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Abstract
Hepatocellular carcinoma (HCC) results from the accumulation of deregulated tumor suppressor
genes and/or oncogenes in hepatocytes. Inactivation of TP53 and inhibition of transforming
growth factor-beta (TGF-β) signaling are among the most common molecular events in human
liver cancers. Thus, we assessed whether inactivation of TGF-β signaling, by deletion of the TGF-
β receptor, type II (Tgfbr2), cooperates with Trp53 loss to drive HCC formation. Albumincre
transgenic mice were crossed with floxed Trp53 and/or floxed Tgfbr2 mice to generate mice
lacking p53 and/or Tgfbr2 in the liver. Deletion of Trp53 alone (Trp53KO) resulted in liver tumors
in approximately 41% of mice by 10 months of age, while inactivation of Tgfbr2 alone (Tgfbr2KO)
did not induce liver tumors. Surprisingly, deletion of Tgfbr2 in the setting of p53 loss
(Trp53KO;Tgfbr2KO) decreased the frequency of mice with liver tumors to around 17% and
delayed the age of tumor onset. Interestingly, Trp53KO and Trp53KO;Tgfbr2KO mice develop both
HCC and cholangiocarcinomas, suggesting that loss of p53, independent of TGF-β, may affect
liver tumor formation through effects on a common liver stem cell population. Assessment of
potential mechanisms through which TGF-β signaling may promote liver tumor formation in the
setting of p53 loss revealed a subset of Trp53KO tumors that express increased levels of alpha-
fetoprotein. Furthermore, tumors from Trp53KO mice express increased TGF-β1 levels compared
to tumors from Trp53KO;Tgfbr2KO mice. Increased phosphorylated Smad3 and ERK1/2
expression was also detected in the tumors from Trp53KO mice and correlated with increased
expression of the TGF-β responsive genes, Pai1 and Ctgf.

Conclusion—TGF-β signaling paradoxically promotes the formation of liver tumors that arise in
the setting of p53 inactivation.
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Hepatocellular carcinoma (HCC) is one of the deadliest forms of cancer worldwide, with a
five-year survival rate of less than 5 percent (1). The high death rate is due in part to the fact
that liver cancer is often detected at advanced stages, usually after metastatic spread of the
primary tumor has already occurred (2). This is particularly problematic because, apart from
surgical resection or ablation of the primary tumors, no curative treatment options are
available (3). Therefore, the need for understanding the molecular mechanisms involved in
the initiation and progression of the disease is critical in order to develop more effective
medical therapies for this form of cancer.

Hepatocarcinogenesis is the result of progressive genetic and epigenetic changes that
accumulate in liver epithelial cells and lead to the deregulation of fundamental behaviors of
the cells, such as proliferation, apoptosis, etc. (4, 5). Chronic viral infection by hepatitis B
virus or hepatitis C virus and concurrent cirrhosis are among the known factors that
predispose the liver to HCC (6). The viral proteins HBx and NS5 have been shown to bind
and inhibit the tumor suppressor p53 (7). The inactivation of p53 by these viral proteins is
believed to be a major contributing event in the formation of HCCs (8). Furthermore,
somatic mutations or deletion of TP53 are also common molecular events in human liver
cancer (9).

In addition to TP53 mutations, alterations in the transforming growth factor-beta (TGF-β)
signaling pathway are commonly observed in HCC. TGF-β is a secreted cytokine that
initiates downstream signals through binding to a heteromeric cell-surface receptor complex
that consists of two transmembrane serine-threonine kinases, TGF-β receptor, type I
(TGFBR1) and type II (TGFBR2). This activated receptor complex induces both Smad-
dependent and Smad-independent signaling pathways (10). TGF-β has been found to be
overexpressed in 40% of HCCs (11), while Tgfbr2 has been shown to be downregulated in
37-70% of tumors (12, 13). In the liver, TGF-β has been shown to play both tumor
suppressive and tumor promoting roles (14, 15). This paradoxical role of TGF-β in cancer is
believed to be a consequence of the context dependence of the TGF-β signaling pathway on
tumor cells. Among other factors, the concurrent gene alterations present in a tumor cell can
influence whether TGF-β signaling has primarily an oncogenic or tumor suppressive role.
Thus, it is important to determine cooperative effects of specific gene mutations on the TGF-
β signaling pathway in order to determine what effect therapies directed at the TGF-β
pathway may have on cancers carrying specific mutations that affect the pathway output
(16).

