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Sox9 coordinates a transcriptional network
in pancreatic progenitor cells
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During pancreas development, both the exocrine and endocrine
lineages differentiate from a common pool of progenitor cells with
similarities to mature pancreatic duct cells. A small set of transcrip-
tion factors, including Tcf2, Onecut1, and Foxa2, has been identi-
fied in these pancreatic progenitor cells. The Sry/HMG box tran-
scription factor Sox9 is also expressed in the early pancreatic
epithelium and is required for normal pancreatic exocrine and
endocrine development in humans. In this study, we found Sox9 in
mice specifically expressed with the other progenitor transcription
factors in both pancreatic progenitor cells and duct cells in the adult
pancreas. Sox9 directly bound to all three genes in vitro and in
intact cells, and regulated their expression. In turn, both Foxa2 and
Tcf2 regulated Sox9 expression, demonstrating feedback circuits
between these genes. Furthermore, Sox9 activated the expression
of the proendocrine factor Neurogenin3, which also depends on
the other members of the progenitor transcription network. These
studies indicate that Sox9 plays a dual role in pancreatic progenitor
cells: both maintaining a stable transcriptional network and sup-
porting the programs by which these cells differentiate into dis-
tinct lineages.

he distinct cell types that populate the mature pancreas

derive from a common pool of undifferentiated progenitor
cells that form the early pancreatic bud. Although recent work
has begun to define the gene-expression cascades that drive the
differentiation of the mature pancreatic cell lineages (1), the
gene-expression programs that maintain the progenitor cells and
also permit their proper differentiation are not well understood.

The pancreas first appears as a cluster of cells budding from
the dorsal aspect of the gut endoderm at embryonic day (e)9.5
in the mouse embryo, and a ventral bud appears approximately
a day later. The endoderm cells that make up the buds rapidly
divide and form a branching epithelium surrounded by mesen-
chyme. As this epithelial progenitor cell population expands
during the first 3 days of pancreatic growth, a small number of
cells delaminate from this epithelium and stop dividing. Most of
these postmitotic cells express the glucagon gene, and the
remainder express insulin, but they lack many key characteristics
of mature pancreatic endocrine cells (2-5).

Starting at €13 in the mouse, the embryonic pancreas under-
goes a dramatic transformation in a synchronized wave of
differentiation termed the secondary transition. The branching
epithelium organizes into ducts, with the ends of the ducts
differentiating into exocrine cells, whereas the cells lining the
ducts retain progenitor cell characteristics and the ability to
generate endocrine cells. In scattered progenitor cells along the
ducts, notch signaling is inactivated, allowing the transient
expression of the proendocrine bHLH transcription factor Neu-
rogenin3 that initiates endocrine differentiation (6, 7).

The epithelial progenitor cells that populate the pancreatic
buds before the secondary transition differ from the progenitor
cells along the ducts from which the major wave of differentiated
cells originates after e13. Both cell types express the transcrip-
tion factors Tcf2, Onecutl, and Foxa2 (8-11), but the early
population of progenitor cells also express a number of tran-
scription factors that later become restricted to the endocrine
lineage, including Hb9, Pdx1, Nkx2.2, Nkx6.1, and Sox4 (4,
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12-17) and at least one factor that is later restricted to the
exocrine cells, Ptfla (18). Interestingly, Tcf2, Onecutl, and
Foxa2 are simultaneously expressed in several regions in the
early endoderm, including the developing gut and liver, and
persist in the duct cells of the adult pancreas.

Recently, several members of the SRY/HMG box (Sox) family
of transcription factors (19-21) have been detected during
pancreatic development (14, 17, 22, 23). Among these, Sox9 is of
particular interest because of its high level of expression in the
early pancreatic epithelium (14), In addition, mice carrying lacZ
inserted into the Sox9 gene have demonstrated that Sox9 is
expressed in the adult pancreatic ductal epithelium, and lineage
tracing in the same study revealed that pancreatic cells from all
lineages derive from Sox9-expressing precursors (24). Haploin-
sufficiency of SOX9 causes campomelic dysplasia (CD) in hu-
mans, which is characterized by a severe skeletal dysplasia, male
(XY) sex reversal (25), and defects in the development of both
the exocrine and endocrine pancreas (26).

