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Regulation of cell differentiation programs requires complex interactions between transcriptional and epigenetic
networks. Elucidating the principal molecular events responsible for the establishment and maintenance of cell
fate identities will provide important insights into how cell lineages are specified and maintained and will improve
our ability to recapitulate cell differentiation events in vitro. In this study, we demonstrate that Nkx2.2 is part of
a large repression complex in pancreatic b cells that includes DNMT3a, Grg3, and HDAC1. Mutation of the
endogenous Nkx2.2 tinman (TN) domain in mice abolishes the interaction between Nkx2.2 and Grg3 and disrupts
b-cell specification. Furthermore, we demonstrate that Nkx2.2 preferentially recruits Grg3 and HDAC1 to the
methylated Aristaless homeobox gene (Arx) promoter in b cells. The Nkx2.2 TN mutation results in ectopic
expression of Arx in b cells, causing b-to-a-cell transdifferentiation. A corresponding b-cell-specific deletion of
DNMT3a is also sufficient to cause Arx-dependent b-to-a-cell reprogramming. Notably, subsequent removal of
Arx in the b cells of Nkx2.2TNmut/TNmut mutant mice reverts the b-to-a-cell conversion, indicating that the
repressor activities of Nkx2.2 on the methylated Arx promoter in b cells are the primary regulatory events
required for maintaining b-cell identity.
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In the developing embryo, cell fates are achieved through
the regulated activation and repression of transcription
factors, which act as intermediaries in response to the
secretion of inductive signals. The acquisition of cell fate
is accomplished by a series of differentiation steps that
were once thought to be irreversible. More recently,
however, studies in multiple systems have demonstrated
that dedifferentiation and transdifferentiation are mech-
anisms commonly used during developmental programs
and in paradigms of regeneration (Tsonis et al. 2004;
Mirsky et al. 2008; Jopling et al. 2010, 2011). The ability
to reprogram somatic cells into pluripotent cells by the
expression of transcription factors has also demonstrated
the feasibility of direct reprogramming that does not
require an intermediate dedifferentiation step (Takahashi
and Yamanaka 2006; Boland et al. 2009). Following this

breakthrough, there have been many examples of tissue
reprogramming, including the transdifferentiation of fi-
broblasts into functional cardiomyocytes or multilineage
blood progenitors (Ieda et al. 2010; Selvaraj et al. 2010;
Szabo et al. 2010).

Similar to most other developmental systems, lineage
determination and cell specification in the developing
pancreas involve an organized series of events consisting
of appropriately timed extrinsic signaling that regulates
hierarchies of transcriptional networks (Gittes 2009). In
addition, recent studies have exploited the known islet
transcriptional networks to transdifferentiate nonpancre-
atic or exocrine tissue into endocrine cells. Ectopic
expression of different combinations of pancreatic tran-
scription factors—including Pdx1, Ngn3, NeuroD, MafA,
and Nkx6.1—promotes liver-to-pancreatic b-cell repro-
gramming (Chan et al. 2003; Kojima et al. 2003; Song et al.
2007; Delisle et al. 2009; Nagaya et al. 2009; Gefen-Halevi
et al. 2010). Similarly, ectopic expression of a defined set
of transcription factors in adult pancreatic acinar cells
results in an acinar-to-b-cell conversion (Zhou et al.
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2008). Recent studies have also demonstrated a previously
unappreciated plasticity between the different islet cell
types in embryonic and adult pancreas. Misexpression of
the a-cell-specific transcription factor Aristaless homeo-
box gene (Arx) in fetal b cells is sufficient to cause a b-to-
a-cell conversion (Collombat et al. 2007). Furthermore,
Thorel et al. (2010) have shown that mice with a >90%
reduction in b cells are able to replenish the lost b cells
through the up-regulation of b-cell factors in a cells to
induce a-to-b-cell transdifferentiation. Most recently,
epigenetic manipulations have also demonstrated the
importance of DNA methylation and histone modifica-
tions in maintaining b-cell identity and driving islet cell
differentiation (Haumaitre et al. 2009; Dhawan et al.
2011). These groundbreaking studies have underscored
the potential of using reprogramming methods to gener-
ate novel sources of islet cells.

The homeodomain transcription factor Nkx2.2 is re-
quired for cell fate decisions in the pancreatic islet and
cell patterning in the ventral neural tube (Sussel et al.
1998; Briscoe et al. 1999). It has previously been shown
that Nkx2.2 acts as a transcriptional repressor to regulate
ventral neural patterning through its interaction with the
corepressor Groucho-4 (Grg4) (Muhr et al. 2001). This
interaction is mediated by a motif called the tinman (TN)
domain, which shares sequence homology with the core
region of the engrailed homology-1 domain in the tran-
scriptional repressor Engrailed and through which Grg/
TLE proteins interact (Lints et al. 1993; Smith and Jaynes
1996; Jimenez et al. 1997). In the developing pancreas,
Nkx2.2 appears to function as either a transcriptional
repressor or an activator, depending on the temporal- or
cell-specific environment (Watada et al. 2000; Cissell
et al. 2003; Raum et al. 2006; Doyle and Sussel 2007;
Doyle et al. 2007; Anderson et al. 2009).

To further investigate the regulatory role of Nkx2.2 in
the developing pancreas and its dependence on Grg
interactions, we generated mice containing amino acid
substitutions in the highly conserved TN domain of the
endogenous Nkx2.2 gene (Nkx2.2TNmut/TNmut). In this
study, we demonstrate that the TN domain is required for
the in vivo interaction between Nkx2.2 and Grg3 and that
the interaction with Grg proteins is required for two
independent stages of development. At embryonic day
13.5 (E13.5), during the initiation of the secondary
transition, the Nkx2.2 TN domain is necessary for the
b- versus e-cell fate decision. Subsequently, after b cells
have formed, the Nkx2.2 TN domain is essential for
maintaining b-cell identity through the repression of the
a-cell determinant Arx. In this analysis, we determined
that although Nkx2.2 is present in both a and b cells, it
preferentially binds the promoter of the a-cell-specific
factor Arx in b cells when the promoter is in a hyper-
methylated state. Furthermore, we demonstrate that
Nkx2.2 is present in a complex with the de novo
methyltransferase Dnmt3a and repressor cofactor Grg3.
In the b-cell context, Nkx2.2 preferentially recruits Grg3
and HDAC1 to the Arx promoter to repress Arx tran-
scription. Disruption of the interaction between Nkx2.2
and Grgs in mice leads to ectopic expression of Arx in b

cells and is sufficient to cause b-to-a-cell reprogramming
during embryonic development and in the adult. We
further show that by removing Arx specifically in the
Nkx2.2TNmut/TNmut b cells, the b-to-a-cell conversion
can be prevented. These combined in vitro and in vivo
studies elucidate how cell-specific DNA modifications
and transcriptional regulatory events come together to
establish and maintain islet b-cell identity.

