of sensitivity, at the 12.5th and the 17.5th day after
conception, were observed (22). For irradiation, a
Westinghouse 150 Industrial X-ray Machine was
used (130 kilovolt peak-x-rays, delivered by a self-
rectifying tube, inherent filtration 1.65-mm alumi-
num). A current of 8 mA was used to obtain an
intensity at 40 cm of 24 =+ 2 rad/min. The mice were
exposed in individual sterile polypropylene-polyeth-
ylene containers resting on a 24-cm-diameter steel
turntable. The mice were rotated to ensure a more
accurate average value of the irradiated field. The
delivered dose was measured for each irradiation
with a Victoreen C-r 570 meter.

26. These doses were read from the radiometer that was
put into the irradiation chamber next to the mouse
container.

27. The experiments with single hairs were done similarly
to experiments described for a single cel-based
assay of the ““‘mouse spot test”” (76). The six unirra-
diated offspring were from three independent litters.
Six mice were irradiated with 100 cGy at day 17.5
after conception, and 12 offspring were used. The
skin of the mice was prepared as described by
Searle and Stephenson (76). The animals were killed
by decapitation 6 or 7 days after birth. Blood was
allowed to drain away, and each mouse was dissect-
ed to remove the skin. The skins were then treated

with 10% formalin for at least 24 hours, washed in
distiled water, transferred to 70% ethanol for 24
hours, transferred to 90% ethanol for 24 hours, and
incubated in two changes of absolute ethanol for 12
hours each. The skins were then treated with a 1:1
benzyl:ethyl alcohol mixture for 12 hours and with
pure benzyl alcohol for 12 hours. Any adherent mus-
cle tissue was removed with blunt-end forceps to
leave the skin as thin as possible. The skin was
divided into 12 dorsolateral segments, and each
segment was mounted in Canada balsam with the
dorsal surface uppermost on a microscope slide un-
der a cover slip. The slides were then left to dry on a
hot plate at 40°C. Each slide was examined in a
bright field under 100-fold magnification and the fol-
licles and hair counted.
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Association of Insulin Receptor
Substrate-1 with Integrins

Kristiina Vuori and Erkki Ruoslahti*

Insulin stimulation was found to promote association of the o, 8, integrin (a vitronectin
receptor) with insulin receptor substrate—1 (IRS-1), an intracellular protein that mediates
insulin signaling by binding other signaling molecules, including growth factor receptor—
bound protein 2 (Grb2) and phosphatidylinositol-3’ kinase. Insulin-treated cells express-
ing the a,B; integrin showed 2.5 times more DNA synthesis when plated on vitronectin
than on other substrates, whereas cells expressing another vitronectin receptor, o, 8, did
not show this difference. The association between integrin and IRS-1 may be a mech-
anism for the synergistic action of growth factor and extracellular matrix receptors.

Adhesion of cells to extracellular matrix
(ECM) is mainly mediated by the integrin
family of cell surface receptors (1) and is a
prerequisite for cell proliferation and sur-
vival (2). The pathways for integrin signal-
ing and growth factor signaling are thought
to be mechanistically linked because cell
adhesion to ECM is required for cells to
respond to certain growth factors (3) and
integrin-mediated cell adhesion and motil-
ity can be modulated by growth factors (4).
Furthermore, growth factor treatment can
disrupt focal adhesions, the presumed sites
of integrin-mediated signaling (5).

To investigate whether integrins associ-
ate with molecules involved in growth fac-
tor signaling, we studied Rat-1 fibroblasts
that had been stably transfected with DNA
encoding the human insulin receptor
(HIRCB cells) (6). We immunoprecipitated
integrins from these cells and searched for
coprecipitated tyrosine-phosphorylated pro-
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teins by immunoblotting with antibody to
phosphotyrosine (anti-pTyr). Two poly-
clonal antibodies against the o B, integrin
and a polyclonal antibody against the plate-
let oy, B5 integrin coprecipitated a 185-kD
phosphorylated protein (p185) from insu-
lin-stimulated but not quiescent HIRcB
cells (Fig. 1A, lanes 1, 3, 4, and 5). Two
other polyclonal antibodies to a5 did not
coprecipitate pl85, possibly because they
disrupt the integrin-p185 association (7).
No coprecipitation of p185 occurred with
polyclonal antibodies against the asB; in-
tegrin (a fibronectin receptor) (Fig. 1A,
lane 6) (8) or with antibodies against unre-
lated proteins (Fig. 1A, lane 7). Similar
results were obtained with human HepG2
hepatoma cells (9). When anti-a 85 immu-
nocomplexes were dissociated in SDS and
reprecipitated with the same antibodies,
pl85 was not detectable in the reprecipi-
tated receptor complex (I10), suggesting
that antibodies to integrins do not directly
cross-react with p185 under these condi-
tions (Fig. 1A, lane 8).

