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ABSTRACT

Human hepatocarcinogenesis is a complex process with many unresolved issues, including the
cell of origin (differentiated and/or progenitor/stem cells) and the initial steps leading to tumor
development. With the aim of providing new tools for studying hepatocellular carcinoma
initiation and progression, we developed an innovative model based on primary human
hepatocytes (PHHS) lentivirus-transduced with SV40LT+5T HRASY!? with or without h”TERT. The
differentiation status of these transduced-PHHs was characterized by RNA sequencing (including
IncRNAs), and the expression of some differentiation markers confirmed by RT-qPCR and
immunofluorescence. In addition, their transformation capacity was assessed by colony formation
in soft agar and tumorigenicity evaluated in immune-deficient mice. The co-expression of
SV40LT+ST and HRASV'? in PHHSs, in association or not with hTERT, led to the emergence of
transformed clones. These clones exhibited a poorly differentiated cell phenotype with expression
of stemness and mesenchymal-epithelial transition markers and gave rise to cancer stem cell
subpopulations. In vivo, they resulted in poorly differentiated hepatocellular carcinomas with a
reactivation of endogenous hTERT. These experiments demonstrate for the first time that non-
cycling human mature hepatocytes can be permissive to in vitro transformation. This cellular tool
provides the first comprehensive in vitro model for identifying genetic/epigenetic changes driving

human hepatocarcinogenesis.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a poor prognosis tumor ranking third in terms of the most
frequent cause of cancer-related death worldwide[1]. Hepatocarcinogenesis is a complex process
combining the accumulation of widely heterogenous genetic and epigenetic changes that occur
during the initiation, promotion and progression of the disease. Although common alterations
have been identified in tumors[2,3], in human, the early changes leading to the initiation of
transformation and the identity of which liver cells (differentiated hepatocytes and/or
progenitor/stem cells) are the most permissive to this process are poorly characterized. One
reason is the lack of models derived from human hepatocytes. To date, only human pre-
immortalized hepatocyte cell lines permissive to the transformation process have been
described[4].

One way for driving normal cells to a tumorigenic state in vitro is the use of the oncogene
combination described by Weinberg and collaborators[5,6]. In this combination, the human
telomerase reverse transcriptase subunit (h'TERT) immortalizes cells, whereas the SV40 large T
antigen (SV40'T) binds and inhibits the p53 and pRb tumor suppressors. Finally, the expression
of the SV40 small t antigen (SV405T) that indirectly stabilizes C-MYC and of the oncogenic
mutant HRASY!? activates mitogenic signaling pathways and promotes cell replication. This
results in the emergence of cells with an unlimited replicative potential, partially independent of
growth factors, and which have overcome apoptotic and anti-proliferative signals[6]. The
oncogene combination described by Weinberg has been used in some human primary cell types
including fibroblasts, mammary and bronchial cells, to better characterize the initiation of in vitro
transformation steps[7]. Numerous cell types of rodent origin, including primary hepatocytes,

have also been successfully transformed in vitro by the SV40LT and HRASY!? combination. In



mouse, such a strategy has resulted in primary hepatocyte transformation regardless of the cell
differentiation state, suggesting that any cell type in the mouse hepatic lineage can initiate
HCC[8-10]. With the aim of better characterizing human hepatocarcinogenesis, we have
developed the first paradigm of in vitro transformation of normal primary human hepatocytes

(PHH).

MATERIALS AND METHODS
Cell culture and transduction

PHHs were isolated from freshly resected non-tumor surrounding liver tissue from three patients
undergoing surgery for colorectal adenocarcinoma liver metastasis (Centre Léon Bérard Resource
Biological Centre, ministerial agreements #AC-2013-1871 and DC-2013-1870). Signed informed
written consent was obtained from patients before surgery. Histological analysis was performed
to ensure the absence of microscopic tumor invasion. The two-step collagenase (0.05%, Sigma-
Aldrich C5138) perfusion method was used and cells were seeded at confluence in collagen-
coated plates[11]. They were maintained for 3 days in William’s E medium with GlutaMAX™
(Invitrogen) devoid of fetal calf serum (FCS), supplemented with 100 UI/mL penicillin-G, 100
ug/mL streptomycin, 5 pg/mL insulin, and 5.10° M hydrocortisone hemisuccinate, and then
grown in complete William’s E medium containing 10% FCS and 1.8% dimethyl sulfoxide
(DMSO). The HuH7 cell line, used as a control in tumorigenicity experiments, was cultured in
RPMI-1640 medium supplemented with 10% FCS, 100UI/mL penicillin G, 100 pg/mL

streptomycin, 1% non-essential amino acids and 0.01 M Hepes buffer (Invitrogen).

