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Mice homozygous for a null mutation in the winged helix transcription factor HNF3« showed severe
postnatal growth retardation followed by death between P2 and P12, Homozygous mutant mice were
hypoglycemic despite unchanged expression of HNF3 target genes invelved in hepatic gluconeogenesis,
Whereas insulin and corticosteroid levels were altered as expected, plasma glucagon was reduced markedly in
the mutant animals despite the hypoglycemia that should be expected to increase glucagon levels. This
correlated with a 70% reduction in pancreatic proglucagon gene expression. We also showed that HNF3«
could bind to and transactivate the proglucagon gene promoter. These observations invoke a central role for
HNF3a in the regalatory control of islet genes essential for glucose homeostasis in vivo.
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The HNF3 (hepatocyte nuclear factor 3) proteins were
discovered by their ability to bind to the promoters of the
genes encoding a-antitrypsin and transthyretin (Costa et
al. 1989). Cloning of the ¢DNAs identified three HNF3
genes o, B, and v in mammals; Lai et al. 1990, 1991).
Analysis of the crystal structure of HNF3vy showed that
the DINA binding, or winged helix domain of the HNF3
proteins has a seriking similaxity to the linker histones
H1i and H5 [Clark et al. 1993}, Tt was shown recently that
the HNF3 proteins can reposition nucieosomes in the
albumin enhancer {McPherson et al. 1993; Shim et al.
1998). Nucleogome binding by the HNF3 proteins does
not compact the chromatin, but is rather correlated with
an active albumin enhancer (Cirillo et al. 1998).

All three HNF3 genes are expressed during embryonic
development. During formation of the definite endo-
derm HNF38 is activated first, followed by HNF3«, and
finally HNF3y {Ang et al, 1993; Monaghan et al. 1993;
Sasaki and Hogan 1993). In addition, HNF3p is expressed
in the node, whereas both HNF3« and HNF3B mRNAs
are present in the notochord and floorplate {Ang et al.
1993; Monaghan et al. 1993; Ruiz i Altaba et al. 1993;
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Sasaki and Hogan 1993). HNF33 is absolutely required
for notochord and floorplate formation, hecause these
structures are missing in embryos homozygous for a tar-
geted null mutation in the HNF38 gene (Ang and Ros-
sant 1994; Weinstein et al. 1994), However, because of
the early lethality of the homozygous mutant embryos,
the role of HNF33 in gut, pancreas and liver develop-
ment has not yet been assessed. Deletion of the HNF3y
gene leads to a much milder phenotype. HNF3y ™/~ mice
are viable but show reduced transcription of several
HINE3 target genes in the liver {Kaestner et al. 1998).

Recently, the role of HNF3o in metabolism was ana-
lyzed in visceral endoderm derived from HNF3o ™/ em-
bryoid bodies in vitro {Duncan et al, 1998}, In this sys-
tem, lack of HNF3a led to an increase in the mRNA
levels of various seram proteins and glycolytic enzymes,
concomitant to an increase in the mRNAs of the tran-
scription factors HNFIo and HNF4a. To test the func-
tion of FINF3a in the differentiation of the definite en-
doderm and in metabolic regulation in vivo, we have
generated mice lacking HNF3a via gene targeting. This
mutation deletes the entire DNA-binding domain of the
HNF3« protein and is therefore considered a null allele.
Here we discuss the phenotypic consequences of the mu-
tation on embryonic development as well as hepatic and
pancreatic function.
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Results
Gene targeting of the HNF3a gene

Mice lacking a functional HNF3« gene product were gen-
erated by homologous recombination in mouse embry-
onic stem (ES|) cells. The HNF3« locus had been cloned
previously from a mouse strain 129 genomic library to
allow for efficient gene targeting (Kaestner et al. 1994a).
We constructed a targeting vector that deletes the entire
winged helix DNA-binding domain and carboxy-termi-
nal region of the protein and creates an in-frame fusion
with the Escherichia coli lacZ gene. Care was taken not
to delete any adjacent nontranslated regions, to avoid
interfering with the regulation of the HNF3« locus. The
complete targeting strategy is depicted in Figure 1A, Af-
ter electroporation and selection of embryonic stem
cells, 290 stably transfected neomycin-resistant ES-cell
clones were obtained. We analyzed these clones by prob-
ing of Southern blots with a gene fragment not contained
within the targeting vector (5" probe) and found that two
clones had undergone homologous recombination (Fig.
1B). Both targeted ES cell clones were shown to be with-
out unintended rearrangements at the HNF3a locus by
Southern blot analysis with several probes located 57, 3,
and internal to the targeting vector (data not shown) and
thus contain the HNF3a'*“ allele as schematized in Fig-
ure 1A. Germ-line chimeras and mice heterozygous for

the HNF3a/**“ mutation were obtained for both ES cell
lines. In all parameters studied, both lines gave identical
results, indicating that the phenotype observed is indeed
caused by the targeted mutation in the HNF3a locus and
not caused by another, unrelated mutation derived from
the ES-cell clones. In the following, we have combined
the results obtained from both lines.

