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The	forkhead	box	proteins	A1	and	A2	(Foxa1	and	Foxa2)	are	transcription	factors	with	critical	roles	in	estab-
lishing	the	developmental	competence	of	the	foregut	endoderm	and	in	initiating	liver	specification.	Using	
conditional	gene	ablation	during	a	later	phase	of	liver	development,	we	show	here	that	deletion	of	both	Foxa1	
and	Foxa2	(Foxa1/2)	in	the	embryonic	liver	caused	hyperplasia	of	the	biliary	tree.	Abnormal	bile	duct	forma-
tion	in	Foxa1/2-deficient	liver	was	due,	at	least	in	part,	to	activation	of	IL-6	expression,	a	proliferative	signal	
for	cholangiocytes.	The	glucocorticoid	receptor	is	a	negative	regulator	of	IL-6	transcription;	in	the	absence	of	
Foxa1/2,	the	glucocorticoid	receptor	failed	to	bind	to	the	IL-6	promoter,	causing	enhanced	IL-6	expression.	
Thus,	after	liver	specification,	Foxa1/2	are	required	for	normal	bile	duct	development	through	prevention	of	
excess	cholangiocyte	proliferation.	Our	data	suggest	that	Foxa1/2	function	as	terminators	of	bile	duct	expan-
sion	in	the	adult	liver	through	inhibition	of	IL-6	expression.

Introduction
Liver development is a complex process and requires the specifi-
cation of hepatocytes, cholangiocytes (bile duct epithelial cells), 
stellate cells, Kupffer cells, and myofibroblasts in addition to the 
development of the circulatory and nervous systems (1–5). The liver 
is derived from ventral foregut endoderm, where progenitor cells 
differentiate into hepatoblasts beginning on E8.5 in the mouse. 
Liver specification is marked by initial expression of albumin (Alb),  
α-fetoprotein (Afp), and transthyretin (Ttr). Both hepatocytes and 
cholangiocytes are differentiated from bipotential hepatoblasts. 
Hepatoblasts start to differentiate into hepatocytes on E13.5 and 
into cholangiocytes on E14.5 (3–5). Hepatocyte development is 
completed after birth, followed by the establishment of meta-
bolic functions such as glucose and lipid metabolism (2, 3). Bile 
duct development is initiated with the formation of ductal plates 
surrounding the portal tracts in the late gestation, which subse-
quently reorganize to form ducts (3–5). Complete formation of the 
biliary tree is followed by liver growth into adulthood (3–5).

The forkhead box protein A (Foxa) family of transcription fac-
tors controls embryonic development and organogenesis of liver, 
pancreas, brain, lung, thyroid, and prostate (2, 6–11). Foxa includes 
3 family members, Foxa1, Foxa2, and Foxa3 (2, 6, 7, 11). Global or 
liver-specific ablation of Foxa1, Foxa2, or Foxa3 alone did not affect 
liver morphology (12–14). However, when both Foxa1 and Foxa2 
(Foxa1/2) were deleted in mouse embryos at E8.5 days, progeni-
tor cells in the foregut endoderm failed to differentiate into hepa-
toblasts and no liver formed (9). Thus, Foxa1 and Foxa2, though 
redundant, are critical for the establishment of developmental 
competence in foregut endoderm and the initiation of liver speci-
fication. Foxa1/2 expression in the liver persists into adulthood (7, 
11, 15). Previous studies have shown that Foxa1/2 are expressed 
in hepatocytes and cholangiocytes (7, 11, 15). However, neither 
hepatocyte development nor bile duct development was affected 

by single ablation of either Foxa1 or Foxa2, although the ability 
of hepatocytes to export bile acids is dependent on Foxa2 (12–14). 
Here we use the Cre-loxP technology to establish a mouse model 
with liver-specific ablation of Foxa1/2 during late gestation in 
order to investigate their role in liver development after its initial 
specification. Our loss-of-function analysis reveals that Foxa1/2 are 
required for the regulation of cholangiocyte proliferation, which is 
mediated at least in part by inhibition of IL-6 expression.

