Tissue-specitic deletion of Foxa2
in pancreatic  cells results in
hyperinsulinemic hypoglycemia
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We have used conditional gene ablation to uncover a dramatic and unpredicted role for the winged-helix
transcription factor Foxa2 (formerly HNF-3@) in pancreatic B-cell differentiation and metabolism. Mice that
lack Foxa2 specifically in B cells (Foxa2'o**//oxF; Ins.Cre mice) are severely hypoglycemic and show
dysregulated insulin secretion in response to both glucose and amino acids. This inappropriate hypersecretion
of insulin in the face of profound hypoglycemia mimics pathophysiological and molecular aspects of familial
hyperinsulinism. We have identified the two subunits of the B-cell ATP-sensitive K* channel (K,p), the most
frequently mutated genes linked to familial hyperinsulinism, as novel Foxa2 targets in islets. The
Foxa2'°xP/1oxP, Tngs Cre mice will serve as a unique model to investigate the regulation of insulin secretion by

the B cell and suggest the human FOXA2 as a candidate gene for familial hyperinsulinism.
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During mouse development, dorsal and ventral pancre-
atic primordia first appear as evaginations of the foregut
endoderm at 9 d postcoitum (Slack 1995). The induction
of the pancreatic phenotype in the dorsal pancreatic bud
is dependent on a permissive signal from the adjacent
notochord (Kim et al. 1997; St-Onge et al. 1999). In the
mouse, the two pancreatic buds merge at 10.5 d postcoi-
tum and form exocrine and endocrine compartments.
The exocrine pancreas is composed of a relatively homo-
geneous population of acinar cells that secrete digestive
enzymes. The endocrine compartment in the islets of
Langerhans differentiates into four endocrine cell types,
the «, B, 3, and PP cells, which express glucagon, insulin,
somatostatin, and pancreatic polypeptide, respectively
(Alpert et al. 1988; Slack 1995).

The winged-helix transcription factors Foxal, Foxa2,
and Foxa3 (formerly HNF3 [hepatocyte nuclear factor
3] o, B, and v; see Kaestner et al. 2000) are candidates
for regulators of pancreatic development. During for-
mation of the definite endoderm from which the pancre-
atic primordium is derived, Foxa2 mRNA is detected
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first, followed by Foxal and finally Foxa3 (Ang et
al. 1993; Monaghan et al. 1993; Sasaki and Hogan
1993). Gene targeting has shown that Foxa2 is required
for the development of the node and visceral endo-
derm because these structures are missing or abnormal
in embryos homozygous for a null mutation in the
Foxa2 gene (Ang and Rossant 1994; Weinstein et al.
1994; Dufort et al. 1998). However, the functions of
Foxa2 in pancreatic development and in B-cell physi-
ology can not be addressed using the Foxa2 null allele,
as even embryos obtained from tetraploid embryo-ES
cell aggregations lack foregut endoderm (Dufort et al.
1998).

To overcome the limitations of the current genetic
models, we have generated mice lacking Foxa2 specifi-
cally in pancreatic B cells, using the Cre-loxP recombi-
nation system, and have analyzed the contribution of
Foxa?2 to B-cell development and physiology. Using this
new model, we have uncovered a dramatic and unpre-
dicted role for Foxa2 in B-cell function and glucose ho-
meostasis.

Results

Generation of B cell-specific Foxa2 knockout mice

Pancreatic p cell-specific Foxa2 knockout mice
(Foxa2loxP/1oxP. Ins.Cre) were generated by breeding
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Foxa2'°¥P/1oxP homozygous mice with Ins.Cre transgenic

mice, which express the Cre recombinase cDNA under
the control of the B cell-specific rat insulin 2 promoter
(Kulkarni et al. 1999; Postic et al. 1999; Sund et al. 2000).
The resulting Foxa2°*"/*; Ins.Cre offspring were mated
to Foxa2!oxP/1oxP homozygotes to obtain the Foxa2/oxt/1ox?,
Ins.Cre mice and three littermate control groups:
Foxa2'¥P’* | Foxa2!*P/1oxP and Foxa2*""*; Ins.Cre.
Foxa2!oxP/1oxP. Ins Cre mice were born in the expected
mendelian distribution, and no significant differences
in appearance or body weight were observed at birth
between these mice and their control littermates (see
Fig. 2b).

