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A Pro-Regenerative Environment Triggers Premalignant
to Malignant Transformation of Senescent Hepatocytes
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Unfortunately, available liver cancer treatments are associated
with modest survival advantage. The biggest factor improving
survival is early detection, but the current understanding of early
transformation events is limited. Therefore, we set up a model to
study these early events and investigated the relationship of pre-
malignant, senescent hepatocytes, a regenerative environment, and
the influence of secreted factors on liver tumorigenesis. Oncogene-
induced senescence (OIS) was triggered in a subset of mouse
hepatocytes, which under normal conditions, are eliminated by
immunosurveillance. Inducing liver damage and regeneration
was sufficient to trigger immunosurveillance escape of OIS hepa-
tocytes, resulting in premalignant to malignant transformation
and hepatocellular tumor development. Trefoil factor 3 (TFF3)
was found to be overexpressed in OIS hepatocytes and in hepato-
cellular carcinoma. TFF3 deficiency strongly attenuated malignant
transformation by increasing insulin-like growth factor binding
protein 5 (IGFBP5) expression, which consequently dampened
IGF receptor signaling. Furthermore, analysis of precancerous
liver tissue validated TFF3 as an early liver cancer biomarker.
Altogether, these findings provide mechanistic insights into early
transformation and immunosurveillance escape in liver cancer,
revealing TFF3 and IGFBP5 to be important players with opposite
roles in tumorigenesis.
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Significance: Liver damage induces a compensatory regenerative
response that can drive premalignant to malignant transformation
of senescent hepatocytes.
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Introduction

Hepatocellular carcinoma (HCC) is the fourth most common cause
of cancer-related death worldwide (1). Unfortunately, it is one of the
few neoplasms with a steady increase in both incidence and mortal-
ity (2). Liver cancer is intrinsically chemoresistance and has so far no
specific molecular targets for treatment or molecular markers for
patient stratification. The only curative treatment is tumor resection
or liver transplantation, which is only applicable for early stages of the
disease. Since 2020, the new FDA-recommended first-line therapy is a
drug combination of VEGF receptor inhibitor and an antibody that
blocks programmed death-ligand 1 with an overall survival advantage
of roughly a year. These limited treatment outcomes clearly show the
urgent demand for new therapies for HCC.

We used a unique acute/chronic liver damage model to identify
potential therapeutic targets involved in early liver cancer develop-
ment (Fig. 1A). Our approach has several stages and covers all essential
steps during liver carcinogenesis. The first stage is entering cellular
senescence. The cellular senescence program induces a state of
stable cell-cycle arrest, which acts as an important barrier against
tumor development (3-6). Senescence is not a purely passive prolif-
erative arrest. Instead, senescent cells influence their environment
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In vivo oncogenic-induced senescence escape model. A, Mouse model to identify early specific molecular targets for liver cancer: 1, senescence stimuli (NRas);
2, liver injury/regeneration triggers premalignant to malignant transformation of senescent hepatocytes; 3, time point for RNA sequencing analyses to identify
early molecular targets for liver cancer. B, Schematic representation of transposable element for stable intrahepatic gene expression of oncogenic NRas
(NRasG12V) or an effector loop mutant (NRasG12V/D38A) and the marker gene GFP. C, OIS (indicated by H&E staining of senescent hepatocyte, by SA-B-gal
and p21 staining) and immune surveillance (shown by staining for the T-cell marker CD3, macrophage and monocyte marker CD68, and NK cell marker
NKp46) at 6 days post injection. D, Mice from experimental group (G12V, n = 5) and control group (D38A, n = 4) were either treated with TAA or mice
from experimental group (G12V, n = 5) and control group (D38A, n = 6) underwent PH (4). Kaplan-Meier survival curves are shown. Right, macroscopic
pictures of the liver with visible tumors as well as GFP scans are shown. G12V, CaNIG-NRasG12V; D38A, CaNIG-NRasD38A. E, Quantification analyses
of NRas-positive hepatocytes at 44 days after PH. An expansion of NRas-positive cells can be detected (****, P < 0.0001). Shown are NRas stainings of

representative liver slides (x200 magnification), 10 optical fields per animal (n = 5) for each group.

through an active secretory program known as the senescence-
associated secretory phenotype (SASP; refs. 7-9). SASP includes
various cytokines and growth factors, and it was reported that this
‘secretory phenotype’ can have pro- as well as antitumorigenic effects.
In fact, it was shown that oncogene-induced premalignant senescent
hepatocytes secrete chemo- and cytokines, triggering immune-
mediated clearance of these cells (8, 10). The oncogene-mediated
form of senescence in cells is called oncogene-induced senescence
(OIS). OIS has a tumor suppressive function by preventing uncon-
trolled cell proliferation. Interestingly, senescent cells, along with
apoptotic cells, are detected more abundantly in premalignant lesions
compared with established malignant tumors (5). In our mouse model
we triggered oncogene expression in a subset of hepatocytes, which
resulted in OIS premalignant cells.
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The second stage is senescence escape, which is associated
with proliferation of senescence-escaped hepatocytes, immune eva-
sion, and leads to liver tumor development. It is known that
preneoplastic lesions frequently progress to malignant tumors,
implying that molecular alterations during carcinogenesis eventu-
ally overcome OIS (11, 12). Interestingly it was shown that cells also
escape other forms of senescence, reenter the cell cycle and pro-
liferate. For example, senescent liver cells are able to repopulate the
liver of fumarylacetoacetate hydrolase-deficient mice (13) and
embryonic senescent cells can contribute to tissues after birth (14).
In the process of tumorigenesis, senescence escape might be an early
and essential step. In our mouse model, we triggered senescence
escape by inducing acute/chronic liver damage. This step reflects
premalignant to malignant transition.
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At the last stage, we simply monitored immunosurveillance escape
and premalignant to malignant transformation of the hepatocytes
resulting in full tumor development.

Our approach reflects the whole cancer trajectory, covering early
clonal expansion and immune evasion, premalignant to malignant
transformation and full tumor development. Because our chimeric
cancer mouse model is able to recapitulate cancer development from
precancerous cells surrounded by normal cells in an immune-
competent environment, it allows the identification of new therapeutic
intervention points. Furthermore, identified targets could be used to
develop RNAI based treatments.

Materials and Methods

Human samples

HCC human tissues samples of different etiology [HCC induced
by hepatitis B virus (HBV), hepatitis C virus (HCV), or nonalco-
holic steatohepatitis (NASH)], for validation of targets was provide
by the Singapore Translational Cancer Consortium. Application is
approved by SingHealth Tissue Repository Tissue Release Com-
mittee. The application reference number is 21-LIV-270. cDNA
samples from cirrhotic liver tissue and healthy donors were
provided by Huck Hui Ng’s laboratory in Genome Institute of
Singapore.

