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The regulation of insulin secretion by pancreatic 3 cells is perturbed in several diseases, including adult-onset
(type 2) diabetes and persistent hyperinsulinemic hypoglycemia of infancy (PHHI). The first mouse model for
PHHI has a conditional deletion of the gene encoding the winged-helix transcription factor Foxa2 (Forkhead
box a2, formerly Hepatocyte nuclear factor 3[3) in pancreatic f cells. Using isolated islets, we found that Foxa2 defi-
ciency resulted in excessive insulin release in response to amino acids and complete loss of glucose-stimulated
insulin secretion. Most PHHI cases are associated with mutations in SURI (Sulfonylurea receptor 1) or KIR6.2
(Inward rectifier K* channel member 6.2), which encode the subunits of the ATP-sensitive K* channel, and RNA
in situ hybridization of mutant mouse islets revealed that expression of both genes is Foxa2 dependent. We uti-
lized expression profiling to identify additional targets of Foxa2. Strikingly, one of these genes, Hadbhsc, encodes
short-chain 1-3-hydroxyacyl-coenzyme A dehydrogenase, deficiency of which has been shown to cause PHHI
in humans. Hadbsc is a direct target of Foxa2, as demonstrated by cotransfection as well as in vivo chromatin
immunoprecipitation experiments using isolated islets. Thus, we have established Foxa2 as an essential activa-

tor of genes that function in multiple pathways governing insulin secretion.

Introduction

The pancreatic 3 cell plays a central role in the regulation of glu-
cose homeostasis. Insufficient insulin release in response to elevat-
ed glucose levels is a hallmark of both type 1 and type 2 diabetes.
Given the importance of the 3 cell, great effort has been focused on
understanding the molecular pathways that govern glucose-stimu-
lated insulin secretion. Likewise, many laboratories are attempting
to elucidate the transcription factor hierarchy that controls the
development of the f3 cell in the hope of enabling the controlled
expansion and differentiation of 3 cell populations for use in wide-
spread cell replacement therapy.

Foxa2 encodes a transcription factor (forkhead box a2) that
has been postulated to play a central role in  cell development
due to its ability to bind to and transactivate pancreatic duodenal
homeobox 1 (Pdx1) cis-regulatory elements in vitro (1-3). Because
embryos homozygous for a Foxa2-null allele die in midgestation
(4, 5), genetic analysis of the role of Foxa2 in the pancreatic f cell
required the development of cell type-specific gene ablation using
the Cre-loxP recombination system.

We have previously reported the derivation of mice with a pan-
creatic f3 cell-specific Foxa2 deletion (Foxa2!ox*/1P;Ins.Cre), where
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Ins.Cre is a transgene with Cre recombinase under control of the
rat insulin 2 promoter (6). Foxa2!®/lP;Ins.Cre mice, which lack
Foxa2 in 85% of their f cells by postnatal day 8 (P8), exhibit growth
retardation, disorganized islet architecture, severe hypoglycemia,
and relative hyperinsulinemia, and usually die between P9 and P12.
Blood glucose levels of Foxa2!oxP/ox?;Ins.Cre mice are lower than
those of euglycemic littermate controls (~25 mg/dl versus ~100
mg/dl), but plasma insulin levels are unchanged and the ratio of
plasma insulin to glucagon is elevated (7). This aberrant release of
insulin despite low glucose levels suggests a misfiring of the glu-
cose-stimulated pathway of insulin secretion or the activation of
an alternate insulin-release mechanism.

Insulin secretion from the pancreatic  cell is a tightly regulated
process that couples the uptake of glucose with depolarization of
the cell membrane to stimulate the exocytosis of insulin granules
(8,9). Expression analysis of key components of the glucose-sensing
insulin secretory mechanism (glucose transporter 2 [Glut2], glucoki-
nase, and glutamate dehydrogenase) revealed no significant chang-
es in their mRNA levels in Foxa2'oP/xP;Ins.Cre mice (7). However,
steady-state mRINA levels of both subunits of the ATP-dependent K*
channel (Karp), sulfonylurea receptor 1 (Surl) and the inward recti-
fier potassium channel member 6.2 (Kir6.2), are reduced by approxi-
mately 75% (7). This requirement of Foxa2 for maintenance of Surl
and Kir6.2 expression was subsequently confirmed by Northern blot
analysis in insulinoma-1 cells overexpressing a dominant negative
mutant of Foxa2 (10).

Karp channels are heteromultimers composed of four Surl sub-
units surrounding an inner core of four Kir6.2 subunits. These
ATP-sensitive K* channels are found in both o and f cells of the
islet and play an important role in the regulation of insulin and
glucagon secretion (11-14). In humans, mutations in either the
SURI or KIR6.2 genes can lead to persistent hyperinsulinemic
hypoglycemia of infancy (PHHI), also referred to as congenital
hyperinsulinism (15). In this disease, the lack of functional Karp
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channels “translates” into perpetual depolarization of § cells (16,
17), resulting in the activation of voltage-gated calcium channels
and the subsequent release of insulin.

Foxa2'oP/1oxPIns.Cre mice share many metabolic characteristics
with PHHI patients, including f-cell dysfunction in the form of
uncontrolled insulin secretion despite severe hypoglycemia (7, 18).
The majority of familial PHHI patients inherit a recessive muta-
tion in either the SURI or KIR6.2 gene (19). Interestingly, however,
mice homozygous for null alleles in either Surl or Kir6.2 reproduce
only some aspects of the phenotypes of either PHHI patients or
Foxa2'oxP/loP:Ins.Cre mice. Therefore, we hypothesized that Foxa2
regulates additional targets in the pancreatic f§ cell that contribute
to the phenotype. Here we characterize the genetic and physiologi-
cal consequences of the  cell-specific ablation of Foxa2 in mice
in detail and identify novel Foxa2 targets that explain its role in
glucose homeostasis in the 3 cell.