To better understand the mechanisms by which Sox9 regulates
pancreatic development, we explored its role in the transcrip-
tional network that maintains gene expression in the pancreatic
progenitors and its role in the transcriptional cascade that drives
the progenitor cells to differentiate into endocrine cells. Here,
we demonstrate that Sox9 regulates a network of transcription
factors that both controls progenitor cell identity and supports
endocrine cell differentiation within the developing organ.

Results

Pancreatic Expression of Sox9. Immunohistochemical staining of
sections from developing mouse pancreas detected Sox9 immuno-
reactivity at €10.5 and e12.5 in the dorsal (Fig. 1 A-D) and ventral
(data not shown) pancreas along with Pdx1 in primary pancreatic
progenitor cells but not in differentiated glucagon-expressing cells
or in Pdxl-expressing cells in the adjacent duodenum. At el4.5,
after the secondary transition, Sox9 persisted along with lowered
levels of Pdx1 in the secondary pancreatic progenitor cells along the
ducts but not in the intensely Pdx1-staining differentiated cells (Fig.
1E). At el5.5, the proendocrine transcription factor Neurogenin3
was detected in a subset of Sox9-positive cells scattered along the
ducts, as well as Sox9-negative cells adjacent to the ducts (Fig. 1 G
and H). Confocal microscopy verified the coexpression of Sox9 with
Neurogenin3 in a subset of pancreatic duct cells at e14.5 (Fig. 2) but
not with more mature islet markers Nkx2.2 and Isll (data not
shown).
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Fig. 1. Sox9 expression in the mouse pancreas by immunofluorescence. Stain-
ing for Sox9 (red) is shown with Pdx1 (green; B, D, and E), glucagon (green; A and
C), mucin (green; F), and Neurogenin3 (green, G and H) at e10.5 (A and B), e12.5
(Cand D), e15.5 (G and H), and adult (F). In E, arrowheads indicate examples of
cells with high expression of Pdx1. In F, arrowheads indicate examples of duct cells
coexpressing Sox9 and mucin; arrow indicates an example of intraacinar cells
expressing mucin but not Sox9. In G and H, arrowheads indicate examples of cells
coexpressing Sox9 and Neurogenin3. (H Inset) Red and green channels are shown
separately. Du, duodenum; DP, dorsal pancreas. (Scale bars, 50 xM.)

In the adult pancreas, Sox9 expression persisted in the cells
along the major ducts but not in the small distal intraacinar ducts
(Fig. 1F). Interestingly, we also observed patchy Sox9 immuno-

Fig. 2.

Sox9 coexpression with Neurogenin3 in the mouse embryonic pan-
creas. Immunofluorescence staining for Sox9 (red) is shown with Neurogenin3
(green) at e14.5 imaged by confocal microscopy. Arrowheads indicate exam-
ples of cells coexpressing Sox9 and Neurogenin3. (Scale bars, 50 uM.)
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reactivity in the cytoplasm of B-cells in the adult islets of
Langerhans (data not shown).

Sox9 Regulates the Proendocrine neurog3 Gene. The expression of
Neurogenin3 in Sox9-positive duct cells suggests that Sox9 could
play a role in initiating Neurog3 gene expression and, thereby,
islet cell differentiation. To test this hypothesis, the activities of
human NEUROG3 promoter fragments cloned upstream of a
luciferase reporter gene were assessed after cotransfection with
either a plasmid vector expressing Sox9 or an empty vector (Fig.
34). Sox9 significantly increased expression from all of the
NEUROGS3 reporter constructs, with the —325 promoter con-
struct showing the greatest effect.

