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Abstract

Background: The ability to manipulate the development of
pancreatic insulin-producing � cells has implications for
the treatment of type 1 diabetes. Previously, we found that
laminin-1, a basement membrane trimeric glycoprotein,
promotes �-cell differentiation. We have investigated the
mechanism of this effect, using agents that block the recep-
tors for laminin-1, �6 integrin, and �-dystroglycan (�-DG).
Materials and Methods: Dissociated cells from 13.5-day
postcoitum (dpc) fetal mouse pancreas were cultured for
4 days with laminin-1, with and without monoclonal 
antibodies and other agents known to block integrins or
�-DG. Fetuses fixed in Bouin’s solution or fetal pancreas
cells fixed in 4% paraformaldehyde were processed for
routine histology and for immunohistology to detect hor-
mone expression and bromodeoxyuridine (BrdU) uptake.
Results: Blocking the binding of laminin-1 to �6 inte-
grin with a monoclonal antibody, GoH3, abolished cell 
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proliferation (BrdU uptake) and doubled the number of 
� cells. Inhibition of molecules involved in �6 integrin 
signaling (phosphotidylinositol 3-kinase, F-actin, or mito-
gen-activated protein kinase) had a similar effect. Never-
theless, � cells appeared to develop normally in �6 

integrin-deficient fetuses. Blocking the binding of
laminin-1 to �-DG with a monoclonal antibody, IIH6,
dramatically decreased the number of � cells. Heparin,
also known to inhibit laminin-1 binding to �-DG, had a
similar effect. In the presence of heparin, the increase in
� cells in response to blocking �6 integrin with GoH3
was abolished.
Conclusions: These findings reveal an interplay between
�6 integrin and �-DG to regulate laminin-1–induced �-cell
development. Laminin-1 had a dominant effect via �-DG
to promote cell survival and �-cell differentiation, which
was modestly inhibited by �6 signaling.

Introduction
Lineage differentiation of pancreatic � cells has
been extensively studied (1–3). However, regula-
tion of �-cell development by extracellular factors
remains poorly understood and is a barrier to the
cure of type 1 diabetes. Generally, two categories of
extracellular factors cooperatively mediate cell
growth, differentiation, and survival: soluble hor-
mones and growth factors and cell-associated extra-
cellular matrix (ECM) proteins (4). Previously, we
found that laminin-1, a major ECM protein in the
basement membrane, promotes differentiation of 
fetal pancreatic cells into � cells in vitro (5). Two
types of receptors for laminin-1, �6 integrins and 
�-dystroglycan (�-DG), have been identified in ep-
ithelial tissues (6). Integrins are a well-characterized
family of heterodimeric cell adhesion molecules

composed of noncovalently bound � (120–180 kDa)
and � (90–110 kDa) subunits, of which 16 and 8 iso-
forms, respectively, are known. The �6 integrin sub-
unit is expressed in a wide range of tissues includ-
ing the pancreas (7–10), although its expression in
fetal mouse pancreas has not been reported. The �6

subunit dimerizes with the �1 or �4 subunit to form
�6�1, or �6�4 integrin (6). ECM proteins including
laminin-1 bind to integrin receptors to trigger re-
ceptor aggregation, actin cytoskeleton polymeriza-
tion, and activation of tyrosine kinases and signal-
ing cascades leading to growth, differentiation, or
apoptosis (11–13). Focal adhesion and actin poly-
merization following integrin ligation may align
signaling molecules in the phosphotidylinositol 
3-kinase and the mitogen-activated protein (MAP)
kinase pathways to facilitate signal transduction
(11,12).

�-DG is a nonintegrin, highly glycosylated
peripheral membrane protein identified initially in
muscle (14) and subsequently in other tissues, in-
cluding adult pancreas (15). It is associated with a



membrane-spanning protein, �-DG, in the dys-
trophin-glycoprotein complex. In muscle, the com-
plex is structurally organized into three distinct
subcomplexes: the dystroglycans (�-DG and �-DG),
the sarcoglycans (SGs), and the cytoskeletal proteins
dystrophin, syntrophin, and dystrobrevin (16,17). 
�-DG associates with the F-actin cytoskeleton through
dystrophin (18,19). However, SGs are not expressed
in epithelial cells (20) and signaling downstream of 
�-DG has not been characterized. In the present study,
we investigated the roles of �6 integrins and �-DG in
laminin-1–induced �-cell development.

