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Background: Opportune expression of MafA is essential for the development and function of pancreatic S cells.
Results: Onecutl markedly decreased MafA gene expression through the Foxa2-binding cis-element on the MafA gene

enhancer region.

Conclusion: Onecutl functions as a negative regulator of MafA gene expression.
Significance: Onecutl is likely involved in MafA gene expression in embryonic and diabetic 3 cells.

The transcription factor MafA is a key regulator of insulin
gene expression and maturation of islet B cells. Despite its
importance, the regulatory mechanism of MafA gene expression
is still unclear. To identify the transcriptional regulators of
MafA, we examined various transcription factors, which are
potentially involved in 8 cell differentiation. An adenovirus-me-
diated overexpression study clearly demonstrated that Onecutl
suppresses the promoter activity of MafA through the Foxa2-
binding cis-element on the MafA enhancer region (named area
A). However, ChIP analysis showed that Foxa2 but not Onecutl
could directly bind to area A. Furthermore, overexpression of
Onecutl inhibited the binding of Foxa2 onto area A upon ChIP
analysis. Importantly, insertion of a mutation in the Foxa2-
binding site of area A significantly decreased the promoter
activity of MafA. These findings suggest that Onecutl sup-
presses MafA gene expression through the Foxa2-binding site.
In the mouse pancreas, MafA expression was first detected at the
latest stage of 3 cell differentiation and was scarcely observed in
Onecutl-positive cells during pancreas development. In addi-
tion, Onecutl expression was significantly increased in the islets
of diabetic db/db mice, whereas MafA expression was markedly
decreased. The improved glucose levels of db/db mice with insu-
lin injections significantly reduced Onecutl expression and res-
cued the reduction of MafA expression. These in vivo experi-
ments also suggest that Onecutl1 is a negative regulator of MafA
gene expression. This study implicates the novel role of Onecut1
in the control of normal @ cell differentiation and its involve-
ment in B cell dysfunction under diabetic conditions by sup-
pressing MafA gene expression.

Insulin is the critical hormone for the regulation of blood
glucose levels and is synthesized exclusively in 8 cells of the
islets of Langerhans. The molecular mechanisms that control
insulin gene transcription are well characterized (1-7). MafA
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was identified as a strong trans-activating factor of the insulin
gene (8-10). Compared with other insulin transcription fac-
tors, such as Pdx1 and Neurod1, which are expressed early in
pancreas development, MafA expression in mice is detected at
embryonic day E13.5, the late stage of pancreas development. In
addition, MafA can be detected only in insulin-positive cells
during the pre- and postnatal period, although both Pdx1 and
Neurod]l are expressed in various cell types in the pancreas
(11-16). These findings suggested that MafA is one of the key
regulators of insulin gene expression, and its own expression is
also precisely regulated by other transcription factors involved
in pancreas and islet development. In fact, MafA knock-out
mice displayed decreased insulin gene expression and impaired
glucose-stimulated insulin secretion resulting in the develop-
ment of diabetes (14). Furthermore, the expression of MafA in
the early embryonic pancreas inhibits proliferation of pancre-
atic progenitors and reduces both pancreatic size and the num-
ber of endocrine cells (16). All of these reports indicated that
timely expression of MafA is essential for the development and
normal function of pancreatic (3 cells.

Many transcription factors, including Pdx1 and Neurod1, are
known to be involved in the development of the pancreas (12—
21). Among them, Onecutl (formerly known as HNF6), a
homeodomain-containing transcription factor, is an important
regulator of pancreatic endocrine development (17-23), as
shown with Onecutl null mice, in which endocrine differentia-
tion was disturbed during embryogenesis (22). Onecutl is
expressed early in pancreatogenesis in all endodermally derived
cells and activates expression of the transcription factors Pdx1
(22) and Ngn3 (23), but its expression rapidly disappears as
pancreatic progenitors are specified to the endocrine lineage
(22—24). Prolonged expression of Onecutl in the pancreatic
endocrine cell lineage using a transgenic strategy showed dis-
rupted islet morphogenesis in which the numbers of 3 cells
were relatively decreased (24). These results and its expression
pattern indicate that Onecutl is a critical regulator for the ini-
tiation of endocrine specification.