Results

Mutation of the Nkx2.2 TN domain disrupts
the in vivo interaction between Nkx2.2
and the Grg3 corepressor and leads to diabetes
in adult Nkx2.2TNmut/TNmut mice

In the pancreas, Grg2 and Grg3 are coexpressed with
Nkx2.2 (Doyle et al. 2007; Hoffman et al. 2008), and Grg3
interacts with Nkx2.2 via the conserved TN domain
(Doyle et al. 2007). To determine whether the physical
interaction between Nkx2.2 and Grg proteins is neces-
sary for appropriate pancreatic islet development and/or
function, we generated mice that express a mutant allele
of Nkx2.2 containing amino acid substitutions within the
core sequence of the TN domain (Nkx2.2TNmut/TNmut)
(Fig. 1A). Presence of the mutant allele was monitored
using allele-specific primers (Fig. 1B; Materials and
Methods). Heterozygous Nkx2.2TNmut/+ and homozygous
Nkx2.2TNmut/TNmut mice display grossly normal pancre-
atic morphology and histology at birth (Fig. 1C,D; data
not shown). Importantly, mutation of the TN domain
does not appear to affect Nkx2.2 mRNA or protein
stability in Nkx2.2TNmut/+ and Nkx2.2TNmut/TNmut mice
(Fig. 1E,F; data not shown); however, we confirmed that
mutation of the TN domain is sufficient to abolish the
endogenous Nkx2.2–Grg3 interaction (Fig. 1G). The
Nkx2.2TNmut/TNmut mice survive postnatally, but the
male mice begin to display overt hyperglycemia by 3.5
wk of age (Supplemental Fig. 1A,B). By 6 wk, both male
and female Nkx2.2TNmut/TNmut mice are severely diabetic
in fed and fasted conditions, with compromised fertility
(Fig. 2A; Supplemental Fig. 1C). The Nkx2.2TNmut/TNmut

mice do not survive beyond 8 wk of age. Histological
analysis of the 6-wk-old Nkx2.2TNmut/TNmut pancreas
indicates that total islet cell numbers are unchanged,
but the mutant islets are smaller and more disorganized
than in wild-type littermate controls (Fig. 2B,C,F). Con-
sistent with the phenotype of the Nkx2.2�/�mice, which
form fewer a and no b cells, the Nkx2.2TNmut/TNmut islets
have fewer insulin-producing b cells (Fig. 2D). Surpris-
ingly, however, the number of glucagon-producing a cells
appears to be increased (Fig. 2E). The Nkx2.2TNmut/TNmut

mice do not display any apparent defects in d-, pancreatic
polypeptide (PP), or acinar cell populations (data not shown).

Nkx2.2 TN domain is required for appropriate islet
cell development

Nkx2.2 is required for the primary induction of most endo-
crine cell lineages; in Nkx2.2�/� embryos, ghrelin-expressing
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cells form at the expense of all b cells and the majority of
a and PP cells (Sussel et al. 1998). To determine whether
the disrupted islet structure and abnormal islet cell ratios
observed in the Nkx2.2TNmut/TNmut adult mice are caused
by pancreatic defects manifested during embryonic de-
velopment, we assessed endocrine cell formation in
Nkx2.2TNmut/TNmut embryos. Unlike the Nkx2.2�/� em-
bryos, which already display endocrine cell differentiation
phenotypes by E9.5, the Nkx2.2TNmut/TNmut embryos
display no apparent defects in a- and b-cell numbers at
E12.5 (Fig. 3A–C). In agreement with the cell quantifica-
tion, there are no detectable differences in glucagon or
insulin gene expression between the Nkx2.2TNmut/TNmut

embryos and their wild-type littermates (Fig. 3L). By E13.5,
however, at the onset of the secondary transition, there is
a reduction in b-cell numbers and insulin expression, with
a corresponding increase in e-cell numbers and ghrelin
expression (Fig. 3L; Supplemental Fig. 1D–F,I,J). At E15.5,
during the peak of endocrine cell differentiation, insulin-
producing b-cell numbers remain significantly decreased,
with a corresponding reduction in insulin (ins1 and ins2)
gene expression (Fig. 3D,E,H,L; data not shown). The
reduction in b-cell numbers does not appear to be due
to apoptosis, as indicated by the absence of caspase3
expression in the insulin-producing cell populations or
elsewhere in the pancreas (Supplemental Fig. 2A–D).
Furthermore, e-cell numbers and ghrelin gene expression
are increased concomitantly with the loss of b cells,
suggesting that, similar to the Nkx2.2�/� allele, e cells
are forming at the expense of the b-cell population (Fig. 3F–
H,L). These phenotypes persist through the end of gesta-
tion (Fig. 3I–L).

Surprisingly, in contrast to the Nkx2.2�/� phenotype,
there is a significant increase in both a-cell numbers and
glucagon gene expression in the Nkx2.2TNmut/TNmut

pancreata by E18.5 (Fig. 3I–L). The increase in a cells
does not appear to be caused by excessive replication,
since we do not detect proliferating glucagon-positive
cells before or during expansion of the a-cell population
(Supplemental Fig. 2E–H). Although there is an increase
in the numbers of a and e single-hormone-positive cells,
this is not associated with an increase in the glucagon+

ghrelin+ coexpressing population (data not shown). In
contrast, we do observe an increase in the number of
cells that coexpress insulin and glucagon, despite the
total reduction in b-cell numbers (Fig. 3E,J, insets).
Throughout gestation, PP and somatostatin levels remain
unaffected in Nkx2.2TNmut/TNmut pancreata, and there
are no obvious changes in exocrine tissue morphology,
acinar cell numbers, or exocrine enzyme gene expression
(Fig. 3L; data not shown).

Islet cell-specific transcription factor expression
is disrupted in Nkx2.2TNmut/TNmut pancreas

Interestingly, the Nkx2.2TNmut/TNmut phenotype differs
substantially from that observed in the Nkx2.2�/� em-
bryos. While the less severe b-cell and e-cell phenotypes
could be attributed to mutations in the TN domain,
having a more moderate reduction in Nkx2.2 function
than the null allele, the resulting increase in a-cell
numbers is more difficult to interpret. To begin to
characterize the underlying molecular changes that may
be contributing to the Nkx2.2TNmut/TNmut endocrine cell

Figure 1. The Nkx2.2 TN domain mutation
disrupts the Nkx2.2–Grg3 interaction. (A)
Recombinase-mediated cassette exchange
(RMCE) was used to knock-in amino acid
substitutions into the Nkx2.2 TN domain.
The mutations are shown in red. (B) Allele-
specific primers were used to distinguish be-
tween wild-type and mutant alleles when
genotyping. (C) At birth, Nkx2.2TNmut/TNmut

pancreata exhibit normal size and morphology
compared with wild-type mice (n = 3). (D)
H&E-stained section of wild-type and mutant
pancreas showing normal endocrine and aci-
nar morphology (n = 3). (E) Quantitative PCR
demonstrates that Nkx2.2 transcript levels
from whole embryonic pancreas (E18.5) are
unchanged in the mutant (n = 5). (F) Protein
levels of Nkx2.2 are unchanged in P0 pups.
Lamin B1 was used as a loading control (n =

5). (G) Coimmunoprecipitation of Grg3 and
Nkx2.2 from whole pancreas at birth demon-
strates a loss of interaction between the
two proteins in the Nkx2.2TNmut/TNmut mice
(n = 3).

Nkx2.2 maintains islet b-cell identity
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phenotype, we assessed the expression of several pancre-
atic developmental markers at E14.5, when alterations in
insulin and ghrelin cell populations are evident. Similar
to Nkx2.2�/� mice, expression of Pdx1 is unchanged at
E14.5 and we see a reduction in Ngn3 expression,
although there is no apparent reduction in the endocrine
progenitor population (Fig. 4A; Anderson et al. 2009; data
not shown). In contrast to the Nkx2.2�/� mice, Nkx6.1
expression is not significantly down-regulated at E14.5
(Fig. 4A).