Materials and Methods
Mouse Fetal Pancreas Cell Culture

Pancreata were dissected from 13.5 days postcoitum
(dpc) fetuses and dissociated into single cells as de-
scribed (5). Cells were counted in a hemocytometer
and viability determined by Trypan blue dye exclu-
sion. Each fetal pancreas yielded approximately
25,000 viable cells (25,694 6 1324; n 5 20). Dissoci-
ated cells were plated in eight-chamber slides
(Nunc, Naperville, ) at 1.5 3 104 cells/well in 0.3 ml
HYBRIDOMA medium supplemented with 500 UI/ml
penicillin and 500 �g/ml streptomycin (GibcoBRL
Life Technologies, Gaithersburg, Md) and 200 �g/ml
laminin-1 purified from murine Engelbreth-Holm-
Swarm tumor basement membrane (GibcoBRL),
with or without various concentrations of antibodies
and reagents. They were cultured in 10% CO2 90% air
at 378C for 4 days.

Antibodies and Reagents

Rat monoclonal antibody (clone NKI-GoH3, IgG2a)
that specifically blocks laminin-1 binding to �6 in-
tegrins (9,21,22) was from Chemicon International
(Temecula,). Blocking mouse monoclonal antibodies
to integrin �3 (clone P1B5) (23) and integrin �4

(clone 3E1) (24) were from GibcoBRL. Blocking
mouse monoclonal IgM antibody to �-DG, IIH6,
was generously provided as hybridoma superna-
tant by Dr. Kevin Campbell, Howard Hughes Medi-
cal Institute, University of Iowa College of Medi-
cine, Iowa City. The IgM concentration of IIH6
hybridoma supernatant was estimated from
Coomassie staining in SDS-PAGE against serial di-
lutions of purified mouse IgM standard. Rat mono-
clonal IgG2a (control for NK1-GoH3), mouse IgM
(control for IIH6), and blocking rat monoclonal
IgG2a to integrin �1 (clone 9EG7) (8,9,25) from
Pharmingen (San Diego, Calif) were dialyzed
against HYBRIDOMA medium at 48C prior to use.
Guinea pig antiserum to porcine insulin was from
Dako (Glostrup, Denmark). Mouse monoclonal
IgG2a to bromodeoxyuridine (BrdU, clone BU-1)
was from Amersham Life Science (Buckinghamshire,
UK). Rabbit antiserum to porcine glucagon and to hu-
man somatostatin and pancreatic polypeptide were
from Dako. Fractionated rabbit antiserum to human 
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�-amylase, a marker of acinar cells, and to laminin,
were from Sigma Chemicals (St. Louis, Mo).

Heparin, a known blocker of laminin-1 binding
to �-DG (18,26), was from Sigma. Wortmannin and
Ly294002, inhibitors of PI3K (27,28), genistein and
herbimycin, inhibitors of Src family tyrosine kinases
(29) associated with focal adhesion kinase (FAK)
(30,31), and PD98059, an inhibitor of the MAP ki-
nase kinase, MEK1 (32), were from Calbiochem (La
Jolla, Calif). Cytochalasin D, an inhibitor of actin
polymerization, was from Sigma.

Immunoperoxidase Staining and Cell Quantitation

Fetuses at 15.5 and 18.5 dpc from homozygous
(2 /2 ) or heterozygous (1 /2 ) �6 integrin gene tar-
geted (33) or wild-type mice were fixed overnight in
Bouin’s solution. After standard dehydration process-
ing, fetuses were embedded into paraffin and sec-
tioned at 7 �m. Cultured pancreatic cells were washed
three times with warm mouse tonicity phosphate-
buffered saline (MT-PBS) and fixed with 4%
paraformaldehyde (PFA) for 10 min. Endogenous
peroxidase was blocked by 3% H2O2 in methanol
for 8 min. Prior to antibody staining, nonspecific
protein binding was blocked by incubation for at
least 30 min with MT-PBS containing 2% bovine
serum albumin or 2% normal rabbit serum. Controls
were performed by replacing first antibody with
preimmune serum from the appropriate species.
Cells were incubated with primary antibodies for 
90 min at room temperature, followed by three thor-
ough washes with MT-PBS. Horseradish peroxidase-
conjugated rabbit anti-guinea pig or swine anti-
rabbit immunoglobulins (Dako) were added for 
30 min at room temperature followed by thorough
washes. Immunoperoxidase was detected with 3,39-
diaminobenzidine/H2O2 for 4–8 min, and slides
counterstained with hematoxylin.

