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FGF signaling is essential for normal development
of pancreatic islets. To examine the effects of overex-
pressed FGF8 and FGF10 on pancreatic development,
we generated FGF8- and FGF10-transgenic mice (Tg
mice) under the control of the glucagon promoter. In
FGF8-Tg mice, hepatocyte-like cells were observed in
the periphery of pancreatic islets, but areas of a« and 8
cells did not decrease, whereas in FGF10-Tg mice, pan-
creatic ductal and acinar cells were found in islets,
concomitantly with disturbed g-cell differentiation.
These results suggest that FGF8 and FGF10 play im-
portant roles in development of hepatocytes and exo-
crine cells, respectively, and explain the absence of
FGF8 expression in normal islets and pancreatic hyp-
Oplasia in FGF10-deficient mice. © 2002 Elsevier Science (USA)
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Fibroblast growth factor (FGF) signaling is indis-
pensable for normal development of pancreatic islets.
In the earliest stage of pancreatic development, FGF2
secreted from notochord represses sonic hedgehog ex-
pression in adjacent nascent pancreatic endoderm, and
permits expression of pancreatic genes including pan-
creatic and duodenal homeobox 1 (Pdx1) and insulin
(1). FGF1, FGF2, FGF4, FGF5, FGF6, FGF7, and
FGF10 (2-5), and FGF receptors (FGFR) 1, 2, 3, 4, and
5 (2, 4, 6-8) are expressed in pancreatic islets. In
transgenic mice (Tg mice) expressing a dominant-
negative form of FGFR1c under the control of the Pdx1
promoter, the number of B cells decreases, leading to
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diabetes (2). Soluble FGFR2b dominant negative mu-
tants, which are thought to primarily block FGF10
signaling (9), cause a greatly reduced number of mor-
phologically aberrant acinar cells and no detectable
islets in Tg mice (10) and a significant reduction in
both DNA content and amylase activity of cultured
pancreatic rudiments (11). Indeed, both FGFR2b-null
and FGF10-null mice exhibit pancreatic dysgenesis
(9, 12).

In vertebrate limb bud, FGF10 induces FGF8 ex-
pression (13) and both are essential for normal limb
formation (14-16). However, FGF8 expression was not
detected in both fetal and adult mouse pancreas even
by reverse transcriptase-polymerase chain reaction
(RT-PCR), in spite of FGF10 expression. Thus, to clar-
ify the necessity of the absence of FGF8 and the func-
tion of FGF10 in pancreatic development, we gener-
ated Tg mice expressing FGF8 or FGF10 in pancreatic
islets.

Although the insulin promoter has been used for
islet-specific transgene expression, the possibility has
been suggested that pancreatic g cells are nonspecifi-
cally destroyed by the transgenic overexpression of
various proteins driven by the insulin promoter (17).
To circumvent this issue, we used the glucagon pro-
moter for the islet-specific expression of FGF8 and
FGF10 in Tg mice.

MATERIALS AND METHODS

Generation of Tg mice. The expression vector including the rat
glucagon promoter (0.9 kb) for Tg mice was constructed previously
(18), and mouse FGF8 cDNA or FGF10 cDNA (a gift from Dr. Ka-
tsumata, Sumitomo Pharmaceuticals Research Center, Osaka, Ja-
pan) was inserted into its cloning site flanking the exon-intron orga-
nization and a polyadenylation signal of the rabbit g-globin gene. An
Xhol fragment of this vector excluding plasmid-derived sequences
was used as the transgene, and microinjected into the male pronuclei
of fertilized eggs obtained from superovulated BDF1 (C57BL/6 X
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DBA2 F1) female mice crossed with males of the same strain. In-
jected embryos were implanted into the oviducts of pseudopregnant
female mice and allowed to develop (19). DNA was extracted from
tail snips of live offspring by the proteinase K/SDS method. The
integration and copy number of the transgene in the mouse genome
were examined by Southern blot analysis or PCR. F1 transgenic
progeny was bred by crossing Tg founder mice with BDF1 mice, and
F1 Tg mice of 10 to 30 weeks of age were used with sex-matched
nontransgenic littermates (wild-type mice) in this study. All mice
were handled according to the “Principles of Laboratory Animal
Care” (NIH Publication No. 85-23, revised 1985).

