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Background: SPARC is a matricellular protein that is increased in type 2 diabetes patients.
Results: SPARC is expressed by stromal cells within islets and inhibits growth factor responses and islet survival.
Conclusion: The matricellular protein SPARC is a novel regulator of islet survival.
Significance: The regulation of stromal-derived matricellular proteins represents a novel approach to promoting islet growth or survival.

Understanding the mechanisms regulating islet growth and
survival is critical for developing novel approaches to increasing
or sustaining � cell mass in both type 1 and type 2 diabetes
patients. Secreted protein acidic and rich in cysteine (SPARC) is
a matricellular protein that is important for the regulation of
cell growth and adhesion. Increased SPARC can be detected in
the serum of type 2 diabetes patients. The aim of this study was
to investigate the role of SPARC in the regulation of � cell
growth and survival. We show using immunohistochemistry
that SPARC is expressed by stromal cells within islets and can be
detected in primary mouse islets by Western blot. SPARC is
secreted at high levels by pancreatic stellate cells and is regu-
lated by metabolic parameters in these cells, but SPARC expres-
sion was not detectable in � cells. In islets, SPARC expression is
highest in young mice, and is also elevated in the islets of non-
obese diabetic (NOD) mice compared with controls. Purified
SPARC inhibits growth factor-induced signaling in both INS-1
� cells and primary mouse islets, and inhibits IGF-1-induced
proliferation of INS-1 � cells. Similarly, exogenous SPARC pre-
vents IGF-1-induced survival of primary mouse islet cells. This
study identifies the stromal-derived matricellular protein
SPARC as a novel regulator of islet survival and � cell growth.

Type 1 and type 2 diabetes are both characterized by the loss
or insufficiency of insulin producing � cells (1). The mecha-
nisms that determine whether � cells proliferate, survive or die,
and thereby determine diabetes onset, are currently incom-
pletely understood. Furthermore, understanding the regulation
of � cell proliferation could allow the development of protocols
to expand these cells to provide an unlimited supply of � cells
and restore glycemic control.

Secreted Protein Acidic and Rich in Cysteine (SPARC)2 is a
secreted protein that exists in the extracellular matrix (ECM)
(2). Also known as osteonectin and BM40, SPARC is expressed
during tissue remodeling and repair (3) and is also thought to be
involved in the development of a number of different cancers
(4). There is also evidence that SPARC expression is increased
in newly diagnosed type 2 diabetes patients (5) and in gesta-
tional diabetes (6). Elevated SPARC is also associated with obe-
sity and BMI (7, 8). Furthermore, SPARC protein expression in
visceral adipose tissue explants is up-regulated by both leptin
and insulin, suggesting that the metabolic conditions existing in
type 2 diabetes patients may promote increased SPARC expres-
sion (7). Recently, SPARC expression was also found to be asso-
ciated with insulin secretion (9). Additionally, there is evidence
that SPARC expression may be involved in a number of diabetes
complications. SPARC-null mice are protected against diabetic
nephropathy (10), while elevated SPARC expression occurs in
diabetes-associated vascular remodeling (11) and diabetic pro-
liferative retinopathy (12).

SPARC has been shown to regulate growth factor signaling,
cell proliferation and cell adhesion in various cell types in vitro
(13) and is essential for matrix formation and remodeling in
vitro and in vivo (13, 14). There is strong evidence that SPARC
is important in the development of pancreatic cancer (15–22).
However, the precise effects of SPARC are cell type dependent,
and the effect of SPARC on the growth and survival of islet �

cells has not previously been examined. We therefore investi-
gated the expression of SPARC in islet tissue and determined
the role of SPARC in regulating growth factor signaling in both
� cells and in primary mouse islets, and in � cell proliferation
and islet survival.
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EXPERIMENTAL PROCEDURES

Animals—Adult female or male outbred ICR mice (21–25 g)
were obtained from Harlan, Bicester, UK as were female
C57BL/6 (B6) mice at 4 or 12 weeks of age. All animal proce-
dures were undertaken in accordance with the UK Home Office
Regulations. Pancreatic tissue for immunohistochemistry was
kindly provided by Professor Nora Sarvetnick, The Scripps
Research Institute. In this colony, over 70% of female NOD
mice develop diabetes (23).

Islet Isolation—Islets were isolated from ICR mice using col-
lagenase digestion followed by separation using density gradi-
ent. Mice were sacrificed by cervical dislocation and a laparot-
omy was performed. After clamping of the ampulla of Vater, �2
ml collagenase (1 mg/ml in minimal essential medium type XI,
Sigma) was injected into the pancreas via the common bile duct
and the pancreas was removed. Tubes containing up to three
pancreases were incubated in a stationary water bath for 10 min
at 37 °C. The islets were separated using Histopaque-1077 den-
sity gradient (Sigma) and centrifuged at 1170 � g for 25 min.
After washing, islets were handpicked and cultured overnight
at 37 °C and 5% CO2 in RPMI 1640 containing 11.1 mmol/liter
glucose (Sigma) and supplemented with 10% FBS (Fisher Sci-
entific), 100 units/ml penicillin, and 100 �g/ml streptomycin
(Sigma).

