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Type 1 and type 2 diabetes result from an absolute or relative
reduction in functional β-cell mass. One approach to replacing lost
β-cell mass is transplantation of cadaveric islets; however, this
approach is limited by lack of adequate donor tissue. Therefore,
there is much interest in identifying factors that enhance β-cell
differentiation and proliferation in vivo or in vitro. Connective
tissue growth factor (CTGF) is a secreted molecule expressed in
endothelial cells, pancreatic ducts, and embryonic β cells that we
previously showed is required for β-cell proliferation, differentia-
tion, and islet morphogenesis during development. The current
study investigated the tissue interactions by which CTGF promotes
normal pancreatic islet development. We found that loss of CTGF
from either endothelial cells or β cells results in decreased embry-
onic β-cell proliferation, making CTGF unique as an identified β
cell-derived factor that regulates embryonic β-cell proliferation.
Endothelial CTGF inactivation was associated with decreased islet
vascularity, highlighting the proposed role of endothelial cells in
β-cell proliferation. Furthermore, CTGF overexpression in β cells
during embryogenesis using an inducible transgenic system in-
creased islet mass at birth by promoting proliferation of immature
β cells, in the absence of changes in islet vascularity. Together,
these findings demonstrate that CTGF acts in an autocrine manner
during pancreas development and suggest that CTGF has the po-
tential to enhance expansion of immature β cells in directed dif-
ferentiation or regeneration protocols.

Pancreas development initiates at embryonic day (E) 9.5 in the
mouse as dorsal and ventral evaginations from the posterior

foregut endoderm that undergo branchingmorphogenesis. Notch/
Delta signaling within the ductal epithelium generates a pop-
ulation of endocrine progenitor cells marked by expression of the
transcription factor neurogenin3 (Ngn3) (1–4). These progenitors
delaminate from the epithelium and differentiate into hormone-
positive cells that subsequently proliferate. Islets are complex
microorgans responsible for maintaining glucose homeostasis and
consist of at least four different endocrine cell types, including
insulin-producing β cells and glucagon-producing α cells. In-
sufficient β-cell mass characterizes both type 1 (autoimmune) and
type 2 diabetes. Thus, strategies to generate β cells de novo or
increase their number in vivo are a potential approach for the
treatment of diabetes and are being widely investigated.
Generation of the correct numbers of the different endocrine

cell types requires tight coordination of waves of differentiation
and proliferation that are regulated by both paracrine and
autocrine signals. The pancreatic vascular endothelium secretes
paracrine factors important for pancreas differentiation (5–8).
Factors such as retinoic acid, FGFs, and bone morphogenetic
proteins (BMPs) regulate the outgrowth of the epithelium, as
well as the differentiation of multipotent pancreatic progenitors
(9). Signals from the dorsal aorta are necessary for growth of the
dorsal pancreas as well as expression of Ptf1a, a transcription

factor essential for the development of pancreatic progenitors
(7, 10). Furthermore, in vitro coculture experiments demon-
strated that recombination of prepatterned dorsal endoderm
with aorta endothelium is sufficient to induce differentiation of
insulin-expressing cells (8). Blood vessel-derived sphingosine-1-
phosphate stimulates growth of the pancreas, and endothelial
cells secrete additional factors that have a direct role on the en-
doderm (11). For example, the concomitant formation of blood
vessels and islets involves communication between the endothe-
lial cells and endocrine cells. VEGFA is expressed in islet endo-
crine cells from very early in development through adulthood and
is required for proper development of the islet vasculature (12).
Overexpression of VEGFA throughout the entire pancreatic
epithelium under the direction of the pancreatic and duodenal
homeobox-1 (Pdx-1) promoter leads to an increase in pancreatic
vascularization and total islet mass at the expense of exocrine
tissue (8). The main VEGF receptor, VEGFR2/flk-1, is not ex-
pressed in islets, suggesting that the increase in islet mass is sec-
ondary to the increase in vasculature rather than a direct conse-
quence of VEGFA overexpression on the endoderm (8, 12, 13).
Thus, although endothelial cells have long been understood to
have a role in pancreas growth and endocrine development, the
specific secreted factors that mediate its effects on the pancreatic
epithelium have not yet been identified.
Although endocrine cell neogenesis generates the majority of

