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SRY-box containing gene 9 (Sox9), Hnf6, Hnf1b, and forkhead box A2 (Foxa2), were decreased in homozygous mice.
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progenitors both by regulating expression of Ngn3 directly and by participating in a cross-regulatory transcription factor
network during early pancreas development. These results provide insights that may be applicable to β cell replacement
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Heterozygous	mutations	in	the	gene	encoding	the	pancreatic	homeodomain	transcription	factor	pancreatic	
duodenal	homeobox	1	(PDX1)	are	associated	with	maturity	onset	diabetes	of	the	young,	type	4	(MODY4)	and	
type	2	diabetes.	Pdx1	governs	the	early	embryonic	development	of	the	pancreas	and	the	later	differentiation	of	
the	insulin-producing	islet	β	cells	of	the	endocrine	compartment.	We	derived	a	Pdx1	hypomorphic	allele	that	
reveals	a	role	for	Pdx1	in	the	specification	of	endocrine	progenitors.	Mice	homozygous	for	this	allele	displayed	
a	selective	reduction	in	endocrine	lineages	associated	with	decreased	numbers	of	endocrine	progenitors	and	
a	marked	reduction	in	levels	of	mRNA	encoding	the	proendocrine	transcription	factor	neurogenin	3	(Ngn3).	
During	development,	Pdx1	occupies	an	evolutionarily	conserved	enhancer	region	of	Ngn3	and	interacts	with	
the	transcription	factor	one	cut	homeobox	1	(Hnf6)	to	activate	this	enhancer.	Furthermore,	mRNA	levels	of	
all	4	members	of	the	transcription	factor	network	that	regulates	Ngn3	expression,	SRY-box	containing	gene	9		
(Sox9),	Hnf6,	Hnf1b,	and	forkhead	box	A2	(Foxa2),	were	decreased	in	homozygous	mice.	Pdx1	also	occupied	regu-
latory	sequences	in	Foxa2	and	Hnf1b.	Thus,	Pdx1	contributes	to	specification	of	endocrine	progenitors	both	by	
regulating	expression	of	Ngn3	directly	and	by	participating	in	a	cross-regulatory	transcription	factor	network	
during	early	pancreas	development.	These	results	provide	insights	that	may	be	applicable	to	β	cell	replacement	
strategies	involving	the	guided	differentiation	of	ES	cells	or	other	progenitor	cell	types	into	the	β	cell	lineage,	
and	they	suggest	a	molecular	mechanism	whereby	human	PDX1	mutations	cause	diabetes.

Introduction
Insulin deficiency due to reduced pancreatic islet β cell number 
underlies the progression of both type 1 and type 2 diabetes, 
prompting efforts to develop β cell replacement therapies. The 
high hopes for human islet transplantation as such a therapy 
have been tempered by their limited availability and short-term 
function after transplantation, resulting in an intense focus 
on the development of alternate sources of β cells, through 
the guided differentiation of stem or progenitor cells or the 
transdifferentiation of more abundant mature cells. Transdif-
ferentiation approaches have focused largely on the expression 
of a single or a combination of transcription factors that drive  
β cell development and differentiation and most have relied, at 
least in part, upon pancreatic duodenal homeobox 1 (Pdx1), a 
homeodomain transcription factor with critical regulatory roles 
in early pancreas development and in the mature β cell (1–5). 
Recent advances in the derivation of insulin-expressing β–like 
cells from ES cells (6–11) have also been guided by the principles 
of embryonic pancreas development (reviewed in ref. 12). Clinical 
translation of these approaches, however, will require improve-
ments in efficiency, fidelity, and stability of generating the β cell 
phenotype, efforts which will likely be informed by the identifi-
cation of novel factors and regulatory relationships in embryonic 
pancreas development.

The embryonic development of islet β cells is critically dependent 
on the function of the basic helix-loop-helix transcription factor 
neurogenin 3 (Ngn3). Genetic lineage-tracing studies and the phe-
notype of Ngn3-null mice demonstrate that all islet hormone-pro-
ducing endocrine cell types (α, β, δ, pancreatic polypeptide, ε) derive 
from Ngn3-expressing progenitors (13–20). Ngn3 is first observed 
in a subpopulation of pancreatic epithelial cells at E9.5, and its 
expression is coordinated by the Notch signaling pathway (13, 18, 
21) and a transcription factor coregulatory network comprised 
of SRY-box containing gene 9 (Sox9), one cut homeobox 1 (Hnf6), 
Hnf1b, and forkhead box A2 (Foxa2) (22). Pdx1 (also known as IPF1, 
IDX1, STF1, and XlhBox8) is a homeodomain transcription factor 
expressed throughout the pancreatic epithelium at E9.0 that is criti-
cally required for organogenesis in mice and humans (23–28).

The concept that Pdx1 is upstream of Ngn3 during embryonic 
development is based on genetic lineage-tracing studies, indicating 
that Pdx1-expressing progenitors give rise to both exocrine and 
endocrine lineages, while the progeny of Ngn3-expressing progeni-
tors selectively populate the endocrine compartment (16, 29). Fur-
ther support derives from the marked reduction or absence of the 
endocrine compartment in both Ngn3 and Pdx1 loss-of-function 
alleles as well as the broader phenotype of Pdx1 loss of function 
that includes arrested development of the exocrine compartment 
(13, 24, 25). However, close examination of these early embryonic 
phenotypes reveals that the endocrine compartment requires Ngn3 
but is not fully dependent upon Pdx1. The arrested dorsal ductule 
in Pdx1–/– mice still contains the early hormone-expressing cells at 
E9.5, characteristic of the primary transition, whereas Ngn3–/– mice 
lack both first and second wave endocrine differentiation, sug-
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gesting that Pdx1 is specifically required only for the second wave 
(13, 25). Further, it is not clear from these studies whether Pdx1 is 
required directly for the emergence, maintenance, or differentia-
tion of endocrine progenitors or only indirectly through its critical 
role in the formation of the pancreatic progenitor cells from which 
these cells emerge.

