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ABSTRACT The integrin heterodimers composed of the
a6 subunit with the j31 or (84 subunit (a68l1 and a6(34) are
receptors for laminin and basement membrane components,
respectively. The a3f81 integrin recognizes laminin, collagen,
fibronectin, or epiligrin. We report the identification of struc-
tural variants (A and B) of the a6 and a3 subunits, containing
distinct cytoplasmic domains. The expression of one cytoplas-
mic domain or the other, based probably on alternative exon
usage, is cell-type dependent. Most transformed cell lines
express both a6A and a6B isoforms, as determined by mRNA
amplification or antibody immunoprecipitation. In contrast,
embryonic fibroblasts express exclusively a6A, and embryonic
stem cells express exclusively a6B. In most normal tissues, both
a6 isoforms are detectable, but several tissues express either
a6A or a6B. The a3B mRNA was amplified from heart and
brain, while all other tissues and cell lines tested contained only
a3A mRNA. Alternative cytoplasmic domains may provide a
means for varying the cellular responses to the ligands of a6
and a3 integrins according to the cell type.

Interactions of cells with the extracellular matrix and neigh-
boring cells are important to numerous biological processes,
including cell migration, morphogenesis, growth control, and
wound repair (1, 2). These interactions are mediated, in part,
by the integrin family of adhesion receptors.

Integrins are cell surface heterodimers composed of non-
covalently associated transmembrane subunits a and P (3, 4).
More than 15 members of this family have been identified and
are generally expressed in a tissue-specific fashion. They bind
to extracellular matrix, plasma, or cell surface ligands, in some
cases via recognition of the amino acid sequence Arg-Gly-Asp
(4). Along with mediating cellular adhesion and cytoskeletal
reorganization upon engagement ofligands, integrins may also
induce gene expression (5) and changes in intracellular pH (6)
or Ca2' flux (7). Integrin avidity for ligand may also be
regulated by cell "activation" (8) or differentiation (9).
The integrin extracellular domains form the ligand-binding

sites, while the cytoplasmic domains interact with the intra-
cellular environment and are likely to be critical mediators of
integrin functions. The cytoplasmic domains ofthe (3 subunits
associate with cytoskeletal components such as talin, vincu-
lin, or a-actinin (10) and thereby mediate the formation of
transmembrane links between the cytoskeleton and the extra-
cellular matrix (10). Structural changes in the (-chain cyto-
plasmic domains may also affect integrin avidity for ligand
(11), presumably by influencing the conformation of the
extracellular domains. The molecular interactions and po-
tential functions of the a-subunit cytoplasmic domains have
not been determined.
We recently described the primary structure of the integrin

a6 subunit (12), which can associate with two ( subunits,
either ,31 or ,(4. The a6,61 integrin is a receptor for laminin in
many cell types, including platelets (13), lymphocytes (14),

macrophages (15), microvascular endothelial cells (16), de-
veloping kidney (17), and retinal neurons (18), whereas the
a6j34 integrin is a component of hemidesmosome adhesion
complexes in epithelial cells (19). a6 is most similar (37%
identity) to the integrin a3 subunit, which pairs with the (31
subunit to form a receptor for laminin (20), collagen (21),
fibronectin (21), or epiligrin (22) and also is involved in
cell-cell interactions (23).

In this study, we report the identification of a6 and a3
structural variants with alternative cytoplasmic domains.
These cytoplasmic domain isoforms are expressed in a cell
type-specific fashion and may be relevant to the regulation of
integrin function.