Cell Culture—INS-1 � cells were cultured in RPMI 1640 con-
taining 11.1 mmol/liter glucose and additionally supplemented
with 10% FBS, 0.05 mM 2-mercaptoethanol, 10 mM HEPES, 1
mM sodium pyruvate, 100 units/ml penicillin, and 100 �g/ml
streptomycin (all from Fisher Scientific). INS-1 cells were sub-
cultured every 3– 4 days, and used within 20 passages.

PS-1 cells are previously described human pancreatic stellate
cells (24, 25). They were maintained in high glucose DMEM:
Ham’s F12 medium (1:1, both from PAA) supplemented with
10% FBS, 1 �g/ml puromycin (Sigma), 1 mM sodium pyruvate,
100 unit/ml penicillin and 100 �g/ml streptomycin, or in RPMI
1640 supplemented with 10% FBS, 0.1% L-glutamine, 100
unit/ml penicillin, and 100 �g/ml streptomycin. PS-1 cells were
subcultured every 2–3 days and used within 10 passages.

For experiments involving incubation with specific concen-
trations of glucose, glucose-free RPMI 1640 medium was used.
D(�)-glucose was obtained as a 0.56 M solution (Sigma).
Human insulin (Santa Cruz Biotechnology) was obtained as 10
mg/ml solution in Hepes buffer and was diluted in PBS before
use. Lyophilized rat leptin (R&D systems) was resuspended at 1
mg/ml in sterile 20 mM Tris-HCl at pH 8, and diluted in PBS
before use.

Immunohistochemistry—Whole pancreas was removed from
4-week-old or 12-week-old female C57BL/6 and NOD mice, or
ICR mice (21–25 g), then fixed in 10% NBF and embedded in
paraffin. Sections (5 �m) for SPARC and FSP-1 staining were
first subject to proteinase K treatment (50 �g/ml, 20 min at
37 °C; Sigma) before blocking with 10% normal horse serum in
PBS containing 0.3% Triton-X-100.

For staining with single a single antibody, incubation with
primary antibody was at ambient temperature overnight. Goat
anti-SPARC antibody (R&D systems) was used at 1/25 dilution
in blocking solution, and rabbit anti-FSP-1 antibody (Millipore)

was used at 1/100 dilution. Positive areas were visualized with
biotin-conjugated secondary antibody to goat or rabbit IgG
using the ABC/DAB reagents according to the manufacturer’s
protocol (Vector Laboratories). Pancreas sections incubated
with secondary antibody only served as controls. Sections were
counterstained with hematoxylin. Digital images acquired
using a Nikon Eclipse 80i microscope were analyzed with
ImageJ software (26). SPARC-stained area, and total islet area
were quantified in �m2 using the thresholding tool. All areas
outside of the islet boundary were excluded from the analysis.

For co-staining experiments, sections were incubated with
SPARC goat antibody (1/50, R&D Systems) overnight at 4 °C,
followed by incubation with biotinylated anti-goat antibody
(Vector labs) for 1 h at room temperature. SPARC-positive
areas were detected using the ABC and DAB peroxidase sub-
strate kits (Vector labs). Sections were then incubated with
FSP-1 rabbit antibody (1/50, Millipore) for 1 h followed by incu-
bation with alkaline phosphatase-conjugated anti-rabbit anti-
body (Vector Labs) for 30 min at room temperature. FSP-1-
positive areas were detected with the enzyme substrate vector
blue (Vector Labs). Digital images were acquired using the
Nikon Eclipse 80i microscope.

Preparation of Samples for Western Blotting—For analysis of
SPARC expression in conditioned medium from � cells (INS-1)
and pancreatic stellate cells (PS-1), T25 flasks were seeded with
1 � 106 and 5 � 105 cells, respectively. Following overnight
culture in low-serum (0.5% FBS) medium, the medium was
removed and concentrated in a Vivapore concentrator to �100
times to determine the presence of SPARC secreted into the
medium. To prepare cell lysates, after rinsing in PBS the cells
were lysed in RIPA buffer for 30 min on ice. For similar analysis
of SPARC expression in islets, 50 islets from ICR mice were
cultured in reduced serum (1% FBS) overnight before medium
was concentrated (to �40 times) in a Vivapore concentrator.
After rinsing in PBS, islets were lysed in RIPA buffer (New Eng-
land Biolabs) containing protease and phosphatase inhibitors
(Thermo Scientific).

