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Diabetes, defective pancreatic
morphogenesis, and abnormal
enteroendocrine differentiation In
BETA2/NeuroD-deficient mice
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Candidate transcription factors involved in pancreatic endocrine development have been isolated using insulin
gene regulation as a paradigm. The cell-type restricted basic helix-loop-helix (bHLH) gene, BETA2/NeuroD,
expressed in pancreatic endocrine cells, the intestine, and the brain, activates insulin gene transcription and
can induce neurons to differentiate. To understand the importance of BETAZ2 in pancreatic endocrine cell
differentiation, mice lacking a functional BETA2 gene were generated by gene targeting experiments. Mice
carrying a targeted disruption of the BETA2 gene developed severe diabetes and died perinatally. Homozygous
BETAZ2 null mice had a striking reduction in the number of insulin-producing B cells and failed to develop
mature islets. Islet morphogenesis appeared to be arrested between E14.5 and E17.5, a period characterized by
major expansion of the B cell population. The presence of severe diabetes in these mice suggests that proper
islet structure plays an important role in blood glucose homeostasis. In addition, secretin- and
cholecystokinin-producing enteroendocrine cells failed to develop in the absence of BETA2. The absence of
these two pancreatic secretagogs may explain the abnormal cellular polarity and inability to secrete zymogen
granules in pancreatic acinar exocrine cells. The nervous system appeared to develop normally, despite
abundant expression of BETAZ2 in differentiating neurons. Thus, BETA2 is critical for the normal development
of several specialized cell types arising from the gut endoderm.
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Mature pancreatic islets, which constitute 1%-2% of
the total mass of the adult pancreas, are composed of
four principal endocrine cell types: the « cells, B cells, 3
cells, and PP cells, which produce the hormones gluca-
gon, insulin, somatostatin, and pancreatic polypeptide,
respectively. The B cells are the most abundant, com-
prising [(65%-80% of the total number of endocrine cell
and localize to the islet core. The remaining endocrine
cell types tend to be distributed at the periphery of the
islet. It has been suggested that the integrity of the islet
structure is essential for the normal islet function of
regulating glucose homeostasis (Halban et al. 1982; Orci
1982; Pipeleers et al. 1982; Lucas-Clerc et al. 1993).
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Islet morphogenesis is a complex process that involves
differentiation, proliferation, and migration of pancreatic
endocrine cells, culminating in the formation of properly
organized, three-dimensional, sphere-like structures.
Early in pancreatic development, individual cells ex-
pressing glucagon, insulin, and peptide YY first appear in
the dorsal buds of the foregut epithelium at embryonic
day 9.5 (E9.5) (Gittes and Rutter 1992; Teitelman et al.
1993; Upchurch et al. 1994). Developing endocrine cells
subsequently aggregate in interstitial clusters adjacent to
the ductal epithelia beginning at about E14.5 (Pictet and
Rutter 1972; Alpert et al. 1988; Herrera et al. 1991). At
this time in pancreatic organogenesis, endocrine cell
clusters do not exhibit the typical architecture of mature
islets and do not contain all islet cell types. In the re-
maining 4 days of gestation, the endocrine cells detach
from the exocrine matrix, increase in number, and reor-
ganize to form mature islets. Morphologically distinct
islets are first detected with the proper distribution of
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endocrine cell types at E17.5 (Pictet and Rutter 1972;
Herrera et al. 1991). Although the molecular mecha-
nisms that control islet formation are not known, it has
been demonstrated recently that members of the cad-
herin family of cell adhesion molecules (CAMSs) and neu-
ral CAM (N-CAM) are expressed in the pancreas and also
appear to have a functional role in the aggregation and
organization of the principal endocrine cell types (Rouil-
ler et al. 1991; Moller et al. 1992; Hutton et al. 1993;
Cirulli et al. 1994; Dahl et al. 1996).

Expression of the insulin gene is one of the hallmarks
of B-cell differentiation in the developing pancreas. The
insulin enhancer is complex, consisting of multiple cis-
acting DNA elements interacting with distinct classes of
transcription factors including basic helix-loop-helix
(bHLH) proteins (Nelson et al. 1990; Walker et al. 1990;
Cordle et al. 1991; German et al. 1991; Shieh and Tsai
1991; Peyton et al. 1994; Naya et al. 1995). A cell type-
restricted bHLH protein, BETA2, was isolated as an im-
portant regulator of insulin gene expression and is ex-
pressed in pancreatic endocrine cells, the intestine, and
the brain (Naya et al. 1995). In the intestine, BETAZ2 also
activates transcription of the gene encoding the hormone
secretin (Mutoh et al. 1997). The expression pattern of
BETA2 suggests a role in endocrine pancreas develop-
ment as well as the determination or differentiation of
specialized cell types in the intestine and nervous sys-
tem. Overexpression studies in frog embryos have impli-
cated BETA2, termed NeuroD, as a differentiation factor
in the developing nervous system, as it was shown to
convert epidermal cells into neurons (Lee et al. 1995).

Gene targeting experiments in mice have demon-
strated that bHLH transcription factors are instrumental
in cell fate determination and differentiation of the
muscle (Jan and Jan 1993; Weintraub 1993; Olson and
Klein 1994), neuronal (Guillemot et al. 1993), lympho-
cytic (Bain et al. 1994; Zhuang et al. 1994), hematopoi-
etic (Shivdasani et al. 1995), and mesenchymal (Chen
and Behringer 1995) cell lineages. Given the central role
bHLH factors have in the generation of a diverse array of
cell types, bHLH proteins may function in a similar
manner during pancreas development.