The pLenti6-RASV!? and pLenti6-hTERT expression vectors were obtained by inserting the

RASY?2 ¢cDNA from pBabe-puro RAS"’? (Addgene) and the hTERT cDNA from pBabe-hygro



hTERT (Addgene) into the pLenti6 lentiviral vector (Invitrogen). pLenti CMV/TO SV40 small t
+ large T (Addgene) was also used. Virions from lentiviral constructs encoding human HRAS"'?,
SV40STLT or KWTERT were produced in 293FT cells (Invitrogen). PHHs were sequentially
transduced (every 7 days) by pLenti CMV/TO SV40LTST pLenti6-RASY/? and pLenti6-hTERT,
at a multiplicity of infection of one (MOI-1) in a medium containing 6 pg/mL polybrene. Cells
were then selected with 300 pg/mL geneticin (SV403™LT) and/or 3 pg/mL blasticidin (HRASY!?)
and/or 200 pg/mL zeocin (hTERT). Lentiviral particles containing empty vector (EV) were used

as controls. The efficacy of immortalization was not determined.
RNA extraction, sequencing and real-time quantitative PCR (RT-qPCR)

Total RNA was extracted using Extract-all (Eurobio) from two independent experiments,
according to the manufacturer’s instructions. Around 3.5 pg of total RNA was ribodepleted using
the Ribozero kit (Epicentre) and ¢cDNA libraries for PHH-EV, PHH-SV40T™ST and PHH-
SV40LT+ST/HRASY!? samples were then prepared following the Illumina protocol. Libraries were
single-end 50 bp sequenced on an Illumina HiSeq 2500 sequencer. Fastq files underwent a first
quality control to assess the quality of sequencing data. Raw reads were aligned on the human
genome GRCh38. After filtering non aligned reads or reads with multiple alignments, sequencing
depth ranged from 26 to 40 million reads. For RT-qPCR, 1 pg of total RNA was DNase I-
digested (Roche), reverse transcribed with random primers and MMLV-RT (Life technologies),
and amplified with LightCycler 480 (Roche) using QuantiFast SYBR Green PCR Kit (Qiagen).
Levels of gene expression were determined using the Ct method with 18S rRNA as housekeeping
gene. Each experiment was conducted three times in triplicate. Oligonucleotide sequences are

available on request.

Protein extraction and Western blotting



Proteins were extracted with RIPA [50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, 1 mM Na3VO4, protease cocktail inhibitor (Roche)] and
protein concentrations were determined using the BCA assay (Pierce). Whole-cell extracts were
resolved by SDS-PAGE, transferred onto a PVDF membrane and probed with a specific primary
antibody against SV405T+LT (PAb419, 20% of home-made hybridoma supernatant); HRAS (sc-
520, Santa Cruz Biotechnology, 1/1,000); KU80 (AHP317, Serotec, 1/40,000); hTERT (sc-7212,
Santa Cruz Biotechnology, 1/500), in 1% w/v nonfat dry milk, 1X TBS, 0.1% Tween-20 at 4°C
overnight with gentle shaking. After washing, membranes were incubated with a HRP-conjugated
secondary goat anti-rabbit or goat anti-mouse antibody (Sigma, 1/5,000). Protein detection was
performed by using the enhanced chemiluminescence kit (Amersham). All blots were

standardized for equal protein loading with KU80 staining.
Immunofluorescence

Cells were plated on collagen-coated glass coverslips in a 12-well plate. Twenty four hours later,
cells were fixed in 4% paraformaldehyde and permeabilized in PBS containing 0.1% saponin
(PBS - 0.1% saponin), for 30 min at room temperature. After saturation in PBS - 0.1% saponin
containing 3% BSA, cells were incubated (1 hour at room temperature) with a primary antibody
against either VIMENTIN (AC-0024A, 1/400), CK19 (AC-0073A, 1/250), CK18 (AC-001A,
1/500) (Epitomics), CK7 (GA619, Dako, 1/250), ALBUMIN (ab10241, 1/2,000), EpCAM
(ab187270, 1/100), CD133 (ab19898, 1/200) (AbCam), or N-Cadherin (14215S; Cell Signaling,
1/200). After washing with PBS - 0.1% saponin, a goat anti-mouse IgG Alexa Fluor 488-
conjugated secondary antibody (A-11001) or a goat anti-rabbit IgG Alexa Fluor 555-conjugated
secondary antibody (A-21428) (Invitrogen, 1/1,000) was added (30 min / room temperature).

Finally, coverslips were washed with PBS - 0.1% saponin, incubated (5 min / room temperature)



with 0.25 pg/mL DAPI prior to mounting in Vectashield medium (Vector Laboratories) and

analyzed using a Nikon fluorescence microscope.
Cell growth determination

Growth curves of PHH-SV40ST+LT, PHH-SV405T*LT/HRASV!? and PHH-
SV40ST+LT/HRASY'>/hTERT were compared using MTS assay (CellTiter 96® AQueous One
Solution Cell Proliferation Assay, Promega). Cells were seeded at a density of 1.5 x 10*cm? in
complete medium with 10% FCS. For the 1% FCS cell growth assay, after overnight plating,
cells were washed twice in PBS-1X, and complete medium with 1% FCS added to the flasks. The
MTS assay was performed daily according to the manufacturer’s instructions. Two independent

experiments were conducted in triplicate.
Soft agar assay and soft agar colonies isolation

Approximately 5 x 10° cells were seeded in 6-cm dishes with culture medium containing 0.35%
noble agar, overlaid on culture medium containing 0.7% noble agar and the appropriate selection
antibiotics. Liquid medium was refreshed every 5 days and cultures were maintained for 4 weeks
when colonies (> 0.15 mm) were then counted. For soft agar colony isolation, macroscopic
colonies formed in the semi-solid medium were isolated, trypsinized and re-plated for sub-

culture.
Hepatosphere formation

Cells were collected after trypsinization in 15 mL tubes containing 8 mL of complete medium
and centrifuged for 5 min at 200 g. The supernatant was discarded and the pellets were
resuspended in PBS 1X buffer at 1 x 10° cells/mL. For each cell line, cells were then diluted to