For experiments in which cells were cultured with glucose,
insulin and leptin, protein quantification of cell lysates was per-
formed using the BCA protein assay (Bio-Rad) and using
BioTek Epoch plate reader to measure absorbance at 750 nm.
Equal protein (10 �g/well) was loaded onto the gel.

For analysis of growth factor signaling, INS-1 cells were
seeded in 48-well plates at a density of 1.2 � 105 cells per well
and allowed to attach before serum-starving overnight (RPMI
1640 medium containing 0.5% FBS). Cells were treated with
SPARC (0.5 - 2.5 �g/ml for 2 h) followed by either recombinant
insulin-like growth factor (IGF-1) or recombinant hepatocyte
growth factor (HGF), all obtained from R&D Systems. Similar
protocols using SPARC have been published previously by
other groups (27). Cells were harvested at the indicated time
points by first washing in ice-cold PBS before lysis in cold RIPA
buffer. SDS sample buffer was added to each sample before
boiling. For islet signaling experiments, islets isolated from
male ICR mice were cultured overnight then hand-picked into
groups of equal amounts and sizes of islets (�130 islets), and
cultured for 1 h in RMPI-1640 with 1% FBS. Groups of islets
were then treated with SPARC (2.5 or 20 �g/ml) for 1 h, before
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treatment with HGF or IGF-1 (200 ng/ml) for 7.5 min and lysis.
For dispersed islet experiments, islets were centrifuged and
incubated in Accutase at 37 °C with gentle pipetting for �10
min. After dispersal, equal volumes of the cell suspension were
distributed into tubes to contain 150 islets/treatment. After
starvation (1% FBS for 1 h), cells were pre-treated with SPARC
(2.5 or 20 �g/ml) for 1 h before HGF treatment (20 ng/ml, 7.5
min) and lysis. Equal amounts of INS-1 or islet lysate proteins
were loaded onto the gel.

Western Blotting—Lysates and concentrated medium were
resolved by polyacrylamide gel electrophoresis (PAGE), and

electrotransferred onto nitrocellulose membrane (GE Health-
care). Membranes were blocked in 5% nonfat milk and incu-
bated with primary antibody at the following dilutions: anti-
SPARC (1 in 1000; Santa Cruz/Insight Biotechnology),
anti-phospho-Akt (1:500 –1:1000), anti-phospho-p44/p42
MAPK (1:1000) and anti-�-tubulin (1:1000 –1:10000). Incuba-
tions were performed overnight at ambient temperature
(SPARC) or 4 °C (Akt and p44/p42 MAPK). Proteins were
detected with horseradish peroxidase-conjugated anti-rabbit
secondary antibody (1:2500). Where appropriate, after strip-

FIGURE 1. SPARC is expressed in the islets of mouse pancreas. Mouse pan-
creas sections (5 �m) from 4 and 12 week NOD or B6 mice were stained with
anti-SPARC antibody followed by biotin-conjugated secondary antibody.
Positive areas were visualized using the ABC/DAB method producing a brown
color. A, two representative images of each age/strain are shown. Scale bar,
20 �m. B, area of SPARC staining as a percentage of total islet area within each
section was quantified using ImageJ software. Areas of islet infiltration as well
as peri-ductal and peri-vascular staining were excluded from the analysis.
Bars represent mean � S.E., n � 6, from 3 individual mice of each type. *, p �
0.05; **, p � 0.01; ***, p � 0.001.

FIGURE 2. SPARC is expressed by stromal cells within islets. A, adjacent
sections (5 �m) of 4- and 12-week NOD mouse pancreas were stained with
antibodies to SPARC (left panels) and FSP-1 (right panels) followed by biotin-
conjugated secondary antibody. Positive areas were visualized using the
ABC/DAB method producing a brown color. Representative images are
shown of multiple sections analyzed from at least three different mice. Arrow-
heads indicate examples of SPARC and FSP-1-positive cells. Scale bar, 20 �m.
B, pancreatic sections from ICR mice were co-stained with antibodies to
SPARC (brown DAB substrate) and Fsp-1 (Vector Blue substrate). Representa-
tive images of staining in ducts and islets are shown, taken with 20� objec-
tive and with additional 2� digital zoom in panels a and c. Arrows indicate
areas of co-staining. In C, concentrated medium and cell lysates from equal
numbers of INS-1 and PS-1 cells, or from intact islets (groups of 50 islets) were
analyzed by Western blot and probed with antibodies to SPARC.
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ping the membrane, blots were probed for anti-pan-Akt
(1:1000) and anti-total p44/p42 MAPK (1:1000). All Western
blot antibodies were obtained from New England Biolabs
unless otherwise indicated. Proteins were visualized using
Supersignal West Pico chemiluminescent substrate (Pierce)
using a Syngene GeneGnome imaging system with GeneSnap
software. Quantitation of band intensity was carried out using
GeneTools or ImageJ software.