By E18.5, altered expression of the islet lineage-specific
factors corresponded well with the observed changes in
islet cell ratios caused by the TN domain mutation.
Consistent with the reduction in b-cell numbers, Pdx1,
NeuroD, and MafA are significantly decreased by E18.5
(Fig. 4B). Alternatively, the a-cell markers Arx and Irx2
are significantly elevated by E18.5, with increases in Arx
expression being close to 70-fold over wild-type levels
(Fig. 4B). MafB expression does not appear changed; how-
ever, this may be attributed to the fact that MafB is
expressed in both a- and b-cell populations during embryo-
genesis; the loss of MafB-expressing b cells would be
compensated by the increase in MafB-expressing a cells.
By 4 wk of age, MafB is expressed in the a cells in both wild-
type and Nkx2.2TNmut/TNmut mice (Supplemental Fig. 3).

Interestingly, although the general changes in expres-
sion levels of the a- and b-cell-specific genes corre-
sponded well with the observed alterations in the
a- and b-cell numbers in the Nkx2.2TNmut/TNmut em-
bryos, we could detect a threefold to fourfold increase
in the expression of the a-cell transcription factor Arx
at E15.5, prior to a significant increase in the number
of glucagon+ cells (Fig. 4C). To identify the cellular
source of increased Arx expression, we performed
immunofluorescence analysis to correlate Arx expres-
sion with the different pancreatic populations. At
E15.5, we observe a large increase in the number of
Arx-expressing cells that do not coexpress glucagon
in the Nkx2.2TNmut/TNmut (Fig. 4D,E). Surprisingly, at
the same stage of development, we begin to observe
a number of insulin-producing cells that ectopically
express Arx (Fig. 4F,G). By the end of gestation, the
Nkx2.2TNmut/TNmut pancreas contains Arx+, insulin+ b

cells and Arx+, glucagon+ a cells, whereas pancreata
from wild-type littermates show mutually exclusive
expression of Arx and insulin. (Fig. 4H,I,L).

Mutation of the Nkx2.2 TN domain results
in a b-to-a-cell conversion due to the ectopic
expression of Arx in b cells

Previous studies have demonstrated that misexpression
of Arx in embryonic b cells is sufficient to convert b cells
into a cells (Collombat et al. 2007). Since we observe
elevated Arx expression and Arx+ insulin-producing cells
at E15.5, prior to a significant increase in a-cell numbers,
we postulated that mutation of the Nkx2.2 TN domain
may cause aberrant derepression of the Arx gene in b cells
to trigger their transdifferentiation into a cells. To test
this hypothesis, we generated Nkx2.2TNmut/TNmut mice
carrying the Ins:Cre transgene (Herrera 2000) and ei-
ther the Rosa26:tomato or Rosa26:LacZ reporter alleles
(Soriano 1999; Madisen et al. 2010) to allow us to lineage
trace the mutant b cells. While Rosa26 reporter expres-
sion is restricted to the insulin-expressing population in
control Nkx2.2+/+;Ins:Cre;Rosa26:LacZ/tomato islets (Fig.
4J; Supplemental Fig. 4A,B), we detect Rosa26:tomato
reporter expression in >2% of the glucagon-expressing cells
of the Nkx2.2TNmut/TNmut ;Ins:Cre; Rosa26:LacZ/tomato
islets at postnatal day 0 (P0) (Fig. 4K,L; Supplemental Fig.
4C,J). Many of the glucagon and tomato double-positive
cells coexpress Arx, supporting the idea that Arx is up-
regulated in the b-cell-derived glucagon-expressing pop-
ulation that appears in the absence of functional Nkx2.2
(Fig. 4L). Consistent with the discovery that b cells are
reprogrammed to an a-cell fate in the Nkx2.2TNmut/TNmut

mice, expression of a number of b-cell transcription
factors—including Pdx1, MafA, and Nkx6.1—can be de-
tected in a small population of cells that are in the process
of converting to glucagon-expressing a cells (Supplemen-
tal Fig. 4D–I). The insulin- and glucagon-coexpressing
population present in the Nkx2.2TNmut/TNmut pan-
creas may also represent this transitioning population
(Fig. 3E,J). It should be noted that costaining of to-
mato with ghrelin cannot be detected, indicating, in

Figure 2. Nkx2.2TNmut/TNmut mice develop diabetes. (A)
Nkx2.2TNmut/TNmut mice exhibit hyperglycemia during fed and
fasted states (n = 5). (B,C) Wild-type and mutant islet at 6 wk
old immunostained for insulin and glucagon. By 6 wk of age,
the Nkx2.2TNmut/TNmut mice contain smaller islets with fewer
b cells and more a cells (n = 3). (D–F) Quantification of b cells
and a cells at 4 wk of age demonstrates a significant loss of
b cells and a significant increase in a cells, while no change in
total islet number was observed (n = 3). (*) P < 0.05; (***) P < 0.001.
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contrast to the a-cell lineage, the observed increase in e
cells is not due to b-cell reprogramming (Supplemental
Fig. 4K,L).

Since the Nkx2.2TNmut/TNmut pups are not born with
a metabolic phenotype but continue to lose b cells and
become increasingly hyperglycemic with age, we wished
to determine whether the b-to-a-cell conversion con-
tinues to occur in postnatal animals. For this analysis,
we generated Nkx2.2TNmut/TNmut mice carrying the
Pdx1:CreER transgene (Gu et al. 2002) and the Rosa26:
tomato reporter allele. To avoid outcomes that could
be associated with a hyperglycemic environment, we

induced 3-wk-old mice with tamoxifen prior to the onset
of overt hyperglycemia (Supplemental Fig. 1). Five days
following tamoxifen induction, we can detect tomato
reporter expression in glucagon-producing a cells in the
Nkx2.2TNmut/TNmut; Pdx1:CreER; Rosa26:tomato islets
(n = 3), indicating that b-to-a-cell reprogramming con-
tinues to occur postnatally (Supplemental Fig. 5A–D).
Glucagon expression and tomato reporter expression
were mutually exclusive in control Nkx2.2TNmut/+;
Pdx1:CreER; Rosa26:tomato littermates receiving tamox-
ifen. Nkx2.2TNmut/TNmut; Pdx1:CreER; Rosa26:tomato
islets that did not receive tamoxifen were devoid of

Figure 3. Nkx2.2TNmut/TNmut mice display de-
creased insulin expression and increased glucagon
and ghrelin expression. (A–L) Characterization of
insulin-, glucagon-, and ghrelin-expressing cells
in Nkx2.2TNmut/TNmut mice (n = 3–5). (A–C,L)
Hormone-positive cell numbers and expression
were unaltered at E12.5. (D–H,L) By E15.5,
Nkx2.2TNmut/TNmut mice display increased e-cell
numbers, slightly elevated a-cell numbers, and
decreased numbers of b cells. (I–L) By E18.5, the
glucagon population is significantly increased,
while the insulin and ghrelin populations remain
decreased and increased, respectively. (*) P <

0.05. Arrowheads indicate glucagon/insulin cos-
taining in E and J.

Nkx2.2 maintains islet b-cell identity
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tomato reporter expression, as expected (Supplemental
Fig. 5E,F).