1.6 x 10* cells/mL in 2 mL of serum-free hepatosphere medium (William’s E medium



supplemented with 100 UI/mL penicillin G, 100 pg/mL streptomycin, 1% non-essential amino
acids, 0.01 M Hepes buffer, B27 1/50, 10 pg/mL EGF, 20 pg/mL bFGF, 4 pg/mL heparin). 0.5
mL of this dilution was dispensed in two wells of a 24-well ultra-low adherence plate (Costar,
Corning), without selection antibiotics. Images of spheres were taken 4 days after seeding. Each

condition was performed in duplicate.
Flow cytometry

For cell cycle analysis, cells were harvested in a citrate/sucrose/DMSO buffer 48 h after seeding.
Then, RNA was digested and DNA was stained with propidium iodide (PI) (CycleTest Plus kit,
Becton Dickinson). The proportion of cells at each cell cycle stage was determined using a

FACScan flow cytometer (Becton Dickinson), according to the manufacturer’s instructions.

For staining of stem cell-associated markers, cells were harvested by trypsinization in 15 mL
tubes containing 8 mL of complete medium and centrifuged for 5 min at 200 g. The supernatant
was discarded and the pellets were resuspended in PBS buffer at 1 x 10% cells/mL. For each
staining condition, 0.5 mL of the cell suspension was dispensed in Eppendorf tubes and
centrifuged for 5 min at 400 g. The supernatants were discarded, the pellets resuspended in 100
uL of staining buffer (1X PBS, 2% BSA) and incubated on ice for 10 min for non-specific
antigen saturation. For CD44v6, and CD90 detection, the following antibodies were used:
CD44v6-FITC (BMS 125F], eBiosciences), CD90-PE (555596, BD Biosciences), according to
manufacturer’s instructions. At the end of the incubation period, cells were washed with 1 mL of
staining buffer and centrifuged for 5 min at 400 g. Supernatants were discarded and pellets were
suspended in 0.5 mL of staining buffer. Cells were incubated with isotype controls (Miltenyi)
using the same protocol. Staining analysis was performed with the FACScan flow cytometer

(Becton Dickinson), according to the manufacturer’s instructions.



Tumorigenicity in nude mice

BALB/c nude mice (Charles River) were maintained in accordance with the Rhone-Alpes ethics
committee for animal experimentation and institutional and national guidelines. Transduced-
PHHSs (1 x 10°) were implanted subcutaneously into the flanks of 5-week-old female mice. Two
independent experiments with two animals were performed per cell line, each animal being
injected in each flank, thus being 8 injections per cell line in total. Food and water were given ad
libitum. Mice were sacrificed when the tumor size reached 1 ¢cm? following ethic committee
recommendations, or systematically after 6 months post-injection. Immediately after sacrifice, the
tumors were removed and divided into two parts: one piece was frozen in liquid nitrogen, and the
second fixed in 4% buffered formalin and paraffin embedded. Sections were cut from the paraffin

block and stained with hematoxylin and eosin.
Statistical Analysis

Continuous variables and proportions were compared using the Mann-Whitney (Wilcoxon for
paired samples), -Student (paired samples t-test when appropriate) and Chi-squared test. P< 0.05

were considered as significant (MedCalc Version 12.7.1.0).

Differential expression analysis and pathway analysis on RNA-sequencing data were performed
as previously described[12]. Genes were considered as differentially expressed at family-wise
error rate (FWER) < 0.01 (Bonferroni correction) and with absolute fold change higher than 2.
Differential gene expression analysis was performed using the R package “edgeR” (R software
version 3.1.3)[12]. EdgeR implements an empirical Bayesian method that permits the estimation
of gene-specific biological variation, even in the context of minimal levels of biological variation.
Heatmaps were used to show differentially expressed genes, using the “heatplot” function of the

R package “made4”. The function generates an unsupervised hierarchical clustering based on the
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gene expression profile of the differentially expressed genes. In order to show an overview of
similarities and differences between samples, multi-dimensional scaling plots were obtained
using the function “mdsRplot” from the “minfi” R package, using the expression values of the
10% of the most variable genes. Hierarchical clustering based on Euclidian distance was obtained

using the function “plotSampleRelation” from the “lumi” R package.

RESULTS
Morphological changes and proliferative capacities of lentiviral-transduced-PHHs

As previously described, PHHs have a considerable replication capacity in vivo, but loose this
capacity in vitro[13]. Freshly isolated PHHs were platted at confluence and monitored using light
microscopy. Morphological analysis carried out 7 days after isolation showed cubic binucleated
cells that formed a confluent monolayer. By immunofluorescence (IF), PHHs exhibited
expression of hepatocyte markers [CK18®, albumin®] and absence of cholangiocyte [CK7®,
CK19%], liver progenitor [EpCAM®, CDI1330, CK7®, CKI19©] and mesenchymal cell
[vimentin®] markers (Supplementary Figure 1). After lentiviral transduction of PHHs, the ectopic
expression of transgenes was verified by Western-blot analysis (Figure 1A) and their morphology
assessed by phase contrast microscopy after three weeks of culture and selection (Figure 1B).
PHHs transduced with empty vectors as a negative control (PHH-EV) resembled the parental
PHHs, while those transduced with the onco-viral genes SV40LT*5T in association or not with
HRAS"!? and hTERT (PHH-SV40QLT+5T, PHH-SV40LT+ST/HRASV!2, PHH-
SV40LT+ST/HRASV!2/hTERT) displayed a dramatically altered morphology (Figure 1B). PHHs
transduced with HRASY/? only displayed a morphology resembling oncogene-induced

