
Biochemical and Biophysical Research Communications 399 (2010) 440–445
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Impaired pancreatic development in Hif2-alpha deficient mice

Huiping Chen a,1, Golbahar Houshmand a,1, Sanjay Mishra a, Guo-Hua Fong b, George K. Gittes a,
Farzad Esni a,c,*

a Division of Pediatric General and Thoracic Surgery, Children’s Hospital of Pittsburgh, University of Pittsburgh Medical Center, One Children’s Drive, 4401 Penn Avenue,
Rangos Research Center, Pittsburgh, PA 15244, United States
b Center for Vascular Biology, Department of Cell Biology, University of Connecticut Health Center, Farmington, CT 06030, United States
c Department of Microbiology and Molecular Genetics, University of Pittsburgh, Pittsburgh, PA 15261, United States
a r t i c l e i n f o

Article history:
Received 9 July 2010
Available online 3 August 2010

Keywords:
Pancreas
Development
Differentiation
Notch signaling
Mouse
0006-291X/$ - see front matter � 2010 Elsevier Inc. A
doi:10.1016/j.bbrc.2010.07.111

* Corresponding author. Address: University of
Surgery, John G. Rangos Research Center, One Child
Floor 6, Room 6119, Pittsburgh, PA 15224. Fax: +1 41

E-mail address: farzad.esni@chp.edu (F. Esni).
1 These authors contributed equally to this work.
a b s t r a c t

Accumulating data suggest the existence of a link between hypoxia and maintenance of the undifferen-
tiated cell state, but little is known about the cellular signaling mechanisms underlying this process.
Recent reports reveal a direct link between components of the hypoxia signaling pathway and Notch
pathway in maintaining precursor cells in an undifferentiated state. Here, we report that in the develop-
ing mouse pancreas, Hif2-a is expressed in pancreatic progenitor cells, but its expression is lost in com-
mitted endocrine progenitors as well as in differentiated endocrine and exocrine cells. In an attempt to
analyze the function of HIF2-a in the developing pancreas, we studied Hif2-a�/� pancreas. Our analyses
revealed that in addition to the decreased size and branching, the Hif2-a deficient pancreas also displayed
impaired notch signaling and cell differentiation. Finally, we found that HIF2-a binds directly to Notch-IC
and that the responsible site for this interaction is within the RAM domain of Notch protein. These results
suggest that HIF2-a is required for normal mouse pancreatic development.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Lineage tracing studies have confirmed that all pancreatic epi-
thelial cells originate from a common pool of pancreatic progenitor
cells co-expressing the two key transcription factors PDX1 and
PTF1-p48 [1,2]. Pdx1 expression starts in epithelial cells of the dor-
sal and ventral pancreatic anlage at embryonic day 8 (E8), and is
present as the two pancreatic buds are formed at E9-9.5 [3]. Pan-
creatic epithelial cells persist to express Pdx1 and Ptf1-p48 as they
grow and branch over the ensuing days. At the onset of secondary
transition at around E14.5, while differentiating acinar cells con-
tinue to express Ptf1-p48, they gradually lose their Pdx1 expression.
Meanwhile, endocrine cells in general and b-cells in particular be-
gin to express Pdx1 at a high level.

The transcription factor Neurogenin 3 (NGN3), known to specif-
ically mark endocrine precursor cells and being crucial for endo-
crine differentiation, is hardly detected at E11.5, however, its
expression dramatically peaks between E13.5–15.5 during the
secondary transition and then declines again at E17.5 [4]. Expres-
sion of Ngn3 is dependent on Notch signaling, which has been
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shown to be required for maintaining the pancreatic progenitors
in an undifferentiated state. Notch pathway activation inhibits
early recruitment of NGN3+ endocrine precursors from a common
endocrine/exocrine precursor pool, and also prevents generation
of differentiated acinar cells from dedicated exocrine precursors
[5,6].