In this study we have inactivated the BETA2 gene us-
ing gene targeting in embryonic stem (ES) cells to under-
stand the importance of BETA2 in pancreatic develop-
ment. Mice homozygous for the BETA2 deletion devel-
oped severe diabetes and died 3-5 days after birth. Islet
development was arrested in BETA2-deficient mice. In
addition, examination of the mutant mice revealed fail-
ure to develop enteroendocrine cells expressing secretin
and cholecystokinin and abnormal cellular polarity in
pancreatic acinar cells. Although BETAZ2 is expressed
abundantly in the developing nervous system, mutant
mice did not exhibit any apparent neuronal defects.

Results
Targeted disruption of the BETA2 gene

A positive/negative-type targeting vector was con-
structed in which the bacterial lacZ gene containing a

2324 GENES & DEVELOPMENT

nuclear localization signal and a phosphoglycerate Ki-
nase-neomycin resistance (PGK-neoF) cassette replaced
all but the first 66 amino acids of BETAZ2, resulting in a
BETA2-LacZ fusion protein (Fig. 1A,B). This construc-
tion effectively deleted the bHLH and transactivation
domains. Chimeras obtained from three correctly tar-
geted ES cell clones were bred to C57BL/6 mice with
resultant germ-line transmission. Genotype analysis of
newborn litters from 129/C57 heterozygote intercrosses
showed the following allelic frequencies: 22.7% wild-
type (+/+), 55.7% heterozygote (+/-), and 21.6% homo-
zygous mutant (-/-), indicating that deletion of the
BETAZ2 gene did not result in embryonic lethality. Mice
homozygous for the targeted disruption of BETA2 from
three separate lines fed normally but were smaller and
dehydrated by 2 days after birth compared with hetero-
zygous littermates and died 3-5 days postpartum.

Diabetes in BETA2 mutant mice

To determine whether BETAZ2 is necessary for the nor-
mal islet function of maintaining glucose homeostasis,
mice were examined for the presence of diabetes. At 2
days of age, mice lacking a functional BETA2 gene ex-
hibited marked hyperglycemia (308.5+85.1 mg/dl,
n = 46) in contrast to age-matched +/+ (74.1 + 13.7 mg/
dl, n=23) and +/- (95.9 + 24.6 mg/dl, n = 30) animals.
The presence of ketonuria in —=/- animals further sug-
gested the presence of severe diabetes and insulin defi-
ciency resulting from abnormal B cell function. At-
tempts to rescue the diabetic phenotype by administra-
tion of insulin were unsuccessful, suggesting that the
mutant animals were unable to respond to insulin, have
become insulin resistant, or perhaps contained addi-
tional defects.

Defective pancreatic islet morphogenesis

To better understand the potential role of BETA2 in en-
docrine pancreatic differentiation, we characterized ex-
pression of BETAZ2 in the pancreas of +/- and -/- mice
for expression of B-galactosidase by X-gal histochemistry
at different stages of pancreatic development. At E9.5, a
subset of cells in the pancreatic epithelium stained for
B-galactosidase activity in both +/- and —/- pancreata
(Fig. 2A, B). The majority of these cells expressed gluca-
gon, indicating that BETAZ is present in the earliest islet
precursors. By E14.5 B-gal-positive cells were located
within or adjacent to the ductal epithelia in +/- (Fig. 2C)
and -/- (Fig. 2D) dorsal and ventral lobes, consistent
with the observation that endocrine cells originate from
the pancreatic ducts (Pictet and Rutter 1972). Through a
complex process, endocrine cells begin to cluster and
subsequently organize into sphere-shaped pancreatic is-
lets late in gestation at E17.5 (Pictet and Rutter 1972;
Herrera et al. 1991). The organization of B-gal positive
cells into easily identifiable pancreatic islets was first
evident at E17.5 in +/- pancreas (Fig. 2E). B-Galactosi-
dase-staining cells were localized exclusively to islets
thereafter at all developmental stages through adulthood
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Figure 1. Disruption of BETA2 gene by homologous
Xbal ATG Xbal RI Rl sact recombination and genotype analysis of heterozygote
Mutant Sact Xbw T [ cacz[weo]| T intercrosses. (A) Maps of wild-type BETA2 locus, target-
Allele 1] ing vector, and disrupted BETA2 allele. | and Il designate
sacl exons in the BETA2 gene. The 5’ external probe used for
Southern blotting is shown (H). The diagnostic restric-
. tion fragments with their expected sizes are indicated as
Wid T 13kb . . N .
! ype lines. The bacterial lacZ gene was inserted in the same
Mutant 4.0kb

orientation as the BETA2 genomic locus. The neomycin
resistance (neo®) gene was inserted in the opposite tran-

scriptional orientation. The introduction of the lacZ-neoR cassette disrupted all [including the bHLH and transactivation (R. Stein,
unpubl.) domains] but the first 66 amino acids of BETAZ2, resulting in a BETA2-LacZ fusion protein with a novel Sacl site. (B) Southern
analysis of Sacl-digested DNA from the litter of a BETA2 +/- intercross. Sizes of wild-type and targeted alleles are indicated by 13 and
4 kb, respectively. Subsequent genotype analysis was performed by PCR on tail DNA using the primers B2.1, B2.2, and B2.lacZ. Arrows

indicate the primers and hatched box designates the bHLH domain.