Nkx2.2 directly binds and represses the methylated
Arx promoter in b cells

Given the dramatic increase in Arx expression in the
Nkx2.2TNmut/TNmut b cells, it is possible that disruption
of the interaction between Nkx2.2 and Grg3 interferes
with repression of the Arx promoter in b cells. To
determine whether Arx is a direct target of Nkx2.2, we
performed in silico analysis of the Arx promoter to

identify a highly conserved Nkx2.2-binding site located
;1.4 kb upstream of the transcriptional start site (Sup-
plemental Fig. 6A; Hill et al. 2011). Chromatin immuno-
precipitation (ChIP) of this region with Nkx2.2 antibody
in islet cell lines demonstrated that endogenous Nkx2.2
normally occupies this region of the Arx promoter in both
a and b cells, although binding is significantly enriched in
bTC6 cells (Fig. 5A). Furthermore, Grg3 and HDAC1 are
preferentially recruited to the Arx promoter in b cells,
supporting the idea that Nkx2.2 may function to recruit
Grg3 to repress Arx expression in the b-cell population.
Further analysis of the Arx promoter revealed the presence

Figure 4. Mutations in the Nkx2.2 TN domain cause Arx misexpression in b cells and b-to-a-cell reprogramming. (A) Islet cell-specific
transcription factor expression at E14.5 (n = 5). (B) By E18.5, b-cell factors are reduced, while a-cell factors are increased, reflecting the
changes associated with these cell types (n = 5). (C) Nkx2.2TNmut/TNmut mice exhibit a threefold to fourfold increase in Arx expression
at E15.5, prior to the changes in glucagon expression and a-cell number (n = 5). (D,E) There are increased numbers of Arx+ cells and
more Arx+/glucagon� cells in Nkx2.2TNmut/TNmut mice at E15.5, when the increase in Arx expression is first observed. (F–I) Between
E15.5 and continuing through gestation, Arx is misexpressed in the b-cell population of Nkx2.2TNmut/TNmut mice. (J,K) Using the b-cell-
specific Ins:Cre and the Rosa26:tomato reporter, b-cell-derived glucagon-positive cells are frequently detected in Nkx2.2TNmut/TNmut

mice. (L) b-Cell-derived a cells express Arx (n = 3). (*) P < 0.05; (**) P < 0.01. Arrowheads in E indicate Arx+/glucagon� cells. Arrowheads
in G, I, and K indicate copositive cells. Arrowheads in L indicate triple-positive cells.
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of CpG islands surrounding the conserved Nkx2.2-binding
site, which, if methylated, could also contribute to the
mechanism of Arx repression in b cells. Accordingly,
bisulfite analysis for the Nkx2.2-binding region of the
Arx promoter identified differential methylation patterns
in b versus a cells; the Arx promoter is hypermethylated in

b cells (Fig. 5B). Since the de novo DNA methyltransferase
Dnmt3a has been shown to be important for establishing
methylation patterns during development and promotes
site-specific methylation through its interaction with tran-
scription factors (Hervouet et al. 2009), we investigated
whether Dnmt3a was also differentially present on the

Figure 5. Nkx2.2 directly represses Arx in bTC6 cells but not aTC1 cells. (A) Nkx2.2, Grg3, HDAC1, and Dnmt3a are highly enriched
on the Arx promoter in bTC6 cells (n = 3). (B) Bisulfite sequencing analysis and quantification for the Nkx2.2-binding region of Arx

locus (�1660 to �1463 base pairs [bp] and �1374 to �1162) in isolated b and a cells. (C) Coimmunoprecipitation analysis for the
interaction of Dnmt3a with Nkx2.2, Grg3, HDAC1, Pax4, and Isl1 using immunoprecipitation with Flag tag antibody on Min6 cells
transfected with Flag-Dnmt3a construct, and Western blotting with Flag tag, Nkx2.2, Grg3, HDAC1, Pax4, and Isl1 antibodies. (D)
Nkx2.2 induces the expression of a 2.5-kb region of the Arx promoter fused to luciferase in aTC1 cells. Nkx2.2 represses the Arx

promoter activity 3.5-fold in bTC6 cells (n = 4). (E) Immunostaining of representative pancreatic sections from 3-mo-old Dnmt3afl/fl

(control) and Ins:Cre:Dnmt3afl/fl littermates for insulin and glucagon. (F) Representative pancreatic section from a 3-mo-old
Ins:Cre:Dnmt3afl/fl:Rosa26:LacZ animal showing immunostaining for glucagon in the left panel and an overlay of glucagon with
b-galactosidase activity (LacZ), in the right panel. The inset marks a magnified representative area, showing a number of LacZ and
glucagon double-labeled cells (white arrows). (***) P < 0.001 versus a TC; (#) P < 0.05; (###) P < 0.001 versus IgG in A. (**) P < 0.01
versus b cells in B. (***) P < 0.001 versus Arx promoter in D.
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Arx promoter. Consistent with a role for Dnmt3a in the
cell-specific regulation of Arx promoter methylation,
Dnmt3a occupies the Arx promoter specifically in b cells
(Fig. 5A). Furthermore, coimmunoprecipitation analysis
demonstrates that Flag-tagged Dnmt3a can form a protein
complex with Nkx2.2, but not other b-cell factors such as
Pax4 and Isl1 (Fig. 5C). Grg3 and HDAC1 are also part of
this complex, suggesting that Dnmt3a and Nkx2.2 co-
operate to facilitate recruitment of a repressor complex to
the Arx promoter in b cells. Interestingly, the Nkx2.2 TN
domain appears to be dispensable for a direct interaction
between Nkx2.2 and Dnmt3a (Supplemental Fig. 6B),
suggesting that the two factors interact through another
Nkx2.2 domain and/or through other proteins within the
complex.

To investigate whether Nkx2.2 specifically represses
the Arx promoter in b cells, we subcloned a 2.5-kb region
of the Arx promoter located upstream of the transcrip-
tional start site into the pGL3 basic promoter-less lucif-
erase reporter vector. Cotransfection of pGL3-Arx and
Nkx2.2 into aTC1 cell lines resulted in a significant
induction of Arx transcriptional activity, whereas
cotransfection of pGL3-Arx and Nkx2.2 into bTC6 cell
lines elicited a 65% repression of transcription (Fig. 5D).
These data suggest that Nkx2.2 represses Arx activity in
b cells through its interaction with Dnmt3a and Grg3 and
preferential recruitment of HDAC1 to the Arx promoter
in b cells. These findings are consistent with the in vivo
results, suggesting that the Nkx2.2 TN domain is essen-
tial for the recruitment of Grg3 and maintaining repres-
sion of Arx in the b-cell population.

b-Cell-specific deletion of Dnmt3a also results
in a b-to-a-cell conversion

Given the enrichment of Dnmt3a on the Arx promoter in
b cells and its presence in the Nkx2.2, Grg3, and HDAC1
repressor complex, we wished to determine whether
Dnmt3a is critical for proper islet cell type maintenance,
similar to Nkx2.2. Interestingly, mice with a b-cell-
specific deletion of Dnmt3a (Ins:Cre; Dnmt3afl/fl) pheno-
copy the Nkx2.2TNmut/TNmut mice; a cells are increased
with a corresponding loss of b cells (Fig. 5E). Furthermore,
genetic lineage tracing in Ins:Cre;Dnmt3afl/fl;Rosa26:LacZ
mice demonstrates that the b-cell loss associated with
deletion of Dnmt3a results in b-to-a-cell transdifferentia-
tion, similar to the Nkx2.2TNmut/TNmut mice (Fig. 5F).