Evidence from a variety of experimental systems has shown
that Notch activity may be regulated by hypoxia-inducible factor
1 alpha (HIF1-a) [7]. Recently, HIF1-a was found to play a potential
role in pancreatic endocrine differentiation in the developing rat
pancreas [8]. Here, we report that another HIF family member,
HIF2-a is also present in the developing pancreas, and HIF2-a ap-
pears to be necessary for proper pancreatic development as Hif2-a
null mutant embryos have a poorly branched pancreas with im-
paired notch signaling. Furthermore, we show that HIF2-a can di-
rectly bind to the Notch protein and that the function of HIF2-a in
the developing mouse pancreas is independent of the canonical hy-
poxia pathway. All together, we found supportive evidence that
HIF2-a is working through the notch pathway to regulate pancre-
atic cell differentiation.
2. Materials and methods

The details of the reagents and the methods are provided as
Supplementary material.

http://dx.doi.org/10.1016/j.bbrc.2010.07.111
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3. Results

3.1. Hif2-a expression during pancreatic development

In order to determine whether there is a link between pancre-
atic precursor cells and the hypoxia pathway, we analyzed the
expression of Hif2-a in conjunction with early pancreatic markers
in the developing mouse pancreas. To our knowledge, there are
currently no reliable antibodies for immunostaining HIF2-a. In
the Hif2-a mutant allele, intron 2 has been replaced by the IRES-
lacZ/NLS, which puts lacZ expression under the control of endoge-
nous Hif2-a regulatory elements [9]. Therefore, to study the
expression pattern of Hif2-a in the developing pancreas, we looked
for b-galactosidase (b-gal) expression at different embryonic stages
in the Hif2-a+/� pancreas. Double-immunofluorescent analyses of
developing Hif2-a+/� pancreas showed co-expression of b-gal with
Pdx1 on embryonic days 10.5–14.5 (Fig. 1A and B). In the E14.5
pancreas, endocrine precursors are undergoing the secondary wave
of differentiation and many of them express Ngn3. Interestingly,
cells expressing Ngn3 did not express b-gal (arrows in Fig. 1C).
The epithelial expression of b-gal appeared to be lost upon differ-
entiation, and we were never able to detect b-gal expression within
pancreatic epithelium between E15.5 and just prior to the birth
(data not shown).

3.2. Hif2-a expression in the post-natal pancreas

Despite loss of epithelial Hif2-a expression during later
gestational stages, surprisingly, on post-natal day 1 (P1), we could
detect a few b-gal+/PDX1+/hormone� cells within the clusters of
endocrine cells (arrows in Fig. S1A and B). The presence of a
b-gal+/PDX1+/hormone-negative population of cells on P1 encour-
aged us to look for a similar subset of cells in the adult pancreas.
Although the adult pancreas is a highly vascularized organ, X-gal
staining of the adult Hif2-a+/� pancreas showed lacZ expression
mainly in the endothelium within the islets and in a subset of
Fig. 1. Expression of Hif2-a in pancreatic progenitor cells. Immunofluorescent analyses of
b-gal and PDX1 (A, B), and NGN3 (C). Hif2-a expression is lost in committed endocrine
vascular structures feeding the islets (Fig. S1C). PECAM staining
in Supplementary Fig. 1D confirmed that the strong expression of
lacZ seen in the islets (arrow in Fig. S1C) is mainly due to the endo-
thelial expression of Hif2-a. Notably, it also revealed that there
were a few PECAM-negative cells within the islets that expressed
Hif2-a (arrow in Fig. S1D). Double-immunostaining of the adult
pancreas further showed that the b-gal+/PDX1+ sub-population of
cells within the islets also expressed insulin (Fig. S1E, F, inset),
but not other hormones (data not shown).