Results

A prerequisite for understanding the functional role of Foxa2 in the
pancreatic {3 cell is the determination of its transcriptional targets.
We have shown previously that Sur1 and Kir6.2 mRNAs were reduced
by approximately 75% in islets from Foxa2!ox*/o%;Ins.Cre mice (7). In
order to interpret the physiological response of Foxa2-deficient f3
cells, it was essential to determine if the remaining Surl and Kir6.2
mRNA was present in the Foxa2-deficient f cells or if it was due to
the contribution of a cells in our islet RNA preparations. To this
end, we performed RNA in situ hybridization of pancreas sections
from control and mutant P8 mice using digoxigenin-labeled anti-
sense probes (Figure 1). Glucagon mRNA was abundantly expressed in
pancreatic o cells, which were localized to the outer edges of control
islets (Figure 1, A and E). Although Foxa2!o"/1o";Ins.Cre islets also
contained glucagon-secreting o cells, they were not confined to the
islet perimeter but were also found in the core, confirming the per-
turbed islet architecture described previously in these mice (7) (Fig-
ure 1, C and G). Surl and Kir6.2 mRNAs were expressed in both ooand
B cells of control islets at approximately equal levels (Figure 1, B and
F). The remaining mRNA expression of both Kxrp channel subunits
in the mutant islets is confined to a cells (Figure 1, D and H), which
comprise 15-20% of the islet (20). Therefore,  cells lacking Foxa2 are
essentially deficient for both subunits of the Karp channel.

These findings suggested that Foxa2 acts as a transcriptional
activator of Surl and Kir6.2 in 3 cells. To test this possibility, we
transfected baby hamster kidney (BHK) cells with Sur1 or Kir6.2 pro-
moter/luciferase reporter constructs along with a Foxa2 expression
plasmid. Over 3-fold activation was observed with 1.8 kb of the Surl
promoter and more than 6-fold activation was measured with the
7.0-kb promoter fragment construct (Figure 2A). Similarly, the addi-
tion of Foxa2 resulted in nearly 4-fold activation of Kir6.2 (Figure
2B), confirming that Foxa2 is a potent transactivator of both genes.

Figure 1

Sur1 and Kir6.2 mRNAs are undetected in Foxa2-deficient p cells.
(A—H) RNA in situ hybridization using paraffin-embedded pancreatic
sections and digoxigenin probes for Glucagon, Sur1, and Kir6.2. Glu-
cagon is expressed in the a cells on the perimeter of both control islets
(A and E) and mutant Foxa2'oxP/oxP; Ins.Cre islets (C and G). Sur? (B)
and Kir6.2 (F) are expressed throughout control islets, but are confined
to the o cells of Foxa2!P/oxP;Ins.Cre islets (D and H). Note the similar
staining pattern between Glucagon and both Karp subunits in mutant
islets (C versus D and G versus H). Magnification, x40 for all images.
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Karp channels in the pancreatic f cell couple glucose metabolism
to insulin secretion (13). The absence of Surl and Kir6.2 mRNA
in Foxa2-deficient B cells prompted us to investigate further the
physiological consequences of this downregulation. Circulating
insulin levels in Foxa2!?/lo®Ins.Cre mice are inappropriately high
given their low blood sugar levels, suggesting abnormal regulation
of insulin secretion. We had previously investigated the secretory
responses of these mice to a variety of stimuli using minced pan-
creas pieces (7). Newly optimized isolation techniques now allowed
us to perform perifusion assays using isolated islets without any
potential impairment of stimulus-secretion coupling by surround-
ing exocrine tissue or the presence of digestive enzymes. After being
exposed to a ramp of increasing concentrations of all 20 amino
acids, control islets had a negligible insulin secretion response
(Figure 3A). Mutant islets, however, displayed a dose-dependent
insulin secretion response to amino acids, with peak secretion at
17 mM (Figure 3A). With the addition of 25 mM glucose, control
islets responded with robust insulin secretion, while mutant islets
showed no additional response (Figure 3A).

In a similar islet perifusion, an identical amino acid ramp was
applied to control or Foxa2'ox*/";Ins.Cre islets (Figure 3B). Again,
control islets did not respond to amino acid stimulation, but
mutant islets showed the same steady increase in insulin secre-
tion, which correlated with amino acid concentration in a dose-
dependent manner (Figure 3B). The perifusate was then held at the
highest amino acid concentration while the islets were exposed to
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Mutant

Mutant | 4
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Figure 2
1200 n *x Foxa2 activates the promoters of Sur? and Kir6.2. (A) Cotransfection
1000 of a Foxa2 ex.prlession plasmid (pHD-Foxa2) results in st.in.wulation of
2. ’—_‘T_ ’—_‘L - luciferase activity from Sur? promoter constructs containing 1.8 kb
Z 2 800 [pGL3-Sur1(1.8)] and 7.0 kb [pGL3-Sur1(7.0)] of promoter sequence
SS ’—‘ in BHK cells. (B) Cotransfection with pGL3-Kir6.2, containing the entire
3 g 600 * Kir6.2 promoter region, reveals Foxa2-dependent activation. For each
g E condition, n = 3. *P < 0.05 and ***P < 0.0001 by ANOVA.
£E 400 ’—‘
200 cium channels and insulin secretion. The addition of glyburide to
0 Foxa2'oxP/lxP:Ins, Cre islets neither blunted nor enhanced the insu-
pGL3-Surt(7.0) + + + + + - - - - - lin secretion response to amino acids, while control islets exhibited
pGL3-Sur1(18) - - - - - + o+ + o+ o+ a robust secretory response to glyburide as expected (Figure 3B),
pHD-Foxa2 (ng) - - 200 - 400 - — 200 — 400 confirming that mutant f cells lack functional Kxrp channels.
pHD (ng) - 200 - 400 - — 200 - 400 - We previously reported that glucagon expression is unchanged
1000 e at the level of both pan.creatic content and steady—st.ate ‘mRNA. in
Foxa2!ox*/x*Ins.Cre mice. The significant decrease in circulating
kkk 1 plasma glucagon, therefore, suggests a defect not in the biosynthe-
Z= 800 N sis of this hormone but in secretion (7). To investigate the gluca-
% = 600 gon secretion defect, we exposed islets to an amino acid ramp and
®2 determined glucagon release. Even at very low concentrations of
% § 400 the amino acid mixture, control islets were stimulated to secrete
S % glucagon, but Foxa2'oP/1o:P:Ins Cre were not. The addition of glu-
o~ 200 cose in conjunction with the maximal concentration of amino
acids (17 mM) for 20 minutes did not alter glucagon secretion in
0 control or mutant islets (Figure 3C).