Removal of Arx from Nkx2.2TNmut/TNmut b cells
is sufficient to prevent b-cell reprogramming,
but fails to restore b-cell maturation and function

To determine whether inhibiting the ectopic expression of
Arx in b cells is sufficient to prevent the Nkx2.2TNmut/TNmut

b-to-a-cell reprogramming phenotype, we crossed Ins:Cre;
Arxfl/fl mice (Herrera 2000; Marsh et al. 2009) into the
Nkx2.2TNmut/TNmut background to generate mice that
would remove the ectopically expressed Arx specifically
from the Nkx2.2TNmut/TNmut b cells. Wild-type mice do
not normally express Arx in b cells, and, accordingly,

Ins:Cre; Arxfl/fl mice develop normal islets and are in-
distinguishable from wild-type mice (Supplemental
Fig. 7A). Alternatively, deletion of Arx from the b cells
of Nkx2.2TNmut/TNmut mice returned Arx to wild-type
expression levels, confirming that the elevated Arx
expression was due primarily to its ectopic expression
in b cells (Fig. 6G). Furthermore, removal of Arx from
Nkx2.2TNmut/TNmut b cells normalized both glucagon
mRNA levels and a-cell numbers (Fig. 6B,D,F,G). Lineage
tracing of the b cells in the Nkx2.2TNmut/TNmut;Ins:Cre;
Arxfl/fl mice did not identify any b-cell-derived glucagon-
expressing cells (Fig. 6J,K), suggesting that the deletion of
Arx is sufficient to prevent the b-to-a-cell transdifferen-
tiation. On the other hand, the b-cell deletion of Arx is not
sufficient to restore b-cell numbers or insulin expression
at E18.5, and adult Nkx2.2TNmut/TNmut; Ins:Cre;Arxfl/fl

mice remained hyperglycemic (Fig. 6A,C,E,G–I). This
suggests that the TN domain regulates additional
Nkx2.2 targets, which are responsible for b-cell forma-
tion, maintenance, and function. Similarly, elevated
ghrelin levels are unaffected by the removal of Arx from
the Nkx2.2TNmut/TNmut mutant b cells, demonstrating
that Arx-independent Nkx2.2 TN domain functions are
also required for the e- versus b-cell fate choice during
embryogenesis (Fig. 6G).

To investigate whether the Ins:Cre; Dnmt3afl/fl pheno-
type is also dependent on Arx, we tested whether simul-
taneous depletion of Dnmt3a and Arx could rescue the
b-to-a-cell transdifferentiation process. siRNAs targeting
Dnmt3a, Arx, or a combination of the two genes were
transfected into Min6 cells. Similar to the Ins:Cre;
Dnmt3afl/fl mice, knockdown of Dnmt3a in Min6 cells
resulted in b-to-a-cell reprogramming: Expression of in-
sulin, Pdx1, and Pax4 was reduced, with a concomitant
up-regulation of glucagon, Arx, and MafB. Combined
siRNA knockdown of Arx with Dnmt3a was able to
prevent the corresponding alterations in a- and b-cell
marker expression, indicating that, similar to Nkx2.2,
Dnmt3a-mediated reprogramming is dependent on Arx
misexpression (Supplemental Fig. 7B).

Discussion

Transcriptional repression is widely appreciated for its
role in determining lineage and cell specification, as
repressive mechanisms are known to be key regulators
of cellular commitment in many tissues and organisms
(Gray et al. 1995; Gray and Levine 1996; Laslo et al. 2006;
Jepsen et al. 2007; Rajasekhar and Begemann 2007; Li and
Davidson 2009; Nishi et al. 2009). Nkx2.2 has been
shown to act as a transcriptional repressor to regulate
ventral neural patterning through its interaction with the
corepressor Grg4 (Muhr et al. 2001). The ability of Nkx2.2
to act as a transcriptional repressor in the developing
pancreas has also been shown (Doyle et al. 2007). Grg2
and Grg3, rather than Grg4, are coexpressed with Nkx2.2
in the pancreas and can also interact with Nkx2.2
through the groucho interaction TN domain (Doyle
et al. 2007; Hoffman et al. 2008). In this study, we
mutated the Nkx2.2 TN domain to determine the role
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of Grg-mediated Nkx2.2 repressor activity in the devel-
oping pancreas. We demonstrate that mutation of the
Nkx2.2 TN domain abolishes the interaction between
Nkx2.2 and Grg3 protein in vivo, and this is sufficient
to cause a shift from the b-cell to the e-cell lineage.
Furthermore, many of the remaining b cells are repro-
grammed into a cells due to the b-cell-specific derepres-
sion of the a-cell regulator Arx. Remarkably, it appears
that Arx is the primary downstream target of Nkx2.2 in
the maintenance of b-cell fate; removal of Arx from the
Nkx2.2TNmut/TNmut b cells appears to completely inhibit
the b-to-a-cell conversion.

The phenotypes associated with Nkx2.2TNmut/TNmut

suggest that TN domain-mediated functions are required
in two distinct processes within the pancreas: primary
islet cell fate decisions and maintenance of b-cell iden-
tity. Initially, the TN domain appears to influence the
competency of the Ngn3+ endocrine progenitor to differ-
entiate into e cells versus b cells, similar to what we
observed in the Nkx2.2�/�-null mice. A proposed defect
in cell fate choice regulation is supported by the obser-

vation that the corresponding alterations of b-cell and
e-cell ratios occurs at the onset of the secondary transi-
tion, which marks the first major wave of b-cell differen-
tiation. Furthermore, we demonstrated that the increase
in ghrelin-producing cells is not due to reprogramming of
the b-cell population, since we did not observe ghrelin
cells that were derived from the lineage-labeled b-cell
population (Supplemental Fig. 4L). Although the
Nkx2.2TNmut/TNmut and Nkx2.2�/� mice both display
an increase in e-cell numbers, coupled with a correspond-
ing decrease in b cells, the phenotype is much more
dramatic in the Nkx2.2�/� mice, which have a complete
absence of b cells at all developmental stages. The less
severe phenotype associated with the Nkx2.2TNmut/TNmut

mice could indicate that the interaction between Nkx2.2
and Grgs is not completely disrupted, and residual
activity is sufficient to allow for the formation of a small
number of b cells. Alternatively, it is possible that other
domains of the Nkx2.2 protein are responsible for b-cell
formation during the primary transition stage of pancreas
development, which would be consistent with the absence

Figure 6. b-cell-specific loss of Arx in the
Nkx2.2TNmut/TNmut mice rescues glucagon

and Arx expression. (A–F) Characterization
of insulin- and glucagon hormone-positive
cells (n = 3). (G) Transcript levels of hor-
mones in wild-type, Nkx2.2TNmut/TNmut,
and Nkx2.2TNmut/TNmut;Ins:Cre;Arxfl/fl mice
(n = 5). (H) Fed blood glucose levels in
7-wk-old male and female mice (n = 5).
(I) Quantification of b cells as a percentage
of total pancreas area in wild-type,
Nkx2.2TNmut/TNmut, and Nkx2.2TNmut/TNmut;
Ins:Cre;Arxfl/fl mice. (J,K) Using the b-cell-
specific Ins:Cre and the Rosa26:tomato
reporter, b-cell-derived ghrelin-positive
cells are not detected in Nkx2.2TNmut/TNmut

mutant mice (n = 3). (*) P < 0.05; (**) P <

0.01; (***)P < 0.001 versus wild type. (#) P <

0.05 versus Nkx2.2TNmut/TNmut.
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of a b-cell phenotype in the Nkx2.2TNmut/TNmut mice prior
to E12.5 (Fig. 3A–C). A third possibility is that additional
Nkx2.2 protein domains can compensate for the loss of
TN domain activity to allow the formation of a small
number of b cells throughout development. These possi-
bilities are not mutually exclusive and will be explored in
future studies to gain a more complete understanding of
the role of Grg-mediated regulation of Nkx2.2 function in
b-cell lineage decisions.

