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Abstract

Background & Aims: Transforming growth factor-β (TGFB) has key functions in fibrogenic 

cells, promoting fibrosis development in the liver and other organs. In contrast, the functions of 

TGFB in liver epithelial cells are not well understood, despite their high level of responsiveness to 

TGFB. We sought to determine the contribution of epithelial TGFB signaling to hepatic 

fibrogenesis and carcinogenesis.

Methods: TGFB signaling in liver epithelial cells was inhibited by albumin-Cre-, K19-CreERT-, 

Prom1-CreERT2-, or AAV8-TBG-Cre-mediated deletion of the floxed TGFB receptor II gene 

(Tgfbr2). Liver fibrosis was induced by carbon tetrachloride, bile duct ligation, or disruption of the 

multidrug-resistance transporter 2 gene (Mdr2). Hepatocarcinogenesis was induced by 

diethylnitrosamine or hepatic deletion of PTEN.

Results: Deletion of Tgfbr2 from liver epithelial cells did not alter liver injury, toxin-induced or 

biliary fibrosis, or diethylnitrosamine-induced hepatocarcinogenesis. In contrast, epithelial 
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deletion of Tgfbr2 promoted tumorigenesis and reduced survival of mice with concomitant hepatic 

deletion of Pten, accompanied by an increase in tumor number and a shift from hepatocellular 

carcinoma to cholangiocarcinoma. Surprisingly, both hepatocyte-and cholangiocyte-specific 

deletion of Pten and Tgfbr2 promoted the development of cholangiocarcinoma, but with different 

latencies. The prolonged latency and the presence of hepatocyte-derived cholangiocytes after 

AAV8-TBG-Cre-mediated deletion of Tgfbr2 and Pten indicated that cholangiocarcinoma might 

arise from hepatocyte-derived cholangiocytes in this model. Pten deletion resulted in upregulation 

of Tgfbr2, and deletion of Tgfbr2 increased cholangiocyte but not hepatocyte proliferation, 

indicating that the main function of epithelial TGFBR2 is to restrict cholangiocyte proliferation.

Conclusion: Epithelial TGFB signaling does not contribute to the development of liver fibrosis 

or formation of hepatocellular carcinomas in mice, but restricts cholangiocyte proliferation to 

prevent cholangiocarcinoma development, regardless of its cellular origin.
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INTRODUCTION

Transforming growth factor beta (TGFβ) is a key regulator of cell proliferation, 

differentiation, migration, survival, wound healing, angiogenesis, and immunosurveillance.
1–3 Virtually every cell in the body, including epithelial and mesenchymal cells, produces 

TGFβ and/or has TGFβ receptors. In the liver, TGFβ levels increase in chronic disease 

states, and TGFβ signaling has been linked to the development of liver fibrosis in mice and 

patients.4–6 TGFβ is a well-characterized profibrogenic cytokine that promotes the activation 

of hepatic stellate cells (HSCs)5,7,8, the main profibrogenic cell type in the fibrotic liver.9

Although epithelial cells are highly responsive to TGFβ, the role of epithelial TGFβ 
signaling in chronic liver disease is not fully understood. In contrast to the well-known 

function of TGFβ signaling in HSCs, it is not clear how epithelial TGFβ signaling affects 

liver fibrosis development. In one study, hepatocyte-specific overexpression of Smad7 

decreased liver fibrosis by preventing epithelial-mesenchymal transition (EMT)-like changes 

in hepatocytes.10 In another study, ablation of TGFβ receptor II (TBR2) or SMAD4 reduced 

the development of liver fibrosis induced by the hepatocyte-specific ablation of TAK1.11 

This effect was mediated by a reduced hepatocyte cell death in TBR2-ablated hepatocytes. 

However, dual ablation of TAK1 and TBR2 is difficult to interpret as both are part of the 

TGFβ signaling cascade. Ablation of TBR2 in this model may modulate the phenotype of 

hepatic TAK1 deficiency rather than instructing about the role of TBR2 in epithelial 

responses to injury.

Besides the stimulation of wound healing, the suppression of proliferation through the 

mobilization of cyclin-dependent kinase inhibitors and suppression of c-Myc constitutes 

another key biological effect of TGFβ signaling.12 Accordingly, loss of epithelial TGFβ 
signaling has been linked to promotion of carcinogenesis in a wide range of cancers12,13, 

and occurs at the level of Smad4.14–17 Loss of Smad4 is common in cholangiocarcinoma18, 

but loss of TGFβ receptor II (TBR2) has also been described.19 TGFβ exerts a dichotomous 
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role in carcinogenesis12, and epithelial TGFβ may also promote tumor development through 

induction of epithelial-mesenchymal transition.20 In addition, TGFβ in fibrogenic cells or 

the tumor microenvironment (TME) may promote remodeling and tissue fibrosis that 

contribute to carcinogenesis.13,21 Accordingly, the role of TGFβ in different cellular 

compartments is not easy to distinguish, particularly in human studies, as effects of 

increased TGFβ in the TME may mask the tumor-suppressive role of epithelial TGFβ 
signaling. Hence, cell-specific ablation strategies are required to specifically interrogate the 

role of TGFβ in the epithelial compartment.