Studies from in vitro systems have revealed that p53 and TGF-β can cooperate to regulate a
number of cellular responses (17). p53 physically interacts with Smad2 and Smad3 in a
TGF-β dependent manner (18). In mouse embryonic fibroblasts, p53 is required for TGF-β
mediated growth arrest, and in Xenopus, defective embryonic development results from
impaired TGF-β/Activin/Nodal signaling caused by the loss of p53 (18). Although p53 and
Smads function as transcription factors that bind distinct promoter sequences, they have
been shown to coordinately regulate a number of target genes. For example, at the Mix.2
promoter, p53 binding is required for expression and is believed to help stabilize a larger
complex consisting of Smad2, Smad4, and FAST1 (18). Additionally, the repression of
alpha-fetoprotein (AFP), a clinical marker of HCC, depends on the interaction with Smads,
p53, and the corepressors, SnoN and mSin3A (19, 20). Therefore, the importance of the
relationship between the p53/TGF-β signaling pathways in regulating the transcriptional
response of cells to various stimuli has been established, but the relevance to in vivo HCC
formation remains to be determined. Thus, we developed a mouse model system to
investigate if p53 and Tgfbr2 cooperate in vivo to affect HCC formation.
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Materials and Methods
Generation and characterization of Alb-Cre;Trp53flx/flx;Tgfbr2flx/flx mice

The generation of Albumin-Cre (Alb-Cre), Trp53F2-10/F2-10 (Trp53flx/flx) and Tgfbr2flx/flx

mice has been described previously (21-23). Tgfbr2flx/flx mice were crossed with Alb-Cre
transgenic mice and Trp53flx/flx mice to generate the following genotypes: Alb-
Cre;Trp53flx/flx;Tgfbr2wt/wt (Trp53KO), Alb-Cre;Trp53flx/flx;Tgfbr2flx/flx

(Trp53KO;Tgfbr2KO), Alb-Cre;Trp53wt/wt;Tgfbr2flx/flx (Tgfbr2KO), and
Trp53flx/flx;Tgfbr2flx/flx (Control). Mice were backcrossed in order to obtain a strain
background that was on average C57BL6 (87.5%) / FVB (12.5%). Both male and female
mice were used for this study. Tissues from non-breeders were used for qRT-PCR, ELISA
and Western Blot assays. Genotypes were determined by PCR following published protocols
(21, 24). All mice were maintained and cared for using protocols approved by the
institutional IACUC. Mice that became moribund or reached approximately 15 months of
age were sacrificed and necropsied. Total body weight and liver weight were measured.

Mouse tissue processing
Mouse tissues were either snap-frozen in liquid nitrogen and used for RNA and protein
preparations; or fixed in 10% neutral buffered formalin phosphate (Fisher Scientific,
Pittsburgh, PA), embedded in paraffin, and cut into 4 μm sections for H&E staining or
immunohistochemistry (See Supporting Information).

Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Gene expression studies were performed as described in Supporting Information. The results
of the qRT-PCR assays were normalized to β-glucuronidase. Statistical analysis was
performed using the GraphPad Prism version 4.00 software. The Mann-Whitney test was
used for comparisons of quantitative results from the ELISA and qRT-PCR assays. A P
value of <0.05 was regarded as significant.

Protein lysate preparation
Total protein lysates were prepared from frozen tumor or non-tumor liver tissue. Samples
were homogenized on ice with a Dounce Tissue Grinder (Wheaton Science Products,
Millville, NJ) in Triton X-100 Lysis Buffer (See Supporting Information).

