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Abstract
Aims

Hepatocellular carcinoma (HCC) is one of the most fatal and fastest-growing malignancies. Recently,
non-alcoholic steatohepatitis (NASH), characterized by liver steatosis, inflammation, cell injury
(hepatocyte ballooning), and different stages of fibrosis, has emerged as a major catalyst for HCC.
Because the STE20-type kinases MST3 and MST4 have been described as critical molecular regulators of
NASH pathophysiology, we here focused on determining the relevance of these proteins in human HCC.

Methods

The clinical importance of MST3 and MST4 in HCC was assessed in publicly available datasets and by
gRT-PCR analysis of a validation cohort recruited at the University Hospital of Tiibingen (n = 48 for HCC
patients and n =214 for control subjects). The functional significance of MST3 and MST4 was examined
in HepG2 and Hep3B cells transfected with MST3, MST4, or MST3/4 small interfering RNA. Potential
downstream pathways were investigated by co-immunoprecipitation and Western blotting.

Results

By analyzing public datasets and in-house cohorts, we found that hepatic MST3 and MST4 expression
was positively correlated with the incidence and severity of HCC. We also found that the silencing of both
MST3 and MST4, but also either of them individually, markedly suppressed the tumorigenesis of human
HCC cells including attenuated proliferation, migration, invasion, and epithelial-mesenchymal transition.
Mechanistic investigations revealed lower activation of STAT3 signaling in MST3/MST4-deficient
hepatocytes, and identifled GOLGA2 and STRIPAK complex as the binding partners of both MST3 and
MST4 in HCC cells.

Conclusions

These findings reveal that MST3 and MST4 play a critical role in promoting the progression of HCC and
suggest that targeting these kinases may provide a novel strategy for the treatment of liver cancer.

Introduction

Hepatocellular carcinoma (HCC) is the 3rd most common malignancy in terms of cancer-related mortality,

causing more than 830,000 deaths globally each year (1, 2). The efficacy of current anti-HCC therapies is

not satisfactory, and most HCC patients develop disease progression with a low 5-year survival rate of

18% and a high recurrence rate of 70% (1, 3). Well-known etiologic factors for HCC are hepatitis B and C

virus infection and chronic alcohol consumption (1, 4). Recently, there has been a rapid increase in the
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proportion of HCC attributed to non-alcoholic steatohepatitis (NASH), which is expected to become the
most common cause of HCC in the near future (5—-7). As the precursor step in the development of HCC in
patients with obesity or diabetes mellitus, NASH is characterized by hepatic steatosis as well as liver
inflammation, cell injury (hepatocyte ballooning), and different stages of fibrosis (8, 9). Despite the high
medical need, the pathophysiological mechanisms underlying the initiation of NASH, and the aggravation
of NASH into HCC, remain poorly characterized. Hence, understanding the molecular causes for the
development of NASH, and for switching from NASH to HCC, represents a major challenge necessary to
accelerate the discovery of novel targeted therapies.

Our recent translational studies have identified the STE20-type kinases MST3 (Mammalian Sterile 20-Like
3; also known as STK24) and MST4 (Mammalian Sterile 20-Like 4; also known as STK26 or MASK) as
critical molecular regulators of NASH pathophysiology. We found that MST3 and MST4 mRNA levels in
human liver biopsies are positively correlated with the clinical features of NASH (i.e, hepatic steatosis,
lobular inflammation, and hepatocellular ballooning)(10, 11). Furthermore, we observed that the silencing
of MST3 or MST4 in cultured human hepatocytes blocks intracellular lipid accumulation by enhancing
mitochondrial B-oxidation and triacylglycerol (TAG) efflux while reducing fatty acid uptake and lipid
synthesis (10, 11). Reciprocally, a marked increase in intracellular fat storage was detected in human
hepatocytes overexpressing MST3 or MST4 (10, 11). We also found that systemic administration of
Mst3-targeting antisense oligonucleotides in mice substantially suppresses the full spectrum of high-fat
diet-induced NASH including liver steatosis, local inflammation, and fibrosis (12). Of note, our studies
reveal that MST3 and MST4 proteins are predominantly associated with intracellular lipid droplets in
human and rodent hepatocytes (10, 11), which is well-aligned with the emerging view of
intrahepatocellular lipid droplets as dynamic organelles that govern lipid partitioning and metabolic
dysfunction in the liver (13, 14).

To date, the potential role of MST3 in the development of HCC has not been explored; however, several
studies have investigated the involvement of MST4 in HCC. Elevated hepatic MST4 expression has been
described as an adverse prognostic factor for survival and recurrence time in patients with HCC (15). In
the same study, the depletion of MST4 was demonstrated to inhibit HCC cell proliferation and invasion in
vitro, whereas the overexpression of MST4 was shown to promote these processes (15). Conversely, a
low MST4 abundance has also been reported to associate with the progression of HCC and poor patient
prognosis, and the functional inactivation of MST4 was found to increase proliferation, motility, and
invasion of human HCC cells in vitro and to facilitate intrahepatic metastatic potential in vivo (16, 17).
Notably, MST3 and MST4 have previously been described to control tumorigenesis in gastric, pancreatic,
colorectal, prostate, and breast cancer as well as glioblastoma (18-26). MST3 and MST4 are also
implicated in the pathology of endothelial malformations (27-29), in the regulation of neuronal function
(30-32), and in immune responses (27, 33, 34).