Mouse models
Mice, hydrodynamic injection, and thioacetamide
administration

C57BL/6]Inv 5 weeks old female mice (IMSR_JAX:000664) and
C.B-17 SCID 5 weeks old female mice (C.B-Igh-1b/IcrTac-
Prkdcscid) were purchased from InVivos. All mice were housed
and maintained under pathogen-free conditions in accordance with
the institutional guidelines of the Biological Resource Centre (BRC),
A*STAR, Singapore. All animal experiments have been approved
by the Institutional Animal Care and Use Committee (IACUC#
191452). Vectors for hydrodynamic tail vein (HDTV) injection (15)
were prepared using the Qiagen EndoFreeMaxi Kit (Qiagen). For
transposon mediated gene transfer, animals received a 5:1 molar
ratio of transposon to transposase-encoding plasmid (30 pg total
DNA). DNA was suspended in saline solution at a final volume of
10% of the animals ‘body weight and injected via the tail vein in <10
seconds. To induce chronic liver damage, thioacetamide (TAA) was
delivered by intraperitoneal injections. Intraperitoneal administra-
tion of TAA was performed 3 times per week during 8 weeks with
concentration of 40 mg/mL (100 UL of this solution for 20 g mouse),
which was dissolved in saline solution.

Cell lines

Phoenix (CRL-3213), AML12 (CRL-2254), BNL CL.2 (TIB-73),
Hep3B (HB-8064, RRID: CVCL_0326), HepG2 (CRL-11997, RRID:
CVCL_3701), and SNU398 (CRL-2233) were purchased from ATCC
cell products (www.atcc.org). Immortalized human hepatocytes-SV40
were purchased from Creative Bioarray (catalog no. CSC-I9016L).
Human liver cancer derived primary cell lines (HCC 10.3, HCC 26.1).
RNA samples of HCC 10.3, HCC 26.1 were provided by Wai Leong
Tam’s laboratory in Genome Institute of Singapore.

Generation of subcutaneous tumors

The HepG2 cell line was transduced by retroviruses expressing
single short hairpin RNAs (shRNA; shNC, shTff3). After puro-
mycin selection 2x10° cells were injected subcutaneously
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(rear flanks) on C.B-17 SCID (C.B-Igh-1b/IcrTac-Prkdcscid)
mice. Subcutaneous tumors were isolated and measured (11) after
7 weeks.

Vector construction and shRNA cloning

The vectors pT/Caggs-NrasG12V-IRES-GFP, pT/Caggs-NrasG12V/
D38A-IRES-GFP, and pPGK-SB13 have been described previously (10).
The NrasG12V sequence in the transposon plasmid was first replaced
by a polylinker. Next NrasG12V, c-myc, and Akt-1 were inserted by
PCR cloning using primers with Ascl, Mlul, and Notl or Agel
restriction sites. GFP was added into transposon plasmids via PCR
cloning using primers with Notl and Agel restriction sites. The
miR30 5 sequence was inserted using Agel and Nhel. Individual
shRNAs for validation experiments were designed using Biopred
algorithms and synthesized as 97 bp oligos DNA (IDT, Integrated
DNA Technologies, Singapore). The shRNAs were PCR cloned into
MSCV plasmids using Xhol and EcoRI and shuttled into transpo-
son plasmids using Xhol, Mlul, and AscI fragments. The results of
the cloning were verified by sequencing.

Two-thirds hepatectomy

Two-thirds (partial) hepatectomy was performed on C57BL/6]Inv
wild-type (WT) mice as described before (16). The median, right, and
caudate liver lobes were surgically removed while mice were under
general anesthesia.

Western blot

For Western blot analysis whole-cell extracts were prepared from
mouse (AML12, BNL Cl.2), and human (HepG2) cell lines. Certain
proteins were isolated from supernatant collected from HepG2 cells.
The nuclear protein isolation was performed using Abcam Nuclear
Extraction Kit (ab113474). Proteins were separated on a 10% or 4% to
20% gradient Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad).
The anti-trefoil factor 3 (TFF3) antibody (Thermo Fisher Scientific
PA5-21081) was used at 1:500, the anti-insulin-like growth factor
receptor 1 (IGFR1; phospho Y1161) antibody (Abcam AB_731544)
was used at 1:100, the anti-insulin-like growth factor binding protein 5
(IGFBP5) antibody (Thermo Fisher Scientific PA5-37369) was used at
1:1,000, anti-Histone H3 antibody (Abcam AB_302613) was used at
1:1,000 and the anti-AFP, anti-tubulin, anti-GFP, or 3-actin antibody
(Cell Signaling Technology, #2137; Cell Signaling Technology, #9099;
Cell Signaling Technology, #2956; Cell Signaling Technology, #4967)
were used at a 1:2,000 dilution.

Protein array

Whole-cell protein extracts were prepared from mouse tissue
samples and protein array was done using mouse cytokine
antibody array kit (Abcam ab169820) and mouse growth factor
array (RayBiotech C2). The procedures were done according to
the manufacturer’s instructions.

Histopathology

Histopathologic evaluation of murine liver and liver carcinomas
was performed on hematoxylin and eosin (H&E)-stained paraffin
sections by board certified pathologists [Advanced Molecular
Pathology Laboratory (AMPL) IMCB, A*STAR, Singapore]. H&E,
CD3 (1:100, AB_443425), CD68 (1:200, AB_307338) staining,
and IHC for IGFBP5 (1:50, Thermo Fisher Scientific PA5-37369),
N-Ras (1:100, AB_628041), p21 (1:25, AB_396415), ASGR1 (1:100,
Thermo Fisher Scientific AB_2638286) staining were performed on
paraffin-embedded liver sections by AMPL. Sections of snap-frozen
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tissues were subjected to Ki67 (1:200, AB_443209), N-Ras (1:50,
AB_628041), IGFBP5 (1:100, Thermo Fisher Scientific PA5-37369),
NKp46 (1:50, AB_10552740), TFF3 (1:50, Thermo Fisher Scientific
PA5-21081), pIGFRI (1:100, Abcam AB_731544), p21 (1:50,
AB_396415) stainings. Cells from mouse liver cell line (AML12) were
stained with phospho-H2A.X pSer140 antibody (1:250, Thermo Fisher
Scientific AB_559491). Human liver cancer cell line (HepG2) were
stained with IGFBP5 (1:100, Thermo Fisher Scientific PA5-37369).
SA-B-gal staining was performed using Senescence 3 Galactosidase
Staining Kit (Cell Signaling Technology, #9860). Alexa Fluor 594 and
488 (Thermo Fisher Scientific, #R37117; Thermo Fisher Scientific,
#R37121; and Thermo Fisher Scientific, #R37120; Thermo Fisher
Scientific, #R37116)-conjugated secondary antibodies were used
for signal detection. Microscopic analyses were performed using
Observer Z1 microscope (Zeiss). Five high power fields were counted
on two liver sections from each mouse liver (200X, >200 counted cells
per field).