3.3. Abnormal pancreatic development in Hif2-a deficient mice

To study the potential role of HIF2-a during pancreatic develop-
ment, we next analyzed the pancreas of Hif2-a null embryos, which
die between E9.5–E12.5 [9]. Survival of some Hif2-a�/� embryos
until E12.5, enabled us to study the effect of Hif2-a deficiency on
early pancreatic development in vivo. Whole-mount immunohis-
tochemistry analyses (Fig. 2A and B) showed that the E12.5 mutant
pancreas appeared less branched than the pancreas obtained from
the heterozygous or wild type littermates. We then examined the
epithelial morphology of the pancreas in the mutant embryos by
staining the tissues with antibodies recognizing the epithelial mar-
ker E-cadherin (Fig. 2C and D). The E-cadherin/PDX1 double-stain-
ing showed a small and poorly branched mutant pancreas,
consistent with the phenotype seen in our whole mount analysis
(Fig. 2A and B).

To analyze endocrine differentiation we next studied the
expression of insulin and glucagon in conjunction with PAX6
(Fig. 2E–H). Pax6 is expressed in cells committing to the endocrine
lineage, before differentiation and subsequent hormone produc-
tion [10]. In the control pancreas, PAX6 was detected as expected
in all hormone producing cells at E12.5 (Fig. 2E and G), and also
in committed endocrine, but not yet fully differentiated cells (ar-
rows in Fig. 2G). Notably, in the Hif2-a mutant pancreas the vast
majority of cells expressing Pax6 were also expressing glucagon
(Fig. 2F and H). The near absence of insulin-producing cells, and
Hif2-a+/� embryonic pancreas at E10.5 (A), and E14.5 (B, C) using antibodies against
progenitors. Arrows in (C) highlight a NGN3+/Hif2-a� cell. Scale bar 20 lm.



Fig. 2. Impaired pancreatic development in Hif2-a�/� embryos. Heterozygote (A, C,
E, G) and Hif2-a null mutant (B, D, F, H) E12.5 pancreas stained with antibodies
against PDX1 (A, B), E-cadherin and PDX1 (C, D), insulin, PAX6 (E, F), glucagon
(insets in E, F), or insulin, glucagon and PAX6 (G, H). The mutant pancreas is smaller
and less branched than the control littermate. Also, in the Hif2a�/� pancreas no
insulin cells were detected. Insets in (E, F) show glucagon stainings on consecutive
sections, displaying the portion of a-cells in (E, F). Arrows in (G) mark the PAX6+/
hormone� cells in the control pancreas. This population is almost missing in the
Hif2-a�/� pancreas. Scale bars 20 lm.

Fig. 3. Impaired Notch signaling in Hif2-a�/� embryos. Heterozygote (A, C) or Hif2-a
null mutant (B, D) E10.5 (A, B) or E11.5 (C, D) pancreas were double immunostained
with antibodies recognizing PDX1 and HES1 (A, B) or PdX1 and NGN3 (C, D). Insets
in (C, D) show the corresponding PDX1 staining. Arrows in (C, D) highlight the high-
level NGN3 expressing cells. Scale bars 20 lm.
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of committed but not yet hormone producing cells (PAX6+/hor-
mone-negative) indicates that early pancreatic endocrine differen-
tiation in Hif2-a null embryos is greatly impaired.

The known influence of endothelial signals on pancreatic devel-
opment, together with the localization of Hif-2a expression in
endothelial cells, encouraged us to analyze vascularization of the
mutant pancreas. Immunofluorescent analyses of the endothelial
marker PECAM showed no obvious defects in vascularization of
the mutant pancreas, suggesting that the phenotype detected in
Hif2-a null embryos might not be due to a Hif2-a mutation-in-
duced vascular defect (Fig. S2A–D). To study the later events, we
cultured E9.5 Hif2-a+/� and Hif2-a�/� foreguts containing pancre-
atic anlagen in vitro for 7 days. Our whole-mount immunohisto-
chemistry analyses showed that in Hif2-a�/� explants, both
dorsal and ventral pancreas developed, but compared to the con-
trol explants the PDX1-positive area was significantly reduced in
size (Fig. S3A and D). Furthermore, while endocrine and exocrine
differentiation proceeded normally in the Hif2-a+/� explants
(Fig. S3B and C), pancreatic b-cell and acinar differentiation was
severely impaired in explants obtained from Hif2-a�/� embryos
(Fig. S3E). In contrast, we could detect an increase in the number
of glucagon-producing a-cells in Hif2-a�/� explants (Fig. S3F). We
next studied the appearance of the vascular network in these ex-
plants and found that in the Hif2-a�/� pancreatic explants the ves-
sels appeared to be normally organized (Fig. S2E and F).