Heterozygous Pdx1 mutations are associated with early (MODY4) 
and late onset forms of type 2 diabetes (reviewed in ref. 30). Some of 
these mutations occur in the evolutionarily conserved but poorly  
characterized C terminus; these mutations are associated with 
modest decreases in transactivation (31–33). The C terminus is not 
essential for DNA binding but is required for normal activation of 
target gene promoters (34, 35), perhaps through its interactions 
with 2 recently identified protein partners, Pcif1 and Meis1a, whose 
roles in the pancreatic β cell have yet to be determined (36–38). 
Therefore, to determine the in vivo role of the Pdx1 C-terminal 
domain, we derived a Pdx1 hypomorphic allele harboring a prema-
ture truncation mutation of the C terminus (Pdx1ΔC) and there-

by uncovered a direct role for Pdx1 in the specification of Ngn3+ 
endocrine progenitors. Pdx1 contributes to the specification of 
endocrine progenitors by regulating Ngn3 directly in concert with 
Hnf6, which we identified as a partner of the C terminus, and by 
participating in a cross-regulatory network during early pancreas 
development. These new insights into the role of Pdx1 to promote 
the transition from pancreatic progenitor to endocrine progenitor 
have the potential to impact on the generation of β cell replace-
ments for regenerative medicine and islet transplantation.

Results
Derivation of hypomorphic Pdx1ΔC/ΔC mice. We engineered a Pdx1 tar-
geting vector containing exon 1 and a mutated exon 2, in which 
the codon encoding Ser210 was replaced by a termination codon 
(Figure 1A). The resulting 210–amino acid Pdx1 protein, termed 
Pdx1ΔC (Figure 1B), was detected in pancreata from homozygous 
Pdx1ΔC/ΔC mice at E13.5 (Figure 1C) by immunostaining with  
N-terminal–specific antisera. The absence of Pdx1 staining using 

Figure 1
Derivation of Pdx1ΔC/ΔC mice. (A) Targeting strategy to replace the codon encoding Ser210 in the mouse Pdx1 locus with a termination codon 
(asterisk), thereby preventing translation of the C terminus. Schematic shows both exons (black rectangles), the 5′ diphtheria toxin A (DTA) 
gene, and the loxP-flanked 3′ neomycin resistance–thymidine kinase (NeoR-tk) cassettes (white rectangles). Black arrows indicate the location 
of genotyping primers. White arrows denote the location of loxP sites. X indicates sites of homologous recombination. (B) Predicted domain 
structure of the truncated Pdx1(1–210) protein, termed Pdx1ΔC, is represented below the wild-type full-length form of Pdx1(1–284). TAD, 
transactivation domain; HD, homeodomain. (C–F) Pdx1+/+ and Pdx1ΔC/ΔC E13.5 pancreas stained with antisera raised against either N-terminal 
(N-term; red) or C-terminal (C-term; green) Pdx1 epitopes. Scale bar: 10 μm. (G) Pdx1 mRNA levels in total pancreas from Pdx1+/+, Pdx1+/ΔC, 
and Pdx1ΔC/ΔC pancreata measured at E13.5 (n = 7–8 per genotype; *P = 0.0001). (H) Representative Western blot of E13.5 total pancreas 
protein from Pdx1ΔC/ΔC, Pdx1+/ΔC, and Pdx1+/+ littermate controls using N-terminal–specific Pdx1 (top panel) and cyclophilin B (cyclo; bottom 
panel) antisera. Both full-length Pdx1 and truncated Pdx1ΔC are indicated. Quantitation from 3 separate Western blots (n = 9 animals per group) 
is shown in I. †P < 0.00001.
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C-terminal–specific antisera confirmed that the Pdx1 C terminus 
is not translated in Pdx1ΔC/ΔC mice (Figure 1F). Pdx1 immunore-
activity was visibly reduced at E13.5 in homozygous mutant mice 
compared with that of littermate controls. Quantitative Western 
blot analysis indicated a 75% reduction in Pdx1 protein levels in 
E13.5 Pdx1ΔC/ΔC pancreata compared with that of littermate con-
trols (Figure 1, H and I). Pdx1ΔC/ΔC mice displayed a similar reduc-
tion in pancreatic Pdx1 mRNA at E13.5 (Figure 1G), which may 
indicate a role for the C terminus in Pdx1 autoregulation (39, 
40). Alternatively, the introduction of the nonsense mutation 
may have influenced Pdx1 mRNA stability, although this is less 
likely given the location of the mutation. Terminal exon nonsense 
mutations, such as the one we have generated, are generally resis-
tant to nonsense-mediated RNA decay. By contrast, Pdx1+/– mice 
displayed 38% and 42% reduction in Pdx1 protein and transcript 

levels, respectively, compared with littermate controls 
(Supplemental Figure 1), similar to the 32% reduction 
in Pdx1 protein levels observed in adult islets isolated 
from these mice (41). Thus, hypomorphic Pdx1ΔC/ΔC 
mice express lower Pdx1 protein levels at E13.5 com-
pared with Pdx1+/– mice.

Global defect in pancreatic endocrine development in 
Pdx1ΔC/ΔC mice. Pdx1ΔC/ΔC mice were born in the expect-
ed Mendelian ratios, with normal body and pancre-
atic weights and grossly normal pancreatic appearance 
(Figure 2, A–C), indicating that the C terminus is not 
required for pancreas organogenesis. To evaluate the 
influence of further reductions in gene dosage, we 
crossed Pdx1+/ΔC and Pdx1+/– mice. At birth, Pdx1ΔC/– 
progeny displayed a trend toward reduced body weight 
and a marked reduction in pancreatic size and weight 
(Figure 2, F–H), revealing an intermediate phenotype 
between Pdx1ΔC/ΔC and Pdx1–/– mice and indicating the 
threshold at which pancreatic organogenesis becomes 
sensitive to changes in gene dosage.

Similar to Pdx1ΔC/– animals, Pdx1ΔC/ΔC mice were 
mildly hyperglycemic at birth, with random blood 
glucose levels of 157 ± 3 mg/dl compared with 67 ± 3  
mg/dl in heterozygous Pdx1+/ΔC mice and 68 ± 4 mg/
dl in wild-type Pdx1+/+ mice (Figure 2, D and I). By 

3 weeks of age, Pdx1ΔC/ΔC mice progressed to marked hyperglyce-
mia, with random blood glucose levels of 344 ± 44 mg/dl com-
pared with 141 ± 9 mg/dl in Pdx1+/ΔC and 136 ± 6 mg/dl in Pdx1+/+ 
mice (Figure 2E). At this age, total body and pancreatic weights 
in Pdx1ΔC/ΔC mice were unchanged compared with wild-type ani-
mals (data not shown). Intraperitoneal glucose tolerance tests per-
formed in male and female mice at 3–4 weeks of age revealed overt 
diabetes in Pdx1ΔC/ΔC mice of both genders. Similar to Pdx1+/– mice 
(41, 42), heterozygous male Pdx1+/ΔC mice were glucose intolerant, 
whereas female Pdx1+/ΔC mice had normal glucose tolerance at this 
age (Figure 3, A and B). Consistent with their diabetic phenotype, 
male and female Pdx1ΔC/ΔC mice demonstrated a reduction in fast-
ing plasma insulin and complete loss of the glucose-stimulated 
increase in plasma insulin. Male Pdx1+/ΔC mice showed a selective 
loss of the glucose-stimulated increase in plasma insulin, whereas 