the endocrine cells early in development, adequate endocrine
cell replication during late gestation (E18.5) and in the neonatal
period is necessary to generate the correct number of β cells in
the adult. Only a few factors, however, have been shown to
regulate embryonic β-cell proliferation in vivo. The eIF2α kinase
PERK is important for β-cell proliferation in embryos and neo-
nates but not in the adult (14). The transcription factor Pdx-1 is
essential for pancreas organogenesis and β-cell proliferation (15–
17). Removal of Pdx-1 specifically in embryonic β cells leads to
a significant decrease in β-cell proliferation and a concomitant
increase in α-cell proliferation at late gestation (17). Recent
evidence has shown that Ngn3-positive proendocrine cells are
unipotent; each progenitor cell gives rise to only one endocrine
cell type (18). The fact that β- and α-cell proliferation are re-
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ciprocally altered when Pdx-1 is inactivated in β cells only sug-
gests that communication between endocrine cell types also plays
a role in generating the proper numbers of each different cell
type within the islets.
We previously determined that the secreted factor connective-

tissue growth factor (CTGF) is required for embryonic β-cell
proliferation. CTGF-null embryos die at birth because of skeletal
defects (19), but display a significant decrease in β-cell pro-
liferation, specifically at E18.5, and also have defects in pan-
creatic endocrine lineage allocation and islet morphogenesis
(20). In the mouse, CTGF is expressed in the developing pan-
creas as early as E12.5 and is localized to the developing blood
vessels, β cells, ducts, and mesenchyme (20). As development
proceeds, CTGF remains highly expressed in ducts and endo-
thelial cells but its expression decreases in β cells. By postnatal
day (P) 3, CTGF is no longer detected in β cells but is still
expressed in ducts and endothelial cells in adult mice and
humans. At early stages, embryos lacking CTGF show normal
pancreas development but have an altered endocrine cell ratio
beginning at E13.5; α cells are increased without changes in total
endocrine area, proliferation, or apoptosis (20).
CTGF is a modular protein that acts in other systems as both an

autocrine and paracrine factor via its interactions with integrins,
TGF-β, BMPs, and Wnts (21). Because CTGF is expressed by
multiple cell types in the pancreas, it is not clear from our previous
studies whether CTGFacts in an autocrine or paracrinemanner to
promote proper endocrine lineage allocation, β-cell proliferation,
and islet morphogenesis. We used a conditional null allele of
CTGF and used tissue-specific Cre recombinases to inactivate
CTGF from the pancreatic epithelium, vasculature, or endocrine
progenitors. Here we show that loss of endothelial-derived CTGF
results in decreased islet vascularity associated with decreased
embryonic β-cell proliferation. Additionally, we find that CTGF
produced by the β cells themselves is required for β-cell pro-
liferation, making it unique as an identified autocrine regulator of
embryonic β-cell proliferation. We also demonstrate that β cell-
specific overexpression of CTGF during embryogenesis using an
inducible transgenic system is sufficient to increase proliferation
of immature β cells and endocrine cell mass, and that this occurs in
the absence of increased vascularity. These studies have implica-
tions for the manipulation of stem/progenitor cells in vivo or
in vitro to promote pancreatic endocrine differentiation, and
enhance β-cell mass expansion for ultimately treating patients
with diabetes.

Results
β Cell-Derived CTGF Acts in an Autocrine Manner to Promote Proper
Levels of Proliferation During Embryogenesis. To address how
CTGF-mediated autocrine and paracrine communication be-
tween the different pancreatic cell types regulates the differen-
tiation of progenitors into endocrine cells and their subsequent
proliferation and islet morphogenesis, CTGF was conditionally
inactivated in a cell type-specific manner using a previously de-
scribed conditional-by-inversion (CTGFe2COIN) allele (22) (Fig.
S1). In this allele, exposure to Cre recombinase results in the
inversion of an otherwise inert insertion into exon 2, thus ren-
dering it a null allele. We determined that the presence of the
e2COIN intron did not affect CTGF message levels (Fig. S2A);
CTGFe2COIN/+ and CTGFe2COIN/e2COIN mice develop normally.
Therefore, CTGFe2COIN/+ and CTGFe2COIN/e2COIN littermates
were used interchangeably as controls in all subsequent experi-
ments. We confirmed the Cre-dependent inversion of the
CTGFe2COIN allele using PCR on sections of embryonic pan-
creata (Fig. S2B).
To determine whether CTGF produced by the endothelium