Results
A mouse model of Foxa1/2 deficiency in the fetal liver. To address whether 
Foxa1/2 are essential for liver development after its initial specifi-
cation, we derived a new mouse model, Foxa1loxP/loxPFoxa2loxP/loxPAlf-
pCre (mutant) mice, in which both genes are ablated in the liver 
during late gestation. Foxa1loxP/loxPFoxa2loxP/loxP mice without Alf-
pCre were used as controls. The expression of Cre recombinase 
in AlfpCre mice is driven by the Alb promoter and both Alb and 
Afp enhancers (16, 17). Both Afp and Alb are initially expressed in 
the hepatoblast at E9.0. Crossing AlfpCre mice with Rosa26 mice 
(which allows for detection of Cre activity by lacZ staining) (17) 
confirmed that the AlfpCre transgene was active in the liver pri-
mordium by E10.5 (Supplemental Figure 1; supplemental material 
available online with this article; doi:10.1172/JCI38201DS1). To 
trace the deletion of Foxa1/2 in this model, we examined protein 
and mRNA levels in livers by immunohistochemical staining and 
real-time quantitative RT-PCR (qRT-PCR), respectively. Nuclear 
staining of Foxa1/2 was evident in control livers as expected (Fig-
ure 1A). However, surprisingly, Foxa1/2 were not deleted in the liver 
of Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre embryos at E14.5, as indicated by 
both immunostaining and qRT-PCR (Figure 1, A and B). Ablation 
of Foxa1/2 was first apparent in the liver of Foxa1loxP/loxPFoxa2loxP/loxP 

AlfpCre embryos at E16.5 (Figure 1, A and B), complete by P2, and 
maintained into adulthood (Figure 1, A and B). The late deletion 
observed in Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice compared with the 
Rosa26 reporter was likely due to differential accessibility of differ-
ent loxP-flanked loci, which has been reported previously (18–20).

Hepatocyte differentiation after liver specification is largely independent 
of Foxa1/2. Foxa1/2 are highly expressed in hepatocytes (Figure 1A) 
(7, 15). We therefore investigated whether hepatocyte morphology 
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was altered in Foxa1/2-deleted livers using immunohistochemical 
staining (Figure 1A) and transmission EM (Figure 2A). Hepatocytes 
from Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice were indistinguishable 
from those in controls with regard to both overall morphology 
and ultrastructure (Figure 1A and Figure 2A). In addition, adult 
Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice showed normal body weight, 
liver weight, and ratios of liver to body weight in both genders as 
compared with controls (Table 1). Mutant mice did not show sig-
nificant changes in blood biochemistry, including levels of Alb, 
bilirubin, triacylglycerol, cholesterol, alanine aminotransferase, 
aspartate aminotransferase, γ-glutamyltranspeptidase, and alka-
line phosphatase, compared with controls (Table 1). Expression of 
the hepatoblast/hepatocyte markers Alb, Afp, and Ttr was assayed 
by qRT-PCR. Expression of Alb and Ttr was not altered by Foxa1/2 
deficiency (Figure 2B). However, Afp mRNA levels were increased 
about 10-fold in mutant livers (Figure 2B). Therefore, deletion of 
Foxa1/2 in late gestation did not affect hepatocyte morphology, 
and hepatocyte differentiation after liver specification was largely 
independent of Foxa1/2.

Liver-specific ablation of Foxa1/2 results in bile duct hyperplasia and 
fibrosis. Differentiation of hepatoblasts into cholangiocytes initi-
ates during mid-gestation (E14.5) in the mouse (3–5). We used 
cytokeratin 19 (CK19), a well-characterized marker for biliary 
epithelial cells  (21),  to analyze whether Foxa1/2 deletion was 
associated with abnormal bile duct development. CK19-positive 
cholangiocytes were found in portal tracts of both Foxa1loxP/loxP 

Foxa2loxP/loxPAlfpCre  and  Foxa1loxP/loxPFoxa2loxP/loxP  mice  (Figure 
3, A and B). Immunostaining showed that Foxa1/2 were highly 
expressed in both hepatocytes and cholangiocytes (Figure 1A) in 
control mice, consistent with previous studies (15). Both proteins 

were absent from hepatocytes and cholangiocytes in 
adult Foxa1/2 mutant mice (Figure 1A).

