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ABSTRACT.We transfected rat pheochromocytoma (PC12) cells with a CDNAencoding chicken integrin fa
subunit. The chicken integrin fa subunit produced in stable transfectants associated with two major a subunits
of rat integrins to form interspecific chimeric receptors. These receptors mediated cell spreading and initial
neurite outgrowth on laminin as did corresponding endogenous integrins, although they were slightly less effective
in inducing cell adhesion to lgminin. These results indicate that chicken integrin fa may functionally substitute

for fa subunit of rat integrins in PC12 cells. Apparently, the structure of the integrin fa subunit is highly con-
served in the evolution of these species.

Nerve growth factor (NGF)-induced differentiation
of PC12 cells is widely accepted as a relevant model of
neuronal development (7). The cells stop dividing, com-
mence neurite outgrowth and become excitable after
NGFtreatment, as do most neurons. To cause these
changes in neuronlike cells such as PC12, NGFmust
bind to specific cell surface receptors which interact
with more than one transducing molecule to modulate
intracellular levels of several second messengers such as
CAMP, Ca2+ and phosphatidylinositol (2, 4, 9).

Recent evidence has shown that neurite outgrowth
from PC12 cells cultured with astrocytes is mediated by
the interaction between extracellular matrix compo-
nents (collagen or laminin) and their receptor integrins
or homohelic binding molecules such as N-cadherins
(13). The neuritic response of PC12 cells on laminin is
completely inhibited by antibodies to integrins (15). It
seems possible that NGF-NGF receptor complexes
might somehowactivate the integrin systems by stimu-
lating de novo synthesis of integrins and/or by mod-
ifying the coupling efficiencies of integrins.
To study the effect of exogenous integrin on cell adhe-
sion to laminin, we introduced a CDNAencoding chick-
en fa subunit into rat PC12 cells and examined the re-
sponse of these cells to NGFas well as laminin. Were-
port here that chicken-rat chimeric integrins are also
functional in mediating cell spreading and initial neu-
rite outgrowth on laminin.

MATERIALS AND METHODS

Cell culture. PC12 cells were grown as monolayers in

DMEmedium (GIBCO) supplemented with 10% calf serum
(GIBCO), 5% horse serum (GIBCO), 1 mg/ml of glutamine,
100 units/ml of penicillin and 100jug/ml of streptomycin
(Sigma). Cultures were incubated at 37°C in 95% air/5% CO2
and fed every other day. Culture dishes were previously
coated with laminin (10 jug/m\) at 4°C overnight; this was fol-
lowed by washing with PBS and incubation with PBS contain-
ing2% BSA for 2h at 37°C.
Transfection. A CDNAencoding the chicken integrin /3i
subunit was excised with EcoRI from pGEMl-integrin (12),
blunt-ended, and cloned into the Sma I site of the pMAMneo
vector (Toyobo, Tokyo). PC12 cells were transfected with this
plasmid (PMN-INT) by electroporation according to the Bio-
Rad instruction manual and cultured in the presence of G418
(0.8mg/ml). Since the pMAMneo vector contains two
promoters in line, one of which is inducible with dexametha-
sone, expression of chicken integrin in cultured cells was car-
ried out in the presence of dexamethasone (2 /uM). The posi-
tive clones were selected with immunostaining for chicken inte-
grin.

Immunostaining. Twodays after culture in the presence
or absence of dexamethasone,transfectants or mock-trans-
fectants were fixed with 3.7% formaldehyde for 15 min and
permeabilized with 0.4% Triton X-100 for 5 min at room tem-
perature. The cultures were incubated with 0.15 Mglycine in
phosphate-buffered saline (PBS) for 10 min, 5% goat serum
in PBS for 1 h, and antibodies to chicken or mouse integrin at
a 1:100 dilution for 30 min at room temperature as described
previously (6). Cells were then treated with an affinity-purified
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit
IgG (Cappel) for 30 min, and observed under an Axioplan flu-
orescence microscope (Nikon).
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Immunoprecipitation. To label cells metabolically with
35S-methionine, cells were transferred to methionine-free syn-
thetic medium (N2) supplemented with 2 juM dexamethasone,
35S-methionine (1 100 Ci/mmol, Dupont) and the antibiotics,
and then incubated in 5%CO2/air at 37°C for 12 h. The cells
were washed three times in PBS, collected mechanically in
PBS containing protease inhibitor mixture (2 mMPMSF, 10
jug/m\ leupeptin, 0.1 jug/ml pepstatin, and 0.1 mMo-phenan-
throline), and then solubilized in 0.5% NP-40 suspended in
PBS. The labeled integrins were immunoprecipitated from the
NP-40 extract with antibodies to integrins as described previ-
ously (3). Immunoprecipitated proteins were separated on
SDS-PAGE, and autoradiography procedures were carried
out(6).