Beta-cell specific deletion of Foxa2

To assess the onset and efficiency of Cre-mediated
gene deletion in Foxa2!°*F/1oxP, Ins.Cre mice, Foxa2 ex-
pression was examined in B cells by performing immu-
nohistochemistry using anti-insulin and anti-Foxa2 an-
tibodies during various stages of islet ontogeny (Fig. la—
f). Foxa2 is normally expressed in all islet cell types,
including B cells, and in exocrine acinar cells throughout
development (Fig. 1a,c,e,g). As expected, the majority of
the B cells from 14.5- and 16.5 d postcoitum Foxa2ox/1oxP,
Ins.Cre embryos had lost Foxa2 expression (Fig. 1b; data
not shown). On postnatal day 8 (P8), Foxa2 is inactivated
in 85% of the B cells from Foxa2!oxF/1°xP, Ins.Cre mice
(Fig. 1d). By P22, Foxa2 protein is deleted in >95% of the
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Figure 1. The Foxa2!**T allele is efficiently and spe-
cifically deleted in pancreatic B cells by the Ins.Cre
transgene. Immunofluourescence analysis of pancreas
sections from mice at 16.5 d post coitum (a,b), postna-
tal day 8 (PS8; c,d,g,h), and P22 (e,f), double-labeled for
either Foxa2 (red) and insulin (green; a—f) or Foxa2 (red)
and glucagon (green; g,h). Foxa2 is normally expressed
in all islet cell types, including B cells and « cells, and
in some acinar cells (a,c,e,g). (b) Foxa2 is inactivated in
B cells as early as embryonic day 16.5 (E16.5) in
Foxa2'°*"/1ox?. Ins Cre mice. Cre-mediated deletion of
Foxa2 occurs in 85% of B cells in P8 mice (d) and in
more than 99% of B cells in P22 mice (f]. Arrows (b,d,f)
show B cells that have Foxa2 deleted, whereas arrow-
heads (b,d) show B cells in which Foxa2 protein per-
sists. However, Foxa2 is not deleted in either « cells (h)
or acinar cells in Foxa2*?/1xF; Ins Cre mice, indicating
the specificity of the Ins.Cre transgene. Images were
obtained at 400x magnification using fluorescent con-
focal microscopy of representative pancreatic sections
from wild-type control (Control) mice (g,c,e,g) and mu-
tant Foxa2!o*P/1oxP, Ins.Cre mice (b,d,f,h).
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B cells (Fig. 1f). P22 is the latest stage of mutant mice
that were available for analysis because of the severity of
the phenotype (see below).

The specificity of Foxa2 deletion in our model was
assessed by examining Foxa2 expression in glucagon-ex-
pressing « cells, in exocrine acinar cells, and in hepato-
cytes from P8 Foxa2!°X"/1°*P. Ins.Cre mutant mice. In
contrast to the situation in pancreatic § cells, Foxa2 ex-
pression was maintained in all pancreatic « cells and
acinar cells, as well as in all hepatocytes (Fig. 1g; hepa-
tocyte data not shown). Our observations are consistent
with Cre immunostaining in Ins.Cre mice in which Cre
recombinase was expressed in 82 % of the B cells but was
not ectopically expressed in other islet cell types or in
acinar cells (Postic et al. 1999). In summary, we conclude
that Foxa2 is efficiently and specifically deleted in up to
95% of B cells in Foxa2!oxP/°xP, Ins.Cre mice, with de-

letion initiated during early islet differentiation and con-
tinuing in mature islets.

B Cell-specific deletion of Foxa2 results
in postnatal death caused by severe persistent
hyperinsulinemic hypoglycemia