TGF-β1 ELISA
Mouse TGF-β1 was assessed in protein lysates (21ug per sample) obtained from selected
paired frozen tumor and non-tumor tissues, as well as from grossly normal appearing livers.
The samples were activated and quantified according to the manufacturer’s instructions
(R&D Systems, Minneapolis, MN).

Western blot analysis
Protein lysates (20 ug per lane) were resolved by 10% SDS-PAGE and transferred to PVDF
membranes (Thermo Scientific, Rockford, IL). Antibodies used are described in the
Supporting Information. Densitometric quantification of immunoblots was performed using
the ImageJ 1.43 software.

Results
Targeted deletion of Trp53 in the liver results in tumor formation

Since inactivation of the TGF-β signaling pathway and mutation of TP53 are common
molecular events observed in human HCC, we assessed whether deletion of Tgfbr2 and
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Trp53 cooperate in the mouse liver to affect tumor formation. To this end, we crossed Alb-
Cre transgenic mice with mice conditionally null for either Tgfbr2 and/or Trp53 to generate
mice with liver-specific deletion of these genes (21-23). No liver tumors were observed in
the control mice lacking Alb-Cre (Control) (Table 1). Likewise, deletion of Tgfbr2 alone
(Tgfbr2KO) did not induce liver tumors by 15 months of age. The Tgfbr2KO mice had a
normal liver to body weight ratio of 0.050, which is not statistically different from the
Control mice (Table 1). In contrast, deletion of Trp53, in the context of intact Tgfbr2
(Trp53KO), resulted in a significant number of mice developing tumors (P = 0.0034) as
compared to the Control mice. The median lifespan for the entire Trp53KO cohort was 46.6
weeks, while the median lifespan for the subset of mice with tumors was 22.7 weeks.
Survival curves illustrate that 52% of Trp53KO mice died by 50 weeks of age (Fig. 1).
Additionally, the liver to body weight ratio was increased nearly 2X (P = 0.0002) in the
Trp53KO cohort, presumably secondary to the tumor load present in the Trp53KO mice
(Table 1). Histological analysis of the primary tumors from the Trp53KO livers revealed the
tumors to be both HCC and cholangiocarcinoma (CC) (Fig. 2). The tumors consisted of a
variety of histologic subtypes, ranging from trabecular HCC with necrosis to CC with
necrosis and fibrosis. Biliary hyperplasia, cholangiohepatitis, multifocal coagulative
necrosis, oval cell hyperplasia, and arterial thrombosis were also noted in the adjacent liver
tissue. Of the 12 liver tumor bearing mice, 2 also had multiple lung metastases that likely
arose from large primary CCs.

Deletion of Tgfbr2 in p53 null livers decreases tumor formation
In light of the known common occurrence of TGF-β signaling inactivation and TP53
mutation in human HCC and the development of HCCs and CCs in the Trp53KO mice, we
assessed the effect of Tgfbr2 deletion on liver tumor formation in these mice. Livers from
mice with both inactive p53 and Tgfbr2 (Trp53KO;Tgfbr2KO) were analyzed. Interestingly,
the double knock-out mice displayed a survival curve similar to the Control and Tgfbr2KO

mice (Fig. 1). Additionally, fewer mice developed liver tumors by 15 months (Table 1, P =
0.0265) compared to the Trp53KO mice. The median lifespan for the mice with tumors was
71.6 weeks. Furthermore, the liver to body weight ratio of the tumor-bearing
Trp53KO;Tgfbr2KO mice was significantly lower than the ratio of tumor-bearing Trp53KO

mice (P = 0.0149). The double knock-out mice displayed a tumor spectrum similar to the
Trp53KO mice in that they also developed both HCC and CC (Fig. 2). However, no lung
metastases were observed in the tumor bearing Trp53KO;Tgfbr2KO mice. Assessment of the
gene status of the normal liver and tumors of the various genotypes confirmed the tissue
specific recombination and deletion status as predicted (Supporting Fig. 1).

