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ABSTRACT

Aims/Introduction: Heparan sulfate (HS) mediates a variety of molecular recognition events that are essential for differentiation,
morphogenesis and homeostasis through various HS forms that result from differential sulfate modification. Recently, we found that
HS is localized exclusively around b-cells in islets of adult mice and is required for insulin secretion. The aim of this study was to
examine the contribution of HS sulfate groups to insulin secretion.
Materials and Methods: Glucose-induced insulin secretion (GIIS) was examined in mouse pancreatic islets, the mouse pancreatic
b-cell line MIN6 cells and its derivative MIN6T3 cells after removal of sulfate groups by sodium chlorate, a competitive inhibitor of
glycosaminoglycan sulfation. Quantitative reverse transcription polymerase chain reaction was used for analyzing messenger ribo-
nucleic acid (mRNA) expression of HS modification enzymes. Expression of HS 3-O-sulfotransferase isoform-1 (Hs3st1) was silenced
and GIIS was examined.
Results: Impaired insulin secretion by islets, MIN6 cells and MIN6T3 cells was observed after treatment with sodium chlorate.
Sodium chlorate-treatment upregulated the mRNA expression of sulfotransferases expressed in MIN6T3 cells. Expression of the
Hs3st1 was strongly upregulated by sodium chlorate-treatment, and its silencing by RNA interference reduced GIIS in MIN6T3 cells.
Conclusions: Our data suggest that the 3-O-sulfate group of HS that is modified by Hs3st1 plays a significant role(s) in the insulin
secretory pathway, selectively through an interaction with factor(s) upstream of membrane depolarization in b-cells. (J Diabetes
Invest, doi: 10.1111/j.2040-1124.2012.00205.x, 2012)
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INTRODUCTION
The predominant function of pancreatic islet b-cells is insulin
secretion, which is regulated by blood glucose levels. Glucose
that is transported into b-cells through the glucose transporters
(Glut2 in rodents and Glut1 in humans)1 is metabolized by gly-
colysis to produce adenosine triphosphate (ATP). The resultant
increase in the cytosolic ATP/adenosine diphosphate ratio closes
ATP-sensitive K+ channels in the plasma membrane2,3, leading
to membrane depolarization. This depolarization activates volt-
age-dependent Ca2+ channels and the consequent influx of Ca2+

triggers insulin secretion4–6.
We recently found that b-cells in the islets of adult mice are

surrounded exclusively by heparan sulfate (HS), and that HS is
required for insulin secretion, b-cell proliferation and islet mor-
phogenesis7. Furthermore, a recent report found endogenous
HS as a b-cell target for autoimmune damage in non-obese
diabetic mice, a model of type 1 diabetes in humans8. HS is a

sulfated glycosaminoglycan that is distributed on the cell surface
and in the extracellular matrix, and is involved in diverse cellu-
lar phenomena including differentiation, proliferation and
homeostasis by interacting with various protein ligands and
receptors9,10. The structure of HS is that of a linear polysaccha-
ride, which consists of a repeating disaccharide unit backbone
onto which is superimposed a complex pattern of modifications.
The first modification to occur after synthesis is N-deacetylation
and subsequent N-sulfation of glucosamine units, which is car-
ried out by N-deacetylase/N-sulfotransferase (NDST)11,12. The
enzyme C5-epimerase converts some glucuronic acid (GlcUA)
residues to iduronic acid (IdoUA), and finally, various types of
sulfation are mediated by the catalysis of HS 2-O-, 6-O- and
3-O-sulfotransferases (Hs2st, Hs6st and Hs3st)13,14. The resultant
polymorphic sulfated structural motifs (a complex combination
of N-, 2-O-, 6-O- and 3-O-sulfate groups) are responsible for
binding to specific macromolecules and modulating their
biological functions15–17. For example, 3-O-sulfation of HS is
required for binding to antithrombin and herpes simplex virus
type 1 (HSV-1). However, additional, specific modification of
the HS oligosaccharide is necessary for its binding. Thus, differ-
ent oligosaccharide modifications are required for binding to
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antithrombin and to HSV-118. These results show the impor-
tance of the fine structure of HS modification for its recognition
specificity.