Proliferation Assays—For measurement of cell density, the
Sulforhodamine B (SRB) assay was used as described in Skehan
et al. (28). INS-1 cells were plated at 5,000 cells per well in
96-well plates. After overnight incubation in reduced serum
medium (0.5% FBS), cells were treated with SPARC followed by
200 ng/ml IGF-1. Separate plates of cells were fixed on day 0
and day 2 with 10% trichloroacetic acid for 1 h at 4 °C. After
washing and sufficient drying, cells were incubated with SRB
(0.4% in 1% acetic acid) for 30 min at room temperature. Cells
were thoroughly washed with 1% acetic acid and left to dry. For
analysis of protein content, plates were analyzed on the same
day. SRB was solubilized with addition of 10 mM Tris base (pH
10) and the absorbance read at 565 nm on an Epoch Microplate
Spectrophotometer (BioTek).

For measurement of DNA synthesis, the Roche colorimetric
BrdU ELISA assay was used according to the manufacturer’s
instructions. INS-1 cells were plated at 10,000 cells/well in a

96-well plate and allowed to adhere overnight. Cells were then
incubated in reduced serum medium (0.5% FBS) overnight
before treatment with the indicated concentrations of IGF-1
and SPARC for 48 h. BrdU was added for the final 24 h of
culture. Following antibody detection and addition of sub-
strate, absorbance was measured at 370 nm.

Live/Dead Assay—Islets from male or female ICR mice were
dispersed as above and seeded onto coverslips in medium contain-
ing 10% serum. After attachment, islet cells were then treated with
medium containing 10% serum, 0% serum, or 0% serum plus com-
binations of SPARC (20 �g/ml) and IGF-1 (200 ng/ml).

After 2 days coverslips were removed from the plates and
fluorescein diacetate (FDA) at 15 �g/ml and propidium iodide

FIGURE 3. SPARC is detected in stromal PS1 cells but not INS-1 � cells by
immunocytochemistry. INS-1 and PS1 cells were grown on coverslips, fixed
using 10% NBF and stained using anti-SPARC antibody (panels a– d) or with
biotinylated secondary antibody only (panels e, f). The ABC/DAB detection
system was used, with brown color indicating the presence of bound anti-
body. Bar, 20 �m.

FIGURE 4. SPARC expression in pancreatic stromal cells is regulated by
metabolic parameters. PS-1 cells were seeded at 5 � 104 cells/well in 48-well
plates and cultured for 24 h at the indicated concentrations of glucose and
insulin, or for 48 h at the indicated concentrations of leptin. SPARC expression
was then quantitated by Western blot and standardized to �-tubulin to con-
trol for loading variation. Equal protein was loaded (10 �g) in each well. Rep-
resentative blots are shown in A, and mean relative SPARC expression (stan-
dardized to �-tubulin) � S.E. is shown for glucose (B), insulin (C), and leptin
(D). Quantitated data are pooled from 3–5 independent experiments, each
with single data point for each treatment. p values indicate statistical analysis
using one-way ANOVA.
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(PI) at 4 �g/ml (Sigma) were used to assess live/dead status of
individual islet cells using fluorescence microscopy. Live cells
(green) were calculated as a percentage of total cells visible as
either green or red using ImageJ software (26).

Statistics—Results are expressed as means � S.E. of the mean
(S.E.). Statistical difference was assessed by analysis of variance
using least significant difference post-hoc analysis. A p value �
0.05 was considered to be significant.