To determine the role of Foxa2 in pancreatic B-cell dif-
ferentiation and function, we examined offspring from
crosses of double heterozygous Foxa2/°*"/*; Ins.Cre mice
mated to Foxa2!°*’/°xP homozygous mice. At birth,
Foxa2'xP/1oxP. Tns Cre mice were indistinguishable from
control littermates by appearance and birth weight (Fig.
2b). However, mutant mice quickly became growth-re-
tarded and usually died between P9 and P12 (Fig. 2a,b).
Of >300 offspring analyzed from this mating to date, no
mutant mouse that lacks Foxa2 in B cells has ever sur-
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Figure 2. Foxa2!°*l/loxP. Ins.Cre mice are @ 1
growth-retarded and die shortly after birth be- P8 0 123456789
cause of severe hyperinsulinemic hypoglyce- Days after birth
mia. (a) Eight-day-old (P8) Foxa2loxI/lox,
Ins.Cre mutant mouse (M; top) and a control £ Foxa2™+
littermate (WT; bottom) from a typical litter c =3 Foxa2">e"=? d
between Foxa2'°*"/*; Ins.Cre and Foxa2'oxP/1ox? ZA Foa2™ ins.Cre
mice on a mixed outbred-CD1 background. (b) K50 Foxa2"™""™;ins.Cre e (6)
Growth curve for a litter obtained from mating 3150 E 500) @ )
Foxa2!o*P/+, Ins.Cre and Foxa2'**'/1o*F mijce. E’ gy é 400
Foxa2!oxP/1oxP. Tns Cre mutant mice (filled dia- ~100 ~ ™
mond) are growth retarded relative to control 2 —g 300
littermates (open square). Between P9 and P12, § £ 200
Foxa2'o*"/1xF, Ins Cre mutant mice lose weight & 50 ]
rapidly, and most die with severe hypoglyce- ] 5 100
mia. Values are means + SEM of n = 5 mice. (c- = 0 a gl le
e,h) Offspring from matings between Foxa2!°<"/*;
Ins.Cre and Foxa2"o*"/1*F mice were killedon @ = f
P8 and blood glucose (c), plasma insulin (d), E 600 g8 5
plasma glucagon (e), and plasma nonesterified g 500 & 4
(NE) fatty acid (h) concentrations were deter- S 400 a’g
mined as described in Materials and Methods. gl 300 8 g3
Each bar represents the mean + SEM, with the 5 2.4d2
number indicated in parenthesis. **, P < 0.005; © 200 % )
Foxa2!oxP/1oxP. Ins Cre (cross-hatched bars) vs. g 100 s 1
Foxa2'*""~ (stippled bars) or Foxa2'oxP/lox? s g £ 0
(horizontal-striped bars) or Foxa2!°*"’*; Ins.Cre =
(hatched bars). (f) The insulin to glucagon ratio g b h
was determined by dividing mean plasma insu- 6 oy
lin concentrations (d) by mean plasma glucagon & 12 B—
concentrations (e). (g) Liver glycogen content S ~9 XX =
was determined in P8 Foxa2/**"/!*xF; Ins.Cre mu- 5 g :0:0: =
tant mice (cross-hatched bars) and control litter- ";:’ a 6 an b:0:4 E
mates (unfilled bars). Each bar represents the §,'Ej; KX z
mean = SEM, with the number indicated in pa- .5*53 b:0:1 ®
renthesis. **, P < 0.005; Foxa2'©*"/1ox”. Ins.Cre vs. o :0:0: ¥
all control littermates. 0 = = =
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vived to weaning. The mutant mice showed signs of
metabolic dysfunction, including seizure activity, sug-
gesting severe hypoglycemia. Blood glucose levels were
indeed found to be extremely low in the mutant mice
(Fig. 2c). As the ratio of insulin to glucagon is critical in
maintaining euglycemia, we determined the plasma lev-
els of these hormones in P8 Foxa2!*X"/1°*. Ins.Cre mice
and their littermate controls. Plasma insulin levels in
mutant mice were similar to their euglycemic control
littermates (Fig. 2d). The plasma insulin levels in the
mutant mice are inappropriately high considering the
severe hypoglycemia in these animals. In addition,
plasma glucagon levels in Foxa2!ox"/°xP, Ins.Cre
mice were five-fold lower than in control littermates
(Fig. 2e). Thus, Foxa2!ox'/1°xP. Ins.Cre mice have an
approximately three- to fourfold increase in their insulin
to glucagon ratio compared with that of wild-type
controls, which accounts for their severe hypoglycemia
(Fig. 24).

The abnormal hormone levels observed in the
Foxa2'"xP/1oxP. Ins.Cre mice are expected to also affect
other aspects of metabolism, in particular the storage of
glucose as glycogen and the levels of free fatty acids in
the blood. In the normal response to low blood glucose
levels, changes in pancreatic hormones effect glycogen
breakdown in skeletal muscle and liver. In contrast, liv-
ers from P8 Foxa2!oxF/1°xP. Ins.Cre mice had [2.5-fold
higher glycogen content than their control littermates,
which is consistent with the observed hyperinsulinemia
in these mice (Fig. 2g). Another physiological response to
hypoglycemia is the mobilization of free fatty acids from
triglyceride stores. However, there was no significant
change in nonesterified fatty acid levels in plasma from
mutant mice compared with littermate controls (Fig.
2h). This lack of an increase in free fatty acids during
severe hypoglycemia is another reflection of the hyper-
insulinemia in these mutant mice. Taken together, mice
deficient for Foxa?2 in the pancreatic § cells die shortly
after birth because of hyperinsulinemic hypoglycemia
despite having abundant hepatic glycogen stores.

Foxa?2 in the B cell impacts on islet architecture
but not cell lineage allocation

Several mechanisms could account for the observed rela-
tive increase in circulating insulin in Foxa2!oxP/loxP,
Ins.Cre mice, including changes in islet cell lineage al-
location, abnormalities in insulin biosynthetic rates, de-
fective regulation of insulin secretion, or a combination
of these factors. Similar possibilities could also explain
the decrease in circulating glucagon levels. Lack of Foxa2
in B cells could, for instance, result in an increase in
insulin-producing B cells at the expense of the glucagon-
producing « cells. This possibility is relevant in light
of recent gene-targeting experiments of other transcrip-
tion factors expressed in the pancreas, including Pax6
and Pax4, in which null mutants lacked pancreatic a or
B cells, respectively (Sosa-Pineda et al. 1997; St-Onge et
al. 1997).

Beta-cell specific deletion of Foxa2

Islet composition was assessed first qualitatively by
immunostaining with markers for «, B, and & cells (Fig.
3). B Cells, the predominant cell type in islets, form the
core of the normal islet, whereas the less abundant o and
d cells are distributed in the islet periphery. B Cells,
a cells, and & cells were all present in Foxa2loxP/lexP,
Ins.Cre islets. However, in contrast to the roughly
spherical islets seen in wild-type mice, islets from mu-
tant mice were irregularly formed and appeared to be
composed of multiple lobules. Furthermore, mutant is-
lets had a strikingly disorganized architecture with
non-B cells intermingled in the islet core. However, all
islet cell types were present in the mutant mice, with no
evidence for inappropriate coexpression of islet hor-
mones.