We expected that replacement of the HNF3a coding
region with the lacZ gene would result in expression of
B-galactosidase in all cells that normally express HNF3a.
When staining embryos for B-galactosidase activity (Fig.
1C; data not shown), we found expression in the ventral
aspects of the midbrain, in the notochord and floor plate
of the neural tube, and in the gut tube and liver primor-
dium. These are exactly those tissues that had been
shown previously to express HNF3a mRNA by in situ
hybridization (Ang et al. 1993; Monaghan et al. 1993;
Sasaki and Hogan 1993). Figure 1D demonstrates in ad-
dition that in the adult pancreas HNF3a expression is
localized to the islets of Langerhans. Comparison of 9.5
postcoitum embryos homozygous for the HNE3a'*“*
mutation (HNF3a /") to the heterozygous littermates
(HNF3a™") indicated that despite the early onset of
HNF3« expression in the embryo, lack of HNF3a was
not detrimental to early embryonic development (data
not shown).

Promoter analysis of the HNF3a gene had demon-
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Figure 1. Targeting strategy for HNF3a inactiva-
tion. (A) (Top line) Gene structure of the HNF3a
locus. Exons are indicated as boxes, the striped
box represents the winged helix domain. (Middle
line] Targeting vector used for homologous re- B N
combination in embryonic stem cells. (Bottom

line] Gene structure of the targeted allele

(HNF3a*#), The 5' probe was used for the South-  H

Bg

LacZ PGK neo PA

LacZ PGK neo PA I ]

ern blot shown in B. (B) BamHI; (Bg| Bglll; (E)
FcoRY; (H) HindIII; (N) Not; (Xh) Xho. (B) South-
ern blot analysis of the correctly targeted ES-cell
clone. Genomic ES-cell DNA was digested with
Hindlll, size-fractionated by agarose gel electro-
phoresis, blotted onto nylon membrane, hybrid-
ized with the 5’ probe, and analyzed by autoradi-
ography. (C) B-Galactosidase staining of a day
9.5 postcoitum embryo heterozygous for the
HNF3a'*% allele indicative of the transcriptional
activity of the targeted allele. Expression is ob-
served in the ventral midbrain, the floor plate of
the spinal cord, the notochord, foregut, hindgut,
and the liver primordium. (D) p-Galactosidase
staining of adult pancreas obtained from a mouse
heterozygous for the HNF3a'*“# allele. Expression
is observed in the entire endocrine pancreas [islet
of Langerhans).
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strated the presence of an HNF3 binding site at position
-476/-465 with respect to the start site of transcription
in the rat gene [Peterson et al. 1997). This site was shown
to bind all three HNF3 proteins (o, B, and v) in liver
nuclear extracts. Deletion of this site resulted in an
~60% reduction in promoter activity in human hepato-
ma cells. Therefore, both cross-regulation {by HNF33
and HNF3vy) and autoregulation {by HNF3« itself) were
proposed to take part in the regulation of the HNF3w
gene, Additional evidence for cross-regulation among the
HNF3 genes had come from overexpression of FINF38 in
transgenic mice, which led to an induction of HNF3w at
the site of ectopic HNF3B expression (Sasaki and Hogan
1993}, Furthermore, gene ablation of HNF3y resulted in
elevated mRNA levels for HNF3a and HNF3B in the
liver of HNF3y™/ animals (Kaestner et al, 1998},

Through the design of our targeting vector, we were
able to address the issue of autorcgulation of the HNF3«
gene, as we could assess the transcriptional activity of
both the wild-type and the targeted allele. We performed
a quantitative RNase protection assay with RNA iso-
lated from livers of postnatal day 8 mice and assessed the
mMRNA levels for both HNF3a alicles simultaneously.
The targeted [HNFE3a™%%) allcle was expressed in the ho-
mozygous mutants at the same level as the HNF3a allele
in wild-type animals, indicating the absence of signifi-
cant autoregulation for the HNF3« gene in vivo (data not
shown). A similar absence of autoregulation at the
HNF3a locus had been cbserved in embryoid bodies de-
ficient for HNF3a {(Duncan ct al, 1998),

Mice deficient for HNF3w die postnatally

The phenotypic consequences of complete ablation of
HNF3«¢ were assessed in the offspring from crosses of
heterozygous mice. Fetuses obtained before birth
showed no deviation from the expected Mendelian dis-
tribution and no apparent morphofogical abnormalitics
{data not shown). However, HNF3a is clearly required for
postnatal life, as of more than 200 offspring from mat-
ings of heterozygous parents, not a single homozygous
mutant mouse survived to four weeks of age. Initiaily,
when we analyzed mice in a mixed {1298vEv/C57Bl16)
background, we noted a wide variation in the length of
survival of the HNF3a™/ animals. The importance of the
genetic background on the severity of mutant pheno-
types in mice has been well documented (Threadgill et
al. 1995). To obtain a more uniform phenotype, we de-
cided to analyze the phenotypic consequences of the
HNF3¢ mutation in several defined genetic back-
grounds. To this end, we backerossed HNF3a heterozy-
gous mice for 10 generations to both 129SvEv and
C57BL6 mice lincipient congenic strains, at NI0,
»99.9% of the genes are homozygous for the alleles rep-
resented in the respective parental strain). In addition to
the two inbred lines, the effect of the mutation was also
assessed in an F, hybrid between the two lines
{1298vEv x C57Bl6). Using F, hiybrids has the advantage
of hybrid vigor by complementation of recessive muta-
tions from both parental strains and was recommended