Immunoperoxidase-positive and -negative cells
were counted in the central strip of each culture
chamber (90 3 90 mm square) under a microscope
equipped with an eyepiece graticule (Olympus,
Japan) at 3 40 power and calibrated with a microm-
eter (Olympus).

Immunofluorescence Staining

In some cultures, 100 �M BrdU (Sigma) was in-
cluded to label proliferating cells; cells were fixed
with 4% PFA at days 1, 2, 3, and 4 for insulin and
BrdU double immunofluorescence staining. Pretreat-
ment and primary antibody incubations were as de-
scribed above, followed by incubation with Texas
Red-conjugated goat anti-guinea pig immunoglobu-
lins (Vector Laboratories, Burlingame,) or fluores-
cein isothiocyanate–conjugated rabbit anti-mouse, 
-rat, or -goat or swine anti-rabbit immunoglobulins
(Dako) for 30 min at room temperature and three
thorough washes. Slides were observed and pho-
tomicrographed under a Zeis Axiophot fluorescence
microscope.
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Statistics

Dose responses were analyzed by ANOVA and dif-
ferences between groups were analyzed by the non-
parametric Mann-Whitney U test. Data are presented
as mean 6 SEM of at least three independent exper-
iments.

Results
Laminin-1 was detected by immunofluorescence on
dissociated fetal mouse pancreas cells only after its
addition to culture medium (data not shown), indi-
cating that these cells produce little if any laminin-
1 in culture. Although both pancreatic epithelial
cells and vimentin-positive mesenchymal cells
(60% of total initially) attached, the latter did not
survive in low-cell density, serum-free conditions
[0% vimentin-positive after 4-day culture, see also
(5)]. The epithelial cells expressed �6 integrins and
�-DG to which the added laminin bound [data not
shown; see also (6)].

�6 Integrin Blockade Stimulates �-Cell Differentiation

To investigate the role of �6 integrin in laminin-
1–induced �-cell differentiation, pancreas cells were
cultured with laminin-1 and the rat monoclonal an-
tibody GoH3, which specifically blocks laminin-1
binding to �6 integrins. In the presence of GoH3,
cells appeared more uniformly spherical rather than
flattened with laminin-1 alone (Fig. 1A). GoH3 in-
duced an increase in the number of both total cells
and � cells (Fig. 1B). The increase in total cell num-
ber was due to the increase in �-cell number. For
example, at 40 �g/ml GoH3, �-cell number per well
increased from 2265 6 240 (mean 6 SEM, n 5 3) to
6886 6 364 and total cell number from 4016 6 650
to 7188 6 228 (p , 0.05). Over the dose response,
there was a significant increase (p , 0.01) from
61–96% in the ratio of � cells to total cells. Rat
IgG2a control antibody had no effect on cell number
(Fig. 1B). �-Cell number in the presence of GoH3
without laminin-1 was similar to that in medium
only (Fig. 1C). Thus, the effect of GoH3 to increase
�-cell differentiation depended on the presence of
laminin-1, and GoH3 did not mimic the effect of
laminin-1. The proportion of glucagon-positive 
� cells was unchanged in the presence of GoH3 
and laminin-1 (data not shown), and somatostatin-
positive � cells, pancreatic polypeptide-positive
(PP) cells and amylase-positive acinar cells were
not detected.

To measure cell division, 100 �M BrdU was
added with laminin-1 (200 �g/ml), with and with-
out GoH3, and BrdU-positive cells analyzed at days
1–4. In the absence of GoH3, 2.5% of cells were
BrdU positive; in the presence of GoH3, BrdU-positive
cells were not detected.

The �3 integrin subunit is the only � subunit
with significant (40%) identity to the �6 subunit

(34), but the blocking anti-�3 monoclonal antibody
P1B5 (10–40 �g/ml) had no effect on total or �-cell
number (data not shown). The �6 integrin subunit
dimerizes noncovalently with either �1 or �4 sub-
units to form �6�1 or �6�4 integrin (6), but neither
anti-�1 (9EG7) nor anti-�4 (3E1) monoclonal anti-
bodies influenced total or �-cell number (data not
shown).