MATERIALS AND METHODS
mRNA Amplification, Cloning, and Sequencing. mRNA

amplification was carried out by a reverse transcription-
polymerase chain reaction assay (RT-PCR). Briefly,
poly(A)+ RNA from cultured cell lines or tissues was isolated
by using the Micro-FastTrack mRNA isolation kit (Invitro-
gen, San Diego). First-strand cDNA was prepared by using
random hexamer primers (Pharmacia) and the cDNA Cycle
kit (Invitrogen). Oligonucleotides were synthesized with a
Gene Assembler (Pharmacia). Primers for a6 (12) were: 1156,
5'-ATCTCTCGCTCTTCTT-TCCG-3'; 1157, 5'-GACTCT-
TAACTGTAGCGTGA-3'; 1681, 5'-GAACTGTGTGAA-
CATCAGA-3'; 2002, 5'-ATCCTTACAGCATGGTATCG-
3'; and 1937, 5'-AGTl-GGGTACTGTGAAGCT-3' (see Fig.
1 for position). Primers for a3 were: 2032, 5'-AAGC-
CAAATCTGAGACTGTG-3'; and 2033, 5'-GTAGTATCG-
GTCCCGAATCT-3', corresponding to nucleotides 3233-
3252 and 3872-3891, respectively, ofthe hamster a3 sequence
(24). PCR assays were carried out as described (12) with
primer concentrations of 0.1 ,M. Two-round PCR consisted
of a first round of 40 cycles with the oligonucleotide pair
1156/1157, after which one-fiftieth ofthe first-round products
was amplified (25 cycles) with a nested pair of primers,
1681/2002 (see Fig. 1 for location). The PCR hybridizing
temperature was changed from 55°C to 50°C for the assay of
the mouse tissues. The final PCR products (1/10th) were
analyzed on 2% agarose/TBE buffer (90 mm Tris/64.6 mM
boric acid/2.5 mM EDTA, pH 8.3) gels. For cloning, half of
the PCR products was purified and blunt-ended according to
the Double Gene Clean protocol (Bio 101, San Diego), ligated
into the EcoRV site of pBluescript II pKS(+) (Stratagene),
and transformed into Escherichia coli XL1-Blue. White col-
onies were selected for "minipreps" and restriction digestion
analysis. Clones containing an insert corresponding in size to
the PCR products were sequenced using either the T3 or the
T7 polymerase primers. Sequences were analyzed on a
VAX-VMS version 5.4-2 computer, with the programs of the
University of Wisconsin Genetics Computer Group (25).

Cell Labeling, Immunoprecipitation, and Antibodies. Cul-
tured cells (6 x 107) were surface-labeled with 2 mCi (1 Ci =

Abbreviations: PCR, polymerase chain reaction(s); RT-PCR, re-
verse transcription-PCR; UT, untranslated region.
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FIG. 1. Identification of a6A and a6B mRNA isoforms by
RT-PCR. (a) RT-PCR amplification was performed on a human a6
cDNA clone (pa6A) or cDNA from the human cell lines FG (pan-
creatic carcinoma), U937 (monocytoid), and JAR (choriocarcinoma).
The location of the oligonucleotide primers, 1156/1157, is shown in
b by arrows. The 550-bp fragment in the pa6 lane corresponds to the
A cytoplasmic domain isoform. The 420-bp fragment in the other
lanes corresponds to the B isoform. The band visible at 520 bp (lanes
FG, JAR, and U937) is a hybrid resulting from reannealing single
strands of the 550- and 420-bp products (Lisa Starr, personal com-
munication) (see also Fig. 3). The band visible at 1050 bp is, instead,
an occasional RT-PCR artifact (absent in Fig. 3). (b) Nucleotide
sequence of the A and B RT-PCR fragments (dashes in the second
and third lines), compared to our previously published (12) sequence

37 GBq) of Na'2-I (17 Ci/mg) and lactoperoxidase as de-
scribed (26). The preparation of nonionic detergent lysates,
immunoprecipitations, and SDS/PAGE have been described
(26). The 6844 antisera was raised to a synthetic peptide
(Cys-Ile-His-Ala-Gln-Ser-Asp-Lys-Glu-Arg-Leu-Thr-Ser-
Asp-Ala) corresponding to the last 15 amino acids of a6A,
and the 382 antisera was raised to a synthetic peptide from the
carboxyl terminus of a6B (Cys-Lys-Asp-Glu-Lys-Tyr-Ile-
Asp-Asn-Leu-Glu-Lys-Lys-Gln-Trp-Ile-Thr-Lys-Trp-Asn-
Arg-Asn-Glu-Ser-Tyr-Ser) as described before (12). Cysteine
residues at the amino terminus were included to facilitate
coupling to a protein carrier (12). The rat monoclonal anti-a6
antibody GoH3 (13) was a gift of Arnoud Sonnenberg (Cen-
tral Laboratory ofThe Netherlands Red Cross, University of
Amsterdam, The Netherlands).