HNF3« knockout mice

by the Banbury Conference on Genetic Background in
Mice {1997). At the same time the F, hybrid is a defined
genetic background, as all mice are genetically uniform
with the exception of the HNF3a locus, Survival was
very short in the two inbred lines (death on P1 or P2},
whereas in the F, hybrid backgreund, homozygous mu-
tant animals survived for 10-14 days. As this background
allows for the most thorough analysis of physiological
and biochemical parameters, we concentrated our fur-
ther analyses on the F) hiybrid.

Hypoglycemia in mice deficient for HNF3a is not
caused by lack of expression of gluconeogenic enzymes

In litters of newborn mice, we observed a striking growth
retardation in animals deficient for HNF3« {Fig. 2A,B).
Homeoezygous mutants are born with the same birth
wejghts as their littermates, but fall behind shortly after
birth, Maximal weight is attained between 8 and 10 days.
Between 10 and 14 days the HNF3o mutant mice lose
weight rapidly and eventually die of severe hypoglyce-
mia {as low as 10 mg/dl} and dehydration. Attempts at
prolonging their life through injections or feeding of glu-
cose solution were unsuccessful. This failure to thrive in
the homozygous mutant mice is apparently not the re-
sult of feeding problems, as the mice have milk in their
stomachs at least until day 10 after birth,

Postnatal death and hypoglycemia were also observed
in mice deficient for the transcription factor CCAAT/
enhancer-binding protein o [(C/EBPq), although in this
case the homozygous mutant mice die within the first 8
hr after birth {Wang et al. 1995; Flodby et al. 1996]. A
hallmarlc of the C/EBPa null mice is their inability to
store glycogen in late gestation, which results in a dra-
matic fall in blood glucose levels shortly after birth, In
contrast, HNF3a " mice store glycogen prenatally as
evidenced by histological [PAS} staining (data not
shown).

As the HNF3 proteins had been shown to be involved
in the regulation of several gluconeogenic enzymes in
the liver in vitro {for review, see Cereghini 1996), we
hypothesized that the growth retardation in the HNF3a
mutants might be secondary to hypoglycemia caused by
insufficient hepatic gluconeogenesis. We opted to ana-
lyze glucese levels in the F| hybrid mice on postnatal day
8§, at a time when the animals are still growing and ac-
tively feeding. As is shown in Figure 2C, HNF3a™/~ mice
are hypoglycemic when compared to their littermates.
Interestingly, the glucose levels in the HNF3e /" mice
are very similar to those seen in wild-type littermates
that have been starved for 24 hr, Thus, the HNF3a™/~
mice behave like starving mice, despite the fact that they
have milk in their stomachs.

Hepatic gluconeogenesis is initiated in mammals in
the perinatal period in response to dramatic changes in
glucagon, corticosteroid, and insulin levels, This leads to
a concerted transcriptional activation of several genes
encoding gluconeogenic enzymes, several of which also
have binding sites for the HINFE3 proteins in their pro-
moters or enhancers. These binding sites are relevant for
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Figure 2. HNF3«~/~ mice are growth retarded and hypoglyce-
mic. (A) A typical litter from a cross between HNF3a'/~ mice
mice (F, hybrid] on postnatal day 5. The two smaller mice on
the left are HNF3« /", (B) Growth curves for a representative
litter obtained from an intercross between heterozygous mice.
The offspring are an F, hybrid between 129SvEv and C57BL/6.
Beyond postnatal day 12 the homozygous mutants lose weight
rapidly and die with severe hypoglycemia. (C) Offspring (F, hy-
brids|) from matings between heterozygous mice were sacrificed
on postnatal day 8 and blood glucose was determined. Starved
wild-type (+/+] littermates were kept without food for 24 hr
before sacrifice. Values are means = standard error [number (n)
indicated in parenthesis], differences between glucose levels
were statistically significant (P < 0.001 for +/+ vs. -/—; P < 0.05
for +/+ vs, +/-) by Student’s t-test.