Foxa2 (Forkhead box protein A2; formerly known as HNF33)
is one of the key regulators of endodermal cell lineage develop-
ment (25-27). The expression of Foxa2 mRNA is first detected
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FIGURE 1. Suppressive effect of transcription factors on MafA promoter activity. A reporter plasmid, including the mouse MafA promoter/enhancer
region (—10.5to —1 kbp from the coding sequence) upstream of the firefly luciferase coding sequence, was co-transfected into MING6 cells together with
the expression plasmids for various transcription factors. The activities of firefly luciferase were normalized with phRL-TK-driven Renilla luciferase
activity. Data are expressed as mean =+ S.D. with the basal MafA promoter activity being arbitrarily set at 1 (n =5). *, p < 0.05; **, p < 0.01 versus control

empty vector.

at E6.5 in the node at the anterior end of the primitive streak in
all three germ layers, and in the developing pancreas, the
expression of Foxa2 is restricted in the endocrine cells and
absent in the ductal epithelium (27). In the islet B cells, Foxa2
binds to the conserved cis-acting elements of the MafA and
Pdx1 genes, and inserting of a mutation in its binding site
reduced the transcription activity of these genes (28, 29). These
findings suggest that Foxa2 positively regulates MafA and Pdx1
gene expression and plays a key role in  cell function.

In this study, we found that Onecutl suppresses MafA gene
expression by negatively regulating the Foxa2-binding cis-ele-
ment of the MafA gene. Consistent with our in vitro results,
immunostaining experiments showed that Onecutl-positive
cells scarcely expressed MafA during pancreas development.
Interestingly, Onecutl gene expression was markedly increased in
the islet cells under diabetic conditions, whereas MafA expression
is suppressed in contrast to Onecutl. These findings suggest a
novel role of Onecutl in the regulation of normal 3 cell differen-
tiation and function through MafA gene expression.

EXPERIMENTAL PROCEDURES

Preparation of Expression Plasmids and Reporter Analysis—
The whole enhancer/promoter sequence of the mouse MafA
gene, including —10,427 to +22 bp from the MafA-coding
sequence (a kind gift from Dr. Roland Stein) was inserted
upstream of the firefly luciferase coding sequence in the PGL4
basic reporter plasmid (Promega). Using the whole MafA
reporter plasmid as a template, individual reporter plasmids,
including fragments of the MafA enhancer/promoter region (area
A, —8152to —7780bp; area B, —6160 to —5634 bp; area C, —2291
to —1747 bp; area D, —878 to —641 bp; and area E, —249 to —1
bp), were constructed. For the insertion of mutations into area A,
the QuikChange mutagenesis kit (Stratagene) was utilized. All
sequences were confirmed by DNA sequencing.

The coding sequence of each transcription factor (Foxa2,
Onecutl, Pdx1, Hb9, Ptfla, Sox9, Ngn3, Neurodl, Insm1l, and
Hes1) was cloned into the BamHI and Sacl sites of pcDNA3.1
(Invitrogen). Dual-Luciferase® reporter assays were performed
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48 and 60 h after transfection, according to the manufacturer’s
protocol (Promega). The normalized firefly luciferase data by
TK-Renilla luciferase (phRL-TK) were statistically analyzed by
the two-tailed ¢ test.

Preparation of Adenoviruses and Sample Isolation—Recom-
binant adenoviruses expressing Foxa2 (Ad-Foxa2), Onecutl
(Ad-Onecutl), Hb9 (Ad-Hb9), and Ptfla (Ad-Ptfla) were pre-
pared as described previously (30). An adenovirus expressing
only GFP (Ad-GFP) was also prepared as a control. MING6 cells
were treated with each adenovirus for 60 h, followed by isola-
tion of nuclear proteins and total RNA.

Western Blotting Analysis—Western blotting analyses were
performed using goat B-actin antibody (Santa Cruz Biotechnol-
ogy), rabbit MafA antibody (Bethyl), goat anti-Foxa2 antibody,
rabbit anti-Onecutl antibody (Santa Cruz Biotechnology), and
rabbit anti-Pdx1 antiserum (31).