To assess islet composition quantitatively, we deter-
mined a- and B-cell area in Foxa2*"/°°*; Ins.Cre mice
and control littermates. As shown in Figure 4a, B-cell
area was modestly decreased by 32% in Foxa2lox'/1oxr,
Ins.Cre pancreata when compared with that of control
littermates, whereas a-cell area was unaffected (Fig. 4b).
Thus, B cells from Foxa2/°¥"/1oxP, Ins.Cre islets appeared
to differentiate normally, expressing appropriate cell lin-
eage markers with a modest reduction in B-cell area.
Therefore, our results strongly indicate that changes in
cell lineage allocation are not responsible for the ob-

I Control HFoxaE'oxp‘{ loxP.|nsCre

IInsulWSoma‘lostatln ” Insulin/Glucagon |

Figure 3. Foxa2'**"/°xF; Ins.Cre mice show perturbed islet ar-
chitecture, but islet cell markers are expressed normally. Pan-
creatic sections from control (a,c) and Foxa2'°*/*", Ins.Cre
(b,d) mice were immunostained for two different islet cell lin-
eage markers, and images were captured by confocal micros-
copy. The markers were insulin for g cells (a—d), glucagon for «
cells (a,b), and somatostatin for 8 cells (c,d). B Cells normally
form the core of the islet with non-8 cells positioned on the
periphery of the islet, as seen in control mice (a,c). In con-
trast, islets from Foxa2'°*F/1°*"; Ins.Cre mice have non-B cells
intermingled in the core of the islet, known as a mixed islet
phenotype (b,d). Insulin is not co-expressed with either the
a-cell marker (a,b) or the §-cell marker (c,d) in control or
Foxa2'oxP/1oxP. Ins Cre islets. Magnification, 400x.
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were immunostained for both insulin and
glucagon to determine B-cell area (a) and
a-cell area (b), respectively, which were nor-
malized to total pancreatic area (pancreas
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Foxa2'oxP/1oxP. Ins Cre vs. control mice. (c) Reverse-transcription analysis of total RNA isolated from whole pancreata of P8 control and
Foxa2'°xP/1o<P Ins.Cre mice. No significant differences between control and mutant mice in insulin 1 (Insulin) or glucagon steady-state
mRNA levels were detected when quantified using phosphorlmager analysis (data not shown). a-Tubulin served as a loading control.
(d,e) Pancreatic insulin (d) and glucagon content (e) were measured in acid-ethanol extracts from P8 control (unfilled bars) and
Foxa2!oxP/1oxP. Ins Cre (Mutant, cross-hatched bars) mice by RIA. Bars represent values +SEM, with number indicated in parenthesis.

served hyperinsulinemia and hypoglucagonemia in
B-cell Foxa2 knockout mice.

Hormone secretion, but not biosynthesis, is regulated
by Foxa?2 in the § cell

In theory, an overproduction of insulin might explain
why Foxa2!oxP/1oxP. Ins Cre mice are hyperinsulinemic.
Likewise, defective islet glucagon biosynthesis could re-
sult in decreased glucagon levels in the plasma, as ob-
served in mice with a targeted inactivation of Foxal
(HNF3a), which show a reduction in glucagon mRNA in
the pancreas (Kaestner et al. 1999; Shih et al. 1999). How-
ever, neither insulin nor glucagon mRNA levels were
affected by the lack of Foxa2 in the pancreatic B cell (Fig.
4c). Similarly, there was no difference in total insulin
and glucagon content in whole pancreatic extracts from
mutant and control mice (Fig. 4d,e). These results indi-
cate that the hyperinsulinemia and hypoglucagonemia
observed in Foxa2!*x"/1°*P. Ins.Cre mice are not the re-
sult of increased insulin, diminished glucagon biosyn-
thesis, or both.

In light of these findings, abnormal insulin and possi-
bly glucagon secretion seemed the most likely cause for
the phenotype observed in the Foxa2'°x/1°xP, Ins.Cre
mice. Glucose-stimulated insulin secretion physiologi-
cally links blood glucose levels and -cell metabolism to
release insulin into the bloodstream (Dunne and Pe-
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tersen 1991). Glucose enters the B cell through GLUT?2,
the high K,, glucose transporter in B cells, where it is
phosphorylated by glucokinase, the B-cell glucose sen-
sor. Subsequently, glucose metabolism results in the el-
evation of the ATP/ADP ratio, which closes ATP-sensi-
tive potassium (K,rp) channels in the plasma mem-
brane. Closure of the K,rp channels causes
depolarization of the plasma membrane, which activates
voltage-gated calcium channels. Influx of intracellular
calcium results in exocytosis of stored insulin granules
and release of insulin into the bloodstream.