The severely hyperinsulinemic, hypoglycemic phenotype of
Foxa2'o®/1%:Ins.Cre mice is usually lethal between P9 and P12. The
downregulation of Surl and Kir6.2 described above cannot be the
sole effect of the 3 cell-specific deletion of Foxa2, as the phenotype
of mice homozygous for a null mutation in either Surl or Kir6.2

pGL3-Kir6.2 + + + + +
pHD-Foxa2 (ng) — 200 - 400
pHD (ng) — 400 — 400 -

300 nM glyburide for 20 minutes. Glyburide is a sulfonylurea that
binds to Karp channels in both o and 8 cells (21, 22) and prevents
their opening. This prolonged closure of the Karp channel prevents
the outflow of K* ions from f cells, causing depolarization of their
cell membranes and the subsequent opening of voltage-gated cal-

is mild compared with that of Foxa2!o*/x*;Ins.Cre mice (23-25).
Although all three mouse models, Surl-/-, Kir6.2-/-, and Foxa2'o*/
loxP-Tns.Cre, demonstrate Karpchannel deficiency in their pancreatic
B cells, only mice lacking Foxa2 succumb to severe hyperinsulin-
emic hypoglycemia by P9-P12. Because these mice do not simply
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Figure 3

Foxa2'oxPloxP:Ins Cre islets exhibit misregulated hormone secretion in response to glucose and amino acids. (A) Control islets (filled symbols)
immediately secrete insulin in response to 25 mM glucose but do not respond to amino acids alone. In contrast, Foxa2'°x”/ox;Ins.Cre islets (open
symbols) secrete insulin in a dose-dependent manner upon exposure to increasing concentrations of a mixture of all 20 amino acids (0.55 mM/
min for 30 minutes up to 17 mM) followed by 20 minutes at 17 mM, with no additional response to 25 mM glucose. Data shown are mean + SEM
of 2 identical experiments. Similar responses were seen in 8 additional trials (data not shown). (B) Control islets do not respond to amino acid
stimulation, but 300 nM glyburide closes Kare channels and leads to insulin secretion. As in A, Foxa2'oxPloxP:Ins.Cre islets respond to the identical
amino acid ramp, but glyburide has no additional effect. Trace shown is representative of 2 similar experiments. (C) Control islets secrete glucagon
in response to low concentrations of an amino acid ramp (0.55 mM/min for 30 minutes up to 17 mM), but Foxa2'oxF1oxP:|Ins . Cre islets do not. While
the amino acid concentration is held constant at 17 mM, additional exposure to 25 mM glucose for 20 minutes has no effect on secretion from
either control or mutant islets. Mean + SEM of two identical experiments is shown. Downward arrows indicate times of reagent administration.

514 The Journal of Clinical Investigation  http://www.jci.org  Volume 114  Number4  August 2004



>
o
-
N

research article

Mutant islet RNA 285

Total pancreas
cDNA

NN
[= B

188 0.08

Amylase

—_

Marker

-
o
o
B

Fluorescence
(arbitrary units)

Islet cDNA

TBP

o 0 o O,
Fluorescence (dRn)

o
o
=)

Fluorescence (dRn)
(=)
o
2]

no
(=)

32 44

Time (s)

56 68 1 10

Figure 4

20
Cycles

30 40 1 20

Cycles

Quality and purity assessment of islet RNA for gene expression analysis. (A) RNA Nano 6000 Assay of P8 islet RNA pooled from 5 mutant
Foxa2'oxPloxP;|ns Cre mice using the Agilent 2100 Bioanalyzer. Islet RNA was quantified and evaluated for evidence of degradation using the
ratio of 28S rRNA peaks to 18S rRNA peaks. In the representative sample shown, the 28S/188S ratio is approximately 2.5 with a concentration
of 79 ng/ul and no evidence of degradation. (B) Real-time PCR analysis of total pancreas cDNA for endocrine and exocrine content using insu-
lin (open circles) and amylase (filled squares) as markers and TBP, TATA-box binding protein (filled triangles), a “housekeeping” gene, as an
internal control. (C) Representative real-time PCR analysis of cDNA from isolated islets. In relation to the total pancreas cDNA shown in B, the
insulinlamylase ratio has been enriched for 12.24 cycles to achieve a purity of about 99%. dRn, raw fluorescence normalized for baseline and

reference dye intensities by MX4000 software.

recapitulate the phenotype of the Surl~/- or Kir6.2-/- mouse models,
we initiated a systematic search for additional pancreas-specific tar-
get genes that may contribute to lethality and the abnormal insulin
secretion response to amino acids in Foxa2!ox*/1o%;Ins.Cre mice.