3.4. Impaired Notch signaling in Hif2-a deficient pancreas

The poor overall pancreatic development, except for the relative
preservation of a-cells [5,11] seen here in Hif2-a null mutants is
very similar to the phenotype of early Notch mutants. Links be-
tween HIF1-a and Notch signaling has been demonstrated in other
systems [7], thus we hypothesized that there may well be a link
between HIF2-a and Notch signaling in controlling pancreatic cell
differentiation. To search for such a link, we analyzed the expres-
sion of Hes1 and Ngn3 in the Hif2-a deficient pancreas (Fig. 3A–
D). HES1 is a Notch target, and its expression has been used as a
marker for active Notch signaling. In the developing pancreas
Hes1 is expressed in both endocrine and exocrine precursors
[6,12]. HES1 prevents differentiation, either by suppressing Ngn3
expression in the endocrine lineage, or by inhibiting PTF1a func-
tion in the exocrine linage [6,11,13]. Interestingly, our analyses of
mutant pancreas showed a decrease in the number of HES1+ cells
at E10.5 (Fig. 3B). Furthermore, in addition to the cells with intense
Ngn3 expression (arrows in Fig. 3C and D), the vast majority of
PDX1+ cells in the mutant E11.5 pancreas co-expressed Ngn3 at a
low level (Fig. 3D). The down-regulation of Hes1 and the subse-
quent increase in the number of NGN3+ cells strongly suggest that
Notch signaling pathway is impaired as the result of Hif2-a
deficiency.

In an attempt to analyze the ability of HIF2-a to bind to Notch-
IC, we utilized the yeast two-hybrid system. In these experiments,
the full-length Hif2-a cDNA was used as prey and Notch-IC was
used as bait. Furthermore, since the ability of HIF1-a to directly
bind to Notch-IC has been confirmed in other systems [7], we used
the full-length Hif1-a as positive control. Moreover, in order to
identify the domain of Notch-IC responsible for this interaction,
we used a truncated form of Notch-IC, which lacked the RAM do-
main [6]. As shown in Fig. 4, both HIF1-a and HIF2-a can bind to
the Notch-IC. In addition, since neither HIF1a nor HIF2a bind to
the truncated form of Notch-IC, we believe the domain responsible



Fig. 4. HIF2-a/Notch-IC interaction in a yeast two-hybrid assay. Saccharomyces cerevisiae (strain AH109) transformed with indicated Gal4 pGBKt7 binding domain and
pGADT7 activator domain (AD) plasmids separately or together were dotted onto minimal medium plates lacking either Leu and Trp, or Ade, His, Leu and Trp and grown at
30 �C. Only strains co-transformed with Notch-IC/HIF1-a or Notch-IC/HIF2-a could survive on the -Ade, -His, -Leu, -Trp plates, suggesting interaction between Notch-IC and
HIFs. A truncated Notch-IC (dNotch-IC) lacking the RAM domain did not bind HIF proteins. Laminin/Large T and p53/Large T were used as negative and positive control,
respectively.
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for this interaction to be localized to the RAM domain of Notch-IC
protein.

3.5. The role of HIF2-a is independent of the canonical hypoxia
pathway

Hypoxic conditions lead to increased stabilization of HIF pro-
teins. The canonical hypoxia response of cells includes HIF/ARNT
complex formation and the resulting activation of downstream hy-
poxia-response genes. However, as discussed earlier, recent reports
have suggested that in hypoxic conditions HIFs may also bind to
other partners besides ARNT, such as Notch-IC, to regulate tran-
scription of target genes [7]. In this case, although HIF proteins
are stabilized by hypoxia, they may function in a manner indepen-
dent of the canonical hypoxia pathway. In order to determine
whether the function of HIF2-a during pancreatic development is
through the canonical hypoxia pathway, we deleted the Arnt gene
specifically in pancreatic progenitor cells. The deletion of Arnt
would lead to inactivation of the canonical hypoxic pathway in
the developing pancreas. As shown in Supplementary Fig. 4, both
endocrine and exocrine differentiation proceeds normally in P7
PdxCre;Arntfl/fl mice, suggesting that the phenotype associated
with Hif2-a deficiency is most likely to be independent of the
canonical hypoxia pathway.

