig. 5B). Subsequently, we used pharmacological
inhibitors to assess the dependency of tumor cells to the RAS/MAPK signaling related to the
loss of RSK2 in the parental cells and after RSK2-rescue.

Parental Hep3B cells deficient for RSK2, whether or not transduced with the empty vector,
demonstrated high basal sensitivity to the two MEK1/2 inhibitors trametinib and refametinib
and showed moderate sensitivity to the RAF inhibitor sorafenib (Fig. 5B). Interestingly, RSK2
rescue was able to decrease sensitivity to the three RAS/MAPK signaling inhibitors while
sensitivity to the PF-04691502 inhibitor targeting the PI3K/mTOR pathway remained
unchanged compared to the RSK2-deficient parental cells supporting the specific role of RSK2
in modulation of the RAS/MAPK activity (Fig. 5B). All these results indicate that the loss of
RSK2 function confers a certain dependence of liver cancer cells to the activation of the
RAS/MAPK signaling and that MEK inhibitors could be interesting candidate therapies to target
RSK2-inactivated HCCs. We also silenced RSK2 by siRNA in 6 human liver cancer cell lines.
Although there was no increase in cell survival following RSK2 knockdown, ERK
phosphorylation was enhanced and can be efficiently inhibited by MEK inhibitors (Fig. S8).
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DISCUSSION

Although RSK2 has been described so far as an onco-kinase, the inactivating nature
of RSK2 mutations identified in human HCCs similar to those found in CLS patients strongly
supports its tumor suppressive function, in accordance with the '20/20' rule defining a gene as
a tumor suppressor as long as >20% of its mutations are inactivating [27]. In other types of
tumors, we showed that RSK2 mutational spectrum was significantly different and mutations
occurred preferentially in hyper-mutated tumors which argues in favor of passenger events.
Apart from adult HCCs, recurrent RSK2 inactivating mutations have also been reported in
pediatric liver cancers, including HCCs and hepatoblastoma [4—6]. Hence, these findings
suggest a liver-specific tumor suppressor function of RSK2.

The role of RSK2 in the negative control of the RAS/MAPK signaling is now well established
[12—17]. RSK2 has been shown to phosphorylate the guanine nucleotide exchange factor SOS
leading to its dissociation from Grb2 and thereby suppressing RAS activity and downstream
ERK activation [12,13]. Accordingly, in the present study we showed that this negative
feedback was restored after RSK2 rescue in a RSK2-deficient HCC cell line. Moreover, we
also demonstrated that RSK2 loss rendered liver tumor cells partially dependent on the
activation of the RAS/MAPK pathway for their growth, corroborating previous findings [13].
Apart from the activation of the RAF/MEK/ERK pathway, the second best-characterized RAS
effector family is phosphoinositide 3-kinases (PI3Ks), which also play an important role in RAS-
mediated cell survival and proliferation [28]. However, in our study, sensitivity to a dual
PIBK/mTOR inhibitor was not reversed after RSK2 rescue in contrast to MEK and RAF
inhibitors, suggesting that PI3K/mTOR activation was independent of RSK2 activity. Hence,
all these results argue in favor of a major role of the abnormal activation of the RAS/MAPK
pathway in the oncogenic effect mediated by RSK2 loss of function. However, we showed that
RSK2 inactivation alone was not able to promote liver carcinogenesis in mice. Surprisingly,
when RSK2 inactivation was combined with BRAF-activating mutations chemically induced by
the liver-specific carcinogen DEN, there was no increase in the incidence of liver tumors. This
lack of oncogenic cooperation between RSK2 loss and BRAF activating mutations may be
related to their functional redundancy, as they both converge towards an activation of the
RAS/MAPK signaling. This may also explain why this co-occurrence has never been found in
human HCCs. Although we showed in mouse liver tumors that loss of RSK2 was able to
potentiate RAS/MAPK activation induced by BRAF activating mutations, this was not sufficient
to accelerate carcinogenesis, suggesting that other signaling pathways need to be
concomitantly altered to provide a selective advantage. Consistent with this hypothesis,
several reports have shown that oncogenic mutations in RAS alone, were not sufficient to
promote HCC development in mice [29—32]. In humans, by analyzing a large set of HCCs, we
identified frequent co-occurrence between RSK2 inactivation and AXIN1 inactivating mutations
or [-catenin activating mutations, two well-known and mutually exclusive HCC driver
alterations, both of which are expected to lead to an abnormal activation of the Wnt/[3-catenin
pathway. Thus, these results suggest a potential cooperation between the RAS/MAPK and
Wnt/3-catenin pathways in the liver tumor development. Consistent with this hypothesis, we
found a cooperative effect in liver tumor induction when modeling these two co-occurrence
pairs in mice, combining RSK2 inactivation with either genetically induced AXIN1 inactivation
or 3-catenin activation obtained in a chemically induced carcinogenesis model enriched in 3-
catenin activating mutations.