Total RNA was purified from isolated islets pooled from 5-7 P8
mice of like genotype for control and Foxa2!¥/1;Ins.Cre samples.
For quantitative expression studies, it was imperative to use only
the highest quality RNA of equal purity. In the representative trace
of RNA from isolated islets shown in Figure 4A, the rRNA fluores-
cence ratio (28S/188S) is about 2.5, which is the theoretical limit,
with no evidence of degradation. Although minimal contamina-
tion with exocrine cells does not affect assays such as islet perifu-
sions, RNA contributed by non-endocrine cells has the potential to
significantly skew microarray or real-time PCR results. We devel-
oped a quantitative method for the evaluation of exocrine impuri-
ties in islet preparations (for details, see Methods). Amplified islet
RNA was quantified, reverse-transcribed, and used in real-time PCR
analysis with primers for insulin and amylase (Figure 4C). Using
total pancreas RNA for comparison, we were able to calculate the
“fold enrichment” of endocrine mRNA for each of our samples and
select only the purest for microarray hybridization and real-time
PCR. For the representative samples shown, the difference in cycle
threshold (Ct) values for insulin and amylase between total pancreas
cDNA (Figure 4B) and islet cDNA (Figure 4C) was 12.24 cycles,
which “translates” into a 4,837-fold enrichment in endocrine tis-
sue, resulting in about 99% endocrine purity.

For the microarray analysis, we used the PancChip 4.0, which
contains nearly 14,000 elements representing over 10,000 unique
genes, most of which are expressed in the endocrine pancreas (26,
27). To analyze gene expression differences between control and
Foxa2lo*lx?Ing Cre P8 islets, we chose four amplified RNA samples
of matched quality and endocrine purity from control and mutant
genotypes. Overall, the gene expression profiles were very similar
between mutant and control islets, demonstrating that the absence
of Foxa2 does not cause a global defect in differentiation of {3 cells.
Only approximately 0.3% of the genes were significantly changed,
and for most of them their biochemical function is still unknown.
However, three metabolic genes were identified in this screen and
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confirmed by quantitative real-time PCR analysis as being depen-
dent on Foxa2 (Figure 5 and Table 1): Argininosuccinate synthetase,
Fructose-1,6-bisphosphatase, and Hadhsc, the gene that encodes short-
chain L-3-hydroxyacyl coenzyme A dehydrogenase (schad). Addi-
tional real-time PCR analysis with primers for known regulators
of B-cell development and function revealed a significant decrease
in Pdx1 mRNA in Foxa2'ox*/1o*:Ins Cre islets (data not shown), fur-
ther confirming Foxa2 as an upstream transcriptional regulator of
Pdx1 (28). We also confirmed our earlier experiments that reported
unchanged levels of other genes involved in glucose metabolism,
namely Glut2 and Glucokinase (ref. 7 and data not shown).

Our findings from the microarray experiment prompted us
to investigate the mechanism that could explain the abnormal
physiology of Foxa2'o*/lx*Ins.Cre islets. We first considered how
upregulation of Argininosuccinate synthetase could contribute to the

Argininosuccinate
synthetase

Fructose-1,6-

Hadhsc bisphosphatase
*

* %k

N Wb

—_

Fold change in expression
(relative to control)
o

Figure 5

Gene expression changes discovered by microarray analysis are con-
firmed by real-time quantitative PCR. Fold changes in gene expres-
sion calculated from microarray data (black bars) are similar in value to
those calculated from quantitative real-time PCR results (gray bars). All
fold changes refer to deviations from gene expression in control islets.
*P <0.05 and **P < 0.01 by Student’s t test.
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Table 1

Normalized intensity values for individual control and
Foxa2'o®oxP-Ins Gre RNA samples hybridized to the
PancChip 4.0 microarray

Gene Hadhsc  Argininosuccinate  Fructose-1,6-
synthetase bisphosphatase
Control 1 2993 326 488
Control 2 3032 236 239
Control 3 4823 393 255
Control 4 2927 246 205
Mean + SEM 3444 + 460 300 + 37 297 + 65
Mutant 1 780 458 1502
Mutant 2 838 419 870
Mutant 3 1484 449 1145
Mutant 4 954 475 663
Mean + SEM 1014 + 161 450 + 12 1045 £ 182

Even though the data were obtained from 8 amplified RNA samples from
purified islets, consistent intensity values within the data sets for Hadhsc,
Argininosuccinate synthetase, and Fructose-1,6-bisphosphatase reveal
statistically significant differences in gene expression between control
and mutant islets; P < 0.01 for all 3 genes by Student’s ¢ test.