Biliary development was dramatically affected 
by the absence of Foxa1/2 (Figure 3, A–C). CK19 
immunostaining  showed  dilated,  disorganized, 
and expanded bile ducts in Foxa1loxP/loxPFoxa2loxP/loxP 

AlfpCre mice as compared with controls (Figure 3, 
A and B). Ultrastructural analysis demonstrated 
that mutant bile ducts had irregular lumens and 
increased extracellular matrix deposition (Figure 
3C).  In  addition,  multiple  branched  bile  ducts, 
sharing a single layer of cholangiocytes, were pres-
ent (Figure 3C). Moreover, compared with litter-
mate controls, mutant cholangiocytes contained 
disorganized  and  small  mitochondria  and  less 

endoplasmic reticulum but normal microvilli (Figure 3C). Fur-
thermore, mutant bile ducts appeared to be surrounded by an 
increased deposition of extracellular matrix (see below). BrdU 
incorporation, phosphorylated histone 3 (p–histone 3), and Ki67 
immunostaining were used to identify cells in S phase, M phase, 
and G1 to M phase of the cell cycle, respectively (Figure 3D and 
Supplemental Figure 2). In addition, we quantified Ki67 mRNA 

Table 1
Metabolic data of Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice

Parameter	 Control	 Mutant
BW (g) 31.7 ± 1.74 29.67 ± 1.74
LW (g) 1.38 ± 0.16 1.51 ± 0.13
LW/BW 0.046 ± 0.002 0.051 ± 0.002
Bilirubin (T) (mg/dl) 0.20 ± 0.09 0.28 ± 0.09
Bilirubin (D) (mg/dl) 0 0
Triacylglycerol (mg/dl) 101 ± 45 122 ± 27
Cholesterol (mg/dl) 78 ± 11 76 ± 10
Alb (g/dl) 2.70 ± 0.22 3.16 ± 0.23
γGT (U/l) 0 0
ALT (U/l) 45 ± 27 61 ± 19
AST (U/l) 33 ± 22 44 ± 18
ALP (U/l) 60 ± 14 66 ± 17

Data are from Foxa1loxP/loxPFoxa2loxP/loxP (control) and Foxa1loxP/loxP 

Foxa2loxP/loxPAlfpCre (mutant) mice. Each group included 6 randomly fed 
3-month-old mice. LW, liver weight; BW, body weight; Bilirubin (T), total 
bilirubin; Bilirubin (D), direct bilirubin; γGT, γ-glutamyltranspeptidase; 
ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, 
alkaline phosphatase.

Figure 1
Foxa1/2 are deleted in the liver of Foxa1loxP/loxP 

Foxa2loxP/loxPAlfpCre mice after E16.5. (A) Immuno-
histochemical staining of paraffin-embedded liver 
sections from E14.5, E16.5, P2, and 3-month-old (3M) 
Foxa1loxP/loxPFoxa2loxP/loxP (control) and Foxa1loxP/loxP 

Foxa2loxP/loxPAlfpCre (mutant) mice with an anti-
Foxa1/2 antibody. Inset shows a liver section of con-
trol 3-month-old mice (original magnification, ×400). 
Arrows point to bile duct epithelial cells. Scale bars:  
10 μm. (B) mRNA levels of Foxa1/2 after normalization 
to those of Gapdh in E14.5, E16.5, P2, and 3-month-
old control and mutant livers by real-time qRT-PCR.  
*P < 0.05 compared with control mice.
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levels (Supplemental Figure 2). All proliferation markers showed 
that while the proliferation rate of hepatocytes was unaffected 
by Foxa1/2 deficiency, that of cholangiocytes was dramatically 
increased (Figure 3D and Supplemental Figure 2). Thus, bile duct 
hyperplasia in Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice resulted from 
increased cycling of cholangiocytes.

Next, we investigated the nature of the extracellular matrix 
deposits surrounding the bile ducts of Foxa1/2-deficient livers. 
Strong Sirius red staining, which labels collagen bundles, was 
found surrounding bile ducts in Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre 
mice (Figure 4A). We confirmed this finding by ultrastructural 
analysis, which showed increased collagen fibers in portal tracts 
of Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice as compared with controls 
(Figure 4B). In addition, hepatic mRNA expression of multiple 
members of the collagen gene family was increased 2-fold or more 
in mutant mice compared with controls, including that of Col1a1, 
Col2a1,  Col3a1,  Col4a3,  Col4a6,  and  Col6a3  (data  not  shown). 
Immunostaining of TGF-β did not show a significant difference 
between control and mutant mice (Supplemental Figure 3). Like-
wise, Tgfb mRNA levels were unchanged (Figure 5A). In addition, 
α–smooth muscle actin levels were unchanged between control 
and mutant mice (Supplemental Figure 3).