A subset of Trp53KO tumors express high Afp mRNA levels
Based on our analysis of the Trp53KO vs. Trp53KO;Tgfbr2KO mice, it was clear that mice
lacking p53 and with intact Tgfbr2 developed tumors at a younger age, had increased liver
to body weight ratios, and displayed overall worse survival rates compared to the mice
lacking both p53 and Tgfbr2. Subsequently, we conducted a series of studies assessing
candidate mechanisms that may be responsible for the pro-tumorigenic effects of TGF-β in
the setting of loss of p53 in the liver. We initially focused on AFP, a gene frequently
overexpressed in human liver cancer that may promote HCC formation (25). AFP has been
shown to be regulated by both p53 and TGF-β (19, 20) and is thought to play a pathogenic
role in liver cancer by acting as a growth factor and immunosuppressor (26, 27). Afp mRNA
levels were analyzed in tumor and non-tumor tissue isolated from mice of various genotypes
(Fig. 3A). Afp mRNA was expressed at very low levels in normal liver tissue harvested from
Control mice, consistent with previous reports (28, 29). There was no significant difference
in the median level of Afp mRNA detected in the normal livers of Tgfbr2KO mice, compared
to Control mice (P = 0.7104). A significant increase in Afp mRNA levels was observed in
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normal tissue from Trp53KO mice and normal tissue from Trp53KO;Tgfbr2KO mice
(Trp53KO and Trp53KO;Tgfbr2KO vs. Control, P = 0.0003 and 0.0047, respectively). This
moderate increase over basal levels in normal liver is consistent with the role of p53 in Afp
repression. Analysis of the levels of Afp mRNA in Trp53KO tumors revealed two distinct
subsets of tumors – a high Afp expressing group and a moderate/low Afp expressing group
(Fig. 3A). This was in contrast to tumors from Trp53KO;Tgfbr2KO mice which all had
moderate/low Afp expression. The ratio of Afp mRNA expression (tumor:normal liver, T/N)
was also calculated for Trp53KO and Trp53KO;Tgfbr2KO mice (Fig. 3B). In the Trp53KO

mice, the ratio of Afp mRNA expression in tumors vs. normal liver in a subset of tumors was
higher than in tumors arising in the Trp53KO;Tgfbr2KO mice (P = 0.0426).

Increased TGF-β1 production in Trp53KO tumors
Although we observed increased Afp in a subset of Trp53KO tumors, it is clear that elevated
Afp levels is not the sole mechanism responsible for increased liver tumor formation in the
Trp53KO mice. Therefore we determined if there were other concurrent mechanisms that
may help explain how Tgfbr2 cooperates with loss of p53 to promote liver tumor formation.
One possible mechanism could be through regulation of the TGF-β signaling pathway itself.
TGF-β1 has been shown to be upregulated in a number of tumors, including HCC (30, 31).
There is evidence in many tumor types that early in tumor development, TGF-β functions as
a tumor suppressor, but as tumors progress, TGF-β can work as a tumor promoter, acting in
an autocrine and/or paracrine fashion to drive tumor invasion, metastasis, and angiogenesis
(15). Therefore, we determined the TGF-β1 levels in the tumors of the different genotypes.
A TGF-β1 ELISA was performed on lysates prepared from tumors and normal liver tissue
(Fig. 4A, B). Low levels of TGF-β1 were detected in the normal Control and Tgfbr2KO

livers. Assessment of TGF-β1 levels in normal Trp53KO liver tissue demonstrated a small,
but significant increase over normal liver from the Tgfbr2KO mice (P = 0.0357). TGF-β1
levels were further increased in Trp53KO tumor tissue compared to normal Trp53KO liver (P
= 0.0079). Comparison of TGF-β1 levels in Trp53KO tumors vs. Trp53KO;Tgfbr2KO tumors
revealed that Trp53KO tumors have higher levels of TGF-β1 than Trp53KO;Tgfbr2KO tumors
(P = 0.0079). These findings suggest that TGF-β signaling in the setting of p53 deletion may
help promote tumor formation by inducing TGF-β1 expression.