aberrant islet secretion responses seen in our islet perifusions. In
pancreatic f cells, this enzyme converts L-citrulline to L-arginino-
succinate, which is then metabolized by argininosuccinate lyase
to L-arginine. The third member of this biochemical cycle, nitric
oxide synthase, metabolizes L-arginine back to L-citrulline, with
an additional release of nitric oxide. Overactivation of this citrul-
line-argininosuccinate-arginine recycling pathway, which produces
elevated levels of nitric oxide, has been associated with increases in
intracellular calcium concentration in f cells (29). We hypothesized
that upregulation of this biochemical pathway may trigger elevated
basal intracellular calcium levels and the subsequent high levels of
insulin secretion seen in Foxa2!°P/loxP:Ins Cre islets. Real-time PCR
analysis (data not shown) revealed modest upregulation of arginino-
succinate lyase (P < 0.05) and a trend toward an increase in nitric oxide
synthase transcript abundance in mutant islet RNA, suggesting that
this pathway is indeed upregulated in Foxa2!o*/1o%;Ins.Cre mice.
We further investigated the Foxa2-dependent mRNA expres-
sion of schad, encoded by Hadbsc, that was identified through
our microarray screen (Figure S and Table 1). Schad is a soluble
mitochondrial matrix protein that plays an essential role in the
B-oxidation of short chain fatty acids (30, 31). This enzyme has
reportedly high levels of activity in pancreatic islets, suggesting a cru-
cial influence on insulin secretion (32, 33). The strongest evidence
for the importance of schad in glucose metabolism came from the
discovery that mutations in the corresponding human gene cause
PHHI (34-36). Thus, the approximately 3-fold reduction in Hadhsc
expression in Foxa2!o*/x*Ins.Cre mice probably contributes to the
severity of the hypoglycemic, hyperinsulinemic phenotype.
Analysis of steady-state mRNA levels does not address the ques-
tion whether Hadbsc is a direct transcriptional target of Foxa2 in
the p cell or whether the reduction in its expression is a secondary
consequence of the altered metabolic state of Foxa2!*"/o;Ins.Cre
mice. We analyzed potential cis-regulatory elements of the Hadhsc
gene for Foxa2-binding sites. Sequence alignments from mouse, rat,
and human revealed no areas of conservation within the promoter
region of Hadbsc, but detected a span of 28 bases within intron 1
with 93% identity (26 of 28 bases) among all three species (Figure
516
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6A). A transcriptional element search algorithm revealed a putative
Foxa2-binding site (TGTTTGTTT) within this region. Although
there is no strict consensus Foxa-binding site, this exact sequence
had previously demonstrated a high affinity for Foxa2 (hepatocyte
nuclear factor 3 [HNF3f]) protein in vitro (37). To investigate
whether this site is occupied by Foxa2 in f3 cells, we performed chro-
matin immunoprecipitation (ChIP) with a Foxa2-specific antibody
onisolated islets. As shown in Figure 6, B and C, the intron of Hadhsc
was indeed bound by Foxa2 in vivo. Cotransfection of a luciferase
construct containing the Foxa2-binding site within intron 1 of
Hadhsc demonstrated that Foxa2 not only bound to Hadhsc but also
activated transcription up to 3-fold (Figure 6D). The magnitude of
this transactivation is in good agreement with the magnitude of the
downregulation of Hadhsc we observed in islets deficient for Foxa2
shown in Figure 5 and Table 1. Thus, we have shown that Hadhscis a
direct target of Foxa2 in pancreatic f§ cells.

Discussion
In this study, we have characterized the functional consequences of
a P cell-specific deletion of Foxa2 in order to better define its role
in glucose metabolism. We had previously shown that the mRNA
levels of both subunits of the Karp channel were reduced in Foxa2-
deficientislets by about 70% (7). Here, we have demonstrated that
the reduction in Surl and Kir6.2 expression in {3 cells is even more
than previously published, as these transcripts are below the detec-
tion limit of in situ hybridization. This, together with the demon-
stration that Foxa2-deficient § cells are unresponsive to glyburide,
shows that Foxa2 is absolutely required for the activation of Surl
and Kir6.2 expression in vivo. This raises the question of whether
Foxa2 is a direct or indirect activator of the Surl and Kir6.2 genes.

The mouse Surl gene contains 39 exons and spans about 80 kb on
chromosome 7. Only about 5 kb separates the 3’ end of Surl from
the 5’ start of the Kir6.2 gene, which is composed of a single 1.5-kb
exon on the same chromosome (25). This close linkage of the two
genes is conserved between mouse and human, as the human genes
both map to chromosome 11p15.1. The proximity of these genes
combined with RNA expression data from this study suggests an
elegant hypothesis by which Foxa2 could regulate both genes coor-
dinately. Indeed, our cotransfection experiments revealed that both
Surl and Kir6.2 promoters are activated by Foxa2.

A striking finding is that Foxa2-deficient 3 cells are completely
refractory to glucose, yet respond robustly to stimulation with
amino acids. This situation is reminiscent of that of fetal rodent
islets, whose secretory properties differ tremendously from
those of adult islets (38, 39). Before birth, serum glucose levels
are low (40) and amino acid concentrations are elevated (41). As
Foxa2'°?/xP;Ins.Cre mice are hypoglycemic, demonstrate a lack
of glucose-stimulated insulin secretion, and also respond to
amino acids (ref. 7 and our data here), we considered that Foxa2
mutant islets may be simply developmentally delayed. However,
when we compared the expression profile of P8 mutant islets
with that of controls, we found that the transcriptional pro-
grams were very similar, excluding the possibility of a pervasive
developmental delay. In addition, fetal islets have a 50% reduc-
tion in protein and mRNA levels of Glut2 (42), which conceiv-
ably contributes to the lack of glucose sensitivity in fetal islets.
However, both our previous studies (7) and real-time PCR from
our study here revealed no difference in Glut2 mRNA expression
between Foxa2!oxP/1oxP:Ins Cre and control mice at P8. Further-
more, fetal islets have intact and fully functional Karp channels
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p pHD-Foxa2 - G B-cell Karp channel (34, 46).
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Figure 6 Hadhbsc transcripts in Foxa2-deficient f cells along

Identification of a conserved Foxa2-binding site in intron 1 of the Hadhsc gene, encoding
schad. (A) Mouse Hadhsc is located on chromosome 3 and contains 8 exons. Exons are
represented as vertical black bars, with bar width indicative of exon size. The 28-base
region of the 1st Hadhsc intron shown is 93% conserved (26 of 28 bases) among mouse,
rat, and human and includes the identical Foxa2-binding site shown in bold. (B) ChIP
using mouse islets and a Foxa2 antibody followed by PCR confirmed the binding site on
Hadhsc shown in A. Glut2 (a known Foxa2 target) served as a positive PCR control and
MyoD is the negative PCR control. (C) Real-time PCR of purified DNA from ChlP eluates
using primers for Hadhsc confirms the occupancy of this intron enhancer by Foxa2. Input
(filled squares) and Foxa2 (open circles) Ct values were approximately 25 and 30, respec-
tively. IgG (filled triangles) served as the ChlP control. (D) Cotransfection experiments with
a luciferase construct containing 100 bp of Hadhsc intron 1 (pGL3-Hadhsc) and a Foxa2
expression plasmid (pHD-Foxa2) result in 3-fold activation compared with transfections
with antisense Foxa2 (pHD-Foxa2 AS). n = 3 and ***P < 0.0001 by Student’s ¢ test.