Bile duct proliferation is due to increased expression of IL-6. Bile duct 
growth and proliferation are regulated by bile acids, hormones, 
and cytokines  including TGF, epithelial growth factor (EGF), 
and IL-6 (22–27). In addition, abnormal bile duct proliferation 
can result from bile duct obstruction, inflammation, or develop-
mental defects (25–27). To explore the mechanism of bile duct 
proliferation in Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice, livers from 
E14.5, P2, and 3-month-old animals were used to screen the gene 

expression profiles of important regulatory pathways of bile duct 
development, including the Wnt, Notch, TGF, and EGF signaling 
pathways. Surprisingly, none of these pathways seem to be altered 
in Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice (Figure 5A).

Next, we investigated early postnatal (P2) mice, in which biliary 
development had just completed, to test whether the ablation of 
Foxa1/2 causes a developmental defect. By CK19 immunostaining, 
bile duct formation was observed at P2 in both mutant and con-
trol mice (Supplemental Figure 4). In addition, mutant mice did 
not show abnormal formation of ductal plates and early bile ducts 
(Supplemental Figure 4), even though Foxa1/2 were completely 
ablated by P2 (Figure 1, A and B).

IL-6 is a key regulator of normal bile duct growth and bile duct 
proliferation by both in vitro and in vivo models (22, 23, 25–30). 
We found that plasma IL-6 levels were dramatically elevated in 
Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice (Figure 5B), which correlated 
with increased hepatic mRNA levels of IL-6 in adult but not P2 
mice (Figure 5C). We also found that IL-6 was expressed in P2 but 
absent in adult control livers (Figure 5C) and inversely correlated 
with Foxa1/2 expression, which increased from P2 to adult in the 
liver of control mice (Figure 5D). IL-6 immunostaining showed 
that increased IL-6 protein expression was found mostly in chol-
angiocytes  rather  than  hepatocytes  in  Foxa1loxP/loxPFoxa2loxP/loxP 

AlfpCre mice (Figure 5G and Supplemental Figure 6). To investigate 
whether increased IL-6 was causally linked to bile duct proliferation 
in Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice, we treated mice with a car-
rier- and endotoxin-free anti–IL-6 antibody to inhibit IL-6 activity. 
This IL-6 antagonist significantly reduced bile duct proliferation 
in Foxa1/2 mutants as shown by Ck19 and Ki67 mRNA levels and 
CK19/Ki67 double staining (Figure 5, E and F, and Supplemental 
Figure 2B). Ck19 mRNA levels were increased 5-fold in mutant mice 
as compared with controls, but decreased 27% after the treatment 
with IL-6 antagonist (Figure 5E). Consistent with the expression 
change seen for CK19, 2 other ductal cell markers, CK7 and CK20, 
were also significantly increased in mutant mice and decreased after 
IL-6 antagonist treatment (Supplemental Figure 5). Ki67 mRNA 
levels decreased about 50% (Supplemental Figure 2B), and Ki67-
positive cholangiocytes decreased by about half in mutants after 
treatment with the IL-6 antagonist (Figure 5F). Thus, IL-6 antago-
nist administration blocked cholangiocyte growth by inhibiting 
proliferation. The fact that expression of the cytokeratin genes was 
not normalized completely by the anti–IL-6 antibody is likely due 
to incomplete blockage of the elevated hepatic IL-6 levels.

Both hepatocytes and cholangiocytes synthesize and secrete 
IL-6 (22, 31). IL-6 acts in both autocrine and paracrine fashions 
through the IL-6 receptor, which is composed by a heterodimer 
of gp80 and gp130 proteins (22, 32, 33). Levels of gp80 and gp130 
mRNA and proteins were not significantly changed in Foxa1loxP/loxP 

Foxa2loxP/loxPAlfpCre mice as compared with controls (Figure 6A 
and Supplemental Figure 7). Previous in vitro studies had shown 
that IL-6–dependent cholangiocyte proliferation could be medi-