In this study, we focused on determining the relevance of STE20 kinases MST3 and MST4 in human HCC,
and on investigating the possible synergies between these two proteins. Our results demonstrate that the
silencing of both MST3 and MST4, but also either of them individually, markedly suppressed the
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tumorigenesis of human hepatoma-derived cells. Consistently, we found that MST3 and MST4 were up-
regulated in human HCC tissues. Together, our data provide the first evidence that MST3/MST4 may
serve as potential therapeutic targets for HCC.

Materials And Methods
Liver Samples and Clinical Data

For the analysis of liver tissue samples, a cohort of 262 Caucasian individuals (men, n = 157; women, n =
105) undergoing liver surgery at the Department of General, Visceral, and Transplant Surgery at the
University Hospital of Tiibingen (Tiibingen, Germany) were recruited. The subjects tested negative for viral
hepatitis and had no liver cirrhosis.

After food withdrawal overnight, liver samples were taken from normal, non-diseased tissue determined
by the pathologist during surgery, immediately snap frozen in liquid nitrogen, and stored at - 80°C. To
determine the liver fat content, the samples were homogenized in PBS containing 1% Triton X-100 with a
TissueLyser (Qiagen, Hilden, Germany). The concentration of TAG in the homogenate was then quantified
using an ADVIA XPT Clinical Chemistry Analyzer (Siemens Healthineers, Eschborn, Germany) and the
results were calculated as mg/100 mg tissue weight (%). Quantitative real-time PCR (qRT-PCR) was
performed on liver samples as described below using the primers as listed in Supplementary Table S1.

All investigations were performed with approval by the Ethics Committee of the University of Tiibingen,
Germany (368/2012B02) and carried out in accordance with the Declaration of Helsinki. Written informed
consent was obtained from all patients enrolled in this study.

Data Collection from Public Databases

The whole transcriptome sequencing (RNA-seq) data was downloaded from the Hepatocellular
Carcinoma Project in the Cancer Genome Atlas (TCGA) (35) and the Genotype-Tissue Expression Portal
(GTEx) (36). We also downloaded two HCC datasets (GSE14520 and GSE36376) from the GEO database.
TCGA, GTEx, and GEO databases are publicly available and written informed consent was obtained from
the patients prior to data collection.

Cell Culture and Transfection Assays

HepG2 and Hep3B cells (human liver cancer cell lines; American Type Culture Collection, Manassas, VA)
were cultured in Dulbecco's Modified Eagle's Medium (DMEM,; GlutaMAX supplemented; Gibco, Paisley,
UK) supplemented with 10% (vol/vol) FBS and 1% (vol/vol) penicillin/streptomycin (Gibco). Cells were
demonstrated to be free of mycoplasma infection by MycoAlert Mycoplasma Detection Kit (Lonza, Basel,
Switzerland). Cells were transfected with MST3 small interfering (si)RNA (139160; Ambion, Austin, TX),
MST4 siRNA (HS01_00030410; Sigma-Aldrich, St. Louis, MO), or scrambled siRNA (SIC001; Sigma-
Aldrich) using Lipofectamine RNAiMax (Thermo Fisher Scientific, Waltham, MA). After transfection, cells
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were treated with 100 pmol/I oleic acid (Sigma-Aldrich) for 48 h to induce steatosis (Supplementary
Figure S1).

Colony Formation and Cell Proliferation Assays

In the colony formation assay, cells were seeded in 12-well plates (1 x 102 cells/well) and cultured for 6
days. Subsequently, colonies were fixed with 4% (vol/vol) of phosphate buffered formaldehyde (Histolab
Products, Gothenburg, Sweden), stained with 0.1% crystal violet (Sigma-Aldrich), and counted under the
Eclipse TS100 microscope (x10; Nikon, Minato, Tokyo). The proliferation assay was performed using the
Click-It EdU Cell Proliferation Kit (Thermo Fisher Scientific) according to the manufacturer's
recommendations. Immunofluorescence images were acquired using a Zeiss Axio Observer microscope
with the ZEN Blue software (Zeiss, Oberkochen, Germany). The labeled area was quantified in 6 randomly
selected microscopic fields (x20) per well using the ImageJ software [1.47v; National Institutes of Health
(NIH), Bethesda, MD].

Transwell and Scratch Assays

To assess migration, cells were seeded in the upper chambers of the transwells with 8 pm pore size
(Polycarbonate Cell Culture Inserts in Multi-Well Plates; Costar, Kennebunk, ME) and DMEM with 10% FBS
was added in the bottom chambers for a chemotactic gradient. In the following day, cells on the top side
of the membranes were removed with cotton swabs, and cells on the bottom side were fixed and stained
with 0.1% crystal violet. To assess invasion, the transwells were coated with Matrigel matrix (Corning,
Bedford, MA) before the experiment. Images were acquired using a Zeiss Axio Observer microscope with
the ZEN Blue software as described above and the crystal violet-labeled area was quantified in 6
randomly selected microscopic fields (x20) per well of the cell culture chamber using the ImageJ
software.