Gene expression in pancreatic islets. From mouse islets collected
by the collagenase method (20), total RNA was extracted with 1SO-
GEN (Nippon Gene, Tokyo, Japan). Semiquantitative RT-PCR was
performed as previously described (21) and each gene expression
level was standardized by the B-actin expression level. Used sense
and antisense primers are respectively as follows: 5'-CGTGCTG-
GAGAACAACTACA-3" and 5'-GGGTAGTTGAGGAACTCGAAG-3'
for mouse FGF8, 5'-TTGGTGTCTTCGTTCCCTGT-3’ and 5'-
CATTTGCCTGCCATTGTGCT-3' for mouse FGF10, 5'-ATCCTGAG-
AACTTCAGGCTC-3' and 5'-AATGATGAGACAGCACAACA-3' for
transgene, 5'-CTGCATACTGGAGCACTTCA-3' and 5'-TGCTCAT-
ACGATGAGCATGC-3’ for mouse albumin, 5'-AGCCAAGGACAG-
AATGGCTG-3' and 5'-AAGACATCAGTGTCTGCTGG-3' for mouse
aFP, and 5'-GTGGGCCGCTCTAGGCACCA-3' and 5'-CGGTTG-
GCCTTAGGGTTCAGG-3' for mouse B-actin.

Histopathological examinations. Mouse pancreas was stained
with hematoxylin and eosin (H&E). For immunohistochemistry,
guinea-pig polyclonal antibodies against porcine insulin and gluca-
gon (DAKO Japan, Kyoto, Japan) were used. The quantitative anal-
ysis of the islet-cell area was carried out as previously described (19).
In brief, islet area, a-cell area, and B-cell area were identified by
H&E staining, glucagon immunostaining, and insulin immunostain-
ing, respectively.

Statistical analysis. All data are presented as means = SEM. For
comparison of two means, Student’'s unpaired t test was used. For
comparison of two ratios (Q,, Q,), a normal distribution curve with a
mean of Q,—Q, and a variance of Q,(1 — Q,)/n; + Q,(1 — Q,)/n, was
used. Probability (P) of less than 0.05 was considered statistically
significant.

RESULTS AND DISCUSSION
Generation of FGF8- and FGF10-Tg Mice

Two FGF8-Tg founder mice and three FGF10-Tg
founder mice were obtained. The transgene copy num-
bers of FGF8-Tg mice of lines 1, 2, and FGF10-Tg mice
of lines 1, 2, and 3 were 1, 1, 1, 4, and 4, respectively.
The low copy number of 1 in both lines of FGF8-Tg
mice suggests that higher copy numbers, i.e., higher
FGF8 expression levels, are unfavorable for survival.
F1 mice were bred by crossing Tg founder mice with
wild-type mice, the percentages of FGF8-Tg mice in F1
mice at the age of 5 weeks were 36% (28/78) in line 1
and 26% (28/107) in line 2, and 30% (56/185) in total,
whereas those of FGF10-Tg mice were 45% (31/69) in
line 1, 44% (24/55) in line 2, 49% (23/47) in line 3, and
46% (78/171) in total. The percentages of FGF10-Tg
mice (46%) are consistent with Mendel’s law: 50% of F1
mice are Tg mice, whereas the percentages of FGF8-Tg
mice (30%) are significantly (P < 0.005) smaller than
those of FGF10-Tg mice. Therefore, FGF8-Tg mice are
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FIG. 1. FGF expression in pancreatic islets. Mice at the age of
10-20 weeks were used. (A) Expression of FGF8 and FGF10 in
pancreatic islets of wild-type mice. Mouse FGF8 cDNA in the liver
was amplified as a positive control. RT, reverse transcriptase. (B, C)
Transgene expression in pancreatic islets of FGF8- and FGF10-Tg
mice. Transgene-specific primers were used for PCR. As an internal
standard, mouse B-actin cDNA was amplified.
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certainly disadvantageous to survival until 5 weeks of
age from fetal development.

FGF Expression in Pancreatic Islets

In contrast to the relatively high-level expression of
FGF8 in mouse liver, FGF8 expression was not de-
tected in pancreatic islets of wild-type mice, while
FGF10 was expressed in wild-type islets (Fig. 1A). In
all Tg lines, transgene expression was confirmed by
semi-quantitative RT-PCR with transgene-specific
primers (Fig. 1B,C). In FGF8-Tg mice, transgene ex-
pression level in line 1 was higher than that in line 2
(Fig. 1B), and in FGF10-Tg mice, transgene expression
level in line 3 was the highest in those of all three lines
(Fig. 1C), in association with the highest transgene
copy number of 4 in line 3. Transgene expression was
not detected in wild-type mice.