The human and mouse Neurog3 gene promoters contain
several conserved sequences that conform to the Sox9 consensus
binding site (27). We tested for binding by Sox9 to these sites by
ChIP in the pancreatic duct cell line mPAC L20. After chemical
cross-linking of mPAC L20 pancreatic ductal cells and immu-
noprecipitation of the cell extracts with antiserum directed
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Fig. 3. Sox9 regulates Neurog3 expression. (A) Fragments of the human
NEUROG3 promoter with the indicated 5’ endpoints driving luciferase expression
were cotransfected into «TC1.6 cells together with plasmids expressing either the
Sox9 cDNA or no cDNA (Control). Luciferase activities were determined 48 h after
transfection and expressed relative to the activity in cells transfected with the
promoterless reporter construct and the empty expression plasmid. Results are
expressed as the mean = SEM of data from experiments performed in triplicate
on at least three separate occasions. (B) Chromatin IP studies were performed by
immunoprecipitating cross-linked chromatin with antiserum against Sox9 or with
control IgG. Four fragments of the mouse Neurog3 promoter outlined in the line
drawing were amplified by PCR from the precipitates or the input DNA. (C) DNA
binding of in vitro-translated Sox9 or luciferase (Control) protein was tested by
EMSA. Double-stranded, radiolabeled oligonucleotide probes contained the
binding sites shown in the line figure in Band a consensus Sox9-binding site (S9C).
(D) Stable mPAC L20 cell lines expressing an shRNA directed against Sox9 or a
control shRNA were infected with a Mash1 adenovirus to induce Neurogenin3
expression. Neurogenin3 protein levels were assessed by Western blot 48 h after
infection.
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Fig.4. Sox9regulates the other progenitor cell transcription factors. (A) DNA binding of in vitro-translated Sox9 or luciferase (Control) protein was tested by
EMSA. Double-stranded, radiolabeled oligonucleotide probes contained binding sites from the indicated promoters and a consensus Sox9-binding site (S9C). (B)
chromatin IP studies were performed by immunoprecipitating cross-linked chromatin with antiserum against Sox9 or with control 1gG. 4 fragments of the
indicated promoters were amplified by PCR from the precipitates or the input DNA. (C) mPAC L20 cells were transfected with synthetic double-stranded siRNA
directed against Sox9 or with a control siRNA. Protein levels were assessed by Western blot 48 h after transfection. (D) Quantification is shown for Western blots.
Data represent the mean = SEM of three independent experiments; statistical analyses were carried out by using one-way ANOVA, followed by the
Newman-Keuls post hoc test. Asterisks indicate significant difference (P < 0.001) from control conditions.

against Sox9, selective immunoprecipitation of regions of the
Neurog3 promoter containing putative Sox9-binding sites was
demonstrated by PCR (Fig. 3B). The Sox9 antiserum did not
immunoprecipitate the insulin promoter, the upstream stimula-
tory factor (USF) promoter, or the phosphoenolpyruvate car-
boxykinase promoter (data not shown).

EMSA mapped these binding sites in more detail. In vitro-
translated mouse Sox9 bound to sequences at four distinct sites
within the NEUROG3 promoter with affinities similar to a
consensus Sox9-binding site (28) (Fig. 3C). It should be noted
that some lanes also contain a slower mobility band. This larger
complex may result from dimerization of Sox9 on the DNA,
which has been shown to affect the function of Sox9 (29).

Finally, we used RNA interference technology to test the
importance of Sox9 in normal Neurogenin3 expression. By
stably expressing an shRNA targeting Sox9, we established
mPAC L20 mouse pancreatic cells with reduced Sox9 expres-
sion. Because the mPAC L20 cell line does not normally
express Neurogenin3, an adenovirus expressing the bHLH
protein Mashl was used to induce Neurogenin3 expression
(30). In mPAC L20 cells containing normal levels of Sox9,
Mash1 activated Neurogenin3 expression as described (30);
however, Mash1 could not induce Neurogenin3 expression in
the Sox9-deficient cells (Fig. 3D).