In the scratch assay, cells were seeded in 6-well plates and a sterile pipette tip was used to make a
scratch in the center of the well. The width of the gap was then photographed and measured 0, 24, and
48 h later.

Cell Viability and Apoptosis Analyses

Cell viability was analyzed using the CellTiter-Blue Cell Viability Assay (Promega, Stockholm, Sweden)
according to the manufacturer’s instructions. The Cell Meter Phosphatidylserine Apoptosis Assay Kit (AAT
Bioquest, Pleasanton, CA) was used to detect the initial and intermediate stages of apoptosis by Apopxin
Violet labeling.

Immunofluorescence Staining

Cells were fixed in 4% (vol/vol) phosphate buffered formaldehyde and then processed for

immunofluorescence with anti-a-fetoprotein (AFP), anti-cytokeratin-19 (CK19), anti-cleaved caspase

(CASP)3, anti-E-cadherin, anti-epithelial cell adhesion molecule (EpCAM), anti-fibronectin, anti-glucose

regulatory protein 78 (GRP78), anti-Ki67, anti-N-cadherin, anti-proliferating cell nuclear antigen (PCNA), or
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anti-YES-associated protein (YAP) antibodies (see Supplementary Table S2 for antibody information).
Immunofluorescence images were acquired using a Zeiss Axio Observer microscope with the ZEN Blue
software as described above and labeled area was quantified in 6 randomly selected microscopic fields
(x20) per well using the ImageJ software.

gRT-PCR and Western Blot

RNA was isolated from liver tissue samples and cultured human hepatocytes with the RNeasy Tissue Kit
(Qiagen) or the EZNA Total RNA Kit (Omega Bio-Tek, Norcross, GA), respectively, according to the
manufacturer's recommendations. cDNA synthesis was performed using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). Relative quantification was performed with the
LightCycler480 (Roche Diagnostics, Mannheim, Germany) or the CFX Connect Real-Time System (Bio-
Rad, Hercules, CA). Relative quantities of target transcripts were calculated from duplicate samples after
normalization of the data to the endogenous controls, RSP73 (TIB Molbiol Syntheselabor GmbH, Berlin,
Germany) for human liver tissue or 18S rRNA (Thermo Fisher Scientific) for cultured human hepatocytes.
Western blot analysis was performed as previously reported (37) (see Supplementary Table S2 for
antibody information).

Immunoprecipitation and Mass Spectrometry

HepG2 cells were transfected with human expression plasmid encoding MYC-MST3 (EX-T8396-M43;
GeneCopoeia, Nivelles, Belgium) or MYC-MST4 (EX-W0097-M43; GeneCopoeia), or an empty control
plasmid (EX-NEG-M43; GeneCopoeia) using Lipofectamine 2000 (Thermo Fisher Scientific). 72 h after
transfections, cells were suspended in lysis buffer (50 mmol/lI HEPES, 90 mmol/I KCI, 0.5% IGEPAL, and
protease inhibitors) and immunoprecipitated with anti-MYC antibodies according to the manufacturer’s
instructions (Anti-c-MYC Magnetic Beads; Thermo Fisher Scientific). Proteins were eluted from the beads
using 200 mmol/I glycine.

The eluted proteins were digested with trypsin and processed using the modified filter-aided sample
preparation (FASP) method (38). Briefly, samples were reduced with 100 mmol/I DL-dithiothreitol (DDT)
at 37°C for 60 min, transferred to 30 kDa MWCO Pall Nanosep Centrifugation Filters (Sigma-Aldrich),
washed repeatedly with 8 mol/I urea and once with digestion buffer [0.5% sodium deoxycholate (SDC) in
50 mmol/I triethylammonium bicarbonate (TEAB)] prior to alkylation with 10 mmol/I methyl
methanethiosulfonate for 30 min. The samples were further digested with Pierce MS Grade Trypsin (300
ng; Thermo Fisher Scientific) at 37°C overnight and an additional portion of trypsin was added and
incubated for another 3 h. Peptides were collected by centrifugation and SDC was removed by
acidification with 10% trifluoroacetic acid, followed by purification using the HiPPR Detergent Removal Kit
(Thermo Fisher Scientific) and Pierce Peptide Desalting Spin Columns (Thermo Fisher Scientific)
according to the manufacturer’s instructions.