Figure 2
Hepatocyte differentiation is not affected by Foxa1/2 deficiency. (A) 
Ultrastructure of hepatocytes in adult Foxa1loxP/loxPFoxa2loxP/loxP and 
Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice as determined by transmission 
EM analysis. Scale bars: 2 μm. (B) Alb, Afp, and Ttr mRNA levels 
relative to Gapdh in control and mutant adult livers, as assessed by 
real-time qRT-PCR. *P < 0.05 compared with control mice.
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ated via the STAT3, p42/44 MAPK, or p38 MAPK pathways (29, 
32–37). Immunostaining for active or phosphorylated STAT3, 
p42/44 MAPK, or p38 MAPK showed that both the STAT3 and 
p42/44 MAPK pathways, but not the p38 MAPK pathway, were 
activated in cholangiocytes of Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice 
(Figure 5G). Interestingly, many hepatocytes were also positive for  
p-STAT3 (Figure 5G). This suggests that STAT3 signaling might be 
blocked in hepatocytes, as we did not observe an increase in hepa-
tocyte proliferation in Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice (Figure 
3D). Increased expression of p21, cytokine-inducible SH2-contain-

ing protein (Cish), and retinoblastoma might counteract increased 
STAT3 signaling to maintain normal proliferation in hepatocytes 
of  mutant  mice  (Supplemental  Figure  8).  However,  IL-6  
signaling in cholangiocytes promoted cell proliferation, which was 
also evidenced by the upregulation of IL-6 target genes such as 
fibrinogen-like 1 (Fgl1) (Supplemental Figure 2B) (38). Once IL-6 
signaling was blocked by antagonist treatment, Fgl1 expression 
was also reduced significantly (Supplemental Figure 2B)

Glucocorticoid receptor–mediated IL-6 suppression is dependent of 
Foxa1/2. Next, we investigated the molecular mechanism of the 

Figure 3
Hepatic deficiency of Foxa1/2 results in bile duct hyperplasia. (A) Immunohistochemical staining of paraffin-embedded liver sections from  
3-month-old Foxa1loxP/loxPFoxa2loxP/loxP and Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice with anti-CK19 antibody. Scale bar: 50 μm. Original magnifica-
tion of insets, ×400. (B) Immunohistochemical staining of paraffin-embedded liver sections from 3-month-old mutant adult mice with anti-CK19 
antibody. Scale bar: 50 μm. (C) Ultrastructure of bile ducts in adult control and mutant mice as determined by transmission EM analysis. Scale 
bars: 2 μm. (D) Immunofluorescent staining of proliferating cells in OCT-embedded liver sections from 3-month-old control and mutant mice. Mice 
were injected with BrdU 1 hour before sacrifice to label cells in S phase. BrdU-positive nuclei are shown in red; cholangiocytes were labeled with 
anti-CK19 antibody (green). Arrows point to BrdU-positive cholangiocytes. Original magnification, ×200.
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hyper-induction of IL-6 in Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice. We 
analyzed the transcription factors known to regulate IL-6 expres-
sion by qRT-PCR and ChIP assays. The glucocorticoid receptor 
(GR) and NF-κB have been shown to competitively regulate the 
expression of many genes, including IL-6 (39–41). Under normal 
circumstances, GR binds to and suppress the IL-6 promoter. Upon 
stimulation, NF-κB replaces GR and activates IL-6 expression. We 
found no significant changes in GR and NF-κB (p50) mRNA levels 
between mutants and controls (Figure 6A). The mouse IL-6 pro-
moter contained closely spaced binding sites for GR, Foxa1/2, and 
NF-κB (Figure 6D). We investigated the occupancy of all these fac-
tors on the IL-6 promoter in control and Foxa1/2 mutant livers by 
ChIP. Foxa1/2 were bound to IL-6 cis-regulatory elements at mul-
tiple sites, 2 in the promoter region and 1 in the 3′-UTR, but were 
absent from these sites in mutant liver as expected (Figure 6B). GR 
and Foxa1/2 have been shown to cooperatively regulate the expres-
sion of many genes including phosphoenolpyruvate carboxykinase 
and carbamoylphosphate synthetase-I (16, 42). Strikingly, NF-κB 
binding to the IL-6 promoter was greatly enhanced, whereas GR 

binding to IL-6 promoter was significantly decreased in Foxa1loxP/loxP 

Foxa2loxP/loxPAlfpCre mice (Figure 6B). Thus, these data demonstrate 
that GR-mediated IL-6 suppression requires Foxa1/2.

To investigate whether Foxa1/2 regulate IL-6 expression in a 
pathophysiologic condition, we analyzed another paradigm of  
IL-6–mediated bile duct proliferation, the bile duct ligation (BDL) 
model. Consistent with previous findings, IL-6 expression was 
greatly induced after 5 days of BDL (Figure 6C). At the same time, 
Foxa1/2 expression was significantly downregulated in mice fol-
lowing BDL, whereas GR and NF-κB (p50) expression was not 
altered (Figure 6C). This suggests that the induction of IL-6 levels 
in bile duct obstruction is related to the suppression of Foxa1/2 
expression. Our model of Foxa1/2-regulated IL-6 transcription is 
summarized in Figure 6D.