Inhibition of Molecules Involved in �6 Integrin Signaling
Pathways Stimulates �-Cell Differentiation

Specific inhibitors were used to block molecules
involved in �6 integrin downstream signaling. To
determine if PI3K has a role in laminin-1–induced
�-cell development, 13.5-dpc fetal mouse pancreas
cells were cultured for 4 days with the PI3K in-
hibitors, wortmannin, or Ly294002, at concentra-
tions (0.1-100 �M) reported to be nontoxic for
pancreas cells (35). Both wortmannin and
Ly294002 significantly increased (p , 0.05) total
and �-cell numbers in a dose-dependent manner
(Fig. 2AB). Without laminin-1, the number of 
� cells was not affected by either agent, indicating
that differentiation in the presence of laminin-1
requires inhibition of PI3K. Blocking formation 
of F-actin by cytochalasin D may inhibit the Ras-
PI3K-MEK1 signaling cascade (13). Cytochalasin D
increased laminin-1–induced �-cell differentiation,
similar to wortmannin or Ly294002 (Fig, 2C), consis-
tent with a role for the actin cytoskeleton in �-cell
differentiation. Inhibition of MEK1, downstream
from PI3K, with PD98059 also significantly in-
creased (p , 0.05) laminin-1–induced �-cell differen-
tiation (Fig. 2D). Src family tyrosine kinases are as-
sociated with FAK, which may signal MAP kinase
via Ras (30). However, the Src kinase inhibitors,
genistein and herbimycin A, did not affect laminin-
1–induced �-cell differentiation (Fig. 2EF).

Islet Cell Development Appears Normal in �6

Integrin-Deficient Mice

In �6 integrin-deficient mouse fetuses, the morphol-
ogy of the pancreas at 15.5 and 18.5 dpc 
appeared normal. Immunostaining for insulin,
glucagon, somatostatin, and pancreatic polypeptide
revealed that the distribution and appearance of islet
cells were similar in homozygous (2 /2 ) and het-
erozygous (1 /2 ) mutants and wild-type (1 /1 ) fe-
tuses at 18.5 dpc. At 15.5 dpc, the appearance of 
� and � cells was similar among 2 /2 , 2 /1 , and 1 /1
fetuses, and � and PP cells were not observed (Fig. 3,
insulin staining for � cells).

�-Dystroglycan Blockade Inhibits �-Cell Development

To investigate the role of �-DG in laminin-1–induced
�-cell development, 13.5-dpc fetal mouse pancreas
cells were cultured with laminin-1 and either the
mouse IgM monoclonal antibody, IIH6, which
blocks laminin-1 binding to �-DG (18,36,37), or
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Fig. 1. �-cell differentiation in the presence of laminin-1 (200 �g/ml) and rat GoH3 blocking monoclonal antibody to �6 integrin.
(A) Fetal mouse pancreas cells (13.5 dpc) cultured for 4 days with (1 ) and without (2 ) GoH3 (40 �g/ml), under phase contrast microscopy
(top panel) and after staining with guinea pig anti-insulin serum and peroxidase (lower panel). (B) Numbers of � cells and total cells after
culture of 13.5-dpc fetal mouse pancreas cells for 4 days with GoH3 (open bar) or rat IgG2a isotype control antibody (solid bar). *p , 0.05,
**p , 0.01 versus in the absence of GoH3 or in the presence of isotope control antibody. (C) Number of � cellsˆ (open bar) and total cells
(solid bar) after culture of 13.5-dpc fetal mouse pancreas cells for 4 days with GoH3 (40 �g/ml) in the presence or absence of laminin-1. 
*p , 0.001 versus in the presence of both laminin-1 and GoH3. **p , 0.01 versus in the presence of laminin-1 alone. Cell counts, as de-
scribed in ‘‘Materials and Methods,” were expressed as mean 6 SEM (n 5 3 separate experiments).
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Fig. 2. Number of � cells (open bar) and total cells (solid bar) in the presence of PI3K inhibitor wortmannin (A) or Ly294002 (B), 
F-actin polymerization inhibitor cytochalasin D (C), MEK1 inhibitor PD98059 (D), and Src family tyrosine kinase inhibitors genistein 
(E) and herbimycin A (F). � Cells were identified by staining with guinea pig anti-insulin serum and peroxidase and cell counts were
expressed as mean 6 SEM (n 5 3 separate experiments). The left panels show number of � cells and total cells in the presence of
laminin-1 (200 �g/ml) and the indicated concentrations of inhibitors. *p , 0.05, **p , 0.01 versus in the absence of wortmannin, Ly
294002, cytochalasin D or PD 98059. The right panels show number of � cells and total cells in the presence or absence of laminin-1
(200 �g/ml) and wortmannin (10 �M), Ly294002 (100 �M), or cytochalasin D (10 �M). *p , 0.001 versus in the presence of laminin-1
and wortmannin or Ly294002. **p , 0.01 versus in the presence of laminin-1 alone.