RESULTS

Characterizing SPARC Expression in Mouse Islets—Immuno-
staining revealed that SPARC protein is present in the islets of
both C57BL/6 (B6) and NOD mouse pancreas, and a similar
overall staining pattern was observed with SPARC expressed in
a minority of cells both within the islet and in the basement
membrane surrounding the islet (Fig. 1A). All secondary anti-
body only controls were negative for staining (data not shown).
SPARC is also expressed within ducts and vessels adjacent to
islets (Fig. 1A, panels c and d, and Fig. 2A, panels c and d).
Quantification of SPARC staining in islets shows that the area
of SPARC expression is higher at 4 weeks than at 12 weeks in
both strains (Fig. 1B). However, expression of SPARC in NOD
islets at 4 weeks of age is almost double that of age-matched
C57BL/6 mice (p � 0.008, n � 6), and a similar increase is also
observed at 12 weeks of age (p � 0.001, n � 6). The expression
of a fibroblast-lineage specific marker (FSP-1) (29) in adjacent
islet sections indicates a similar, although not completely over-
lapping, distribution of SPARC and FSP-1 staining (Fig. 2A).
Co-staining within the same section confirms that Fsp-1 posi-
tive cells also express SPARC in both islets and ducts (Fig. 2B).
Again, the overlap between the two antibodies is not complete
and SPARC expression is also observed in Fsp-1 negative cells.
However, the SPARC staining pattern is distinct from that typ-
ically observed for � cells with insulin antibodies. This suggests
that fibroblasts or other mesenchymal cells may be a primary
source of SPARC within islets, rather than � cells. Consistent
with this, SPARC expression was detected in both cellular
lysates and in conditioned medium of stromal pancreatic stel-
late (PS-1) cells and islets, but not in the INS-1 � cell line (Fig.
2C). Although this data is not quantitative since appropriate
loading controls for secreted proteins could not be identified,
equal numbers of PS-1 and INS-1 cells were used. It is evident
that despite the high protein content of the concentrated
medium samples and very high SPARC expression in PS1-con-
ditioned medium, no SPARC was detectable in INS-1 cells or
medium. SPARC was also detectable in PS1 stromal cells but
not INS-1 � cells by immunocytochemistry (Fig. 3).

SPARC Expression in Pancreatic Stromal Cells Is Regulated by
Insulin and Glucose—An interesting study by Kos et al. showed
that SPARC expression in adipose tissue is regulated by metabolic
parameters (7). Within both islets and the exocrine pancreas
SPARC is expressed primarily by stromal cells (Figs. 1 and 2 and
Ref. 30). We therefore wished to test whether SPARC expression
in pancreatic stromal cells is similarly regulated by metabolic
parameters. PS1 stellate cells were incubated with various concen-
trations of glucose, insulin, and leptin, and SPARC protein expres-
sion was determined by Western blot. Quantitation of SPARC
band intensity relative to �-tubulin loading control was performed

using ImageJ software. As shown in Fig. 4, increasing the glucose
concentration inhibits SPARC expression in PS1 cells (p � 0.01,
n � 5). In contrast, increasing insulin stimulates an increase in
SPARC expression (p � 0.03, n � 3–4). Treatment with leptin also
elevated SPARC expression, although this difference was not sta-
tistically significant. Metabolic parameters can therefore regulate
SPARC expression in pancreatic stromal cells, similar to that
observed in adipose tissue by Kos et al. (7).

SPARC Inhibits IGF-1-induced Signaling—The kinases Akt
and extracellular signal-regulated kinases (ERK) 1/2 are key
components of growth factor-induced pathways in the � cell
that result in cellular changes such as proliferation, gene tran-
scription, survival, and insulin secretion (31–35). Initial valida-
tion experiments were carried out to determine the optimal
conditions for activation of these signaling pathways by growth
factors (Fig. 5). We then determined the effects of SPARC on
IGF-1 induced signaling. Phosphorylation of Akt and ERK 1/2
following addition of SPARC alone is comparable to that in
unstimulated cells (Fig. 6). However, treatment of INS-1 cells
with IGF-1 (20 ng/ml) increased phosphorylation of both Akt
and ERK 1/2 at 7.5 min (Fig. 6, A and B). The 2.5-fold increase in

FIGURE 5. Validation of conditions for growth factor-induced signaling in
� cells. INS-1 cells were plated at 1.2 � 105 cells/well in 48-well plates and
cultured in reduced-serum conditions (0.5% FBS) overnight before treatment
for the indicated times with 20 ng/ml IGF-1 (A) or 20 ng/ml HGF (B). Protein
lysates were analyzed by Western blot using antibodies to phospho-Akt,
phospho-ERK1/2, and �-tubulin as a loading control. Similarly, the concentra-
tion of IGF-1 (C) and HGF (D) was titrated at the indicated timepoints in INS-1
cells. In E, equal numbers of intact primary mouse islets were treated with 200
ng/ml IGF-1 or HGF in the presence and absence of 2.5 �g/ml SPARC for the
timepoints indicated. Lysates were analyzed by Western blot with antibodies
to phospho-ERK1/2 and total-ERK1/2 as a loading control. Each blot is repre-
sentative of two independent experiments.
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Akt phosphorylation observed following IGF-1 exposure is
inhibited by pre-incubation with SPARC for 2 h in a concentra-
tion-dependent manner, from a level comparable to IGF-1
stimulated levels using 0.1 �g/ml SPARC down to basal levels
using 2.5 �g/ml SPARC. Treatment with both SPARC and
IGF-1 also results in an inhibition of ERK 1/2 activation com-
pared with IGF-1 treatment alone, with the 2.5-fold stimulation
of ERK 1/2 phosphorylation by IGF-1 alone again inhibited to
background levels by pre-incubation with 2.5 �g/ml SPARC
(Fig. 6, A and B). The inhibition of IGF-1 induced Akt and
ERK-1 signaling by SPARC was statistically significant when
analyzed across multiple experiments using one-way ANOVA
(p � 0.01, n � 3– 6 and p � 0.002, n � 3–5, respectively, Fig.
6E).