senescence, as previously described[14,15] and no long-term viable cells were obtained (data not
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shown). All of the transduced cells expressing SV40LT+5T re-entered the cell cycle, as confirmed
by FACS analysis for PHH-SV40LT+5T, PHH-SV40T+ST/HRASVY!? (Figure 2A). The growth rate
was similar in PHH-SV4QLT+ST, PHH-SV40LT+ST/HRASV!2 and PHH-
SV40LTST/HRASY'2/hTERT when cultured in 10% FCS (Figure 2B). Under conditions of serum
starvation (1% FCS), PHH-SV40'™5T had a reduced growth rate while the PHH-
SV40LTST/HRASY'?2  and PHH-SV40L'TST/HRASV!?hTERT continued to grow rapidly,
indicating a reduced dependence on external mitogen stimuli, one of the hallmarks of in vitro

transformation (Figure 2C).
In vitro transformation and in vivo tumorigenicity of lentiviral transduced-PHHs

The assessment of anchorage-independent growth, another hallmark of in vitro transformation,
showed that only the combination of SV40LTST/HRASY? or SVAOLT*ST/HRASY'?/hTERT
expressed in the PHHs was associated with the ability to form colonies greater than 0.15 mm
diameter in soft agar (Figure 3A, 3B). The addition of A/TERT, whilst not required for colony
formation, increased the number of colonies (Figure 3B). Six colonies from the PHH-
SV40LTST/HRASY!? and PHH-SV40LTST/HRASY'2/hTERT were isolated and subsequently
expanded in vitro in 2D-cell subcultures. All the 6 PHH-SV40'TST/HRASV!2/hTERT agar
colonies grew, but only 2 of the 6 PHH-SV40L:TST/HRASV!? survived. Indeed, the four others
stopped growing and displayed a senescence-like morphology (data not shown). All of the sub-
clones that continued to grow were characterized by the same morphology and were able to form
anchorage-independent colonies similarly to their parental cells (data not shown).

As the expression of h"TERT appeared to improve the long-term survival of transduced cells, we
evaluated the expression of endogenous ATERT in cells not transduced with the ATERT-

expressing lentivirus. Interestingly, levels of endogenous hTERT mRNA increased as the cells
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progressed towards a transformed phenotype from PHH-EV to PHH-SV40/ HRASV!?, with a
maximum in the PHH-SV40/ HRASVY!? agar clone, suggesting that the acquisition of hTERT
expression is critical throughout the transformation process (Figure 4).

Next, the in vivo tumorigenic potential of the different transduced cells was tested. 1 x 10° PHH-
EV, PHH-SV40LT+ST PHH-SV40LTST/HRASVY!? or PHH-SV40LT+ST/HRASV'2/hTERT cells were
subcutaneously injected into immune-deficient nude mice. After three months of monitoring,
tumors were detected in all animals injected with PHH-SV40MT+ST/HRASVY!? or PHH-
SV40LT+ST/HRASY'2/hTERT. In contrast, injection of either 1 x 10° PHH-EV or PHH-SV4QLT+T
cells failed to give rise to tumors in nude mice during 6 months of follow-up, an observation
consistent with previous data obtained from two human immortalized hepatocytic cell lines[4].
Pathological analysis of the tumors revealed a poorly differentiated pattern of HCC infiltrating
adjacent tissues (Figure 5A). Tumors with similar features were also observed in mice injected
with PHH-SV40LT+ST/HRASV!? isolated after two rounds of soft agar growth and sub-culturing.
Strikingly, cells derived from these tumors expressed lower mRNA levels of endogenous hTERT
than the parental cells (Figure 5B), likely reflecting intra-tumoral heterogeneity. A second
tumorigenic assay was performed by using an independent batch of transduced-cell lines, leading

to similar results (data not shown).

Transcriptomic analysis

A transcriptomic analysis was carried out to identify the genes with altered expression profiles
during the immortalization and transformation processes on two batches of cells from two
independent transformation experiments. Since full transformation of PHH- SV40LT+ST/HRASV!2

was accompanied by an increased expression of endogenous AhTERT, we did not include the

13



PHH- SV40LT*ST/HRASY'?2/hTERT cells in the analysis. A comparison between the immortalized
PHHs (PHH-SV40LT+5T) and PHH-EV cells showed that this process was associated with a
dramatic change in gene expression, with 4,003 differentially expressed genes (DEGs)
(FWER<O0.01, FC>2): 2,139 down-regulated genes in PHH-SV40LT+ST (among which were 186
IncRNAs) and 1,864 up-regulated (135 IncRNAs) compared to PHH-EV (Figure 6A). 1,428
genes were differentially expressed (FWER<0.01, FC>2) in the next transformation stage: 692
genes were down-regulated (40 IncRNAs) and 736 up-regulated (83 IncRNAs) when the profiles
of PHH SV40'T™ST/HRASV!? cells were compared to PHH-SV40L™ST (Figure 6B). Most up-
regulated genes showed an increased expression only in the later stages of this
immortalization/transformation process with changes being noted only in the PHH-
SV40LT+ST/HRASY!? and with no differential expression between the PHH-EV and PHH-
SV40LT+ST (Figure 6B). The DEGs clearly clustered in three sub-groups: i) one showing high
expression in PHH-EV that was reduced in the PHH-SV40-™5T and remained low in the PHH-
SV40LT+ST/HRASV!?; ii) a second showing an up-regulation only in the PHH-SV40LT+5T; and iii)
a third showing a gradual increase in expression as the cells moved from the “normal” phenotype
seen in the PHH-EV to intermediate levels in PHH-SV40LT5ST and the highest levels in the fully
transformed PHH-SV40LT+ST/HRASV!2,