the expression levels of these genes, as both PEPCK and
TAT mRNA are reduced in mice lacking the transcrip-
tion factor HNF3y (Kaestner et al. 1998). Therefore, we
investigated the expression levels of mRNAs encoding
gluconeogenic enzymes as well as those of other known
HNF3 targets in liver from wild-type and homozygous
mutant mice. As is shown in Figure 3A, there are no
significant differences in the expression levels for any of
the genes analyzed. Thus, the postnatal induction of
mRNAs encoding gluconeogenic enzymes in the liver is
not impaired in the HNF3a ™/~ mice and can therefore
not explain the hypoglycemia observed in these animals.
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In several knockouts of transcription factors belonging
to gene families, targeted mutation of one gene led to an
up-regulation of other transcription factors, demonstrat-
ing the existence of regulatory networks between these
transcription factors (Rudnicki et al. 1992; Kaestner et al.
1998). In addition, deletion of HNF3« in visceral endo-
derm differentiated from embryoid bodies in vitro was
shown to lead to an increase in the mRNA levels of
HNFIa and HNF4a (Duncan et al. 1998). To address the
possibility that changes in hepatic transcription factors
could play a role in the liver phenotype of the HNF3a /-
mice, we analyzed their steady-state mRNA levels by
quantitative RNase protection assay. Consistent with
the findings by Duncan et al. {1998), mRNA levels of
HNF38 and HNF3y were unchanged in the livers from
mutant animals (data not shown). However, in contrast
to the situation in embryoid bodies, there is no change in
the transcript levels of HNF1a and HNF4« in liver. Simi-
larly, the relative mRNA levels for HNF13 and HNF6 are
unaffected (Fig. 3B).
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Figure 3. Analysis of steady-state mRNA levels of potential
HNF3a targets in liver. {A) Total RNA (10 ng) from livers of wild
type (+/+) or homozygous mutants (/-] was separated on dena-
turing agarose gels, blotted onto nylon membrane, and hybrid-
ized to the probes indicated [[Apo) Apolipoprotein; (SDH) serine
dehydrogenase; (PEPCK) phosphoenolpyruvate carboxykinase;
(G6Pase) glucose 6 phosphatase; (TAT) tyrosine amino transfer-
ase; (TF) transferrin; (TTR) transthyretin; (GLUT2) glucose
transporter 2]. Cytochrome ¢ oxidase (COX) served as loading
control. The mutant animal in lane 10 was extremely hypogly-
cemic at the time of sacrifice (<20 mg/dl), and the apparent
induction of SDH, TAT, and PEPCK mRNAs is caused by el-
evated corticosteroid levels. Phosphorlmage analysis did not re-
veal significant differences between the mRNA levels between
the wild-type and mutant groups (data not shown). (B) Total
RNA (30 ng) from livers of wild type (+/+) or homozygous mu-
tants (-/-) was analyzed by RNase protection assay for mRNA
levels of hepatic transcription factors. (HNF) hepatocyte nuclear
factor; (TBP) TATA box binding protein. TBP served as loading
control.



Our findings regarding the unchanged expression of
several hepatic HNF3 targets ave at odds with those ob-
tained by Duncan and colleagues in embryoid bodies dif-
ferentiated from ES cells lacking HNF3a (Duncan ct al.
1998). These investigators had observed three- to eight-
fold up-regulation of steady-state mRNA levels for the
apolipoproteins AL All, ALV, B, and CIJ, albumin and the
glycolytic enzymes aldolase B and L-pyruvate kinase.
In addition, the mRNAs for the transcription factors
HNF1w and HNFdo were induced as well. We considered
the possibility that embryoid bodies might represent fe-
tal liver or yolk sac more closely than newborn liver,
Therefore we analyzed the mRNA levels of selected
HNF3 targets in fetal {day 12.5 p.c.} Hivers and yolk sac by
reverse transcription/PCR. As is shown in PFigure 4,
there was no change in the mRNA abundance of ApoAll,
ApoCl, L-pyruvate kinase, and HNFiw in fetal liver or
yolk sac from HNF3« mutant mice,

Hormonal imbalance in mice deficient for HNF3a

An imbalance in the hormonal regulation of glucose ho-
meostasis could also contribute to the hypogiycemia in
the HNF3« /™ animals. For instance, hyperinsulinemia
could contribute to the hypoglyecemia observed. There-
fore we analyzed insulin, corticosteroid, and glucagon
levels in plasma obtained from postnatal day 8 mice [F,
hybrid background). As is shown in Figure 54, insulin
levels are very low in the HNF3a™/" mice, consistent
with their Jow glucose levels. Conversely, corticosteroid
tevels are very high in the homozygeus mutant mice,
which is the appropriate response and an effort of these
animals to mobilize gluconcogenesis {Fig. 5B). However,
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Figure 4. Analysis of steady-state mRNA levels of potential
HNF3e targets in fetal liver and yolk sae. Total RNA from
fetal livers or yolk sac of wild type (+/+} or homozygous mu-
tants [-/-} from day 12.5 postcoitum mouse embryos was re-
verse transcribed and ¢DNAs amplified by PCR in the pres-
ence of [PPladATP with primers specific for the genes indi-
cated. After separation on native polyacrylamide gels, the bands
were visualized and quantitated using a Phospholmager. (HPR'T}
Hypoxanthine-phosphoribosyltransterase; (Apo) apolipoprotein;
{HNF) hepatocyte nuclear factor; (L-PK) liver pyruvate kinase,