Using multiple cell-specific Cre deleters to delete floxed TBR2 in hepatocytes, 

cholangiocytes or both populations, we demonstrate that epithelial TGFβ signaling does not 

affect liver fibrosis but that it suppresses the development of cholangiocarcinoma arising 

from hepatocytes and cholangiocytes by restricting cholangiocyte proliferation.

MATERIAL AND METHODS

Mice.

For liver-specific deletion of PTEN and TBR2, Albumin-Cre mice were crossed with floxed 

PTEN mice (both from Jackson, in C57Bl/6 background), floxed TBR2 mice (a gift from 

Hal Moses, Vanderbilt University, Nashville, TN; in C57Bl/6 background)22 or both. For 

hepatocyte-specific ablation of TBR2 and/or PTEN, mice were infected with an AAV8-

TBG-Cre (1×1011 genome copies i.v.) as described23, and sacrificed at different time points 

after infection. For cholangiocyte-specific ablation of TBR2 and/or PTEN, floxed PTEN 

and/or floxed TBR2 mice were crossed with mice expressing K19-CreERT24 (a gift of Dr. 

Guoqiang Gu, Vanderbilt University) or Prom1-CreERT225 (a gift from Dr. Richard 

Gilbertson, St. Jude’s Children’s Research Hospital). K19-CreERT or Prom1-CreERT2 

activity was induced by intraperitoneal injection of tamoxifen (80 mg/kg). Mdr2ko mice (a 

gift from Dr. Detlef Schuppan) were crossed with TBR2 floxed and Albumin-Cre mice. 

mTom/mGFP Cre reporter mice (from Jackson) were used for fate tracing. The following 

primers were used for genotyping: AAGTTTTTGAAGGCAAGATGC and 

CAAGCACTCTGCGAACTGAG (PTEN), ACTTCTGCAAGAGGTCCCCT and 

TAAACAAGGTCCGGAGCCCA (TBR2), ATGAAATGCGAGCTAAGTATGG and 

CGCCGCATAACCAGTGAAAC (Albumin-Cre), GCAGAATCGCCAGGAATTGACC and 

GTTCTTGCGAACCTCATCACTC (K19-CreERT), CAGGCTGTTAGCTTGGGTTC and 

AGGCAAATTTTGGTGTACGG (Prom1-CreERT2).

Liver fibrosis and carcinogenesis models.

All animal procedures were in accordance with guidelines by the National Institutes of 

Health, and approved by the Institutional Animal Care and Use Committee at Columbia 

University. Toxic liver fibrosis was induced by intraperitoneal CCl4 injection (0.5 µ L/g, in 

corn oil at a ratio of 1:3) for 8 injections. For cholestatic liver fibrosis, mice underwent 

ligation of the common bile duct (BDL) for 21 days. Mdr2ko mice were used as second 

cholestatic liver fibrosis model. For genotoxic hepatocarcinogenesis, mice were injected 

with DEN (25 mg/kg i.p., day 15 postpartum). Liver-specific (via Albumin-Cre) or 

hepatocyte-specific (via AAV8-TBG-Cre) ablation of PTEN or PTEN and TBR2 were 
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employed as genetic carcinogenesis models. For some induction of cholangiocarcinoma, 

mice with cholangiocyte-specific PTEN and TBR2 ablation were fed a 0.1% 3,5-

diethoxycarbonyl-1,4-dihydro-collidin (DDC)-containing diet for 6–8 weeks. All mice for 

fibrosis and cancer studies were male with the exception of Prom1-CreERT2 mice for the 

induction of cholangiocarcinoma, which were all female.

Immunohistochemical staining and microscopy.

Immunohistochemistry was performed using primary antibodies against desmin (rabbit, Lab 

Vision Cat.No RB-9014-P, Thermo Fisher Scientific), αSMA (mouse, FITC-conjugated, 

Sigma-Aldrich F3777), keratin (rabbit, DAKO Z0622), keratin 19 (rat, Troma-IIIc, 

Developmental Studies Hybridoma Bank, University of Iowa), osteopontin (goat, R&D 

AF808), F4/80 (rat, AbD serotec MCA497A64), pSMAD2 (rabbit, Cell Signaling 

Technology, m3108, goat), pSMAD3 (rabbit, Abcam ab52903), GFP (rabbit, Abcam ab290) 

and HNF4α (goat, Santa Cruz Biotechnology SC-6556), and matching secondary anti-rabbit 

(donkey, A21207), anti-rat (chicken, A21472), anti-FITC (rabbit, A11090) and anti-goat 

(chicken, A21468) with various fluorescent conjugates (all Invitrogen), Confocal 

microscopy was performed on a Nikon A1 confocal laser microscope (Nikon Instruments) 

using a 20x lens or 40x and 60x oil immersion lenses.

Quantification of liver injury and fibrosis.

Hepatic injury was determined by quantification of serum ALT activity (Thermo Scientific). 

Hepatic fibrosis was determined by picrosirius red staining and αSMA 

immunohistochemistry as previously described.26 Pictures for quantification of picrosirius 

red staining were taken in >10 low-power fields/mouse using a polarized light filter and 

quantified by Adobe Photoshop software. αSMA immunohistochemistry was quantified by 

the same method but without polarized light. Hydroxyproline assays were performed as 

described.26

Quantification of liver tumors.