Our recent finding showed that HS is required by b-cells for
insulin secretion7. However, the contribution of HS sulfate
groups and the fine structure of HS sulfate modification to
b-cell function is still unclear. To determine if the sulfate groups
of HS are required for insulin secretion, we decreased the num-
ber of sulfate groups on HS by competitive inhibition of sulf-
ation or by reduction of the expression of the sulfotransferase
Hs3st1 through ribonucleic acid (RNA) interference, and then
examined insulin secretion induced by glucose or KCl.

MATERIALS AND METHODS
Cell Culture and Subcloning of MIN6 Cells
MIN6 cells19 were kindly donated by Professor J.-I. Miyazaki
(Osaka University), and were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 25 mmol/L glucose, 10%
fetal calf serum, 50 lmol/L 2-mercaptoethanol, 100 lg/mL
streptomycin sulfate and 60.5 IU/mL penicillin G under humid-
ified conditions, and 5% CO2–95% air at 37�C. Subcloning
of MIN6 cells was carried out using the limiting dilution
method20,21. The cells were then screened for and selected
according to their insulin secretory response at 16.7 mmol/L
glucose compared with that at 2.8 mmol/L glucose, as well as
their expression of HS. The insulin concentration of the med-
ium was determined with an insulin ELISA kit (Morinaga Insti-
tute of Biological Science, Yokohama, Japan) using mouse
insulin as a standard. Western blotting detection of HS was car-
ried out as described previously7.

Sodium Chlorate Treatment and Silencing of Hs3st1
Expression
Pancreatic islets isolated from 8-week-old Institute of Cancer
Research mice were incubated either without or with 30 mmol/L
sodium chlorate (SC) in RPMI1640 medium supplemented with
5.5 mmol/L glucose, 0.5% bovine serum albumin (BSA), 100 lg/
mL streptomycin sulfate and 100 IU/mL penicillin G for 5 days
at 37ºC1. MIN6 cells were incubated either without or with SC22

(‡99%, American Chemical Society reagent grade; Sigma-
Aldrich, St. Louis, MO, USA) and/or HS (pig mucosa, containing
both low- and high-sulfated species; Iduron, Manchester, UK) in
DMEM for 5 days. For silencing of gene expression, the following
27-mer oligoribonucleotides and their reverse sequence were
synthesized by Integrated DNA Technologies (Coralville, IA,
USA). Two independent Dicer-substrate small interfering RNA
(DsiRNA) were designed against different regions of the complete
mouse Hs3st1 complementary deoxyribonucleic acid (cDNA;
NCBI Accession NM_010474). The sequences of the DsiRNA
are as follows: Hs3st1 (1): sense, 5¢-UGAAGGAACUUAACU-
AUUGCACUGA-3¢ and antisense, 5¢-UCAGUGCAAUAGUU-
AAGUUCCUUCAUA-3¢; Hs3st1 (2): sense, 5¢-AGUAUUA-
GAUUCACAGUUGCCAUAT-3¢ and antisense, 5¢-AUAU-
GGCAACUGUGAAUCUAAUACUGU-3¢; DsiRNA negative

control (NC DsiRNA): sense, 5¢-CGUUAAUCGCGUAUAAUA-
CGCGUAT-3¢ and antisense 5¢-AUACGCGUAUUAUACGC-
GAUUAACGAC-3¢. Cells that had reached 60% confluence were
transfected with 100 nmol/L of control or Hs3st1 DsiRNA that
had been complexed for 30 min with 3 lmol/L of Transductin
(Integrated DNA Technologies).