Sox9 Regulates a Network of Factors Upstream of Neurogenin3.
Because Sox9 expression parallels that of other pancreatic
progenitor and ductal cell transcription factors Tcf2, Onecutl,
and Foxa2, all of which have been implicated in the expression
of Neurogenin3, we tested the hypothesis that Sox9 coordinates
the expression of these factors and establishes an environment
that is permissive for Neurogenin3 induction in pancreatic
progenitor cells. Scanning the upstream sequences of these genes
identified conserved consensus Sox9-binding sequences in each.
Binding to each of these sites was confirmed by EMSA (Fig. 44)
and ChIP from mPAC L20 cells (Fig. 4B) and embryonic
pancreas [Onecutl only, supporting information (SI) Fig. 7].
Interestingly, a conserved consensus binding site in the Sox9
gene itself was also verified by EMSA and ChIP (Fig. 4 A and B),
suggesting that Sox9 may also autoregulate its own expression in
the pancreas.

To test whether Sox9 regulates these genes in intact cells, Sox9
expression was reduced by RNAi with synthetic double-stranded
RNA oligonucleotides transfected into mPAC L20 cells. Tran-
sient knockdown of Sox9 levels by ~50% resulted in a 20-30%
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reduction in the expression of Foxa2 and Oncutl and a 50%
increase in the expression of Tcf2 (Fig. 4 C and D).

Finally, we used the same siRNA approach to test the role
of Tcf2 and Foxa2 in regulating Sox9 and the other members
of the network (Fig. 5). Targeted reduction of Tcf2 expression
by siRNA using transfected double-stranded RNA oligonucle-
otides in mPAC L20 cells caused modest reductions in the
expression of Foxa2 but no significant change in Onecutl
expression. Foxa2 knockdown produced a more dramatic
decrease in Sox9 expression but did not affect Onecutl or Tcf2
expression. These experiments demonstrate that Foxa2 is
necessary for the maintenance of Sox9 expression in these cells
and that Sox9 participates in a network of factors including
Foxa2, Tcf2, and Onecutl that are required for normal pan-
creatic organogenesis.

Discussion

During embryonic development, the differentiated cells of the
pancreas derive from a transient pool of stable, replicating
progenitor cells. The data presented here demonstrate that Sox9
plays a central role in both maintaining a gene network that
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Fig. 5. Foxa2 and Tcf2 regulate Sox9 expression. mPAC L20 cells were
transfected with a control siRNA or siRNAs against Foxa2 and Tcf2 at a
concentration of 10 nM. Protein levels were assessed by Western blot 48 h
after transfection. (B) Quantification for Western blots shown in A. Data
represent the mean = SEM of four independent experiments.
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Fig. 6. Model for the role of Sox9 in pancreatic progenitor cells. The model
in A shows the transcription factors expressed at different steps of differen-
tiation from gut endoderm to mature pancreatic duct cells (modified from
refs. 6 and 31). The model in Bshows the regulatory relationships among Sox9
and the other transcription factors in pancreatic progenitor cells. Dashed lines
indicate relationships supported only by in vitro DNA-binding studies.

functions in these progenitor cells and activating the cascade of
gene-expression events that leads to their differentiation into
endocrine cells. Sox9 is coexpressed with a network of transcrip-
tion factors, including Foxa2, Tcf2, and Onecutl, in the primary
progenitor cells before €13, in the secondary progenitor cells
from which the mature exocrine and endocrine cells differenti-
ate, and in the duct cells in the adult pancreas (Fig. 64). Here,
we demonstrate that Sox9 binds to and regulates the genes
encoding each of these factors, and in turn, these factors regulate
Sox9 and each other in a complex interlocking network. Sox9,
along with other members of the network, also binds to and
activates the gene encoding the proendocrine factor Neuroge-
nin3, which initiates the differentiation of the endocrine cells
(Fig. 6B).