Real Time RT-PCR—One microgram of total RNA was
reverse-transcribed and used for real time PCR analysis. Primer
sets for mouse MafA (numbering relative to ATG, forward
7"TTCAGCAAGGAGGAGGTCAT and reverse °">*CCGC-
CAACTTCTCGTATTTC; 217 bp) and mouse B-actin (for-
ward “7*GCTCTTTTCCAGCCTTCCTT and reverse
CTTCTGCATCCTGTCAGCAA; 168 bp) were utilized to
quantify each factor.

Electrophoretic Mobility Shift Assay—The gel-shift assay was
performed with DIG Gel shift kit, 2nd generation (Roche
Applied Science). DNA probes used in this assay were as follows
(mutated bases are underlined): area A-1, GGCTCCACT-
CAGCCTTGTTTAGGGAGAAAA, area A-1 mutated competi-
tor, GGCTCCACTCAGCCTTGCGTGGGAGAAAA; area A-2,
CTTTCTGTAAACATTTTACAGCTCTCTGCG, area A-2
mutated competitor, CTTTCTGTACGCATTTTACAGCTC-
TCTGCG; area A-3, TATCATTTTATTGTCATATTTCAC-
GGCCQG, area A-3 mutated competitor, TATCATTTTATTG-
TCATAGCTCACGGCCG. According to the manufacturer’s
instructions, the binding reactions were performed with 6 ug of
nuclear extract from MING6 cells and 30 fmol of digoxigenin-
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labeled probes. Competition analysis was performed with a
molar excess of unlabeled competitor to labeled probe (250-
fold). Antibody supershift analyses were performed with 0.4 ug
of goat anti-Foxa2 antibody (Santa Cruz Biotechnology) or
rabbit anti-Onecutl antibody (Santa Cruz Biotechnology)
preincubated with extract protein for 15 min prior to the add-
ition of the DNA probe. The protein-DNA probe complexes
were electrophoresed on a 6% nondenaturing polyacrylamide
gel (acrylamide/bisacrylamide ratio of 29:1) in 0.5 X TBE
buffer. The gel was electroblotted onto a positively charged
nylon membrane (Roche Applied Science). The blotted
membranes were cross-linked with UV (1200 X 100 uJ/cm?).
The digoxigenin-labeled oligonucleotides were visualized by an
enzyme immunoassay using alkaline phosphatase-conjugated
anti-digoxigenin antibody and the chemiluminescent substrate
CSPD (disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2'-(5'-
chloro)tricyclo[3.3.1.1*”]decan}-4-yl)phenyl phosphate).

Immunoprecipitation Assay—Co-immunoprecipitations were
performed using the co-immunoprecipitation kit (Pierce).
According to the manufacturer’s instructions, 10 pg of goat
anti-Foxa2 antibody (Santa Cruz Biotechnology) or goat anti-
Onecutl antibody (MafA gene) was coupled with 10 ug of
MING6 nuclear extract with or without adenoviral Onecutl
overexpression. Immune complexes were eluted from the resin,
and samples were analyzed by SDS-PAGE followed by immu-
noblotting analysis using rabbit anti-Foxa2 antibody and rabbit
anti-Onecutl antibody.

Immunohistochemistry—Pancreas tissues were fixed over-
night in 4% paraformaldehyde at 4 °C. Embedded samples in
paraffin were sliced into 4-um sections and mounted on glass
slides. Double immunofluorescence staining was performed
using rabbit or goat anti-MafA at 1:500 dilution, goat anti-Foxa2
at 1:200 dilution (Santa Cruz Biotechnology), and rabbit anti-One-
cutl antibody at 1:200 dilution (Santa Cruz Biotechnology). Sec-
ondary antibodies were donkey anti-rabbit and anti-goat antibod-
ies at 1:200 dilution (Jackson ImmunoResearch). Improved
sensitivity of goat anti-MafA antibody was achieved by using
the avidin-biotin complex. Fluorescent images were captured
on a confocal microscope.