RESULTS
Using oligonucleotide primers flanking the 3' end of the
integrin a6 coding region (Fig. 1) in RT-PCR (27), we ob-
tained two products of550 and 420 base pairs (bp) from three
cell lines. The nucleotide sequence of the 550-bp fragment
(Fig. 1) matched exactly the published a6 cDNA sequence
(12) and encoded the end of the extracellular domain, the
transmembrane, and the cytoplasmic domains, followed by
the initial part of the 3' untranslated region (3' UT). The
sequence of the 420-bp band matched the 550-bp sequence
except for a 130-bp gap (Fig. 1), which encoded the entire
cytoplasmic domain and 25 bp ofthe 3' UT. This gap modifies
the reading frame, resulting in an a6 protein with an alter-
native cytoplasmic domain (Fig. lb) that is 17 amino acids
longer than (and bears no sequence homology with) the
reported a6 cytoplasmic domain. The alternative cytoplas-
mic domain contains the sequence Gly-Phe-Phe-Lys-Arg, a
motif conserved among integrin a chains (12, 18, 28). For
convenience, we refer to the published form of a6 as a6A and
to the a6 with the alternate cytoplasmic domain as a6B.
To verify that the a6B mRNA encoded a protein product, we

prepared a rabbit antiserum (382) to a synthetic peptide corre-
sponding to the last 25 residues of the deduced a6B amino acid
sequence. This antiserum immunoprecipitated, from radiola-
beled detergent lysates of the human choriocarcinoma cell line
JAR, a pattern of bands similar or identical to those obtained
with 6844, an anti-peptide antiserum to the a6A cytoplasmic
domain, and GoH3 (29), a monoclonal antibody to the a6
extracellular domain (Fig. 2). The bands had molecular masses
that corresponded to those of a6, ,B1, and(34 and were positively
identified as those subunits with specific antibodies (not
shown). Sequential immunoprecipitations (Fig. 2) showed that
the monoclonal antibody GoH3 completely depleted the JAR
lysates of antigen reactive with antisera 382 (anti-a6B) or 6844
(anti-a6A). The 382 antiserum did not remove material reactive
with 6844, and 6844 did not remove 382-reactive material. These
results indicate that JAR cells express both a6A and a6B
proteins, each of which is associated with either (1 or (34, and
are consistent with the RT-PCR detection ofboth a6A and a6B
mRNA isoforms (Fig. 3).
The distribution of the a6 isoforms in cultured cell lines

was assessed by RT-PCR (Fig. 3). The majority of the cells
tested contained both a6A and a6B mRNA at ratios charac-
teristic of a cell line. Interestingly, two carcinoma cell lines

for a6 (top line). Dashes indicate identical nucleotides. A 130-bp
segment present in the A fragment but not in the B fragment is boxed.
The open reading frame is shown beneath the nucleotide sequences.
The predicted a6 transmembrane domain is shown in italics. Arrows
indicate the positions of RT-PCR primers, identified by four digit
numbers. Cloning and sequencing were also performed on RT-PCR
fragments generated with the pair 1157/1937 for the purpose of
verifying the 3' end of the a6B coding region.
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FIG. 2. Detection of a6A and a6B protein isoforms by antibody immunoprecipitation. Detergent lysates of III-surface-labeled JAR cells
were depleted by four sequential cycles of immunoprecipitation with one of the depleting antibodies indicated in the top line. Depleted lysates
from cycles 1-4 were divided into equal aliquots as shown in the second line and immunoprecipitated with either the same antibody or other
antibodies as indicated above each lane. The antibodies used were: anti-peptide antisera to the cytoplasmic domains of either a6A (6844) or a6B
(382), a rat monoclonal antibody (GoH3) to an epitope on the extracellular domain (29) of a6, and normal rabbit serum (NRS) as control. The
material precipitated at intermediate or final rounds of depletion was analyzed by SDS/PAGE under nonreducing conditions and autoradiog-
raphy. Molecular mass markers are in kilodaltons.

