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Integrins regulate cell growth, differentiation, and behavior in many systems. Integrin B,
(B,¢) is an alternatively spliced variant of integrin B, with a specific cytoplasmic domain
and is expressed in several human tissues. Human B, transiently expressed in mouse
10T1/2 fibroblasts showed a diffuse pattern of cell surface staining, whereas B, localized
to focal adhesions. Moderate concentrations of B, had no effect on actin stress fibers
or focal adhesions, but markedly inhibited DNA synthesis. Inhibition by B, mapped to
the late G, phase of the cell cycle, near the G,-S boundary. Thus, alternative splicing of
B, results in transmission of distinct signals that may regulate growth in vivo.

Integrins are af} heterodimers that mediate
adhesion of cells to extracellular matrix
proteins and to other cells (1). They regu-
late many intracellular signaling pathways,
including tyrosine phosphorylation, cyto-
plasmic alkalinization, intracellular Ca?*
fluctuations, and inositol lipid metabolism
(1, 2).

The B, chain is an alternatively spliced
variant of the integrin B, subunit (3), a
widely expressed subunit that pairs with a,
and o, through o, and binds to extracellu-
lar matrix and cell surface ligands (2). B,
contains a distinct 48 —amino acid sequence
that replaces the COOH-terminal 21 resi-
dues of the B, cytoplasmic domain. This
alternative cytoplasmic domain shares 29%
identity with the COOH-terminal half of
the Src homology 2 (SH2) domain (3). The
B,c protein is expressed in epithelial cells of
the liver (4) and in endothelial cells ex-
posed to tumor necrosis factor (5). B,c
mRNA is present in placenta, platelets, and
hematopoietic cell lines (3).

To investigate the function of B, we
transiently transfected mouse 10T1/2 fibro-
blasts by microinjecting complementary
DNAs (cDNAs) that encode human B, and
B, variants. Microinjected cells showed sur-
face staining with monoclonal antibodies
(mAbs) specific to the extracellular domain
of human B, [TS2/16 (6) or P5D2 (7)] (Fig.
1). This observation indicates that B, can
pair with endogenous mouse a subunits,
consistent with data showing that the B,
cytoplasmic domain has little effect on ex-
pression and pairing (8). Surface expression
was detected 1 hour after cDNA injection
in all expressing cells. B, showed a diffuse
staining pattern (Fig. 1C), whereas human
B, protein was localized to focal adhesions
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(Fig. 1A). A diffuse staining pattern was
also detected for the other alternatively
spliced variant of B,, B;g (9), suggesting
that residues replaced by alternative splic-
ing are required for localization to focal

adhesions. Small or moderate amounts of

B,c did not disrupt endogenous focal adhe-
sions, as revealed by the continued presence
of actin stress fibers (Fig. 1, B and D) and

vinculin localization in expressing cells

(10), and had no detectable effect on cell
morphology (Fig. 1, A and C).

Despite achieving expression in tran-
sient assays, we repeatedly failed to obtain
stable cell lines that express B¢, suggesting
that B, might affect cell growth or surviv-
al. To test this hypothesis, we assayed cell
growth in transiently transfected cells. Qui-
escent 10T1/2 cells in 0.25% serum were
microinjected with either B, or B, cDNA,
then placed in medium containing 10%
serum and the thymidine analog bromode-
oxyuridine (BrdU) to stimulate entry into
the cell cycle. After 18 to 24 hours, cells
were fixed and stained for both expression
of human integrins and BrdU incorpora-
tion. Whereas expression of B, had no sig-
nificant effect on DNA synthesis compared
to uninjected cells, B, inhibited DNA syn-
thesis (Fig. 2A). Similar amounts of B, and
B,c protein were expressed on the cell sur-