Cell attachment assay. Cells were cultured for 2 days in
the presence of 100 ng/ml of NGF. In some experiments, cells
were cultured in the presence of dexamethasone as well as
NGF. The NGF-primed cells were collected in a mild condi-
tion as described previously (6), and resuspended in DMEme-
dium containing 2%BSAand various amounts of rabbit anti-
bodies to chicken or mouse integrin (3, 6). These anti-chicken

and anti-mouse antibodies specifically recognized the ^i sub-
unit of their own integrins without cross-reacting between the
two species, and blocked adhesion of fibroblasts from chicken
and mouse to matrix proteins, respectively (6). Aliquots of the
above cell suspension (104 cells) were dispensed to laminin-
coated multiwells (96 wells). The numbers of spreading cells
and round cells were counted separately in each well 1 h after
the incubation at 37°C in 5% CC^/air, and ratios of spread-
ing cells to the total cells were expressed as percentages.

RESULTS

PC12 cells transfected with PMN-INTwere cultured
in the presence of G418for a few weeks until clones
were visible. Thirty clones were isolated at random, and
an aliquot of the cell suspension of each clone was re-
plated and treated with dexamethasone. Weobtained
several positive clones for chicken integrin, one
(PC12W19-I) of which was selected for further charac-
terization. This clone produced only a minimal amount
of chicken integrins when cultured without dexametha-

Fig. 1. Immunostaining of chicken integrin /3j subunit expressed in rat PC12 cells. Transfected (A, B) and mock-transfected cells (C, D) were
cultured for 2 days in the absence (A) or presence (B, C, D) of dexamethasone. The cells were immunostained with anti-chicken integrin /3} anti-
body (A, B, D) or anti-mouse integrin antibody (C) using FITC conjugated anti-rabbit antibody.
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Fig. 2. Immunoprecipitation of chicken integrin ft subunit from
transfected PC12 cells. Cells were metabolically labeled with 35S-me-
thionine, and integrins were immunoprecipitated with antibodies to
chicken integrin (lanes 1, 2) and to mouse integrin (lane 3). The sam-
ple in lane 1 was prepared from uninduced transfectant cells, and
samples in lanes 2 and 3 were from induced transfectant cells and in-
duced mock-transfectant cells, respectively. au rat a1 subunit; a*, rat
a subunit; ft (larger ft), rat ft subunit; ft (smaller ft), chicken ft sub-unit; F, front line of electrophoresis.

sone, showing a positive reaction to chicken integrin fa
subunit in a small number of cells (Fig. 1A). In con-

trast, the addition of dexamethasone induced chicken
integrin expression in all cells of the clone; the mole-
cules spread through the cytoplasm as well as the cell
surface (Fig. IB). These results indicated that chicken in-
tegrin CDNAfrom the plasmid was incorporated into

chromosomal DNAof the recipient rat PC12 cells and
expressed stably in an inducible fashion.
Immunoprecipitation was carried out to determine
whether the synthesized integrin could be associated
with the a subunits of rat integrins. As shown in Fig. 2
(lane 1), uninduced transfectants did not synthesize a de-
tectable amount of chicken integrin. In contrast, dexa-
methasone-treated transfectants expressed three distinct
protein bands which were similar, if not identical, to
the protein bands immunoprecipitated with anti-mouse
integrin antibody from mock transfectants (Fig. 2,
lanes 2 and 3). As PC12cells are knownto express two
major integrins (13), a\fi\ and another a subunit associ-
ated with /Si (a*Pi)9 this result suggests that both a sub-
units of these integrins associated with the chicken inte-
grin fa subunit as well as the rat integrin /^ subunit.
There were a few bands in the range smaller than 50
kDa as detected by autoradiography (Fig. 2); there prob-
ably represent proteolytic fragments of integrins which
still contain epitopes recognizable by the antibodies.
The amount of immunoprecipitated chimeric receptor
was ca. 30-40,%' of that of rat integrin when the ratio
was estimated by the amount of a subunit. The chicken
ft band was somewhat faint compared to the bands
coprecipitated, showing slow labeling with 35S-methio-
nine.

The cell spreading assay of this transfectant was per-
formed on laminin-coated dishes (Fig. 3). Cells cultured
in the presence of lOOng/ml of NGFfor 2 days were
mixed with varying amounts of antibodies to chicken
and/or mouse integrins and then plated onto laminin-
coated culture wells. Both mock and uninduced trans-
fectant cells spread on laminin within 1 h and started to
extend neurites in the absence of any antibodies (data
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Fig. 3. Inhibition of transfectant cell attachment to laminin by the antibody to mouse and chicken integrins. One h after plating on laminin-
coated plates, the percentage of spreading cells among total cells was calculated. Column 1, no antibody addition; column 2, antibody to mouse
integrin; column 3, antibodies to chicken and mouse integrins; column 4, antibody to chicken integrin. PC12, PC12W19-Iand PC12W19-Uare
mock transfectants, induced transfectants and uninduced transfectants, respectively.
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Fig. 4. Cell adhesion to laminin-coated dishes. PC 12 and PC12wl9 were cultured for 2 days in the presence of both NGFand dexamethasone,
and the cell suspensions were prepared. After mixing with antibody to mouse integrin (at a dilution of 1:100, PC12wl9) or preimmune serum (at
the same dilution, PC12), the cell suspensions were dispensed to multiplates which were previously coated with various concentrations of la-
minin. The percentage of spreading cells in each well was calculated as shown in Fig. 3.