Liquid chromatography-mass spectrometry (LC-MS) analysis was performed on an Orbitrap Fusion

Tribrid Mass Spectrometer interfaced with Easy-nLC1200 Liquid Chromatography System (Thermo Fisher

Scientific). Peptides were trapped on an Acclaim Pepmap 100 C18 Trap Column (100 pmx2 cm, particle
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size 5 pm; Thermo Fischer Scientific) and separated on an in-house packed analytical column (75 pmx35
cm, particle size 3 pm, Reprosil-Pur C18; Dr. Maisch, Ammerbuch, Germany) using a stepped gradient
from 5-80% acetonitrile in 0.2% formic acid over 90 min at a flow of 300 nl/min. MS/MS was operated in
a data-dependent mode where the precursor ion mass spectra were acquired at a resolution of 120,000
and an m/z range of 375 to 1,500. Using a cycle time of 3 s, the most abundant precursors with charge
states 2 to 6 were isolated with an m/z window of 0.7 and fragmented by higher-energy collisional
dissociation (HCD) at 30%. Fragment spectra were recorded in the Orbitrap with a resolution of 30,000
and a maximum injection time of 110 ms.

Data analysis was performed using Proteome Discoverer (2.4v; Thermo Fisher Scientific). Identification
was executed using Mascot (2.5.1v; Matrix Science, London, UK) as search engine by matching against
the Homo sapiens database of SwissProt (May 2022; 20,379 entries). The precursor mass tolerance was
set to 5 ppm and fragment mass tolerance to 0.6 Da. Tryptic peptides were accepted with zero missed
cleavage; methionine oxidation was selected as variable modification and cysteine methylthiolation was
set as fixed modification. Fixed Value PSM Validator was used for validation with a maximum DeltaCn of
5%. Only unique peptides were used for quantification and proteins identified by less than two unique
peptides were excluded from further analysis. The fold change >3 and P<0.005 based on median protein
abundances comparing HepG2 cells transfected with MYC-MST3 or MYC-MST4 versus an empty control
plasmid (n = 4) were applied as the threshold parameters to identify interacting proteins.

Statistical Analysis

Statistical significance between the groups was evaluated using one-way ANOVA with a two-sample
Student’s ttest for post hoc analysis. Differences were considered statistically significant at < 0.05. All
statistical analyses were performed using SPSS statistics (24v; IBM Corporation, Armonk, NY).

The HCC samples extracted from TCGA were divided into high-expression and low-expression groups
based on the median expression value of MST3 or MST4. The survival data of HCC patients from the
TCGA database was evaluated using the “survival” (3.2-10v) R package (statistical analysis of survival
data) and “survminer” (0.4.9v) R package (visualization) (39) for the prognostic analysis according to the
Kaplan-Meier method. The ssGSEA algorithm in the “GSVA” (1.34.0v) R package (40) was used to
evaluate the tumor infiltration status of 19 immune cell types (41). The Spearman’s correlation analysis
was further performed to determine the relationship between expression levels of MST3 and MST4 and
the immune cell infiltration status.

Results

Expression of MST3 and MST4 Correlates with the
Progression of HCC

By analyzing the microarray GEO datasets of two large cohorts (GSE14520: n =225 for tumor and n =220
for nontumor; GSE36376: n = 240 for tumor and n = 193 for nontumor) and the whole RNA-seq data
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combing TCGA and GTEx (n =371 for tumor and n = 160 for nontumor), we found that gene expression of
MST3 and MST4 was markedly higher in human HCC tissues compared with the nontumor controls

(Fig. 1A-C). Moreover, in the subset of 50 paired samples from the TCGA database, MST3 and MST4 were
elevated in HCC tumors compared to the adjacent nontumor tissues (Fig. 1D). Notably, we detected a
positive correlation between hepatic MST3 and MST4 expression in HCC subjects (Fig. 1E).

To further understand the role of these kinases in the progression of HCC, we examined the correlation
between MST3/MST4 levels and the clinicopathological features of HCC patients from the TCGA
database. Serum AFP has been identified as a prognostic marker of HCC shown to associate with tumor
aggressiveness (size, multinodular appearance, and vascular invasion) (42-45). Here we found that high
hepatic levels of MST3 and MST4in HCC patients were accompanied by up-regulated serum AFP and
advanced histological HCC grades (Fig. 1F-G). Consistently, Kaplan-Meier survival curve analysis showed
that HCC subjects with a relatively high MST4 expression presented a significantly lower overall survival
(Fig. TH), disease-specific survival (Fig. 11), and progress-free interval (Fig. 1J) compared to those with a
low MST4 expression level. No relationship between MST3 abundance and survival outcomes was
identified in HCC patients (data not shown).

Next, we analyzed the immune microenvironment of tumor tissue in HCC subjects from the TCGA
database by ssGSEA (Supplementary Figure S2). We found that hepatic MST3 and MST4 transcripts
displayed highest negative correlation with cytotoxic cells (p=-0.292, P<0.001 for MST3; p=-0.161, P=
0.002 for MST4) and highest positive correlation with T helper cells (p =0.437, P<0.001 for MST3; p =
0.344, P<0.001 for MST4).

