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a b s t r a c t

Heparan sulfate (HS) binds with several signaling molecules and regulates ligand–receptor interactions,
playing an essential role in embryonic development. Here we showed that HS was intensively expressed
in pancreatic islet b-cells after 1 week of age in mice. The enzymatic removal of HS in isolated islets
resulted in attenuated glucose-induced insulin secretion with a concomitant reduction in gene expres-
sion of several key components in the insulin secretion machinery. We further depleted islet HS by
inactivating the exostosin tumor-like 3 gene specifically in b-cells. These mice exhibited abnormal islet
morphology with reduced b-cell proliferation after 1 week of age and glucose intolerance due to defective
insulin secretion. These results demonstrate that islet HS is involved in the regulation of postnatal islet
maturation and required to ensure normal insulin secretion.

� 2009 Elsevier Inc. All rights reserved.
Heparan sulfate (HS) is a sulfated glycosaminoglycan distrib-
uted on the cell surface and in the extracellular matrix. HS chains
are attached to core proteins to form HS proteoglycans (HSPGs)
which include transmembrane syndecans, glycosylphosphatidyli-
nositol-anchored glypicans and extracellular matrix proteins such
as perlecan. HS chain biosynthesis is initiated by the transfer of
an N-acetylglucosamine (N-acetylglucosamine transferase I activ-
ity) to a tetrasaccharide linkage region which is attached to a ser-
ine residue in the core protein. Then HS chain elongation proceeds
by the action of glycosyltransferases encoded by EXT1 and EXT2 in
the exostosin (EXT) gene family, which were first identified as
causative genes of hereditary multiple exostoses [1]. The three
other members of the EXT family, EXTL1 (for EXT-like 1), EXTL2,
and EXTL3 also encode glycosyltransferases likely involved in HS
biosynthesis [2,3]. The nascent chain undergoes a complex pattern
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GIIS, glucose-induced insulin
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of modifications, producing polymorphic sulfated sequence motifs
in the chain, which are responsible for binding to a variety of sig-
naling molecules and modulating their biological functions [4].

HS has been implicated in diverse biological phenomena [4].
Recent genetic studies in Drosophila and mice have provided com-
pelling evidence that HS plays an essential role in embryonic
development by interacting with several signaling molecules
including Wnts, Hedgehogs, and fibroblast growth factors (FGFs)
[5]. On the other hand, little is known about the significance of
HS in the biology of pancreatic islets. In the present study, we
examined the existence of HS in mouse islets by immunohisto-
chemical analyses and found that HS was intensively expressed
in b-cells after 1 week of age. We further investigated the signifi-
cance of islet HS in insulin secretion and islet maturation in
in vitro and in vivo studies.

Materials and methods

Immunohistochemistry. For the detection of HS, the pancreatic
sections were exposed to 20 mU/ml heparitinase (Seikagaku,
Tokyo, Japan) in 50 mM Tris–HCl (pH 7.0) or to buffer only for
2 h at 37 �C. After rinsing, they were incubated with monoclonal
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antibody (mAb) 3G10 (Seikagaku) (1:200) or with negative control
mouse IgG (DakoCytomation, Glostrup, Denmark) (1:20) for over-
night in 1% casein blocking solution (Roche, Basel, Switzerland)
and then treated with the second Ab. For the detection of insulin
and glucagon, the anti-insulin mAb (Sigma–Aldrich, St. Louis,
MO) (1:10,000) and rabbit anti-porcine glucagon polyclonal Ab
(MP Biomedicals, Irvine, CA) (1:400) were used, respectively.
Proliferating cell nuclear antigen (PCNA) was detected using an
anti-PCNA mAb (Sigma–Aldrich) (1:10,000).

Heparitinase treatment of isolated islets. Pancreatic islets isolated
from 8-week-old ICR mice were incubated either without or with
0.1 U/ml heparitinase in RPMI1640 medium supplemented with
5.5 mM glucose, 0.5% bovine serum albumin (BSA), 100 IU/ml pen-
icillin and 100 lg/ml streptomycin for 1 h at 37 �C. The islets were
then washed, resuspended in the medium above supplemented
with 10% fetal calf serum instead of BSA, and cultured for 1 h or
24 h at 37 �C in an atmosphere of 5% CO2 before being subjected
to insulin secretion studies.