Cell Growth Assay
Cells (2 · 104 cells/well, 96-well plate) were seeded and precul-
tured in DMEM for 2 days. Thereafter, cells were incubated
with SC at several concentrations or transfected with DsiRNA.
Five days later, cell growth and ATP content were measured
colorimetrically using Cell Counting Kit-8 (Dojindo, Kumamoto,
Japan) and ATP assay system (Toyo Ink, Tokyo, Japan) follow-
ing the manufacturer’s instructions. Assay of cell growth was
based on the cleavage of the 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt (WST-8) by mitochondrial dehydrogenase in viable cells to
a formazan dye. Assay of the ATP measurement was based on
the ability of luciferase to convert luciferin to oxyluciferin in the
presence of ATP23.

Semiquantitative and Real-Time Polymerase Chain Reaction
Total RNA was extracted using the Fast Pure RNA kit (Takara
BIO INC, Kyoto, Japan). Reverse transcription was carried out
using the Primescript RT reagent Kit (Takara). Semiquantita-
tive and real-time polymerase chain reaction (PCR) were
carried out in triplicate for every cDNA sample on a DNA
Engine Opticon 2 Real-Time PCR Detection System (MJ
Research/Bio-Rad, Hercules, CA, USA) using the SsoFast Eva-
Green Supermix (Bio-Rad). The sequences of the primers used
are listed in Table 1.

Measurement of Insulin Secretion by Isolated Islets or Cells,
and Their Insulin and Protein Content
Batches of 10 islets were pre-incubated in Krebs Ringer bicar-
bonate buffer (KRB) containing 2.8 mmol/L glucose for 1 h at
37�C in 95% O2/5% CO2, and were then incubated in 0.1 mL
of fresh KRB containing various concentrations of glucose for
1 h7. Cells (1 · 105 cells/well, 48-well plate) were seeded and
precultured in DMEM for 2 days, and cultured with/without SC
or DsiRNA for the appropriate period as described earlier.
On the day of the experiment, the cells were placed in 2-(4-
[2-hydroxyethyl]-1-piperazine) ethanesulfonic acid (HEPES)-
balanced KRB19 (Krebs–Ringer–HEPES [KRH]: 119 mmol/L
NaCl, 4.7 mmol/L KCl, 2.5 mmol/L CaCl2, 1.2 mmol/L MgCl2,
1.2 mmol/L KH2PO4, 25 mmol/L NaHCO3 and 20 mmol/L
HEPES, pH 7.4) supplemented with 5 mg/mL BSA and
2.8 mmol/L glucose for 2 h at 37�C, and were then incubated in
fresh KRH containing various concentrations of glucose or KCl
for 2 h. After incubation, the medium was removed from the
islets or cells and the insulin concentration of the medium was
determined using the insulin ELISA kit as describe earlier. The
total protein level of the islets or cells was quantified using the
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Micro-BCA Protein Assay Reagent (PIERCE Biotechnology Inc,
Rockford, IL, USA). The insulin content of cultured cells was
measured as described7.

Statistical Analysis
Data are presented as means ± standard error. Statistical signifi-
cance was determined using Student’s t-test. A P-value of 0.05
was considered significant.

RESULTS
Impaired Insulin Secretion in Sodium Chlorate-Treated
MIN6T3 Cells
Our previous report showed that b-cells in islets are exclusively
surrounded by HS, and that HS is required for islet insulin
secretion and b-cell proliferation7. To facilitate further analysis
of this phenomenon, we examined the MIN6 cultured cell line,
which is derived from a mouse insulinoma and its subclone,
both of which retain the function of insulin secretion as
described later. We first checked HS expression in MIN6 cells,
as well as in pancreatic b-cells. As shown by western blotting
in Figure 1, HS was detected in MIN6 cells. However, MIN6
cells have been reported to show functional heterogeneity with
increasing passage number, and clones that have functionally
lost glucose-induced insulin secretion (GIIS) have been iso-
lated20,21. These reports suggested the possibility that some of
the MIN6 cells might decrease or lose HS expression over time.
Therefore, for analysis of the relationship of the sulfate fine
structure of HS and b-cell function, selection of a single optimal

cell line was required. In order to obtain such a cell line, we
subcloned MIN6 cells in order to obtain cell lines that retained
the characteristics of b-cells; that is, GIIS and strong HS expres-
sion. Of the 30 subclones obtained, two subclones showed a
good response to glucose, as well as strong HS expression. One
of these cell lines, designated as MIN6T3, was used for further
analysis (Figure 1).