To confirm the results from the bioinformatics assessment of the online databases, we analyzed the
expression of MST3 and MST4 mRNA in liver biopsies from an independent cohort of HCC patients (n =
48) and control subjects (n = 214). Importantly, while the etiology of HCC in the online databases was not
known, the patients with hepatitis B and C virus infection were excluded in this cohort, suggesting that the
HCC development was likely triggered by NASH. Consistent with a metabolic origin of HCC, these patients
displayed increased hepatic abundance of NASH markers collagen type | alpha 1 chain (COL7A7) and
transforming growth factor beta 1 (TGFBT) compared with controls (Fig. 1K), elevated fasting blood
glucose (114 + 6.1 versus 95 + 2.6 mg/dl, P=0.009; available in a subgroup of 92 subjects), and a
relatively high BMI (25.8 + 0.6 versus 25.4 + 0.3 kg/m?; no difference between the groups). We found that,
even in this cohort, the mRNA levels of MST3 and MST4 were up-regulated in liver biopsies from HCC
patients compared with the control subjects (Fig. 1L). Furthermore, we observed that transcripts of these
two kinases positively correlated with hepatic mRNA abundance of markers of poor HCC prognosis
vimentin (VIM), EPCAM, catenin beta 1 (CTNNBT), and glypican 3 (GPC3, Supplementary Figure S3). Of
note, there was no correlation between the expression of MST3 and MST4 mRNA and AFP
(Supplementary Figure S3). It should be emphasized that the HCC patients were slightly older than the
subjects in the control group (67 + 1.7 versus 62 + 0.8 years). However, neither age nor fasting blood
glucose were associated with the expression of MST3 and MST4 mRNA (P> 0.7) and the difference
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between the groups was independent of age and plasma glucose concentrations as analyzed by a
multivariate model (data not shown).

MST3 and MST4 Control the Proliferation and Apoptosis of
Human HCC Cells in Vitro

To explore the biological effect of MST3 and MST4 single knockdown on tumorigenesis of human HCC
cells, and to compare this to the simultaneous silencing of both kinases, we transfected HepG2 cell line
with MST3-, MST4-, or MST3/ MST4-specific siRNA versus a non-targeting control (NTC) siRNA. As
expected, the target mRNA and protein levels were efficiently down-regulated in cells transfected with the
corresponding siRNA (Fig. 2A-B). Notably, the silencing of MST3 had no impact on the protein abundance
of MST4,; however, we detected a slight but significant increase in the mRNA and protein expression of
MST3 in MST4-deficient HepG2 cells (Fig. 2A-B).

To examine the impact of MST3 and MST4 on the proliferation of hepatocytes, we performed the colony
formation and EdU labeling assays. EdU experiments revealed markedly suppressed proliferation of
MST3-, MST4-, or MST3/MST4-deficient HepG2 cells (Fig. 2C), which was consistent with a significant
decrease in colony formation rates (Fig. 2D). In addition, the abundance of four different markers of
hepatocyte proliferation — PCNA, Ki67, CK19, and cyclin D1- was markedly down-regulated in HepG2
cells where MST3, MST4, or MST3/MST4 were depleted, in parallel with significantly increased levels of
p27 protein, which is known to block cancer cell proliferation and induce cell cycle arrest (Fig. 2E-F)(46).
We did not detect any differences in viability comparing HepG2 cells transfected with MST3, MST4, or
MST3/ MST4 siRNA versus NTC siRNA (Fig. 2G).

Both MST3 and MST4 have been reported to induce apoptosis in HEK293 (human embryonic kidney) and
HelLa (human cervical cancer) cells (47-50). Here, we found that the expression of the proapoptotic
proteins CASP3 and BAX was decreased in MST3-, MST4-, or MST3/MST4-deficient HepG2 cells (Fig. 3A-
B). The quantification of Apopxin Violet labeling also revealed a slightly lower rate of initial/intermediate
stages of apoptosis in HepG2 cells transfected with MST3, MST4, or MST3/ MST4 siRNA (Fig. 3C).

Similar to these observations in HepG2, we found that the silencing of MST3 and/or MST4 significantly
reduced the proliferation and apoptosis of Hep3B cells (Supplementary Figure S4A-D). We did not detect
any differences in viability comparing Hep3B cells transfected with MST3, MST4, or MST3/ MST4 siRNA
versus NTC siRNA (Supplementary Figure S4E).

Knockdown of MST3 and MST4 Suppresses the Migration, Invasion, and Epithelial-Mesenchymal
Transition (EMT) of Human HCC Cells

To evaluate the impact of MST3 and MST4 on cell motility, we performed transwell migration and scratch
assays in hepatocytes. We found that the silencing of MST3, MST4, or MST3/MST4 significantly
suppressed the migration of HepG2 cells in both these assays (Fig. 4A-B). Considering the central role of
invasion in the progression of HCC (51, 52), the transwell assay was modified by coating the chambers
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with Matrigel to evaluate the role of these kinases in cell invasiveness. Results showed that the
knockdown of MST3, MST4, or MST3/MST4 notably blocked the invasion ability of HepG2 cells

(Fig. 4D). Additionally, the abundance of migration-, invasion-, and EMT-associated factors, including
matrix metalloprotein 2 (MMP2), matrix metalloprotein 9 (MMP9), N-cadherin, and fibronectin was
reduced in MST3-, MST4, or MST3/MST4-deficient cells, while the expression of the epithelial marker E-
cadherin was strengthened (Fig. 4C,E). Consistently, HepG2 cells transfected with MST3, MST4, or
MST3/MST4 siRNA exhibited an epithelial-like morphology with a cobblestone-like growth pattern,
whereas cells transfected with NTC siRNA displayed a mesenchymal-like phenotype with a spreading
growth pattern (Fig. 4F). Immunofluorescent microscopy assessment further demonstrated that MST3-,
MST4-, or MST3/MST4-deficient HepG2 cells presented lower levels of EpCAM, AFR, GRP78, and YAP
(Fig. 5), which are markers associated with poor prognosis and aggravated invasion and migration of
human HCC (53-57).