To test our hypothesis that abnormal insulin secretion
is the cause for the hyperinsulinemic hypoglycemia in
Foxa2!oxP/1oxP. Ins Cre mice, we performed in vitro peri-
fusion assays of minced pancreas. This technique allows
for the determination of pancreatic insulin and glucagon
output under defined conditions. To determine the
threshold for insulin secretion, we performed glucose
ramp experiments using control and Foxa2loxP/lexP,
Ins.Cre pancreata. As is shown in Figure 5a, control mice
secreted insulin starting at a concentration of 6.5 mM
(117 mg/dL) glucose, with maximal output levels
reached at 8.5 mM (153 mg/dL) glucose. In contrast, the
Foxa2'o*P/1oxP. Ins.Cre mice secrete insulin at a reduced
glucose concentration of 4.5 mM (81 mg/dL) glucose,
peaking at 6.5 mM glucose, indicating a hypersensitivity
to glucose stimulation. Even more striking was the fail-
ure of the mutant islets to terminate insulin secretion
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Figure 5. Regulation of hormone secretion is defective in Foxa2'o**/1ox?, Ins.Cre mice. All perifusion studies were performed at least
three times and representative trace is shown for each experiment. (a) Pancreata from two postnatal day 8 (P8) controls (open squares)
and Foxa2!oxP/1oxP. Ins Cre (Mutant, filled diamonds) mice were perifused as described in Materials and Methods with increasing
concentrations of glucose from 0 to 15 mM glucose at a rate of 1 mM per minute. Fractions were taken every minute, and the insulin
concentration was determined by RIA. (b) Continuation of experiment in a with a glucose ramp decreasing from 26 to 0 mM glucose,
changing the glucose concentration at a rate of 1 mM per minute (represented by triangle). At the end of the experiment, 15 mM
potassium chloride (KCl) was added to the perifusate, represented by the bar. Fractions were taken every minute, and insulin
concentrations were determined by RIA. (c,d) Pancreata from two P8 control (open squares) and Foxa2!o7/%°xF; Ins Cre (filled diamonds)
mice were perifused as described in Experimental Procedures with addition of secretagogue, 15 mM amino acid mixture (AAM) plus
2 mM glutamine or 15 mM KCI (KCl) as indicated. Fractions were taken every minute, and insulin (c) and glucagon (d) concentrations

were determined by RIA. ¢ and d represent hormone concentrations of fractions from the same perifusion experiment.

when glucose was ramped down from 26 mM (468 mg/
dL) to 0 mM (Fig. 5b), again indicating the abnormal re-
sponse of the mutant islets. In addition, stimulating is-
lets from Foxa2'©*"/1°XP. Ins.Cre mice with an amino acid
mixture, which serves as a good secretagogue for gluca-
gon but normally is not an effective stimulus for insulin,
resulted in a dramatic and sustained secretion of insulin
(Fig. 5¢). Therefore, the persistent hyperinsulinemic hy-
poglycemia observed in the Foxa2*'/%*xF. Ins.Cre mice
in vivo is most likely the direct consequence of abnor-
mal insulin secretion at lower blood glucose concentra-
tions and an inappropriately high insulin secretory re-
sponse to amino acids.

As we had also observed inappropriately low plasma
glucagon levels, we hypothesized that glucagon secre-
tion was defective in Foxa2'°*"/!*xP. Ins.Cre mice. This
was indeed the case as shown in Figure 5d. Addition of
an amino-acid mixture as secretagogue for glucagon re-
sulted in a robust release of glucagon from control pan-
creas but produced only a minimal response, if any, in
mutant pancreas. In summary, these perfusion studies
clearly showed that abnormal insulin and glucagon se-

cretion can account for the physiological phenotype ob-
served in Foxa2°*"/1oxP. Ins.Cre mutant mice.

The ATP-sensitive K* channel is a target of Foxa2
in B cells

A plausible explanation for the aberrant insulin secre-
tion in Foxa2!oxF/1°xP. Ins Cre mutant mice is a dysregu-
lation of the genes encoding components of the glucose-
sensing insulin secretory mechanism, namely, GLUT2,
glucokinase, glutamate dehydrogenase (GDH), and the
K, rp channel. No significant changes were found in
mRNA expression levels of GLUT?2, glucokinase, or
GDH (data not shown). However, mRNA levels for genes
encoding both subunits of the K,;p channel, Kir6.2 and
sulfonylurea receptor 1 (SUR1), were reduced by 73%
and 81%, respectively, in RNA isolated from pancreatic
islets of Foxa2°*'/1oxP. Ins.Cre mice (Fig. 6), providing a
molecular link between the deletion of the transcription
factor Foxa2 in the B cell and the hypoglycemic pheno-
type observed.

The importance of the K,rp channels in regulating

GENES & DEVELOPMENT 1711



Sund et al.