The Nkx2.2 TN domain also appears to play a distinct
role in maintaining the b cells that are able to form in the
Nkx2.2TNmut/TNmut mice. We show that by E18.5, there is
an additional reduction in b cells that corresponds to an
unexpected increase in a-cell numbers. Unlike the early
changes we observed in b-cell versus e-cell ratios, we do
not observe a significant increase in a-cell numbers until
the end of gestation. The observation that a-cell genes are
becoming ectopically expressed in insulin-producing pop-
ulations, combined with the b-cell lineage-tracing analy-
sis, indicates that many of the a cells are derived from
insulin-producing cells. This implies that Nkx2.2 is
functioning within the b cell to maintain its cellular
identity and prevent transdifferentiation into the a-cell
fate. Interestingly, in the Nkx2.2TNmut/TNmut mice, we do
not observe immediate and simultaneous reprogramming
of all b cells in response to dysregulation of Arx. Instead,
the transdifferentiation event occurs gradually over time
and continues in the postnatal animal. This would
suggest that, in addition to the activation of a-cell lineage
inducers, such as Arx, a number of additional (perhaps
more resistant) cellular events, such as global chromatin
remodeling, must occur to allow reprogramming to be
initiated. Further epigenetic analyses and gene expression
profiling of FACs-purified b-cell populations derived from
the Nkx2.2TNmut/TNmut mice during intermediate stages
of transdifferentiation may elucidate the b-cell-determin-
ing features that must be overcome to allow b-to-a-cell
reprogramming.

Interestingly, the Nkx2.2TNmut/TNmut mice also differ
quite significantly from the Nkx2.2�/� phenotype with
regards to PP- and a-cell formation. Unlike the Nkx2.2�/�

mice, which display an ;50% reduction in PP cells, there
is no apparent change in PP-cell numbers or PPY expres-
sion in the Nkx2.2TNmut/TNmut mice, suggesting that
PP-cell formation is not regulated by TN domain func-
tions. Even more puzzling was the unexpected a-cell
phenotype associated with the Nkx2.2TNmut/TNmut mice.
We previously demonstrated that the Pdx1:Nkx2.2hdEnR
repressor derivative was sufficient to fully rescue a-cell
numbers in the Nkx2.2�/� mice (Doyle et al. 2007),
suggesting that Nkx2.2 repressor function is sufficient
for a-cell formation. However, removal of the Nkx2.2
TN repressor domain does not appear to negatively affect
the a-cell population at any stage of development, and
instead we observe an increase in a-cell numbers. This
may indicate that Grg-dependent repression is dispens-
able for the a-cell lineage specification or perhaps that
other regions of the Nkx2.2 protein can compensate
for the loss of this interaction and/or provide an alterna-
tive mechanism of repressive activity. We are currently

exploring the possibility that the conserved NK2-SD
domain, the defining domain of the Nkx2 family, can
contribute to Nkx2.2 repressor activity in vivo, as has
been suggested previously (Watada et al. 2000). The
data presented here now give us a greater understanding
of a previously unanticipated role for the Nkx2.2 TN
domain in maintaining b-cell identity through its re-
pression of the Arx promoter in b cells. This function
would not be revealed in Nkx2.2�/� mice, since there
are no b cells available to reprogram. This unexpected
result not only begins to elucidate the distinct functions
of Nkx2.2 in different islet cell types and at different
stages of development, but also emphasizes the useful-
ness of generating hypomorphic and/or domain-specific
alleles to understand the nuances of a protein’s function
in vivo.

Our study also re-emphasizes the importance of main-
taining the appropriate regulation of Arx expression in
the different islet cell types. Previous studies have dem-
onstrated that Arx is essential for specifying the a- and
PP-cell lineages (Collombat et al. 2003, 2005, 2007).
Disruption of Arx leads to reduced numbers of a cells
coupled with a corresponding increase in b and d cells
(Collombat et al. 2003). Alternatively, misexpression of
Arx in b cells is sufficient to convert b cells to a or PP
cells (Collombat et al. 2007). Interestingly, although we
recapitulate the b-to-a-cell reprogramming phenomenon
with the derepression of Arx in b cells, we are unable to
detect significant changes in PP expression. It is possible
that the increased levels of Arx caused by the Nkx2.2 TN
mutation are sufficient for the a-cell fate but are not
sufficient for conversion to a PP-cell fate. This is consis-
tent with studies showing that protein expression levels
and dosing requirements of transcription factors are
important for controlling islet cell development and islet
cell fate choices (Fujitani et al. 2006; Wang et al. 2009).
Alternatively, removal of the Nkx2.2 TN domain likely
affects additional downstream effectors that may func-
tion to counter the Arx regulation of the PP fate.

Differential expression of transcription factors can
allow for tissue- and cell-specific gene regulation; how-
ever, when a factor is expressed in more than one cell
type, higher-order regulation will be required to control
cell- and/or promoter-specific regulation. Differential
promoter regulation can be achieved by cell-specific
cofactor interactions or at the level of DNA accessibility
or both. In the case of Nkx2.2, we demonstrated that
it preferentially binds the Arx promoter in b cells,
although Nkx2.2 is expressed and functions in both a

and b cells. The differential binding ability of Nkx2.2
may be influenced by the methylation state of the Arx
promoter that surrounds the Nkx2.2 consensus binding
site and is possibly facilitated by the DNA modifications
induced by Dnmt3a. A cooperative role between these
factors for maintaining b-cell-specific Arx repression
and b-cell identity is supported by the similar repro-
gramming phenotypes displayed by the b-cell-specific
deletion of Dnmt3a and the Nkx2.2 TN mutant mice.
Therefore, it is possible that differential DNA methyla-
tion and the presence of Dnmt3a on the Arx promoter
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provide a cell-specific platform for Nkx2.2 binding on
the Arx promoter in b cells. However, Dnmt3a is also
expressed in both a and b cells, suggesting that its
preferential recruitment to the Arx promoter in b cells
must also rely on a b-cell-specific factor. Nkx6.1 is
a possible candidate for mediating b-cell-specific re-
cruitment of Dnmt3a to the Arx promoter, and we are
able to demonstrate that Nkx6.1 is also present on the
Arx promoter in b cells (Supplemental Fig. 6). Further
studies will be necessary to determine the sequence of
events that occur on the Arx promoter with regards to
protein recruitment and DNA methylation to initiate
and maintain transcriptional repression of Arx in b cells.