Chromatin Immunoprecipitation (ChIP) Analysis—ChIP
analysis was performed as described previously with some
modifications (32). MING6 cells were preincubated with each
adenovirus for 60 h. The cells were then formaldehyde cross-
linked for 10 min, followed by quenching in 125 mm glycine.
Cells were resuspended in lysis buffer and sonicated to obtain
500-1000-bp DNA fragments. The protein-DNA complexes
were isolated by incubation with 100 ug of Dynal beads and 10
pg of the following antibodies: goat anti-Foxa2 antibody (Santa
Cruz Biotechnology), rabbit anti-Onecutl antibody (Santa
Cruz Biotechnology), and normal rabbit IgG and normal goat
IgG. Real time PCR was performed with purified immunopre-
cipitated DNA as a template using the primers specific for area
A-2 (forward GAGGGCTGATTTAATTAGAAAG and re-
verse CGTTACGGCCGTGAAATATGA).

Knockdown Experiments—shRNA-expressing lentiviruses
were utilized for the knockdown study according to the manu-
facturer’s instructions. MING6 cells were infected with lentivirus
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FIGURE 2. Foxa2 and Onecut1 suppress the expression of MafA. Total RNA
and nuclear protein were isolated from MING6 cells at 48 or 60 h after Ad-Foxa2,
Ad-Onecut1, Ad-Hb9, or Ad-Ptf1a infection. Real time PCR analysis was per-
formed using 1 ng of total RNA to evaluate the amount of mRNA of MafA (A),
Pdx1 (B), and the B-actin control. Each MafA mRNA level was normalized with
that of B-actin. Data are presented as relative amounts = S.D., with the ratio of
MafA mRNA level with control Ad-GFP treatment being arbitrarily setat 1 (n =
4). *, p < 0.05. C, Western blotting was performed with 10 pg of nuclear
protein isolated from MING cells that were incubated with each adenovirus or
control Ad-GFP for 48 or 60 h.

containing control or Foxa2-targeting shRNA (shFoxa2,
CGCAGCTACACACACGCCA).

After selecting shRNA-integrated MING cells in the pres-
ence of 2 pug/ml puromycin (Sigma) for 3 days, cells were
reseeded and cultured in complete medium. Two days later,
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FIGURE 3. Foxa2 and Onecut1 regulate MafA promoter activity through area A. Reporter plasmids containing various lengths MafA promoter fragments
(area A to E) were co-transfected with a Foxa2- (A) or Onecut1 (B)-expressing plasmid into MING6 cells. Sixty hours after transfection, cells were harvested, and
luciferase assays were performed. Activity levels of MafA promoter-driven firefly luciferase were normalized with phRL-TK-driven Renilla luciferase (Luc) activity.

* p < 0.05.

total RNA was isolated and subjected to quantitative RT-
PCR experiments.

Statistical Analysis—Data are expressed as means = S.D. Sta-
tistical analysis was performed using the two-tailed Student’s ¢
test. A value of p < 0.05 was considered to be statistically
significant.

RESULTS

Excessive Expression of Onecutl or Foxa2 Reduces MafA Gene
Expression—We first evaluated various transcription factors
involved in pancreas development as candidates for the tran-
scriptional regulator of MafA gene expression. To determine
whether these transcription factors regulate MafA promoter
activity, reporter gene analysis was performed by co-transfect-
ing a MafA enhancer/promoter reporter plasmid and each
expression vector for the candidate transcription factors into
MING cells. As shown in Fig. 1, the overexpression of Ptfla,
Onecutl, Hb9, or Foxa2 significantly reduced MafA promoter
activity. This result suggests that these four transcription fac-
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tors negatively regulate MafA gene expression. To examine
whether these transcription factors actually influence endoge-
nous MafA gene expression, we infected MING6 cells with
adenoviruses expressing Foxa2 Oncutl, Hb9 or Ptfla. As
shown in Fig. 2, A and B, overexpression of Onecutl or Foxa2
significantly reduced MafA mRNA levels within 48 h after ade-
novirus infection, although the mRNA level of another key
insulin transcription factor, Pdx1, was not significantly affected
by these factors. Consistent with these results, Western blot
analysis showed that overexpression of Foxa2 or Onecutl dra-
matically reduced MafA protein levels (Fig. 2C). However, Pdx1
was not influenced as much by Foxa2 or Onecutl. These results
demonstrate that overexpression of Foxa2 or Onecutl exclu-
sively reduces endogenous MafA expression.