~
o
o

~
=3
—

o
£’

(normalized to HPRT)
(=] - B
” o

Kir6.2 mRNA Levels

o
=)

o)
5

o
©
—

o
>

(4)

3

Figure 6. Foxa2 is required in B cells for Krp-channel steady-
state mRINA expression. Reverse-transcription PCR analysis of
Kir6.2 (a) and SURI (b) mRNA levels in islet RNA from control
(unfilled bars) and Foxa2!0<?/1°*F; Ins.Cre (cross-hatched bars)
mice, which were normalized to those of HPRT. Radioactive
bands were quantified by phosphorimager analysis. Bars repre-
sent values + SEM, with number indicated in parenthesis. *,
P < 0.05; Foxa2'oxP/1oxP. Ing Cre vs. control mice.

(normalized to HPRT)

SURTMRNA Levels

0.0

insulin secretion in vivo has been shown by the high
frequency of mutations in the SURT and KIR6.2 genes in
patients with hyperinsulinism (Thomas et al. 1995;
Nestorowicz et al. 1996; Thomas et al. 1996; Dunne
et al. 1997; Meissner et al. 1999) and by reports that
neonatal mice overexpressing a dominant-negative in-
hibitor of K,1p channels or lacking K ,p channels alto-
gether are at least transiently hypoglycemic (Miki et al.
1997, 1998; Seghers et al. 2000). Thus, the deficiency in
K.rp channel expression in the Foxa2!°*F/1°xP. Ins. Cre
mutant mice is likely to contribute to the abnormal in-
sulin secretion and hypoglycemia observed in these
mice.

Discussion

In this study, we have used the Cre-loxP recombination
system to uncover a dramatic function for Foxa2 in pan-
creatic B-cell differentiation and glucose homeostasis.
The hyperinsulinemic state of the Foxa2!°x/1°x?, Ins.Cre
mice results in peripheral glucose disposal and prevents
mobilization of glycogen stores despite low blood glu-
cose levels. The paradigm for glucose regulation of insu-
lin secretion is that enhanced glucose metabolism re-
sults in a cascade of increased ATP production, closure
of K,1p channels, membrane depolarization, activation
of voltage-gated calcium channels, influx of calcium, and
insulin granule exocytosis into the bloodstream (Dunne
and Petersen 1991). The critical role of these glucose-
induced ionic events is highlighted by the genetic basis
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of familial hyperinsulinism (HI), a disease characterized
by uncontrolled insulin secretion despite severe hypo-
glycemia (Dunne et al. 1999). Recently, mutations in the
genes encoding four components of this pathway,
namely, SUR1, Kir6.2, glucokinase, and GDH, have been
identified in HI patients (Thomas et al. 1995, 1996;
Nestorowicz et al. 1996; Glaser et al. 1998; Meissner et
al. 1999; Stanley et al. 2000). These mutations are pre-
dicted to result in inactivation of the K,p channel-de-
pendent pathway directly or indirectly, linking glucose-
stimulated insulin secretion to the pathophysiology of
HI. Thus, loss of K,rp-channel activity results in par-
tially glucose-blind B cells, as seen in isolated islets from
patients with HI (Kane et al. 1996, 1997; Dunne et al.
1997), very similar to the phenotype we describe here for
mice that lack Foxa2 specifically in the B cells of the
pancreas.

We identified the K,rp channel as a novel target of
Foxa2, as both Kir6.2 and SUR1 mRNA levels are re-
duced by [75% in islets of Foxa2!o*'/1°xP, Ins.Cre mice.
This reduced Kir6.2 and SURI1 expression in B cells of
our mutant mice most likely results in impaired K1p
channel activity and altered insulin secretion. This view
is supported by recent studies using mouse models with
reduced or absent K rp channel activity. First, newborn
mice with reduced K, rp channel activity are transiently
hypoglycemic (Miki et al. 1997, 1998; Seghers et al.
2000). Second, islets from homozygous Surl~/~ mice fail
to suppress insulin output when blood glucose levels
fall, similar to the Foxa2-deficient B cells (Seghers et al.
2000). However, these newborn transgenic and mutant
mice were not severely hypoglycemic and lived to adult-
hood, thus displaying a phenotype much milder than
that of Foxa2'*"/1°xP, Ins.Cre mice. The increased sever-
ity of the phenotype of Foxa2'°*"/°*”, Ins.Cre mice rela-
tive to K, p channel-deficient mice may be caused by
the simultaneous reduction of both subunits of the K 1p
channel, the concurrent defect in glucagon secretion, or
the contribution of an unidentified target of Foxa2. A
K ,rp-independent pathway of insulin secretion has been
invoked to explain the relatively mild phenotype of
Sur1~/~ mice (Seghers et al. 2000). Evidence for glucose
action on insulin secretion beyond ionic events con-
trolled by the K,p channel has also been gained from
pharmacological studies (Aizawa et al. 1998). However,
the molecular basis of these nonionic insulinotropic glu-
cose effects has not yet been delineated. Considering the
very severe phenotype of the Foxa2°*"/1**, Ins.Cre mice
compared with mice lacking only the K, rp-channel, it is
likely that these alternate nonionic pathways are per-
turbed in our mice as well, which provides a unique
model for future investigations of these pathways.