promotes β-cell proliferation during embryogenesis, CTGFe2COIN

mice were interbred to transgenic mice expressing Cre recombi-
nase from the Tie-1 promoter (23) to generate litters containing

embryos in which CTGF is inactivated specifically in the vascu-
lature (CTGFe2COIN/e2COIN;Tie-1-Cre). Previous analysis of the
Tie-1-Cre line reveals extremely high specificity for endothelial
cells throughout all organs examined, although some recombi-
nation has been noted in certain CNS neurons and hematopoietic
cells (23–27). β-Cell replication was analyzed in control and
CTGFe2COIN/e2COIN;Tie-1-Cre embryos at E18.5 using immuno-
histochemistry to examine expression of phosphorylated histone
H3 (pH3) and insulin. Compared with control embryos, embryos
in which CTGF was inactivated in endothelial cells had a signifi-
cant decrease in β-cell proliferation (Fig. 1 A, D, and E). At this
stage, 10.2 ± 0.49% of β cells were proliferating in control em-
bryos, but CTGF mutants had nearly a 60% reduction in β-cell
proliferation (4.4 ± 0.56%, P = 0.002). To determine if this was
a direct effect of endothelial-derived CTGF on the β-cell pop-
ulation or an indirect effect because of secondary consequences of
endothelial CTGF inactivation on the vasculature, we quantified
islet blood-vessel density in control and CTGFe2COIN/e2COIN;Tie-
1-Cre embryos. We found that indeed, loss of endothelial CTGF
resulted in a decrease in islet vascularity (Fig. S3). Thus, at this
point we cannot determine whether CTGF is the endothelially
derived signal that promotes β-cell proliferation, or if an addi-
tional endothelial signal is required that is now reduced as a result
of the decreased vasculature. Nonetheless, because CTGF is still
produced by the pancreatic epithelium (ducts and β cells) in
CTGFe2COIN/e2COIN;Tie-1-Cre mutant embryos, we conclude that
the remaining CTGF produced by the epithelium is not sufficient
to compensate for loss of the endothelial-derived signal to pro-
mote normal β-cell proliferation.
In our previous studies, CTGF expression was examined as

early as E12.5 and found to be in the pancreatic trunk epithe-
lium, but absent from branch tips where acinar cells are differ-
entiating (20). As part of the present study, we examined
CTGFlacZ/+ embryos at E10.5 and determined that CTGF ex-
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Fig. 1. CTGF from multiple sources is required for β-cell proliferation during
embryogenesis. Quantification of β-cell proliferation normalized to control
littermates in CTGFe2COIN/e2COIN;Tie-1-Cre (A), CTGFe2COIN/e2COIN;Pdx-Cre (B),
and CTGFe2COIN/e2COIN;Ngn3-CreBAC (C) embryos at E18.5 (A and B) and P1 (C).
*P < 0.05 compared with Control. (D and E) Representative images showing
decreased β-cell proliferation in CTGFe2COIN/e2COIN;Tie-1-Cre embryos (E)
compared with controls (D). Arrowheads indicate proliferating β cells. n = 3–5
animals per genotype. (Magnification: 400×.)
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pression can be detected in scattered cells throughout the pan-
creatic bud epithelium at this stage (Fig. S4). To address whether
CTGF produced by an epithelial source in the pancreas, either
the ducts or the β cells, also affects β-cell proliferation, CTGF
was inactivated throughout the pancreatic epithelium beginning
at E9.5 by interbreeding mice carrying the CTGFe2COIN allele to
Pdx-1-Cre mice (4). Analysis of β-cell proliferation at E18.5 in-
dicated that the apparent percentage of replicating β cells in
control mice was w10-fold lower than in control mice from Tie-
1-Cre litters. This difference was determined to be caused by
a change in pH3 antibody sensitivity because of lot changes (Fig.
S5). Nonetheless, CTGFe2COIN/e2COIN;Pdx-1-Cre embryos dis-
played a significant reduction in the percentage of replicating β
cells compared with control littermates (Fig. 1B). Control em-
bryos displayed 0.5 ± 0.04% β-cell proliferation, but Pdx-1-Cre
mutants had 0.14 ± 0.34% (P = 0.001). Thus, CTGF produced
by an epithelial source is also required for β-cell proliferation.
Because Pdx-1-Cre removed CTGF function from both the