HNF3a knockout mice
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Figure 5. Analysis of hormoene levels in HNF3a mutant mice.
Offspring (F; hybrids) from matings between heterozygous mice
were sacrificed on postnatal day 8 and plasma hormone levels
determined as described in Materials and Methods, The gluca-
gorr values for the homozygous mutant mice {-/-] were ab-
tained from plasma pooled {rom three anhmals each because of
the small size of the mutants. {A) Insulin, (B) corticosteroids, {C)
glucagon. Values are means + standard error (number of 1 indi-
cated in parenthesis), differences among +/+ or +/~ and -/~
hormone levels were statistically significant [P < 0.01 for insu-
lin and cortocosteroids; P < 0.05 for glucagon) by Student’s -
test, (D) Glucagon mRNA is reduced in the pancreas of HNF3a
mutant mice. Total RNA (10 ug) from pancreas of wild type
[+/+) or homozygous mutants {~/ -} was separated on denaturing
agarose gels, blotted onto nylon membrane and hybridized to
the probes indicated.

glucagon levels are inappropriately low {Fig. 5C) in the
face of hypoglycemia, The paradoxicat reduction in cir-
culating glucagon detected in the HNF3a/~ mice is fur-
ther evident when compared te the higher levels of cir-
culating glucagon in HNF3a"/~ and HNE3o* ' littermate
controls, despite the fact that these mice have higher
glucose levels, which should be associated normally
with a comparatively greater suppression of circulating
glucagon in vivo.
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Several mechanisms could account for this relative
glucagon insufficiency in the HNF3a ™/~ mice, including
abnormalities in glucagon synthesis and/or secretion. As
HNF3a is a transcription factor, and as an HNF3-binding
site had been shown previously to be important in the
regulation of glucagon gene expression in tissue culture
cells (Philippe et al. 1994), we investigated glucagon
mRNA levels in the pancreas of HNF3a /™ mice. As is
shown in Figure 5D, glucagon mRNA levels are reduced
by ~70% in the HNF3a mutants. The decrease in pan-
creatic glucagon mRNA in HNF3a™/~ mice with hypo-
glycemia suggests that a primary defect at the level of
glucagon gene expression contributes to the low levels of
circulating plasma glucagon and defective counter-regu-
lation to hypoglycemia.

Pancreatic cell lineage allocation in HNF3a~/~ mice

The observed decrease in glucagon mRNA expression in
the HNF3a~/~ mice could be caused either by a change in
the glucagon steady-state mRNA levels per glucagon-
producing cell or a change in the cell lineage allocation.
Lack of HNF3« could, for instance, result in an increase
in insulin-producing B cells at the expense of the gluca-
gon-producing « cells. This possibility is relevant in light
of recent gene-targeting experiments of other transcrip-
tion factors expressed in the pancreas (for review, see
Habener and Stoffers 1998). For instance, it was shown
that Pax6 is required for the differentiation of « cells
(St-Onge et al. 1997), whereas mice lacking Pax4 have no
B cells (Sosa-Pineda et al. 1997).

Cell lineage allocation was assessed by indirect immu-
nofluorescence staining for «, 8, and 8 cells using anti-
bodies specific for glucagon, insulin, and somatostatin,
respectively. As is shown in Figure 6, cell lineage allo-
cation in ‘the endocrine pancreas of postnatal day 8
HNF3« mutant mice is indistinguishable from that of
wild-type littermate controls. Therefore, we conclude
that the decrease of glucagon mRINA expression in the
HNPF3a mutant mice is caused by a change in the relative
cellular content of steady-state glucagon mRNA, which
in turn is most likely caused by reduced transcriptional
activity of the glucagon gene. These observations
strongly suggest that HNF3a is an essential regulator of
glucagon gene transcription in the endocrine pancreas.

HNF3a binds to and transactivates the glucagon
promoter

HNEF3 «, B, and v transcripts have been detected in the
pancreas (Monaghan et al. 1993; Cockell et al. 1995;
Vaisse et al. 1997), and more specifically, in glucagon-
producing islet cells (Philippe et al. 1994). Our B-galac-
tosidase staining of adult pancreas from HNF3a*/~ ani-
mals demonstrates expression of HNF3« in the entire
pancreatic islet (Fig. 1D). The results of previous studies
using cell lines in vitro have suggested a role for the
HNF3 proteins in the control of glucagon gene transcrip-
tion (Philippe et al. 1994). Although HNF3 has been
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Figure 6. Cell lineage allocation in the pancreas of HNF3a
mutant mice. Offspring (F, hybrids) from matings between het-
erozygous mice were sacrificed on postnatal day 8 and processed
for immunohistochemistry described in Materials and Methods
with antisera to the hormones indicated. Tissues are from wild
type (+/+) or homozygous mutants (-/-) littermates (postnatal
day 8) as indicated.

shown to function generally as an activator of gene tran-
scription (Cereghini 1996, HNF3 repressed the activity
of glucagon promoter constructs in a transfected islet
cell line. Whether this observation might be attributable
to nonphysiological overexpression of HNF3B and
squelching of promoter activity is not clear, as mice with
a targeted deletion in the HNF38 gene die around day
E10-El1l (Ang and Rossant 1994; Weinstein et al. 1994),
precluding assessment of glucagon gene expression in
the endocrine pancreas in the absence of HNF3p.