Discussion
Foxa1/2: terminators of bile duct expansion. Using conditional gene 
ablation of Foxa1/2 in the late gestation liver, we have uncovered 
what we believe is a novel and unexpected role for these transcrip-
tion factors in the control of bile duct proliferation. Foxa1/2-defi-
cient mice exhibit dramatic bile duct hyperplasia and fibrosis. This 
phenotype is due, at least in part, to inappropriate induction of 
IL-6. Absence of Foxa1/2 causes loss of inhibitory regulation by 
the GR on IL-6 expression. However, hepatocyte differentiation 
was not dependent on Foxa1/2 deficiency after liver specification, 
in contrast to the situation in which these genes are ablated in 
foregut endoderm (9). The fact that reduced IL-6 expression in 
adult livers compared with neonatal livers correlates inversely with 
Foxa1/2 levels (Figure 5, C and D) suggests that increased Foxa1/2 
expression may act as a terminating signal ending bile duct expan-
sion via inhibition of IL-6 expression in the maturing liver.

Mutant mice at P2 showed normal IL-6 expression (Figure 5C) 
despite the fact that ablation of Foxa1/2 was already complete 
(Figure 1B). Therefore, at this stage, Foxa1/2 was not required for 
the control of IL-6 expression. In contrast, by 3 months of age, 
the absence of Foxa1/2 led to IL-6 overexpression. In addition, in 
control mice the expression of Foxa1/2 increased 2- to 3.5-fold 
between the postnatal period and adulthood (Figure 5D), and we 
suggest that this increased expression in the mature liver is one 
of the mechanisms that limits bile duct expansion by restricting 
IL-6 expression via increased GR occupancy. Dramatic phenotypic 
consequences of small changes in transcription factor expression 
are quite common, as evidenced by human autosomal dominant 
diseases such as maturity onset diabetes of the young (MODY), in 
which haploinsufficiency of at least 5 different transcription fac-
tors has been shown to cause disease.

IL-6 regulates hepatocyte and cholangiocyte proliferation differentially. 
Both hepatocytes and cholangiocytes express Foxa1/2, thus, it is 
not surprising that we observed IL-6 induction in both cell types 
in Foxa1/2-deficient mice (Figure 5G and Supplemental Figure 6). 
However, Foxa1/a2 ablation only stimulated proliferation of chol-
angiocytes but not of hepatocytes (Figure 3D). This is consistent 

Figure 4
Hepatic deficiency of Foxa1/2 results in fibrosis. (A) Sirius red staining of 
paraffin-embedded liver sections from 3-month-old control and mutant 
mice. Fast green FCF was used to counterstain. Scale bars: 10 μm. (B) 
Ultrastructure of collagen fibers (arrows) in adult control and mutant liv-
ers as determined by transmission EM analysis. Scale bars: 0.2 μm.
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Figure 5
Bile duct proliferation in Foxa1/2-deficient mice correlates with IL-6 signaling. (A) Hepatic mRNA levels of Jag1, Hes1, Tgfb, Tgfbr, Egf, Wnt7b, 
Hnf6, Hnf1b, and Hnf4a from E14.5, P2, and 3-month old Foxa1loxP/loxPFoxa2loxP/loxP and Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre mice were measured 
by real-time qRT-PCR. (B) Plasma IL-6 levels were assayed by sandwich ELISA. *P < 0.05 from comparison between mutant and control mice. 
(C) Hepatic Il6 mRNA levels in P2 and 3-month-old control and mutant mice. *P < 0.05 compared with control mice. (D) Hepatic Foxa1 and 
Foxa2 mRNA levels in P2 and 3-month-old control mice. *P < 0.05, 3M versus P2 mice. (E) Hepatic Ck19 mRNA levels in 3-month-old control 
and mutant mice and mutant mice after weekly treatment with a neutralizing anti–IL-6 antibody. (F) Reduced cholangiocyte proliferation after 
the treatment of IL-6 antagonist. Immunofluorescence staining for anti-CK19 (green) and anti-Ki67 (red) in OCT-embedded liver sections from 
3-month-old mutant mice and mutant mice after treatment with anti–IL-6 antibody. Original magnification, ×100. (G) Immunofluorescence staining 
of OCT-embedded liver sections from control and mutant adult mice with anti–IL-6 (red) and anti-CK19 (green) antibodies. Immunohistochemical 
staining of paraffin-embedded liver sections from control and mutant adult mice with anti–p-p42/44 MAPK, anti–p-STAT3, and anti–p-p38 MAPK 
antibodies. Original magnification of top panel, ×400. Scale bars: 5 μm.
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with previous studies, which showed that IL-6 addition to primary 
hepatocytes in culture stimulated expression of p21, thereby inhib-
iting hepatocyte proliferation (43). Thus, upregulation of p21 as 
well as Cish and retinoblastoma (Supplemental Figure 8) might 
prevent the proliferation of hepatocytes in mutant livers. In con-
trast, IL-6 administration triggers multiple proliferation pathways 
in cholangiocytes (29, 32–37). Although IL-6–null mice do not 
exhibit defect of bile duct development, BDL IL-6–null mice show 
attenuated bile duct proliferation (23, 44). In addition, IL-6 levels 
have been related to the progression of hepatocellular carcinoma 
(45), suggesting that the differential regulation of hepatocyte and 
cholangiocyte proliferation by IL-6 may be altered in cancer.