heparin, which also blocks laminin-1 binding to 
�-DG (17,25). IIH6 had a dose-response effect to
significantly decrease (p , 0.01) the number of
both total and � cells (Fig. 4A), whereas control
mouse IgM at the same concentrations had no effect

(data not shown). Heparin at 100 �M also signifi-
cantly decreased (p , 0.05) the number of total and �
cells (Fig. 4B). Furthermore, at this concentration, he-
parin blocked the effect of the �6 integrin antibody,
GoH3, to increase �-cell differentiation (Fig. 4C).
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Fig. 3. Pancreas morphology in �6 integrin gene knockout
fetuses at 15.5 and 18.5 dpc. � cells were identified with
guinea pig anti-insulin serum and peroxidase in �6-deficient
homozygous (2 /2 ) and heterozygous (2 /1 ) fetuses and wild-
type (1 /1 ) control fetuses.

These findings imply that laminin-1 signaling via �-
DG promotes cell survival and �-cell differentiation,
but that this effect can be inhibited by laminin-1 sig-
naling through �6 integrin.

Discussion
The number of � cells in fetal mouse pancreas cell
cultures was significantly increased, concomitant
with abolition of cell division, by blocking
laminin-1 binding to �6 integrin receptors or by in-
hibiting the PI3K-MAP kinase pathway or actin
polymerization downstream of �6 integrins. These
findings indicate that the �6 integrins mediate a
proliferative signal from laminin-1 through the
MAP kinase ERK pathway and a net inhibitory ef-
fect on �-cell differentiation. Blocking either the �1

or �4 integrin subunit had no effect on �-cell dif-
ferentiation, indicating that the � subunit has a
role distinct from its � subunits (38). On the other
hand, blocking laminin-1 binding to �-DG with
the monoclonal antibody, IIH6, dramatically 
decreased �-cell number and, furthermore, abro-
gated the effect of GoH3. Thus, on the basis of
these findings we propose that laminin-1 exerts
counter-regulatory effects through �6 integrin and
�-DG receptors. The predominant effect, signaling
for cell survival and �-cell differentiation through
�-DG, is countered in part by signaling through �6

integrins. This model is depicted schematically in
Fig. 5.

Fig. 4. Number of � cells (open bar) and total cells (solid bar)
after culture of 13.5-dpc fetal mouse pancreas cells for 4 days in
presence of laminin-1 (200 �g/ml) and IIH6 blocking mono-
clonal IgM antibody to �-DG (A) or heparin (B), or in presence
of laminin-1 (200 �g/ml) and heparin (100 �M) and indicated
concentrations of GoH3 rat IgG2a monoclonal antibody to �6 in-
tegrin (C). � Cells were identified with guinea pig anti-insulin
serum and peroxidase and cell counts were expressed at mean 6
SEM (n 5 3 separate experiments). *p , 0.005, **p , 0.01 versus
in the presence of laminin-1 and IIH6 (A) or heparin (B).
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appear to be the case. There are a number of possi-
ble explanations why �-cell development may be
normal in �6 integrin-deficient mice. The first, in
agreement with the present findings, is that inhibi-
tion through �6 integrin is relatively modest in com-
parison with the survival-differentiation signal
through �-DG. Second, �6 integrin deficiency could
be compensated for by other integrin members (41),
although we found that blocking the related �3 inte-
grin had no effect on laminin-1–induced �-cell de-
velopment. Third, laminin-1 signaling through �6

integrins could be antagonized in vivo by signals
from other ECM proteins (e.g., collagen IV) (5).
Overall, compared with �-DG, �6 integrins may play
a contributory but not essential role in �-cell differ-
entiation. A key role for �-DG transducing survival/
differentiation signals from laminin-1 is supported
by a recent report from Montanaro et al (42) in
which transfection of myoblasts with antisense 
�-DG RNA was shown to decrease the number of
myotubes in culture. Our findings indicate that
laminin-1 has dual effects on �-cell development 
via �6 integrins and �-DG, but that its binding to 
�-DG dominates in promoting survival and �-cell
differentiation. Understanding mechanisms by
which extracellular factors promote �-cell develop-
ment should facilitate �-cell replacement therapy for
type 1 diabetes.