In contrast to the postulated negative role of HNF3p
acting through the glucagon gene G2 element to repress
transcription, deletion of the G2-binding site leads to a
major loss of glucagon gene transcriptional activity (Phil-
ippe et al. 1994), implying that one or more positive fac-
tors clearly activate glucagon gene transcription through
the G2 enhancer. Furthermore, HNF33 has been shown
to activate the proglucagon promoter in transfected
HepG2 cells, and protein kinase C-dependent activation
of the glucagon promoter appears to be mediated through
the positive actions of HNF3B on the glucagon gene G2
element (Furstenau et al. 1997). The finding of reduced
glucagon mRNA transcripts in HNF3« mutant mice im-
plicates a previously unrecognized role for HNF3« in the
regulation of glucagon gene transcription. To determine
whether HNF3a is present in nuclear extracts of gluca-
gon-producing cells and capable of binding the glucagon



gene promoter G2 element, we studied HNF3 binding by
EMSA using extracts from glucagon-producing cell iines.
A major complex was detected with the G2 probe that
was reduced and supershifted following incubation with
antiserum to HNF3a (data not shown). These chserva-
tions, together with previous studics of HNF38 in islet A
cells, are consistent with previous reports documenting
expression of all three HNF3 genes in the pancreas (Mon-
aghan ct al. 1993, Cockell et al. 1995; Vaisse et al. 1997).

Next we addressed the question of whether HNF3a
can act as transcriptional activator in cotransfection as-
says with glucagon promoter constructs. Expression vee-
tors encoding either HNF3 a, 8, or v were transfected
into BHK fibroblasts together with various glucagon pro-
moter/luciferase reporter constructs, Figure 7 illustrates
the results of a representative transfection experiment.
All three HNF3 proteins are able to transactivate the
-220 glucagon promoter 20- to 40-fold. In contrast, no
significant transcriptional activity was observed with
the -220 GLU-LUC reporter alone, or when cotrans-
fected with the expression vector pHD. A trimeric G2
site in front of a minimal glucagon promoter {3G2-
82GLU-Luc) is activated even more strongly, up to 700-
fold by HNF3a. Of the three HNF3 proteins, HNF3« is
the most efficient transactivator via the G2 element. In
contrast, the identical reporter plasmid containing a mu-
tation in G2 that disrupts HNF3 binding (Fig. 7; Philippe
et al. 1994) is transcriptionally inactive in the presence
of the cotransfected HNF3 expression plasmids, provid-

Reporter [ +HNF3Y
+HNFaB [
3G2M4-82 | »HNF3« )
GLU-tue oD [y
L -h
[~ +HnFsy P A
+HNF3R .70 —J280
3G2-82GLU- | +HNF3« i A4 AME
Luc +pHD [}
L -
™ +HNF3y A
Al VI T T
290GLU- | +HNFae 7 —
Luc +pHD [}
- ) } T T T T
0 10 20 30 40 50

Relative fuciferase activity

Figure 7. HNF3« transactivates glucagon reporter constructs,
Transcriptional activity of rat glucagon promoter-luciferase
plasmids in BHK fibroblasts. Reporter plasmids contained the
G2 element in its native context within the proximal promoter
region of the gluecagon gene proximal promoter (-220GLU-
LUCY, or three copies of the wild-type or mutant G2 element
fused to a minimal truncated glucagon promoter (3G2-82GLU-
LUC and 3G2ZM4-82GLU-LUC, respectively). The reporter
plasmids were transfected in quadruplicate, alone, or in combi-
nation with the expression vector alone, pHD, or with expres-
sion vectors encoding HNF3 «, B, or . The results obtained
represent the results of three separate experiments, are ex-
pressed as relative luciferase activity, and are normalized to the
luciferase activity obtained {ollowing transfection of the respec-
tive reporter plasmids alone.

HNF3a knockout mice

ing further evidence that transactivation is dependent on
the presence of an intact wild-type HNF3.binding site.

Discussion

We have shown that HNF3a/" mice obtained by gene
targeting die in the postnatal peried with hypoglycemia,
weakness, and dehydration. This is accompanied by a
paradoxical decrease in circulating glucagon levels that
is most likely caused by the inappropriately reduced lev-
els of glucagon mRNA in pancreatic o cells. We have
thus identified HNF3« as an essential activator of the
glucagon gene in vivo. Consistent with this finding,
HNF3« binds to the G2 site of the glucagon promoter
and activates G2-dependent glucagon promoter activity
in vitro. The importance of the HNF3 family for regula-
tion of hoth islet hormone genes and genes involved he-
patic glucose production, taken together with the faiture
of glucose counterregulation observed in HNF3a™/~
mice, strongly suggests an essential role for HNF3q in
the transcriptional control of genes essential for glucose
homeostasis in vivo.