Measurement of insulin secretion from isolated islets. Batches of
10 islets were preincubated in Krebs Ringer bicarbonate buffer
(KRB) containing 2.8 mM glucose for 1 h at 37 �C in 95% O2/5%
CO2, and then incubated in 0.1 ml of fresh KRB containing various
concentrations of glucose or 20 mM KCl for 1 h. The insulin con-
centration of the medium was determined using an insulin ELISA
kit (Morinaga Institute of Biological Science, Yokohama, Japan).
The islet insulin content was measured as described previously [6].

Quantitative real-time RT-PCR. The RNA isolation, reverse tran-
scription and PCR were performed as described previously [6].
The sequences of primers are listed in Supplementary Table 1.

Animals. Extl3 knockout (Extl3�/�) and b-cell specific Extl3
knockout (bExtl3KO) mice were generated as described in Supple-
mentary information.

Compositional analysis of HS. Whole embryos were solubilized
by sonication and digested with a mixture of heparitinase and hep-
arinase (Seikagaku). After removing proteins by an OMIX TIP C18
(Varian, Lake Forest, CA), the digests were labeled with a fluoro-
phore 2-aminobenzamide and the disaccharide composition was
analyzed by HPLC on an amino-bound silica PA-03 column [7].

Glucose tolerance test and Insulin tolerance test. These tests were
performed in 8- to 9-week-old mice as described previously [6].

Statistical analysis. Data are presented as mean ± SE. Statistical
significance was determined by Student’s t-test (for two groups)
or Tukey–Kramer honestly significant difference test (for three
groups). A P-value of 0.05 was considered significant.
Results and discussion

HS expression in pancreatic b-cells

To investigate the existence of HS in pancreatic islets, we first
analyzed pancreatic sections from 8-week-old mice by immuno-
staining with the mAb 3G10 which recognizes uronates on the
HS stubs generated after heparitinase digestion [8]. HS was found
to be intensively expressed in the islets (Fig. 1A). The section with-
out prior digestion by heparitinase had no staining with mAb 3G10
(Fig. 1B), confirming that mAb 3G10 specifically decorated HS.
Incubating the heparitinase-treated section with negative control
mouse IgG gave no staining (Fig. 1C), further confirming the spec-
ificity of staining. Immunostaining of serial sections for insulin and
for glucagon revealed that HS was localized exclusively in b-cells
(Fig. 1D–F).

We next analyzed pancreatic sections at various growth stages
to examine when this impressive expression of HS occurs (Fig. 1G).
At birth HS was scarcely stained in the islets that were indicated by
insulin- and glucagon-staining. HS had, however, become detect-
able distinctly after 1 week of age. We also analyzed the islets at
embryonic day 18.5, revealing that HS was scarcely stained in
the islets (data not shown). These findings suggest the specific
roles of islet HS on the postnatal maturation of the islets and on
the function of differentiated b-cells.

Expression of HS biosynthetic and modification enzymes and core
proteins in b-cells

We investigated the expression of enzymes involved in HS
chain formation and core proteins in 8-week-old mouse b-cells
by RT-PCR (Supplementary Fig. 1). Among the Ext family, Ext1,
Ext2, Extl2 and Extl3 were expressed in b-cells, whereas Extl1 was
not detected. The HS modification enzymes such as N-deacetyl-
ase/N-sulfotransferases, C5-epimerase, and HS sulfotransferases
were all expressed in b-cells. Concerning core proteins, syndecan
2, 3, 4, glypican 1, 4, and perlecan were mainly expressed in b-cells.

Insulin secretion in heparitinase-treated islets

To investigate whether HS plays a role in b-cell function, the
isolated islets were treated with heparitinase and analyzed for
insulin secretion. Treating islets with 0.1 U/ml heparitinase for
1 h effectively degraded HS chains of HSPGs as evidenced by the
presence of the epitope for mAb 3G10 (Fig. 2A). After 24 h of cul-
ture, insulin secretion stimulated by elevated concentrations of
glucose was markedly decreased in heparitinase-treated islets
compared with the control islets, while the basal secretion at
2.8 mM glucose was not changed (Fig. 2B). The islet insulin content
was preserved in heparitinase-treated islets (Fig. 2C). These results
indicate that the removal of islet HS specifically impaired the stim-
ulated insulin secretion. However, islet HSPGs were unlikely to be
involved directly in the glucose-induced insulin secretion (GIIS)
machinery, because GIIS at 1 h after the digestion was not affected
(data not shown). Glucose stimulates insulin secretion through the
following steps. Glucose transported into b-cells by glucose trans-
porter 2 (Glut2) is metabolized and the resultant increase of cyto-
solic ATP/ADP ratio closes ATP-sensitive K+ (KATP) channels
composed of SUR1 and Kir6.2 in the plasma membrane, leading
to membrane depolarization. Then voltage-dependent Ca2+ chan-
nels (VDCCs) are activated and the consequent influx of Ca2+ trig-
gers insulin secretion. Insulin secretion by 20 mM KCl, which
directly depolarizes the plasma membrane, was decreased in hep-
aritinase-treated islets (Fig. 2B), indicating that the impairment lies
in the steps downstream of membrane depolarization. The magni-
tude of reduction in insulin secretion was, however, smaller than
that stimulated by glucose (23% versus 60%), suggesting that the
events upstream of membrane depolarization are also impaired
in heparitinase-treated islets.