Isolation of HIRcB cell integrins on an
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affinity column confirmed the association
of p185 with integrins. The phosphorylated
pl85 copurified with detergent extracts
from insulin-treated cells on GRGDSPK-
Sepharose, a known ligand for o fB; and
other integrins (11), but not on Sepharose
linked to a control peptide, GRGESPK
(Fig. 1B).

Insulin receptor substrate—1 (IRS-1) is
the major target protein phosphorylated on
tyrosine by ligand-activated insulin recep-
tor and has an apparent molecular mass of
185 kD on SDS-polyacrylamide gels (12).
Immunoblot analysis with an antiserum
against the NH,-terminus of IRS-1 (13)
demonstrated the presence of a reactive
band in anti-a B; immunocomplexes from
insulin-stimulated but not quiescent HIRcB
cells (Fig. 1C). Similar results were ob-
tained with two other polyclonal antibodies
to IRS-1, one raised against the COOH-
terminus of IRS-1 and the other against
recombinant [IRS-1 produced in insect cells
(14). The antiserum against the NH,-ter-
minus of IRS-1, however, was used through-
out this study, as was anti-a B3 237, unless
otherwise indicated. Dissociation of the an-
ti-a B; immunocomplexes from insulin-
treated cells and subsequent reprecipitation
with anti—-IRS-1 yielded a band correspond-
ing to IRS-1 (Fig. 1D). The fact that the
bands produced by anti-a B; and anti—
IRS-1 (Fig. 1D, lanes 1 and 2) were of about
equal intensity, and the failure of the phos-
photyrosine antibody to immunoprecipitate
any phosphotyrosine-containing proteins
from the dissociated anti-a B complexes
after they had been depleted of IRS-1 (Fig.
1D, lane 3), showed that IRS-1 is a major
portion of pl85 associated with the
vitronectin receptor. About 5 to 8% of
IRS-1 associated with the vitronectin re-
ceptor, and maximal association was
reached after 3 min of insulin stimulation
(15). The insulin receptor was not detect-
able in the integrin immunocomplex (14).

Tyrosine-phosphorylated IRS-1 links in-
sulin receptor activation to downstream in-
tracellular signaling pathways through its
association with proteins containing the
Src homology 2 (SH2) domain. These pro-
teins include the Ras guanine nucleotide—
releasing complex Grb2-Sos, phosphatidyl-
inositol-3" kinase (PI-3 kinase), the phos-
photyrosine phosphatase Syp, and the adap-
tor protein Nck (12). We found that at least
two of these proteins, Grb2 and PI-3 kinase,
were precipitated by anti-a,3; from the
insulin-stimulated HIRcB cells (Fig. 2).
Whether other IRS-1-binding proteins are
also associated with integrins after insulin
stimulation remains to be tested.

To investigate the physiological effects
of the integrin—IRS-1 association, we stud-
ied FG human pancreatic carcinoma cells
which do not express a B, but rather use