The results of our EMSA and transfection analyses are
consistent with a direct effect of HNF3w on glucagon
gene transcription in vitro, and these observations are
extended and further validated by the finding of reduced
levels of glucagon gene expression in HNF3a™/™ mice in
vivo. As the glucagon promoter is also regulated in the
islets of Langerhans by a diverse number of transcription
factors, including Cdx-2/3, Brnd, and Paxé (Jin and
Drucker 1996; Hussain et al. 1997; Sander et al. 1997 an
indirect effect of HNF3we on the expression, binding, or
activity of these genes/proteins cannot be excluded.
Nevertheless, we did not detect evidence for a higher
molecular weight INT3 complex in EMSA studies, and
little information is available concerning the regulation
of the Pax6é, Cdx-2/3, or Brnd4 genes in the islet A cell.
Furthermore, as HNE3 proteins bind to the G2 promoter
element, whercas Paxé, Cdx-2/3, and Brnd act through
the G3 and Gl clements, the available data suggests
strongly that HNF3e alone is capable of divectly activat-
ing glucagon gene transcription in the endocrine pan-
creas in vivo.

Our data provide strong evidence for the positive ac-
tion of HNF3 proteins on glucagon gene transcription in
that loss of HNF3w is associated clearly with a reduction
in glucagon gene expression, even in the face of hypogly-
cemia. As hypoglycemia has been shown to increase islet
glucagon gene expression in vivo (Chen et al, 1989), the
paradoxical reduction in levels of pancreatic glucagon
mRNA in HNF3a mutant mice despite the presence of
hypoglycemia further underscores the essential role of
HNF3w as a positive activator of proglucagon gene tran-
scription.

The expression of all three HNF3 genes in the islet A
cell raises the possibility that these proteins compete
with each other for binding to specific target sites in
HNF3-responsive promoters. Recent evidence from
analysis of embryoid bodies with inactivated HNF3a or
HNF38 aileles provides further support for this hypoth-
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esis by demonstrating that the ratio of HNF3a or HNF38
is an important determinant of the refative levels of gene
transcription (Duncan ct al. 1998). Furthermore, the ra-
tio of HNF3e to HNF3B is regulated by insulin in em-
bryoid bodies, providing further evidence for a link be-
tween islet function and the expression of HNF3 target
genes,

There is an obvious discrepancy between our finding
regarding the expression of HNF3 targets in yolk sac and
feeal and newborn liver devoid of HNF3« and those ob-
tained by Duncan et al. (1998) in visceral endodern: dif-
ferentiated from embryoid bodies deficient for HNF3a.
Whereas there was no change in steady-state mRNA lev-
els for any of the HNF3 targets analyzed in liver and yolk
sac, some of the same genes were found to be up-regu-
lated three- to eightfeld in visceral endoderm in culture.
Thus, it appears that visceral endoderm differentiated
from embryoid bodies in vitro does not reflect eantirely
the situation in the developing liver and yolk sac,

Materials and methods

Gene targeling

A phage clones containing the murine HNF3« gene had been
isolated from a mouse embryonic stem cell {strain 129} library
previously {Kaestner et al. 1994a). A gene-targeting vector
was constructed in B-galactosidase-containing plasmid pHM2
{Kaestner et al. 1994b}, A 2-kb fragment of FNF3a gene was
replaced by the JacZ and ncomycin-resistance cassette of
pHM2. Thereby an in-frame fusion was created between the 89
amino-terminal amino acids of the HNF3a protein and the B-ga-
lactosidase protein. The targeting vector deletes most of exon 2
including the entire DNA-binding domain of HNF3«. The tar-
geting vector was linearized with Notl and 20 ng of DNA elec-
troporated into 107 El4-1 embryonic stem cells (Kithn et al.
1921). Stably transfected cells were isolated alter selection in
350 pg/ml G418 [GIBCO) and 290 clones analyzed by Southemn
blot for homologous recombination. A 0.8-kb HindlllfBemHI
fragment {5 probe in Fig, 1} located 5' to the gene was used as
an external probe for Southern analysis of DNA digested with
HindIIl. Positively targeted clones were confirmed with a probe
fragment encoding the ncomycin phosphotransferase gene and
with three additional restriction digests (data not shown). ES
cells from the two correctly targeted clones were injected into
blastocysts derived fromy C57BL/6 mice. Blastocysts were trans-
ferred to pseudopregnant NMRI females and chimeric offspring
were identified by the presence of agouti hair. Chimeric males
were mated to C57BL/6 females to obtain ES-derived offspring
that were analyzed by Scuthern blot of tail DNA to identily the
heterozygous (HNF3a'}) mutants, Gerns-line chimeras were
backerossed to hoth 129SvEv and C57BL/6 mice for 10 genera-
tions {N10} Heterozygotes were mated inter se to generate mu-
tant {~/~) mice. Embryos and mice were also genotyped by PCR
using three primers:t HNF3a §' [CTCCGGCCTGGGCTCTAT-
GAAC), HNF3u 3' [GCCCATGGAGCCCATGCCTCC) and
lacZ (CGCCATTCCGCCATTCAGGCTGC). PCR  reactions
were carried out {or 32 cycles (94°C, 45 sec; 67°C, 45 sec; 72°C,
90 sec} in a buffer containing 1.5 mm MgCl,.