Loss of p53 and Tgfbr2 Reduce Smad3 and Erk1/2 Phosphorylation
Since TGF-β1 levels were increased in Trp53KO tumors, we assessed the activation status of
TGF-β signaling pathways in these tumors, including both Smad-dependent and Smad-
independent pathways (Fig. 5). Immunoblot and immunohistochemistry analysis of liver
tissue from both Trp53KO and Trp53KO;Tgfbr2KO mice detected the expression of phospho-
Smad2 in both tumor genotypes (Supporting Fig. 2), thus indicating that the Smad2-
dependent pathway is activated regardless of Tgfbr2 status, perhaps through activin
signaling in the Trp53KO;Tgfbr2KO mice. The status of Smad3 was also assessed in the
tumor samples (Fig. 5A). In contrast to Smad2, increased total Smad3 protein was observed
in the majority of tumors from Trp53KO mice as compared to tumors from
Trp53KO;Tgfbr2KO mice. This increase in total Smad3 levels corresponded to an overall
increase in phospho-Smad3 levels in the Trp53KO tumors and suggests that regulation of
total Smad3 levels and subsequent Smad3-dependent signaling may promote the tumors of
the Trp53KO mice. Next, we analyzed the activation status of the MAPK pathway, another
signaling cascade that can be induced by TGF-β1 stimulation (Fig. 5B). Interestingly, we
found that the MAPK pathway, as measured by phospho-ERK1/2, is highly activated in the
Trp53KO tumors compared to tumors lacking both p53 and Tgfbr2. Furthermore, increased
ERK1/2 phosphorylation is also observed in the normal liver tissue in the Trp53KO mice as
compared to the normal tissue from the Trp53KO;Tgfbr2KO mice. This increase in
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phosphorylated ERK1/2 in Trp53KO tumors was also observed by immunohistochemistry
(Fig. 6 and Supporting Fig. 3).

Decreased expression of TGF-β responsive genes in Trp53KO;Tgfbr2KO tumors
TGF-β induces the expression of a number of downstream target genes that regulate various
cellular processes including proliferation, angiogenesis and tissue remodeling. Plasminogen
activator inhibitor 1 (PAI1) is both a TGF-β and p53 target gene and contains Smad-
responsive elements and activator protein 1 (AP-1) sites in its proximal promoter (32).
Increased PAI1 levels have been associated with HCC invasion, metastasis and recurrence
(33). Therefore, we assessed the levels of Pai1 mRNA by qRT-PCR in normal and tumor
tissue (Fig. 7A). Low levels of Pai1 mRNA were detected in normal liver from Control and
Tgfbr2KO mice. Pai1 levels were significantly increased in the Trp53KO tumor samples
compared to Control liver tissue (P = 0.0095). However, comparison of Pai1 levels in
tumors from Trp53KO and Trp53KO;Tgfbr2KO mice revealed a significant decrease in Pai1
expression in the Trp53KO;Tgfbr2KO tumor samples (P = 0.0043).

In addition to Pai1, we analyzed the expression of additional TGF-β responsive genes in
various tumors (Fig. 7B). Significantly decreased levels of connective tissue growth factor
(Ctgf) and integrin beta 1 (Itgb1) were also observed in the Trp53KO;Tgfbr2KO tumors (P =
0.0350 and 0.0082, respectively) compared to the tumors from the Trp53KO mice.
Furthermore, Cdkn1a (the gene for p21) and Fn1 (the gene for fibronectin 1) expression also
trended downward, however the difference was not significant (P = 0.0513 and 0.0593,
respectively). Therefore, the decrease in overall Pai1, Ctgf and Itgb1 expression observed in
the Trp53KO;Tgfbr2KO tumors are potential mechanisms for the delayed tumor development
seen in these mice compared to the Trp53KO mice.

Discussion
We have developed a mouse model for liver cancer that has allowed us to assess the in vivo
functional interaction of p53 and Tgfbr2 in hepatocarcinogenesis. Liver specific deletion of
p53 results in the formation of either HCC or CC in approximately 41% of the Trp53KO

mice by 10 months of age. However, unexpectedly, the loss of Tgfbr2, in the context of loss
of p53 decreased the incidence of HCCs and CCs and attenuated many of the features seen
in the tumors with inactive p53 alone.