(43). Foxa2'oxP/loxP:Ins Cre 3 cells have no detectable Surl or Kir6.2
message (Figure 1) and demonstrate no Karp channel activity
(Figure 3), strongly suggesting that the mutant Foxa2 phenotype
is not due to delayed islet maturation.

In our initial characterization of Foxa2!oxF/1oxP:Ins.Cre mice,
we found that both glucagon protein content and steady-state
mRNA levels were similar to those of control littermates; how-
ever, plasma glucagon levels were nearly 5-fold lower (7). In the
present study, mutant islets did not secrete glucagon in response
to amino acids (Figure 3C) and secreted nearly 3-fold less glu-
cagon than did control islets after exposure to pyruvate (data
not shown). Taken together, these studies suggest a defect not
in Glucagon transcription or protein biosynthesis, but in secre-
tion of this hormone. As the glucagon-secreting a. cells in our
mouse model retain Foxa2, the decreased glucagon secretion is
a secondary effect of the metabolic dysfunction of the f§ cells,
which comprise the majority of the islet cell population. A num-
ber of mechanisms have been implicated in the suppression of
glucagon secretion, including improper Karp or voltage-gated
Na* channel activity (14), insulin (44), and, most recently, zinc
(45), suggesting that the nonphysiological insulin secretion by
Foxa2-deficient 3 cells in response to amino acids is responsible
for the suppression of glucagon release.
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with the ability of Foxa2 to bind to and activate
this gene suggests an intriguing mechanism by
which to explain the severe hypoglycemia and
hyperinsulinemia seen in Foxa2!oxP/1xP:Ins.Cre
mice. This particular phenotype is reminiscent of
human PHHI, which has an incidence of nearly
1:40,000 live births (47). Although many clinical
cases of PHHI can be attributed to mutations in
either SURI or KIRG.2, there are recent reports
of hypoglycemic hyperinsulinemic infants with
no determinable mutations in either subunit of
the Karp channel. Instead, these patients harbor
various mutations in the gene encoding SCHAD
(34-36). Cases like these, along with additional
SCHAD deficiencies that result in abnormal glu-
cose metabolism (48), reveal the influence of fatty acid p-oxida-
tion, in addition to glucose, on nutrient-stimulated insulin secre-
tion. Although much remains to be learned about the cooperation
between the triggering (i.e., Karp channel-dependent) mechanism
of insulin secretion (49) and the amplifying metabolic pathways
that augment insulin release, our discovery that Foxa2 regulates
both aspects of secretion demonstrates a universal role for this
transcription factor in the pancreatic 3 cell.

In summary, we have utilized both molecular and physiological
approaches to define the 3 cell defect induced by Foxa2 deficien-
cy. The complete absence of Karp channels on the f-cell mem-
brane provides an explanation for the lack of glucose responsive-
ness of Foxa2-deficient {3 cells. In addition, increased activation
of the citrulline-argininosuccinate-arginine cycle may contrib-
ute to the relative hyperinsulinemia seen in Foxa2!o*/1®;Ins.Cre
mice through possible hyper-responsiveness of mutant f cells to
amino acids. We have discovered a novel and crucial dependence
of amplifying (i.e., Karp channel-independent) mechanisms of
insulin secretion on Foxa2 through direct binding to and tran-
scriptional activation of Hadbsc, the gene encoding one of the
key enzymes in fatty acid metabolism. Thus, we have demon-
strated that Foxa2 is an essential transcriptional regulator of
B cell function.
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Methods

Animals and genotype analysis. The derivation of the Ins.Cre transgenic
line (RipCre) and Foxa2'°*/!* mice has been described previously (6, 7).
Genotyping was performed by PCR analysis using genomic DNA isolated
from the tail tips of newborn mice. All studies were performed on P8 mice
because mutants succumb to severe hypoglycemia at P9-P12 (7). Foxa2'ox?/*
littermates without the Ins.Cre transgene served as controls in all experi-
ments. All procedures involving mice were conducted in accordance with
approved Institutional Animal Care and Use Committee protocols.

Riboprobe production and RNA in situ hybridization. A 288-bp mouse Glucagon
cDNA fragment (obtained by PCR with the following primers: 5'-CCGT-
GCCCAAGATTTTGTGCA-3' and 5'-CGCCAGTGTGCTGGAATTCAT-3')
was cloned into the EcoRV site of pBluescript II KS- (Stratagene, La Jolla,
California, USA). The resulting plasmid was digested with BamHI and was
transcribed in the presence of Digoxigenin RNA Labeling Mix (Roche, India-
napolis, Indiana, USA) with T3 RNA polymerase (Promega, Madison, Wis-
consin, USA) for synthesis of an antisense riboprobe. Similarly, a 1,730-bp
mouse Kir6.2 cDNA fragment (obtained by PCR with the following primers:
5'-GGACAAGGGCTAGAGAAGGA-3" and 5'-GAGGAACTGCAACTCAG-
GACA-3") was cloned into pCRII using the TA Cloning kit (Invitrogen,
Carlsbad, California, USA). The resulting plasmid was digested with Xbal
and was transcribed with SP6 RNA Polymerase (Promega). A clone contain-
ing the mouse Surl sequence (LM.A.G.E. clone 5663177) was digested with
NotI and was transcribed with T7 RNA polymerase (Promega).