Acknowledgments
This study was supported by the Juvenile Diabetes
Foundation International (Angelo and Susan Al-
berti Program Grant) and by the National Health and
Medical Research Council of Australia. The authors
thank Dr. Jorge Gonez for helpful advice and Mar-
garet Thompson for secretarial assistance.

References
1. Alpert S, Hanahan D, Teitelman G. (1988) Hybrid insulin

genes reveal a developmental lineage for pancreatic endocrine
cells and imply a relationship with neurons. Cell 53: 295–308. 

2. Slack JMW. Developmental biology of the pancreas. (1995)
Development 121: 1569–1580.

3. Jensen J, Scott Heller R, Funder-Nielsen T, et al. (2000) In-
dependent development of pancreatic �- and �-cells from
neurogenin3-expressing precursors. Diabetes 49: 163–176. 

4. Lelievre S, Weaver VM, Bissel M. (1996) Extracellular matrix
signalling from cellular membrane skeleton to the nuclear
skeleton: a model of gene regulation. Recent Prog. Horm. Res. 54:
417–432.

5. Jiang FX, Cram DC, DeAizpurua H, Harrison LC. (1999)
Laminin-1 promotes differentiation of fetal mouse pancreatic
�-cells. Diabetes 48: 722–730. 

6. Ekblom P. (1996) Receptors for laminins during epithelial
morphogenesis. Curr. Opin. Cell Biol. 8: 700–706.

7. Terpe HJ, Stark H, Ruiz P, Imhof BA. (1994) �6 integrin dis-
tributed in human embryonic and adult tissues. Histochemistry
101: 41–49.

8. Kadoya Y, Kadoya K, Durbeej M, Holmvall K, Sorokin L,
Ebklom P. (1995) Antibodies against domain E3 of laminin-
1 and integrin �6 subunit perturb branching epithelial mor-
phogenesis of submandibular gland, but by different modes.
J. Cell. Biol. 129: 521–534.

The increase in laminin-1–induced �-cell differ-
entiation after inhibition of PI3K with wortmannin
or Ly294002 confirms a previous report by Ptasznik
et al (39) that this enzyme is a negative regulator of
�-cell differentiation. These investigators found that
wortmannin induces morphologic and functional
endocrine differentiation in human fetal undifferen-
tiated pancreas cells. PI3K is upstream of the MEK1
signal cascade (13). Inhibition of MEK1 with
PD98059 also enhanced laminin-1–induced �-cell
differentiation. This is consistent with reports that
MEK1 is activated by ligation of laminin-1 and
�6A�1 (40) or �6�4 (24) integrins. Inhibition of Src
tyrosine kinases had no effect and therefore this
family of kinases is probably not involved in
laminin-1–induced �-cell differentiation. In sum-
mary, these data are consistent with the view that �6

integrin signaling through the MAP kinase ERK
module exerts a negative regulatory effect on �-cell
differentiation.

On the basis of these findings in vitro, the ab-
sence of �6 integrins in vivo might be expected to
promote �-cell development. However, this did not

Fig. 5. Dual regulation by laminin 1 to inhibit (via �6 inte-
grins) and stimulate (via �-DG) �-cell differentiation. Block-
ing laminin-1 binding to �6 integrins by GoH3 antibody, or in-
hibiting PI3K, MEK1 or actin polymerization by wortmannin or
Ly294002, PD98059 or cytochalasin D, respectively, significantly
increases the number of total and � cells. In contrast, blocking
laminin-1 binding to �-DG by IIH6 antibody or heparin de-
creases significantly the number of total and � cells. In the pres-
ence of heparin, the effect of GoH3 to enhance �-cell differentia-
tion is abolished.