Interestingly, the spectrum of tumors observed in our Trp53KO mice is similar to those
reported for the RCAS-PyMT injected albumin-tv-a transgenic mice containing Alb-Cre and
p53 floxed alleles (34). However, only around 10% of their p53 null mice injected with
control virus developed tumors by 1 year, which is lower than what was seen in our
Trp53KO mice. It is possible that different genetic backgrounds and/or housing conditions
could be responsible for this difference. Nevertheless, increased ERK1/2 phosphorylation in
the Trp53KO tumors is present in both models suggesting that this may be a significant event
in tumor formation in the liver in the setting of p53 inactivation. Additionally, both mouse
models developed HCC and CC tumor types, suggesting these tumors originate from a
common liver stem cell population, although this was not formally assessed. In addition to
increased tumor formation in the Trp53KO mice, we also observed oval cell hyperplasia in
33% of the tumor-bearing Trp53KO mice. Oval cells are bipotential liver stem cells, capable
of differentiating into both hepatocytes and cholangiocytes. Studies have shown that oval
cells are less sensitive to TGF-β inhibition and p53 null oval cell lines are capable of
forming tumors when injected into nude mice (35, 36). It is possible that loss of p53 in the
oval cell population could set-up a permissive state and permit the accumulation of genetic
mutations due to the lack of the G1 checkpoint control. This could possibly account for the
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occurrence of both HCC and CC in these mice. Analysis of oval cell markers in the livers
and tumors might provide further insight into this possibility.

The Trp53KO mouse model recapitulates features seen in many human liver cancers,
including increased expression of TGF-β1, Afp, Pai1 and Ctgf. Increased TGF-β1 has been
observed in a variety of human cancers, including HCC, gastric, prostate and breast cancer
(11, 37-39). The increased TGF-β1 observed in human cancers was one of the first clues that
TGF-β has a complex role in cancer behavior and may have a paradoxical role in tumors
arising in organs like the liver. In this case, the elevated levels are presumed to promote
tumor formation through effects on tumor stromal cells and local immune cells or potentially
on tumor cells that have developed mechanisms for evading the cell autonomous tumor
suppressor activities of TGF-β (40). Furthermore, studies by Piccolo’s laboratory (18)
suggest that in certain cancer cell types, p53 inactivation may contribute to the lack of TGF-
β antiproliferative effects.

Of particular relevance to the Trp53KO mouse, TGF-β and p53 cooperate to regulate a
number of target genes, including Afp. AFP is highly expressed in the developing liver and
is dramatically down-regulated after birth (41). AFP is the most widely used clinical
biomarker for HCC, and elevated levels have been found in approximately 70% of HCC
patients. Aberrant AFP expression is thought to promote tumor growth and contribute to
tumor cell evasion of the immune system (26, 27). p53 appears to be required for TGF-β/
Smad mediated transcriptional repression of AFP (19, 20). In our mouse model, we found
that deletion of p53 in normal liver tissue resulted in an overall increase in basal Afp mRNA
levels, which is consistent with previous observations (20). We also found that 4/4 HCCs
and 1/4 CCs analyzed from Trp53KO mice exhibited even higher Afp mRNA levels than
normal liver tissue. In contrast, we found that 0/2 HCCs and 0/4 CCs from the
Trp53KO;Tgfbr2KO mice expressed high levels of Afp mRNA. These results suggest that
tumors lacking both p53 and Tgfbr2 lack the transcription factor complex needed to induce
high levels of AFP expression.