(A-431 and 804G) and three lines of immortalized mouse
embryonic fibroblasts (3T3, STO, L) expressed exclusively
a6A. In contrast, mouse embryonic stem cells and F9 tera-
tocarcinoma cells contained exclusively a6B (Fig. 3). Immu-
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noprecipitations with 6844 and 382 demonstrated that normal
human keratinocytes expressed only a6A, while Caco-2, FG,
and 804G expressed a6 protein isoforms consistent with the
RT-PCR assays (data not shown).
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FIG. 3. Expression of a6A and a6B mRNA in cultured cells and tissues. a6 mRNA isoforms were detected by two rounds of RT-PCR with
a nested set of oligonucleotide primers. With these primers (1681/2002 in Fig. 1), the A and B isoforms give rise to products of about 500 and
370 bp, respectively. In a, the following cultured cell lines are shown: human pancreatic carcinoma (FG, 1320 MET, PANC-1, and SGR),
choriocarcinoma (JAR, JEG-3, and BeWo), colon carcinoma (LoVo, COLO 396, Caco-2, and HT-29), cervix carcinoma (HeLa), lung carcinoma
(UCLA P3), epidermoid carcinoma (A431), monocytoid (K-562, U-937), rat bladder carcinoma (804G), and mouse embryonic stem cells CCE
(ES), embryonic fibroblasts (3T3) and teratocarcinoma (F9). In b, the indicated tissues are from normal mouse. Murine cell lines are as follows:
embryonic fibroblasts (STO and L) and embryonic stem cells CCE (ES). Both a6A and a6B isoform bands are visible in most cell and tissue
samples, with one band often more intense than the other. Only the a6A band is seen in five cell lines (A-431, 804G, 3T3, STO, and L cells)
and four tissues (lung, liver, spleen, and cervix). In contrast, only a6B is seen in brain, ovary, kidney, and the pluripotent cell lines ES and
F9. In vitro differentiated ES cells (b) display the a6B band and a smaller amount of a6A isoform, while nondifferentiated ES cells (a) show
only a6B (compare ES samples with a6B bands of approximately equal intensity).
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RT-PCR was also performed on cDNA made from mRNA
extracted from normal mouse tissue homogenates. These
assays (Fig. 3) revealed that lung, liver, spleen, and cervix
expressed solely the a6A subunit, whereas brain, ovary, and
kidney expressed solely a6B. All other tissues tested con-
tained both a6 isoforms (Fig. 3). These results, together with
the cultured cell data, indicate that the expression of the a6
isoforms is cell-type dependent.
A search of the GenBank/EMBL nucleotide data base in

all six possible translation frames with the amino acid se-
quence of the a6B cytoplasmic domain identified a single
entry with significant homology, the hamster integrin a3
sequence (24). This sequence displayed 44% identity in a
region of 52 amino acids that was encoded, however, in the
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3' UT, analogous to the position of the a6B tail coding region
(Fig. 4). A search for cytoplasmic tail isoforms of a3 by
RT-PCR was successful with mouse heart and brain tissues,
from which two products of 660 and 516 bp were amplified
(Fig. 4A). Cloning and sequencing of these products showed
95% identity of the nucleotide sequence of the 660-bp frag-
ment with the reported (24) hamster a3 sequence, indicating
that we had amplified the mouse a3 homologue. However,
the shorter fragment lacked a 144-bp segment and, like a6B,
contained a reading frame for an a3 protein with an alterna-
tive cytoplasmic tail (a3B) (Fig. 4B).
The a6 and a3 subunits are 37% identical overall at the

protein level (12). Alignment ofthe A tails and the B tails from
human a6 vs. hamster a3 (Fig. 4C) revealed even higher
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FIG. 4. Identification and sequence of murine a3A and a3B isoforms by RT-PCR. (a) RT-PCR assays of heart, brain, and lung mouse tissues

resulted in a product consistent in size (660 bp) with an a3A isoform and an additional product of 516 bp in heart and brain consistent in size

with an a3B isoform. The PCR products from these two tissues were cloned and sequenced. (b) The nucleotide sequence of the mouse a3A

fragment is aligned with that of the a3B fragment. Dashes indicate identical nucleotides. Nucleotide positions that differ in the a3 hamster

sequence are noted in lowercase letters above the mouse a3A sequence. Numbers along the right margin correspond to the numbering of the

published hamster a3 sequence (24). The open reading frame of both cr3 isoforms is shown beneath the nucleotide sequence, with dashes

designating identical residues. The position of the putative alternatively spliced exon is also shown. (c) Optimized alignment of the A and B

isoform cytoplasmic domains of cr6 (human) and cr3 (hamster). Vertical dashes indicate identical residues, while double dots indicate conservative

substitutions. Asterisks indicate stop codons.
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conservation (54% and 45%, respectively). Of possible rele-
vance in the B tails may be a conserved stretch of 14 amino
acids, of which 8 are charged. Such interspecies, intersubunit
conservation suggests that these regions may be functionally
significant.