Onecutl and Foxa2 Regulate MafA Promoter Activity
through Area A—To determine the cis-element responsible for
regulation of the MafA gene by Foxa2 and Onecutl, we con-
structed a reporter plasmid, including —10427 to +22 bp of the
mouse MafA enhancer/promoter region, which shows maxi-
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mum activity for the MafA promoter in S cells (29). Within the
MafA enhancer region on the reporter plasmid, there are 2 and
20 consensus binding sites of Onecutl and Foxa2, respectively
(data not shown).

Next, we constructed reporter plasmids, including several
of these consensus sites, which we named areas A to E. As
shown in Fig. 3, the expression of Foxa2 or Onecut1 signifi-
cantly reduced the reporter activity driven by the MafA area
A enhancer region, as well as the whole length of the MafA
enhancer region. These results suggest that Onecutl and
Foxa2 regulate MafA gene expression through area A.

Foxa?2 Binds to Area A of the MafA Enhancer Region—Area A
is a highly conserved region between rodent and human, and
this region includes three Foxa2 consensus binding sites, which
we named area A-1 to A-3 (Fig. 4A4). It is notable that there are
no Onecutl consensus binding sites within area A. Gel-shift
analysis showed that endogenous and overexpressed Foxa2
could directly bind to area A-2 (Fig. 4, B and C) and that area
A-2-binding protein was mainly Foxa2 as indicated by super-
shift analysis, although it did not bind to area A-1 or A-3 (data
not shown). The ChIP with an anti-Foxa2 antibody also dem-
onstrated that Foxa2 directly binds to area A in vivo (Fig. 4D).
Unlike Foxa2, protein expression of Onecutl was not detecta-
ble in MING cells by Western blotting (data not shown). This is
consistent with in vivo observations that Onecutl expression
is absent in pancreatic cells producing endocrine hormones.
Thus, we first overexpressed Onecutl in MING6 cells by the
adenoviral delivery system, and we performed gel-shift anal-
ysis using nuclear extracts from these cells, as well as ChIP
analysis with an anti-Onecutl antibody (Fig. 4, E and F).
Both experiments clearly showed that Onecutl did not bind
to area A-2, although Onecutl seems to act as a negative
regulator.

Onecutl Inhibits Foxa2 Binding to the MafA Promoter—Al-
though overexpression of Onecutl suppresses MafA gene
expression through area A (Fig. 3), it did not show any direct
binding to this area of the MafA promoter on gel-shift analysis.
These results led us to the hypothesis that Onecutl suppresses
MafA gene expression through the Foxa2-binding cis-element
on area A-2. To examine if Onecutl affects Foxa2 binding, an
immunoprecipitation assay was performed using nuclear
extracts of Onecutl-overexpressed MING cells. It was clearly
demonstrated that the Foxa2 antibody pulls down the Onecutl
protein, which indicates the interaction of Foxa2 and Onecutl
(Fig. 5A). To evaluate the effects of Onecutl on Foxa2 activity,
ChIP was performed. As shown in Fig. 5B, Onecutl signifi-
cantly attenuated the binding of endogenous Foxa2 to area A in
MING6 cells. Furthermore, the results using islet cells also
showed Onecutl overexpression in islet cells decreased the pull
downed amount of DNA fragments by Foxa2 antibody to unde-
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FIGURE 5. Onecut1 interacts with Foxa2 and inhibits binding ability of
Foxa2 to MafA promoter in vivo. A, 10 g of goat anti-Foxa2, goat anti-
Onecut1, or control goat IgG was coupled with 10 ug of MIN6 nuclear extract
with adenoviral Onecut1 overexpression. Immune complexes were eluted
from the resin and applied to SDS-PAGE followed by immunoblot analysis
using arabbit anti-Onecut1 antibody. ChIP analysis was performed with MIN6
(B) and mouse primary cultured islet (C) cells preincubated with Ad-Onecut1
or control Ad-GFP for 60 h. Formaldehyde cross-linked chromatin from MIN6
cells was incubated with antibodies specific to Foxa2 or a control IgG anti-
body. Immunoprecipitated (/P) DNA was quantified by real time PCR using
primers specific to area A-2. Data are presented as relative amounts *+ S.E.,
with the ratio of immunoprecipitated DNA level by nonspecific IgG arbitrarily
setat 1 (n = 4)in B, or DNA level from input sample arbitrarily setat 1 (n = 4)
in C. %, p < 0.05.

tectable levels. These results suggest that Onecut1 directly sup-
presses the effect of endogenous Foxa2 on MafA gene
expression.