PAI1 has also been shown to be regulated by TGF-β and p53 (42, 43). PAI1 is an important
component of the plasminogen activating system and regulates the urokinase-type
plasminogen activators (uPA) and uPA receptor complex involved in tissue remodeling.
Studies have shown that Smad3 and Smad4/DPC4 are important for mediating TGF-β
induction of PAI1 in Hep3B cells (42). Additionally, TGF-β induced MAPK activity is
thought to regulate AP-1 activity at the Pai1 promoter in rat mesangial cells (44). Clinically,
increased levels of PAI1 have been found in patients with HCC and have been correlated
with tumor invasion, metastasis and poor outcome (33). Similarly, CTGF is involved in
fibrogenic remodeling of the liver and increased levels in HCC patients have been correlated
with poor prognosis (45). Therefore, taken together, the increased levels of TGF-β1, Afp,
Pai1 and Ctgf that likely results from the effects of intact TGF-β signaling in the setting of
p53 inactivation may help explain why tumors develop faster and more frequently in the
Trp53KO mice.

These studies broaden our understanding of the role of TGF-β signaling and p53 in liver
cancer formation and provide insight into therapies directed at these molecular targets. The
identification of potential targets for treatment of HCC is important for improving the
clinical outcome of patients. Recent success with the BRAF inhibitor, sorafenib, in the
treatment of advanced HCC offers hope that additional therapeutic gains can be made with
other targeted agents (46). There are a number of TGF-β signaling pathway inhibitors,
including small molecules and antibodies, that are under investigation for the treatment of
HCC (16). The development of pre-clinical cancer models, such as the Trp53KO and
Trp53KO;Tgfbr2KO mice, might be useful in identifying potential targeted agents that may
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be effective in human HCC. Our studies also provide further support for the potential of
using the mutation status of individual tumors for creating personalized strategies for cancer
treatment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Afp alpha-fetoprotein