Pathway analysis showed that genes up-regulated in PHH-SV40LT+5T ys, PHH-EV are involved in
cell cycle and cell proliferation pathways (including histone coding genes) (Figure 6C).
Interestingly, down-regulated genes in PHH-SV40L™ST were mostly associated with hepatic
metabolism. Loss of HNF4A expression and its target genes (ALB, CYP450 and coagulation
factor genes) indicated that immortalization was associated with a loss of liver cell differentiation
(Figure 6D). A comparison between PHH-SV40LTST/HRASVY!? and PHH-SV4QLT+ST

transcriptomes revealed that the up-regulated genes were mostly involved in the PI3k-Akt
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pathway (Figure 6E) while many down-regulated genes belonged to cell-cell interaction
pathways, although this trend was not consistent across the different queried databases (Figure
6F). Taken together, these results suggest that these two pathways are critical to induce the
transformation of immortalized cells.

Most of the altered long non-coding RNAs (IncRNAs) were up-regulated during the transition
from immortalized PHH-SV40'™ST towards the transformed PHH-SV40'T+ST/HRASV!?
(Supplementary Figure 2). The majority of them have not previously been identified associated
with HCC, although several have been described to be cancer-related (for example CCAT,
CRNDE, LUCAT1, CASC8, CASC19). In contrast, HOTAIR, a well-known cancer promoting
IncRNA, was up-regulated in the immortalized PHH-SV40-TST suggesting that its up-regulation
is an early event in HCC development. These data showed that the PHH-EV cells clustered and
were distinct from the immortalized (PHH-SV40T™ST) and transformed cells (PHH-

SV40LT+ST/HRASV!?) (Figure 7A, 7B).

Immortalization and transformation of PHH is associated with a dedifferentiation

process

As suggested by the large-scale transcriptome analysis, hepatocyte dedifferentiation occurred
during the immortalization/transformation process as confirmed by the dramatic changes in the
expression of a panel of genes by RT-qPCR (Table 1). In comparison with PHH-EV cells, the
PHH-SV40L™5T and PHH-SV40LTST/HRASY!? harbored a striking decrease in hepatocyte-
specific markers: ALBUMIN, AAT, CYP3A4, CYP2B6, HNF4, TAT, TDO. The levels of the
epithelial marker KRT18 were already lowered in the PHH-SV40L™5T and showed no further
decrease in the PHH-SV40LT+ST/HRASVY!? while the levels of the progenitor cell marker KRT19

were high in the immortalized PHH-SV40T5T and low in the poorly differentiated transformed
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PHH-SV40LT+ST/HRASV!? cells. Changes in the balance of several epithelial and hepatocyte
markers were confirmed at the protein level by immunofluorescence in the PHH-SV40-T+5T and
PHH-SV40LT+ST/HRASVY!? cells (Figure 8) in comparison with PHHs (Supplementary Figure 1).
Indeed, a sequential decrease of Albumin and CK18 (hepatocyte and epithelial markers) and the
appearance of vimentin and N-cadherin (mesenchymal markers) were noted. In addition, CK19
progenitor marker was up-regulated in PHH-SV40L™*ST and its expression lost in PHH-
SV40OLT+ST/HRASY!? cells. Similar data were observed at the mRNA level in HCC tumors

growing after heterotopic injection in nude mice (Table 2).

Transformation of PHHs is associated with the acquisition of stemness markers and

cancer stem cell (CSC) properties

As assessed by RT-qPCR, stemness markers such as DLK1, EpCAM, BMI, NANOG, OCT4, and
SOX2 were mainly up-regulated in transformed PHH-SV40L™5T/HRasV!? compared to PHH-EV
and were absent or modestly over-expressed in immortalized PHH-SV40LT5T, However, FZD7
and ANp73, associated to immaturity in several tissues[16—19], were strikingly up-regulated in
the early steps of transformation, as suggested by an up-regulation in PHH-SV40LT+5T and
remained at higher levels in our model of fully transformed cells (PHH-SV40LT+ST/HRASVY!?)
(Table 1). FACS analysis showed that PHH-SV40LT+5T and PHH-SV40LT+ST/HRASV!? carried the
CD90 surface stemness marker as well as ALDH labeling, whereas they were both negative for
the stemness-associated marker CD44v6 (Supplementary Figure 3). Confirming the increased
stem-like phenotype of PHH-SV40LT*ST/HRASY'?2, only these cells could give rise to
hepatospheres in low attachment conditions, a classical assay for assessing stem cells (Figure 9A,
9B). Overall, these in vitro molecular and cellular characterizations indicate that dedifferentiation

accompanied the immortalization step and was reinforced during full transformation.
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DISCUSSION

This study reports the use of normal differentiated adult hepatocytes of human origin (PHHSs) to
establish a model of in vitro human hepatocarcinogenesis in which we strikingly found that
resulting HCC cells exhibited some features of immaturity and CSC-like properties.