DISCUSSION
We have identified structural variants (A and B), or isoforms,
of the integrin subunits a6 and a3, which are distinguished by
the presence of distinct cytoplasmic domains. These variants
are expressed in a cell type-specific manner and can be
precipitated by specific antibodies.
The cytoplasmic domains are important functional parts of

the integrin molecule. The cytoplasmic domains of the f3
chains are involved in establishing physical interactions with
the cytoskeleton (10) and, in ,32 integrins, may regulate ligand
avidity of the extracellular domain (11). No functional role for
the a-chain cytoplasmic domains has emerged as of yet.
While our findings do not provide direct clues to the potential
roles of a-chain cytoplasmic domains, they suggest that, in
the case of a6 and a3, such roles could be linked to cell
differentiation. We speculate that a structural change in the
a-chain cytoplasmic domain could be an efficient means for
modifying cellular responses to an integrin ligand as a func-
tion of differentiation.

In many cell types including platelets (13), lymphocytes
(14), macrophages (15), microvascular endothelial cells (16),
developing kidney (17), and retinal neurons (18), a6/31 is a
receptor for laminin, a widespread extracellular matrix pro-
tein implicated in neurite outgrowth, morphogenesis, differ-
entiation, and cell proliferation (30). The avidity for laminin
of a6fl1 is upregulated by activation in lymphocytes (14)
while, in retinal neurons, it can be downregulated during
development (18). Activation-dependent adhesion of macro-
phages to laminin is accompanied by phosphorylation of the
a6 cytoplasmic domain and receptor association with the
cytoskeleton (15). Whether or not the alternate a6 cytoplas-
mic domains are involved in the regulation of some of these
phenomena should be determined.
The structure of the a6 and a3 mRNA A and B isoforms

suggests that they may be generated by alternative splicing.
Such a mechanism requires an exon-intron boundary near
the transmembrane-cytoplasmic domain junction. A bound-
ary at this position is present, in fact, in the integrin a-chain
genomic structures that have been characterized to date (aX,
aPS2, and alIb) (31-33). Therefore, it is possible that other
integrin a chains will be found to undergo alternative splicing
of their cytoplasmic domain.

Alternative exon splicing has been described (34) for many
genes, including integrins (32, 35, 36), and is a strategy for
potentially modifying the functions of encoded products (34).
A developmentally regulated alternative splicing of the
Drosophila aPS2 integrin was proposed to affect receptor
function because it occurred near the predicted ligand-
binding site (32). With this precedent, it will be important to
determine the possible functional role of the a6 and a3 A and
B isoforms during development and differentiation. Sugges-
tive, in this respect, is that mouse embryonic stem cells
express solely a6B when kept undifferentiated, whereas they
start expressing a6A when allowed to differentiate in vitro
(Fig. 3) (37).

Screening of tissues at the mRNA level revealed no obvi-
ous pattern in the expression ofthe A vs. the B forms ofeither
a6 or a3. However, before any conclusions can be reached,
it is necessary to reassess the normal tissue distribution
patterns of these integrin isoforms with assays that, unlike
RT-PCR, can assess expression at both the protein and the
single-cell level, e.g., immunohistochemistry with antibodies
382 and 6844.

In conclusion, our findings add to the structural complexity
and diversity of integrins. They also raise the possibility of a
novel means of regulating integrin functions, by suggesting
that cellular responses evoked by ligand engagement of a6
and a3 integrins may vary in development and differentiation,
according to whether the A or the B cytoplasmic domain is
expressed.

Note Added in Proof. The cytoplasmic domain of the integrin aIIB
subunit has been shown to modulate the ligand binding affinity of the
integrin aIIB,83 (38).
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