Alb-Cre Albumin-Cre

CC cholangiocarcinoma

Cdkn1a cyclin-dependent kinase inhibitor 1

Ctgf connective tissue growth factor

ELISA enzyme-linked immunosorbent assay

ERK extracellular signal-regulated kinase

Fn1 fibronectin 1

HCC hepatocellular carcinoma

Itgb1 integrin beta 1

MAPK mitogen-activated protein kinase

Pai1 plasminogen activator inhibitor 1

qRT-PCR real-time quantitative reverse transcription polymerase chain reaction

TGF-β transforming growth factor-beta

Tgfbr1 transforming growth factor-beta receptor, type I

Tgfbr2 transforming growth factor-beta receptor, type II
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Figure 1. Survival curves of Trp53KO, Trp53KO;Tgfbr2KO, Tgfbr2KO and Control mice
52% of Trp53KO mice (N=29) died by 50 weeks whereas 3% of Trp53KO;Tgfbr2KO mice
(N=36) died by 50 weeks and no Tgfbr2KO mice (N=19) died by 50 weeks. Seven percent of
Control mice (N=14) died by 50 weeks of age. A significant decrease in the survival of
Trp53KO mice as compared to Trp53KO;Tgfbr2KO, Tgfbr2KO or Control mice was observed
(P = 0.0001, 0.0213, 0.0082, respectively). There was no significant difference in survival
between the Trp53KO;Tgfbr2KO, Tgfbr2KO or Control mice (P = 0.4590, Log rank Test).
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Figure 2. H&E stained sections of representative liver tumors and lung metastasis
(A) HCC, 100x magnification (B) CC, 100x (C) Oval cell (arrows) and biliary hyperplasia
with mononuclear infiltration, 400x and (D) Metastatic lung lesion derived from a CC from
Trp53KO mice, 200x. (E) HCC, 100x (F) CC from Trp53KO;Tgfbr2KO mice, 100x.
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Figure 3. Afp mRNA expression in normal and liver tumor tissues
(A) qRT-PCR analysis reveals that Afp mRNA levels are increased in the normal (N) tissue
from Trp53KO and Trp53KO;Tgfbr2KO mice compared to normal (Control) tissue (P =
0.0003 and 0.0047, respectively). There is no significant difference between Afp levels in
Trp53KO;Tgfbr2KO tumors (T) and normal (N) tissue (P = 0.3095). However, analysis of Afp
levels in tumors from Trp53KO mice revealed that the tumors separate into two distinct
groups, those expressing high Afp mRNA levels and those with moderate to low levels of
Afp mRNA. (B) Ratio of Afp mRNA expression levels (T/N) in Trp53KO and
Trp53KO;Tgfbr2KO mice. Five out of eight tumors from the Trp53KO mice exhibited over a
hundred fold increase in Afp mRNA levels as compared to normal tissue. In contrast, only
one Trp53KO;Tgfbr2KO tumor exhibited a 24 fold increase, while the other tumors remained
unchanged or slightly decreased in comparison to their corresponding normal tissue. The
average age of the mice used for analysis in each group is: Control, 72.3 weeks; Tgfbr2KO,
65.2 weeks; Trp53KO, 20.0 weeks; Trp53KO;Tgfbr2KO, 72.3 weeks.
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Figure 4. TGF-β1 expression in normal and liver tumor tissues
(A) TGF-β1 was detected in cell lysates by an ELISA based assay and is increased in the
tumors of Trp53KO mice. (B) Comparison of TGF-β1 levels revealed a significant increase
in the tumors (T) from Trp53KO mice as compared to the normal (N) Trp53KO liver tissue (P
= 0.0079) and tumors from Trp53KO;Tgrbr2KO mice (P = 0.0079). The levels of TGF-β1 in
the normal liver tissue from Trp53KO mice was also increased slightly over the levels in
normal liver tissue from Tgfbr2KO mice (P = 0.0357), but not in normal liver from
Trp53KO;Tgrbr2KO or Control mice (P = 0.3095 and 0.0714, respectively).
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Figure 5. Smad3 and ERK1/2 phosphorylation levels in normal and liver tumor tissues
(A) Upper panel, Analysis of Smad3 expression by Western blot demonstrates an increase in
phospho-Smad3 and total Smad3 in Trp53KO tumors (T), but not in lysates from tumors
harvested from Trp53KO;Tgfbr2KO mice or normal (N) control tissues. (Asterisk indicates
total Smad2 band.) Lower panel, A significant increase in relative Smad3 phosphorylation
levels in Trp53KO liver samples as determined by densitometry, normalized to GAPDH (P =
0.0159). We also normalized phospho-Smad3 to total Smad3 and found no significant
difference in the ratios between the different genotypes (data not shown). This is likely due
to the fact that there is an overall increase in total Smad3 levels in Trp53KO tumors, which
correlates with an overall increase in phospho-Smad3. (B) Upper panel, Analysis of ERK1/2
expression demonstrates an increase in phospho-ERK1/2 in Trp53KO normal tissue (N) and
tumor tissues (T). Lower levels of phospho-ERK1/2 were detected in lysates from normal
and tumor tissues harvested from Trp53KO;Tgfbr2KO mice or normal control tissues. The
total ERK1/2 antibody preferentially detected p44 ERK1. Lower panel, There is a
significant increase in relative ERK1/2 phosphorylation levels in Trp53KO liver samples, as
determined by densitometry, P-ERK1/2 normalized to total ERK1/2 divided by GAPDH (P
= 0.0022).
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Figure 6. Phospho-ERK1/2 expression
Phospho-ERK1/2 expression was determined by immunohistochemical analysis.
Representative photomicrographs are shown. (A) HCC, 40x (B) CC, 40x and (C) Metastatic
lung lesion from Trp53KO mice, 100x. (D) HCC, 40x and (E) CC from Trp53KO;Tgfbr2KO

mice, 40x. (F) Normal liver from Control mouse, 40x.
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Figure 7. Expression of TGF-β responsive genes
(A) qRT-PCR analysis shows that Pai1 mRNA levels are increased in the tumor (T) tissue
from Trp53KO mice and Trp53KO;Tgfbr2KO mice compared to normal Control liver tissue
(P = 0.0095). Additionally, Pai1 mRNA levels are significantly higher in Trp53KO tumors
compared to Trp53KO;Tgfbr2KO tumors (P = 0.0043). (B) qRT-PCR analysis of Pai1, Ctgf,
Itgb1, Cdkn1a and Fn1 in tumors from Trp53KO mice and Trp53KO;Tgfbr2KO mice.
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