The Foxa2'°*"/1°x", Ins.Cre model provides the first ge-
netic evidence for in vivo coupling of a-cell function to
cells. This stems from our observation that circulating
glucagon levels are also inappropriately low in our mu-
tant mice, despite the B cell-specific deletion of Foxa2.
Several possibilities could explain how inactivation of
Foxa?2 in B cells causes a defect in a-cell function. First,
there is prior evidence for paracrine regulation between 8



and « cells. Insulin has been shown to inhibit «-cell
function (Maruyama et al. 1984, 1985), and chronic ex-
posure of the « cells in our Foxa2°*?/°x"; Ins.Cre mice to
elevated levels of insulin may tonically inhibit glucagon
secretion. Second, the noncell-autonomous requirement
of Foxa2 in B cells for a-cell function might be caused by
perturbation of islet cell architecture in Foxa2loxP/loxP,
Ins.Cre islets which could disrupt normal 8 cell-to-p cell
and B cell-to-a cell contacts.

In summary, our data show that Foxa2 is required in 8
cells for maintaining proper circulating levels of insulin
and glucagon and for glucose homeostasis. The
Foxa2'*P/1oxP. Ins Cre mice represent a novel and unique
model that mimics many pathophysiological and mo-
lecular aspects of familial hyperinsulinism and as such
will be useful for the evaluation of novel treatment regi-
mens for this clinically relevant disorder.

Materials and methods

Animals and genotype analysis

Foxa2!oxP/1oxP mice were generated by homologous recombina-

tion using a Foxa?2 gene-targeting vector with loxP sites flanking
exon 3 as described previously (Sund et al. 2000). The derivation
of the Foxa2'**" and Ins.Cre transgenic line has been reported
previously (Kulkarni et al. 1999; Postic et al. 1999; Sund et al.
2000). All mice were kept on a mixed outbred-CD1 background.
Genotyping was performed by PCR analysis using genomic
DNA isolated from the tail tip of fetal and newborn mice (Sund
et al. 2000).

We focused our studies on P8 mice, because mutant mice at
this age are still growing and are relatively healthy. In addition,
all control littermates, including mice with heterozygous Foxa2
B cells (Foxa2®*"*; Ins.Cre), had similar values in all physi-
ologic measurements examined (Fig. 2), and except where speci-
fied, the three genotypes were grouped together as control lit-
termates. Preference in selecting controls was given to mice
with one wild-type and one loxP allele of Foxa2 and no Ins.Cre
transgene (Foxa2°*"’*), which is the closest genotype to wild-
type mice in our mating scheme. Reducing the litter size such
that the smaller mutant mice were able to better compete for
nutrients allowed two rare Foxa2*"/°xP. Ins.Cre mice to sur-
vive to P22, although they were severely runted and hypogly-
cemic (data not shown). In contrast, mice heterozygous for
Foxa2 in B cells (Foxa2!°"*; Ins.Cre) were viable, had normal
growth curves, and were fertile.

Immunohistochemistry

Tissues were fixed in 4% paraformaldehyde overnight at 4°C,
embedded in paraffin, cut to 6-um sections, and applied to
Probe-on Plus slides (Fisher Scientific). Deparaffinized and re-
hydrated slides were subjected to microwave antigen retrieval
by boiling for 6 min in a 10 mM citric acid buffer (pH 6.0) and
allowed to cool for 10 min at room temperature (RT). Slides
were washed in PBS, then blocked with protein blocking reagent
(Immunotech, no. 1481) for 20 min at RT. The primary antibod-
ies were diluted in PBS containing 0.1% BSA and 0.2% Triton
X-100 (PBT) and incubated with the sections overnight at 4°C.
Slides were washed in PBS, then incubated with the appropriate
secondary antibodies diluted in PBT for 2 h at RT. Slides were
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washed in PBS, mounted, and examined using confocal micros-
copy (Leica).

The following antibodies were used at the indicated dilutions
for immunohistochemistry: rabbit anti-HNF-38 (a gift from Dr.
T.M. Jessell, Columbia University, New York; 1:2000), guinea
pig anti-insulin (Linco; 1:1000), guinea pig anti-glucagon (Linco;
1:200), rabbit anti-glucagon (Genosys; 1:200), rabbit anti-IAPP
(amylin; Phoenix Pharmaceuticals; 1:1500), rabbit anti-somato-
statin-28 (Genosys; 1:400), Cy3-conjugated donkey anti-rabbit
IgG (Jackson Immunoresearch; 1:1500), FITC-conjugated don-
key anti-rabbit IgG (Jackson; 1:50), Cy2-conjugated donkey anti-
guinea pig IgG (Jackson; 1:400), and rhodamine-conjugated goat
anti-guinea pig IgG (Cappel; 1:50).