Immediately after sacrifice, tumor number and tumor size were determined as described.27 

Livers were then digitally photographed and weighed to calculate the liver-body weight 

ratio. Liver lobes were fixed in 10% formalin for 24 hours and paraffin-embedded for further 

analysis.

Statistical evaluation

Statistical analysis was performed using Prism (GraphPad, San Diego, CA). Differences 

between two groups were calculated by Student’s t-test or Mann-Whitney U-test. 

Differences between multiple groups were determined by one-way ANOVA, followed by 

Dunnett’s post-hoc test. The significance of the overlap between gene sets was calculated by 

the χ® test. All data are expressed as means ± standard deviation.

Additional methods are described in the supplementary materials.
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RESULTS

Epithelial TGFβ signaling is activated in murine and human fibrogenesis

To determine whether TGFβ signaling is activated within the epithelial compartment of the 

injured liver, we performed immunohistochemical staining of phosphorylated SMAD2 

(pSMAD2) in different types of liver injury. In human cirrhosis as well as murine models of 

toxic and biliary liver fibrosis (CCl4 treatment, bile duct ligation and Mdr2ko), we detected 

abundant pSMAD2 expression in cells with characteristic hepatocyte and cholangiocyte 

morphology (Fig.1A–B). In CCl4-, BDL-and Mdr2ko-induced liver injury we observed a 

similar pattern of pSmad3 expression (Suppl.Fig.1A). Co-staining for pSMAD2 and HNF4α 
and keratin 19 as markers of hepatocytes and cholangiocytes, respectively, and subsequent 

confocal microscopy further confirmed TGFβ pathway activation in these two cell types 

(Fig.1C). As expected, pSmad2 expression was also seen in αSMA-positive hepatic stellate 

cells (Suppl.Fig.1B). Together, these data establish activation of TGFβ signaling in both the 

epithelial and mesenchymal cell compartments of the chronically injured liver.

Epithelial TGFβ signaling does not contribute to toxic and biliary liver fibrosis.

To determine whether epithelial TGFβ signaling affects the development of liver fibrosis, we 

generated double transgenic mice co-expressing floxed TBR2 and Albumin-Cre (TBR2lko) 

leading to the deletion of TBR2 in hepatocytes and cholangiocytes. Ablation was highly 

efficient, as determined by qPCR, and the absence of pSmad2 in both hepatocytes and 

cholangiocytes in chronically injured livers (Suppl. Fig.1C–D). Following eight injections of 

CCl4, both floxed controls and TBR2lko mice developed significant accumulation of fibrillar 

collagen and αSMA-positive myofibroblasts as assessed by picrosirius red staining (Fig. 

1D) and αSMA immunohistochemistry (Suppl. Fig.2A). However, there was no difference 

in fibrosis development between both groups. Moreover, we found no differences in liver 

injury (Fig.1D). To address the possibility that epithelial TBR2 might play a role in 

cholangiocytes rather than in hepatocytes, we additionally investigated biliary liver fibrosis 

induced by bile duct ligation (BDL) or by knockout of Mdr2, a model of progressive 

cholestatic liver disease that closely resembles human disease.28 Again, in both models we 

observed no differences in liver injury, as determined by serum ALT levels, or liver fibrosis, 

as determined by quantification of picrosirius red staining (Fig.1E–F) and αSMA 

immunohistochemistry (Suppl.Fig.2.B). However, we observed an increased expression of 

keratin, suggesting that TBR2-induced signals control the expansion of cholangiocytes 

(Suppl.Fig.2C). Together, our findings demonstrate that epithelial TGFβ signaling does not 

contribute to hepatic fibrogenesis but that it possibly regulates epithelial proliferation.

Epithelial TGFβ signaling does not affect DEN-induced hepatocarcinogenesis

Because of these findings, we next investigated the hypothesis that the function of epithelial 

TBR2 in the liver lies in the protection from cancer-promoting proliferation. To test this 

hypothesis, TBR2lko and floxed littermate controls were subjected to diethylnitrosamine 

(DEN) at day 15 postpartum, and sacrificed 10 months later. We observed no differences in 

the number of tumor nodules, tumor size or the liver body weight ratio, suggesting that 

epithelial TGFβ signaling does not alter genotoxic hepatocarcinogenesis (Fig.2A). 
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Moreover, qPCR showed no differences in the expression of Afp, Cd133, and mKi67 (Fig.

2A) demonstrating that TGFβ signaling does not affect tumor progenitors and proliferation.

Loss of epithelial TGFβ promotes cholangiocarcinoma development in the presence of 
concomitant PTEN loss.