While it is clear that cancers arise from the accumulation of genetic and/or epigenetic
abnormalities that endow the malignant cell with the properties of uncontrolled growth and
proliferation, the precise sequence of these events that program human hepatocarcinogenesis
remains heterogeneous and unclear. That is why the generation of new models of transformation
is needed. The use of oncogenic proteins derived from DNA tumor viruses in experimental
models of transformation has provided fundamental insight into the process of cell transformation
over the last decades. In 1999, Weinberg and collaborators reported for the first time that the co-
expression of SV40LT and SV40ST, hTERT, and HRASY'? in normal human fibroblasts and kidney
cells converted them into tumorigenic cells[5]. However, this has never been investigated in
hepatocytes. The in vitro transformation of hepatocytes of human origin has previously been
reported although the cells used were not normal quiescent hepatocytes, but the pre-immortalized
HL-7702 and HL-7703 cell lines, transformed either by the SV40'T*ST/RAS/WTERT
combination[4] or RhoC[20]. In the present study, we show for the first time that SV40LT+ST co-
expression immortalizes primary human liver cells and that the addition of HRASY"? transforms
these cells. This process required the reactivation of telomerase either by spontaneous
upregulation of the endogenous ATERT or directly by lentiviral transduction of ATERT.
Transcriptome analysis showed that immortalization induced the greatest change in the gene

expression profiles with a partial loss of cell identity, including a decrease in hepatocyte markers,
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such as ALBUMIN, CYP genes, coagulation factors and lineage-specific transcription factors (e.g.
HNFA4A).

Although being a key driver of cancer development[21], the ectopic expression of HRAS alone
mainly provokes oncogene-induced senescence by activating the p53/pRb gatekeepers, which
serve as a major barrier to Ras-driven transformation in different types of cells including
hepatocytes[14,15]. Indeed, in our model, the ectopic expression of HRASY/? alone, without
previous immortalization by SV40LT+ST | resulted in non-proliferative cells with a morphology
reminiscent of senescence, strengthening the need of immortalization prior to transformation as
has been reported in many models[22,23]. In contrast, SV40LTST expression allowed the
quiescent PHHs to re-enter the cell cycle and reach immortalization, as described with other
proteins such as HCV core or HPV E6-E7[24,25]. It is well established that expression of SV40LT
in combination with an oncogenic allele of HRAS is sufficient to transform normal rodent
cells[26] including hepatocytes[10]. One of the mechanisms involved is the inactivation of the
p53 and retinoblastoma (pRb) tumor suppressor proteins through their interaction with SV40LT.
However, similar attempts to transform normal cells of human origin through immortalization
with SV40LT alone, have mostly failed due to the cells entering an irreversible growth arrest or
undergoing apoptosis[27]. Interestingly, SV405T is able to boost SV40LT expression[28]. This
could, for instance, perturb the expression of the phosphatase 2A protein[6], and allow the
SV40tT-mediated inhibition of p53 that has been shown to contribute to the acquisition and/or
maintenance of CSC properties[29] in addition to cell transformation.

We found that, among the lentiviral-transduced PHHs giving rise to colonies in soft agar, all the
PHH-SV40LT+ST/HRASV!>hTERT-derived colonies were able to grow after subsequent
subculture, whereas only one third of the PHH-SV40MTST/HRASV!2-derived colonies displayed

this ability. These latter colonies showed reactivation of the endogenous hTERT, thus preventing
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replicative senescence and enhancing the transformation process. The role of telomerase
expression as an essential requirement for the neoplastic conversion of human cells is
controversial. In models in which normal human cells were converted to cancer cells by the
combination of SV40 and oncogenic RAS, hTERT was originally described as essential[5]. In
other approaches using primary cultures of colon smooth muscle cells isolated from surgical
specimens, ectopic SV40 and oncogenic HRAS rapidly transformed the cells growing in vitro,
which were tumorigenic in immune-deficient mice without a previous selection in culture[30].
However, the cells in the resulting cancers showed morphological evidence of crisis, consistent
with their lack of telomerase, thus supporting the concept that HRASY/? and SV40 form a minimal
set of genes that can convert normal human cells into cancer cells without a requirement for
hTERT[30]. Another hypothesis would be that the SV40LT5T and HRASY/? combination is able to
reactivate the endogenous telomerase, either by direct impact or in a stepwise manner as
described in mammary models of transformation driven by Wnt signaling[31]. Our data could
support this last hypothesis in a hepatic model.

It is recognized that both the cell of origin and the type of cancer-predisposing
genomic/epigenomic alterations contribute to the phenotypic and molecular diversity of HCC.
The numerous experimental rodent models developed these last ten years support either
progenitors or mature hepatocytes as the cell of origin of HCC, depending on the modified
signaling pathway[32-36]. Unfortunately, most of these models are far from human
hepatocarcinogenesis and additional studies and models are needed to fill the gap between
findings obtained in animals and studies of patients with liver tumors[37,38].