SPARC Inhibits HGF-induced Akt Phosphorylation—INS-1
cells were also treated with HGF in order to determine whether
inhibition of growth factor signaling by SPARC was specific to
IGF-1 or more general. HGF stimulates a 2.7-fold increase in
Akt phosphorylation over basal levels at 7.5 min (Fig. 6C). How-
ever, pre-incubation with SPARC for 2 h inhibits this HGF-de-
pendent activation of Akt, an effect seen at all concentrations of
SPARC tested (0.1–2.5 �g/ml). Again, this inhibition was sta-
tistically significant when data were analyzed across multiple
experiments (p � 0.0004, n � 5, Fig. 6E). As before, SPARC
treatment alone does not consistently affect phosphorylation of
Akt or ERK 1/2, though some inhibition of background signal-
ing is occasionally observed. Treatment with HGF causes a
strong, 20-fold, stimulation of ERK 1/2 phosphorylation in
INS-1 cells (Fig. 6D). However, in this case no inhibition of
signaling was observed by SPARC.

SPARC Inhibits HGF-induced ERK Signaling in Islets—To
test whether similar inhibition of growth factor signaling
occurs in primary islet tissue, islets were isolated from ICR mice
to test the effect of SPARC on IGF-1 and HGF signaling. Phos-
phorylated and total ERK 1/2 were detected by Western blot as
above. In islets, the total ERK 1 bands detected are stronger
than the total ERK 2 bands, however, this antibody is known to
have reduced affinity for ERK 2 (as indicated by manufacturer).
The stimulation of ERK 1/2 phosphorylation by HGF (20
ng/ml) in islets is decreased to basal levels by SPARC (20 �g/ml)
in dispersed islets (Fig. 7A). Across multiple experiments,
SPARC inhibited HGF signaling on average by over 50%, and
this result was highly statistically significant (p � 6 � 10�5, n �
4, Fig. 7B). IGF-1 did not induce phosphorylation of ERK 1/2 in
primary islets (Fig. 5E). In all experiments, treatment with
SPARC alone had no effect on ERK 1/2 phosphorylation (Fig.

FIGURE 6. SPARC inhibits growth factor signaling in INS-1 � cells. INS-1
cells treated for 7.5 min with 20 ng/ml IGF-1 (A, B) or 20 ng/ml HGF (C, D)
and the indicated concentration of SPARC were analyzed by Western blot
to detect phosphorylated Akt (A, C), phosphorylated ERK 1/2 (B, D), and
�-tubulin as a loading control. The numbers below the blot indicate band
intensities standardized to �-tubulin and the untreated control in lane 1.
Representative blots are shown in A–D. The graphs in E show pooled data
from multiple experiments for samples treated with growth factor in addi-
tion to the indicated concentration of SPARC. Plots show mean ERK-1/Akt
phosphorylation of samples treated with growth factor plus SPARC rela-
tive to growth factor alone � S.E. (n � 3– 6 for IGF-1 data, n � 5 for HGF
data) p values indicate statistical analysis using one-way ANOVA.

FIGURE 7. SPARC inhibits growth factor signaling in primary mouse islets.
Dispersed islets (groups of 150) were pre-incubated with SPARC (20 �g/ml for
1 h) before treatment with 20 ng/ml HGF. Cell lysates were analyzed by West-
ern blotting using antibodies against phosphorylated and total ERK 1/2. A
representative blot is shown in A. The numbers below the blot indicate band
intensities standardized to total ERK 1 and relative to the control in lane 1. In B,
pooled data shows mean standardized ERK-1 phosphorylation of samples
treated with HGF plus SPARC relative to HGF alone � S.E. (n � 4). p values
indicate statistical analysis using one-way ANOVA.
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7). SPARC treatment therefore inhibits growth factor signaling
in both INS-1 � cells and primary mouse islets.