To test the role of epithelial TGFβ signaling in a second model of liver carcinogenesis, we 

generated triple transgenic mice expressing Albumin-Cre, floxed PTEN and floxed TBR2 

(TBR2 PTENldko). We chose this model as PTEN deletion led to a significant upregulation 

of Tgfbr2 mRNA and protein (Supp.Fig.3A–C), suggesting that TBR2 provides a protective 

signal that restricts the proliferation of PTEN-deleted cells. Hepatic deletion of PTEN and 

TBR2 was at the expected rate of ≈80%, representing the percentage of hepatocytes and 

cholangiocytes in the total liver (Suppl.Fig.3A–B). Single and double-knockout mice were 

born normally without any apparent phenotype, but all double knockout mice developed 

multiple tumors and died around age 5–7 months (Fig.2B,D,E), often exhibiting severe 

cholestasis shortly before death. In contrast, PTENlko mice displayed no tumors or mortality 

at this age (Fig.2B,D,E). Tumors in double knockout livers were macroscopically different 

from tumors developing in older PTENlko mice. Microscopically, tumors from TBR2 

PTENldko displayed typical features of cholangiocarcinoma in the H&E sections (Fig.2C), 

positive keratin staining of virtually all tumor cells (Fig.2C), high expression of 

cholangiocyte markers including Krt7, Krt19, Cd133, Muc1, Tff2, and Sprr2a1 mRNA, 

expression of cholangiocarcinoma/tumor enriched genes/markers including Ehf, Reg1, 

Dmbt1, Sema3c, Gprc5a, Gabrp, Cldn7, and Anxa10 (Fig.2F) as well as accumulation of 

αSMA-positive cancer-associated fibroblasts (Suppl.Fig.3D). Together, these data suggest 

that the loss of TBR2 in the epithelial compartment promotes a shift from hepatocellular 

carcinoma to cholangiocarcinoma when there is loss of PTEN expression, a common event 

in human hepatocarcinogenesis.29 These relevance of these findings is emphasized by the 

high percentage of mutations in the TGFβ signaling pathway, in particular Smad4, in most 

studies of human cholangiocarcinoma18,30. Our findings therefore suggest that TGFβ-

mediated activated of Smad4 represents a mechanism that protects from cholangiocarcinoma 

development, and that loss of this protective pathway promotes cancer development.

Loss of TGFβ signaling promotes cholangiocyte but not hepatocyte proliferation.

Of note, our deletion strategy using Albumin-Cre mice targeted both the hepatocellular and 

biliary compartments, as demonstrated by Albumin-Cre-mediated recombination of a 

fluorescent Cre reporter gene in both hepatocytes and cholangiocytes (Suppl.Fig.3E). To 

determine in which epithelial cell type TGFβ signaling acted, we next examined 

proliferation of hepatocytes and cholangiocytes by co-staining Ki-67 with HNF4α and K19, 

respectively, in livers of two month-old mice, i.e. at a time point when they did not yet 

display tumor formation. Whereas we observed no increased hepatocyte proliferation in 

TBR2 PTENldko in comparison to PTENlko mice, there was a strong expansion of the pool 

of keratin-positive cells as well as increased cholangiocyte proliferation and mRNA 

expression of cholangiocyte markers in the double knockout mice (Fig.3A–D). Together 

with our finding that epithelial TBR2 deletion results in expansion of keratin-positive cells 

in biliary fibrosis (Suppl.Fig.2C), these findings indicate that TBR2 restricts proliferation in 
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cholangiocytes, suggesting that loss of this restriction after TBR2 deletion may promote the 

development of cholangiocarcinoma.

Loss of TGFβ signaling in cholangiocytes promotes cholangiocarcinoma through 
increased cholangiocyte proliferation.

To further address the cell type in which TBR2 signaling restricts cholangiocarcinoma 

development, we next employed cell-type specific ablation strategies that selectively target 

hepatocytes and cholangiocytes. Of note, previous studies demonstrated that intrahepatic 

cholangiocarcinoma may not only arise from cholangiocytes but also from hepatocytes.
25,31,32 To determine whether loss of TGFβ signaling in cholangiocytes is responsible for the 

cholangiocarcinoma development observed in TBR2 PTENldko mice, we generated two 

different types of triple-transgenic mice, either co-expressing K19-CreERT with floxed 

PTEN and TBR2 (TBR2 PTEN∆chol(K19)) or Prom1-CreERT2 with floxed PTEN and TBR2 

(TBR2 PTEN∆chol(Prom1)). These approaches permitted to delete PTEN and TBR2 in 

cholangiocytes without affecting hepatocytes as demonstrated in Prom1-CreERT2 mice with 

fluorescent Cre reporters (Suppl. Fig.4A) and previous published papers with K19-CreERT.
24,33 As keratin 19 and prominin are not only expressed in cholangiocytes but also in many 

cell types of other organs, we needed to accelerate cholangiocyte proliferation and turnover 

by additional treatment with DDC diet, a well-established trigger of cholestatic liver injury, 

in order to avoid tumor development in other organs such as the pancreas, which preceded 

cholangiocarcinoma development in both with K19-CreERT (Suppl.Fig.4B) and Prom1-

CreERT2 (data not shown) mice, and rapidly led to death. DDC-treated TBR2 

PTEN∆chol(Prom1) mice indeed developed keratin-positive tumors with typical features of 

cholangiocarcinoma 10–12 weeks after the initial tamoxifen dose (Fig.4A–B). K19-positive 