Table 1 | Sequences of the primers used for polymerase chain reaction

Gene Sense primers Antisense primers Product
size (bp)

Insulin 1 5¢-TAGTGACCAGCTATAATCAGAG-3¢ 5¢-ACGCCAAGGTCTGAAGGTCC-3¢ 289
Insulin 2 5¢-CCCTGCTGGCCCTGCTCTT-3¢ 5¢-AGGTCTGAAGGTCACCTGCT-3¢ 213
PC1/3 5¢-ATGGAGCAAAGAGGTTGGAC-3¢ 5¢-GCTGCAGTCATTCTGGTATC-3¢ 419
PC2 5¢-TCGCCAAGTTGCAGCAGAAC-3¢ 5¢-CTTCGGCCACGTTCAAGTCTA-3¢ 314
Ndst1 5¢-GCACAGAGGAGTACCCACAT-3¢ 5¢-TGATCTTGTCCAGCTCACTG-3¢ 156
Ndst2 5¢-CTTTGTGGGCAAAGAAGGTA-3¢ 5¢-CAGCATCCTCCTCTTCTGTC-3¢ 155
Ndst3 5¢-GCTCTTCACCCACACAATTT-3¢ 5¢-CAGTCGGTCGTTTCCATAGT-3¢ 154
Ndst4 5¢-TGAATTCTGGTGGTTTCCTC-3¢ 5¢-CCAGACTTTCTTCCAAGCTG-3¢ 208
Epimerase 5¢-AGCAGAAGACAGGGACAGAA-3¢ 5¢-CACAGACACACTCCCATTTG-3¢ 214
Hs2st1c 5¢-CGGAAACAAGGAGACAAAAA-3¢ 5¢-GTGACTCCCACCAGGAAGTA-3¢ 194
Hs6st1 5¢-ACCGAACTCACCAACTGTGT-3¢ 5¢-CAAGTTGCTCCTCTCTGGAC-3¢ 172
Hs6st2 5¢-CAGGTGGAGGATTTTTCAGA-3¢ 5¢-CAAGTTGCTCCTCTCTGGAC-3¢ 207
Hs6st3 5¢-CCATCATGGAGAAGAAGGAT-3¢ 5¢-GTAGGCAGCTCATCTGGTGT-3¢ 186
Hs3st1 5¢-ATGCACACATGCTGAACTGG-3¢ 5¢-GCAGTAGAAGCCCTTGGTTTTG-3¢ 179
Hs3st2 5¢-AAGCCAGGCACCAAACG-3¢ 5¢-TCCAGTGTGATCTGGGTCTCC-3¢ 206
Hs3st3a1 5¢-GACCCTGGCCTTACTTCTGG-3¢ 5¢-AGGGTTCTGGGCATCAAATC-3¢ 204
Hs3st3b1 5¢-CAGTCCCATCTCCAGCTTCTTC-3¢ 5¢-AGGGTTCTGGGCATCAAGTC-3¢ 210
Hs3st4 5¢-CATCGGGGTCAAGAAAGGAG-3¢ 5¢-CCTCATTCGTCACAAAATAACTGG-3¢ 203
Hs3st5 5¢-CTGGGAAGCCTTGCTGTTG-3¢ 5¢-GGAGGTGAACCTGCTCCTTG-3¢ 205
Hs3st6 5¢-CTTTCCTCAGGCGCTCATTG-3¢ 5¢-ATGGTGATCTGCCCATCCAG-3¢ 186
b-Actin 5¢-ACAGCTTCTTTGCAGCTCCTTC-3¢ 5¢-CCCATTCCCACCATCACAC-3¢ 196