not shown). In contrast, cell attachment to the laminin-
coated dishes was blocked by the addition of anti-
mouse integrin antibody (Fig. 3); the cells adhered
weakly to the substratum from which they were easily
detached by gentle agitation. On the other hand, trans-
fectants induced by dexamethasone spread on laminin
even in the presence of one of either antibodies (Fig. 3).
However, the addition.of both antibodies inhibited the
cell adhesion to the substratum. These results imply
that dexamethasone induces a production of chicken in-
tegrin in rat PC12 cells, resulting in the formation of
functional chimeric integrins. If the chimeric integrins
were neither formed nor functional, the cells would not
spread on laminin in the presence of mouseantibody.
The chimeric integrins in transfectant PC12 cells, there-
fore, take part in cell attachment to laminin.
The sensitivities of mock-transfected and transfected
cells to NGFwere almost the sameat the concentrations
examined (1, 10, and 100 ng/ml, data not shown). Both
types of cells were also equally reactive to laminin in
terms of cell spreading and initial neuritic response
when no anti-integrin antibody was added. However,
this does not necessarily indicate that both chimeric and
endogenous integrins have comparable affinity to laminin.
To clarify this point, we compared the laminin-medi-
ated cell adhesion by chimeric integrins with that of rat
endogenous integrins. As shown in Fig. 4, the laminin
concentrations that gave rise to the half-maximal cell ad-
hesion were 1.8//g/ml for rat integrins and 4.3 /ig/ml
for chimeric integrins, showing only a slight difference
in effectiveness between rat and chimeric integrins to
promote cell adhesion to laminin.

DISCUSSION

In the present study, we showed that the chicken inte-
grin ft subunit is synthesized as a functional molecule
in a foreign rat PC12 cell, forming chimeric integrins
with rat integrin <x\ and a* subunits, which are capable
of mediating cell adhesion to laminin.
The chicken integrin ft subunit expressed in mouse
NIH3T3 cells also assembles with mouseintegrin a3 as
well as a5 subunits, which results in the formation of
functional receptors (6, 10). Such integrins were found
to have intact binding domains; one of them is present
in the extracellular region of integrin molecules, and the
other is in the intracellular region and binds to vinculin
through talin (6). Thus, chicken ft subunit may substi-
tute for the ft subunit of not only rat but also the inte-
grins of other species. Most of such chimeric integrins
formed in foreign cells are functional (5, 8, 10, ll).

Therefore, it is assumed that the integrin domains re-
sponsible for binding other protein(s) are highly con-
served through evolution.
The antibody to mouse integrin, which recognizes the
/3 subunit of mouse integrins, blocked the function of
rat integrins, but not that of the chimeric integrins,
showing a condition in which only chimeric integrins
are able to work. Using this condition, we showed here
that these chimeric integrins mediated initial cell spread-
ing on laminin as well as collagen (data not shown).
However, we could not examine the efficiency of chi-
meric integrins in performing their function during
long-term culture in comparison to that of the endo-
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genous integrins, since newly synthesized integrins quickly
overcame the blockage of integrin by antibody during
cultivation.
The sensitivity of the transfectant to NGFwas almost
the same as that of the original cells. This may suggest
that expression of chicken integrin fa subunit did notaffect NGF-mediated systems which were somehow
linked to integrin systems to induce neurite outgrowth
from PC12 cells.

If intensities of a subunits in the autoradiography
reflect the amount of de novo synthesized integrins, the
ratios of chimeric integrins to rat domestic ones in trans-
fected cells could be estimated and were actually 4-10
(for a\Pi) and 0.2-0.4 (for a*fa). This raises two ques-
tions. The first one is what the reason for such varia-
tions in the ratios is. The amount of each synthesized /3
subunit can affect the total amount of each integrin,
which may account for the different values among the
transfectants examined. The second one is whythe ra-
tios of the two major integrins (chimeric aifa/rat ct\fa
and chimeric a*fa/rat a*fa) are reversed in transfected
cells. The affinities of chicken and rat /5 subunits toward
each a subunit seem to be different. Alternatively, the
competition between chicken and rat /3 subunits to as-
semble with a subunits appeared to be reversed in the
case of the two major a subunits. These questions, how-
ever, still remain to be clarified.
Whenthe expression of chicken fa was augmented by
dexamethasone, the domestic fa subunit did not occupy
the a subunit as frequently as in the untreated condition
(unpublished data). This implies that the chimeric inte-
grin formation in PC12 cells was as efficient as that of
rat integrins, whereas the affinities of chimeric integrins
to laminin were shown to be comparable, but slightly
lower than those of rat integrins. At present, we do not
knowwhich region in integrin subunits is more crucial
in decreasing the affinities of the chimeric integrins to la-
minin. Further experiments are needed to induce muta-
tions in various regions in integrins including laminin
binding, cytoplasmic and Ca ion binding domains to ac-
cess regions responsible for their ligand binding activi-
ties.
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