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1. ABSTRACT

The integrin β1 subfamily of adhesion receptors
consists of 12 members and forms the biggest subfamily
among integrins. Human integrin subunit β1 has five
cytoplasmic splice variants (β1A, β1B, β1C-1, β1-C2,
β1D). Even though cytoplasmic splice variants do not
change the ligand-specificity of a β1 integrin, clustering of
these different splice variants triggers signaling pathways
that lead to a different cellular response. The main focus of
this review is on the origin and specific functions of the
less abundant human integrin β1 splice variants (B, C-1, C-
2, D).

2. INTRODUCTION

Integrins constitute a major group of cell-surface
receptors for extracellular matrix and cell-surface proteins.
The term “integrin” was introduced by R. Hynes and co-
workers in 1986 and designates a cell surface receptor that
connects cell cytoskeleton to the extracellular matrix
(ECM). Since the publication of the full-length cDNAs of
the fibronectin receptor (current name α5β?) in 1986 - 1987
(1, 2), 18 α and 8 β subunits are now described in
mammals. An integrin is composed of non-covalently
associated transmembrane α and β subunits. The known
combinations of different α and β subunits give rise to 24
different heterodimers. The integrin family can
conditionally be divided into subfamilies dependent on
their subunit composition and ligand specificity. The main
focus of this review - integrin subunit β1 can combine with

12 α subunits and forms the biggest integrin subfamily with
broad ligand specificity.

Importantly, integrins do not act only as
molecular bridges linking intracellular filament systems
(actin filaments and intermediate filaments) with ECM but
are also important for mediating signals from ECM that
regulate growth, death, differentiation, and movement of
cells. Since integrins do not possess any known intrinsic
kinase activity they transduce signals by spatially
compartmentalizing docking and adapter proteins that link
integrins to cytoplasmic kinases. Furthermore, cells
themselves can dynamically regulate integrin-mediated cell
adhesion. Modulation of integrin affinity by intracellular
factors results in extensive conformational changes in the
receptor that affect the ligand-binding interface.

The short cytoplasmic tails of integrins are
absolutely required for integrin activation and signaling.
Great efforts have been made to identify residues in the
cytoplasmic tail of β subunits required for these specific
aspects of integrin function. In particular, the cytoplasmic
domains of β1, β2, and β3 have been subjects for extensive
studies regarding the effects of deletions and amino acid
substitutions.

Integrin signaling is complex and far from being
understood. One given receptor can often bind different
ligands that in turn result in activation of different signaling
pathways. One should keep in mind that integrin signaling
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Figure 1. The amino acid sequences of the cytoplasmic splice-variants of human integrin β1. The variant specific regions are
shown in italics. The NPXY motifs in β1A and β1D are underlined. A double lysine motif in β1B is in bold. Arrowheads indicate
6 amino acids lacking in β1C-2. The sequence up to T777 is encoded by exon 6.

is often cell-type specific. In addition, integrins exist in
several splice variants (extracellular- and intracellular) that
further increases the complexity. The highly
recommendable review by de Melker and Sonnenberg
gives a good overview about extra- and intracellular splice
variants of different integrins (3). The aim of this review is
to describe some of the integrin β1 cytoplasmic tail splice
variants in more detail and underline some specific aspects
of splice variants β1B, β1C-1 and β1C-2 that have been
largely neglected.

3. SPLICE VARIANTS OF β1

Integrin subunit β1 is expressed in all
mammalian cells, except for mature erythrocytes. Knockout
experiments in mice have shown that integrin subunit β1 is
absolutely required for embryonic development (4, 5).
Specific deletion of β1 integrin subunit in the nervous
system (in neurons and glia cells) showed that β1 integrins
are required for anchorage of glial endfeet, the remodeling
of basement membranes but not essential for neuron-glia
interactions and neuronal migration during corticogenesis
(6). Fetal and adult blood stem cells lacking β1 integrins
cannot colonize hematopoetic organs (7). In skin, β1
integrins are required for hair follicle development and the
maintainace of the epidermal-dermal junction (8).