tumors co-localized with Prom1CreERT2-induced GFP (Suppl.Fig.4C), thereby proving 

cholangiocyte-origin of these tumors. Similar results with rapid development of 

cholangiocarcinoma and presence of abundant αSMA-positive CAF were seen in DDC-

treated TBR2 PTEN∆chol(K19) mice (Fig.4D–E, Suppl.Fig.4D). We observed an increase in 

the total cholangiocyte area as determined by GFP and keratin staining (Suppl.Fig.4E–F) 

and of Ki-67 positive cholangiocytes (Fig.4C and F) but not hepatocytes (data not shown) in 

both TBR2 PTEN∆chol(Prom1) mice and TBR2 PTEN∆chol(K19) mice. Together these data not 

only suggest that cholangiocytes are the cellular origin of cholangiocarcinomas in this 

model, but that the loss of TGFβ-mediated growth restriction in cholangiocytes promotes 

cancer development.

Loss of TGFβ signaling in hepatocytes promotes cholangiocarcinoma but only at later 
stages.

To determine whether the combined deletion of TBR2 and PTEN in hepatocytes was 

responsible for cholangiocarcinoma development, we employed AAV8-TBG-Cre23, 

allowing for selective ablation of TBR2 and PTEN in hepatocytes (Fig.5A). As previously 

reported, AAV8-TBG-Cre-mediated deletion was highly efficient with a 94.4% and 71.3% 

reduction of Pten and Tgfbr2 mRNA expression, respectively, in whole liver (Suppl.Fig.5A). 

The lower reduction of Tgfbr2 mRNA is likely due to its high expression in other liver cell 

types such as HSCs. In constrat to mice with liver-specific TBR2 and PTEN deletion via 

Albumin-Cre, all mice with hepatocyte-specific AAV8-TBG-Cre-mediated deletion of TBR2 

Mu et al. Page 7

Gastroenterology. Author manuscript; available in PMC 2019 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and PTEN survived for one year. However, when mice were sacrificed at this age, they 

displayed tumors with clear features of cholangiocarcinoma (Fig.5B–D), as evidenced by 

pronounced keratin staining (Fig. 5C), significantly increased expression of progenitor 

markers Krt19, Krt7, Spp1 and Cd133, biliary injury markers of Muc1 and Tff2, 

cholangiocarcinoma/tumor markers Reg1, Gprc5a, Ehf, Cldn7, Gabrp, Dmbt1, Anxa10 and 

Sema3c (Figure 5F) and accumulation of αSMA-positive CAFs (Figure 5E). Occasional 

development of tumors with features of HCC or mixed tumors were also noted (data not 

shown). Of note, keratin-positive cholangiocarcinoma cells in mice with hepatocyte-specific 

AAV8-TBG-Cre-mediated deletion of TBR2 and PTEN co-labeled with Cre reporter GFP, 

demonstrating hepatocyte origin (Suppl.Fig.5B–C). To further confirm that these tumors 

were true cholangiocarcinomas, we performed microarray studies and compared their gene 

expression profiles to human cholangiocarcinoma. Of 131 genes that were at least 4-fold and 

significantly (FDR<0.05) upregulated in human cholangiocarcinoma vs normal human liver, 

69 were also upregulated in murine cholangiocarcinoma (p<2.2×10−16). This similarity was 

also revealed by clustering of tumor from double knockout mice with human 

cholangiocarcinoma (Fig.6A). Further comparison to the two recently described classes of 

human cholangiocarcinoma revealed that this murine cholangiocarcinoma model tightly 

clustered with the “proliferation” class (Fig.6B). To fit these results with the seemingly 

contrasting results from cholangiocyte-specific deletion of PTEN and TBR2, we determined 

whether cholangiocytes or progenitors in the AAV8-TBG-Cre-deleted mice were derived 

from hepatocytes as suggested by recent studies.23 Indeed, we detected intermediate 

hepatocyte-derived progenitors co-expressing GFP and keratin, or GFP and osteopontin in 

non-tumor areas of both PTEN∆Hep and TBR2 PTEN∆Hep mice albeit at low numbers 

(Suppl.Fig.5, and Suppl.Fig.6). Moreover, we also detected intermediate hepatocyte-derived 

progenitors in both PTEN∆Hep and TBR2 PTEN∆Hep mice 8 weeks after AAV8-TBG-Cre-

mediated deletion (Suppl.Fig.7). Together, these data suggest that loss of TBR2 in 

hepatocyte-derived cholangiocytes results in cholangiocarcinoma development through an 

increase in hepatocyte-derived cholangiocyte proliferation (rather than an increase of 

transdifferentiation). The relatively low number of hepatocyte-derived cholangiocytes is 

consistent with the long latency of cholangiocarcinoma development in this model. This 

observation fits well with the fact that mice with liver-specific deletion of PTEN develop 

cholangiocarcinomas, but that these are typically overshadowed by the strong and more 

rapid HCC development.34,35.

DISCUSSION

TGFβ is a key cytokine in the regulation of wound healing processes and in the activation of 

fibrogenic cells, and has been implicated in both liver fibrosis as well as HCC development. 