ductal epithelium and β cells, CTGFe2COIN mice were bred to
Ngn3-CreBAC mice (28) to inactivate CTGF early from the en-
docrine lineage. CTGF expression is not localized to any other
hormone-expressing cell type in the mouse pancreas, therefore
using Ngn3-CreBAC assayed for the role of CTGF in autocrine
β-cell signaling. CTGFe2COIN/e2COIN;Ngn3-CreBAC embryos had a
significant (36%) reduction in β-cell proliferation at P1 compared
with controls (Fig. 1C). Although an average of 0.87 ± 0.06% of β
cells were proliferating in controls, CTGFe2COIN/e2COIN;Ngn3-
CreBAC mutants had an average of 0.56 ± 0.08% (P = 0.02)
proliferating β cells. These data indicate that autocrine CTGF-
mediated signaling is required to promote proper levels of em-
bryonic β-cell proliferation. Currently, a Cre driver line with which
CTGF can specifically and efficiently be inactivated from embry-
onic ducts is not available. Therefore, we were unable to directly
investigate the role of CTGF produced by the ducts in β-cell
proliferation at this time. Inactivating CTGF in endothelial cells,
the pancreatic epithelium, or β cells each lead to a defect in β-cell
proliferation, suggesting that the function of CTGF produced by
each one of these sources is nonredundant with regard to β-cell
proliferation.

Different CTGF Sources Function Redundantly to Promote Lineage
Allocation and Islet Morphogenesis. Global inactivation of CTGF
leads to defects in endocrine lineage allocation and islet mor-
phology, including an increase in glucagon-positive area, de-
creased insulin-positive area, failure of islets to separate from the
ductal epithelium, and a mixed islet phenotype (20). Therefore,
we investigated which sources of CTGF are required for gener-
ating the correct proportions of endocrine cell types and for islet
morphogenesis. The proportion of endocrine tissue composed
of insulin and glucagon-positive area was quantified at P1 in
CTGFe2COIN/e2COIN;Tie-1-Cre, CTGFe2COIN/e2COIN;Pdx-1-Cre, and
CTGFe2COIN/e2COIN;Ngn3-CreBAC conditional-mutant embryos, as
well as in littermate controls. Endocrine composition was not
significantly different from controls in any of the tissue-specific
mutants (Fig. 2 A–C). The proximity of islets to ducts and islet
architecture was also examined in each of the tissue-specific
mutants and was found to be similar to controls (Fig. 2 D and E),
suggesting that the remaining sources of CTGF compensate for
the loss of CTGF from one source with respect to both lineage
allocation and islet morphogenesis.

CTGF Overexpression in Embryonic β Cells Increases Endocrine Cell
Mass and Proliferation at P1. Because loss of CTGF causes a re-
duction in β-cell proliferation, we assessed whether over-
expression of CTGF leads to increased β-cell mass. CTGF was
specifically overexpressed in β cells during development using
a tetracycline-inducible system. Mice expressing the reverse tet-
racycline transactivator from the rat insulin promoter (RIP-rtTA)

were interbred to a CTGF responder line (TetO-CTGF), and
doxycycline was administered continuously in the drinking water
of pregnant dams beginning at E9.5. Overexpression of CTGF
was confirmed by immunolabeling of pancreas sections at P1
(Fig. S6 A and B) and real-time PCR of pancreata at E16.5 (Fig.
S6 C and D). Pancreata from bigenic pups (rtTA;TetO-CTGF)
and littermate controls (rtTA) were analyzed for endocrine mass
at P1 (Fig. 3 A and B). There was no significant difference in the
total pancreatic area between control and bigenic pancreata (Fig.
S6E); however, the proportion of the pancreatic area composed
of endocrine tissue was significantly increased by w25% in
bigenic neonates (Fig. 3C) and this was in the absence of any
changes in islet vascularity (Fig. S3). Thus, these studies indicate
that increased levels of CTGF within β cells are sufficient to
increase islet mass. β Cell-derived CTGF increased the number
of both α and β cells significantly in bigenic pancreata (Fig. 3D).
To determine whether the overall increase in endocrine cells