Fig. 1. Association of p185 (IRS-1) with integrins.
(A) Lysates of quiescent (—) or insulin-stimulated
(+) HIRCB cells were immunoprecipitated with the
following antibodies: anti-a, B, 237 (lanes 1 and
3), preimmune serum for 237 (lane 2), anti-a, B,
1343 [anti-a B4(2)] (ane 4), anti-oy,B5 (lane 5),
anti-aB, (lane 6), and an unrelated rabbit poly-
clonal antibody (lane 7) (23). Separate stained gels
showed that the antibodies immunoprecipitated
the appropriate integrins. In lane 8, anti-a, 8, 237
immunocomplexes from insulin-treated cells were
dissociated and reprecipitated with the same an-
tibody (24). The immunocomplexes were ana-
lyzed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotted with a monoclo-
nal anti-pTyr and '25I-labeled antibody to mouse
immunoglobulin G (anti-mouse IgG) (25). (B) Ly-
sates of insulin-stimulated HIRcB cells (26) were
isolated on GRGDSPK-Sepharose (RGD, lane 1)
or GRGESPK-Sepharose (RGE, lane 2), and elu-
ates were analyzed by anti-pTyr immunoblotting.
(C) Lysates of quiescent or insulin-stimulated
HIRcB cells were immunoprecipitated with the in-
dicated antibodies. The immunoprecipitates were
analyzed by SDS-PAGE and immunoblotted with
anti-IRS-1 followed by chemiluminescence de-
tection with anti-rabbit IgG (ECL, Amersham). The
amount of protein loaded in lanes 1 to 6 was five

A 2 8§, B
o35 o Ma - ©
=Y Qo oo o
SEFEgIEY iy
ESEEEESRE R
PEoEE228% £
1 2:9-45 678 2
Insulin: - + + + + + + + |Insuli;: + +
200—
97—
68—
43—
29—
c ™ D ik
- a @O 5
g g5k
s P: € < %
123 4 5.8 78 b 1% )
Insulin: - + + + + Insulin: + + +
200 A

e

9
Blot: Anti-pTyr

g7-1

times that in lanes 7 and 8. (D) Anti-a, 8, immunocomplexes from insulin-treated cells (lane 1) were
dissociated as in (A). The supernatant was subjected to three rounds of reprecipitation with the anti-IRS-1
(lane 2), and the supernatant cleared of IRS-1 was immunoprecipitated with anti-pTyr antibody (lane 3).
The immunoprecipitates were analyzed by SDS-PAGE and immunoblotted with anti-pTyr. Molecular

sizes are indicated to the left of gels in kilodaltons.

integrin o B as their vitronectin receptor
(16). IRS-1 became tyrosine-phosphorylat-
ed in insulin-stimulated FG-C cells (Fig.
3A, lane 2) (17), but it did not associate
with the o B5 integrin (Fig. 3A, lanes 3 and
4) (18). In contrast, integrin association of

IRS-1 was found in FG-B cells that had
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Fig. 2. Association of Grb2 (A) and PI-3 kinase (B)
with integrins. Lysates of quiescent (—) or insulin-
stimulated (+) HIRcB cells were immunoprecipi-
tated with the indicated antibodies (25). The
amount of protein loaded in (A) in the anti-o B4
lanes was 5 times that in the anti-IRS-1 lanes, and
10 times that in the anti-Grb2 lanes. In (B), equal
amounts of proteins were loaded in the lanes. The
immunoprecipitates were analyzed by SDS-
PAGE and immunoblotted. Immunoreactive pro-
teins were detected with anti-mouse IgG or anti-
rabbit IgG, respectively, and chemiluminescence.

been stably transfected with a B; integrin
complementary DNA (cDNA) and thus ex-
press the o B; integrin (Fig. 3A, lanes 5 and
7) (17). No association of the B, integrins
with IRS-1 was seen (Fig. 3A, lane 8). The
FG-B cells responded to insulin with about
a 2.5-fold higher level of DNA synthesis
when plated on vitronectin (an a B;-a Bs
integrin ligand) compared with collagen (a
B, integrin ligand) (Fig. 3B). The a B;-
negative FG-C cells showed the same re-
sponse to insulin whether plated on
vitronectin or collagen. A correlation be-
tween a5 expression and increased insu-
lin responsiveness on vitronectin was also
found in a study of three a B;-expressing
cell lines and three lines expressing only
a,Bs. By using these cell lines, we could
also show that attachment to laminin does
not increase insulin responsiveness (19).
Our results demonstrate a physical as-
sociation between an integrin and a pro-
tein that functions in growth factor signal-
ing. Although these experiments cannot
distinguish a preexisting association from
one that occurs after the cells have been
extracted, the cell proliferation data sug-
gest that the o B; integrin, presumably
through its interaction with IRS-1, mod-
ulates cellular responses to insulin in a
ligand-dependent manner. The integrin
association may increase the level of phos-
phorylated IRS-1 at the plasma mem-
brane, where some of the targets for the
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Fig. 3. Integrin-IRS-1 association and DNA syn-
thesis in insulin-stimulated human pancreatic car-
cinoma cells. (A) Lysates of quiescent (—) or insu-
lin-stimulated (+) cells were immunoprecipitated
with the indicated antibodies (22). Immunoprecipi-
tates were analyzed by SDS-PAGE and immuno-
blotted with anti-pTyr (lanes 1 and 2) or anti—-IRS-1
(lanes 3 to 7). (B) Incorporation of [*H]thymidine
into DNA. FG-B (samples 1, 2, 5, 6, 9, and 10) and
FG-C cells (samples 3, 4, 7, 8, 11, and 12) were
transferred to 24-well plates (1 X 105 cells per
well) that had been coated with vitronectin or
type | collagen. Cells were incubated for 36
hours in DMEM containing either 10% FCS
(samples 1 to 4) or 0.1% BSA (samples 5 to 12),
followed by addition of buffer (samples 5 to 8) or
100 nM insulin (samples 9 to 12) (27). After 15
hours, the cells were pulse-labeled with [BH]thy-
midine (1 wCi/ml) (specific activity 6.7 Ci/mmoal,
DuPont NEN) for 3 hours, and thymidine incor-
poration into DNA was determined by trichloro-
acetic acid precipitation and liquid scintillation
counting. Error bars indicate the standard error
of three determinations.