Hsst, heparan sulfate sulfotransferase; Ndst, N-deacetylase/N-sulfotransferase; PC, prohormone convertase.
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Figure 1 | Expression of heparan sulfate (HS) in MIN6 and its subclone
MIN6T3. MIN6 cells and its sublines, T3 (MIN6T3), T5 and T7, were trea-
ted without ()) or with (+) 0.1 U/mL heparitinase for 1 h. The cells were
then directly lysed in sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer and were subjected to SDS-PAGE
followed by immunoblotting with monoclonal antibody (mAb) 3G10
that recognizes uronates on the HS stubs generated after heparitinase
digestion. Molecular weight markers are shown on the right. Abundant
expression of HS was observed in T3, whereas other cell lines (T5 and
T7) showed weak expression of HS.
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We first determined the contribution of the sulfate groups
of HS to insulin secretion. For this purpose, we treated MIN6
cells in order to desulfate HS chains with 30 mmol/L SC, the
concentration that effectively inhibits HS sulfation22, and then
examined the GIIS and insulin content of the cells. As shown
in Figures 2a,b, insulin secretion is time-dependently decreased
and insulin content is gradually increased by SC treatment.
Viability of MIN6T3 cells around the range of concentration
of SC so far used22,24,25 for inhibition of sulfation is shown in

Figure 2c. The cell viability of 30 mmol/L SC treatment for
5 days was 90% compared with that of the control of
0 mmol/L SC treatment. The time-dependent effect of SC
treatment for cell proliferation was also examined in
30 mmol/L SC by WST-8 cleavage (Figure 2d). ATP content
in the cells treated with 30 mmol/L SC for 5 days showed a
similar extent of decrease (Figure 2e). This growth inhibitory
effect of SC might be caused in part by desulfation of 2-O-
and/or 6-O-sulfate groups in HS, which are functionally
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Figure 2 | Inhibitory effects of sodium chlorate (SC) treatment on insulin secretion. (a) Insulin secretion of MIN6T3 cells after treatment of SC.
(b) Effect of SC treatment on the insulin content of MIN6T3 cells (n = 4). (c) Cell viability of MIN6T3 cells treated with various concentration of SC for
5 days. Viability of cells without SC treatment was indicated as 100% (n = 5–8). (d) Effect of SC treatment on cell proliferation. MIN6T3 cells were
incubated with or without 30 mmol/L SC, and 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt
(WST-8) cleavage was measured (n = 5–10). (e) Effect of SC treatment on the adenosine triphosphate (ATP) content in MIN6T3 cells (n = 9). Insulin
secretion from (f) isolated islets, (g) MIN6 cells (h) and MIN6T3 cells was measured after incubation for 5 days with or without 30 mmol/L SC (n =
3–5). (i) Recovery of insulin secretion from SC-treated cells after the addition of heparan sulfate (HS). MIN6T3 cells were treated with SC for 5 days in
the presence or absence of 100 lg/mL HS, as indicated. Insulin secretion was measured using 25 mmol/L glucose (n = 3). (j) Enhancement of insu-
lin secretion by supplement of HS. MIN6T3 cells were cultured with or without 100 lg/mL HS for 5 days (n = 3). (k) The messenger ribonucleic acid
(mRNA) levels of insulin-related genes were determined using real-time reverse transcription polymerase chain reaction after incubation for 5 days
with SC treatment. The mRNA level of each gene was expressed relative to that in cells that were incubated without SC treatment, which was set
at 1 (n = 3). (l) Effect of SC treatment on insulin secretion from MIN6T3 cells in response to glucose or KCl. Data are expressed as insulin secretion
relative to basal secretion at 2.8 mmol/L glucose (which was arbitrarily set at 1; n = 3–4). Open bars or squares, non-treated cells; filled bars or
squares, SC-treated cells; shaded bars, HS-treated cells. *P < 0.05; **P < 0.01.
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important for FGF signaling25–30. As shown in Figure 2f–h,
treatment of mouse pancreatic islets or MIN6 cells with
30 mmol/L SC resulted in a decrease in GIIS both in islets
and MIN6 similar to the result obtained in MIN6T3 cells.
The addition of exogenous soluble HS to the culture recovered
the GIIS of the SC-treated MIN6T3 cells (Figure 2i). Further-
more, the addition of HS to the medium without SC also
enhanced insulin secretion (Figure 2j).