(data not shown). In striking contrast, morphologically
distinct islets failed to develop at any stage of develop-
ment in pancreata of -/- mice (Fig. 2F; data not shown),
although B-gal-positive cells detached from the exocrine
matrix and formed small clusters.

Islets were examined further for the presence of p-ga-
lactosidase staining in insulin-, glucagon-, and somato-
statin-expressing cells, the major islet cell types present
in developing mice. Islets of +/- mice appeared identical
to normal mice with the majority of cells expressing in-
sulin in the islet core and smaller numbers of cells ex-
pressing glucagon and somatostatin distributed around
the islet mantle (Figs. 3A,C,E). Examination of the same
sections for B-galactosidase activity revealed that the
disrupted BETAZ2 gene was expressed in each of these cell
types but not in exocrine cells (Fig. 3, A,C, and E, and
B,D, and F, respectively). This is the first in vivo dem-
onstration that BETA2 expression is restricted to endo-
crine cells of the pancreas. In contrast, endocrine cells in
the —/- pancreas failed to form mature islets at birth (Fig.
3J,L,N); rather, most of them formed clusters with a dis-
proportionate distribution of endocrine cell types (Fig.
31,K,M). Furthermore, cells expressing either peptide YY
(PYY) or pancreatic polypeptide (not shown) were clearly
seen in +/- (Fig. 3G,H) and -/- (Fig. 30,P) animals using
antisera that distinguish between the two. These results
suggest that endocrine cells formed and aggregated as
small clusters in the mutant pancreas but failed to orga-
nize properly into mature islets.

PDX-1, a homeodomain protein, has been shown to be
essential for pancreas development. PDX-1-deficient
mice are not embryonic lethal but fail to develop a pan-
creas and die perinatally (Jonsson et al. 1994; Offield et
al. 1996). Recent evidence suggests that BETAZ2 increases

PDX-1 gene expression (Sharma et al. 1997). Thus, de-
creased expression of PDX-1 in BETA2 -/- mice may
explain the mutant phenotype. For this reason we carried
out immunostaining of pancreas sections with PDX-1
antibodies. As shown in Figure 4, PDX-1-positive cells
are present in the exocrine and endocrine cells of the
E16.0 pancreas and there are no discernible differences
between wild-type and mutant pancreas. However, de-
creased PDX-1 expression in the postnatal mutant pan-
creatic islet was observed (data not shown), possibly as a
result of the loss of islet cells in the BETA2 -/- mice.

Next, we examined whether differentiation of islet lin-
eages from precursor endocrine cells was disrupted in the
BETAZ2 —/- mice. The observed coexpression of multiple
hormones in islet progenitor cells early in pancreatic en-
docrine differentiation suggests that the four lineages
may arise from precursor cells that coexpress peptide
YY, glucagon, and insulin, and that by E14.5, single cells
that coexpress both insulin and glucagon are rarely seen
(Teitelman et al. 1993; Upchurch et al. 1994; Guz et al.
1995). Endocrine cells coexpressing insulin and glucagon
(data not shown) or insulin and somatostatin (not shown)
were not seen in the —/- pancreas, suggesting that the
developmental arrest occurred after the stage when «, 3,
and 3 cells segregate.

In addition to defective morphogenesis, the number of
B-gal-stained cells appeared reduced in -/- animals by
E17.5 and at birth were [60% less abundant (Table 1A).
However, the number of B-gal-stained cells appeared
similar in the —-/- mice compared to +/- animals at E9.5
and E14.5. Although the newborn -/- pancreas was simi-
lar in size to control tissue, examination of specific islet
populations at this stage revealed that the number of 8
cells was reduced by nearly 75%, with an [(40% and 20%
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Figure 2.  Abnormal pancreatic islet morphogen- .
esis in BETA2 -/- mice. (A-D) Sagittal sections -l
of BETA2 +/- (left panels) and BETA2 -/~ (right
panels) embryos at E9.5 (A,B) and pancreas at
E14.5 (C,D) stained with X-gal. There were no
obvious differences in morphology of the early
developing pancreas or in the number of B-gal-
positive cells. B-Gal-positive cells were similarly
distributed in both +/- and -/- tissue. B-Gal ex-
pression was also detected in both the dorsal and
ventral pancreas. (E,F) Pancreata of +/- and —/-
mice at E17.5 stained with X-gal. At E17.5 (E)
there was evidence of islet formation in the +/-
pancreas, as indicated by B-gal-positive cells,
which formed a sphere-shaped structure with a
distinct border surrounded by acinar cells (ar-
rows). In contrast, distinct islets were not present
in -/- pancreas at E17.5 (F), although B-gal-posi-
tive cells were seen without distinctive shape or
border. Sections were counterstained in nuclear
fast red. (drg) Dorsal root ganglion; (sc) spinal
cord. Original magnification, 500x (A,B); 250x
(C-F).

reduction in « and 3 cells, respectively (Table 1B). Fur-
thermore, the —-/- pancreas showed a substantial in-
crease in the number of apoptotic cells (Fig. 5) with no
obvious differences in cell proliferation as analyzed by
staining with the proliferating cell nuclear antigen
(PCNA,; data not shown). Collectively, these results sug-
gest that the defect in pancreatic islet morphogenesis in
BETAZ2 —/- mice occurs after E14.5 but prior to E17.5 and
that BETAZ is required for the survival of endocrine islet
cells.