We next examined the mRNA levels of several molecules in-
volved in GIIS at 24 h after heparitinase digestion (Fig. 2D). The
mRNA levels of Glut2 and SUR1 were significantly reduced in hep-
aritinase-treated islets, whereas no difference was found in the
mRNA levels of glucokinase, Kir6.2, and CaV1.2, the a1-subunit of
VDCCs in b-cells, indicating highly specific effects of HS removal
on the gene expression profile in b-cells. The expression of Snap25
and syntaxin 1A, the SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) proteins that mediate fusion
between the vesicular and plasma membrane for exocytosis, was
also decreased in heparitinase-treated islets.

In type 2 diabetes rodent models such as GK rats and Zucker
fa/fa rats, the islet levels of Snap25 and syntaxin 1A are reduced
[9,10], and restoration of these proteins in the islets could normal-
ize insulin secretion. Moreover, intracellular application of anti-
bodies against Snap25 and syntaxin 1A reduced insulin secretion
[11]. These studies demonstrated that the proper expression levels



Fig. 1. Immunostaining of HS in pancreatic islets. (A,B) Immunostaining with mAb 3G10 after treating sections with (+) or without (�) heparitinase. (C) Immunostaining with
negative control IgG. (D–F) Immunostaining for HS (3G10), insulin, and glucagon at higher magnification. The same cells were indicated by arrowheads. (G) Pancreatic
sections at indicated ages were analyzed. Scale bar, 50 lm.
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of these proteins are important for insulin secretion. The reduced
expression of Snap25 and syntaxin 1A may, therefore, contribute
to the impairment lying downstream of membrane depolarization
in heparitinase-treated islets. The moderate reduction of mRNA
levels of Glut2 or SUR1 alone, however, may not be enough to
cause the impairment lying upstream of membrane depolarization,
because heterozygous mutant mice of Glut2 or SUR1 exhibited
normal insulin secretion [12,13]. Recently, syntaxin 1A has been
reported to bind and regulate KATP channels [14]. Combined reduc-
tion of these molecules might have contributed to the impairment
lying upstream of membrane depolarization. Therefore, it appears
that islet HS is required for the normal expression of several key
components, thereby contributing to the maintenance of normal
insulin secretion.

We also examined the expression of the Ext family of genes. In
addition to an abundant mRNA level in normal islets (the absolute
mRNA levels of Ext1, Ext2, Extl2 and Extl3 were 3.0 ± 0.2, 3.2 ± 0.3,
9.5 ± 0.5 and 8.9 ± 0.4 copies/100 copies of b-actin mRNA, respec-
tively), among the family the Extl3 gene expression was most strik-
ingly induced in heparitinase-treated islets (Fig. 2E). In addition,
the mRNA levels of major core proteins in b-cells were increased
by 1.2 to 1.5-fold in heparitinase-treated islets (data not shown).
These findings indicate that a feedback regulatory mechanism
may exist to maintain the HS distribution and that Extl3 may be
actively involved in HS biosynthesis in b-cells.

Creation of b-cell specific Extl3 knockout (bExtl3KO) mice

To investigate the significance of islet HS in vivo, we generated
mice lacking HS specifically in b-cells. To achieve this, we targeted
murine Extl3 gene. We first created systemic Extl3 knockout (Ex-
tl3�/�) mice. Extl3�/� mice were embryonic lethal at around 9 days
postcoitum (dpc) (Supplementary Table 2). To examine whether
HS was synthesized in Extl3�/� embryos, we analyzed the disaccha-
ride composition of HS in wild-type (Extl3+/+), heterozygous mu-
tant (Extl3+/�), and Extl3�/� embryos at around 9 dpc by HPLC
(Table 1). Although the overall disaccharide composition and total
amount of HS in Extl3+/� embryos were similar to those in Extl3+/+

embryos, HS-derived disaccharides were not detected in Extl3�/�

embryos, demonstrating that the loss of Extl3 results in defective
HS synthesis.