Figure 2
Dose-dependent regulation of pancreas organogenesis. 
(A–E) Normal pancreas organogenesis in Pdx1ΔC/ΔC mice. 
(A) Foregut and accessory organs were dissected from 
newborn animals. The pancreas is highlighted by a black 
dotted line. (B) Body weights and (C) pancreatic weights 
were also measured at P1 (n = 6–15 per group). (D and 
E) Development of overt diabetes in Pdx1ΔC/ΔC mice. (D) 
Random blood glucose levels were measured at birth and 
(E) followed for 3 weeks in Pdx1ΔC/ΔC (triangles), Pdx1+/ΔC 
(squares), and Pdx1+/+ (circles) littermates (n = 6–21 per 
group; *P < 0.003 compared with both other groups). (F–I) 
Pancreatic hypoplasia in Pdx1ΔC/– mice. (F) Foregut and 
accessory organs were dissected from newborn animals. 
The pancreata from wild-type (left panel) and Pdx1ΔC/– 
(right panel) mice are highlighted by the black dotted line. 
(G) Body weights, (H) pancreatic weights, and (I) random 
blood glucose levels were measured in wild-type and 
Pdx1ΔC/– littermates at P1 (n = 5 per group; *P < 0.003).
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female Pdx1+/ΔC mice had a reduction in fasting insulin levels but 
retained glucose responsiveness (Figure 3, C and D).

To determine whether a defect in β cell development could 
account for the hyperglycemia in Pdx1ΔC/ΔC mice, we first measured 
β cell area during embryonic development. At E17.5, a marked 
reduction in the pancreatic area occupied by β cells was observed 
in Pdx1ΔC/ΔC mice (Figure 4, A and B), which persisted in newborn 
animals. Heterozygous Pdx1+/ΔC mice also displayed a reduction 
in β cell area, revealing a gene dosage effect. We evaluated rates 
of β cell replication and apoptosis at E19.5 and found no differ-
ences among the genotypes (data not shown). To assess whether 
the decrease in β cell area at E17.5 reflected a β cell–specific or 
a general endocrine defect, we determined the area occupied by 
the other 4 endocrine cell types (α, δ, ε, pancreatic polypeptide). 
Interestingly, in Pdx1ΔC/ΔC mice, there was a global reduction in 
endocrine lineages, although β and α cells were more severely 
affected (Figure 4C). Only β cell area was reduced in Pdx1+/ΔC mice, 
indicating a greater sensitivity of the β cell lineage to Pdx1 expres-
sion level and function. Moreover, transcript levels for the endo-
crine lineage-specific hormones and transcription factors were all 
reduced at E13.5 during the secondary transition (Supplemental 
Figure 2). To exclude the possibility that an overall reduction in 
the pancreatic epithelium accounts for the reduction in the endo-
crine compartment in Pdx1ΔC/ΔC embryos, we measured epithelial 
area at E11.5 and E13.5 (Figure 4D). No differences were observed 
in Pdx1ΔC/ΔC embryos, which is consistent with the normal levels of 
Ptf1a and Hnf4a mRNA at E13.5 (Figure 4E) and with normal pan-
creatic weight at P1 (Figure 2C). Altogether, these data indicated 

a global defect in the development of 
the endocrine compartment, prompt-
ing us to examine the islet progenitor 
population in these mice.

Reduced numbers of Ngn3+ endocrine 
progenitors in Pdx1ΔC/ΔC mice. All pan-
creatic endocrine cell types derive 
from progenitors that express Ngn3 
(13, 16). Therefore, to determine 
whether the global reduction in 
endocrine cells was due to a defect in 
endocrine progenitors, we assessed 
Ngn3 immunostaining throughout 
embryonic development (E11.5–P1). 
In Pdx1ΔC/ΔC mice, a reduction in 
both number and staining intensity 
of Ngn3+ endocrine progenitors was 
present from E13.5 onward (Figure 4, 
F and G), indicating a role for Pdx1 in 
the formation, growth, or survival of 
the islet progenitor lineage during the 
secondary transition. The numbers of 
Ngn3+ cells present at E11.5, likely 
formed during the primary transition, 
were unchanged, suggesting that Pdx1 
is required only during the secondary 
transition. In contrast, the numbers 
of Ngn3+ cells were unaffected in 
Pdx1+/– mice at all ages (Supplemen-
tal Figure 1). Pdx1+/ΔC mice also dis-
played normal numbers of Ngn3+ cells 
throughout development, indicating 

that Ngn3-independent mechanisms contributed to the reduction 
in β cell area observed in Pdx1+/ΔC mice (Figure 4, B and G).

To determine whether decreased proliferation of Ngn3-express-
ing progenitors accounts for the reduced numbers in Pdx1ΔC/ΔC 
animals, we performed double immunofluorescence for Ngn3 and 
Ki67 (Figure 4H). At E11.5, we did not observe any Ki67+Ngn3+ 
cells (data not shown), likely due to the very low number of Ngn3+ 
cells present at this age. At E13.5 and E15.5, proliferation rates of 
Ngn3+ cells were normal in Pdx1ΔC/ΔC and Pdx1+/ΔC mice (Figure 4I, 
left and center panels). Results were confirmed by BrdU incorpora-
tion at E15.5 (Figure 4I, right panel).