Fibrosis associated with bile duct proliferation has been found in 
many models including BDL. Cytokine-induced bile duct prolifera-
tion has been suggested to be a cause of fibrosis (46, 47). Therefore, 
overexpression of IL-6 might trigger fibrosis in our mutant mice, 
which may be independent of TGF-β signaling, since we did not 
observe a significant change in TGF-β levels between control and 
mutant mice (Supplemental Figure 3). Interestingly, the number 
of α–smooth muscle actin–positive cells was not altered between 
control and mutant mice (Supplemental Figure 3). This suggests 
that increased collagen deposition in Foxa1/2 mutant mice is not 
caused by an expansion of activated myofibroblasts; however, we 
cannot exclude the possibility of an increased per-cell production 
of extracellular matrix by myofibroblasts in our mutant mice. Ultra-
structural analysis by EM showed that increased collagen fibers were 
adjacent to bile duct epithelia in Foxa1/2 mutant mice (Figure 4B). It 
has been suggested that cholangiocytes themselves might be involved 
in bile duct fibrogenesis (48, 49), thus it is conceivable that bile duct 
epithelia contribute directly to fibrogenesis in our mutant mice.

The role of Foxa1/2 in biliary disorders. Abnormal cholangiocyte 
proliferation and growth is associated with many biliary disorders 
(25, 27, 28, 50). In addition, cholangiocyte proliferation occurs in 
most pathologic conditions of liver injury (27, 28). We recently 
showed that hepatic deletion of Foxa2 causes mild cholestasis in 
mice fed a cholic acid–enriched diet, and that FOXA2 is downregu-
lated in human subjects with primary sclerosing cholangitis and 
biliary atresia (51). We show here that Foxa1/2 are downregulated 
in a mouse model of obstructive intrahepatic cholestasis, the BDL 
model (Figure 6C). Thus, it seems likely that FOXA1/2 play a role 
in patients with cholestatic disorders.

In summary, we have shown that lack of Foxa1/2 leads to abnor-
mal bile duct development, a defect not observed in either Foxa1 or 
Foxa2 deficiency alone (12–14). We delineate the molecular defect 
to abnormal regulation of the Il6 gene by the GR, which requires 
Foxa1/2 for target occupancy. Thus, Foxa1/2 coordinately regulate 
the differentiation of the biliary tree and provide what we believe is 
a novel mechanism to limit the proliferation of cholangiocytes.

Methods
Animals. Foxa1loxP/loxP mice (C57BL/6;129J) (52) were bred with Foxa2loxP/loxP 

AlfpCre (C57BL/6;129J) (16) mice to obtain Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre 
mutant mice. Foxa1loxP/loxPFoxa2loxP/loxP mice without AlfpCre were used as 
controls. For the IL-6 antagonist study, 4 Foxa1loxP/loxPFoxa2loxP/loxPAlfpCre 
mice at 2 weeks of age were injected i.p. with 50 μg anti–IL-6 antibody (R&D 
Systems) weekly for 8 weeks. Mice were fed standard rodent chow diet and 
water ad libitum under standard 12-h light/12-h dark cycles. All mice were 