We next generated bExtl3KO mice through rat insulin 2 pro-
moter-Cre/loxP-mediated recombination on a genetic background
of Extl3�/flox, wherein one allele was targeted and exon 2 of another
was flanked by two loxP sequences (the genotype of bExtl3KO was
represented as Extl3�/flox + RIP-Cre) (see Supplementary informa-



Fig. 2. Insulin secretion and gene expression in isolated islets after heparitinase treatment. (A) After treating either without (�) or with (+) heparitinase, the islets were lysed
directly in SDS–PAGE sample buffer and subjected to SDS–PAGE followed by immunoblotting with mAb 3G10. (B) Insulin secretion in response to glucose or KCl after 24 h
from heparitinase digestion (n = 4–5). (C) Insulin content in the islets at 24 h after heparitinase digestion (n = 6–8). (D) Relative mRNA levels were determined for the
indicated genes with real-time RT-PCR. For each gene, the level of mRNA in islets treated without heparitinase was set to 1. GK, glucokinase; Stx1a, syntaxin 1A (n = 3). (E) The
expression of the Ext family of genes (n = 3). Open bars, islets treated without heparitinase; filled bars, heparitinase-treated islets. *p < 0.05; **p < 0.01.

Table 1
Disaccharide composition of HS from the embryos.

Disaccharides Genotype (pmol/lg protein)

+/+ +/� �/�

DHexUAa-GlcNAc 0.72 0.87 <0.10
DHexUA-GlcNAc(6S) 0.12 0.14 NDb

DHexUA-GlcN(NS) 0.55 0.57 <0.08
DHexUA-GlcN(NS,6S) 0.06 0.07 ND
DHexUA(2S)-GlcN(NS) 0.10 0.11 ND
DHexUA(2S)-GlcN(NS,6S) 0.06 0.06 ND

Total 1.61 1.82 <0.18

a DHexUA, unsaturated hexuronic acid; GlcN, glucosamine; GlcNAc, N-acetyl-
glucosamine; 6S, 6-O-sulfate; NS, 2-N-sulfate; 2S, 2-O-sulfate.

b ND, not detected.
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tion and Supplementary Fig. 3). Immunostaining of pancreatic sec-
tions of bExtl3KO mice revealed that b-cells expressing Cre recom-
binase certainly lacked HS (Supplementary Fig. 3D).

Abnormal islet morphology in bExtl3KO mice

In heterozygous mutant (Extl3�/flox) mice, the islet morphology
was completely normal at all time points examined (Fig. 3A left).
In bExtl3KO mice, the islets appeared to develop normally as
shown at 0 day (Fig. 3A right). An atypical organization (b-cells ex-
isted also in the most peripheral region of the islets and glucagons-
positive a-cells were scattered in the central region) was, however,
observed after 2 weeks of age. In addition, the b-cell number/total
islet cell number ratio was decreased to about 80% of controls after
2 weeks of age (Fig. 3B), whereas no difference was found in the is-
let size between bExtl3KO mice and their controls (data not
shown). Consistent with this, the b-cell area relative to the whole
pancreatic area in bExtl3KO mice was reduced to �75% of controls
(Supplementary Fig. 4). Then we examined pancreatic sections for
the expression of PCNA to assess the b-cell proliferation activity.
The PCNA staining in b-cells was significantly decreased in
bExtl3KO mice after 1 week of age (Fig. 3C). These findings indicate
that islet HS plays a role in the regulation of the postnatal expan-
sion of b-cells and organization of islet cells.