observed at P1 was subsequent to earlier changes in endocrine
neogenesis, the number of Ngn3-expressing cells was quantified
at E14.5. We observed no difference in the number of Ngn3-
positive cells in the CTGF overexpressing pancreata compared
with control pancreata at this stage (Fig. 3E), suggesting that the
increased number of endocrine cells is not caused by an increase
in the endocrine progenitor population. The ratio of insulin to
glucagon-positive cells was also similar to control pups (Fig. 3F);
thus, increased β cell-derived CTGF does not alter lineage al-
location of endocrine progenitor cells. We therefore analyzed β-
and α-cell proliferation and found that the proportion of pro-
liferating β cells (Fig. 3G) and α cells (Fig. 3H) was significantly
increased in bigenic neonates compared with control embryos at
P1. Interestingly, the increased number of proliferating insulin-
expressing cells was not caused by an increase in the proliferation
of the MafA-positive population (Fig. 3I), which represents only
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Fig. 2. Different sources of CTGF function redundantly to promote lineage
allocation and islet morphogenesis. The proportion of the endocrine tissue
composed of insulin- and glucagon-positive areas in CTGFe2COIN/e2COIN;Tie-1-
Cre (A), CTGFe2COIN/e2COIN;Pdx-1-Cre (B), and CTGFe2COIN/e2COIN;Ngn3-CreBAC

(C) mutants at P1. n = 3 animals of each genotype. (D and E) Islet mor-
phogenesis comparison in conditional mutants. Sections from P1 pancreata
were immunolabeled with insulin and glucagon (Endo, green) and DBA
(red). The distance between the endocrine tissue and ducts was measured in
control (D) and mutant (E) pancreata. Although only Pdx-1-Cre mutants are
shown, mutants from other Cre were analyzed and found not to be signif-
icantly different from controls. (Magnification: 400×.)
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about 75% of insulin-positive cells at P1 (29) Thus, CTGF
overexpression in embryonic insulin-producing cells has no effect
on neogenesis, but rather appears to increase endocrine mass by
enhancing proliferation of β and α cells. The increase in β-cell
proliferation is primarily caused by increased replication of im-
mature cells. It remains to be seen whether this is also true of the
α-cell population.

Discussion
In this study, we investigated the tissue interactions by which
CTGF promotes normal pancreatic islet development. We
showed that the β cells themselves are a required source of
CTGF within the epithelium, making CTGF unique as a secreted
β cell-derived factor that has been demonstrated to be required
for embryonic β-cell proliferation. We inactivated CTGF from
endothelial cells and the entire pancreatic epithelium and found
that β-cell proliferation was significantly impaired when CTGF is
lost from either source. The changes in islet vascularization ob-
served in embryos lacking endothelial-derived CTGF still leave
open the possibility that decreased CTGF itself affects β-cell
proliferation. Alternatively, another blood vessel-derived signal
may directly impact β-cell proliferation and this signal may be

decreased secondarily to the diminished vascularity caused by
CTGF inactivation. CTGF promotes endothelial cell migration
and angiogenesis in vitro and in vivo in other systems (30); thus,
the results we obtained are consistent with known roles of
CTGF. However, it is clear that CTGF can have vascular-in-
dependent effects on β-cell proliferation because overexpression
of CTGF enhances β-cell proliferation without affecting islet
vascular density.
Although we were unable to directly assess the role of CTGF