Our study provides strong evidence that TGFβ signaling also occurs in both cholangioyctes 

and hepatocytes, and that these signals play important roles in the injured liver, but only in 

distinct settings. Importantly, we did not find a role for epithelial TGFβ signaling in the 

development of liver fibrosis, as determined in three different fibrosis models, suggesting 

that TGFβ signals in HSCs represent the key mechanism through which TGFβ promotes 

liver fibrosis. Our findings contrast data from a recent study in which the contribution of 

epithelial TGBβ signaling to liver fibrosis and hepatocarciongenesis was studied in mice 
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with liver-specific knockout of TGFβ-activated kinase 1 (TAK1). As TAK1 is part of the 

TGFβ pathway and exquisitely sensitizes cells to cell death, it is possible that the cell-death 

promoting effects of TGFβ may have been revealed in this specific setting. Moreover, the 

overactivation of TAK1-independent TGFβ signaling events in TAK1-knockout mice are 

likely linked to the phenotype of this mouse, and blocking TGFβ may have inhibited this 

pathway. Nonetheless, as TAK1 deletion is not a component of normal liver fibrosis, it can 

be concluded that epithelial TGFβ signaling does not contribute to the development of toxic 

or biliary liver fibrosis.

Loss of epithelial TGFβ signaling occurs in many types of cancers and is considered a key 

contributor to carcinogenesis in prostate, pancreatic, breast, colon cancer.14–17 However, we 

did not observe a role for epithelial TGFβ signaling in hepatocarcinogenesis as evidenced by 

unaltered HCC development by TBR2 deletion in two different models. Again, these data 

are in contrast to the study of Yang et al, in which HCC development in TAK1-deleted livers 

was reduced by TBR2 deletion. As discussed above, this result is most likely explained by 

the involvement of TAK1 in the TGFβ signaling cascade and the key role cell death in 

TAK1-deleted hepatocytes in this model.11 In contrast to our data on HCC, we observed a 

key role of the TGFβ pathway in the development of cholangiocarcinoma in mice with liver-

specific ablation of TBR2 and PTEN. Of note, recent exome sequencing studies have 

revealed a high prevalence of mutations in Smad4, a key downstream mediator of TGFβ 
signals, in human cholangiocarcinoma.18,30 In contrast, human HCC is dominated by 

mutations in the β-catenin, p53 and chromatin remodeling pathways.36 Thus, it appears that 

TGFβ signaling has a more important role in cholangiocytes than in hepatocytes. This is 

likely explained by intrinsic differences between these two cell types, but requires further 

investigation of the underlying mechanisms. Moreover, it is also possible that the 

bioavailability of TGFβ, which is often stored with the ECM and could be more abundant in 

the cholangiocyte than in the hepatocyte niche due to more abundant ECM surrounding the 

portal tracts, could additionally contribute to this phenotype. It should be noted that TGFβ 
ablation also affected cholangiocyte expansion in Mdr2ko model of cholestatic fibrosis. 

Accordingly, cholangiocyte-specific combined ablation of PTEN and TBR2 by two different 

approaches resulted in cholangiocarcinoma formation as well as increased cholangiocyte 

proliferation. Together, these data imply a key restrictive function of TGFβ signaling on 

cholangiocyte proliferation in multiple settings. The more profound effect of TBR2 deletion 

in the setting of concomitant PTEN deletion is likely explained by the reactive TBR2 

upregulation in cells with PTEN deletion. The deleterious effect of combined PTEN and 

TBR2 deletion has been found in a wide range of cancers including prostate, pancreas and 

stomach.14–16,37 Xu et al reported that combined deletion of PTEN and Smad4 by Albumin-

Cre results in increased cholangiocarcinoma formation.34 While our study confirms the 

relevance of this pathway, it also links cholangiocarcinoma specifically to the TGFβ 
pathway, as Smad4 can be activated by a wide range of other receptors. Importantly, there is 

an abundance of activated TGFβ in the injured liver, suggesting that it not only functions to 

promote wound healing through HSC activation but also serves to restrict cholangiocyte 

proliferation – which often goes hand in hand with fibrosis in the “ductular reaction”.38 A 

recent study found a similar phenotype in mice with dual deletion of TBR2 and PTEN in the 

liver, but did not further investigate the involved cell types.39 Our data suggest that the 
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upregulation of the TGFβ signaling pathway is a protective mechanism that is particularly 

important in chronic injury in order to prevent expansion of cells with genetic alterations.

Another novel aspect of our study lies in pinpointing the cell type through which the TGFβ 
pathway restricts cholangiocarcinoma development. We clearly show the key role of this 

pathway in cholangiocytes, as demonstrated by cholangiocarcinoma induction in mice with 

cholangiocyte-specific ablation of PTEN and TBR2 but not PTEN alone. In contrast, the 

deletion strategy employed by Xu et al. resulted in PTEN and Smad4 ablation in both 

hepatocytes and cholangiocytes.34 Our data also show that concomitant and selective PTEN 

and TBR2 ablation in hepatocytes (mediated by AAV8-TBG-Cre) can result in 

cholangiocarcioma formation. While this could be direct transdifferentiation of hepatocytes 

into cholangiocarcinoma, the presence of hepatocyte-derived cholangiocytes together with 

the slow development of cholangiocarcinoma in this model are consistent with the 

hypothesis that cholangiocarcinoma develops from hepatocyte-derived cholangiocytes in 

TBR2 PTEN-deleted mice – i.e. similar to the development of cholangiocarcinoma by 

cholangiocyte-specific deletion of TBR2 and PTEN, albeit much slower.