To determine whether decreased survival contributed to 
the reduction in Ngn3+ cell number, we performed double 
immunofluorescence for TUNEL and Ngn3. At E11.5 and E13.5, 
TUNEL+Ngn3+ cells were not detected in any group. At E15.5, no 
significant difference in apoptotic rates of Ngn3+ cells was observed 
in Pdx1ΔC/ΔC mice compared with that in littermate controls (Sup-
plemental Table 1). Although the number of TUNEL+ cells at 
E19.5 was extremely low, we did observe an increase in the number 
of apoptotic Ngn3+ cells at this age in both Pdx1ΔC/ΔC and Pdx1+/ΔC  
animals (Supplemental Figure 3 and Supplemental Table 1),  
indicating that Pdx1 could be important in maintaining survival 
of the Ngn3 progenitor population during late gestation. This is in 
agreement with the more pronounced and progressive reduction 
in the number of Ngn3+ cells in Pdx1ΔC/ΔC mice relative to Pdx1+/+ 
mice, beginning at E17.5 (Figure 4, G and inset). Although Pdx1 
was not coexpressed with Ngn3 at this age (Supplemental Figure 4),  
appearing to rule out a cell autonomous mechanism, it could regu-

Figure 3
Impaired glucose tolerance and insulin secretion in Pdx1ΔC mice. (A and B) Glucose tolerance in male 
(A) and female (B) mice. Intraperitoneal glucose tolerance tests using 2 g glucose/kg body weight 
performed on 3- to 4-week-old mice (n = 4–7 per group; ANOVA; male Pdx1+/+ versus Pdx1+/ΔC, 
 P = 0.0037; male Pdx1+/+ versus Pdx1ΔC/ΔC, P < 0.0001; male Pdx1+/ΔC versus Pdx1ΔC/ΔC, P < 0.0001; 
female Pdx1+/+ versus Pdx1+/ΔC, P = NS; female Pdx1+/+ versus Pdx1ΔC/ΔC, P <0.0001; female Pdx1+/ΔC 
versus Pdx1ΔC/ΔC, P < 0.0001). Glucose levels in Pdx1ΔC/ΔC mice rose above 500 mg/dl, the limit of 
detection of the handheld glucometer. (C and D) Blunted acute insulin release in Pdx1ΔC/ΔC animals. 
Insulin levels were measured from whole blood collected at 0 and 5 minutes after intraperitoneal glu-
cose injection (2 g glucose/kg body weight). Both male (C) and female (D) mice were 3–4 weeks of 
age (n = 4–7 animals per group). *P < 0.05 compared with level at 0 minutes after injection of same 
genotype; ‡P < 0.05 compared with level at 0 minutes after injection of wild-type mice.



research article

1892	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 119   Number 7   July 2009

late expression of a survival factor by neighboring cells. This is the 
first report to our knowledge indicating the Ngn3+ cells undergo 
apoptosis, albeit at a low rate.

Pdx1 directly regulates Ngn3. Since proliferation and survival rates 
of Ngn3+ cells were normal during early development and could 
not account for the general reduction in Ngn3+ cell number, we 
considered that Pdx1 might regulate the formation of islet pro-
genitors. To determine whether Pdx1 could influence specification 
of endocrine progenitors by regulating Ngn3 at the transcriptional 

level, we measured Ngn3 mRNA levels at E13.5 and found Ngn3 
expression reduced by 80% in Pdx1ΔC/ΔC mice (Figure 5A). In agree-
ment with the observed reduction in Ngn3 staining intensity, 
Ngn3 transcript levels were reduced out of proportion to the reduc-
tion in cell number. Ngn3 mRNA levels were unaffected in Pdx1+/– 
mice (Supplemental Figure 1C), indicating a specific role for the  
C terminus or a critical threshold of Pdx1 protein that is required 
for Ngn3 expression. Conversely, a gain-of-function experiment 
demonstrated that Pdx1 is sufficient for activation of Ngn3. Over-

Figure 4
Specific defect in endocrine progenitor specification in Pdx1ΔC/ΔC mice. (A–C) Global reduction in endocrine lineages at E17.5 in Pdx1ΔC/ΔC mice. 
(A) Immunofluorescence for insulin (green). Scale bar: 20 μm. (B) Pancreatic area occupied by insulin-positive β cells. Values are expressed 
relative to wild-type mice (n = 5–9 per genotype; *P < 0.05, **P < 0.0005, ‡P < 0.05). (C) Percentage pancreatic area at E17.5 occupied by the 
5 endocrine cell types (n = 6–8 animals per genotype, 3 sections per animal; ‡P < 0.05 compared with both other groups). PP, pancreatic poly-
peptide. (D and E) Normal epithelial area in Pdx1ΔC/ΔC mice. (D) Pancreatic epithelial area measured from 3 (E13.5) or 5 (E11.5) H&E-stained 
sections. (E) Relative mRNA levels of Hnf1a, Hnf4a, and Ptf1a in E13.5 pancreas (n = 7–9 per genotype). (F and G) Reduction in Ngn3+ pancre-
atic endocrine progenitor cells in Pdx1ΔC/ΔC mice. (F) Immunostaining for Ngn3 (brown) with hematoxylin counterstain (blue). Scale bar: 50 μm.  
(G) Number of Ngn3+ cells per unit of epithelial area (E11.5) or pancreatic area (E13.5–P1) quantified from 3 (E13.5–P1) or 5 (E11.5) tissue 
sections per animal (n = 4–8 per genotype; *P < 0.05 compared with wild-type mice; †P < 0.05 compared with Pdx1+/ΔC mice). (H and I) Ngn3+ 
endocrine progenitors replicate normally in Pdx1ΔC/ΔC mice. (H) Representative example of Ki67+Ngn3+ double-positive cell. Arrows point to the 
same cell in all panels. Scale bar: 10 μm. (I) Percentage of total Ngn3+ cells that are Ki67+ or BrdU+; more than 100 Ngn3+ cells per animal were 
counted (n = 4–5 per genotype).
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expression of Pdx1 in mouse pancreatic ductal cells (PDCs) was 
sufficient to activate endogenous Ngn3 mRNA levels as compared 
with cells transduced with the empty vector (Figure 5B).

The reduction in Ngn3 protein and Ngn3 mRNA in Pdx1ΔC/ΔC 
mice as well as the upregulation of Ngn3 by Pdx1 overexpression 
in heterologous cells suggested that Ngn3 expression is regulated 
directly or indirectly by Pdx1. In considering the possibility that 
Pdx1 directly regulates Ngn3, we first determined whether and 
when Pdx1 and Ngn3 are coexpressed, because the evidence for 
colocalization has been conflicting (14, 15). At E10.5, few Ngn3+ 
cells were observed; however, all Ngn3+ cells at this stage also coex-
pressed Pdx1 (Figure 5C). By E13.5, a subpopulation of Ngn3+ cells 
no longer costained for Pdx1, suggesting that Pdx1 expression is 
not maintained in this population. Consistent with this notion, 
no Ngn3+Pdx1+ cells were observed at E15.5 and E19.5 (Supple-
mental Figure 4 and data not shown).