Pancreata from P8 mice were fixed overnight at 4°C in Bouin’s fixative
(Poly Scientific, Warrington, Pennsylvania, USA), embedded in paraffin, and
cut into sections 6 um in thickness, which were applied to Superfrost/Plus
Microscope slides (Fisher Scientific, Pittsburgh, Pennsylvania, USA). In situ
hybridization was performed on deparaffinized and rehydrated slides as
described (50), except that the proteinase K treatment was shortened to 4
minutes and the x0.2 SSC wash was performed at 55°C. Anti-digoxigenin
(Roche) was used at a dilution of 1:1,500. Slides were exposed to 5-bromo-
4-chloro-3-indolyl-phosphate and 4-nitro blue tetrazolium chloride (Roche)
until the color reaction was fully developed. Images were captured with
Nomarski optics on a Nikon Eclipse E600 microscope.

Cotransfections. A clone containing Surl promoter sequence was identified
in a bacterial artificial chromosome (BAC) library screen (Invitrogen). PCR
products of 1.8 kb (primers used: 5'-GAGGAGCAGGAGAAAAAGGA-3' and
5'-GCCTCCCGCTCCTCTGTT-3’) and 7.0 kb (primers used: 5'-CGCGCG-
TAATACGACTCACTAT-3" and 5'-CTCTGTTCCTCGCAGCACC-3’), con-
taining the Surl transcriptional start site and upstream sequence, respec-
tively, were cloned into the Smal site and the BamHI/Smal sites, respectively,
of the promoterless luciferase reporter plasmid pGL3-Basic (Promega). A
6.0-kb fragment from a BAC (Invitrogen) containing the entire Kir6.2 pro-
moter sequence was cloned into the Bg/II site of pGL3-Basic (Promega). A
150-bp PCR product from intron 1 of Hadhsc containing a putative Foxa2-
binding site (5'-GGTCCAGGGTTAGTTACATTTAGCC-3" and 5'-CTG-
CAGGCTAAGAGGTTTGGTT-3') was cloned into the Asp718 and Bg/II sites
of the pGL3-Promoter luciferase vector (Promega). Foxa2 or antisense Foxa2
was expressed from the pHD plasmid (51). The day before transfection, 5
x 10° BHK cells were seeded on 60-mm dishes and were cultured in DMEM
(Invitrogen) supplemented with 10% fetal bovine serum, L-glutamine, and
antibiotics. Effectene reagent (Qiagen, Valencia, California, USA) was used
in transient transfections according to manufacturer’s instructions. Cells
were harvested 24 hours after transfection and luciferase was measured
with the Dual-Luciferase Reporter Assay (Promega) in an Orion Microplate
Luminometer (Berthold, Bad Wildbad, Germany). Firefly luciferase activity
was normalized to Renilla luciferase expression from pRL-SV40 (Promega).

Islet perifusions. For each experiment, islets were isolated from 5-7 P8

mice of like genotype using standard collagenase digestion followed
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by purification through a Ficoll gradient (52). One hundred islets were
“hand-picked” under a light microscope and perifusions were performed
as described previously (7). The amino acid mixture consisted of 19 amino
acids (15 mM) plus 2 mM glutamine, and additional secretagogues were
as reported in the figure legends. At the end of all perifusion experiments,
islet viability was verified through stimulation with 30 mM KCl, causing
full depolarization of - and a-cell membranes and the subsequent release
of insulin or glucagon.

RNA isolation and amplification. Isolated islets from 5-7 P8 mice of like
genotype were homogenized in 1 ml of TRIzol reagent (Invitrogen). Gly-
cogen (20 ug; Roche) was added to each sample as a carrier, followed by
chloroform extraction and isopropanol precipitation. After being washed
with 70% ethanol, RNA pellets were resuspended in 300 ul of 10 mM Tris,
pH7.5,1 mM EDTA, and 0.1% SDS. RNA was re-extracted with 600 ul phe-
nol/chloroform/isoamyl alcohol (25:24:1, vol/vol/vol) and was precipitated
with 1/10 volume 3 M sodium acetate and three volumes of ethanol. RNA
was quantified with the RNA 6000 Nano Assay program of the Agilent
2100 Bioanalyzer (Agilent Technologies, Wilmington, Delaware, USA).

Islet RNA was amplified once with the MessageAmp antisense RNA
(aRNA) Kit (Ambion, Austin, Texas, USA). Briefly, 200 ng of total RNA
was reverse-transcribed at 42°C for 2 hours with T7 Oligo(dT) Primer
and reverse transcriptase, both of which are included in the MessageAmp
kit. Second-strand synthesis was performed using the MessageAmp DNA
Polymerase, and the resulting cDNA was purified with a filter cartridge.
Double-stranded cDNA was concentrated and transcribed in vitro at 37°C
to make aRNA. The aRNA was treated with DNase, purified with a filter
cartridge, eluted with nuclease-free water, and stored at -80°C until use.

Determination of islet purity. Islet purity was determined by real-time PCR
analysis. Because insulin mRNA is synthesized only in {3 cells and amylase is
produced by acinar cells, we used these two genes as markers representing
the two different cell types in our samples. Our assessment of islet purity
encompasses a number of assumptions: (a) (3 cells represent 2.4% of all cells
in the newborn mouse pancreas (53); (b) amylase-secreting acinar cells, in our
estimation, compose roughly 80% of the pancreas, with the remaining per-
centages being a, duct, nerve, adipose, and blood cells, among others; and
(c) endocrine and exocrine cells contain the same amount of RNA per cell. By
comparing the Ct values of total pancreas to isolated islet preparations, we
can estimate the “fold enrichment” and relative purity of islet RNA.