Acinar cell defects in the exocrine pancreas

Although BETAZ is expressed abundantly in the nervous
system, the brains of -/- mice revealed no obvious ana-
tomic and histologic abnormalities. However, given the
developmental arrest of islet endocrine cells, the exo-
crine pancreas was examined for possible defects. As il-
lustrated in Figure 6, by 2 days of age, acinar cells in the
—-/- mice lacked the normal cellular polarity seen in +/-
mice (Fig. 6C,F). Nuclei in —=/- acinar cells were ran-
domly distributed within the cell rather than in the basal
region of the cell. Ultrastructural examination revealed a
loss of the polarized distribution of organelles, overabun-
dance of zymogen granules, and vacuolization character-
istic of cellular degeneration in contrast to age-matched
+/-animals (Fig. 6, cf. H and | with K and L). In addition,
the acinar cell defect presumably occurred after birth, as
there were no obvious morphological differences in the
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exocrine tissue at E17.5 (Fig. 6G, J). Consistent with the
above findings, a two- to threefold increase in amylase
expression was observed by Western analysis of protein
extracts from postnatal day 2 (P2) -/- pancreas (Fig. 7).
Similarly, a moderate increase in amylase levels was de-
tected in mutant tissue immunostained with amylase
antibodies (data not shown).

Abnormal enteroendocrine cell differentiation

The abundance of zymogen granules in the neonatal,
mutant acinar cells raised the possibility that secretion
was compromised as a consequence of arrested islet de-
velopment or a deficit in the production of the primary
pancreatic secretatogogs secretin and cholecystokinin
(CCK). The latter notion would be consistent with the
demonstration that BETAZ2 is expressed in the intestine
and regulates secretin gene expression (Naya et al. 1995;
Mutoh et al. 1997). Hence, the intestinal tract of -/-
mice were examined for the presence of secretin and
CCK. Secretin-expressing enteroendocrine cells were ab-
sent in —/- mice in contrast to the +/- animals, where
single secretin cells appeared scattered throughout the
mucosa of the proximal small intestine (Fig. 8A,B). In
addition, BETA2 —-/- mice failed to develop CCK-ex-
pressing enteroendocrine cells (Fig. 8C,D), suggesting a
previously unappreciated developmental relationship be-
tween secretin- and CCK-producing cells. Nuclear B-ga-
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Figure 3. Multiple islet cell types coexpress BETA2. Localization of pancreatic hormones in BETA2-expressing cells of +/- (A-H) and
-/- (1-P) by multiple labeling. Single sections of newborn mice were examined for 3-galactosidase activity by X-gal-staining and for
hormones by immunofluorescence. Well defined islets, heterogeneous in size were seen with X-gal-stained cells in +/- mice (B,D,F,H).
X-Gal-stained cells within these islets showed immunofluorescent staining for insulin (A), glucagon (C), somatostatin (E), and peptide
YY (G) visualized by Cy3-conjugated (A) and FITC-conjugated (C,E,G) secondary antibodies. Endocrine cell types in the +/- pancreas
were distributed normally with the B cells (Ins) in the core of the islet and the other cell types in the periphery of the islet. (I-P)
Localization of hormones and B-gal in the pancreatic endocrine cells of —/- mice by immunofluorescence (1,K,M,0) and X-gal staining
(J,L,N,P) as in A-H. Endocrine cells in the —/- pancreas coexpressed 3-gal but did not appear as organized islets. Each cell type appeared
in clusters in contrast to their distribution in +/- mice. Original magnification, 1000x.

lactosidase activity was readily demonstrable in secretin
cells of BETA2 +/- animals (Fig. 8G). Despite the ab-
sence of cells showing secretin and CCK immunoreac-
tivity in BETA2 —/- mice, individual mucosal epithelial
cells showed nuclear p-galactosidase staining, indicating
the presence of enteroendocrine cells expressing the dis-
rupted BETA2 gene (Fig. 8H). In contrast, the number of
serotonin-expressing enteroendocrine cells appeared to
be relatively unaffected in the —/- intestine (Fig. 8E,F).
Similarly, enteroendocrine populations expressing gluca-
gon, peptide YY, neurotensin, substance P, gastric in-
hibitory polypeptide, and somatostatin were relatively
unaffected (not shown). These results suggest that
BETAZ2 is an important regulator of secretin and CCK
gene expression in the intestine.

Discussion

The phenotype of BETA2-deficient mice clearly demon-
strates that BETA2 is required for normal pancreatic de-
velopment and glucose homeostasis. Mice carrying a tar-
geted disruption of the BETA2 gene developed severe,
early-onset diabetes and died perinatally. Detailed ex-
amination of the pancreas revealed an arrest in the ex-
pansion of the pancreatic B-cell population, as well as
other islet cell types, and remaining endocrine cells
failed to develop into islets of Langerhans. Furthermore,
enteroendocrine cells expressing secretin and CCK were
also absent in the mutant mice, indicating a role for
BETAZ in the differentiation of additional endocrine cell
types that arise from the gut endoderm.
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Figure 4. PDX-1 expression in BETA2 -/- pancreas. (A) At
E16.0, PDX-1 was expressed throughout the pancreatic epithe-
lium (original magnification, 250x%); (B) coimmunolocalization
of insulin (imunofluorescence, red, cytoplasmic) and PDX-1
(imunoperoxidase staining, brownish, nuclear) in -/- E16.0 pan-
creas (original magnification, 1000x). Most insulin-producing
cells also coexpressed PDX-1.

The role of BETA2 in pancreatic islet morphogenesis

The most striking phenotype of BETA2 mutant mice
was a severe reduction in the number of insulin-express-
ing B cells and the failure of the remaining endocrine
cells to form well-organized, mature pancreatic islets
consistent with the islet-specific expression of BETA2.
Islet cells aggregated and formed small clusters resem-
bling the primordial endocrine clusters in the developing
pancreas, indicating that BETA2 has a specific function
in islet morphogenesis.