Appropriate  Amount of Foxa2 Activates MafA Gene
Expression—Because Onecutl suppressed MafA gene expres-
sion and simultaneously reduced the binding activity of Foxa2
to area A on the enhancer region of the MafA gene, we exam-
ined in detail the effect of Foxa2 on MafA gene expression. For

FIGURE 4. FoxA2 directly binds to area A-2 in vivo. A, area A (—8152 to —7780 bp) of the MafA gene enhancer region is illustrated. The mutation designed in
the Foxa2 binding consensus within area A is underlined. A potential Foxa2-binding cis-element within area A-2 was used as a probe in gel-shift binding assays
with MIN6 nuclear extract (B), nuclear extract from Foxa2- (C) or Onecut1 (E)-overexpressed MING cells. The specificity of protein-DNA (area A-2) complex
formation was determined by competition with a 250-fold excess of unlabeled wild-type competitor (lane 3), mutant competitor (lane 4), or specific antibodies
as indicated. D and F, ChlIP analysis was performed with MIN6 cells preincubated with Ad-Foxa2, Ad-Onecut1, or control Ad-GFP for 60 h. Formaldehyde
cross-linked chromatin from MING cells was incubated with antibodies specific to Foxa2, Onecut1, or control IgG antibody. The amount ofimmunoprecipitated
DNA was analyzed by real time PCR using primers specific to area A-2. Data are presented as relative amounts = S.D., with the level ofimmunoprecipitated DNA

by nonspecific IgG arbitrarily setat 1 (n = 4).*, p < 0.05.
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this purpose, we performed reporter gene analyses using lucif-
erase reporter plasmids containing mutated Foxa2-binding
sites of area A on MafA enhancer region (Fig. 6A). Insertion of
a mutation within area A-2 significantly decreased MafA pro-
moter activity, whereas mutation of area A-1 and area A-3
showed no effects on that activity. These results demonstrate
that the area A-2 cis-element is critical for MafA gene activa-
tion, which is consistent with a previous report (29). To gain
further insight into the role of Foxa2 on MafA gene expression,
Foxa2 was knocked down using the lentivirus-mediated shRNA
expression system. As shown in Fig. 6B, the mRNA level of
Foxa2 was reduced down to 40% using this system, and MafA
gene expression was significantly decreased. These results sug-
gest that an appropriate amount of Foxa2 promotes MafA gene
expression through its binding to the area A-2 cis-element of
the MafA gene.

Onecutl Can Be a Negative Regulator of MafA in Vivo—To
examine the physiological relevance of Onecutl or Foxa2 on
MafA expression in vivo, immunohistochemical analysis was
performed. Because MafA expression is first detected at the
beginning of the principal phase of insulin-producing cell
emergence, namely E13.5, and a large amount of MafA expres-
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sion is observed at E16.5, the expression patterns of these tran-
scription factors were examined at E16.5. As shown in Fig. 74,
MafA expression was observed in the embryonic pancreas
within Foxa2-positive cells. In contrast, MafA expression was
not observed in most Onecutl-positive cells. In the adult pan-
creas, Foxa2 and MafA continue to be co-expressed, although
Onecutl expression was scarcely detected in islet cells under
normal conditions (Fig. 7B). These results imply that the disap-
pearance of Onecutl is required for initiating MafA gene
expression in the embryonic pancreas.