IRS-1-associated signaling molecules are
localized, and thereby enhance insulin-
mediated signaling.

Unlike the activation of focal adhesion
kinase, which seems to be mediated by a .
number of integrins (5, 20), the association
with IRS-1 appears to be limited to the
a,B; integrin, at least in the cell lines ex-
amined so far. IRS-1 could therefore medi-
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ate integrin-specific signals, such as the en-
hanced growth response to insulin. A 190-
kD protein that associates with o, integrins
in platelet-derived growth factor (PDGF)-
stimulated cells (21) may serve a similar
function in linking the PDGF pathway to
specific integrins. The signal transduction
pathways of other growth factor and cell
adhesion receptors are likely to be integrat-
ed by related mechanisms.
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Exocytosis in Spermatozoa in Response to
Progesterone and Zona Pellucida

Eduardo R. S. Roldan,* Tetsuma Murase, Qi-Xian Shi

Exocytosis in mammalian spermatozoa (the acrosome reaction) is a process essential for
fertilization. Both progesterone and zona pellucida induce exocytosis in spermatozoa,
which may encounter both during penetration of the oocyte’s vestments. When mouse
spermatozoa were exposed first to progesterone and then to zona pellucida, exocytosis
was enhanced to a greater degree than that seen when the agonists were presented
together or in the inverse order, which suggests that the steroid exerts a priming effect.
Progesterone similarly primed the generation of intracellular messengers evoked by zona
pellucida. The effects triggered by progesterone were mimicked by y-aminobutyric acid
(GABA) and were blocked by bicuculline, which indicates that the steroid acts on a GABA,

receptor.

At fertilization, the spermatozoon under-
goes exocytosis in response to an oocyte-
derived signal or signals (1). However, two
conflicting views exist regarding the agonist
responsible for triggering exocytosis. The
generally accepted view is that, after tra-
versing the cumulus oophorus, the sperma-
tozoon is stimulated by the zona pellucida
(ZP) (1), and exposure to ZP leads to ty-
rosine phosphorylation of p95 (2) and acti-
vation of a guanosine triphosphate (GTP)—
binding protein (G, class) (3). However,
targets for these transducing mechanisms
have not been identified. An alternative
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view states that progesterone, trapped in or
produced by the cumulus oophorus, can also
initiate exocytosis (4). Progesterone action
is specific (5-7), is mediated by a surface
receptor (8), and also leads to phosphoryla-
tion of p95 (9); G protein activation, how-
ever, does not take place (10). We tested
whether these agonists interact at an early
stage during exocytosis and examined
which messengers are elicited by progester-
one or ZP and whether these agonists acti-
vate different pathways for the generation
of such messengers.

Mouse spermatozoa undergo exocytosis
of the acrosome when exposed to ZP (Fig.
1) (I). Mouse spermatozoa capacitated in
vitro (11) also undergo exocytosis when
exposed to progesterone (Fig. 1) (12). To
investigate how the actions of these ago-
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