Prominent Phenotypes of FGF-Tg Mice

All FGF8-Tg mice exhibited bilateral anophthalmia,
although normally developed conjunctivae were re-
maining (Fig. 2A). Anophthalmia was probably caused
by the increase in the blood concentration of FGF8
protein. Although the blood concentration of FGF8 pro-
tein could not be determined in this study, a consider-
able increase in FGF8 protein in blood is speculated for
the following reasons: The glucagon promoter, by
which transgene was expressed, has a relatively high
activity, and starts to function at embryonic day 8.5—
9.0 (22), which is the critical period of optic vesicle
formation (23). Indeed, in Tg mice expressing inter-
feron-y (IFN-vy) under the control of this glucagon pro-
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FIG. 2. Conspicuous phenotypes in Tg mice. (A) Anophthalmiain
FGF8-Tg mice. All FGF8-Tg mice lacked eyeballs, whereas their
conjunctivae developed normally. (B) Thyroid cancer in FGF10-Tg
mice (H&E staining). Scale bar, 100 wm.

moter, the average concentration of serum IFN-y was
50 times higher than that in wild-type mice, and all
IFN-y Tg mice showed microphthalmia (17). Further-
more, FGF8 was reported to play a role in the initiation
and differentiation of neural retina and lens (24), and
FGF8 expression using the aA-crystallin promoter in
Tg mice results in microphthalmia (25). Anophthalmia
may explain the lower rate of survival until 5 weeks of
age (30%) in our FGF8-Tg mice because complete
blindness is likely to be unfavorable for survival in-
cluding sucking milk.

Various malignant neoplasms developed in FGF10-Tg
mice. In total, 18 (39%) out of 46 FGF10-Tg mice were
affected until 60 weeks of age: Medullary thyroid cancer
(Fig. 2B) was most frequent (8/46; 17%), and followed by
neoplasms of lung, liver, testis, and unknown origin (2/
46; 4% each), lymphoma (1/46; 2%), and rhabdomyosar-
coma (1/46; 2%). FGF10 signaling is essential for thyroid
and lung development, i.e., both mice deficient in FGF10
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and mice deficient in its receptor (FGFR2b) lack the thy-
roid gland and lungs (9,12), whereas transgenic overex-
pression of FGF10 in the lungs causes multifocal pulmo-
nary tumors (26). Therefore, it is suggested that precisely
regulated FGF10 expression is necessary for normal tis-
sue development.

Histopathological Examination

In both lines of FGF8-Tg mice, hepatocyte-like cells
were observed in the periphery of pancreatic islets
(Fig. 3). These cells had large clear nuclei with several

FIG. 3. Transdifferentiation of islet cells. In FGF8-Tg mice,
hepatocytes-like cells (arrows) were observed in the periphery of
pancreatic islets. In line 3 of FGF10-Tg mice, ductal (white arrow-
heads) and acinar cells (black arrowheads) were found in pancreatic
islets.
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FIG. 4.
and exocrine cells in FGF10-Tqg islets (line 3). In line 3 of FGF10-Tg mice, the numbers of « and B cells were comparable because of the
decrease in the number of g cells. H&E, hematoxylin and eosin staining. Scale bars, 100 um.

small nucleoli and abundant eosinophilic cytoplasm,
and were morphologically indistinguishable from hepato-
cytes. In line 3 of FGF10-Tg mice, ductal and acinar
cells were shown in pancreatic islets (Fig. 3), although
no changes were found in lines 1 and 2 of FGF10-Tg
mice. Because transgene expression level in pancreatic
islets of line 3 was several times higher than that of
line 1 or 2 (Fig. 1C), FGF10 expression levels in lines 1
and 2 are thought to be lower than the threshold of
FGF10 expression level for transdifferentiation of en-
docrine cells into exocrine cells. Neither hepatocyte-
like cells in FGF8-Tg islets nor exocrine cells in
FGF10-Tqg islets produced insulin or glucagon on the
immunohistochemical basis (Fig. 4). Although the ratio
of B cells to « cells was similar between wild-type and
FGF8-Tg mice, this ratio in line 3 of FGF10-Tg mice
was obviously lower because of the decrease in the
number of B cells (Fig. 4). Actually, B-cell area in line 3
of FGF10-Tg mice was only 32% that in wild-type mice
(Fig. 5), whereas a-cell area in line 3 of FGF10-Tg mice
did not decrease. These results indicate that overex-
pressed FGF10 disturbs normal development of 3 cells.
In FGF8-Tg mice, a- and B-cell areas were respectively
similar to those in wild-type mice, suggesting that