The observation of a gene network functioning in pancreatic
progenitor cells conforms to the previously proposed roles of the
members of the network in the pancreas. Onecutl has been
shown to be necessary for expression of Pdx1 and Tcfl as well as
Neurogenin3 expression and endocrine cell differentiation but
not for expression of Foxa2 or Shh (9, 10, 31). Foxa2 expression
is necessary for normal endoderm formation, and development
of a-cells and maintenance of Pdxl expression in the mature
B-cell and has been implicated in the expression of Neurogenin3
(6, 11, 32, 33). Tcf2 expression initiates early in endoderm
specification and closely parallels the expression of Sox9 in the
fetal and adult pancreas (8), and it has also been implicated in
expression of Neurogenin3 (6, 31). Interestingly, mutations in
Tcf2 cause dramatic reduction of Pdx1 expression within the
developing pancreatic endoderm in zebrafish (34) and lead to
diabetes (MODY-5) in humans (35).

Onecutl, Tef2, and Foxa2 also function in a self-maintaining
gene network along with other transcription factors in the
developing and adult liver (36-39). Foxa2 also participates in a
transcriptional network in adult islets that includes Tcfl,
HNF4a, and Pdx1 (37, 40). Transcriptional networks can be-
come self-maintaining by building a complex web of direct and
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indirect feedback interactions, but can function in a potent
feed-forward fashion as well through cooperative interactions of
multiple network factors on the target genes. In this regard, Sox9
and its network partners function in two distinct roles: First, they
maintain the network and stabilize progenitor cell gene expres-
sion through multiple feedback loops; but, in addition, they
cooperate in binding and activating the gene encoding Neuro-
genin3, thereby leading to the disruption of the network and the
differentiation to postmitotic islet cells. It is interesting to
speculate that the network partners may function similarly in
supporting Ptfla expression and acinar cell differentiation. In
support of this idea, we found that Sox9 can bind to the Ptfla
gene promoter (see SI Fig. 8).

In conclusion, Sox9 plays an essential role in coordinating
gene expression during pancreatic development and activating
the endocrine cell-differentiation program. Understanding
how the early Sox9-expressing pancreatic cells differentiate
from the surrounding gut endoderm and then how they mature
into the secondary progenitor cells from which the mature
endocrine cells differentiate will help guide efforts to develop
methods for generating B-cells from progenitor cells for
patients with diabetes.

Methods

Animals. Mice were housed on a 12-hr light-dark cycle in a
controlled climate according to the University of California, San
Francisco, regulations. Timed matings were carried out, with
e0.5 being set as midday of the day of discovery of a vaginal plug.
CD-1 control mice and were obtained from Charles River
Laboratories (Wilmington, MA).

Immunfluorescence Analysis. Harvesting and processing of embry-
onic and adult mouse tissues were performed as described (4,
12-17). Immunostaining was performed overnight at 4°C in PBS
containing 1% goat serum with the following primary antisera:
1:2,000 rabbit anti-pdx1, 1:2,000 guinea pig anti-pdx1, 1:2,000
guinea pig anti-neurogenin3 (41), 1:4,000 guinea pig anti-glucagon
(Linco, St Charles, MO), 1:200 rabbit anti-sox9 (Santa Cruz Bio-
technology, Santa Cruz, CA), 1:800 rabbit anti-sox9 (a gift from M.
Wegner (Universitiat Erlangen—Niirnberg, Niirnberg, Germany),
and 1:200 hamster anti-mucin (NeoMarkers, Fremont, CA). All
secondary antibodies were obtained from Jackson Immuno-
Research (West Grove, PA) and were used at 1:200 (FITC) or 1:800
(Cy3) dilutions, and coverslips were mounted with Vectashield
(Vector Laboratories, Burlingame, CA). Slides were imaged on a
Axioskop microscope (Zeiss, Thornwood, NY) with an attached
camera (Hamamatsu, Hammamatsu City, Japan) using Openlab
software (Fig. 1) or on a TCS SL confocal microscope (Leica,
Bannockburn, IL) (Fig. 2).