4. Discussion

A relatively unexplored area in the regulation of progenitor cell
differentiation is the role of oxygen tension. Embryos live in a rel-
atively hypoxic environment, and accumulating data suggest the
existence of a link between hypoxia and maintenance of the undif-
ferentiated cell state, but little is known about the cellular signal-
ing mechanisms underlying this process. Recent reports reveal a
direct link between components of the hypoxia signaling pathway
and Notch pathways in maintaining neural precursor cells in an
undifferentiated state. The fact that pancreatic endocrine cells in
particular share genetic and developmental lineage pathways with
the central nervous system encouraged us to look at the involve-
ment of the components of the hypoxia pathway during pancreas
development.

Here, we have shown that in the developing mouse pancreas
Hif2-a, in addition to its presence in the endothelial cells, is also
expressed in pancreatic progenitor cells, but is not expressed in
committed endocrine progenitors or in differentiated endocrine
and exocrine cells. Loss of epithelial Hif2-a occurs upon cellular
differentiation, similar to the way Notch activity is lost when
the uncommitted embryonic pancreatic epithelium begins to un-
dergo differentiation. This early co-expression of Hif2-a with
Pdx1, followed by absence in the endocrine-committed NGN3+

progenitor cells, suggests a potential role for Hif2-a in maintain-
ing progenitor cells in an uncommitted state. Despite loss of
Hif2-a expression in the epithelial cells upon differentiation, there
were a few cells within the clusters of endocrine cells that still
expressed Hif2-a post-natally. These Hif2-a-expressing cells ex-
pressed PDX1, but did not express any hormones at P1. However,
in the adult islets the HIF2-a+ cells co-expressed insulin. It is pos-
sible that these insulin+/HIF2-a+ cells are present even at late ges-
tational stages before birth, but because they are very few in
number we were not able to detect them. It has been reported
that the canonical hypoxia pathway is involved in normal adult
b-cell function, as Arnt expression is reduced in diabetic human
islets and b-cell specific Arnt knock-out mice show impaired glu-
cose tolerance and abnormal insulin secretion, characteristics of
type 2 diabetes [14]. Thus, it is likely that the post-natal expres-
sion of Hif2-a in b-cells is as part of the canonical hypoxia
pathway.

In addition to the decreased size and branching, the Hif2-a mu-
tant pancreas also displayed impaired cell differentiation. In the
developing pancreas, prior to the secondary transition, which oc-
curs around E14.5, the endocrine lineage consists mostly of only
a-cells and committed but not yet differentiated Pax6-expressing
endocrine precursors. Interestingly, in the E12.5 Hif2-a null pan-
creas the number of these PAX6+/hormone� cells had significantly
decreased, replaced by PAX6+/Glucagon+ cells. This finding sug-
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gests that in the absence of Hif2-a, an accelerated differentiation
takes place, which leads the progenitors towards an a-cell fate.

The absence of insulin-producing cells in the E12.5 mutant pan-
creas could be due to the fact that at this stage there are normally
only a few b-cells in the developing pancreas. The embryonic
lethality between E10.5–E12.5 in the Hif2-a�/� embryos prevented
us from studying later stages of pancreatic development in vivo.
However, the in vitro experiments enabled us to study later events
during pancreatic development, and showed that even after 7 days
in culture acinar and b-cell differentiation were severely impaired
in the mutant explants, whereas a-cell differentiation was signifi-
cantly enhanced. These in vitro data further supported our
in vivo findings that in the absence of Hif2-a, accelerated a-cell
differentiation is associated with a depletion of the pancreatic
endocrine progenitor pool.