Fig. 1. Expression of human B, and
B,c in 10T1/2 cells. Mouse 10T1/2
fibroblasts were microinjected with
expression vectors that contained
cDNA encoding human integrin g, (A
and B) or B,; (C and D) (17, 19).
After 24 hours of incubation, cells
were fixed and stained with a mAb
specific for human B, (TS2/16 or C
P5D2) [(A) and (C)] or with rhoda-
mine-phalloidin [(B) and (D)] (76). The
same cells are shown in (A) and (B)
and the same cells are shown in (C)
and (D). Magnification, X1300.
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face when immunofluorescence of single
cells was quantitated by microfluorimetry
(11). Even after 48 hours of continuous
labeling, B, blocked DNA synthesis (5%
of the B,c-expressing cells entered the S
phase of the cell cycle, compared with 96%
of uninjected cells) (10).

To determine the amount of B, protein
expressed relative to endogenous mouse B,
we took advantage of the fact that human
endothelial cells and 10T1/2 cells express
similar amounts of B, as determined by
immunoblot analysis with an antibody to
the highly conserved cytoplasmic domain
(10). Both 10T1/2 cells expressing human
B,c and human endothelial cells were
stained with an antibody to human B, and
specific fluorescence per cell was quantitat-
ed. The amount of B, protein in microin-
jected cells was 19 * 5% of the endogenous
B, according to this assay. However, when
both expression and DNA synthesis were
analyzed, even cells that expressed only
one-third of this amount of B,- protein
(6% of endogenous B,) showed marked in-
hibition of DNA synthesis (10). Because
smaller amounts of B, expression cannot
be accurately quantitated by this method,
these values provide only a lower limit for
the potency of B, as a growth inhibitor.

To determine at which point in the cell
cycle B,-expressing cells were arrested, we
injected quiescent cells with B, cDNA at
various times after addition of 10% serum.
Preliminary experiments showed that addi-
tion of serum triggered DNA synthesis after
12 to 18 hours (half-time, 15 hours). DNA
synthesis became insensitive to inhibition by
B,c late in G, (half-time, 12 hours), ~3
hours before the beginning of the S phase
(Fig. 2B). To analyze the cell cycle block
further, we scored B,--expressing cells for
the expression of cyclins E and A. Initial
experiments showed that cyclin E nuclear
staining was detectable 11 hours after the
addition of serum and was maximal by 14
hours, in agreement with previous studies
(12). Cyclin A nuclear staining was detect-
able 16 hours after addition of serum, con-
sistent with its expression during the S phase




(13). Expression of B, blocked the appear-
ance of cyclin A, consistent with the failure
to enter the S phase (Fig. 2C). In contrast,
B, had no effect on the appearance of
cyclin E in the nucleus. However, the fact
that the loss of sensitivity to B, coincides
with the expression of cyclin E suggests that
B, may block cell cycle progression by af-
fecting cyclin E-Cdk (cyclin-dependent ki-
nase) activity or downstream functions.
Because integrin signaling events are
usually dependent on receptor ligation (I,
2), the role of ligand binding in growth
inhibition by B,~ was investigated. The
mutation DI30A (Asp*® — Ala) blocks
binding of several ligands to B, integrins
(14). Expression of a B, variant containing
this mutation also inhibited DNA synthesis
(Fig. 2A), and incubation of B, -expressing
cells with antibody 13 (which blocks ligand
binding to B, integrins) at concentrations
that induced cell rounding of human endo-
thelial cells did not affect B, inhibition
(10). Thus, occupancy of the ligand binding
site of B, appears not to be required for
inhibition of cell cycle progression; howev-
er, we cannot rule out binding of unidenti-

fied ligands through sites on the a or B
subunit that are not blocked by the D130A
mutation or the antibody.