SPARC Inhibits IGF-1-induced INS-1 Cell Growth and
Proliferation—IGF-1 signaling can induce expansion in the
INS-1 cell line (37). The effect of SPARC on IGF-1 induced �
cell expansion was therefore examined using the SRB assay to
determine protein content as an indirect measure of cell density
(28). INS-1 cells were seeded at equal cell density and treated
with IGF-1 (200 ng/ml) and SPARC (2.5 �g/ml and 20 �g/ml),
or with IGF-1 alone. Cell density was measured after 2 days and
growth relative to the plating density was determined. As
shown in Fig. 8A, treatment with 2.5 �g/ml SPARC inhibits
IGF-1 induced cell growth by 25%, and 20 �g/ml SPARC inhib-
its cell growth 60% (p � 0.001, n � 24) when compared with
IGF-1 alone, demonstrating a dose-dependent effect. No
increase in cell growth by HGF was observed under the condi-
tions tested (data not shown). SPARC had a small but signifi-
cant inhibition of cell growth in the absence of IGF-1 i.e. in 0.5%
FBS alone, presumably due to inhibition of residual growth due
to the presence of low serum (p � 0.001, n � 24; Fig. 8B).

To test whether the inhibition of IGF-1 induced cell growth
by SPARC was due to inhibition of cell proliferation, the effect
of SPARC on BrdU incorporation was determined. IGF-1 treat-
ment induced �50% increase in BrdU incorporation in INS-1
cells, yet this was completely abolished by pre-treatment with
either 2.5 or 20 �g/ml SPARC (Fig. 8C). SPARC therefore
inhibits growth factor induced proliferation in INS-1 � cells.

The Effect of SPARC on Islet Cell Survival—To test whether
SPARC similarly inhibits downstream growth factor responses
in primary islet tissue, a fluorescent live/dead assay was used to
measure islet cell survival in response to growth factor treat-
ment. Dispersed islets were used to overcome issues associated
with diffusion into the islet mass. As a baseline control against
which to measure growth factor responsiveness, dispersed
mouse islets were cultured in serum-free medium to induce cell
death. Initial validation experiments confirmed that a signifi-
cant reduction in dispersed islet survival was observed after 2
days in serum-free medium (p � 0.001, n � 4; Fig. 9), and that
this reduction in survival could be rescued by the addition of
200 ng/ml IGF-1, but not HGF (Fig. 10A). Therefore, this assay
could be used to measure the effect of SPARC on islet growth
factor responses, specifically IGF-1 induced islet survival. On
average, 38 � 3.6% live cells were observed after 2 days in
serum-free medium (Fig. 10B). In contrast, addition of 10% FBS
to the medium as a positive control increased this to 52 � 3.0%
live cells, and similarly treatment with IGF-1 (200 ng/ml)
resulted in 54 � 1.0% live cells. However, treatment with
SPARC in addition to IGF-1 reduced this to 46 � 3.4% live cells,
i.e. SPARC inhibits the IGF-1 induced increase in islet survival
by �50%. The effect of exogenous SPARC in reducing IGF-1-
induced islet survival is therefore consistent with the reduction
in IGF-1-induced � cell growth observed using INS-1 cells
(Fig. 8).

DISCUSSION
Adult � cells are well differentiated and hence have a low

mitotic rate and are difficult to expand in vitro (38). However,
under certain in vivo conditions, such as pregnancy, obesity,

and islet inflammation, � cells are able to proliferate at an
increased rate (39 – 41). This proliferative capacity suggests
that it may be possible to stimulate � cell growth to treat dia-
betes patients. SPARC is known to regulate the proliferation,
adhesion, and migration of cells (42). However, the effect of
SPARC on islet cells has not previously been examined. We
have shown that SPARC is expressed by stromal cells within
islets and can regulate � cell growth and survival.

Our results show that SPARC is expressed in islets with a
staining pattern suggestive of a non-� cell population and con-

FIGURE 8. SPARC inhibits IGF-1 induced INS-1 cell growth and prolifera-
tion. INS-1 cells were treated with IGF-1 (200 ng/ml) and the indicated con-
centration of SPARC. A, SRB assay was used at day 2 as an indirect measure-
ment of cell number. Results are expressed as mean percentage of IGF-1
induced growth (relative to no IGF-1) � S.E. (n � 24, pooled from four inde-
pendent experiments). B, analysis of mean protein content � S.E., plotted
relative to untreated cells indicates that SPARC reduces INS-1 cell growth in
the presence of reduced serum alone. C, DNA synthesis was determined using
colorimetric BrdU ELISA. The graph shows mean absorbance � S.E. (n � 6,
representative of three independent experiments). For all graphs, ***, p � �
0.001; *****, p � � 0.00001.
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sistent with fibroblast-type cell staining. This is consistent with
previous studies showing SPARC expression in the pancreas by
stromal fibroblasts (30). However, SPARC staining did not
completely overlap with that of the Fsp-1 fibroblast cell marker
we used, and some intra-islet SPARC staining may be explained
by SPARC expression in endothelial cells (43). Furthermore, we
have shown that SPARC is strongly expressed and secreted by
pancreatic stellate cells, while we were unable to detect SPARC
expression in INS-1 � cells. As in other tissues, SPARC within
islets is therefore likely to be expressed by stromal cells includ-
ing fibroblasts and stellate cells, rather than in � cells. A study
by Harries et al. showed SPARC mRNA expression in islets, but
SPARC protein expression in normal � cells was not described
(9). However, while we were unable to detect SPARC protein in
� cells, we have not examined SPARC mRNA expression and
cannot exclude the possibility that SPARC gene transcription in
� cells has regulatory effects at the non-protein level.