In vitro knockdown tests

Production of retroviral particles was accomplished using Phoenix
packaging cells. The Phoenix cells were transfected with retroviral
DNA via calcium phosphate-mediated transfection. The viral super-
natant was applied directly on BNL CL.2 cells (for Tff3-, Igfbp5-) and
human liver tumor HepG2 cells (for h'TFF3-) for knockdown tests.
Polybrene was added (1-10 ug/mL) to enhance infection efficiency.
Target cells were selected using puromycin (1-10 pg/mL) and expand-
ed or harvested for the preparation of whole-cell protein extracts or
isolation of RNA.

Oxidative stress-induced senescence in AML12 cells

The mouse liver cell line AML12 was grown in DMEM containing
10% FCS and antibiotics (100 U/mL penicillin, 100 pg/mL strepto-
mycin). Cells were seeded in 6-well plates at a density of 5 x 10° per
well and allowed to adhere overnight before treatment. Cells were
incubated with 0.5 mmol/L H,0, in culture media for 60 minutes to
induce senescence (the optimal conditions that were determined for
induction of senescence rather than apoptosis or death). Control
AMLI12 cells were incubated in culture media alone. Cells were then
washed 3 times with PBS and incubated at 37°C, 5% CO, for 5 days
before observing cell morphology and assessing the senescent pheno-
type. The senescence phenotype was assessed using cell morphology,
SA-B-gal activity, the presence of senescence-associated heterochro-
matic foci and SASP.

Starvation experiment using AML12 cells and HepG2

The mouse liver cell line AML12 and human liver cancer cell line
HepG2 were grown in DMEM containing 10% FCS and antibiotics
(100 U/mL penicillin, 100 pg/mL streptomycin). Cells were seeded in
6-well plates at a density of 5 x 10> per well and allowed to adhere
overnight before treatment. Cells were incubated with 1% FBS (the
optimal conditions that were determined for cell stress rather than
apoptosis or death) in culture media for 24 hours to induce “envi-
ronmental stress.” Control AML12 and HepG2 cells were incubated in
culture media alone. Cells were then washed 3 times with PBS and
collected for whole-cell protein extracts to be analyzed by Western blot
technique.

EdU cell proliferation assay

For EdU proliferation assay, we used Click-iT EdU Cell Prolifer-
ation Kit for Imaging, Alexa Fluor 594 dye from ThermoFisher
(catalog no. C10339). We use mouse liver cell line BNL CL.2 and
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human liver cancer cell lines Hep3B, HepG2, and SNU398. The
procedures were done according to the manufacturer’s instructions.
In case of supernatant treatment of human liver cancer cell lines, cells
were treated 2 times overnight with a supernatant from BNL CL.2 cells
with a stable expression of shRNAs against Tff3 or none-coding
shRNA. After that the EdU proliferation analyses were done.

mRNA expression, quantitative PCR analysis

mRNA was isolated from whole cells or liver tissue using Isolate I
RNA Mini Kit (Bioline). mRNA gene expression were performed
by next-generation sequencing (NGS) facility (Genome Institute
of Singapore) and analyzed using Partek Genomics Suite 7.0 software.
cDNA synthesis was done with qScript microRNA cDNA Synthesis
Kit or with Illumina TruSeq DNA/RNA v2 kit for NGS. Quantitative
qPCR was performed with SYBR Green Master Mix (Applied Bio-
systems). Values were normalized toward [B-actin quantification.
Sequence of primers used for quantitative qPCR could be found in
Supplementary Table S1.

Statistical analysis

Cumulative survival of mice was assessed by Kaplan-Meier
analysis and statistical significance was calculated using the log-
rank test. Unless otherwise stated, for all other comparisons
statistical significance was calculated using the unpaired two-
tailed Student ¢ test. P values < 0.05 were considered to indicate
statistical significance. All statistical analyses were performed
using GraphPad Prism 9 software. Error bars are represented as
mean £+ SEM if not otherwise indicated. Gene ontology (GO)
analysis was done using Partek Flow.

Data and code availability

Raw data for this study were generated at Genome Institute of
Singapore core facility. Derived data supporting the findings of this
study are available from the corresponding author upon request. Raw
count and FPKM values are provided in Supplementary Data.

Results

Oncogenic-induced senescence

We used a unique OIS escape model. Our model covers the stages of
senescence, senescence escape and clonal expansion. We induce the
premalignant stage in 4% to 8% of hepatocytes, which reside in an
otherwise normal microenvironment. Schematic representation of the
model is presented in Fig. 1A. We trigger OIS by stably delivering
transposable elements expressing oncogenic NRas (NRasG12V)
into hepatocytes in vivo using HDTV injection. Transposable
elements encoding an effector loop mutant (NRasG12V/D38A),
incapable of signaling to downstream pathways, served as a control
(Fig. 1B). In both cases, we introduced our constructs to immune-
competent C57Bl6 WT mice. Senescent cells were detected by H&E,
p21, and SA-B-gal staining (Fig. 1C) 6 days post injection. At this
time point, we have stable integration of our constructs in the
genome. In immune-competent mice, senescent cells are eliminated
through immune surveillance and therefore cannot be detected
beyond 60 days of injection. As a result, WT mice do not develop
liver tumors (10). Active immune surveillance is shown by the
staining for the T-cell marker CD3, macrophage and monocyte
marker CD68 and NK cell marker NKp46 (Fig. 1C) 6 days after
HDTYV injection. In contrast, microscopic examination of C.B-17
SCID mice livers harboring senescent hepatocytes did not show an
inflammatory reaction with large clusters of immune cells
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surrounding morphologically altered, senescent hepatocytes (Sup-
plementary Fig. S1A).