To investigate the cause of the decrease in GIIS after SC treat-
ment, the insulin content and the expression of insulin related
genes in SC-treated MIN6T3 cells were examined. Whereas
insulin content was increased in SC-treated MIN6T3 cells com-
pared with controls without SC-treatment (Figure 2b), the
expression levels of Insulin 1, Insulin 2, PC1/3 and PC2 genes,
which encode proinsulin processing enzymes involved in insu-
lin biosynthesis, were not significantly increased in these cells
(Figure 2k). These findings suggested that impaired insulin
secretion resulting from SC-treatment contributes both to intra-
cellular insulin accumulation and to subsequent increased insu-
lin content. To take into account the fact that cellular insulin
content was increased by SC-treatment, effects on insulin secre-
tion in response to glucose or KCl were expressed as % insulin
content. As shown in Figure 2l, insulin secretion in response to
16.7 and 25 mmol/L glucose, or to 20 mmol/L KCl, was
reduced in SC-treated MIN6T3 cells to 58, 71 and 62%, respec-
tively, of controls without SC-treatment. In contrast, no signifi-
cant decrease of insulin secretion was observed in SC-treated
cells in response to 40 mmol/L KCl.

Expression of HS Modification Enzymes in SC-Treated MIN6T3
Cells
It was likely that SC treatment would result in an increase in
the expression of HS modification enzymes, especially sulfation

enzymes, in order to resynthesize or repair HS and thereby
restore its function. To identify the genes responsible for HS
modification in b-cells, we examined the messenger (m)RNA
expression of genes that encode the enzymes N-deacetylase/
N-sulfotransferases, C5-epimerase and HS sulfotransferases,
which are involved in HS modification. Gene expression was
analyzed in MIN6T3 cells, using semiquantitative reverse tran-
scription PCR (RT–PCR; Figure 3a–c). Expression of Hs2st1
mRNA, which encodes the enzyme that is responsible for 2-O-
sulfation in mice, was not detected (Figure 3b). In contrast, at
least one isoform of each of the other modifying enzymes was
expressed in MIN6T3 cells. After SC treatment of these cells,
the mRNA levels of Ndst1, Hs6st1, and Hs3st1, 2, 5 and 6 were
increased 1.5-fold or more compared with their levels in non-
treated cells (Figure 3d). The mRNA that showed the highest
increase was that of one of the HS sulfotransferase genes, the
Hs3st1 gene, whose mRNA level was significantly increased
more than 2.5-fold compared with the control. The Hs3st1
enzyme has been reported to transfer sulfate to the C-3 position
of a GlcNS ± 6S (where GlcNS is glucosamine N-sulfate and S
is sulfate) to form 3-O-sulfated HS31. Few or no transcripts of
the Ndst2, -3, -4, Hs2st1, Hs6st2, -3 or Hs3st3a1 and st-4 genes
were detected (Figure 3a–c).