Having determined that Pdx1 expression marks the early Ngn3+ 
islet progenitor, we sought to assess whether Pdx1 could directly 
regulate Ngn3 transcription. We performed a genomic database 
search and identified 12 evolutionarily conserved putative Pdx1-

binding sites (TT/AAT) clustered in 6 areas of 5 kb of the proximal 
mouse Ngn3 promoter (Figure 5D). To determine whether Pdx1 
bound any of these sites in vivo, we performed Pdx1 ChIP using 
wild-type E13.5 pancreata. A 6-fold enrichment of Pdx1 occupancy 
was detected for Cluster 1 (–3,332; Figure 5E), a conserved enhancer 
region that was previously described in the human Ngn3 promoter 
to contain DNA-binding sites for Hnf1, Hnf6, and Foxa2 (43). No 
enrichment was detected at other previously described Pdx1-bind-
ing sites in the Pax4 and Pdx1 promoters (39, 40, 44, 45), suggest-
ing that Pdx1 does not access the chromatin surrounding these 
promoters at E13.5. Moreover, few insulin-positive cells are pres-
ent at this age, and the sensitivity of the assay may be insufficient 
to measure Pdx1 occupancy at the insulin promoter. To determine 
whether Pdx1 regulates the activity of this Ngn3 enhancer, we per-
formed Ngn3 enhancer luciferase reporter assays in HepG2 cells. 
Pdx1 modestly transactivated the Ngn3 enhancer, while truncated 
Pdx1ΔC was unable to activate the enhancer (Figure 5F).

Pdx1 physically interacts and cooperates with Hnf6 to regulate Ngn3 
enhancer activity. Previous reports demonstrate that Hnf6–/–, Hnf1b–/–,  
and Sox9+/– mice display decreased Ngn3 expression (46–48). Hnf6 

Figure 5
Pdx1 regulates Ngn3, at least in part, via its direct occupancy of a conserved upstream enhancer of Ngn3. (A) Ngn3 mRNA levels in total pancreas 
of E13.5 animals (n = 5; **P = 0.005). (B) Expression of Ngn3 in PDCs transduced with pBABE or pBABE-Pdx1 retroviruses. Pdx1 and Ngn3 mRNA 
levels are expressed compared with empty vector (n = 6; ‡P < 0.007). (C) Colocalization of Pdx1 and Ngn3 during pancreas development. Double 
immunofluorescence for Ngn3 (green) and Pdx1 (red) in wild-type pancreata. Arrows indicate double-positive cells and arrowheads mark single-
positive Ngn3 cells. Scale bar: 10 μm. (D) Diagram depicting conserved TT/AAT sites in the mouse Ngn3 promoter (black and red boxes). The 
region homologous to the previously described human Ngn3 Cluster 1 enhancer that contains binding sites for Hnf1, Foxa2, and Hnf6 is indicated in 
red. (E) ChIP with Pdx1 antisera performed on at least 65 pooled wild-type E13.5 pancreata per experiment (n = 3; *P < 0.05). (F) Promoter reporter 
assays were performed in HepG2 cells. Cells were transfected with expression vectors for Pdx1, Pdx1ΔC or empty vector, and the promoter reporter 
Ngn3(–3379 to –3227)-tkluc (n = 3; ††P < 0.05 versus empty vector, †P < 0.05 versus full-length Pdx1).
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and Sox9 individually and directly regulate the Ngn3 promoter; 
furthermore, the Ngn3 Cluster 1 enhancer contains potential 
Hnf6-, Hnf1β-, and Foxa2-binding sites (22, 43, 47, 48), altogether 
supporting roles for Hnf6, Hnf1β, Sox9, and Foxa2 in Ngn3 regula-
tion. Thus, we sought to determine whether Pdx1 could function 
in concert with Hnf6, Hnf1β, Sox9, and/or Foxa2. Indeed, Pdx1 
and Hnf6 together significantly increased Ngn3 enhancer transac-
tivation, as compared with either factor alone (Figure 6A). In con-
trast, Sox9, Hnf1β, and Foxa2 failed to activate the Ngn3 enhancer 
individually or in concert with Pdx1. Moreover, Pdx1ΔC displayed 
a modest but significant reduction in the ability to function with 
Hnf6 at the Ngn3 enhancer (Figure 6B), suggesting a specific role 
for the Pdx1 C terminus in regulating Ngn3 expression.

To determine whether Pdx1 can interact with Hnf6, we cotrans-
fected 293T cells with plasmids expressing Pdx1 and Hnf6. 
Immunoprecipitation with Pdx1 antisera, followed by Western 
blot analysis with Hnf6 antisera, revealed a physical association 
between Pdx1 and Hnf6 (Figure 6C). This interaction was atten-
uated by truncation of the C terminus, indicating a role for the  
C terminus in the Pdx1/Hnf6 association. The residual interaction 
between Pdx1ΔC and Hnf6 points to either the Pdx1 N terminus 
or the central homeobox as additional domains mediating this 
association. When Pdx1 was co-transfected with plasmids encod-
ing Sox9, Hnf1β, or FoxA2, Pdx1 antisera did not immunoprecipi-
tate any of these factors (Figure 6D), providing additional evidence 
for the specificity of the Pdx1/Hnf6 association. Thus, Pdx1 and 
Hnf6 could interact both physically and functionally to regulate 
Ngn3 promoter activity (Figure 6E), and this interaction was medi-
ated at least in part by the Pdx1 C-terminal domain.

Pdx1 coordinates the transcriptional network of the developing pancreas. 
We also measured the expression of other transcription factors and 
pathways previously described to regulate Ngn3 using quantitative 
real-time PCR. During early pancreas development, activation of 
the Notch signaling pathway in Pdx1-expressing progenitors stim-
ulates hairy and enhancer of split 1 (Hes1) expression, which in 
turn inhibits expression of Ngn3, thereby promoting self-renewal 
of progenitor cells and inhibiting endocrine differentiation (18, 
21, 49, 50). In parallel to the Notch pathway, Gdf11, a member of 
the TGF-β ligand family, also inhibits development of Ngn3+ islet 
progenitors (51, 52). Conversely, the transcription factors Hnf1β, 
Foxa2, Hnf6, and Sox9 have been identified as transcriptional acti-
vators of Ngn3 (22, 39, 43, 47, 53–58).