Liver damage triggers senescence escape

We were interested to investigate the effect of liver damage on
the phenotype of senescent cells and its impact on tumorigenesis, as
most liver cancer arises in diseased liver. First, we examine the
impact of chronic liver damage on a group of WT mice with
senescent hepatocytes, using TAA treatment starting 6 days after
OIS. At this point, the experimental and control group have similar
number of cells with stable intrahepatic gene expression of onco-
genic NRas. At later time points, time-course analysis revealed a
rapid loss of Nras-positive cells due to immune clearance (10).
Therefore, we performed TAA treatment of WT mice baring
senescence hepatocytes at 6 days after OIS. Interestingly, chronic
liver damage seems to trigger senescence escape, leading to multi-
nodular liver tumors after latency (Fig. 1D). Macroscopic and
microscopic analysis indicates that all tumor nodules are GFP
positive. GFP expression is linked to NRasG12V expression, sug-
gesting that tumors developed from OIS-escaped hepatocytes.

Next, we performed 2/3 partial hepatectomy (PH; ref. 16) to induce
a singular massive acute liver damage in WT mice 6 days after OIS. At
time of surgery (0 time point), we observed no difference in the basic
proliferation rate (Ki67) in the liver among groups (Supplementary
Fig. S1B). Moreover, the percentage of p21-positive cells in the OIS
group was higher than the number for NRas-positive hepatocytes
(Fig. 1E; Supplementary Fig. S1B). The control group expressing the
kinase dead NRas (D38A) had the same amount of NRas-positive cells
but no detectable levels of p21-positive cells (Fig. 1E; Supplementary
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Fig. S1B). This result supports the notion of paracrine senescence (8)
on neighboring cells.

The senescent cells seem to attenuate proliferation 48 hours after PH
(Supplementary Fig. S1C). Only in the setting with senescent hepa-
tocytes, the proliferation rate decreased (Ki67) and cell cycle arrested
p21-positive hepatocytes increased (Supplementary Fig. S1C). These
results show that even with active immune surveillance, senescent cells
have an effect on their microenvironment and can reduce the ability of
the liver to proliferate. T.W. Kang (10) demonstrated that impaired
immune surveillance of premalignant senescent hepatocytes results in
the development of HCC. This suggests that without immune sur-
veillance, some NRas expressing hepatocytes over time can escape the
senescence program. Long term after acute liver damage, we observed
similar results to chronic liver damage. The experimental groups of
mice developed multinodular liver tumors (Fig. 1D). Remarkably, we
were able to detect senescence escape indicated by clonal expansion of
NRas-positive hepatocytes as early as 44 days after acute liver damage.
The number of NRas-positive cells at 44 days post PH were signif-
icantly higher (P < 0.0008) in the OIS group compared with control
and atleast 4 times higher compared with the number of NRas-positive
hepatocytes at the intervention time (Fig. 1E). Our result suggests that
premalignant hepatocytes upon liver damage had escaped senescence
arrest and immune surveillance, leading to the development of HCCs.
In our pilot experiment we determined the number of NRas-positive
hepatocytes at 16, 30, and 44 days post liver damage. We saw no decline
in NRasG12V-positive hepatocytes at 16 days, indicating immune
surveillance escape. In addition, significant clonal expansion was seen
first at 44 days (Supplementary Fig. S1D). Therefore, we focused our
further studies on 44 days post liver damage.
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Figure 2.

Transcriptome heatmap based on NGS analyses. A, Transcriptome analysis 44 days post hepatectomy identifies a small number of signature genes (Shown are
DEG with P < 0.05 and log; fold > 1). G12V (CaNIG-NRasG12V) group compared with D38 (D38A, CaNIG-NRasG12VD38A) as control group. The focus was on
protein coding genes (4 animals for each group, G12V vs. D38A). B, transcriptome analysis 44 days post hepatectomy identifies higher expression of signature
genes that are strongly associated with hepatitis and cancer (GO analysis). C, Higher expression of oncofetal genes detected in experiment (G12V) compared

with the control (D38).
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Expression profile of hepatocytes during clonal expansion after
acute liver damage

Clonal expansion of NRas-positive hepatocytes at 44 days after PH
indicates some of the senescent hepatocytes escaped the senescence
program. We detected a highly significant (P < 0.0001) increase in
NRas-positive hepatocytes in liver tissue of WT mice injected with
oncogenic NRas 44 days post PH compared with the control (~18% vs.
less than 10%, Fig. 1E). Therefore, we decided to use liver tissue from
44 days’ time point to analyze the expression profile of liver. The data
was statistically analyzed and we identified a set of genes (~56
candidates) significantly (P < 0.05) upregulated in the experimental
group (Fig. 2A). Importantly, among the differential expressed genes
was o.-fetoprotein (Afp). AFP is the most widely used tumor biomarker
currently available for the early detection of HCC (17); hence, supports
the transformative effect of liver damage/regeneration on senescent
premalignant hepatocytes. Furthermore, the transcriptome analysis
identifies signature genes that are strongly associated with hepatitis
and cancer (GO analysis, Fig. 2B). Marker genes for hepatoblasts are
also higher expressed, indicating fetal reprogramming (Fig. 2C). We
went on to validate differential gene expression for several candidates
by RT-PCR. We tested the expression in the context of progressive
disease in our mouse model and in human hepatocytes, HepG2 human
liver cancer cells and human liver cancer derived primary cell lines.
This qPCR analysis validated differential expression of Tff3, tetra-
spanin 8 (Tspan8), carboxypeptidase E (Cpe), glypican 3 (Gpc3), and
ubiquitin D (Ubd). We were able to detect low expression levels of Tff3,
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Tspan8, Cpe, Gpc3, and Ubd already at the OIS stage before acute liver
damage. However, the expression level for all genes increased at
44 days after acute liver damage and was even higher in HCC tumors
(developed as a result of senescence escape). We also confirmed higher
expression level of the same genes in human liver cancer cell line
(HepG2) and human liver cancer derived primary cell lines (HCC 10.3,
HCC 26.1). Expression level in human liver cancer cells was compared
with the one in human immortalized hepatocytes (Supplementary
Fig. S2). Using this validation step, we can see a disease related
expression pattern, which is evolutionary conserved. Interestingly,
some of the identified targets are already upregulated in cirrhotic liver
tissue (Supplementary Fig. S3A), supporting the point of being early
disease marker.