Increased Expression of Onecutl under Diabetic Conditions—
As another experiment, we evaluated the expression pattern of
those factors in the pancreas of db/db type 2 diabetic model
mice, as MafA expression is markedly decreased under diabetic
conditions (33-35). Intriguingly, Onecut1 expression was dra-
matically increased in these islets under diabetic conditions
(Fig. 84), and MafA expression was not detected in most One-
cutl-positive cells, as observed in the embryonic pancreas (Fig.
8B). With respect to Foxa2, its expression appeared to be
decreased under diabetic conditions, with the expression not
being as much as MafA (Fig. 8C). As we showed previously,
improvement of blood glucose levels preserves the expression
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FIGURE 7. MafA expression can be detected only in Onecut1 negative cells. Pancreatic sections from mouse embryo at E16.5 (A) and mature mouse at 7
weeks of age (B) were immunostained with Foxa2 or Onecut1 (red) and MafA (green) antibodies. Islets are outlined with dotted line. Scale bars, 20 um.

of MafA in islet B cells (35). Thus, to determine whether
improvement of glycemic control in db/db mice could modu-
late Onecutl expression, we administered insulin (glargine) or
thiazolidine (pioglitazone) into db/db mice as reported previ-
ously (35). As shown in Fig. 8D, improvement of glycemic con-
trol with insulin or thiazolidine administration cancelled the
increase in expression of Onecutl and the suppression of MafA.
These results suggest that Onecutl induced under diabetic
conditions is involved in the reduction of MafA, which contrib-
utes to the 3 cell dysfunction.

DISCUSSION

MafA plays a critical role in islet B cell function, especially in
insulin biosynthesis and secretion. Consistent with its impor-
tance in islet 3 cells, MafA is expressed only in insulin-produc-
ing cells during pancreas development that are destined to pop-
ulate the islet 3 cells, which is an expression pattern not found
for any other characterized transcription factors. Such a spe-
cific expression pattern of MafA led to the idea that MafA gene
expression is elaborately regulated by the transcription factors
associated with development of the pancreas. Thus, in this
study, we examined whether MafA gene expression is regulated
by such transcription factors. Among many of these factors, we
showed that Onecutl directly suppresses transcription of the
MafA gene. Our finding is consistent with the report using
transgenic mice in which Onecut1 is overexpressed in postnatal
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islets, resulting in B cell dysfunction accompanied by sup-
pressed expression of MafA (36). The physiological expression
pattern of Onecutl, during pancreas development, also sup-
ports the association between MafA and Onecutl as MafA
expression was detected mostly in Onecutl negative cells (Fig.
7). Considering that Onecutl is essential for early endocrine
differentiation, its rapid down-regulation is necessary for spec-
ification to the endocrine lineage (23, 24), and that MafA is a
critical factor for the final differentiation of islet 3 cells (16), it is
surmised that Onecutl is required for inhibiting MafA gene
expression to maintain a pool of immature endocrine cells until
the proper developmental period. However, another critical
insulin transcription factor, Pdx1, tends to be but is not signif-
icantly suppressed by Onecutl, although Pdx1 is one of the
target genes of Foxa2. These differences between MafA and
Pdx1 imply the existence of an elaborate mechanism on tran-
scriptional regulation for each factor.

Intriguingly, we identified that Onecutl affects MafA gene
promoter activity through area A-2 located within area A,
which was reported as a critical enhancer region to control
whole MafA gene expression (29). Our detailed experiments
indicate that there is no binding site of Onecutl within area
A-2, which is the critical enhancer region on the MafA gene,
although Onecutl inhibits MafA gene promoter activity
through this area. As an important observation, area A-2
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FIGURE 9. Converse expression pattern of Onecut1 to MafA and a possible explanation how Onecut1 suppresses the gene expression of MafA. The
expression pattern of Onecut1 is contrary to that of MafA in embryonic pancreas and mature islets. We showed that Onecut1 decreases the expression of MafA
via inhibiting positive regulators that bind to area A-2, such as Foxa2. Although the mechanism for biphasic function of Foxa2 on MafA remains to be
elucidated, it might be explained by the existence of co-activator of Foxa2. Excessive amount of Foxa2 may occupy the co-activator and inhibit the adequate

activation of Foxa2 on MafA gene area A-2.