Since we can also detect Nkx2.2 bound to the Arx
promoter in a cells, albeit at lower levels, it remains
possible that Nkx2.2-mediated repression of Arx in b

cells also depends on a combinatorial effect between
methyl-binding proteins and Nkx2.2. Dhawan et al.
(2011) demonstrated that the methyl-binding protein
MeCP2 is also bound to the methylated Arx promoter
in b cells. Methyl-binding proteins have been shown to
tether histone deacetylase complexes, such as NuRD, to
methylated DNA (Zhang et al. 1999). Furthermore, re-
cruitment of these repressor complexes can be facilitated
by sequence-specific transcription factors (Kehle et al.

1998; Liang et al. 2008; Fu et al. 2011). Since Nkx2.2
preferentially recruits Grg3 and HDAC1 to the Arx pro-
moter in b cells, it is possible that Nkx2.2 cooperates
with methyl-binding proteins to recruit histone deacety-
lases and achieve repression of Arx. Since it appears that
the initiation and maintenance of Arx expression in b

cells is crucial for maintaining b-cell identity, it is likely
that a combination of these mechanisms is necessary to
cooperatively repress Arx and retain b-cell integrity
(schematized in Fig. 7A). Additionally, given the small
but significant recruitment of Nkx2.2 and Grg3 to the
Arx promoter in a cells (Fig. 5A) and the Nkx2.2-medi-
ated induction of Arx in a cells (Fig. 5D), we cannot rule
out the possibility that Nkx2.2 and Grg3 may be facili-
tating the activation of Arx in a cells. While Grgs are
generally described as corepressors, a recent study dem-
onstrated that Grg3 is able to function as both an
activator and a repressor during adipogenesis (Villanueva
et al. 2011).

Lineage-specific gene expression patterns rely on a com-
plex interplay between transcription factors, cofactors,
and DNA accessibility. This process becomes much more
complicated when a single factor has differential func-
tions across development and within unique cell types.
Our analysis highlights the complex regulation of lineage

Figure 7. Model of Nkx2.2 regulation of the Arx
promoter in b cells. (A) Our data, in combination
with the study by Dhawan et al. (2011), support
a model whereby a repressor complex comprised of
Nkx2.2, Grg3, and Dnmt3a preferentially recruits
HDAC1 to the Arx promoter to silence Arx expres-
sion specifically in the pancreatic b cells to prevent
b-to-a-cell conversion. We can also detect the pres-
ence of Nkx6.1 bound to this promoter region,
which possibly confers cell-specific recruitment of
the Nkx2.2/Dnmt3a complex to the Arx promoter.
Since Nkx2.2TNmut/TNmut mice no longer retain
a Nkx2.2/Grg3 interaction, Grg3 and HDAC1 are
no longer recruited to the Arx promoter, allowing
ectopic expression of Arx in b cells. It is not yet
known whether Nkx2.2TNmut/TNmut mice affect
Dnmt3a recruitment and subsequent methylation
of the Arx promoter. (B) Grg3-mediated Nkx2.2
repression controls two developmental stages of
pancreas development. We first observe aberrations
in the proper specification of b and e cells at E13.5 in
the Nkx2.2TNmut/TNmut mice, when an increased
number of e cells are forming at the expense of b

cells. The remaining b cells then go on to trans-
differentiate to a cells. This transdifferentiation is
evident by E18.5 and continues to occur postnatally.
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commitment within the endocrine pancreas and draws
attention to the need to dissect out the cell-specific
functions of each regulatory factor to fully understand
lineage specification and maintenance. The phenotype of
mice carrying a disruption of the Nkx2.2 TN domain has
revealed that the Grg-mediated repressor activity of
Nkx2.2 controls two stages of development (schematized
in Fig. 7B): (1) Grg-mediated Nkx2.2 repression is not
required for the early commitment of b versus a cells, but
is required for the correct balance of b and e cells that
form at the beginning of the secondary transition. (2) The
functions mediated by this interaction are also critical for
the maintenance of b-cell identity by preventing ectopic
expression of Arx in b cells. This emphasizes the impor-
tance of understanding the spatial and temporal regula-
tion of cofactors in lineage commitment decisions and
underscores the potential importance of epigenetic and
transcription factor interactions to further regulate pro-
moter occupancy. Our studies, coupled with those of
Dhawan et al. (2011), suggest that Nkx6.1, Nkx2.2,
Dnmt3a, and MeCP2 converge on methylated DNA of
the Arx promoter specifically in b cells to recruit histone
modifiers (HDAC1 and PRMT6, respectively), in order to
silence Arx expression (schematized in Fig. 7). Further
understanding of the precise molecular events of islet
cell-specific transcriptional networks on individual pro-
moters will aid in formulating effective protocols to
induce and maintain appropriate endocrine lineage com-
mitment from alternative cell sources, such as embryonic
stem cells or induced pluripotent cells, for the treatment
of diabetes.

Materials and methods

Generation of Nkx2.2TNmut mice

The Nkx2.2 TN domain mutant (Nkx2.2TNmut) mice were
generated using the two-step recombination-mediated cassette
exchange (RMCE) technology (Chen et al. 2011) to insert amino
acid substitutions in the endogenous Nkx2.2 locus. To do so, we
first engineered an Nkx2.2 loxed cassette acceptor (Nkx2.2LCA)
allele using the strategy and plasmids described in Chen
et al. (2011) (L Arnes, K Leclerc, JM Friel, SB Hipkens, MA
Magnuson, and L Sussel, in prep.). Second, to generate the
Nkx2.2TNmut allele, we then made a basal exchange Nkx2.2
targeting vector containing a 5.1-kb genomic (129-S6) DNA
fragment encompassing the two Nkx2.2 coding exons. PCR-
mediated site-directed mutation of the TN domain was per-
formed using the QuikChange Site-Directed Mutagenesis kit
(Stratagene) to replace the conserved TN domain core SVKD12–15

amino acids with four alanine residues and the invariant leucine
(L17) with valine, an equally hydrophobic amino acid. We also
introduced a SalI restriction site for genotyping purposes. All
mutations were verified by DNA sequencing. The Nkx2.2TNmut
exchange vector was used to perform RMCE using mouse
embryonic stem cells containing the Nkx2.2LCA allele. A dual,
positive-negative selection strategy was used to identify clones
that had undergone cassette exchange (Chen et al. 2011), which
were then confirmed by DNA PCR. Positive clones were further
analyzed by Southern blot analysis for the presence of the novel
SalI restriction site. Nkx2.2TNmut/+ embryonic stem cells were
injected into blastocysts obtained from the mating of C57Bl/6

mice, then transferred to pseudopregnant C57Bl/6 mice. Male
chimeras were bred to C57Bl/6J female mice, and agouti off-
spring were PCR-genotyped using Nkx2.2 allele-specific primers
that distinguish between the wild-type and Nkx2.2TNmut allele
(Fig. 1B): oKL6 (FWD, wild type), GTCAAGGACATCTTGG
ACCTTCCG; oKL1 (FWD, Nkx2.2TNmut), TTTGCAGCAGCGG
CAATC; and oKL5 (REV, wild type and Nkx2.2TNmut), ATCCGG
GATGGGACTTGGACATTA. The FRT-flanked hygromycin cas-
sette was subsequently removed by mating to FlpE mice (Rodriguez
et al. 2000). All procedures to generate the Nkx2.2TNmut mice
were approved by the Vanderbilt University Animal Care and
Use Committee.