We then proceeded with further validation on the contribution of
the identified genes to tumor development. We first probed for Tff3 as
TFF3 is a secreted protein and a member of the trefoil family.
Interestingly, from the family of three TFFs, only higher expression
of Tff3 was observed (Supplementary Fig. S3B). Under healthy con-
ditions, TFF3 is mainly expressed in gastrointestinal mucosa (NCBI).
However, TFF3 overexpression is frequently observed in human
cancers, including human gastric cancer (18), skin carcinoma (19),
and breast cancer (20), and it is thought to induce cancer cell growth.
We confirmed higher expression of TFF3 in human HCC compared
with the expression in healthy liver tissue. We observed TFF3 expres-
sion in human HCC samples associated with hepatitis B, C, and
nonalcoholic steatohepatitis (Supplementary Fig. S3C).
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TFF3 is specifically expressed in OIS hepatocytes and its knockdown does not affect senescence. A, IHC staining (x200 magnification) of liver tissues from WT
mice injected with either CaNIG-NRasG12VD38A (n = 6), CaNIG-NRasG12V (n = 5), or CaNIG-NRasG12V-shTff3 A (n = 4). Co-staining against TFF3 and NRas
shows that TFF3 is colocalized with NRas in senescent hepatocytes (top). Bottom panel shows efficient knockdown of Tff3 (CaNIG-shTff3 A), indicated
by no detection of TFF3. B, NRasG12V-mediated OIS indicated by SA-B-gal and p21 staining in mice injected with either CaNIG-NRas-shTff3A (n = 4),
CaNIG-NRas-shTff3B (n = 5), or CaNIG-NRasG12V-shNC (n = 5). C, Quantification of NRas and p21-positive hepatocytes. Mice injected with either CaNIG-NRas-shTff3A
(n = 4), CaNIG-NRas-shTff3B (n = 5), or CaNIG-NRasG12V-shNC (n = 5) underwent PH 6 days post injection (p21 counting). **, P < 0.01; ***, P < 0.001.
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Expression profile of Tff3 during senescence

We first verified the expression by qPCR in the liver with OIS
hepatocytes before liver damage. Tff3 expression was 2.7 fold higher
in livers of the experimental group (Supplementary Fig. S2). Fur-
thermore, specific co-staining for TFF3 and NRas on tissue slides
proves the colocalization of TFF3 with senescence inducing
NRasG12V but not with the kinase dead mutant (Fig. 3A). We
then checked if increased TFF3 expression is specific for NRas
induced OIS. We detected higher expression of TFF3 by Western
blot during oxidative stress—induced senescence (OSIS) in a non-
transformed mouse hepatocyte cell line (AML12). Senescence was
confirmed by staining for indicator of direct DNA-damage phos-
pho-H2A.X and senescence marker SA-B-gal (Supplementary
Fig. S4A). In addition, we induced cellular stress by serum starva-
tion (1% FBS) on AMLI12 and HepG2 cells. We detected no
upregulation of TFF3 expression in AML12 and HepG2 (Supple-
mentary Fig. S4B). This indicates that senescence is important to
trigger strong TFF3 induction.

We continued to investigate the role of TFF3 during senescence
and tumor development. We designed two independent shRNAs
against Tff3 (shTff3 A and shTff3 B). The efficiency of Tff3 knock-
down was confirmed using RT-PCR (Supplementary Fig. S4C). As a
control, we used two independent nontargeting shRNAs (shNC A
and shNC B). OIS was induced in three different groups of WT mice
using oncogenic NRas together with shRNAs against Tff3 (shTff3 A
and shTff3 B) and nontargeting shRNA (shNC B) as control. Con-
structs were delivered together with a plasmid coding for transposase
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SB13 by HDTYV injection as described previously (10). Senescence
induction was confirmed by staining for p21 and SA-B3-gal (Fig. 3B).
Six days after HDTV injection, we performed 2/3 PH to induce acute
liver damage. At 0 time point (resected liver tissue), we did not
observe any difference in the amount of NRas-positive cells between
groups. However, the amount of arrested p21-positive hepatocytes
was strongly increased to 14% in case of Tff3 knockdown (P < 0.001
and P < 0.0039 respectively) compared with 5% in the control shNC
(Fig. 3C). Importantly the expression of the control shRNA did not
affect the amount of NRas and p21-positive cells compared with
expression of NRas without shRNA (see Figs. 1 and 2; Supplementary
Fig. S1B). This result indicates that cells with Tff3 knockdown have a
stronger paracrine effect inducing an increase of p21-positive cells.
Interestingly, 48 hours after PH, we observed an even stronger
increase (P < 0.0005) of p21-positive hepatocytes in the Tff3 knock-
down group correlating with a decreased rate (P < 0.0001) of Ki67-
positive hepatocytes (Supplementary Fig. S5A). This indicates that
the increased amount of p21-positive cells attenuated proliferation of
hepatocytes including NRas-positive hepatocytes in case of Tff3
knockdown.

Knockdown of Tff3 strongly attenuates premalignant to malignant
transformation of senescent hepatocytes

Mice were injected with either a construct for the expression of
oncogenic NRas and a shRNA targeting Tff3 (two independent
shRNAs were tested: shTff3.A & shTff3.B) or a nontargeting control
shRNA (shNC). Six days post injection, acute liver damage was
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Figure 4.

Knockdown of Tff3 strongly attenuates liver cancer. A, Kaplan-Meier survival curve of mice injected with CaNIG-NRas-shTff3A (n = 5), CaNIG-NRas-shTff3B
(n = 5), or CaNIG-NRasG12V-shNC (n = 5) long term after PH (shTff3 A and shTff3 B). ***, P < 0.0001. B, Shown are macroscopic GFP scans of the liver
with tumors being GFP positive (top) as well as DAB-based NRas-specific stainings (x200 magnification) of matched tissue samples. Scale bar, 100 um.
C, Kaplan-Meier survival curve of mice injected with CaNIG-NRas-shTff3A (n = 4) or CaNIG-NRasG12V-shNC (n = 5) long term after TAA treatment. *, P < 0.05.
D, Quantification of NRas-positive hepatocytes at O time point and 44 days after 2/3 PH. ***, P < 0.0002. Mice injected with CaNIG-NRas-shTff3A (n = 4) or
CaNIG-NRasG12V-shNC (n = 4). Shown are NRas stainings of representative liver slides (x200 magnification, 4 animals for each group). Scale bar, 100 um.
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induced by PH. Mice expressing oncogenic NRas and shNC developed
HCCs in a similar time frame as mice that underwent this treatment
but only expressed oncogenic NRas without shRNA. However, mice
expressing a shRNA targeting Tff3 developed HCCs significantly later
(P < 0.0001; Fig. 4A). Furthermore 4 of 10 mice did not develop any
tumors and were histopathologic indistinguishable from samples
injected with an effector loop mutant (NRasG12V/D38A), incapable
of signaling to downstream pathways (Fig. 4B; Supplementary
Fig. S5B). We obtained similar results after chronic liver damage. In
this case, 6 days post injection, animals were treated 3 times per week
for 8 weeks with TAA. Similarly, Tff3 knockdown strongly attenuated
HCC development after chronic liver damage (Fig. 4C).