In line with these observations in HepG2, we found that the silencing of MST3 and/or MST4 kinases
suppressed the migratory and invasive capacity as well as EMT of Hep3B cells (Supplementary Figure
S5).

Silencing of MST3 and MST4 Signaling Alters the Pro-
Oncogenic Pathways in Human HCC Cells

To explore the mechanisms by which MST3 and MST4 impact on hepatocellular carcinogenesis, we
monitored the activation of mitogen-activated protein kinases (MAPKSs) extracellular signal-regulated
kinase 1/2 (ERK1/2) and Jun N-terminal kinase (JNK1/2), which are important signaling components
controlling proliferation and migration in human HCC (58). We detected no difference in total or phospho-
ERK1/2 (Thr?92/Tyr?94), or total or phospho-JNK1/2 (Thr'83/Tyr'8%), in HepG2 cells transfected with
MST3, MST4, or MST3/ MST4 siRNA versus NTC siRNA (Fig. 6A-B). YAP activation is an independent
prognostic marker in HCC and loss of YAP signaling has been shown to impair the migration and
invasion of human HCC cells (57, 59). We found that the protein abundance of YAP was about 2-fold
higher in MST3, MST4, or MST3/MST4-deficient HepG2 cells and the levels of phospho-YAP (Ser'?’;
inactive form) were also elevated to a comparable degree without any change in the phospho-YAP/YAP
ratio (Fig. 6C). MST4 has previously been described to activate autophagy-related gene 4B (ATG4B) via
phosphorylation of the Ser®®3 residue (21). Notably, ATG4B has also been implicated in survival and
growth of HCC cells (60, 61). Here, we did not detect any alteration in the phosphorylation level of ATG4B
(Ser383), or in the phospho-ATG4B/ATG4B ratio, in HepG2 cells where MST3, MST4, or MST3/MST4 were
knocked down (Fig. 6D). STAT3 signaling is known to be activated in human HCC and hepatocyte-
specific STAT3 ablation has been shown to prevent HCC development (62, 63). Interestingly, we found
that the phosphorylation of STAT3 (Thr’%®; active form), but not the total protein abundance, was
significantly lower in MST3-, MST4, or MST3/MST4-deficient HepG2 cells (Fig. 6E).

To discover the hepatocellular interaction partners of MST3 and MST4, we performed anti-MYC
immunoprecipitation in HepG2 cells transfected with plasmids encoding MYC-MST3 or MYC-MST4,
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followed by mass spectrometry analysis (Fig. 7A). We identified Golgi-associated protein GOLGA2 (also
known as GM130) and several components of the striatin (STRN)-interacting phosphatase and kinase
(STRIPAK) complex as binding partners for both MST3 and MST4 (Fig. 7B). To this end, the association
of MST3/MST4 with GOLGA2 and STRIPAK has been previously reported in several cell lines such as
HEK293 and HelLa (64-68). It is also known that, in mammalian STRIPAK complexes, the STRN family
members bind MST3 and MST4 via the stabilizing scaffold programmed cell death 10 (PDCD10; also
known as CCM3 or TFAR15) and orchestrate the dephosphorylation and inactivation of MST3 and MST4
by STRN-associated phosphatase 2A (PP2A) (Fig. 7C) (69). In addition, we detected an interaction
between MST3 and retinoblastoma-binding protein 4 (RBBP4; also known as RBAP48), transglutaminase
2 (TGM2), and leucine-rich PPR motif-containing protein (LRPPRC; also known as LRP130) in HepG2 cells
(Fig. 7B; Supplementary Table S3).

Discussion

In this study, we show that STE20-type kinases MST3 and MST4 were up-regulated in human HCC
tissues, and the silencing of MST3 or MST4 suppressed tumorigenicity of human HCC cell lines.
Together, our data provide the first evidence that MST3 and MST4 proteins may function as oncogenes in
the development of HCC, a cancer type with heavy disease burden and poor prognosis.