The reduction in B-cell number is not sufficient to
explain the severe hyperglycemia and ketonuria, as ani-
mals can maintain glucose homeostasis with removal of
90% of the pancreas (Bonner-Weir et al. 1983). However,
the reduced insulin content in combination with either
impaired insulin secretion and/or defective glucose re-
sponse may account for the severe diabetes. Expression
of the B cell-specific glucose transporter GLUT-2 is
largely unaffected (J. Lee, pers. comm.) indicating, in
part, that this aspect of glucose-mediated insulin secre-
tion is not defective. The inability to organize endocrine
cells may also explain the hyperglycemic phenotype, as a
perturbation in islet structure has been observed in hu-
mans with diabetes and in animal models of the disease
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(Gepts and Lecompte 1981; Gomez Dumm et al. 1990;
Tokuyama et al. 1995). It is worthy to mention that the
BETAZ2 gene maps to chromosome 2q31-32.1 (Tamimi et
al. 1996; F.J. Naya and M.-J. Tsai, unpubl.), a region im-
plicated in the susceptibility to type | diabetes (Copeman
et al. 1995).

Although the molecular mechanisms involved in islet
morphogenesis have not been studied in great detail,
there is evidence that CAMs may have a role in this
process (Rouiller et al. 1991; Cirulli et al. 1994; Dahl et
al. 1996). Perhaps changes in the levels and timing of
expression of CAMs are responsible for this defect. Pre-
liminary results demonstrate that cadherins (data not
shown) and N-CAM (J. Lee, pers. comm.) are present in
the endocrine cells of the BETA2 mutant pancreas, sug-
gesting that these cells are not defective in their ability
to express these adhesion molecules. This raises the pos-
sibility that there may be additional cell-surface mark-
ers, perhaps novel CAMs, that play a greater role in islet
cell sorting and organization. Alternatively, given the
substantial increase in the number of apoptotic cells in
—-/- animals, our data would suggest that a critical mass
of endocrine cells must be attained to effectively orga-
nize into mature islets.

It is intriguing that insulin was expressed in the -/-
pancreas, as we demonstrated previously that BETAZ2 is
an important regulator of the insulin gene (Naya et al.
1995). The simplest interpretation is that additional

Table 1. Reduction of the numbers of B-gal-expressing and
endocrine cells in BETA2 -/- pancreas

A. Endocrine cell distribution in BETA2 mutant mice

Percent

Stage +/- —-/- reduction
E9.5 56 54 —
E14.5 567 540 —
E17.5 2470 1050 57
PO 2631 1092 59
B. Endocrine cell distribution in BETA2 mutant mice

Percent

Cell type ++, +/— /- reduction
B 1544 (60%) 402 (37%) 74
a 731 (29%) 449 (41%) 39
3 288 (11%) 236 (22%) 18
Total cells 2563 1087 58
B-gal 2631 1092 59

(A) BETAZ2-expressing cells in pancreas development B-Gal-
positive cells in +/- and -/- embryos at E9.5, E14.5, E17.5, and
PO. Numbers are the sum of B-gal-positive cells in the pancreas
sections, of approximate equal size, from three different em-
bryos (E9.5 and E14.5) or from isolated pancreas sections from
E17.5 and PO. (B) Endocrine cell humber in BETA2 -/- pan-
creas. Endocrine cells were counted from immunostained sec-
tions of newborn (PO) pancreas estimated to be the same size.
Data are shown as the sum of three separate pancreas sections
from three different newborn mice for each group. Total number
of cells is the sum of hormone positive cells from three pancreas
sections.
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Figure 5. Increase in the number of apoptotic cells in the
BETA2 -/- endocrine pancreas. X-Gal-stained E17.5 and PO
pancreatic sections were subjected to TUNEL assay. For each
individual animal, the numbers of cells positive for apoptosis
and/or X-gal were counted from five slide sets of four serial
7-um sections, which included an average of five islet clusters
per section. Results are the average of numbers from three dif-
ferent animals and are shown as percent of the number of en-
docrine cells; error bars represent standard deviation. At PO
there were [14-fold more (P < 0.00001, n = 3) apoptotic cells in
the —/- endocrine pancreas (B,C) than in its +/- counterpart
(A,C). However, at E17.5 (C), the -/- endocrine pancreas already
showed a tendency of having fivefold more (P = 0.0204, n = 3)
apoptotic cells than its +/- counterpart. Two-sided Student’s
t-test was used to determine the significance of the differences.

BETAZ2-related bHLH factors, expressed in pancreatic is-
lets, partially compensate for the absence of BETAZ2, re-
sulting in the differentiation of endocrine cells and acti-
vation of the insulin gene. It has been demonstrated that
two bHLH genes closely related to BETA2, neurogenin 3
(ngn3) (Sommer et al. 1996) and IB1 (C. Bonny, P. Nicod,
and G. Waeber, pers. comm.), are expressed in pancreatic
islets; however, the role of these factors in insulin gene
regulation has not been addressed. In a similar fashion
the ubiquitous bHLH factors, which bind the insulin E
box as homodimers, may account for the observed insu-
lin gene expression. Our results would also suggest that
BETAZ is required but not essential for insulin expres-
sion and that PDX1 might be sufficient to maintain ex-
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pression in —/- animals. Nevertheless, the inability of
ngn3, IB1, or the ubiquitous bHLH genes to complete the
islet differentiation program indicates that BETA2 has a
specific, nonoverlapping function in the development of
the endocrine pancreas.