Consistent with the strong survival advantage expression of shTff3
strongly inhibited oncogenic NRas driven clonal expansion after PH.
(Fig. 4D).

Forty percent of mice with Tff3 knockdown did not develop any
tumors over the monitored time frame. Therefore, we hypothesized
that the mice expressing oncogenic NRas together with shTff3,
which developed tumors might have escaped Tff3 knockdown.
Consistent with our hypothesis, we detected TFF3 in the formed
tumors (Supplementary Fig. S5C). A detailed co-staining showed
that NRas and TFF3 colocalized in the same cells (Supplementary
Fig. S5C). As expression of shTff3 is linked to the expression of
oncogenic NRas, the cells must have found a way to escape Tff3
knockdown.
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Tff3 knockdown efficiently inhibits cell proliferation in mouse and
human through cell intrinsic and paracrine mechanism
Interestingly, knockdown of Tff3 alone is sufficient to slow prolif-
eration of immortalized mouse liver cells in vitro indicated by reduced
EdU incorporation (Fig. 5A). We also generated two independent
shRNAs with efficient knockdown targeting human TFF3 (Supple-
mentary Fig. S5D). Knockdown of TFF3 in human liver cancer cell
line HepG2 strongly attenuated proliferation (Fig. 5B), indicating
that the effect of TFF3 knockdown is conserved between these two
species and that TFF3 knockdown attenuates proliferation even in
transformed cells. Motivated by the in vitro results we decided to
investigate the ability of HepG2 cells to form subcutaneous tumors in
case of TFF3 knockdown in vivo. Immune-deficient (C.B-17 SCID)
mice were injected subcutaneously with HepG2 cells. Experimental
group was injected with HepG2 cells expressing shRNA against human
TFF3 (shTFF3 huA), where control group was injected with HepG2-
shNC. Seven weeks later, tumors were isolated and the average size of
tumors in experimental group was significantly smaller (P < 0.008;
Supplementary Fig. S6A). The impact of TFF3 in this setting also
highlights the interventional potential, as knockdown of TFF3 in fully
transformed cancer cells suppresses tumor growth. To test the real
therapeutic potential of targeting Tf3 for liver cancer therapy, we used
one of the most aggressive and fast chimeric liver cancer mouse
models. We delivered a transposon-based vector for the expression
of a combination of oncogenic c-Myc and Akt (CaMIA) together with
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The tumor suppressive effect of T7ff3 knockdown is independent of senescence. A, EdU incorporation assay (3 technical replicates, analyzing 5 different areas per
replicate). Shown is the value of % EdU-positive cells + SEM. BNL.CL2 cells with stable shTff3 A, shTff3 B, or shNC expression were used. *, P < 0.0349; ns,
nonsignificant. B, EAU incorporation assay (3 technical replicates, analyzing 5 different areas per replicate). Shown is the value of % EdU-positive cells + SEM. HepG2
cells with stable shTFF3 huA, shTFF3 huB, or shNC expression were used. *, P< 0.0473; **, P< 0.011. C, Schematic representation of transposable element for stable
intrahepatic gene expression of the two oncogenes c-Myc and Akt together with either Tff3 targeting shRNA (shTff3 A and shTff3 B) or control shRNA (shNC) on the
right. Left, Kaplan-Meier survival curve of mice injected with CaMIA_shNC (n =9), or CaMIA_shTff3.A and B,n = 5mice each. **, P<0.007. The two macroscopic light
pictures on the right show examples of tumor burden for CaMIA_shNC at 40 days post injection and for CaMIA_shTff3.A at 70 days post injection.
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either shNC or shTff3 to the mouse liver by HDTV injection. In WT
mice, the combination of those two oncogenic drivers led to a fast
(~50 days) tumor development. Even in this highly aggressive tumor
model with two oncogenic drivers, Tff3 knockdown significantly (P <
0.007) increased survival by attenuating liver cancer (Fig. 5C).

Our in vivo data indicated that Tff3 knockdown increases para-
crine inhibitory effects. To investigate the paracrine effect of Tff3
knockdown on hepatocytes, we collected supernatant from mouse
liver cell line expressing shTff3 or shNC. The supernatant was used
to treat different human liver cancer cell lines (Hep3B, HepG2,
and SNU398). After two times treatment, we detected a significant
reduction in EdU incorporation [Hep3B*** (p53-Null), HepG2**
(p53-WT), SNU398**** (p53-Mutation)], indicating attenuation
of cell proliferation (Supplementary Fig. S6B). No change was
observed in case of supernatant from shNC-expressing cells. These
results support a conserved mechanism between mouse and human,
and highlight the impact of TFF3 knockdown on cancer cell
proliferation.

IGFBPS5 is the mediator of Tff3 knockdown paracrine effects

Tff3 knockdown induces a strong paracrine effect. First of all, in the
liver tissue of mice where about 5% of hepatocytes express NRasG12V-
shTff3 the amount of p2l-positive cells was significantly higher
compared with control (Fig. 3C). Especially in case of Tff3 knockdown,
in the same liver tissue, the amount of p21-positive cells was greater
than the amount of NRas-positive hepatocytes. In addition, the
supernatant from immortalized mouse embryonic liver cells with Tff3
knockdown strongly attenuates cell growth even of human HCC cells
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(Supplementary Fig. S6B). To determine the factor or factors medi-
ating these effects we performed a protein array using liver samples
from these mice (Fig. 6A). Because the mediator of the observed
paracrine effect has to be a secreted protein, we focused on changes in
cytokines and growth factors. We found IFNy, IGFBP5, IGFBP6, IL13,
IL2, and IL6 to be upregulated in G12V-shTff3A liver tissues, secreted
factors that were described before as part of the SASP. We focused on
IGFBP5 as it showed a very strong Tff3 knockdown-dependent
increase. IGFBP5 is known to be upregulated during cellular senes-
cence (21), irradiation-induced premature senescence and replicative
senescence (22), indicating that it may not be OIS-specific. On another
hand, it is known to be downregulated in different types of cancer
tissue (23). In line with this, IGFBP5 was shown to have a tumor
suppressor function (24). To validate our protein array results we
performed immunofluorescence analysis and observed high expres-
sion of IGFBP5 during OIS in liver tissue with Tff3 knockdown
(Fig. 6B). Using the same samples and DAB (3,3’-diaminobenzidine)
based THC staining against IGFBP5, we detected significantly (P <
0.0022) higher amount of IGFBP5-positive cells in case of Tff3
knockdown compared with control (Fig. 6C). Interestingly the knock-
down of Tff3 seems to influence the localization of IGFBP5 during OIS.
We observed generally nuclear localization of IGFBP5 in samples with
shTff3 expression, where in controls mostly cytoplasmic localization
was detected (Fig. 6C pictures). Our observation was supported by
evaluation through a licensed pathologist. His report states that greater
nuclear expression of IGFBP5 was found in NRasG12V-shTff3A
and greater perinuclear labelling in NRasG12V-shNC. In addition,
Western blot analysis of nuclear extracts (Supplementary Fig. S6C)