By using the SV40T/HRas""? combination to induce in vitro transformation of mouse liver cells,
Holczbauer and collaborators provided conclusive evidence that the acquisition of stemness

properties in HCCs is independent of the cell of origin [10]. In their model, the expression of both
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SV40LT and oncogenic HRas"'? forced diverse hepatic cell lineages (primary hepatic progenitor
cells, lineage-committed hepatoblasts and differentiated mature adult hepatocytes) to reprogram
into HCC cells with some stemness and EMT traits, as also found in human tumors[39,40]. They
also reported that HCC cells generation from adult mouse hepatocytes required the expression of
c-Myc[10]. In our human HCC model, we were unable to identify the cell of origin, despite the
identification of some stemness and EMT traits, together with the unchanged expression of C-
MYC (data not shown). Additional experiments using reporter genes under the control of
promoters activated in hepatic progenitors or mature hepatocytes could provide new information
on the cell of origin. However, such markers specific to hepatic progenitors remain to be

identified so far.

In conclusion, we have generated for the first time an in vitro model of immortalization and
transformation from human adult mature hepatocytes that provides a useful tool for studying the
molecular and cellular events involved in hepatocarcinogenesis. This proof of concept model
with the well-established SV40 and HRAS combination could provide the experimental basis for
the assessment of the contribution of other genetic and epigenetic changes implicated in human
hepatocarcinogenesis and provides an assay system for the development of more effective

therapeutic strategies.
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FIGURE LEGEND

Figure 1. Characterization of lentiviral-transduced PHH-EV, PHH-SV40"""', PHH-

sv40" " "/HRAS""? and PHH-SV40"""/HRAS"'’hTERT cells. PHHs were sequentially

transduced with SV40 early region (LT+ST), HRAS"'?> and hTERT. (A) The transgene
intracellular levels were evaluated by Western blot analysis on the total protein lysate. The anti-

SV40 antibody binds both large T (LT) and small t (ST) viral antigens. The anti-HRAS antibody

binds both the ectopic mutated HRAS" " and the endogenous wild-type HRAS proteins. The anti-
hTERT antibody binds the catalytic subunit of human telomerase. Ku80 was used as a loading

control. MW, molecular weight; EV, empty vector. (B) Phase-contrast microscopy reveals a

hepatocyte morphology for the PHH-EV cells, whereas PHH-SV4OLT+ST, PHH-

LT+ST

sv40"""/HRAS""? and PHH-SV40" "

/HRASVIZ/hTERT resemble epithelial non-hepatocyte
cells. Pictures are representative of those obtained in three independent experiments

(magnification, upper panel 200x, lower panel 400x).

Figure 2. Cell cycle and proliferation analyses of the lentiviral-transduced PHH-SV40LT+ST,

LT+ST

PHH-SV40""*"/HRAS" *and PHH-SV40"""""

/HRAS' */hTERT cells. (A) Propidium iodide

LT+S

staining and FACS analysis show that PHH-SV40" "' and PHH-SV40

/HRASV12 cells are

actively cycling (n=3). PHH-EV are not shown since non-cycling. (B) Cell growth, as evaluated

by MTS assay, of PHH-SV40 "', PHH-SV40  ~'/HRAS'~ and PHH-

sv40"""/HRAS""/hTERT cells is similar in the presence of 10% FCS, but (C) only PHHs

. vi2 L . . . .
expressing HRAS ~ show a significant growth in serum-deprived medium. Non-parametric

Mann-Whitney test between PHH-SV40"" ""/HRAS"" and PHH-SV40"""*" was used for each

time-point, from two independent experiments conducted in triplicate, (*) P < 0.05.
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Figure 3. PHH-EV, PHH-SV40"""", PHH-SV40"""*"/HRAS'” and PHH-

sv40"" " /HRAS ' hTERT growth in anchorage-independent conditions. (A) Microscopic

view of colonies from soft agar assays in 6-well plates (magnification, 100x). (B) Only colonies
with a diameter > 0.15 mm - were counted. Data represent the mean of four independent

experiments in duplicate. Non-parametric Mann-Whitney test; * P < 0.05.

Figure 4. Expression of endogenous ATERT in PHH, PHH-SV40""*" and PHH-

sv40" " /HRAS"" cells. Endogenous hTERT expression, assessed by RT-qPCR, increases

LT+ST

from PHH-EV to PHH-SV40 ~/HRAS'~ cells, reaching a maximum in PHH-

SV40"*/HRAS" " cells isolated from agar clones and plated in 2D culture. Data represent the

mean of eight independent experiments in duplicate. Non-parametric Mann-Whitney test; * P <

0.05, ** P<0.01.

Figure 5. Tumorigenic potential of PHH-SV40" " /HRAS' . (A) Histological examination

of PHH-SV40" "“"/HRAS" -derived tumors reveals a poorly differentiated HCC with a solid

trabecular pattern, which infiltrates the hypoderm and muscle tissues (hematoxylin and eosin
(H&E) staining, magnification 100x) (upper panel). Higher magnification image details
morphology showing abundant eosinophilic cytoplasm and irregular pleomorphic nuclei with
distinct nucleoli, numerous mitosis (some of them being atypical), absence of glycogen, bile

pigment, or steatosis (H&E, magnification 400x) (lower panel). (B) Tumor cells from PHH-

sv40" " /HRAS agar clone do not express more endogenous hTERT than the parental cells,

as evaluated by RT-qPCR. Data represent the mean of four independent experiments in duplicate.