Various endocrine markers were used to determine the
point at which islet development was arrested. We dem-
onstrated that insulin and glucagon as well as insulin
and somatostatin were not coexpressed, indicating that
the developmental arrest occurred after the segregation
of the «, B, and & cell lineages. However, islet ontogeny
remains a controversial issue and lack of endocrine hor-
mone coexpression in the —/- pancreas cannot be used as
conclusive evidence for the state of differentiation of
these endocrine cells. Given the lack of available mo-
lecular markers for intermediate stages of islet endocrine
cell development, if indeed they exist, it would be diffi-
cult to demonstrate the extent to which these islet cells
have differentiated. Ultrastructural studies revealed the
presence of secretory granules containing either insulin
or glucagon in -/- pancreas (data not shown) indicating
maturation of the secretory apparatus (Pictet and Rutter
1972). Collectively, our results demonstrate that BETA2
acts at a relatively late stage in islet cell differentiation
consistent with its proposed role as a terminal differen-
tiation factor in neurogenesis (Lee et al. 1995).

The apparent lack of a neuronal defect would suggest
that additional neural-specific bHLH factors exist in the
nervous system that compensate for the loss of BETAZ2.
Recently, BETAZ2-related family members NEX-1/
MATH-2 and NeuroD2 have been isolated and exhibit
overlapping patterns of expression with BETA2 in the
developing nervous system (Bartholoma and Nave 1994;
Shimizu et al. 1995; Kume et al. 1996; McCormick et al.
1996; Yasunami et al. 1996). In contrast, NEX-1/
MATH-2 and NeuroD?2 are not expressed in the pancreas
(data not shown). Therefore, contrary to the hypoth-
esized neuronal function, BETAZ2 is dispensable for neu-
ral development and absolutely required for islet mor-
phogenesis.

The role of BETA2 in enteroendocrine and pancreatic
acinar cell differentiation

We have shown previously that the secretin gene is a
second target for transcriptional activation by BETA2. In
cell lines, nearly 75% of the E box-dependent transcrip-
tion is mediated by BETA2. Futhermore, BETA2 immu-
noreactivity can be readily localized to secretin-express-
ing enteroendocrine cells of the mouse small intestine
(Mutoh et al. 1997) as well as in CCK-expressing entero-
endocrine cells (data not shown). The failure to develop
secretin- and CCK-expressing enteroendocrine cells in
the the BETA2 -/- mouse suggests that this bHLH pro-
tein is critical for expression of these peptides in normal,
intestinal endocrine cells in addition to cell lines. The
rat CCK gene contains several E-box sequences (Haun
and Dixon 1990); however, they have not been tested
thus far for their ability to interact with BETA2 to func-
tionally activate CCK expression. The complete absence
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Figure 6. Acinar cell abnormalities in BETA2
-/- mice. (A-F) Hematoxylin and eosin stain of
pancreas of E17.5, PO, and P2 BETA2 +/- and
-/- mice (original magnification, 400x). Acinar
cell nuclei were randomly distributed within
the cellular compartment of -/- mice (F) in
contrast to +/- mice (C). Acinar cells in the -/-
mice (F) lacked the distinct cellular polarity as
well as the intense basophilic staining in the
basal portion of acinar cells and acidophilic
staining at the apical surface (arrows) evident
at this developmental stage in +/- pancreas
(C). (G-L) Ultrastructural analysis of exocrine
pancreas. Polarization was evident in +/- pan-
creas at birth (P0) and at 2 at days of age (H,I)
(original magnification, 2400x) but not in —/-
pancreas at comparable stages (K,L) (original
magnification, 3000x). Note the abundance of
secretory granules and vacuoles in mutant pan-
creas at 2 days of age (L). (v) Secretory vesicles;
(n) nuclei.

of cells expressing either secretin or CCK from the entire
length of the small intestine contrasts findings in pdx
-/- mice, in which the number of secretin, CCK, and
serotonin cells was reduced by [65% in a short segment
of the rostral duodenum but not in more caudal seg-
ments (Offield et al. 1996).

The presence of isolated mucosal intestinal epithelial
cells expressing the lacZ gene suggests cells that nor-
mally express BETA2 are present in -/- mice. Thus,
BETA2 may promote terminal differentiation of secre-
tin- and CCK-expressing enteroendocrine cells by acti-
vating transcription of the genes encoding these two pep-
tides. Expression of other neuroendocrine gene products
in enteroendocrine cells does not appear to require
BETAZ2. We have shown previously that [110% of intes-
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Figure 7. Western blot analysis of a-amylase in the P2-pan-
creas. A representative result is shown. Equal amounts of total
cellular extracts (40 pg) from each pancreas examined were sub-
jected to SDS-PAGE; BETA2 -/~ (lane 1), +/- (lane 2), and +/+
(lane 3). Western blot analysis was performed by using anti-a-
amylase antibody.
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tinal secretin and CCK cells coexpress both peptides
(Lopez et al. 1995). The absence of these two cell types in
BETA2 -/- mice may indicate a previously unappreci-
ated, shared developmental relationship.

The role of BETAZ2 in differentiation of pancreatic is-
lets and enteroendocrine cells further supports the exis-
tence of a developmental relationship between the g cell
and S-type enteroendocrine cell. These results are con-
sistent with earlier observations that secretin is ex-
pressed in a subset of B cells in the developing pancreas
(Wheeler et al. 1992) and that transgenic mice expressing
the SV40 large T antigen driven by 1.6 kb of the secretin
promoter developed insulin-producing tumors in the
pancreas in addition to neuroendocrine tumors of the
small intestine (Lopez et al. 1995).