Figure 6
Foxa1/2 and GR corporately regulate IL-6 transcription. (A) Hepatic 
mRNA levels of NF-κB (p50), GR, and IL-6 receptor gp80 and gp130 
subunits from 3-month-old Foxa1loxP/loxPFoxa2loxP/loxP and Foxa1loxP/loxP 

Foxa2loxP/loxPAlfpCre mice by real-time qRT-PCR. (B) ChIP assays for 
the occupancy of Foxa1/2, GR, and NF-κB on the mouse IL-6 promoter.  
(C) Hepatic mRNA levels from Foxa1, Foxa2, Il6, Nfkb (p50), and GR 
from wild-type mice after sham or BDL for 5 days, as assessed by 
real-time qRT-PCR. *P < 0.05 compared with sham-treated mice. (D) 
Model for the control of IL-6 transcription by Foxa1/2, GR and NF-κB. 
Green arrows indicate translational start sites. Top panel shows that 
GR-mediated IL-6 inhibition is dependent on Foxa1/2 occupancy. Bot-
tom panel shows that once Foxa1/2 is deleted, NF-κB replaces the GR 
to bind to the IL-6 promoter and initiate IL-6 expression.
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sacrificed at around 2 pm. Immediately after sacrifice, the liver was dissected,  
snap-frozen in liquid N2, and stored at –70°C for further analysis. Blood 
was collected from portal veins and plasma separated by immediate centrif-
ugation and stored at –70°C. Blood biochemistry was assayed by AnaLytics 
Inc. Unless otherwise noted, 6 mice were used in each group. All procedures 
involving mice were conducted in accordance with protocols approved by 
the Institutional Animal Care and Use Committee at the University of Penn-
sylvania and were in accordance with NIH guidelines.

Morphological analysis.  Immediately after mice were  sacrificed,  livers 
were fixed in 4% paraformaldehyde or OCT. Paraffin-embedded liver sec-
tions were analyzed by H&E staining. Liver sections were also analyzed by 
immunohistochemical or immunofluorescent staining with anti-Foxa1/2 
(1:200; Santa Cruz Biotechnology Inc.), anti-CK19 (Troma-III, 1:20; Devel-
opmental Studies Hybridoma Bank), anti-BrdU (1:1,000; Zymed), anti-Ki67 
(1:1,500; Vector Laboratories), anti–p–histone 3 (1:5,000; Vector Laborato-
ries), anti–IL-6 (1;200; R&D Systems), anti–p-p42/44 (1:100; Cell Signal-
ing Technology), anti–p-STAT3 (1:200; Cell Signaling Technology), and 
anti–p-p38 (1:200; Cell Signaling Technology) antibodies and 3,3′-diami-
nobenzidine (DAB) color staining, followed by counterstaining with hema-
toxylin. In addition, liver tissues were also fixed in 2.5% paraformaldehyde 
and 0.5% glutaraldehyde for transmission EM analysis. Sirius red staining 
was performed with the standard protocol (53).

Gene expression analysis by real-time qRT-PCR. Total RNA was extracted 
from liver tissues with TRIzol (Invitrogen) and RNeasy Mini Kit (Qiagen). 
Standard real-time qRT-PCR was performed to quantify mRNA levels (54). 
All reactions were performed using 4 biological replicates and 3 technical 
replicates. A median Ct value was used for analysis, and all Ct values were 
normalized to expression of the housekeeping gene Gapdh. Primer sets used 
for qRT-PCR are listed in the Supplemental Methods.

ChIP assays. ChIP assays were performed as described before (55). Input 
and precipitated DNA fragments were subjected to real-time qPCR with 

primers specific for putative binding sites of Foxa1/2, GR, and NF-κB in 
the mouse IL-6 promoter. Three putative Foxa1/2 binding sites at –660 bp 
(site 1), 119 bp (site 2), and 11,731 bp (3′-UTR site); 3 putative GR binding 
sites at –627/–590 bp (site 1) and 366 bp (site 2); and 1 putative NF-κB 
binding site at –90 bp from the transcriptional starting site were analyzed. 
Enrichment of the targets was calculated as follows: fold enrichment = 2 × 
([28SChIP – interested geneChIP] – [28Sinput – interested geneinput]). Primer sets 
used for qPCR are listed in the Supplemental Methods.

Statistics. Values are presented as mean ± SD. P values were determined 
using the 2-tailed Student’s t test with unequal variance. P < 0.05 was 
accepted as statistically significant.
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