Transcript levels of Hes1 and Gdf11 were normal in Pdx1ΔC/ΔC mice 
at E13.5. In contrast, we observed an approximately 50% reduction 
in Hnf6, Sox9, Foxa2, and Hnf1b mRNA levels (Figure 7A), indicating 
that these genes are downstream of Pdx1. This is a surprising obser-
vation since both Foxa2 and Hnf6 are reported to be upstream reg-
ulators of Pdx1 (55, 57, 59). Thus, our results suggest that Pdx1 is a 
member of the recently described cross-regulatory network, involv-
ing Hnf6, Sox9, Hnf1β, and Foxa2 (22). To determine whether  
Pdx1 directly regulates Sox9, Hnf1b, Hnf6, or Foxa2, we examined the 
results of high-throughput DNA sequencing of MIN6 insulinoma 
cell chromatin (ChIPSeq) immunoprecipitated with anti-Pdx1 
antiserum. Sites in the proximal promoters of the Hnf1b and Foxa2 
genes were enriched, while no sites were enriched in the Sox9 and 
Hnf6 promoters (J. Yang and D.A. Stoffers, unpublished observa-

Figure 6
Pdx1 cooperates with Hnf6 to regulate Ngn3. HepG2 cells transfected 
with enhancer reporter Ngn3(–3379 to –3227)-tkluc and expression 
vectors for Pdx1, Hnf6, Sox9, Foxa2 (A) or Pdx1, Pdx1ΔC, and Hnf6 
(B). *P < 0.05 versus empty vector; †P < 0.01 versus Pdx1 plus Hnf6; 
¶P < 0.01 versus Pdx1; ‡P < 0.05 versus Pdx1 plus Hnf6. n = 4. (C and 
D) Pdx1 physically interacts with Hnf6. 293T cells were transfected 
with expression vectors for Pdx1 or Pdx1ΔC and Hnf6 (C) or Pdx1 
and Sox9, Hnf1β, or Foxa2 (D). Cell lysates were immunoprecipitated 
with mouse monoclonal Pdx1 antisera or mouse IgG control. Western 
blots (WBs) using polyclonal antisera for Pdx1, Hnf6, Sox9, Hnf1β, 
and Foxa2 are shown. A representative example of 3 independent 
experiments is shown. (E) Model depicting the role of Pdx1 in the tran-
scriptional regulation of Ngn3. The question mark denotes the absence 
of in vivo evidence to support the in vitro studies, suggesting Foxa2-
mediated regulation of Ngn3.
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tions). These findings were confirmed in 3 independent MIN6 ChIP 
assays (Figure 7B). To determine whether Pdx1 also occupies these 
sequences during pancreas development, we performed Pdx1 ChIP 
assays using chromatin prepared from E13.5 pancreata. Pdx1 occu-
pancy was enriched at the same conserved regulatory sequences of 
both the Hnf1b and Foxa2 genes (Figure 7C), suggesting that Pdx1 
participated in the Hnf6, Sox9, Hnf1β, Foxa2 transcription factor 
cross-regulatory network by directly regulating Hnf1β and Foxa2 
promoters in a progenitor pool at E13.5 (Figure 7D).

Taken together, these studies indicate that Pdx1 contributed to 
the specification of pancreatic endocrine progenitors by partici-
pating in the Hnf6, Sox9, Hnf1β, Foxa2 transcription factor cross-
regulatory network and by regulating Ngn3 directly. Moreover, the 
Pdx1 C terminus may contribute to Ngn3 regulation independent 
of Pdx1 protein expression level through its role in the physical 
interaction of Pdx1 with Hnf6.

Discussion
In this study, we identified a direct role for Pdx1 in the specifica-
tion of Ngn3+ endocrine progenitors. We discovered that Pdx1 con-

tributes to the specification of endocrine progenitors by regulating 
Ngn3 directly and in concert with Hnf6 and by participating in a 
cross-regulatory transcription factor network during early pancreas 
development. Our data indicated that (a) Pdx1 plays a specific role 
in the emergence of pancreatic endocrine progenitors, in addition 
to being essential for overall pancreas organogenesis and (b) the 
role of Ngn3 in giving rise to hormone-expressing cells during the 
secondary transition is dependent upon Pdx1. Our results are sup-
ported by a recent study that describes the absence of Ngn3+ cells 
specifically during the secondary transition in Pdx1–/– mice (60).

We identified Pdx1 as a member of the cross-regulatory network 
involving Hnf6, Foxa2, Hnf1β, and Sox9. The combined defects 
in expression of Hnf6, Foxa2, Hnf1β, Sox9, and Pdx1 observed in 
Pdx1ΔC/ΔC mice likely influence Ngn3 expression in this model. We 
determined that Pdx1 directly occupies sequences in both Hnf1b 
and Foxa2 genes at E13.5. Thus, the position of Pdx1 both upstream 
of Foxa2, Hnf6, Sox9, and Hnf1β and downstream of Foxa2 and 
Hnf6 indicates that Pdx1 participates in the recently described 
cross-regulatory network involving these transcription factors (22). 
In contrast, at this stage of pancreas development, Pdx1 does not 
participate in the network involving Hnf1α and Hnf4α (61), since 
mRNA levels of Hnf1a and Hnf4a were not altered in Pdx1ΔC/ΔC mice. 
The occupancy of the Ngn3 promoter by Pdx1 adjacent to poten-
tial binding sites for Hnf1, Foxa2, and Hnf6 is similar to enhancer 
regions that regulate expression of Pdx1 (39, 45, 53, 54), suggesting 
the existence of conserved transcriptional regulatory modules that 
direct gene expression in the endocrine pancreas.