B-Calaciosidase staining

Embryos {day 9.5 p.c.} or adult tissues were dissected in ice-cold
PBS and the volk sac saved for DNA preparation and genotyping
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by PCR. The embryos were fixed in 4% formaldehyde for 30
min at 4°C, whereas the adult tissues were fixed for 4 hr, Sub-
sequently, embryos and ussues were washed twice in PBS and
then incubated in staining solution {4 mm K3[FefCN); 4 mm
K4[Fe{CNI 0.02% NP-40, 0.01% Na-deoxycholace; 5 mm
EGTA; 2 mm MgCi,, and 0.4 mg/mi 3-bromo-4-chloro-3-in-
dolyl-n-galactopyranoside). Prior to sectioning, tissues were de-
hydrated through an cthanol series, cleared in isopropanol, and
embhedded in paraffin.

RNA analysis

Total RNA was isolated after homogenization in guanidinium
thiocyanate {Chomezynski and Sacchi 1987). RNA was sepa-
rated in formaldehyde-containing agarose gels for Northemn
analysis as described previously {Kaestner et al. 1998). Hybond
N filters [Amersham] were hybridized in 50% formamide, 5%
$8C, 50 mm Na phosphate at pl 6.5, 8x Denhardt’s solution,
1% SDS§, and 0.5 mg/ml of total yeast RNA with the probes
indicated. RNase protection analysis was carried using the
RPAIl kit {Ambion). The RNA fragments obtained were sepa-
rated on denaturing 8% acrylamide gels and the radicactive
bands visualized using a Phospholmager {Molecular Dynamics).
RT-PCR analysis was performed as described in Duncan ct al.
{1998).

Ghicase and hormone assavs

Newbom mice {postnatal day 8) were sacrificed by decapitation
and blood instantly mixed with 5% [vol/vol) of TEL selution
{trasylol 10,000 K1U/m], 60 mm EDTA, 0.5 mg/ml leupeptinl.
After centrifugation, the resulting plasma was stored at —80°C
until assayed. Glucose was determined using glucose test strips
(Glucometer Elite, Bayer]. Insulin was assayed using ELISA,
[Crystal Chem), whereas corticosteroids and glucagon were de-
rermined using radioimmunassay (ICN Pharmaceuticals and
University of Pennsylvania Diabetes Center, respectively).

Inununochistochemisiry

Tissues were fixed in 4% paraformaldchyde, embedded in par-
affin, and 5-um scetions were applied to Probe-on Plus slides
{Fisher Scientific). Peparafflinized and rehydrated slides were
permeabilized in 0.2% Triton X-100 {or 5 min, then blocked in
PBS containing 1% BSA for 30 min at 37°C. The primary anti-
bodies, 1:100 guinea pig anti-insulin (Biogenesis), 1:200 rabbit
anti-giucagon {Cambridge Research Biochemicals), or 1:200 rab-
bit anti-somatostatin {Genosys}t were diluted in PBS containing
1% BSA and incubated for 1 hy at 37°C. Slides were washed in
PBS containing 1% BSA, then incubated for 45 min at 37°C in
the appropriate secondary antibody, rhodamine-conjugated goat
anti-guinea pig {ICN) or rhodamine-conjugated goat anti-rabbit
(ICNJ, diluted 1:50 in PBS containing 1% BSA. Slides were
washed in PBS, mounted, and viewed by fluorescent micros-
capy.

Cotransfection assays

LUC reporter constructs -220 GLU-LUC and -82GLU-LUC
have been described previously (Jin et al. 1997). 3G2-82GLU-
LUC and 3G2M4-82LUC were constructed by annealing syn-
thetic oligonucleotides G2, and G2M4, and three copies of the
annealed double-stranded oligonucleotides were ligated, ina 5
3" orientation, into the -83GLU-LUC vector. The exact se-
quences of 3G2-82PLuc and 3G2M4-82GLU-LUC clone were



confirmed by DNA scquencing. The mouse HNF3 cDNAs
[Kaestner et al. 1994a) were subcloned into the expression vee-
tors pHD {Muller et al. 1988]. BHK fibroblasts were grown and
transfected as described previously (Jin and Drucker 1996; Jin et
al. 1997} using 6 ng of the various luciferase reporter plasmids
and 6 pg of cicher pBluescript {carrier DNAJ or 6 pg of the vari-
ous HNE3 cupression plasmids. All transfections were carried
out in guadruplicate on at least three separate occasions. Cells
were harvested 36 hr later, for analysis of laciferase activity.
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