Impaired insulin secretion in bExtl3KO mice

We next investigated insulin secretion in isolated islets from
8-week-old bExtl3KO mice. Since the proportion of b-cells in the
islets was changed in bExtl3KO mice, the data were expressed as
fold response to basal secretion. As shown in Fig. 4A, the insulin re-
sponse to 11.2 mM glucose and to 20 mM KCl was reduced in
bExtl3KO islets to 47% and 75% of controls, respectively. In the glu-
cose tolerance test, bExtl3KO mice showed significantly higher
blood glucose levels after glucose loading than the control litter-
mates (Fig. 4B). The plasma insulin levels in bExtl3KO mice after
glucose loading were significantly lower than those in control mice
(Fig. 4C). Although the pancreatic insulin content was slightly
decreased in bExtl3KO mice (85% of controls, but not statistically
significant) (data not shown), this appeared unlikely to be respon-
sible for the insufficient increase of plasma insulin levels. The im-
paired GIIS observed in isolated islets (Fig. 4A) must have
contributed to this defect. In the insulin tolerance test, there was
no peripheral insulin resistance in bExtl3KO mice (Fig. 4D), indicat-
ing that the glucose intolerance in bExtl3KO mice was caused by
insufficient insulin secretion. Recently, a genome-wide association
study has identified the haplotype block of linkage disequilibrium
containing the EXT2 gene in type 2 diabetes patients [15]. Taken to-
gether, it is conceivable that the dysfunction of HS in the islets may
be a potential factor in the pathogenesis of diabetes mellitus.

The enzymatic removal of HS and knockout of HS expression in
b-cells resulted in the phenotypes similar to those of FRID1 mice,
that is, impaired GIIS, reduced expression of Glut2 and prohor-
mone convertase 1/3 (Supplementary Fig. 5A) but not glucokinase,
and abnormal islet architecture with reduced b-cell number. FRID1
mice expressed a dominant-negative form of the FGF receptor 1
(FGFR1) under control of the rat insulin 2 promoter to attenuate
FGF signaling in b-cells [16]. Since HS is required as a co-receptor
for FGF signaling, the defects observed here may be attributed, in



Fig. 3. Immunohistochemical analysis of islets and b-cell proliferating activity. (A) Pancreatic sections at indicated ages were analyzed. Scale bar, 100 lm. (B) The proportion
of insulin-positive cells to total islet cells. At least five islets were analyzed per pancreas n = 3–6. (C) The proportion of PCNA positive b-cells to total b-cells. At least five islets
were analyzed per pancreas n = 3–5. Open bars, Extl3+/flox; shaded bars, Extl3�/flox; filled bars, bExtl3KO. *p < 0.05; **p < 0.01.

Fig. 4. Insulin secretion in bExtl3KO mice. (A) Insulin secretion from isolated islets. Data were expressed as the insulin secretion relative to basal secretion at 2.8 mM glucose
(which was arbitrarily set at 1) (n = 4–5). (B) Blood glucose levels during glucose tolerance test. Glucose (2 g/kg of body weight) was injected intraperitoneally (n = 20–23). (C)
Plasma insulin levels after injection of glucose (3 g/kg of body weight) (n = 6–11). (D) Blood glucose levels after intraperitoneal injection of insulin (0.75 U/kg of body weight)
(n = 9–13). Open bars and circles, Extl3+/flox; shaded bars and squares, Extl3�/flox; filled bars and triangles, bExtl3KO. *p < 0.05; **p < 0.01.
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part, to the attenuated FGF signaling in b-cells. The mRNA level of
FGFR1 was increased by 1.5-fold in heparitinase-treated islets
(Supplementary Fig. 5B). This may reflect a compensatory induc-
tion in response to the inhibited FGF signaling. Recently, it has
been reported that Wnts stimulate GIIS in adult mouse islets
[17]. As Wnts are also known to interact with HS to transduce sig-
nals to their cognate receptors, the defective Wnt signaling could
be an additional explanation for impaired GIIS.

We also demonstrated, for the first time, the significance of
Extl3 in HS chain biosynthesis. EXTL3 has been reported to possess
an in vitro N-acetylglucosamine transferase I activity and one more
in vitro glycosyltransferase activity for HS chain elongation [2].
However, EXT1 and EXT2 were also demonstrated to exhibit an
in vitro N-acetylglucosamine transferase I activity [18]. Moreover,
gene silencing of EXTL3 in HEK293 cells resulted in the synthesis
of longer HS chains [19], indicating that EXTL3 may be dispensable
for HS biosynthesis. Similarly to Ext1 or Ext2 knockout mice which
lacked HS and died by 8.5 dpc, Extl3�/� mice had undetectable lev-
els of HS and died at around 9 dpc, demonstrating that the loss of
Extl3 could not be compensated by other Ext members, and thus
Extl3 is also essential for HS biosynthesis.

In summary, we found that HS was intensively expressed in
mouse b-cells after 1 week of age and established that HS was
involved in the regulation of postnatal islet maturation and
required to maintain normal GIIS. It would be of interest to inves-
tigate how this expression of HS is regulated in b-cells and which
HSPG is involved in each phenotype.
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