For human β1, five different cytoplasmic splice-
variants are characterized, namely β1A, β1B, β1C-1, β1C-
2, β1D (Figure 1) (9-14). All splice-variants of human β1
share the common N-terminal part until the sequence
WDT777 that corresponds to the 3’ end of exon 6 in the β1
gene (Figure 1). We know for today that the cytoplasmic
splice-variants of β1 do not change the ligand specificity
for a given heterodimer, but they can modulate receptor
affinity towards the ligand (15, 16). Essentially nothing is
known about specific intracellular signals that these
variants may generate.

4. SPLICE VARIANT β1A

The splice-variant A, mostly referred to as β1
only, is very conserved at the amino acid level amongst

different species from sponge to human, particularly in the
transmembrane and cytoplasmic domains (17). Most
review articles dealing with integrin β1 signaling and
affinity regulation are covering data obtained by studying
β1A and therefore β1A will not be discussed in this review.
For further information, the reader is referred to several review
articles covering integrin activation and signaling (18-21).

5. SPLICE VARIANT?β1B

The β1B isoform was isolated from a human
placenta library probed with a synthetic oligonucleotide
corresponding to the cytoplasmic domain of β1A. The last
12 amino acids of β1B that are different from β1A are
derived from the intronic sequence that follows
immediately downstream of exon 6 (Figure 1 and 2) (9).
Analysis of the nucleotide sequence of the mouse β1 gene
has revealed that the mouse intronic sequence after exon 6
could potentially code for 15 amino acids
(VSYETLLRAVGWFLK) that show no significant
homology to human β1B, except for first three amino acids
(10). Thus, the human β1B described in the literature has
no orthologue in mouse; it is not known how is the
situation in primates.

The β1B specific transcript has been detected at
low levels in all human tissues and cell lines tested by RT-
PCR, but the protein was reported to be detectable only in
skin (keratinocytes) and liver (hepatocytes) (9, 22).
Expression of human β1B in CHO cells showed that β1B
can dimerize with α subunits and bind to a fibronectin
affinity matrix in an RGD-dependent manner in the
presence of Mn2+. In contrast to β1A, the β1B integrins did
not localize to focal contacts when cells were plated on
fibronectin (22). However, β1B can accumulate to some
extent to focal contacts in a ligand-independent manner
(15). Further analysis revealed that the human β1B isoform
does not mediate cell spreading and activation of focal
adhesion kinase (FAK) in cells plated on anti-human β1
mAb (TS2/16) (23). Furthermore, induction of ligand
occupied conformation by the small GRGDS peptide of
β1B integrins does not trigger activation of FAK and
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Figure. 2. Partial exon-intron organization of the human integrin β1 gene. The exons are depicted as boxes and the introns as
horizontal lines connecting the boxes. The other lines are depicting the splice-patterns used to generate the various transcripts.
The orientation and position of the Alu element that exon C is part of is indicated with a horizontal arrow. The exons and introns
are not drawn to scale.

tyrosine phoshorylation of paxillin (15); A.Armulik,
unpublished results). The cytoplasmic part common for all
integrin β1 splice-variants is thus not sufficient for FAK
activation. Interestingly, triggering of a ligand occupied
conformation in β1B integrins results in modest tyrosine
phosphorylation of CAS (A.Armulik, unpublished results).

Expression of β1B in CHO cells was reported to
reduce cell spreading on fibronectin and laminin-1 but not
on vitronectin (23). The attachment of cells to fibronectin
and laminin-1 was only affected in clones expressing high
levels of β1B (50% of that of endogenous β1A). The
migration on gelatin of CHO cells expressing the β1B was
similar to that of CHO cells expressing β1A when
vitronectin, but not fibronectin, was used as a
chemoattractant. Again, similarly to cell attachment data,
higher β1B expression levels caused stronger inhibition.
From these experiments it was concluded that β1B has a
dominant negative effect on endogenous β1 integrins and it
was suggested to be caused by the competition of β1B with
endogenous β1A for available α subunits (23) and
subsequently a failure of β1B to bind to extracellular
ligands and activate intracellular signaling pathways.