114 Molecular Medicine, Volume 7, Number 2, February 2001

9. Falk M, Salmivirta K, Durbeej M, et al. (1996) Integrin �6�1

is involved in kidney tubulogenesis in vitro. J. Cell. Sci. 109:
2801–2810. 

10. Bosco D, Meda P, Halban PA, Rouiller DG. (2000) Importance
of cell-matrix interactions in rat islet �-cell secretion in vitro:
role of �6�1 integrin. Diabetes 49: 233–243. 

11. Miyamoto S, Teramoto H, Coso OA, et al. (1995) Integrin
function: Molecular hierarchies of cytoskeletal and signaling
molecules. J. Cell. Biol. 131: 791–805. 

12. Miyamoto S, Teramoto H, Gutkind JS, Yamada KM. (1996)
Integrins can collaborate with growth factors for phosphory-
lation of receptor tyrosine kinases and MAP kinase activa-
tion: Roles of integrin aggregation and occupancy of recep-
tors. J. Cell. Biol. 135: 1633–1643. 

13. Giancotti FG. (1997) Integrin signaling: Specificity and con-
trol of cell survival and cell cycle progression. Curr. Opin. Cell
Biol. 9: 691–700. 

14. Ibraghimov-Beskrovnaya O, Ervasti JM, Leveille CJ, Slaugh-
ter CA, Sernett SW, Campbell KP. (1992) Primary structure of
dystrophin-associated glycoproteins linking dystrophin to
the extracellular matrix. Nature 355: 696–702. 

15. Durbeej M, Henry MD, Ferletta M, Campbell KP, Ekblom P.
(1998) Distribution of dystroglycan in normal adult mouse
tissues. J. Histochem. Cytochem. 46: 449–457.

16. Suzuki A, Yoshida M, Hayashi K, Mizuno Y, Hagiwara Y,
Ozawa E. (1994) Molecular organization at the glycoprotien-
complex-binding site of dystrophin. Three dystrophin-
associated proteins bind directly to the carboxy-terminal por-
tion of dystrophin. Eur. J. Biochem. 220: 283–292.

17. Chan Y-M, Bonnemann CG, Lidov HGW, Kunkel LM. (1998)
Molecular organization of sarcoglycan complex in mouse my-
otubles in culture. J. Cell. Biol. 143: 2033–2044. 

18. Ervasti JM, Campbell KP. (1993) A role for the dystrophin-
glycoprotein complex as a transmembrane linker between
laminin and actin. J. Cell. Biol. 122: 809–823.

19. Rybakova IN, Ervasti JM. (1997) Dystrophin-glycoprotein
complex is monomeric and stabilizes actin filaments in vitro
through a lateral association. J. Biol. Chem. 272: 28771–
28778.

20. Durbeej M, Campbell KP. (1999) Biochemical characteriza-
tion of the epithelial dystroglycan complex. J. Biol. Chem. 274:
26609–26616.

21. Sonnenberg A, Linders CJT, Modderman PW, Damsky CH,
Aumailey M, Timpl R. (1990) Integrin recognition of differ-
ent cell-binding fragments of laminin (P1, E3, E8) and evi-
dence that �6�1 but not �6�4 functions as a major receptor for
fragment E8. J. Cell. Biol. 110: 2145–2155.

22. Almeida EA, Huovila AP, Sutherland AE, et al. (1995) Mouse egg
integrin �6�1 functions as a sperm receptor. Cell 81: 1095–1104.

23. Carter WG, Kaur P, Gil SG, Gahr PJ, Wayner EA. (1990) Dis-
tinct functions for integrins �3�1 in focal adhesions and
�6�4/bulows pemphigoid antigens in a new stable anchoring
contact (SAC) of keratinocytes: Relation to hemidermosomes.
J. Cell. Biol. 111: 314–354.

24. Mainiero F, Murgia C, Wary KK, et al. (1997) The coupling
of �6�4 integrin to Ras-MAP kinase pathways mediated by
Shc controls keratinocyte proliferation. EMBO J. 16: 2365–
2375. 

25. Lenter M, Uhlig H, Hamann A, Jeno P, Imhof B, Westweber
D. (1993) A monoclonal antibody against an activation
epitope on mouse integrin chain �1 blocks adhesion of lym-

phocytes to the endothelial integrin �8�1. Proc. Nat. Acad. Sci.
U.S.A. 90: 9051–9055. 