Islet aRNA labeling. Control and Foxa2'/1o%; Ins.Cre aRNA samples (2
ug each) were reverse-transcribed for incorporation of amino-allyl dUTP
as described previously (26), except that 2 ug of random hexamers were
used to prime the reactions. The resulting cDNAs were dried with a Micro-
con YM-30 Concentrator (Millipore, Bedford, Massachusetts, USA) and
were labeled with Cy5-bis-OSU, N,N'-biscarboxypentyl-5,5'-disulfonato-
indodicarbocyanine (CyS) or Cy3-bis-OSU, N,N'-biscarboxypentyl-5,5'-
disulfonatoindodicarbocyanine (Cy3) (Amersham Pharmacia, Piscataway,
New Jersey, USA) following a modified indirect labeling protocol (27).
Coupled samples were combined, incubated with T7 Oligo(dT) to block
nonspecific binding to the microarray, purified using the Qiaquick PCR
Purification Kit (Qiagen), and precipitated at -20°C overnight with 1 ul
polyacyl carrier (Molecular Research Center Inc., Cincinnati, Ohio, USA),
1/10 volume 1 M sodium acetate (pH 5.2), and three volumes ethanol.
Pellets were air-dried after precipitation.

Microarray hybridization and analysis. Construction of the PancChip 4.0
microarray and a source description of its more than 10,000 nonredundant
elements has been reported recently (27). Control and Foxa2!o*/1x%; Ins.Cre
samples were hybridized using a “dye-swap” design in which two coupling
reactions were set up for each pair of cDNAs and Cy3 and CyS labeling was
alternated to control for variability between dyes. Four independent biologi-
cal replicates were prepared for both control and mutant islets. Hybridiza-
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tion of the labeled samples to the PancChip 4.0 and subsequent scanning
and image analysis using Genepix Pro 3.0 were identical to those in our
previous report (27). Microarray data have been deposited in the “minimal
information about a microarray experiment-compliant” RNA abundance
database (54) and can be accessed at http://www.cbil.upenn.edu/RAD/php/
queryStudy.php?study_id=550.

Islet RNA reverse-transcription and real-time PCR. Two pools each of control
and Foxa2'P/1oP; Ins.Cre islet RNA were assembled, with each pool con-
sisting of four high-quality total islet RNA samples and each sample rep-
resenting 5-7 P8 animals of like genotype. Islet RNA (500 ng) from each
pool was reverse-transcribed at 42°C for 1 hour with 1 ug Oligo(dT) Primer
(Invitrogen), 5x First Strand Buffer (Invitrogen), 100 mM DTT (Invitrogen),
10 mM dNTP, RNasin (Promega), and Superscript II Reverse Transcriptase
(Invitrogen). Islet cDNA was used at a dilution of 1:10 or 1:20 in water in
subsequent real-time PCR reactions.

Primers for real-time PCR were designed for all chosen genes using
Primer3 software (55). PCR reaction mixtures included the Brilliant SYBR
Green QPCR Master Mix (Stratagene), 10 uM primers, and the included
reference dye at a dilution of 1:200 according to manufacturer’s instruc-
tions, except that the total reaction volume was “scaled down” from 50 ul
to 25 ul. Reactions were performed with the SYBR Green (with Dissocia-
tion Curve) program on the Mx4000 Multiplex Quantitative PCR System
(Stratagene). Cycling parameters were 95°C for 10 minutes and then 40
cycles 0of 95°C (30's), 58°C or 60°C (1 min), and 72°C (30 s), followed by a
melting curve analysis. All reactions were performed in triplicate with ref-
erence dye normalization, and the median Ct value was used for analysis.
Primer sequences are available upon request.

Computational identification of Foxa2-binding sites in the Hadhsc gene. In order
to identify potential Foxa2-binding sites in the Hadhsc gene, we first per-
formed an alignment of all available mammalian sequences (mouse, rat,
human) using the University of California Santa Cruz Genome Browser
(www.genome.ucsc.edu). The strongest conserved area was located in
intron 1, while the promoter and immediate upstream sequence showed
no conservation. Manual inspection of the aligned sequence in intron 1
identified a block of 28 bases, of which 26 were identical among all three
species. Using the transcription factor-binding site-identification algo-

rithm Transcriptional Element Search Schema (http://www.cbil.upenn.
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edu/tess), we identified a high-scoring Foxa2 (HNF3[)-binding site with-
in this 28 bp sequence.

Formaldehyde cross-linking and ChIP. Four hundred isolated islets from
adult female CD1 mice were suspended in 1% formaldehyde in PBS and
were incubated for 10 minutes at room temperature while being rotated.
Cross-linking and chromatin sonication were performed as described (56).

For each immunoprecipitation, 100 ul of cross-linked chromatin
was precleared by incubation for 1 hour at 4°C with 150 ul of protein
G-agarose (Upstate Biotechnology, Lake Placid, New York, USA) in
a total volume of 1 ml ChIP dilution buffer (20 mM Tris-HCI, pH 8.1,
1% Triton X-100, 2 mM EDTA, and 150 mM NacCl). After this preclear-
ing, the supernatant was incubated overnight with 4 ug Foxa2 antibody
(Santa Cruz Biotechnology, Santa Cruz, California, USA) or control IgG.
Immunoprecipitation was performed as described (56). The precipitated
and noncrosslinked DNA was purified on a Qiaquick PCR purification
column (Qiagen) and eluted in 50 ul 10 mM Tris, pH 8.5. PCR reactions
were performed for 35-40 cycles, as described above, in Stratagene’s
Mx4000 Multiplex Quantitative PCR System. Purified input DNA tem-
plate was used at a dilution 1:3 relative to IgG or Foxa2 ChIP templates.
Primer sequences are available upon request.
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