In addition to better understanding the multiple and cell-specific roles of TGFβ in the 

injured liver, results from our study have also one relevant clinical implication. TGFβ is a 

key pathway in the promotion of liver fibrosis and targeting TGFβ may inhibit the 

development of this significant clinical problem. However, our results suggest that non-

targeted inhibition of TGFβ signaling may adversely affect cholangiocytes and increase the 

risk for cholangiocarcinoma development. Further studies are required to understand why 

loss of TGFβ affects cholangiocytes and cholangiocarcinoma formation so profoundly 

whereas it has little effect on hepatocytes and HCC development. Similar differences exist 

probably in other organs as TBR2 deletion results in increased tumor formation only in some 

cell types.
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Refer to Web version on PubMed Central for supplementary material.
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DEN
diethylnitrosamine

CCl4
carbon tetrachloride

DDC
3,5-diethoxycarbonyl-1,4-dihydro-collidin

BDL
bile duct ligation

ALT
alanine transaminase

HCC
hepatocellular carcinoma

ICC
intrahepatic cholangiocarcinoma

FDR
false discovery rate

qPCR
quantitative real-time PCR

CAF
cancer -associated fibroblasts

TBR2 PTENldko

Albumin-Cre, floxed PTEN and floxed TBR2

PTENldko

Albumin-Cre, floxed PTEN

TBR2 PTEN∆chol(Prom1)

Prom1-CreERT2, floxed PTEN and floxed TBR2

PTEN∆chol(Prom1)

Prom1-CreERT2, floxed PTEN

TBR2 PTEN∆chol(K19)

K19-CreERT, floxed PTEN and floxed TBR2

PTEN∆chol(K19)

K19-CreERT, floxed PTEN

TBR2 PTEN∆Hep

AAV8-TBG-Cre-mediated deletion of floxed PTEN and floxed TBR2
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PTEN∆Hep

AAV8-TBG-Cre-mediated deletion of floxed PTEN
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Figure 1. Epithelial TGFβ signaling is activated in murine and human liver disease but does not 
contribute to toxic and biliary liver fibrosis.
A. Representative images of phospho-Smad2 staining show epithelial TGFβ pathway 

activation in cirrhotic human liver (n=5). B. Phospho-Smad2 staining shows activated TGFβ 
signaling in epithelial cells in CCl4-induced toxic liver injury as well as BDL-and Mdr2ko-

induced biliary liver disease. C. Dual immunofluorescent staining and subsequent confocal 

microscopy demonstrate phospho-Smad2 in HNF4α-positive hepatocytes and keratin-

positive cholangiocytes in CCl4-treated and BDL-treated livers, respectively. D-E. TBR2lko 

and TBR2f/f mice were subjected to 8 injections of CCl4 (0.5 µg/ml; TBR2lko n=10 and 

TBR2f/f n=11) or 15 days of BDL (TBR2lko n=16 abd TBR2f/f n=10). Hepatic fibrosis was 

determined by picrosirius red staining. Hepatic injury was determined by serum ALT 

measurement. F. Mdr2ko mice carrying floxed TBR2 in the presence (n=20) or absence 

(n=21) of Albumin-Cre were sacrificed at age 9 weeks. Liver fibrosis and injury were 
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assessed as described above. Scale bars 100 µm (A,B,D-F), and 50 µm (C). ns, non-

significant.
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Figure 2. Epithelial TGFβ signaling does not contribute to genotoxic hepatocarcinogenesis but 
protects liver from cholangiocarcinoma development in the presence of concomitant PTEN loss.
A TBR2lko (n=14) and TBR2f/f mice (n=12) were injected with DEN (25 mg/kg i.p) at day 

15 postpartum and sacrificed 10 months later. Tumor number, tumor size and liver body 

weight ratio were compared between TBR2lko and TBR2f/f mice (middle panel). mRNA 

expression of Afp, Cd133 and mKi67 was determined by qPCR (right panel). B-E. In 

contrast to PTENlko mice (n=9), TBR2 PTENldko mice (n=12) developed keratin-positive 

tumors with typical features of cholangiocarcinoma and increased mortality. F. mRNA 

expression of markers for cholangiocytes, progenitor cells, biliary injury and proliferation 

was determined by qPCR in tumors from PTENlko and TBR2 PTENlko mice. Scale bar 100 

mm (A,D) and 100 µm (E). ns, non-significant. *p<0 .05, **p<0.01, ***p<0.001
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Figure 3. Loss of TGFβ signaling promotes cholangiocyte but not hepatocyte proliferation.
PTENlko mice and TBR2 PTENldko mice were sacrificed at the age of two months. A. 
Cholangiocyte expansion in PTENlko and TBR2 PTENldko mice was assessed by keratin 

immunohistochemistry. B. Hepatocyte proliferation was compared between PTENlko and 

TBR2 PTENldko mice by dual immunofluorescent staining for HNF4α and Ki-67 in 

combination with confocal microscopy. C. Hepatocyte proliferation was compared between 

PTENlko and TBR2 PTENldko mice by dual immunofluorescent staining for HNF4α and 

Ki-67 in combination with confocal microscopy. D. mRNA expression of progenitor and 

biliary injury markers was compared between PTENlko and TBR2 PTENldko mice by qPCR. 