26. Pall EA, Bolton KM, Ervasti JM. (1996) Differential heparin
inhibition of skeletal muscle �-dystroglycan binding to
laminin. J. Biol. Chem. 271: 3817–3821. 

27. Powis GR, Bonjouklian MM, Berggren A, et al. (1994) Wort-
mannin a potent and selective inhibitor of phosphatidylinos-
itol 3-kinase. Cancer Res. 54: 2419–2423.

28. Vlahos CJ, Matter WF, Hui KY, Brown RF. (1994) A specific
inhibitor of phosphatidylinositol 3-kinase, 2-(4-morpholinyl)
-8-phenyl-4H-1-benzopyran-4-one (Ly294002). J. Biol. Chem.
269: 5241–5248. 

29. Uehara Y, Hori M, Takeuchi T, Umezawa H. (1986) Pheno-
typic change from transformed to normal induced by benzo-
quinonoid ansamycins accompanies inactivation of p60src in
rat kidney cells infected with Rous sarcoma virus. Mol. Cell.
Biol. 6: 2198–2206. 

30. Clarke EA, Brugge JS. (1995) Integrins and signal transduc-
tion pathways: The road taken. Science 268: 233–239. 

31. Ilic D, Damsky CH, Yamamoto T. (1997) Focal adhesion ki-
nase: At the crossroads of signal transduction. J. Cell. Sci. 110:
401–407. 

32. Dudley DT, Pang L, Decker SJ, Bridges AJ, Saltier AR. (1995)
A synthetic inhibitor of the mitogen-activated protein kinase
cascade. Proc. Natl. Acad. Sci. U.S.A. 92: 7686–7689. 

33. Georges-Labouesse E, Messaddeq N, Yehia G, Cadalbert L,
Dierich A, le Meur M. (1996) Absence of integrin �6 leads to
epidermolysis bullosa and neonatal death in mice. Nature
Genet. 13: 370–373. 

34. Hogervorst F, Kuikman I, van Kessel AG, Sonnenberg A.
(1991) Molecular cloning of the human �6 integrin subunit.
Alternative splicing of �6 mRNA and chromosomal localiza-
tion of the �6 and �4 genes. Eur. J. Biochem. 199: 425–433. 

35. Gao Z-Y, Konrad RJ, Collins H, Matschinsky FM, Rothenberg
PL, Wolf BA. (1996) Wortmannin inhibits insulin secretion in
pancreatic islets and �TC3 cells independent of its inhibition
of phosphatidylinositol 3-kinase. Diabetes 45: 854–862. 

36. Durbeej M, Larsson E, Ibraghimov-Beskrovnaya O, Roberds SL.
(1995) Non-muscle �-dystroglycan is involved in epithelial
development. J. Cell. Biol. 130: 79–91.

37. Brown SC, Fassati A, Popplewell L, et al. (1999) Dystrophic
phenotype induced in vitro by antibody blockade of muscle
�-dystroglycan-laminin interaction. J. Cell. Sci. 112:209–216.

38. Fuchs E. Dowling J, Segre J, Lo SH, Y Q-C. (1997) Integra-
tors of epidermal growth and differentiation, distinct func-
tions for �1 and �4 integrins. Curr. Opin. Genet. Dev. 7: 672–
682. 

39. Ptasznik A, Beattie GM, Mally MI, Cirulli V, Lopez A, Hayek A.
(1997) Phosphatidylinositol 3-kinase is a negative regulator
of cellular differentiation. J. Cell. Biol. 137: 1127–1136.

40. Wei J, Shaw LM, Mercurio AM. (1998) Regulation of mito-
gen-activated protein kinase activation by the cytoplasmic do-
main of the �6 integrin subunit. J. Biol. Chem. 273: 5903–5907. 

41. De Arcangelis A, Mark M, KreidbergJ, Sorokin L, Georges-
Labouesse E (1999) Synergistic activities of �3 and �6 inte-
grins are required during apical ectodermal ridge formation
and organogenesis in the mouse. Development 126:3957–3968.

42. Montanaro F, Lindenbaum M, Carbonetto S. (1999) �-dystro-
glycan is a laminin receptor involved in extracellular matrix
assembly on myotubes and muscle cell viability. J. Cell. Biol.
145: 1325–1340.