It is possible that B, inhibits growth
because it possesses a disrupted cytoplasmic
domain, rather than because it actively
transmits a signal. However, expression of a
B, variant with a truncated cytoplasmic do-
main in amounts equivalent to B~ had no
effect on DNA synthesis (Fig. 3A). This
result suggests that specific B, sequences
are required for growth inhibition. To map
the growth-inhibitory domain of B, we
created three B, deletions by introducing
stop codons within the B, coding sequence
(Fig. 3B). Microinjection of these deletion
mutants showed that removal of only 13
residues from the COOH-terminus of B,.
prevented inhibition of DNA synthesis (Fig.
3A), indicating that the growth-inhibitory
function of B, depends on an intact B,
domain. This observation also suggests that
growth inhibition by B, is not a result of
expression of 3, mRNA sequences.

Only a few receptors are known to inhibit
cell growth, primarily members of the trans-
forming growth factor—3, tumor necrosis fac-

Fig. 2. The effect of B, on DNA £ 100
synthesis and cyclin expression. (A) @
Quiescent 10T1/2 cells in 0.25% 2 o0
serum were microinjected  with H
cDNA encoding B, B¢, Or the B, &
extracellular domain mutant D130A %

(20). Cells were incubated in 10% Un.
serum and BrdU for 24 hours, then

fixed and stained for human B, integrin expression and BrdU incorpora-
tion (78). The percentages of uninjected (Un.), B,-expressing (B,), B,c-
expressing (B,o). and B, D130A (D130A)-expressing cells that were
labeled with BrdU are shown. Values are means = SD from three to six
experiments. (B) Quiescent 10T1/2 cells in 0.25% serum were switched
to medium containing 10% serum and microinjected with cDNA encoding
B¢ at the indicated times thereafter. After 24 hours in 10% serum, cells
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were fixed and stained for B, expression and BrdU incorporation (27).

The percentage of B,-expressing cells that were labeled with BrdU is shown. Values are means = SD
from two experiments. Similar results were obtained in three other experiments. (C) Quiescent 10T1/2
cells in 0.25% serum were switched to 10% serum and either left uninjected (solid bars) or were
microinjected with cDNA encoding B, (striped bars). Cells were fixed 18 hours later and stained for 8,
and either cyclin E or cyclin A (22). Values are means = SD from three experiments.
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Fig. 3. Effects of B, and B, variants on DNA synthesis. (A) Quiescent 10T1/2 cells in 0.25% serum were
microinjected with cDNA encoding B, B, ¢, @ cytoplasmic deletion of B, (8,2), or one of three B, deletion
mutants (A766, A774, or A792) (23). Cells were incubated in 10% serum and BrdU for 24 hours, then
fixed and stained for human B, integrin expression and BrdU incorporation (78). The percentage of
uninjected (Un.) or expressing cells that were labeled with BrdU is shown. Values are means + SD from
four experiments. (B) Amino acid sequences of the B, cytoplasmic domain variants. Sequences begin at
residue 732. Residues 736 to 753 are not shown. Amino acid numbering is based on the mature protein.
Abbreviations for the amino acid residues are A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle;
K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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tor, or interferon receptor families (15); B,
can now be added to this group. The fact that
B,c has been observed by immunocytochem-
istry in human tissues (4), together with our
data showing that the smallest amount of B,
detectable by immunofluorescence markedly
inhibited DNA synthesis, suggests that B,
plays a physiological role in preventing un-
controlled cell growth. Many important ques-
tions remain concerning the mechanisms of
action and physiological or pathological func-
tions of B, . Our results show that alternative
splicing generates an integrin with specific
functional properties, which presumably result
from the transmission of specific signals via its
cytoplasmic domain.
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Association of the Yeast Pheromone ResponSe
G Protein By Subunits with the MAP
Kinase Scaffold Ste5p

Malcolm S. Whiteway,* Cunle Wu, Thomas Leeuw, Karen Clark,}
Anne Fourest-Lieuvin, David Y. Thomas, Ekkehard Leberer