The histological and ultrastructural abnormalities
seen in acinar cells of BETA2 —-/- mice does not appear to
be a direct result of BETAZ2 deficiency, as this protein is
not appreciably expressed in the exocrine pancreas. One
possibility is that normal islet structure and/or function
may contribute to the normal polarity and structural in-
tegrity of pancreatic acinar cells. Insulin is required for
normal acinar cell function in the mature pancreas
(Williams and Goldfine 1985). It is more likely that the
acinar cell abnormalities result from the failure to ex-
press CCK and secretin. CCK is a potent secretagog for
the secretion of protein-rich pancreatic juice from acinar
cells. Secretin appears to further increase CCK-stimu-
lated acinar cell secretion in addition to stimulating bi-
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Figure 8. Absence of enteroendocrine cells expressing secretin
and cholecystokinin in BETA2 -/- mice. Immunostaining for
secretin (A,B), CCK (C,D), and serotonin (E,F) (arrows) in the
small intestine of 2 day old BETA2 +/- (left panels) and BETA2
-/~ (right panels) mice. Note the absence of secretin- and CCK-
staining cells in the -/— mice (B,D) compared to +/- mice (A,C).
Nuclear B-galactosidase staining in +/- (G) and -/- (H). G
shows a single cell with brown cytoplasmic staining for secretin
and blue nuclear X-gal staining from an adult BETA2 +/-
mouse. Several isolated mucosal epithelial cells (arrows) in the
small intestine of a -/- mouse showing nuclear B-galactosidase
activity. Bar, 100 um for A-D; 50 um for E,F; 5 um for G; and 20
pum for H. Sections were stained using the ABC method with
True Blue peroxidase substrate counterstained with contrast red
(A,B) or DAB substrate counterstained with hematoxylin (C-H).

carbonate secretion by duct cells. Thus, in the absence of
these two hormones, zymogen granules may accumulate
in acinar cells and leak digestive enzymes into the cel-
lular compartment, perhaps contributing to deteriora-
tion of the exocrine pancreas.

Transcriptional control of pancreatic development

BETAZ2 represents the first bHLH factor to have a specific
function in pancreatic development. Recently, the roles
of the homeodomain transcription factors Isl-1, PDX-1
and the paired box factor Pax4, in pancreatic develop-
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ment were determined by gene targeting experiments in
mice. Targeted ablation of PDX-1 resulted in mice com-
pletely lacking a pancreas demonstrating an important
function for PDX-1 in the initial stages of pancreas de-
velopment (Jonsson et al. 1994; Offield et al. 1996).
PDX-1 -/- mice develop small pancreatic duct struc-
tures containing insulin- and glucagon-expressing cells.
Isl-1-deficient pancreatic epithelia grown in culture
failed to generate «, 3, and & cells, suggesting an impor-
tant function for Isl-1 in islet cell differentiation (Ahl-
gren et al. 1997). Inactivation of the Pax4 gene resulted
in growth retardation and dehydration similar to BETA2
—-/- mice (Sosa-Pineda et al. 1997). Mice fail to develop
either B or & cells in the absence of Pax4 and instead
show increased numbers of « cells. The presence of both
pancreatic acinar cells and the principal endocrine cell
types in BETA2 -/- mice suggests that BETA2 likely
acts in a regulatory cascade downstream of PDX-1, Isl-1,
and Pax4. The observed phenotype does not appear to
arise purely from reduced insulin gene expression. Re-
cent evidence suggests that BETAZ2 increases PDX-1 gene
expression (Sharma et al. 1997). However, cells staining
for PDX-1 are present in BETA2 -/- mice, making it
unlikely that the observed diabetes results from the fail-
ure to express PDX-1.

It will be of particular interest to determine whether
mutations in the human BETAZ2 gene are associated with
susceptibility to diabetes mellitus. Furthermore, the
BETAZ2 knockout mouse is a useful model for the iden-
tification of specific genes involved in pancreatic islet
cell morphogenesis.

Materials and methods
Targeting construct

A 14-kb Notl fragment containing the entire BETA2 gene, iso-
lated from a 129/Sv mouse genomic library (a kind gift of P.
Soriano, University of Washington, Seattle), was subcloned into
pBSII-KS(+) (Stratagene) and mapped using a combination of
PCR, Southern analysis, and restriction enzyme digests. The
targeting vector was assembled as follows: The Xmal-Notl
(blunt) fragment of the bacterial lacZ gene (pPD46.21) with a
nuclear localization signal (obtained from E. Olson, University
of Texas Southwestern Medical Center, Dallas) was subcloned
into the Xmal-EcoRV sites of pBSII-KS(+). The 2.5-kb Xbal
(blunt) fragment was subcloned into the Smal site of pBSII-
KS(+)-lacZ. The BamHI-Xhol fragment containing the 2.5-kb
BETA2 5’ genomic sequence and lacZ was subcloned into the
BamHI-Xhol site of the herpes simplex virus-thymidine kinase
(HSV-TK) vector. The 4.5-kb EcoRI fragment of BETA2 3’ ge-
nomic sequences was subcloned into EcoRI of PGK-neo. An
Xhol fragment consisting of BETA2 3’ sequences and neo was
cloned into Xhol of HSV-TK containing 5’ BETA2 sequences
and lacZ. The final targeting vector was CsCI purified and lin-
earized with BamHI before electroporation into the ES cell line,
AB 2.2 (provided by A. Bradley, Baylor College of Medicine,
Houston, TX).