includes a Foxa2-binding consensus sequence (29), and adding
a mutation into this consensus sequence results in a significant
decrease of MafA gene promoter activity (Fig. 6A). These find-
ings suggest that Onecutl decreases the expression of MafA via
inhibiting positive regulators that bind to area A-2, such as
Foxa2, during embryonic stage and under diabetic conditions
(Fig. 9). In contrast to Onecutl, ChIP analysis demonstrated
that Foxa2 directly binds to area A (Fig. 4C), and an appropriate
amount of Foxa2 appears to increase the transcription of the
MafA gene, as shown in the results of Foxa2 knockdown anal-
ysis (Fig. 6B). Furthermore, the protein pulldown assay proved
the binding of Onecutl and Foxa2 in vivo. All of these results
support the idea that Onecutl decreases the activity of Foxa2,
and consequently, MafA gene expression is suppressed by One-
cutl. In fact, protein and the mRNA level of Foxa2 were sup-
pressed under diabetic conditions (data not shown), but the
decline of MafA mRNA was more remarkable (Fig. 84). These
results may suggest there is post-translational regulation of Foxa2
on MafA gene expression under diabetic conditions. Confusingly,
the knockdown of Foxa2 in MING cells decreased the expression of
MafA (Fig. 6B), which is apparently the unexpected result from the
decreased expression of MafA by overexpression of Foxa2 (Fig. 1).
These results indicate the importance of maintaining appropriate
amounts of Foxa2 to activate MafA gene promoter activity, and
they may suggest the existence of another factor, which facilitates
area A-2 in cooperation with Foxa2. Specifically, normal activation
of Foxa2 can be interrupted by the excessive expression of Foxa2.
DNA-dependent protein kinase, which has been extensively
characterized as a key participant in DNA repair pathways, is

reported to interact with Foxa2 and positively modulate its
transcriptional potential (37). Although our ChIP analysis
using a DNA-dependent protein kinase antibody failed to
prove that DNA-dependent protein kinase and Foxa2 form a
complex on area A (data not shown), it is still plausible that
the biphasic function of Foxa2 on MafA is due to the exist-
ence of Foxa2 regulators.

The expression level of MafA in islet B cells is markedly
decreased under diabetic conditions, and improved glucose tol-
erance with some anti-diabetic medications preserved the
expression of MafA and B cell function in diabetic mice (35).
These findings suggest the pathophysiological importance of
MafA under diabetic conditions, as it is critical for 3 cell func-
tion. In this study, we showed that Onecutl, which is not or is
negligibly expressed in mature islet 3 cells, is increased mark-
edly in those cells of diabetic db/db mice. Furthermore,
improved glycemic control attenuated the appearance of One-
cutl, which is opposite MafA (Fig. 8D). These results may pro-
vide evidence that Onecutl suppresses the expression of MafA
not only in the developing pancreas but also in mature islets
under specific conditions such as diabetes. Although it still
remains to be uncovered as to how the expression of Onecutl is
induced under diabetic conditions, examining its function in
islet B cells may provide new insights for understanding 8 cell
dysfunction.

In conclusion, this study implicates a novel role of Onecutl
in the control of normal B cell differentiation and its involve-
ment in 3 cell dysfunction under diabetic conditions by sup-
pressing MafA gene expression.

FIGURE 8. Onecut1 expression is increased under diabetic conditions. A, mRNA expression levels of Onecut1 and MafA in pancreatic islets of diabetic
C57B/KsJ-db/db (db/db) mice and normal C57B/KsJ-db/misty (db/m+) mice were quantified at the age of 16 weeks. The levels of mRNA were normalized
with B-actin and shown as a change from db/m+ mice. Results are means = S.D. ¥, p < 0.05. B, pancreatic sections from db/db and db/m+ mice at the
age of 16 weeks were immunostained with insulin (blue), Onecut1 (red), and MafA (green) antibodies. To enhance MafA staining detected with goat MafA
antibody, biotin and streptavidin binding was utilized in these figures. C, pancreatic sections from db/db and db/m+ mice at the age of 16 weeks were
immunostained with insulin (blue), Foxa2 (red), and MafA (green) antibodies. Scale bars, 50 um. D, 8-week-old db/db mice were divided into three groups.
Each group was fed a diet containing no medicine or 0.02% pioglitazone (pio) (equivalent to 50.9 mg kg~ ' day ") or insulin glargine (gla) injected
subcutaneously daily from 8 to 16 weeks of age. At 16 weeks of age, mRNA levels of Onecut1 (left) and MafA (right) in the islets from each group were
quantified by real time PCR and normalized with that of B-actin and shown as a change from db/m+ mice. Results are means = S.D. ¥, p < 0.05 versus
untreated. (n = 4-6).
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