β1B expressed in the β1-deficient cell line GD25,
similar to β1A, dimerizes with α5, α3 and α6 subunits
(24). GD25 cells do not adhere to laminin-1 but expression
of β1A in GD25 cells restored the ability of these cells to
attach to laminin-1 via α6β1A (25); however, the
expression of β1B subunit did not promote cell adhesion
unless Mn2+ was present in the medium (24). Analysis
using antibodies recognizing epitopes exposed only in the
ligand-competent/occupied integrins revealed that the
extracellular domain of β1B integrins possesses an inactive
conformation (15, 24). The inactive ectodomain
conformation could be changed to active by addition of
Mn2+ or the GRGDS peptide (15, 24). The spreading and
organization of actin stress fibers of GD25-β1B cells on
fibronectin was found to be impaired compared to GD25
cells (24). The authors concluded that β1B has a dominant
negative effect not only on β1A integrins but also on
αvβ3/β5 integrin, since the attachment of GD25 to

fibronectin is mediated via these latter integrins (25). The
vitronectin substrate was not tested in the former report. In
contrast to this finding (24) we found that β1B does not
have a dominant-negative effect over the αv integrins (15).
GD-25 cells expressing human β1B were not impaired in
cell attachment, spreading, and in organization of actin
cytoskeleton neither on fibronectin nor on vitronectin (15).
As mentioned above, expression of β1B in CHO cells also
did not inhibit cell spreading on vitronectin (i.e. adhesion
mediated via αv integrins) (23).

The β1B integrins were found not only to be
unable to mediate the assembly of fibronectin matrix but
were reported to inhibit this process in CHO, GD25 and
FRT cells (24, 26). Overexpression of constitutively active
RhoA in FRT cells abrogated the negative effect of β1B on
matrix assembly (27).

Studies on human keratinocytes, one of the few
cell types that was reported to express the β1B variant at a
detectable protein level, showed that overexpression of β1B
in keratinocytes results in intracellular accumulation of the
protein, which could be overcome by deleting the KK
sequence (Figure 1) (28).

β1B has been suggested to have a regulatory role
of adhesion-mediated signaling. However, the modulating
effects of β1B over β1A have only been observed at
expression levels many-fold higher than what apparently
occurs in vivo. Thus, the physiological relevance (if any) of
human β1B remains to be established. The β1B specific
part is generated by intron retention. Similar splice variants
are found for human integrin subunit β3 (β3B) and β4
(β4E) (29, 30). So far no specific function for these splice
variants has been described. Intron retention resulting from
aberrant pre mRNA splicing has been described for quite a
number of other proteins (e.g. CD44, periaxin, rhodopsin
kinase) (31-34). In most cases, intron retention results in a
truncated non-functional protein with an intron-encoded C-
terminus, similar to β1B. It is most likely that human β1B
represents just a splicing error occurring at low frequency
rather than an obscure way to regulate cell adhesion.
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 Figure 3. Alignment of the genomic sequence of exon C and its surrounding intron sequence with the complementary Alu
sequence. Exon C is underlined and identical nucleotides between the β1 genomic sequence and Alu sequence are indicated with
vertical bars. A consensus branch point is indicated with rombs, and potential splice-acceptor sites (AG di-nucleotides) are
indicated with arrowheads. The splice acceptor sites used to generate β1C-1 and β1C-2 are indicated with vertical arrows.

5. SPLICE VARIANTS β1C-1 AND β1C-2

                   The transcript for the splice variant β1C-1 was
first isolated from a human erythroleukemia (HEL) cell λ-
cDNA library (11), and the transcript for β1C-2 was
identified using RT-PCR with total RNA from the human
HL60 cell line as template (12). The β1C-1 differs from
β1C-2 by six amino acids (Figure 1) that in β1C-2 are
missing as a result of the utilization of a more distal 3’
splice acceptor site (Figure 2) (12). Similar to β1B, the
splice-variants β1C-1 and β1C-2 are only found in human
and not in mouse (11, 12). Exon C is part of an Alu element
and Alu elements are primate specific retrotransposable
elements (12). Alignment of the genomic nucleotide
sequence around exon C with the reverse complement of a
consensus Alu sequence clearly demonstrates the homology
(Figure 3). The calculated homology at the nucleotide level
between the exon C-Alu element and a consensus Alu
element is 81% and within the 116 bp exon C-region, it is
as high as 91% (12).