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Insulin Glucagon

¥ g
® -
W
=l o—
C at
& g § i
O o
Py L
% el
8
@ o
== ——=] ==}
]
- = &
™
(S e n =
* L3 ) "'{
3 4 i L
2 o ™ T
- eaf]
< ("' -
3 2 3 4
o . fsa b
L] 9 3
- -_— . —

Immunostaining for insulin and glucagon. Neither insulin nor glucagon was detected in hepatocyte-like cells in FGF8-Tg islets

overexpressed FGF8 does not interfere with the mech-
anism of maintaining «- and B-cell masses appropri-
ately, although a part of endocrine cells transdifferen-
tiated into hepatocyte-like cells by FGF8. Actually,
plasma insulin and glucagon concentrations and pan-
creatic contents of insulin and glucagon in FGF8-Tg
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FIG. 5. Morphological examination. Relative areas of « (white
bar) and B (black bar) cells to the whole pancreas area were mea-
sured. In line 3 of FGF10-Tg mice, B-cell area was about 3 times
smaller than that in wild-type mice, whereas a-cell area was similar.
In lines 1 and 2 of FGF10-Tg mice and in FGF8-Tg mice, both a- and
B-cell areas are respectively comparable to those in wild-type mice.
**p < 0.01.
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FIG. 6. Liver-specific gene expression. In FGF8-Tqg islets, albu-
min expression was detected by RT-PCR, but «FP expression was
not. Neonatal mouse liver was used as a positive control. RT, reverse
transcriptase. aFP, o-fetoprotien.

mice are respectively similar to those in wild-type mice
(data not shown).

Albumin Expression in FGF8-Tg Islets

Albumin was expressed in FGF8-Tg islets, but
a-fetoprotein («FP) was not (Fig. 6). Because albumin
and oFP are the markers for mature and immature
hepatocytes, respectively, highly differentiated hepato-
cytes may be generated in FGF8-Tg islets. Another
explanation for the lack of «FP expression is that FGF8
may induce only albumin expression, but not oFP ex-
pression, regardless of maturity of hepatocytes.

In the developing mouse embryo, FGF8 is secreted
with FGF1 and 2 from cardiac mesoderm, and induces
the liver gene expression program and the morphoge-
netic outgrowth of the hepatic bud in adjacent ventral
endoderm (27, 28). Furthermore, bipotential precursor
cells for the pancreas and the liver exist within the
embryonic ventral endoderm, and FGF signaling di-
verts the multipotent endoderm cells to a hepatic fate
by the induction of sonic hedgehog expression and the
suppression of Pdx1 expression (29).

The Origin of Transdifferentiated Islet Cells

In FGF8-Tg mice, the origin of hepatocyte-like cells
is unknown. However, these cells are probably derived
from endocrine precursor cells because they are in pan-
creatic islets (Fig. 3). Although they are in the periph-
ery of islets where non-B8 cells such as « cells are
usually located, this finding does not necessarily sug-
gest that hepatocyte-like cells originated from non-g
cells. The arrangement of islet cells has been consid-
ered to be dependent on adhesion molecules of each
islet cell. For example, cadherins are essential for the
aggregation of g3 cells, because in Tg mice expressing a
dominant negative mutant of E-cadherin in g8 cells, the
clustering of B cells is disturbed, while « cells selec-
tively aggregate into islet-like clusters without B cells
(30). If such adhesion molecules as cadherin are not
expressed in hepatocyte-like cells, they lose close con-
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tact with B cells and are located outside B-cell aggre-
gate in islets.

In FGF10-Tg mice as well as in FGF8-Tg mice, exo-
crine cells in pancreatic islets are presumed to be de-
rived from endocrine precursor cells because these exo-
crine cells are located in islets, but not outside of islets.
The endocrine precursor cells was reported to express
neurogenind without four pancreatic hormones (31,
32), and to be able to differentiate into four types of
pancreatic endocrine cells. Recently, multipotential
stem cells were found in pancreatic islets (33, 34).
These cells produce nestin as well as neural stem cells,
and can differentiate ex vivo into pancreatic endocrine,
exocrine, and hepatic phenotypes. Therefore, the origin
of transdifferentiated cells in FGF8- and FGF10-Tg
mice may be nestin-positive stem cells in pancreatic
islets.

In conclusion, transgenic expression of FGF8 and 10
induced transdifferentiation of pancreatic islet cells
into hepatocyte-like cells and into exocrine cells con-
comitantly with impaired B-cell differentiation, sug-
gesting that FGF8 and 10 play important roles in de-
velopment of hepatocytes and pancreatic exocrine cells,
respectively. These results explain the absence of
FGF8 expression in normal islets and pancreatic hypo-
plasia in FGF10-deficient mice.
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