100 yum

Tff3 knockdown induces IGFBP5. A, Heatmap shows results for mouse cytokine antibody array. Whole-cell protein extracts from mouse livers with stable expression
of either shTff3 A (G12V-shTff3 A), shNC (G12V-shNC), or an effector loop mutant (D38A) were analyzed (shown is the relative signal intensity). B, Immune
fluorescence co-staining of mouse liver tissues against IGFBP5 and NRas 6 days after injection (x200 magnification). Mice injected with G12V-shTff3 A (n = 4)
or G12V-shNC (n = 4). C, Quantification of IGFBP5-positive hepatocytes 6 days after injection. Mice injected with G12V-shTff3 A (n = 4) or G12V-shNC (n = 4).
**, P = 0.0022. Representative DAB staining of mouse liver tissues shows localization of IGFBP5 during OIS (x200 magnification). D, Immune fluorescence
staining of mouse liver tissues against pIGFR1 6 days after injection (x200 magnification). Mice injected with G12V-shTff3 A (n = 4) or G12V-shNC (n = 4).
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isolated from HepG2 cells expressing shTFF3 huA or shNC reveals
higher nuclear expression of IGFBP5 in case of TFF3 knockdown.
Subcellular localization of IGFBP5 affects cell growth and migration of
cancer cells (25). The nuclear localization and nuclear action of
IGFBP5 is the molecular basis for several prominent IGF independent
IGFBP5 activities (26).

Besides its intracellular function, IGFBP5 can be secreted and plays an
important role in cell growth, survival, and differentiation by blocking
the interaction between IGF and IGFRI (27). As we observed paracrine
effects, we decided to study the effect of Tff3 knockdown on the
activation of IGFR1. We delivered either NRasG12V with shTff3 or
shNC to the liver of mice. We then stained for NRas and activated IGFR1
(pIGFR1). Activation of IGFRI was completely blocked by Tff3 knock-
down (Fig. 6D). Because IGFBP5 is known to bind with high affinity to
circulating IGFs (28), our result suggests that IGFBP5 through binding
to IGF1 prevents activation of IGFR1 in case of Tff3 knockdown.

To further support the direct impact of Tff3 knockdown on IGFBP5
levels and activation of IGFR1, we created three different mouse liver
cell lines (BNL CL.2), with stable expression of two independent
shRNAs against Tff3 (shTff3 A and shTff3 B) and one expressing
shNC. Western blot analyses revealed higher levels of IGFBP5 under
Tff3 knockdown, at the same time the levels of activated pIGFR1 were
reduced (Fig. 7A). Similar results were obtained using human liver
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Dissecting Early Liver Cancer Development

cancer cell line (HepG2; Fig. 7B), suggesting that the mechanism is
conserved. In addition, it shows that TFF3 knockdown induced
IGFBP5 and the consequent inhibition of IGFR1 activation is inde-
pendent of senescence. We also proved that IGFBP5 is secreted from
human liver cancer cell line upon TFF3 knockdown. High amounts of
IGFBP5 were detected in supernatant collected from HepG2-shTFF3
cells (Fig. 7C). This is consistent with the detection of higher levels of
IGFBP5 upon TFF3 knockdown by using immunofluorescence stain-
ing for human IGFBP5 (Fig. 7D).

IGFBPS5 is essential for maintaining senescence and suppression of
premalignant to malignant transformation

To investigate the role of IGFBP5 during senescence, we designed
shRNAs against it. The efficiency of Igfbp5 knockdown was confirmed
(Supplementary Fig. S7A). We then delivered transposon based con-
structs for the expression of oncogenic NRas and shlgfbp5 or shNC to
the liver of mice. Six days later, livers were harvested and stained for
senescence markers such as p21 and SA-f3-gal (Fig. 8A and B). We did
not observe any SA-[-gal-positive cells in samples with Igfbp5 knock-
down. In addition, we detected a strong reduction in p21-positive cells
(Supplementary Fig. S7B), the number was lower than the amount of
NRas-positive cells in the same samples (Fig. 8C). Furthermore,
through immunofluorescence staining, we only detected NRas-
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Senescence independent Tff3 knockdown induces IGFBP5, leading to attenuation of IGF signaling. A, Western blot analysis for the expression of IGFBP5 and pIGFR1
using protein extracts from immortalized mouse BNL CL.2 liver cells with stable Tff3 knockdown (shTff3 A and shTff3 B) or control sShRNA (shNC). GFP was used as a
loading control because stable expression of shRNAs (shNC, shTff3 A, and shTff3 B) was linked to the expression of GFP. B, Western blot analysis for the expression
status of IGFBP5 and pIGFR1 using protein extracts from human liver cancer cell line (HepG2) with stable TFF3 knockdown (shTFF3 huA and shTFF3 huB) or control
shRNA (shNC). Housekeeping gene a-tubulin was used as loading control. C, Western blot analysis for the secreted status of IGFBP5 protein using the supernatant
from HepG2 cells expressing either shRNA against TFF3 (shTFF3 huA) or control shRNA (shNC). Secreted AFP was used as loading control. D, Immunofluorescence
staining against IGFBP5 using HepG2 cells expressing either shTFF3 huA or shNC (x200 magnification).
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Knockdown of /gfbp5 suppresses OIS and leads to fast expansion of NRas-positive hepatocytes. A, DAB staining against NRas in mouse liver tissue with co-
expression of oncogenic NRas and shRNA targeting /gfbp5 (shlgfbp5, 5 mice) compared with liver tissue coexpressing oncogenic NRas and shRNAs targeting
Tff3 (shTff3 A; 4 mice) or nontargeting control shRNA (shNC; 5 mice) at 6 days post HDTV injection (x200 magnification). Scale bar, 100 um. For the same
samples SA-B-gal staining was used to detect senescent hepatocytes. Detected amount of NRas-positive cells and p21-positive cells in case of Igfbp5
knockdown in the same area, by serial sections Arrows, NRas and p21-positive cells. Scale bar, 100 um. B, Immunofluorescence co-staining for NRas and p21in
liver tissue of mice injected with G12V-shlgfbp5 (n = 5) or G12V-shNC (n = 5). Liver tissues collected 6 days after PH. C, Quantification of NRas-positive
hepatocytes 6 days after injection. Mice injected with G12V-shlgfbp5 (n = 5), G12V-shTff3 A (n = 4), or G12V-shNC (n = 5). ***, P< 0.0003. D, Quantification of
Ki67-positive hepatocytes 6 days after injection. Mice injected with G12V-shlgfbp5 (n = 5), G12V-shTff3 A (n = 4), or GI12V-shNC (n = 5). *, P < 0.022;