This report provides consistent evidence that proliferation, migration, invasion, and EMT abilities were
markedly reduced in MST3 or MST4-deficient HCC cells (Fig. 8); however, the mode-of-action of these
kinases remains elusive. Interestingly, we found that the silencing of MST3 or MST4 resulted in
decreased phosphorylation of STAT3, a critical regulator of hepatocarcinogenesis (62, 63). Furthermore,
we show that both MST3 and MST4 interacted with GOLGA2 and STRIPAK complex in HCC cells. It has
been previously reported that the abundance of GOLGA2 and STRIPAK is upregulated in human HCC
tumors compared with the adjacent nontumor tissue (70, 71). PDCD10 has also been demonstrated to
promote the proliferation, migration, invasion, and EMT of human HCC cells in vitro and to aggravate
tumor growth and metastasis in a mouse liver orthotopic xenograft model in vivo (72). In addition, we
detected an interaction between MST3 and RBBP4, TGM2, and LRPPRC proteins, which are all implicated
in the control of HCC development (73-75). Thus, it is plausible that inhibition of STAT3 signaling, and
binding to different interaction partners, may be part of the mechanism by which MST3 and MST4
promote hepatocarcinogenesis. However, the architecture and regulation of these interactions, and the
molecular pathways through which MST3/MST4 complexes control different cellular processes, remain
unknown.

In this study, the silencing of MST3 in human HCC cells phenocopied the knockdown of MST4, resulting
in a similar degree of inhibition in the cell proliferation, migration, invasion, and EMT. Clearly, our results
show that the presence of MST4 protein in MST3-deficient HCC cells could not compensate for the loss
of MST3, and vice versa, implying overlapping but non-redundant roles of these two kinases in the
regulation of hepatocellular tumorigenicity. We also found that the combined depletion of MST3 and
MST4 did not result in any consistent and significant benefit in terms of suppressed hepatocellular
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proliferation, migration, invasion, and EMT, as compared with the knockdown of MST3 or MST4
individually. The lack of additive or synergistic effects in HCC cells transfected with both MST3 and
MST4 siRNA suggests that these two kinases operate in the same pathway and/or employ a shared
mechanism not augmented by combined depletion. Another possible explanation involves a ceiling effect
in the repression the hepatocellular tumorigenesis by MST3 and MST4. Interestingly, we did not detect
any interaction between these two kinases in human hepatocytes, although MST3 and MST4 have been
shown to directly interact in HEK293 cells (76).

It is important to emphasize that all the in vitro investigations in this report were carried out using
immortalized human cell lines (HepG2 and Hep3B), which may not fully replicate the in vivo milieu. To
this end, further experiments using mouse models and human primary cells are warranted.

Before this report, we have provided several layers of evidence supporting the critical function of MST3
and MST4 kinases in the development and progression of NASH (10—-12). However, the data on the
potential role of these proteins in HCC have remained controversial as MST4 was described to display
both pro- and anti-HCC effects (15—17) while MST3 has not previously been implicated in HCC pathology.
Here, we show that inactivation of both MST3 and MST4, but also either of them individually, markedly
suppressed the tumorigenesis of human HCC cells. Notably, the combined silencing of MST3 and MST4
displayed no additive or synergistic impact on hepatocellular tumorigenesis, indicating that these kinases
act in the same signaling pathway, although the hierarchy, upstream regulators, and downstream targets
remain elusive. Together, our study supports the oncogenic effect of MST3 and MST4 in human HCC and
suggests that targeting these kinases may provide a novel strategy for the treatment of liver cancer.
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Figure 1

Expression of MST3 and MST4 mRNA in human liver biopsies positively correlates with the progression
of HCC. (A-C) MST3 and MST4 mRNA expression in human HCC tissues compared with the nontumor
controls obtained from the GSE14520 (A), GSE36376 (B), and combined TCGA and GTEx (C) datasets.
(D) MST3 and MST4 mRNA expression in the subset of paired HCC tumors and adjacent nontumor
samples. (E) Correlation between hepatic MST3 and MST4 mRNA expression in HCC subjects. (F-G)
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MST3 and MST4 mRNA expression in individuals with low versus high serum AFP concentration (F) and
low versus high histological HCC grade (G). (H-J) Kaplan-Meier curves for overall (H) and disease-specific
() survival as well as progress-free interval (J) in HCC patients with low versus high MST4expression. (K-
L) Hepatic expression of NASH markers (K) as well as MST3 and MST4 (L) mRNA in an independent
cohort of HCC patients and matched controls recruited at the University Hospital of Tiibingen. mRNA
expression was normalized to the endogenus control RSP13. For (D-J), data were acquired from the
TCGA-LIHC dataset. For (A-C, F-G, and K-L), the box plots show the median (line in a box), first-to-third
quartiles (boxes), 1.5x the interquartile range (whiskers), and outliers (dots). AU, arbitrary units; HR,
hazard ratio; TPM, transcripts per kilobase million
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Figure 2

Silencing of MST3 and MST4 suppresses the proliferation of human HCC cells. HepG2 cellswere
transfected with MST3 and/or MST4 siRNA, or NTC siRNA, and cultured with oleate supplementation.(A-
B) MST3 and MST4 mRNA (A) and protein (B) abundance assessed by qRT-PCR and Western blot,
respectively. In (B), protein levels analyzed by densitometry; representative Western blots are shown with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as a loading control. (C)Representative
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images of proliferating cells stained with EdU (green); nuclei stained with Hoechst 33342 (blue). The
scale bars represent 25 pm. Quantification of the staining. (D) Representative images of colonies stained
with crystal violet. Quantification of the number of colonies. (E) Representative images of cells processed
forimmunofluorescence with anti-PCNA (green), anti-Ki67 (pink), or anti-CK19 (green) antibodies; nuclei
stained with DAPI (blue). The scale bars represent 25 pm. Quantification of the staining. (F) Cell lysates
analyzed by Western blot using antibodies specific for cyclin D1 or p27. Protein levels analyzed by
densitometry; representative Western blots are shown with vinculin used as a loading control. (G) Cell
viability assessed using resazurin. Data are mean + SEM from 3-6 (C-E) or 9-12 (A-Band F-G) wells per
group. *P<0.05, **P<0.01, ***P<0.001
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Figure 3