It has been reported that signals from endothelial cells are re-
quired for induction of pancreatic development [15], and because
Hif2-a is expressed in the endothelial cells, it could be that the im-
paired pancreatic development in Hif2a deficient embryos is due to
a lack of endothelial signals.

However, since dorsal aorta appear to form normally in Hif2-a�/

� embryos [9], the observed phenotype seems unlikely to be due to
defects in inductive signals from the aortic endothelial cells. The
impaired pancreatic development seen in the mutant explants is
also unlikely to result from insufficient supply of nutrients or
oxygen since pancreatic explants are cultured in vitro, and grow
independent of blood flow. Finally, our PECAM staining of the
embryonic as well as in vitro explants showed no obvious defects
in the pancreatic vasculature. Although, we cannot completely rule
out a role for mesenchyme or endothelium in the Hif2-a�/� pancre-
atic phenotype, our results suggest that the phenotype developed
as the result of Hif2-a deficiency specifically in the developing pan-
creatic epithelium.

Historically, most HIF functions have been studied in the setting
of the caninical hypoxia pathway. In order to determine whether
the function of HIF2-a during pancreatic development is through
the canonical hypoxia pathway, we deleted the Arnt gene specifi-
cally in pancreatic progenitor cells. Our data show that endocrine
and exocrine differentiation proceeds normally in PdxCre;Arntfl/fl

mice, indicating that HIF2-a function in the developing pancreas
may be independent of the canonical hypoxic pathway.

The expression of Hif2-a in undifferentiated pancreatic progen-
itor cells, as well as the subsequent down-regulation upon differ-
entiation, is reminiscent of the expression pattern of certain
components of the Notch pathway. In addition to this expression
pattern similarity, the phenotype seen in the Hif2-a�/� embryonic
pancreas also pointed to a potential link between Hif2a and Notch
signaling in the developing pancreas. To investigate the status of
notch signaling in the setting of Hif2-a deficiency, we analyzed
the expression of the Notch target gene Hes1 and its target Ngn3
in Hif2-a null embryonic pancreas. Interestingly, in the mutant
pancreas we could detect silencing of notch activity by virtue of
a decrease in the number of Hes1-expressing cells, and then subse-
quently an increase in the number of NGN3+ cells. These data sug-
gest that notch signaling is impaired in the Hif2-a deficient
pancreas.

Previously, it was reported that HIF1a binds directly to Notch-IC
and enhances the stability of Notch protein [7]. Moreover, they
identified the C-terminal transactivation domain of HIF1-a as the
site for interaction with Notch-IC. Activation of the notch pathway
leads to Notch-IC entering the nucleus, where it binds to RBP-jk, a
transcription factor bound to specific sequences upstream of genes
activated by notch signaling [16]. Binding of Notch-IC to RBP-jk
then triggers transcription of notch target genes, including Hes1.
In order to determine whether HIF2-a has the capacity to directly
bind to Notch-IC protein, we used a yeast two-hybrid assay. We
found that HIF2-a binds directly to Notch-IC and that the respon-
sible site for this interaction is within the RAM domain of Notch
protein. Intriguingly, the RAM domain has been implicated in
interaction with RBP-jk [17]. Thus, binding of HIFs to Notch-IC
may in addition to stabilization of Notch protein also prevent other
proteins from binding to Notch-IC, thereby making it more acces-
sible to RBP-jk.
5. Conclusion

In summary, here we report that Hif2-a is necessary for normal
pancreatic development and differentiation. The presence of HIF2-
a in pancreatic progenitor cells, in conjunction with the loss of
Hif2-a expression upon cell differentiation, the impaired Notch sig-
naling observed in Hif2-a deficient pancreas, and finally the ability
of HIF2-a to directly bind to Notch-IC, all imply that Hif2-a may be
involved in keeping the pancreatic epithelial cells in an undifferen-
tiated state.
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