The mating response pathway of the yeast Saccharomyces cerevisiae includes a het-
erotrimeric guanine nucleotide-binding protein (G protein) that activates a mitogen-
activated protein (MAP) kinase cascade by an unknown mechanism. An amino-terminal
fragment of the MAP kinase scaffold protein Ste5p that interfered with pheromone-
induced cell cycle arrest was identified. A haploid-specific interaction between the amino
terminus of Ste5p and the G protein 8 subunit Ste4p was also detected in a two-hybrid
assay, and the product of a signaling-defective allele of STE4 was defective in this
interaction. In cells with a constitutively activated pheromone response pathway, epitope-
tagged Stedp was coimmunoprecipitated with Ste5p. Thus, association of the G protein
and the MAP kinase cassette via the scaffolding protein Ste5p may transmit the G protein

signal.

The pheromone response pathway of S.
cerevisiae is a well-studied system of signal
transduction (I, 2). Many genes that are
required for haploid yeast cells to mate have
been identified in genetic screens. Charac-
terization of the products of these genes has
provided an outline of the molecular mech-
anism of this pathway, which includes a G
protein encoded by the genes GPAI (Ga
subunit) (3), STE4 (GB subunit), and
STEI8 (Gy subunit) (4). This G protein is
coupled to cell type-specific receptor pro-
teins encoded by the STE2 and STE3 genes
(5). The By subunits of the activated G
protein stimulate the downstream elements
of the pathway (4), which include the
Ste20p protein kinase (6, 7) and a set of
kinases that are similar to MEK kinase,
MEK (MAP kinase kinase), and MAP ki-
nase of higher cells and are encoded by the
STEI1 (8), STE7 (9), and FUS3/KSSI (10)
genes, respectively. ’

The STE5 gene encodes a protein
(Ste5p) of 917 amino acids, different re-
gions of which physically interact with the
members of the MAP kinase cascade (11—
13). Thus, Ste5p has been proposed to act
as a scaffold to organize the kinases (2, I1).
However, it is not clear how the elements of
this cascade are activated in response to the
B+ subunits of the G protein. Because MAP
kinase activation is the hallmark of many
signaling pathways in mammalian cells,
characterization of this process is of general
importance. We now show that, in the
yeast pheromone response pathway, the G
protein B subunit can associate with the
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NH,-terminus of the MAP kinase scaffold
Ste5p, suggesting a mechanism for direct
activation.

Oligonucleotide-directed random mu-
tagenesis (14, 15) was performed on two
regions of STES (16, 17), and the mutant
libraries were screened to identify domi-
nant-negative mutants of Ste5p (I8). For
this screen, the STES libraries were trans-
formed into strain YEL106 (W303-1a
sst]::LEU2) and tested for galactose-depen-
dent interference with the a factor-specific
growth arrest signal (I5). Plasmids from
clones with a strong interference phenotype
were rescued and retransformed into
YEL106 to confirm that the phenotype was
plasmid dependent. Four of the mutations
resulted in major structural changes to
SteSp; CW1-2 was a deletion of amino
acids 376 to 546, and CW4-8, CW3-1, and
CW2-1 were COOH-terminal truncations
leaving the NH,-terminal 394, 241, and
214 amino acids, respectively. In addition,
CW?2-8 was a deletion of amino acids 215
and 216. All these mutants blocked the
constitutive cell cycle arrest caused by de-
letion of GPAI. The two internal deletions,
CW2-8 and CW1-2, allowed weak mating
of a STE5-deleted strain, whereas the three
COOH-terminal deletions did not.

Although expression of mutant CW2-1
blocked both the constitutive cell cycle ar-
rest caused by deletion of GPAI and cell
cycle arrest induced by mating pheromone
(Fig. 1), it did not block cell cycle arrest
caused by overexpression of the hyperactive
stel1-1 allele (Fig. 1A). This observation
suggests that the Ste5p dominant-negative
mutant may act at a step between the G
protein and the MAP kinase cascade, a
result consistent with the placement of
Ste5p function in the pheromone response
pathway by analysis of hyperactive and null