Cell Culture and Transfection. Culture of mouse mPAC L20 and
aTC1.6 cells, transfection of aTC1.6 cells and luciferase assays
were performed as described (6). For stable lines, 10 cm? dishes
of mPAC L20 cells were transfected with 5 pg of plasmid DNA
and Lipofectamine 2000 (Invitrogen, Carlsbad, CA) per the
manufacturer’s recommendations. Cells recovered overnight
before the addition of puromycin (2 ug/ml). After 1 week of
selection, puromycin-resistant cells were trypsinized, and pooled
clones were used for further experiments.

For adenovirus experiments, mPAC cells were infected at a
MOI of 50:1 with adenovirus encoding rat Mashl or control
adenovirus encoding B-galactosidase as described (30). Cells
were allowed to recover for 2 days before assay for Neurogenin3.

RNA Interference. For knockdown of Sox9 in pooled stable mPAC
L20 lines, a short hairpin (GATCCCCGGAACAGACTCA-
CATCTCTTTCAAGAGAAGAGATGTGAGTCTGTTCC-
TTTTTGGAAA) against mouse Sox9 was cloned into the
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pSilencerTM-4.1-CMYV vector (Ambion, Austin, TX). Transient
knockdown was performed by transfecting small interfering
RNA duplexes targeting Sox9 (AAAGAGATGTGAGUCU-
GUUCCGGGGAUC), Foxa2 (GGUCUCGGGUCUGA-
UUUAATT), Tcf2 (GAGAGUAUGGAAAACCGGCUU), or
Control siRNA #1 (Ambion) into mPAC L20 cells by using
HiPerfect (Qiagen, Valencia, CA). Low concentrations (5-10
nM) of siRNA duplexes were used to minimize potential off-
target effects.

EMSAs. Synthetic DNA oligonucleotides were labeled, and EMSAs
were performed in the presence of 500 ng of poly(deoxyinosine-
deoxycytidine) per 10 ul of binding mix as described (6). Protein
was generated in vitro with the TNT-coupled Reticulocyte Lysate
System (Promega) in 50 ul of total volume from 1 ug of DNA; 1
ul (=5 ng of protein) of the reaction mix was then used per binding
reaction.
The oligonucleotides sequences are in SI Table 1.

ChIP Assays. Mouse mPAC L20 cells grown to 70% confluence
were fixed at room temperature with 1% formaldehyde for 10
min. Cross-linking was quenched by the addition of glycine
(125 mM). Cells were then washed in ice-cold PBS, scraped
from the growth surface, and pelleted. The pellets were
washed and lysed as described (37). Chromatin was then
sheared to ~1-kb fragments by using sonication and cleared by
centrifugation. Antibody binding was carried out overnight at
4°C by using 200 wg of chromatin and normal rabbit IgG
(sc-2027; Santa Cruz Biotechnology) or rabbit anti-Sox9 an-
tibody (sc-20095; Santa Cruz Biotechonolgy). Antibody-bound
complexes were coupled for 1 h to previously blocked (1 mg/ml
BSA, 0.1 mg/ml salmon sperm DNA) protein A-Sepharose
beads (GE Healthcare/Amersham, Piscataway, NJ). Coupled
beads were washed in 1.5 ml each of: TSE1 [0.1% SDS/1%
Triton X-100/2 mM EDTA/20 mM Tris-HCI (pH 8.1)/150 mM
NaCl], TSE2 (same as TSE1 but with 500 mM NacCl), ChIP
Buffer 3 [0.25M LiCl/1% Nonidet P-40/1% sodium deoxy-
cholate/l mM EDTA/10 mM Tris-HCl (pH 8.1)] and TE, all
containing protease inhibitors (Roche, Indianapolis, IN) and
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PMSF. Bound material was then eluted from the beads in 50
mM NaHCO3 containing 1% SDS; cross-linking was reversed
by incubation at 67°C for 5 h; and DNA was precipitated in
ethanol. DNA pellets were then resuspended in TE and treated
successively with 200 wg/ml RNase A and with 75 ug/ml
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