Islet isolation and RNA analysis

By combining two to five pancreata from P8 mice, islets were
isolated using the standard collagenase procedure (Scharp et al.
1973). One hundred fifty to 200 islets were hand-picked under a
light microscope. Total RNA from islets and pancreata from P8
mice was isolated by homogenization in TriReagent LS (Mo-
lecular Research Center) according to manufacturer instruc-
tions. Reverse-transcription PCR (RT-PCR) analysis was per-
formed essentially as described (Wilson and Melton 1994; Dun-
can et al. 1997). To determine conditions for quantitative
analysis, cDNA samples were serially diluted and each primer
pair was tested for exponential amplification by modifying PCR
cycle numbers and quantifying the signal using PhosphorImager
(Molecular Dynamics) analysis (data not shown). PCR condi-
tions used were 1 cycle of 93°C for 3 min, 20 to 28 cycles
(depending on primer pair) of 93°C for 45 sec, 60°C for 45 sec,
and 72°C for 2 min, followed by 1 cycle of 72°C for 5 min in a
buffer containing 1.5 mM MgCl,. The following forward and
reverse primers were used for specific amplication (size in bp):
prolnsulin 1, 5-CCACCCAGGCTTTTGTCAAAC-3’ and 5'-
AGCACTGATCCACAATGCCAC-3’ (218); proglucagon, 5'-
GCACATTCACCAGCGACTACA-3' and 5'-CTGGTGGCAA
GATTGTCCAGA-3' (330); glucokinase, 5'-GCAGGGGATC
CAAATAGGGAA-3" and 5'-CTTGCTTCTCTTCCCGGATCA-
3'(375); GDH, 5'-GCCAAGGTCTATGAAGGAAGC-3' and 5'-
GACACTGTTACTCCTCCAGCA-3’ (223); SURI, 5'-GCCCA
CAGAGGTACATCTTCT-3' and 5'-CAGAGTCGCTGATAG
TTGGTG-3" (226); Kir6.2, 5-GCAGAAACCCTCATCTTCA
GC-3’ and 5'-CAGAGTGGTGTGGGCACTTTA-3’ (500); HP
RT, 5-GGCCATCTGCCTAGTAAAGCT-3’ and 5'-GCTGGC
CTATAGGCTCATAGT-3’; a-tubulin, 5-GTGTCTTCCAT
CACTGCTTCC-3" and 5-GCTCAAAGCAGGCATTGGTGA-3'.

Analytical procedures

Blood glucose values were determined from whole venous blood
using an automatic glucose monitor (Glucometer Elite, Bayer).
To prepare plasma, mice were killed by decapitation on P8, and
whole venous blood was instantly mixed with 5% (v/v) of TEL
solution (trasylol 10,000 KIU/mL, 60 mM EDTA, 0.5 mg/mL
leupeptin). After centrifugation, the resulting plasma was stored
at -80°C until assayed. Plasma insulin was measured by ELISA
(Mercodia Ultrasensitive Rat Insulin ELISA, American Labora-
tory Products). Plasma glucagon was determined using RIA
(University of Pennsylvania Diabetes Center.) Plasma nones-
terified fatty acid levels were determined using a colorimetric
enzyme assay (NEFA C, Wako Chemicals, Germany). Pancre-
atic insulin and glucagon content was assessed by RIA (Univer-
sity of Pennsylvania Diabetes Center) in acid-ethanol extracts of
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whole pancreas. Hepatic glycogen content was determined as
described previously (Postic et al. 1999).

Quantitative islet cell area measurement

The pancreata from five P8 Foxa2/°*I/1°<", Ins Cre mice and five
control littermates were fixed in paraformaldehyde and pro-
cessed for immunohistochemistry as described above. To obtain
the largest surface area for analysis, the pancreata were laid flat
during the paraffin-embedding process. Sections (5 nm) through
the entire pancreas were taken, and every fifth section was
stained with hematoxylin and eosin. The section with the larg-
est tissue surface area was selected for analysis. Sections were
double-stained with guinea pig anti-insulin and rabbit anti-glu-
cagon antibodies using immunofluorescence as described
above, except images were analyzed using a Nikon Microphot-
FX fluorescent microscope. The area covered by cells stained by
each antibody was measured using IP Lab Spectrum software
and expressed as a percentage of the total pancreatic area. This
study was performed blinded to the genotypes of the animals.

Pancreas perifusion

Dissected pancreata from two P8 mice were immediately
minced into fine pieces and placed into a perifusion chamber
(Millipore). The perifusion apparatus consisted of a computer-
controlled fast-performance HPLC system (Waters 625 LC Sys-
tem) that allowed programmable rates of flow and glucose con-
centration in the perifusate, a water bath (37°C), and a fraction
collector (Waters Division of Millipore). The perifusate was
Krebs buffer (pH 7.4) containing 2.2 mM Ca®*, 0.25% bovine
serum albumin and was equilibrated with 95% O, and 5% CO,,
plus additional secretagogues. The amino acid mixture con-
tained physiological concentrations of 19 amino acids (15 mM)
plus 2 mM glutamine (Sigma, G-7029). At the beginning of each
experiment, perfusate without any secretagogues was perfused
for 30 min to wash out any released hormones and to reach
baseline hormone secretion values.

Statistical procedures

All values unless otherwise indicated are expressed as mean
+SEM. Statistical analyses were carried out using a two-tailed
Student’s unpaired t test, and the null hypothesis was rejected
at the 0.05 level.
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