Hs3st1 RNA Interference Impaired Insulin Secretion in MIN6T3
Cells
Hs3st1, the sulfotransferase that is markedly upregulated by SC
treatment, might function in the sulfation of HS in b-cells,
which the present results suggest is involved in insulin secretion
(Figure 2). To determine if Hs3st1 activity correlates with insu-
lin secretion, and might therefore be mediated by 3-O-sulfation
of HS made by Hs3st1, insulin secretion was analyzed in
MIN6T3 cells in which expression of Hs3st1 was silenced. To
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silence Hs3st1, MIN6T3 cells were transfected with one of two
different DsiRNA (1 and 2) targeted to the Hs3st1 gene or with
a negative control sequence, NC DsiRNA. A significant decrease
in Hs3st1 mRNA expression was observed after transfection of
either Hs3st1 DsiRNA (1) or (2) (decrease to 0.43 and 0.38 of
the level in control cells, respectively; Figure 4a). We examined
mRNA expression of other Hs3st detected in MIN6T3
(Figure 4b for Hs3st1 DsiRNA [1] and Figure 4c for Hs3st1
DsiRNA [2]). Expression of no other Hs3st were commonly
affected by DsiRNA (1) and (2), though Hs3st2 mRNA was
slightly (85%) decreased by DsiRNA (1), and Hs3st6 was signifi-
cantly upregulated (156%) by Hs3st1 DsiRNA (2). Next, we
analyzed glucose-induced and KCl-induced insulin secretion
and insulin content. GIIS of Hs3st1-silenced MIN6T3 cells was

reduced to 68 and 62%, respectively, of the level in control-
treated cells (Figure 4d). Insulin content was unaffected by
silencing of Hs3st1 (Figure 4g). In contrast, insulin secretion
induced by KCl in MIN6T3 cells was unaffected by DsiRNA-
silencing of Hs3st1 (Figure 4e,f), suggesting that Hs3st1-medi-
ated sulfation affects insulin secretion through an event that is
upstream of membrane depolarization. We examined whether
silencing of Hs3st1 affects proliferation of MIN6T3 cells, but
transfection of DsiRNA shows no effect for WST-8 cleavage or
ATP content in the cells (Figure 4h,i).

DISCUSSION
The results of this report show that the sulfate group(s) of HS
is/are required for normal insulin secretion. A decrease in
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Figure 4 | Heparan sulfate 3-O-sulfotransferase isoform-1 (Hs3st1) knockdown by Dicer-substrate small interfering RNA (DsiRNA) inhibits insulin secre-
tion by MIN6T3 cells. MIN6T3 cells were transfected with negative control DsiRNA (NC) or with one of two different Hs3st1 DsiRNA (1 and 2). After
48 h incubation, total mRNA was isolated and the levels of (a) Hs3st1 mRNA and (b) mRNA of other Hs3sts (cells transfected with Hs3st1 DsiRNA[1],
with (c) Hs3st1 DsiRNA[2]) were quantified by real-time RT–PCR using b-actin as an internal standard (n = 3). (d–i) Insulin secreted from MIN6T3 cells
in response to (d) 25 mmol/L glucose, (e) 20 mmol/L KCl or (f) 40 mmol/L KCl was measured 5 days after transfection (n = 3–4). (g) Insulin content,
(h) cell proliferation or (i) adenosine triphosphate (ATP) content was measured 5 days after transfection (n = 3–8). Open bars, NC transfected cells;
filled bars, Hs3st1 DsiRNA (1) or (2) transfected cells. *P < 0.05; **P < 0.01.
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insulin secretion was observed after: (i) competitive inhibition
of HS sulfation using SC treatment; and (ii) silencing of the
expression of the 3-O-sulfotransferase, Hs3st1. HS interacts with
a variety of macromolecules including growth factors, morpho-
gens and extracellular matrix proteins, and these interactions are
mediated by the sulfate groups of HS. Specific sulfate modifica-
tions of HS, which are generated by various sulfotransferases,
contribute to its functional diversity and specificity. These
modifications involve a combination of N-sulfation, 2-O-sulf-
ation, 6-O-sulfation and 3-O-sulfation. The present study also
showed that the specific position of sulfate groups in HS plays
functionally important roles in insulin secretion.