produced by pancreatic ducts in this study, it is possible that
CTGF produced by the ductal epithelium also contributes to
β-cell proliferation. Conversely, embryos in which CTGF is
overexpressed specifically in β cells displayed increased endo-
crine cell proliferation and endocrine mass. Thus, an increase in
CTGF levels was sufficient to stimulate β- and α-cell pro-
liferation in vivo, in the absence of any effects of CTGF on islet
vasculature. Our results indicate that CTGF overexpression in
insulin-expressing cells did not affect endocrine cell neogenesis
or the allocation of endocrine progenitors into the α and β lin-
eages. The temporal or spatial pattern of CTGF overexpression
in this study may have limited the effects of CTGF to cell pro-
liferation; earlier or broader expression of CTGF in endocrine or
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Fig. 3. CTGF overexpression during development led to increased endocrine mass and proliferation. Immunohistochemical analysis of insulin (green) and
glucagon (red) in control (A) and bigenic (B) pups at P1 (Magnification: 100×). (C) Quantification of endocrine area at P1 in control (rtTA) and bigenic (rtTA;
TetO-CTGF) pups. (D) The number of insulin- and glucagon-positive cells in control and bigenic pups normalized to total pancreatic area. (E ) Quantification
of Ngn3-positive cells in control and CTGF overexpressing pancreata at E14.5. (F) The ratio of insulin-positive to glucagon-positive cells in control and CTGF
overexpressing neonates. (G) The percent of proliferating β cells in control and CTGF overexpressing pups at P1. Representative images of control and
bigenic pancreata are shown in G9 and G99, respectively (Magnification: 400×). Arrowheads indicate proliferating β cells. (H) α-Cell proliferation in control
and CTGF overexpressing pups. (I) Quantification of proliferation of MafA-positive cells in control and bigenic pups. n = 3 of each genotype. *P < 0.05
compared with rtTA.
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pancreatic progenitors may reveal the ability of CTGF to pro-
mote neogenesis.
It is noteworthy that although CTGF is a secreted factor, the

remaining sources of CTGF were unable to completely com-
pensate for the defect in β-cell proliferation that results when
CTGF was lost from a single source. We therefore conclude that
the process of β-cell proliferation in the embryo is particularly
sensitive to the total level of CTGF to which the β cells are ex-
posed, and that the overall level of CTGF in the pancreas is
more important for promoting β-cell proliferation than a specific
cellular source. These data are consistent with our previous
finding that β-cell proliferation is significantly impaired in CTGF
heterozygous mutant embryos, which have a 50% reduction in
overall CTGF expression in the pancreas (20). In contrast, the
processes of endocrine cell lineage allocation and islet mor-
phology may be less sensitive to the overall levels of CTGF than
β-cell proliferation, as they were unaffected when CTGF was
removed from only one pancreatic source.
Elegant studies have demonstrated that endothelial cells in-

duce pancreas outgrowth and endocrine differentiation during
development, although it may be that the role of endothelial cells
differs early in pancreas development compared with after the
secondary transition, and may have differential effects on en-
docrine versus exocrine differentiation (31, 32). In adult islets,
the vascular basement membrane produces laminins, which have
been shown to promote insulin expression and β-cell pro-
liferation (33). During pregnancy in mice and humans, β-cell
mass expands to meet the increased metabolic demand for in-
sulin and in rodents this expansion is caused by a threefold en-
hancement of β-cell proliferation (34). An increase in vascular
growth precedes β-cell proliferation in pregnant rats, suggesting
a role for endothelial cells in stimulating β-cell proliferation in
response to pregnancy (35). However, to our knowledge, CTGF
is unique as a factor identified to be secreted by the endothelium
that is required for β-cell proliferation in the embryo. Our
studies indicate that the importance of the vasculature–endo-
crine interaction can be extended to include a role for endo-
thelial cells in embryonic β-cell proliferation.
The fact that CTGF is also highly expressed in adult islet

vasculature suggests that CTGF may also promote the pro-
liferation of adult β cells under certain circumstances, although
our embryonic data suggest that CTGF does not promote rep-
lication of mature β cells. We observe no changes in glucose
homeostasis in any of our mutant or overexpressing lines (Fig.
S7); however, we previously showed that CTGF is up-regulated
in β cells during pregnancy and have preliminary data that CTGF
global heterozygotes show impaired glucose tolerance during
pregnancy. Therefore, CTGF may act as both an autocrine and
paracrine signal in regulating β-cell proliferation in the adult as
well as the embryo (20).
The current approaches to generating transplantation-quality