Non-parametric Mann-Whitney test; * P < 0.05.
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Figure 6. Comparison of PHH-EV, PHH-SV40"' ™' and PHH-SV40 ""*'/HRAS'"

transcriptomes. (A) Comparison of transcriptome between two batches of cells, using PHH-EV

as a reference; 2,139 genes are down-regulated and 1,864 up-regulated in PHH-SV40" "

compared to PHH-EV, fold change > 2, Bonferroni adjusted p-value FWER < 0.01. (B)

Comparison between two batches of cells using PHH-SV40" ™" as a reference; 692 genes are

down-regulated and 736 up-regulated in PHH-SV40LT+ST/HRASV12, compared to PHH-

SV4OLT+ST, fold change > 2, Bonferroni adjusted p-value FWER < 0.01. (C) Up-regulated genes

and (D) down-regulated genes in PHH-SV40" ' vs. PHH-EV. (E) Up-regulated genes and (F)

down-regulated genes in PHH-SV40 '~ /HRAS' vs. PHH-SV40" . Differential gene

expression analysis was performed using the R package “edgeR” (R software version 3.1.3).

Figure 7. Clustering of PHH-EY, PHH-SV40"™" and transformed PHH-

sv40"" " /HRAS ', (A) Clustering based on whole transcriptome with sample relations based

on 17,727 genes. (B) MDS plot based on the 10% most variable genes (MDS 1,773 most variable
positions). Both analyses clearly show that PHH-EV (PHH on the figure) clustered separately to

the two other cell lines.

Figure 8. Expression of some phenotypic markers in PHH-SV40" ™" and PHH-

sv40" T HRAS ™. Cells were assessed for different markers by indirect immunofluorescence:

Albumin and CKI18 for hepatocyte lineage, CK19 for cholangiocyte or hepatic progenitor
lineage, N-cadherin and vimentin as mesenchymal markers. Double staining of albumin and
vimentin was performed to evaluate the proportion of cell harboring an epithelial or

mesenchymal phenotype. Double staining of N-cadherin and vimentin confirmed that almost all
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cells have acquired mesenchymal markers. Nuclei were stained by DAPI (blue). Pictures are

representative of those obtained in three independent experiments (magnification, 200x).

Figure 9. Capacity of PHH-SV40'T*ST/HRASY'? to form hepatospheres. Cells were

cultured in low attachment conditions. Pre-agar or post-agar 2D-cultured PHH-

sv40" " T/HRAS""? cells were able to form large size (> 80 um) hepatospheres. In contrast,

PHH-SV40™ " formed small size hepatospheres only. (A) Pictures were taken after 4 days

culture (magnification, 40x). (B) Hepatospheres > 80 um diameter were counted in each well

(2 independent experiments in duplicate) and the mean +/- SEM was calculated.
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Table 1.

SV40/HRASV!2. Data were generated from 3 independent experiments, and normalized to PHH-

EV.

Gene expression as assessed by RT-qPCR in PHH-EV, PHH-SV40 and PHH-

Gene expression PHH-EV PHH-SV40 PHH-
Arbitrary value + SD SV40/HRASY'?
ALBUMIN 1+0.10 3.710°+0.9 10° 3.910°+£0.6 10°
AAT 1+£0.21 0.0002 + 0.00005 0.0085 + 0.0003
CYP3A4 1+£0.20 0.013 £0.003 0.008 £ 0.003
CYP2B6 1+£0.26 0.002 £ 0.00005 0.013 £0.001
HNF4 1+£0.16 0.0003 + 0.0001 0.0004 + 0.0002
TAT 1+£0.31 0.0002 + 0.00008 0.0004 + 0.000001
TDO 1+0.14 0.01 £ 0.0002 0.01 £ 0.0002
CKI8 1+£0.31 0.24 £0.09 0.25 +£0.02
CK19 1+£0.17 6.63 £1.18 0.33 £0.09
AFP 1+£0.26 0.01 £0.003 0.009 £ 0.003
DLKI 1+£0.34 1.88 £0.89 7.32£0.35
EpCAM 1+£0.36 0.11 £0.02 1.76 £ 0.44
BMI 1+£0.29 1.69 £0.29 2.15+0.17
NANOG 1+£0.31 0.78 £0.15 1.98 +£0.40
OCT4 1 £0.60 1.54 £0.59 221+0.27
SOx2 1+£0.22 1.30 £ 1.02 2.53+£0.05
FZD7 1+£0.60 3.90 £0.30 5.40 +0.05
ANp73 1+£0.01 24.0 £10.0 18.0 £0.05




Table 2. Gene expression as assessed by RT-qPCR in PHH-SV40/HRASV!? tumors developing
subcutaneously in nude mice. Data were generated from 3 independent experiments, and

normalized to PHH-EV in culture.

Gene expression PHH-EV in Tumors in Nude mice developing from
Arbitrary value + SD culture PHH-SV40/HRASY'? cells
ALBUMIN 1+0.03 0.0007 = 0.0001
AAT 1+0.03 0.004 £ 0.0004
CYP3A4 1+0.07 0.0005 + 0.00005
CYP2B6 1+£0.02 1.31 £0.55

HNF4 1 +£0.05 0.0006 + 0.00001
TAT 1+£0.12 0.00004 +0.00002
TDO 1+0.68 0.001 £ 0.00001
CKI8 1+0.08 0.57 +0.006

CK19 1+0.21 0.01 +0.005
hTERT 1+£0.29 3.72+0.38
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