Interestingly, previous studies have already demonstrated that RAS and 3-catenin oncogenic
mutants act synergistically to yield HCC in mice [31,32]. However, the role of AXIN1
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inactivation in 3-catenin mediated hepatocarcinogenesis is still debated. In humans, HCCs
carrying activating 3-catenin mutations and those with inactivating AXIN1 mutations have very
different transcriptomic signatures [3]. In mice, we confirmed the absence of induction of the
canonical and liver specific Wnt/[3-catenin targets such as GS, after conditional inactivation of
AXIN1 as previously described [19,24], contrary to 3-catenin mutated tumors. However, a role
of R-catenin activation related to the AXIN1 loss cannot be completely excluded. Indeed,
several studies using a reporter gene assay have demonstrated an increased transcriptional
activity of 3-catenin in human HCC cell lines harboring AXIN1 inactivating mutations, albeit at
a lower level than in cell lines with [3-catenin activating mutations [33,34]. In agreement with
these findings, more recently Qiao et al. identified a weak activation of the Wnt/B-Catenin
cascade in mice HCCs where AXIN1 was suppressed concomitantly with c-MET
overexpression [35]. Moreover, they initially demonstrated in this model that HCC driven by
the loss of AXIN1 requires an intact p-Catenin [35]. Another study also reported a role of
NOTCH and YAP signaling pathways in liver carcinogenesis mediated by AXIN1 loss [24].
Whether these different pathways cooperate with RSK2 loss remains to be investigated.
Unexpectedly, in our mouse model inactivated for both RSK2 and AXIN1, we specifically
identified HRAS activating mutation as a third mutational hit involved in HCC progression
correlating with larger nodules highly positive for phospho-ERK. This may explain the long
latency and incomplete penetrance in this model, as additional genetic events may be required
for the development of liver tumors. In humans, we showed that the co-occurrence of RSK2
and AXIN1 mutations was strongly associated with the G1 transcriptomic group. Furthermore,
in a previous work, we identified an enrichment of phospho-ERK positive tumors in the G1
transcriptomic subgroup, which may partially mimic what we observed in our mouse model
[36]. Although no RAS mutation has been identified in this subgroup of HCC, other molecular
alterations may contribute to the increased level of RAS/IMAPK pathway activation, such as
the overexpression of IGF2 generally found in the G1 subgroup and previously shown as an
epigenetic oncodriver in human HCCs [37]. Based on these results, we can propose a model
of tumor progression in which RSK2 loss that induces mild activation of RAS/MAPK pathway
would be required at an early stage of carcinogenesis to allow liver cell survival and prevent
oncogene-induced senescence but higher activation may be necessary for tumor progression
through the acquisition of an additional RAS/MAPK activating event. Interestingly, findings in
a recent study support this hypothesis showing that higher RAS/MAPK signaling intensity was
associated with subclonal growth advantage in a mouse model of primary and metastatic HCC
[38].

In addition, we also showed that transcriptomic profiles of mouse HCCs generated in the
context of RSK2 inactivation either with AXIN1 loss or 3-catenin activation, recapitulated those
of human HCCs with similar genetic contexts suggesting that our preclinical models are
suitable for studying these HCC subclasses. Finally, at a pretumor stage, we showed that the
concomitant loss of RSK2 and AXIN1 leads to greater proliferation of liver cells together with
bile duct enlargement and an increase in number of oval cells known as hepatic progenitors.
These short-term phenotypic changes may favor the subsequent promotion of liver tumors as
well as the decrease in inflammatory processes identified specifically in this context.

In conclusion, we provided new evidence for the tumor suppressor role of RSK2 in the
liver and demonstrated that its loss of function specifically synergized with AXIN1 inactivation
or R-catenin activation in HCC development. Our study also well illustrated the crucial role of
genetic contexts in the promotion of carcinogenesis, emphasizing that only the right oncogenic
cooperations can provide selective advantage. Furthermore, this work identifies the
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RAS/MAPK pathway as a potential promising therapeutic target for RSK2 inactivated HCCs
with already available therapies. However, whether targeting this pathway alone will be
sufficient or whether it will need to be combined with another therapy remains to be further
explored.
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Figures Legends