In the present study, we showed that silencing of the 3-O-
sulfotransferase enzyme, Hs3st1, causes a decrease in insulin
secretion, suggesting that 3-O-sulfation of HS is functionally
important for insulin secretion by b-cells. In addition, high
expression of 3-O-sulfotransferases was noted in MIN6T3 cells.
There are two distinct forms of 3-O-sulfated HS saccharides18.
One form that is produced by several isoforms of Hs3st, but not
by Hs3st1, can bind to HSV-1 viral coat protein gD and is
involved in virus entry into the cell32–39. The other 3-O-sulfated
form of HS, which is generated by Hs3st1 or Hs3st5, can bind
to antithrombin and inhibits blood coagulation (anticoagulant
HS)38–43. It is known that Hs3st1 transfers sulfate to the
C-3 position of a GlcNS ± 6S that is linked to a GlcA (glucu-
ronic acid) to form 3-O-sulfated HS that contains GlcA-
GlcNS3S ± 6S. HS modified in this manner functions as an
anticoagulant31. It is therefore thought that 3-O-sulfated HS
contains at least GlcA-GlcNS3S ± 6S that is generated by
Hs3st1, and that this modification of HS is required for proper
insulin secretion. The high level of Hs3st1 mRNA induction
observed after SC treatment suggests the presence of a possible
feedback regulatory mechanism that maintains this form of
3-O-sulfation in HS for b-cell function.

Modification of HS by 2-O-sulfation is less likely in b-cells
and is probably unnecessary for insulin secretion, because the
present results show that mRNA expression of Hs2st1, which
is the only known 2-O-sulfotransferase, was not detected in
MIN6T3 cells. The contribution of other modifications of HS
to insulin secretion, including N- and 6-O-sulfation, and the
form of 3-O-sulfation that mediates HSV-1 entry, remains
unclear. Although their level of mRNA induction after SC-
treatment was not very high, the present results, which showed
that random desulfation by SC treatment reduces insulin secre-
tion, even that induced by KCl treatment, suggest that sulfation
other than the 3-O-sulfation generated by Hs3st1 might affect
insulin secretion downstream of depolarization in the insulin
secretion pathway.

Another interesting question is how the sulfate groups of HS,
in particular 3-O-sulfation of HS, function in the insulin secre-
tion pathway. The present results showed that a reduction in
3-O-sulfation of HS affects events upstream of depolarization.
This result suggests that 3-O-sulfate groups might interact
with extracellular molecules to affect signaling pathways that

influence insulin secretion, including pathways such as glucose
uptake, subsequent glycolysis and ATP synthesis. Several studies
have suggested that the sulfate groups of HS interact with inter-
cellular signaling molecules. One of these signaling molecules,
Notch, has been reported to interact with 3-O-sulfated HS,
although the relationship between Notch signaling and insulin
secretion is still unclear. In Drosophila, the levels of Notch pro-
teins on the cell surface were markedly decreased and morpho-
logical defects were observed after RNA interference of Hs3st-b,
one of the 3-O-sulfotransferases44. However the interaction of
Hs3st-b and Notch is analyzed only genetically, and molecular
interaction between the 3-O-sulfate group of HS and Notch
and/or factor(s) in the Notch signaling pathway is still unclear.
Alternatively, HS might directly interact with, and contribute to,
the stability of membrane protein(s), such as the glucose trans-
porter, (for example Glut2 in rodents or Glut1 in humans)1, in
the insulin secretion pathway.

In conclusion, the present study showed that the sulfate
groups of HS, in particular the 3-O-sulfate modification gener-
ated by Hs3st1, are necessary for maintaining normal GIIS. In
addition, the present results suggest that examination of b-cell
dysfunctions in terms of HS function, especially the roles of sul-
fate groups in HS, will provide a novel perspective that might
lead to a better understanding of diabetes mellitus. Furthermore,
modification of the sulfate fine structure of HS in b-cells could
be a new target for the development of drugs and therapy to
improve b-cell functions in diabetes patients.
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