We also observed an increased area of SPARC expression in
the islets of NOD mice compared with wild type controls, sug-
gesting that changes in SPARC expression may be associated
with the development of type 1 diabetes. This could be
explained by the expansion or recruitment of a population of

SPARC positive cells, or by induction of SPARC expression in a
cell type not normally expressing SPARC. SPARC was detected
in tissues of both ages examined but expression was strongest in
young (4-week) old mice. In mice, developmental changes asso-
ciated with islet formation can be detected up to 3 weeks of age
(44) and waves of � cell apoptosis occur from 2 weeks of age (45,
46). In NOD mice these changes correlate with early infiltration
of various innate immune cells (47– 49). The early expression of
high levels of SPARC suggests the importance of SPARC in
islets at this critical stage when � cell neogenesis, replication,
and apoptosis occur, consistent with SPARC’s role in tissue
remodeling in other contexts (3, 50).

Recombinant SPARC had an inhibitory effect on growth fac-
tor responses in � cells, reducing IGF-1 induced proliferation
by up to 60%, and inhibiting IGF-1 induced phosphorylation of
Akt and ERK in a dose-dependent manner. A similar effect was
seen with HGF-induced stimulation of Akt in � cells. We have
also shown that SPARC prevents HGF-induced phosphoryla-
tion of ERK 1/2 in primary mouse islets. Others have shown
that SPARC inhibits signaling in response to a range of growth
factors in various cell types (27, 51, 52). In some cases, such as
with VEGF and PDGF, SPARC binds directly to the growth

FIGURE 9. Validation of assay to detect islet cell death. Islets were dispersed and equal numbers of cells adhered to coverslips. Islet cells were then treated
with medium containing 10% FBS, 0% FBS (untreated) or 10% FBS plus high glucose (33.3 mM) for either one or 2 days. FDA/PI staining was used to determine
the number of live/dead cells using fluorescence microscopy and quantitation was performed using ImageJ. Representative images of FDA (green/live), PI
(red/dead), and merged images are shown in A, and the mean percentage of live cells � S.E. shown at day 1 and day 2 is shown in B. Islets were pooled from 4
ICR mice, and n � 4 per treatment. **, p � 0.01; ***, p � 0.001.
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factor to prevent association with the receptor (52, 53). How-
ever, in the case of IGF-1 it has been previously shown that
SPARC can regulate signaling even in the absence of evidence
for direct interaction (27). It is not currently known whether
SPARC interacts with HGF, and this is the first study in which
the regulation of HGF signaling by SPARC has been examined.

The effects of SPARC on cell proliferation and survival are
complex, and there is evidence that SPARC can both promote
and inhibit cell survival in different cell types (13, 54). Our data
show that exogenous SPARC inhibits both the growth factor-
dependent proliferation of � cells and the survival of primary
islets. The recent study by Harries et al. showed that ectopic
expression of SPARC in � cells increases insulin release in
response to high glucose levels (9). However, our data would
suggest that SPARC is not normally expressed at high levels in �
cells, and it may be that SPARC present intracellularly in � cells

has a distinct function from SPARC acting extracellularly, as
used in our study. The possibility of distinct activity of intracel-
lular SPARC has been previously suggested, particularly since,
as a calcium binding protein, SPARC is regulated by the high
Ca2� concentrations present extracellularly (55–57). We pro-
pose a model in which SPARC secreted by stromal cells is pres-
ent in the islet matrix environment and regulates � cell respon-
siveness to growth factors, as well as potentially other
extracellular signals.

Following on from the study by Kos et al. (7) showing that
SPARC expression in adipose tissue is increased by high levels
of insulin and leptin, our data suggests that stromal SPARC
expression in the pancreas may be similarly regulated by meta-
bolic parameters. This raises the possibility that pancreatic
SPARC expression could be induced in type 2 diabetes patients
and may contribute to the development of � cell loss or insuf-
ficiency, and potentially also the risk of pancreatic cancer,
although these hypotheses remain to be tested. Furthermore,
the identification of SPARC as a novel regulator of � cell growth
and survival underlines the importance of understanding the
role of stromal-derived matricellular proteins such as SPARC in
� cell expansion and the pathogenesis of diabetes.
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