ES cell electroporations, cell culture, and blastocyst
injections

ES cells were dispersed into single cells and resuspended at a
density of 1 x 107 cells/ml in PBS. AB 2.2 cells were electropor-
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ated in a volume of 0.9 ml with 25 pg of targeting vector at 230
V and 500 pF. Cells were seeded onto 100 mm gelatinized plates
in the presence of G418-resistant embryonic fibroblasts (STO
cells) in ES medium. After 24 hr, medium was supplemented
with FIAU and G418. Cells were cultured for a total of 10 days,
after which colonies were picked and expanded. Duplicate
clones were screened for the presence of disrupted BETA2 gene
by Southern analysis. Mutant ES cells were injected into
C57BL/6 embryos at the blastocyst stage using standard tech-
niques. Chimeric male mice were obtained and mated to
C57BL/6 females to obtain heterozygous mice.

Glucose levels

Glucose levels were measured with the One Touch Glucose
Monitoring kit (Johnson & Johnson) using 10 ul of peripheral
blood or urine from 2-day-old (P2) mice. Blood glucose values
are represented as the average * standard deviation. Urine glu-
cose levels also indicated hyperglycemia (not shown). Ketone
levels were measured with Ketostix reagent strips (Bayer) using
10 pl of urine from P2 mice. Semiquantitative ketone concen-
tration was determined by color reaction after 15 sec.

Histochemistry and electron microscopy

Pancreas and brain were removed from newborn mice (P0O) and
were fixed and stained in X-gal solution as described in Joyner
(1995). Fixed tissues were embedded in paraffin and sectioned at
6-7 pm. E9.5 embryos were sectioned at 4 um; E14.5 and E17.5
embryos were sectioned at 6-7 um. For immunohistochemistry,
tissues were fixed in Bouin’s fixative and embedded in paraffin
as described previously (Upchurch et al. 1994). Pancreatic tissue
for electron microscopy was fixed in 3% glutaraldehyde in 0.1 m
sodium cacodylate buffer (pH 7.4) for 1 hr at room temperature,
washed in PBS, and stored in 70% ethanol. Fixation of pancre-
atic tissue for immunolabeling was prepared as described in
Teitelman et al. (1993).

Immunohistochemistry

Primary antibodies were used at the following dilutions: rabbit
anti-insulin 1:80 (Incstar); rabbit anti-glucagon 1:40 (Incstar);
rabbit anti-somatostatin 1:20 (Incstar); guinea pig anti-C-pep-
tide insulin 1:40 (Linco), rabbit anti-secretin 1:6000 (R25, W.
Chey, University of Rochester, NY); rabbit anti-amylase 1:300
(Sigma); rabbit anti-PDX-1 1:500 (a gift from Dr. Palle Serup,
Hagedorn Research Institute, Gentofte, Denmark), rabbit anti-
CCK 1:2500 (RPZ7.1, W. Chey); rabbit anti-serotonin 1:40,000
(Incstar). Antisera against substance P, peptide YY, neurotensin,
and gastric inhibitory polypeptide (GIP) were used as described
previously (Upchurch et al. 194). Primary incubations were per-
formed at room temperature for 1-2 hr or overnight at 4°C.
Primary antibodies were detected either by immunofluorescent
labeling with FITC-conjugated (1:160) or Cy3-conjugated (1:400)
donkey anti-rabbit or anti-guinea pig 1gG secondary antibodies
immunoabsorbed for multiple labeling (Jackson ImmunoRe-
search Laboratories) or by immunoperoxidase using a Vec-
tastain ABC kit (Vector Labs) using DAB or TrueBlue (Kierkeg-
arrd & Perry) for detection. Dual-color immunohistochemistry
was performed as described previously (Bukovsky et al. 1995).
The first primary antibody (anti-PDX-1) was visualized by im-
munoperoxidase staining as described above, and the slides
were then incubated with the second primary antibody (anti-
insulin) and visualized with a Cy3-conjugated secondary anti-
body with a fluorescence microscope. Controls for specificity
included nonimmune primary sera, mismatched primary and
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secondary antisera, known positive sections, and absorption
with specific and heterologous antigens.

TUNEL assay

X-Gal-stained BETA2 +/- and -/~ pancreatic tissues from E17.5
embryos and newborn mice (P0) were used in the TUNEL assay
as described previously (Gavrieli et al. 1992).

Western blot analysis

Pancreatic tissues for protein isolation were frozen and stored at
—70°C. Total pancreatic protein was prepared by homogeniza-
tion in 50 mm Tris (pH 7.2), 5 mm MgCl,, 1 mm CaCl,, 10 mm
dithiothreitol, 1% NP-40, 100 pg/ml of DNase I, 50 pg/ml of
RNase A, and 75 pg/ml of phenylmethylsulphonyl fluoride.
Protein concentration was determined using protein assay re-
agents (Bio-Rad). Forty micrograms of protein from pancreas
was fractionated on a 10% SDS-polyacrylamide gel, transferred
to nitrocellulose by electroblotting, incubated in a sequential
order with a blocking solution, anti-a-amylase antibody
1:10000 (Sigma), and HRP-conjugated secondary antibody (Bio-
Rad). The blots were then visualized using an ECL system (Am-
ersham). Porcine a-amylase (Sigma) and HelLa cell extracts were
used as positive and negative controls, respectively.
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