Fig. 1. RSK2 loss-of-function mutations are specific for HCCs and co-occur with Wnt/3-
catenin pathway genetic alterations. (A) Left panel: alteration frequency of RPS6KA3/RSK2
in 26 malignancies, right panel: distribution of RSK2 mutations across protein domains and
comparison of mutation classes frequency between Coffin-Lowry patients, HCC and nhon-HCC
tumors (Fisher's exact test). Violin plot comparing mutation load between non-HCC tumors
mutated or not for RSK2 (Mann-Whitney test). (B) Comparison of RPS6KA3/RSK2 mRNA and
protein expression between RSK2 mutated and non-mutated HCCs (Mann-Whitney test). (C)
Sanger sequencing of RPS6KA3 on cDNA from 6 mutated HCCs developed in females. (D)
Co-occurrence and mutual exclusivity between RPS6KA3 genomic alterations and 20 other
HCC driver genes. (E) Association of RSK2 and AXIN1 inactivation with HCC transcriptomic
subgroups (Fisher's exact test). M: “mutated”; NM: “non-mutated”, “*”: number of tumors
analyzed for TERT promoter genetic alterations.

Fig. 2. RSK2 inactivation cooperates with AXIN1 inactivation or 3-catenin activation to
promote mouse liver carcinogenesis. (A) Upper panel: generation of the three mouse
models harboring or not an inactivation of RSK2 combined with either AXIN1 inactivation, or
3-catenin or BRAF activation. Bottom panel: Table comparing liver tumor appearance and their
immunohistochemical features, and histological features of the non-tumor liver (NTL) in the
different mouse models (Chi-square and Fisher’s exact tests were used for categorial variables
and Mann-Whitney test for continuous variables). (B) Upper panel: pictures showing liver tumor
appearance (circles and arrows) when macroscopically visible in the different mouse
genotypes. Bottom panel: representative sections of HES staining and immunostaining of the
indicated proteins for each mouse genotype. Asterisks indicate tumors. The same scale bar
(200 pum) was applied for all images.

Fig. 3. Transcriptomic profiles of mouse HCCs developed in the different oncogenic
cooperation models with RSK2 inactivation mimic those of human HCCs. (A) PCA and
hierarchical clustering analysis of 14 mouse HCCs on the 1000 most variable genes (B)
Hierarchical clustering of pairwise Pearson correlation coefficients between 196 human HCCs
(LICA-FR series) and 14 mouse HCCs from the 6 different mouse genotypes based on an
expression signature of 372 one-to-one orthologous genes classifying human HCCs in 6
transcriptomic groups [21]. (C) Heatmap showing the significance of transcriptomic profile
association for each mouse tumor with each of the 6 human HCC transcriptomic groups. The
main genetic alterations (Alt.) are shown for human and mouse HCCs.

Fig 4. Functional consequences of short-term inactivation of RSK2 and/or AXIN1 in the
liver of 6 weeks old mice. (A) Impact of RSK2 and/or AXIN1 loss on the proliferation index,
number of oval cells per portal tract and bile duct diameter (Mann-Whitney test). (B) PCA on
the top 500 most variable genes between the four mouse genotypes. (C) Venn diagram
illustrating the number of unique and shared DEGs for each comparison. (D) GSEA analysis
of liver transcriptomic profiles for the four comparisons: (left panel) Heatmap of NES for the
two main categories of gene sets significantly enriched in the four comparisons. (right panel)
Proportion of each category of gene set with positive and negative NES among the entire
significant gene sets for each comparison. P-values indicate: on the top, difference between
the three genotypes (Chi-square test), on the right difference between positive and negative
NES within each genotype (Fisher’s exact test).
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Fig.5. RSK2 deficient liver cancer cells are dependent on RAS/MAPK signaling
activation for their survival. (A) Lentiviral rescue of RSK2 expression in the RSK2 deficient
Hep3B HCC cell line carrying a deletion in the RPS6KA3 gene. (B) Effect of RSK2 rescue in
Hep3B cells on ERK phosphorylation, cell survival and sensitivity to inhibitors targeting the
RAS-MAPK and PI3K/mTOR signaling pathways assessed either by the GI50 or the AUC after
72h of treatment. A t-test was used for statistical comparisons. MOI: multiplicity of infection
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Highlights

RSK2 inactivation cooperates with AXIN1 inactivation or R-catenin activation to
promote hepatocarcinogenesis

Highlights :

e RSK2 inactivating mutations occur specifically in 5.6% of human HCC

e RSK2 inactivating mutations frequently co-occur with AXIN1 inactivating or 3-catenin activating
mutations in human HCC

e In mice, RSK2 inactivation cooperates with AXIN1 inactivation or 3-catenin activation in liver
tumor development

e Mouse and human HCC with RSK2/AXIN1 loss or RSK2 loss and R-catenin activation show
similar transcriptomic profiles

¢ Restoring RSK2 expression in a human HCC cell line decreases cell survival, ERK activity and
sensitivity to anti-MEK