In addition to identifying a direct regulation of Foxa2 and Hnf1b 
by Pdx1, we identified Hnf6 as a protein partner for Pdx1, high-
lighting the complex role of Pdx1 in the transcriptional network 
of endocrine progenitors. Our data suggested that Pdx1 and 
Hnf6 cooperate to regulate Ngn3 expression. The importance of 
the Pdx1 C terminus in this interaction is demonstrated by the 
attenuated functional and physical interaction observed when the 
C terminus is truncated. However, the Pdx1 C-terminal deletion 
did not abolish the interaction between Pdx1 and Hnf6, indicat-
ing that other Pdx1 domains are also required. These findings 
suggested that the Pdx1 C terminus enhances the Pdx1/Hnf6 
association by directly interacting with Hnf6 and/or by changing 
the conformation of other interacting regions. Alternatively, addi-
tional C-terminal–interacting protein partners may be required 
for Ngn3 regulation. Truncation of the C terminus is also pre-
dicted to disrupt the interaction of Pdx1 with Pcif1 and Meis2, 
nuclear factors whose roles in pancreas development are yet to 
be determined (36, 37). Several human C-terminal mutations are 
associated with reduced transactivation in promoter/reporter 
assays. One of these mutations, E224K, is located in the PCIF1 
interaction motif and abrogates PCIF1 interaction in reporter 

Figure 7
Pdx1 participates in a cross-regulatory network with Sox9, Hnf6, 
Foxa2, and Hnf1β. (A) mRNA levels in total pancreas from Pdx1+/+, 
Pdx1+/ΔC, and Pdx1ΔC/ΔC pancreata at E13.5 (n = 7–9 per genotype;  
*P < 0.05). (B and C) ChIP with Pdx1 antisera of Min6 mouse insuli-
noma cells (B) or wild-type E13.5 pancreata (C). Two peaks of enrich-
ment confirmed at +1 and +550 relative to the transcriptional start site 
of the Foxa2 gene and 1 peak at –31,087 relative to the transcriptional 
start site of the Hnf1b gene (n = 3; *P < 0.05). (D) Model depicting the 
role of Pdx1 in the cross-regulatory transcription factor network gov-
erning early pancreas development.
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assays (38), but the remaining C-terminal mutations lie outside 
of the PCIF1 interaction motif. Future experiments involving 
the derivation and characterization of mice harboring C-termi-
nal mutations that selectively disrupt interaction with specific 
protein partners as well the identification and characterization 
of novel protein partners will advance our understanding of the 
mechanism whereby Pdx1 regulates endocrine progenitors.

Our finding that Pdx1 directly regulated Ngn3 is consistent with 
several reports in which induction of Pdx1 expression results in 
increased Ngn3 expression. Pdx1 overexpression in ES cells or 
human bone marrow–derived mesenchymal cells induces Ngn3 
expression and promotes differentiation into insulin-producing 
cells (8, 62). Furthermore, recent protocols for in vitro differentia-
tion of human ES cells into insulin-producing cells reveal increased 
Ngn3 expression following Pdx1 induction (8, 10). Our results 
provide a molecular explanation for this regulatory relationship, 
thereby providing insight into the requirements for manipulating 
multipotent cells to generate insulin-producing cells.

Recognition of the regulatory network of endocrine progeni-
tors may be critical for guiding the differentiation of ES cells into 
robust β cells as well as for the transdifferentiation of mature cell 
types for eventual translational application. Similar strategies 
could be envisioned for fostering the transition of induced plurip-
otent stem cells into β cells. Our studies directly linking Pdx1 with 
Ngn3 expression and the transcription factor network of endocrine 
progenitors also suggest a mechanism whereby human Pdx1 muta-
tions lead to diabetes.

Methods
Animals. To generate Pdx1ΔC/ΔC mice, the targeting vector was constructed by 
subcloning 2 XbaI fragments (8.0 kb and 2.8 kb) containing 4 kb of the 5′ 
flanking region, exon 1, intron 1, exon 2, and 3′ sequences (25) of the Pdx1 
locus from a mouse SV129 λFIXII bacteriophage clone. The Ser210 to ter-
mination codon mutation, along with a diagnostic BclI site, was introduced 
by overlap PCR. Neomycin resistance–thymidine kinase (NeoR-tk) and 
diphtheria toxin A selection cassettes were inserted (Figure 1A). Targeted 
ES cell clones were injected into blastocysts by the University of Pennsylva-
nia Transgenic and Chimeric Mouse Facility. Chimeric males were bred to 
SV129 females to achieve germ-line transmission. The resulting offspring 
were bred to C57BL/6, and all studies were performed on F3 offspring. To 
detect BrdU incorporation, pregnant mothers were pulsed with BrdU for  
1 hour (0.5 mg/kg body weight). Blood glucose levels were measured using 
a handheld glucometer (FreeStyle). Pdx1+/– mice on a Black Swiss genetic 
background were obtained from C. Wright (Vanderbilt University, Nash-
ville, Tennessee, USA) and backcrossed for 9 generations onto a C57BL/6 
background. All procedures were approved by the Institutional Animal Care 
and Use Committee of the University of Pennsylvania. Intraperitoneal glu-
cose tolerance tests were performed after a 6-hour fast using 2 g glucose/kg 
body weight. Insulin levels were measured from whole blood collected at  
0 and 5 minutes after intraperitoneal glucose injection (2 g glucose/ kg body 
weight). Plasma insulin was measured by ELISA (Crystal Chem Inc.).

Cell culture. All cell lines were cultured in a humidified chamber at 37°C and 
5% CO2. Baby hamster kidney cells were grown in DMEM medium (Invitrogen) 
with 10% FBS (Gemini) and 1X penicillin-streptomycin (Invitrogen). HepG2 
cells were cultured in MEM media (Invitrogen) with 10% FBS (Gemini), 1X pen-
icillin-streptomycin (Invitrogen), and nonessential amino acids (Invitrogen). 
PDCs were grown as described previously (36). Pdx1 was overexpressed by ret-
roviral transduction in primary mouse PDCs, as described previously (63).

RNA isolation and analysis. Total RNA was isolated from more than 10 
cultured islets or individual E13.5/P1 pancreata using TRIzol (Invitrogen) 

and the RNeasy kit (Qiagen). Integrity was confirmed on an Agilent Bio-
analyzer. cDNA was generated using the SuperScript II Reverse Transcrip-
tase kit (Invitrogen), and SYBR Green–based Real-Time Quantitative PCR 
(iQ5 iCycler and reagents; Bio-Rad) was used to measure mRNA levels. 
All values were normalized to HPRT mRNA levels and expressed as fold 
change compared with wild-type mice. Primer sequences are included in 
Supplemental Table 2.

Western blotting. Individual pancreata from E13.5 animals were soni-
cated in lysis buffer (50 mM Tris-Cl, pH 7.8, 2% SDS, 10% glycerol,  
10 mM Na4P2O7, 100 mM NaF, 6 M urea, 10 mM EDTA). Protein (1 μg) 
was resolved on 4%–12% NuPage Bis-Tris gels (Invitrogen) and transferred 
to nitrocellulose membranes. After blocking in 5% milk, membranes were 
incubated with rabbit anti-Pdx1 (1:10,000; a gift from C. Wright), followed 
by HRP-conjugated anti-rabbit antibody (1:10,000; Santa Cruz Biotechnol-
ogy Inc.) and ECL Plus (GE Healthcare). Protein quantitation was deter-
mined using Bio-Rad ChemiDoc XRS and Quantity One software. Linear-
ity was verified using a standard curve generated with varying amounts of 
wild-type E13.5 pancreas protein.