**, P < 0.0096; ns, nonsignificant.

positive and at the same time p21-negative hepatocytes in samples with
Igfbp5 knockdown (Fig. 8B). DAB-IHC staining against NRas showed
significant (P < 0.0003) increase of NRas-positive hepatocytes with
shlgfbp5 already 6 days post injection (Fig. 8C). Consistent with this
clonal cell expansion a significant increase in Ki67-positive cells was
found (Fig. 8D). Taken together, increased proliferation coupled with
the lack of SA--gal and strong reduction of p21-positive hepatocytes
under Igfbp5 knockdown, underline the importance of IGFBP5 expres-
sion for senescence induction.

Kang and colleagues (10) had shown that WT mice injected with
oncogenic NRas do not develop liver tumors. To investigate if Igfbp5
knockdown affects immune surveillance, a group of mice were
injected with constructs for expression of oncogenic NRas and
shlgfbp5. After ~7 months, mice developed multinodular liver
tumors (Supplementary Fig. S7C) and within 9 months all mice
died from liver cancer. These results indicate that IGFBP5 is
important in maintaining cellular senescence and suppressing pre-
malignant to malignant transformation. Senescence represents an
important barrier against tumor development, during which,
IGFBP5 acts as an important tumor suppressor.

Discussion

In summary, we showed that liver damage, through the com-
pensatory regenerative response, can drive premalignant to malig-
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nant transformation of senescent hepatocytes. We identified Tff3
and Igfbp5 to be important players with opposite roles in this
process. On one hand, an increased production of Tff3 supports
cancer development by suppressing Igfbp5, on the other hand Igfbp5
enforces senescence and suppresses tumor development. Interest-
ingly, it was described before that both Tff3 and Igfbp5 are regulated
by the IL6/gp130/STAT3 signaling pathway (22, 29-31). This
signaling pathway is central for liver regeneration, but during
persistent activation can also drive inflammation and cancer (32, 33).
Our data suggest that the outcome of IL6/gp130/STAT3 signaling is
dependent on the type of trigger. In the case of chronic inflamma-
tion vs. liver regeneration, the result of IL6/gp130/STAT3 signaling
is either an Igfbp5 dependent senescence induction or Tff3-depen-
dent proliferation.

Furthermore, we identified Tff3 as a therapeutic target for suppres-
sing premalignant to malignant transformation and attenuating tumor
growth of malignant hepatocytes. Suppression of Tff3 induces IGFBP5,
which in turn shows cell intrinsic and paracrine tumor suppressive
effects. Intracellular we determined a shift to nuclear localization and it
was described previously that nuclear localization of IGFBP5 plays an
important tumor-suppressive role (24). In addition, IGFBP5 can be
secreted to intercept IGFR ligands, thereby inhibiting the activation of
IGFR and interfering with the IGF-IR pathway (Supplementary
Fig. S7D) impacting cell growth, survival, and differentiation. Besides
modulating these pathways, it was shown that the c-terminus of
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IGFBPS5 is able to inhibit angiogenesis and thereby suppressing tumor
growth (24). In addition to these cancer-suppressive functions, it was
shown that recombinant IGFBP5 can induce senescence in HUVEC
cells (21), making IGFBP5 part of the paracrine senescence SASP
factors. As recently brought up, the question is: “Are senescent cells
friends or foes in cancer therapy?” (34). We can speculate, that
changing the SASP composition by knocking down TFF3 and thereby
inducing IGFBP5, makes the senescent cells friends. Under this
condition important cancer pathways as IGF and PI3K-AKT signaling
are suppressed, angiogenesis is inhibited and in the surrounding
paracrine senescence, suppressing proliferation is induced. Therefore,
Tff3 knockdown establishes a cancer-suppressive microenvironment.

Our data clearly suggests the potential of developing RNAi based
anti-Tff3 therapies for liver cancer. Moreover, most of liver cancer is
thought to arise from adult hepatocytes and many cancer cell lines
continue to express the asialoglycoprotein receptor (ASGPR; Supple-
mentary Fig. S7E). Given the rapid progression of RNAi-based ther-
apeutics and the development of GalNAc modifications of siRNA,
which allows for the efficient and specific uptake in hepatocytes via
ASGPR, targeting TFF3 represents a promising therapeutic approach
with minimal toxic side effects.

Beside these direct mechanistic insides, the presented system is ideal
to interrogate liver cancer development and immune escape. Liver
cancer in the majority of cases arises on the background of chronicliver
damage and cirrhosis (1). Chronic liver damage is associated with an
increase in senescent cells over time, as is aging (35). By pure
stochastics, prolonged damage increases the chances of oncogene
activation and OIS. If damage and regeneration cycles continue, this
can drive senescence escape. As was shown here, the slow expansion of
the premalignant cells over time led to tumor formation.

We show that a single surgical removal of 2/3 of the liver is sufficient
to drive senescence escape. Liver regeneration after PH is well
described and leads to full liver recovery in around 2 weeks. Never-
theless, despite full regeneration, oncogenic NRas expressing senes-
cence-escaped hepatocytes are no longer recognized by the immune
system. The abrogation of immunosurveillance is an interesting area to
investigate as it holds great insights into the interplay between immune
escape response and cancer development.

For sure, we have to be cautious, as there are important differences
between mice and men. First of all, most human HCCs are developing
on the background of a cirrhotic liver, whereas in our mouse model we
trigger OIS in a healthy liver microenvironment. Nevertheless, in our
chimeric mouse liver we have local microenvironment changes due to
the SASP. Importantly, we see an early embryonic hepatoblast like
expression signature, when significant clonal expansion of the onco-
gene-expressing hepatocyte can be detected. This suggests fetal-like
reprogramming, which was also recently described for HCC (36).
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