Scale bar: 100 µm (A,C) and 200 µm (B). ns, non-significant.*p<0.05,**p<0.01,***p< 

0.001
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Figure 4. Concomitant loss of TBR2 and PTEN in cholangiocytes promotes cholangiocarcinoma 
development.
A. Quadruple transgenic mice expressing PromCreERT2, PTENf/f and mTom/mGFP or 

PromCreERT2, TBR2f/f, PTENf/f and mTom/mGFP were treated with DDC diet and 

tamoxifen as indicated. Two months after treatment initiation, TBR2 PTEN∆Chol/Prom (n=4) 

but not PTEN∆Chol/Prom (n=4) mice displayed multiple GFP-positive hepatic tumors B. 
Tumors from TBR2 PTEN∆Chol/Prom mice displayed typical features of cholangiocarcinoma 

as demonstrated by H&E staining and immunohistochemical staining for keratin. C. 
Cholangiocyte proliferation was ompared between PTEN∆Chol/Prom and TBR2 

PTEN∆Chol/Prom mice using dual immunofluorescent staining for Ki67 and GFP, and 

confocal microscopy. D. Mice expressing K19CreERT and PTENf/f (PTEN∆Chol/K19) (n=8), 

or K19Cre-ERT, TBR2f/f and PTENf/f (PTEN TBR2∆Chol/K19) (n=9) were treated with DDC 

diet and tamoxifen as above. Nine weeks after treatment initiation, PTEN TBR2∆Chol/K19 

but not PTEN∆Chol/K19 mice displayed hepatic tumors. E. Tumors from TBR2 
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PTEN∆Chol/K19 mice displayed typical features of cholangiocarcinoma seen by H&E 

staining and immunohistochemistry for keratin. F. Cholangiocyte proliferation was 

compared between PTEN∆Chol/K19 and TBR2 PTEN∆Chol/K19 mice using dual 

immunofluorescent staining for Ki67 and keratin 19 and confocal microscopy. Scale bar 100 

mm (A) and 100 µm (B, C).*p<0.05
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Figure 5. Concomitant loss of TBR2 and PTEN in hepatocytes promotes cholangiocarcinoma 
development.
A. PTENf/f (n=6) and double transgenic mice expressing TBR2f/f and PTENf/f (n=12) were 

infected with AAV8-TBG-Cre (1×1011 genome copies/mouse, i.v.) for hepatocyte-specific 

ablation of PTEN (PTEN∆Hep) or PTEN and TBR2 (TBR2 PTEN∆Hep), and sacrificed 10 

months later. B. Tumors developed from PTEN∆Hep and TBR2PTEN∆Hep mice, albeit with 

different macroscopic appearance. C. H&E and immunohistochemistry for keratin 

demonstrated cholangiocarcinoma development in TBR2 PTEN∆Hep but not in PTEN∆Hep 

mice. D. Tumor number was quantified in PTEN∆Hep and TBR2 PTEN∆Hep mice. E. The 

presence of αSMA-positive CAF in cholangiocarcinoma from TBR2 PTEN∆Hep mice was 

determined by dual immunohistochemistry for K19 (marking tumor cells) and αSMA 

(marking CAF). F. Gene expression of progenitor cell/cholangiocyte (Krt19, Krt7, Cd133, 
Spp1 and Afp), biliary injury (Muc1, Tff2, Sprr2a) and cholangiocarcinoma markers 

(Gprc5a, Ehf, Cldn7, Reg1, Gabrp, Anxa10, Dmbt1, Sema3c,) was compared between 
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tumors from PTEN∆Hep and TBR2PTEN∆Hep mice, using qPCR. Scale bar 100 mm (B), 100 

µm (C,E). ns, non-significant. *p<0.05,**p<0.01,***p<0.001
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Figure 6. Comparison of cholangiocarcinoma developing in mice with hepatocyte-specific 
deletion of PTEN and TBR2 to human cholangiocarcinoma.
A. Microarray from paired human non-tumor liver tissues (n=23), human intrahepatic 

cholangiocarcinoma (ICC, n=23), normal mouse liver (n=3), liver tumors arising in 

PTEN∆Hep mice (n=4) and liver tumors arising in TBR2PTEN∆Hep mice (n=4). Displayed is 

a heatmap of all genes with a least 4-fold and significant (FDR<0.05) upregulation in human 

cholangiocarcinoma vs. human normal liver, demonstrating clustering of human ICC and 

cholangicarcinoma from TBR2PTEN∆Hep mice. B. Comparison of cholangiocarcinoma 

from TBR2PTEN∆Hep mice (n=4) to human ICC (n=136) demonstrated clustering with the 

proliferation subclass.
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