Immunostaining. Samples were fixed in 4% paraformaldehyde overnight 
at 4°C and were paraffin-embedded, and 6 μm-thick sections were gener-
ated. After dewaxing, rehydrating, and blocking, slides were incubated with 
primary antibodies overnight at 4°C at the following dilutions: guinea pig 
anti-insulin (1:1,000; Linco), rabbit anti-glucagon (1:1,000; Biodesign), 
goat anti-glucagon (1:500; Santa Cruz Biotechnologies Inc.), goat anti-
somatostatin (1:1,000; Santa Cruz Biotechnology Inc.), rabbit anti-pan-
creatic polypeptide (1:15,000; Linco), rabbit anti-ghrelin (1:2,000; Phoenix 
Pharmaceuticals Inc.), sheep anti-BrdU (1:750; US Biological), rabbit anti-
Ki67 (1:3,000; Vector Laboratories), rabbit anti-Pdx1 N terminus (1:10,000; 
a gift from C. Wright), goat anti-Pdx1 (1:10,000; a gift from C. Wright), 
rabbit anti-Pdx1 C terminus (1:1,000; a gift from J. Habener, Massachu-
setts General Hospital, Boston, Massachusetts, USA), goat anti-Pdx1 A17 
(1:500; Santa Cruz Biotechnology Inc.), rabbit anti-Ngn3 (1:250; ref. 64), 
and mouse monoclonal anti-Ngn3 (1:500–1:3,000; Developmental Stud-
ies Hybridoma Bank). For light microscopy, HRP-conjugated secondary 
antisera (Vector Laboratories) were used and visualized with diaminobenzi-
dine and a hematoxylin counterstain. For immunofluorescence, the signal 
was visualized with Cy2- and Cy3-conjugated secondary antisera (Jackson 
ImmunoResearch Laboratories Inc.). For TUNEL staining, the ApopTag 
detection kit (catalog no. S7100; Chemicon) was used with Cy3-conjugat-
ed mouse anti-digoxigenin (Jackson ImmunoResearch Laboratories Inc.). 
Images were captured using a Nikon Eclipse E600 microscope with a Cool-
SNAP camera (Photometrics). All area measurements and cell counting 
were performed with IVision Software (BioVision Inc.).

ChIP. ChIP assay and its analysis was performed as described previously 
(36), with a few modifications. For E13.5 pancreas ChIP, 60–100 pancreata 
were isolated from CD1 E13.5 embryos and crosslinked immediately in 
1% formaldehyde. Following quenching in 125 mM glycine, samples were 
resuspended in cell lysis buffer and were homogenized and spun. The pellet 
was resuspended in nuclear lysis buffer and sonicated with a Bioruptor to 
generate 200–300 bp DNA fragments. Relative enrichment was determined 
using quantitative real-time PCR. Values were compared with input serial 
dilutions and are expressed as fold enrichment compared with isotype 
matched nonimmune serum samples.

Promoter reporter assays. The Ngn3 enhancer (–3,379 to –3,227) was ampli-
fied using PCR from mouse genomic DNA and cloned into the BamHI 
and SacI sites of a thymidine kinase minimal promoter luciferase reporter 
plasmid (a gift from E. Suh, University of Pennsylvania). Reporter assays 
were performed as described previously (37). Ngn3-minimal thymidine 
kinase promoter-luciferase (Ngn3-tkluc) or (TAAT1)5 -65 somatosatin 
promoter-chloramphenicol acetyltransferase (SMS-CAT) and expres-
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sion plasmids pCMX-Pdx1, pCMX-Pdx1(1–210), pHD-Foxa2 (a gift from  
K. Kaestner), pCMV4-Hnf6 (gift from M. Gannon, Vanderbilt University), 
pCB6-Hnf1β (a gift from M. Sander, UCSD, San Diego, California, USA), 
and pCDNA3-Sox9 (a gift from M. Sander), and a β-galactosidase internal 
control plasmid were cotransfected into HepG2 or baby hamster kidney 
cells with Lipofectamine 2000 (Invitrogen), and the cells were harvested 
48 hours later. Luciferase (Promega) or CAT activity was measured and 
normalized to β-galactosidase activity. Protein expression of Pdx1 and 
Pdx1(1–210) was measured by Western blotting to quantitate expression 
levels. Normalized reporter activity from cells expressing equivalent levels 
of Pdx1 and Pdx1(1–210) protein were compared.

Coimmunoprecipitations. 293T cells were seeded in 100-mm culture dishes 
and transfected with 500 ng of pCMX-Pdx1, pCMX-Pdx1(1–210), pCMV-
Hnf6, Hnf1β, or Sox9 plasmids using Lipofectamine 2000 (Invitrogen). 
Cell were harvested 2 days later in lysis buffer (50 mM Tris-Cl, pH 7.5, 1% 
NP40, 100 mM NaCl, and protease inhibitor cocktail [Chemicon]). Lysate 
was precleared by rotating at 4°C for 2 hours with Protein G agarose beads 
(GE Healthcare). Following a brief centrifugation to remove beads, lysates 
were incubated at 4°C overnight with 2 μg of Pdx1 monoclonal antibody 
(R&D Systems) or mouse IgG control (Santa Cruz Biotechnology Inc.), fol-
lowed by a 2-hour, 4°C incubation with 50 μl of Protein G agarose beads. 
Beads were briefly centrifuged and washed with fresh lysis buffer 5 times. 
Bound proteins were eluted with 2X SDS-PAGE buffer and analyzed by 
Western blotting using the following antibodies: rabbit anti-Pdx1 N ter-
minus (1:10,000; a gift from C. Wright), rabbit anti-Hnf6 (1:500; Santa 
Cruz Biotechnology Inc.), rabbit anti-Sox9 (1:2,000; Chemicon), goat anti-
Hnf1β (1:500; Santa Cruz Biotechnology Inc.), and goat anti-Foxa2 (1:500; 
Santa Cruz Biotechnology Inc.).

Statistics. Values are expressed as mean ± SEM and were compared 
using 2-tailed Student’s t tests. P values of less than 0.05 are considered 
statistically significant.
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