Animal maintenance

All mice were maintained on a Swiss Black (Taconic) background
and housed and treated according to the Columbia University
Institutional Animal Care and Use Committee approval pro-
tocol. Genotyping of Nkx2.2TNmut mice and embryos was
performed using Nkx2.2 allele-specific primers (described above).
Genotyping of Arxflox/flox mice, Ins:Cre mice, Rosa26:Tomato
mice, Rosa26:LacZ mice, and Pdx:CreER mice was performed as
previously described (Herrera 2000; Gu et al. 2002; Marsh et al.
2009; Madisen et al. 2010).

Immunohistochemistry

Tissues were fixed in 4% PFA for 4 h or overnight, washed in cold
PBS, incubated in 30% sucrose, and cryopreserved. Immunoflu-
orescence was performed on 7 mM sections. See Supplemental
Table 1 for a list of antibodies used. Fluorescent images were
obtained with a Nikon Eclipse 80i microscope, Q-image camera,
and ImagePro software (Media Cybernetics). Confocal images
were captured using a Zeiss LSM 510 upright (pinhole = 1).
For quantification purposes, stained cells were counted manu-
ally on every fourth section (E12.5 and eE13.5) and every eighth
section (E15.5) throughout the entire pancreas for the wild type
(n = 3) and mutant (n = 3). For animals at E18.5, the number
of stained cells, which were counted on every eighth section,
was divided by total pancreas area. All values are expressed as
mean 6 SEM. Statistical analysis was performed using a two-
tailed Student’s unpaired t-test. Results were considered signif-
icant when P < 0.05.

RNA analysis

Total RNA was isolated from whole pancreatic tissue from the
respective embryonic ages (RNeasy, Qiagen), and cDNA was
prepared using the SuperScript III kit (Invitrogen) and random
hexamer primers. Quantitative PCR was performed using 200 ng
of cDNA, PCR master mix (Eurogentec), and TaqMan probes
(ABI Assays on Demand). See Supplemental Table 2 for a list of
primers used. All genes were normalized to Cyclophilin B and
were quantified with ABI prism software. An n $ 4 was obtained
for all mouse populations. All values are expressed as mean 6

SEM. Statistical analysis was performed using a two-tailed
Student’s unpaired t-test. Results were considered significant
when P < 0.05.

ChIP

a-TC1 and b-TC6 cells were grown to ;80% confluency in a
15-cm culture dish and were formaldehyde-cross-linked accord-
ing to the ChIP-IT Express kit (Active Motif). Cross-linked
chromatin was fragmented by sonication using a Diagnode
BioRupter (8 min to 30 sec on/off). Three micrograms of mouse
a-Nkx2.2 (Developmental Studies Hybridoma Bank [DSHB]),
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rabbit a-TLE3 (Santa Cruz Biotechnologies), rabbit a-HDAC1
(Santa Cruz Biotechnologies), rabbit a-Nkx6.1 (Beta Cell Biology
Consortium), or mouse a-IgG (AbCam) was added to the sheared
chromatin. The antibody/chromatin complexes were left to
rotate end to end overnight at 4°C. Antibody/chromatin com-
plexes were pulled down using ChIP-grade protein G magnetic
beads (Cell Signaling). Chromatin was washed, eluted, and
reverse-cross-linked, followed by protease treatment. Chromatin
fragments were then analyzed by quantitative PCR using SYBR
Green fluorescence with the following primers: Arx (FWD),
TCCTCCACCATTTGAGGGTA; and (REV), GCAACTTGAGG
GGGTACAGA. All values are expressed as mean 6 SEM. Statis-
tical analysis was performed using a two-tailed Student’s unpaired
t-test. Results were considered significant when P < 0.05.

Coimmunoprecipitation and Western

Nuclear extraction was performed on excised pancreata from
P0 mouse pups using the Nuclear Complex Co-IP kit (Active
Motif). Nuclear extract was pooled from five wild-type or five
mutant animals. One-hundred-fifty micrograms of nuclear
extract and 5 mg of rabbit anti-TLE3 (Santa Cruz Biotechnol-
ogies), rabbit a-Dnmt3a (Santa Cruz Biotechnologies), mouse
a-Nkx2.2 (DSHB), or rabbit anti-IgG (Chemicon) were incu-
bated overnight at 4°C, rotating end to end. Protein/antibody
complexes were pulled down using protein G DynaBeads
(Invitrogen). Protein/antibody complexes were washed, eluted,
and run on a NuPAGE Novex 10% Bis-Tris gel (Invitrogen).
Proteins were transferred onto a nitrocellulose membrane
(GE Healthcare) and probed using mouse anti-Nkx2 or rabbit
a-Dnmt3a. For immunoprecipitation control, the membrane
was stripped, washed, and reprobed with the antibody that was
used for the initial immunoprecipitation.

Luciferase assays

To generate the Arx-Luciferase reporter, a 2.5-kb fragment of the
Arx genomic region upstream of the transcriptional start site was
PCR-amplified from mouse tail genomic DNA using the follow-
ing primers: oRS18 (FWD), ACGCGTTGCACCTCCCCCTTTA
CAGTGGGTGATTA; and oRS19 (REV), AGATCTTGGGCT
CAGAGAGCGGACCT. MluI and BglII sites were incorporated
into the 59 and 39 ends, respectively, to facilitate cloning into the
pGL3 basic promoter-less luciferase reporter vector using MluI
and BglII cloning sites. The resulting plasmid was verified by
DNA sequencing. Luciferase assays were performed in aTC1 and
bTC6 cell lines using the Dual-Luciferase Reporter Assay
System (Promega) as described previously (Hill et al. 2010).

Tamoxifen treatment in Pdx:CreER;R26R:Tomato mice

Pdx:CreER was induced with a 5-mg intraperitoneal injection of
tamoxifen (Sigma) in 3-wk-old mice every 48 h for 4 d. On the
fifth day, pancreata were harvested and fixed in paraformalde-
hyde, as described above, and immunostained for indicated
hormones.

In vitro siRNA-mediated knockdown

Knockdown of Dnmt3a, Arx, and Dnmt3a+Arx in Min6 cells was
performed by transfection of specific-targeting small inhibitory
RNAs or scrambled controls (Dharmacon Research, Inc.) using
Lipofectamine-2000 (Invitrogen), according to the manufac-
turer’s instructions, in OPTI-MEM medium. Min6 cells were
transfected with appropriate siRNAs or scrambled controls every

3 d (average transfection efficiency, 65%–80%), and samples
were harvested at 4 d post-transfection, as indicated. RNA was
isolated from cells using TRI Reagent (MRC) and treated with
DNase (Ambion) according to the manufacturers’ instructions.
One microgram of RNA was used for preparation of single-
stranded cDNA using SuperScript III reverse transcriptase
(Invitrogen) by the oligodT priming method. Real-time RT–PCRs
were performed using the Fast SYBR Green Master Mix (Applied
Biosystems) and the 7900HT Fast Real-Time PCR equipment
(Applied Biosystems). The expression levels of each transcript
were normalized to the housekeeping gene Cyclophilin. Each
real-time PCR experiment shown is a representative from at
least three independent experiments. Primers for RT–PCR are
listed in Supplemental Table 2.
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