Knockdown of MST3 and MST4 protects human HCC cells from apoptosis. HepG2 cells were transfected
with MST3 and/or MST4 siRNA, or NTC siRNA, and cultured with oleate supplementation. (4)
Representative images of cells processed forimmunofluorescence with anti-cleaved CASP3 (green)
antibodies; nuclei stained with DAPI (blue). The scale bars represent 25 um. Quantification of the
staining. (B) Cell lysates analyzed by Western blot using antibodies specific for BAX, MST3, or MST4.
Protein levels analyzed by densitometry; representative Western blots are shown with GAPDH used as a
loading control. (C) Initial/intermediate stages of apoptosis monitored by staining with Apopxin Violet
(Ex/Em = 405/450 nm). Data are mean + SEM from 6 (A), 12 (B), or 20 (C) wells per group. *P<0.05,
**P<0.01, ***P<0.001
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Figure 4
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Figure 4

MST3 and MST4 control migration, invasion, and EMT of human HCC cells. HepG2 cells were transfected
with MST3and/or MST4 siRNA, or NTC siRNA, and cultured with oleate supplementation. (A)
Representative images of migrated cells stained with crystal violet. The scale bars represent 25 pm.
Quantification of the staining. (B) Scratch assay: gap closure was estimated at the indicated time points.
(C) Cell lysates analyzed by Western blot using antibodies specific for MMP-2, MMP-9, MST3, or MST4.
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Protein levels analyzed by densitometry; representative Western blots are shown with vinculin used as a
loading control. (D) Representative images of invaded cells stained with crystal violet. The scale bars
represent 25 pm. Quantification of the staining. (E) Representative images of cells processed for
immunofluorescence with anti-N-cadherin (green), anti-fibronectin (green), or anti-E-cadherin (red)
antibodies; nuclei stained with DAPI (blue). The scale bars represent 25 pm. Quantification of the
staining. (F) Representative phase-contrast images showing cells with mesenchymal- (red arrows) and
epithelial-like (blue arrows) morphology. The scale bars represent 200 um. Data are mean + SEM from 6-
10 (A-B-and D-E) or 12 (C) wells per group. *P<0.05, **P<0.01, ***P<0.001
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Figure 5

Knockdown of MST3 and MST4 in human HCC cells results in a lower expression of markers associated
with poor prognosis of HCC. HepG2 cells were transfected with MST3 and/or MST4 siRNA, or NTC siRNA,
and cultured with oleate supplementation. Representative images of cells processed for
immunofluorescence with anti-EpCAM, anti-AFP, anti-GRP78, or anti-YAP (green) antibodies; nuclei stained
with DAPI (blue). The scale bars represent 25 pm. Quantification of the staining. Data are mean + SEM
from 6 wells per group. *P<0.05, **P<0.01, ***P<0.001
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Figure 6
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Silencing of MST3 and MST4 alters the pro-oncogenic pathways in human HCC cells. HepG2 cells were
transfected with MST3 and/or MST4 siRNA, or NTC siRNA, and cultured with oleate supplementation. (A-
E) Cell lysates analyzed by Western blot using antibodies specific for ERK1/2 or phospho-ERK1/2
(Thr292/Tyr204) (A), JNK1/2 or phospho-JNK1/2 (Thr'83/Tyr'8%) (B), YAP or phospho-YAP (Ser'?/) (0),
ATGA4B or phopho-ATG4B (Ser®®3) (D), STAT3 or phospho-STAT3 (Thr’%) (E), MST3, or MST4. Protein
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levels analyzed by densitometry; representative Western blots are shown with vinculin or GAPDH used as
a loading control. Data are mean * SEM from 5-8 (A-B) or 10-12 (C-E) wells per group. *P<0.05,

***P<(0.001
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Figure 7

MST3 and MST4 interact with GOLGA2 and the STRIPAK complex in human HCC cells. (A) Graphic
presentation of immunoprecipitation and mass spectrometry experiments in HepG2 cells transfected with
MYC-MST3, MYC-MST4, or an empty control plasmid. (B) Heatmaps of the scaled abundance of the
identified binding partners of MST3 and MST4, see Supplementary Table S3 for details. (C) Schematic
model of the human STRIPAK complex adapted from (77, 78). Proteins which were found to interact with

MST3 and MST4 in this study are shown in red.
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Figure 8
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Figure 8

Silencing of MST3 and/or MST4 protects against HCC development and progression by alleviating
proliferation and apoptosis and by suppressing the migration, invasion, and EMT of human HCC cells.
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