β cells for the treatment of diabetes include the directed differ-
entiation of ES cells or induced pluripotent stem cells down the
normal differentiation path from endoderm to insulin-producing
cells by adding exogenous factors to the culture medium. These
protocols have been successful in generating insulin-producing
cells; however, in general, the percentage of β cells in the cul-
tures is relatively low and expansion of these cells has proven
difficult (36). Recent studies have sought to identify small mol-
ecules or growth factors that are able to increase the yield of β
cells (37). Our studies suggest that CTGF is an attractive can-
didate for inclusion in these directed differentiation protocols, as
it is required for proper lineage allocation and embryonic β-cell
proliferation and its overexpression in β cells was sufficient to
increase endocrine proliferation and mass. We hypothesize that
CTGF has the potential to increase the efficiency of the differ-
entiation of stem cells at multiple steps of the protocol, either by
increasing the number of endocrine cells that differentiate from

endocrine progenitors or by stimulating the proliferation of im-
mature β cells. (See Fig. 4 for a model for CTGF action in en-
docrine development.) Thus, CTGF is unique as a factor re-
ported to regulate embryonic β-cell proliferation in an autocrine
manner, raising the possibility that β cells may be producing
other autocrine and paracrine factors that regulate the pro-
portions of different hormone-positive cells during development.

Materials and Methods
Animals. The generation of the CTGFe2COIN allele has been previously de-
scribed (22). Targeted CTGFe2COIN ES cells (Regeneron Pharmaceuticals) were
used to generate chimeric male mice at the Transgenic/ESC Shared Resource
facility at Vanderbilt University. Chimeras were bred to mice expressing the
FLPE recombinase from the Protamine 1 promoter (provided by Chin Chiang,
Vanderbilt University, Nashville, TN) for the removal of the HygΔTK selection
cassette. The removal of the selection cassette was confirmed by PCR. Mice
exhibiting germ-line transmission of the CTGFe2COIN allele were bred to
create homozygous CTGFe2COIN/e2COIN mice. Genotyping information is found
in the SI Materials and Methods. Tissue-specific inactivation of CTGF was
achieved by breeding CTGFe2COIN/e2COIN to the following Cre deleter lines:
Tie-1-Cre (provided by Scott Baldwin, Vanderbilt University, Nashville, TN),
Pdx-1-Cre (provided by Guoqiang Gu, Vanderbilt University, Nashville, TN)
and Ngn3-CreBAC (provided by Christopher Wright, Vanderbilt University,
Nashville, TN) (4, 23, 27). Intraperitoneal glucose tolerance tests were per-
formed as previously described (38).

To overexpress CTGF in β cells, transgenic mice were generated in which
expression of the CTGF cDNA (Open Biosystems) is driven by the tetracycline
operator (TetO; plasmid was a gift from Tim Blackwell, Vanderbilt Univer-
sity, Nashville, TN) rendering transgene expression doxycycline-dependant.
TetO-CTGF mice were interbred to homozygous mice expressing the reverse
tetracycline transactivator (rtTA) from a fragment of the rat insulin 2 pro-
moter (RIP-rtTA), which were generously provided by Alvin Powers (Van-
derbilt University, Nashville, TN) (39). Pregnant mothers were given 2 mg/mL
of doxycycline in a 2% Splenda solution in their drinking water beginning on
day 9.5 of gestation to expose the embryos to doxycycline before RIP acti-
vation, which normally occurs at E11.5.

All animal experiments were approved by the Institutional Animal Care
and Use Committee of Vanderbilt University Medial Center.

Statistical Analysis. Results are expressed as mean ± SEM. For two-group com-
parison, Student t test was used. P< 0.05was considered statistically significant.

Methods on PCR genotyping, tissue dissection, histology, morphometric anal-
ysis, and quantitative real-time PCR can be found in SI Materials and Methods.

Fig. 4. Model for CTGF action in endocrine development. Our current and
previous studies show that 1, CTGF influences differentiation of delaminating
endocrine progenitors to become β cells at the secondary transition. For sim-
plicity, only β cells are shown here. Differentiating β cells begin to produce
CTGF. 2, β Cell-derived CTGF acts in an autocrine manner at late gestation to
promote replication of MafA−/insulin-positive cells (nonnucleated cells), but
not MafA+ mature β cells (nucleated). 3, In adults, the majority of β cells are
MafA+ and we hypothesize that these may be refractory to CTGF. 4, Endo-
thelial-derived CTGF may have two roles: an autocrine role for promoting islet
vascular development and a paracrine role in stimulating β-cell proliferation.
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