As mentioned, Alu elements are primate specific
repetitious genomic DNA sequences that belong to a group
of sequences called short interspersed nucleotide elements
(SINEs) (35, 36), and they are present at a copy number of
approximately 500 000 per haploid human genome, making
up around 5% of all human DNA. Alu elements are
occasionally found to be part of coding regions of mRNA
(for a review see: (37). In most of these cases, the Alu-
derived sequence has been included into the transcript by a

splice-mediated insertion of intronic Alu sequence.
Investigation of the consensus Alu element in more detail
has revealed that it contains several nucleotide regions that
are similar to eukaryotic splice acceptor and donor sites.
The requirement for a polypyrimidine tract is met by the
presence of the reverse complement of the polyadenyl tail
and the adenine-rich linker located at the end, and in the
middle, of the Alu element, respectively. Both sense and
antisense Alu elements can be spliced into mRNA (for
review see: (37). A comparison of the Alu-exon encoded
amino acid sequences demonstrates that sequences
translated in the same reading frames can give rise to amino
acid regions of high homology (Figure 4). Thus, to some
extent, inclusion of Alu-exons can provide proteins with
specific Alu-derived-domains. However, the functional
significance of these domains is still unclear and most of
these alternative transcripts have been identified to occur at
a very low frequency compared with the normal protein
variants and they are all expressed simultaneously as the
normal variant, similarly to β1C-1 and β1C-2.

Analysis of the genomic region around exon C
has identified an upstream branch-point sequence
(CTCTAAT) and several potential AG dinucleotides
(Figure 3) (12). Downstream of the polypyrimidine tract,
which consists mostly of thymidines, the sequence
GAGACAG follows and then the β1C-1 exon starts.
Within the next 18 nucleotides, another stretch of mostly
pyrimidines follows before a CCAG-sequence followed by
the start of the β1C-2 exon. The splice-donor site used by
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Figure. 4. Alignment of translated Alu-derived exons. Amino acid sequences of various cDNAs containing regions derived from
Alu elements. The regions corresponding to the β1C peptides used to generate anti-β1C-specific antibodies are indicated with
horizontal lines and labeled G785-S808 and S805-P825, respectively. The abbreviations used are: NF2, neurofibromatosis type 2;
DAF, decay-accelerating factor; UTY, ubiquitously translated tetratricopeptide repeat gene of the Y chromosome: IFN-R,
interferon receptor; NRAMP, natural resistance.associated macrophage protein; TRP, transformation-related protein.

both β1C-1 and β1C-2 is CAG|GTCCT and contains the
important AG|GT combination at the exon-intron border.
Comparing the β1C-1 and β1C-2 splice sites with the
consensus splice sequence shows that they are not optimal,
suggesting that this might be part of the reason why exon C
is included in the mature β1-mRNA at such low frequency
(12).

Using RT-PCR the amount of both β1C-1 and
β1C-2 transcripts have been found to be low compared to
the β1A-transcript. Nevertheless, the β1C-1 and β1C-2
transcripts have been identified by RT-PCR in a whole
range of human cell lines and tissues (11, 12). At the
protein level, β1C has been detected from surface
biotinylated HEL cells, TNFα-stimulated HUVEC, prostate
carcinomas and from benign prostate tissue (11, 38-41). In
these experiments, the antibody used was a peptide
antibody generated against the 23 amino acid long peptide
(S805-P825) deduced from the C-terminal end of the β1C-1
sequence (Figure 4) (11). This antibody would not
distinguish between the β1C-1 and β1C-2 variants, thus,
when considering the equal amounts of transcripts for the
two β1C-variants in many cell types, the bands seen by this
antibody most probably contain both β1C-1 and β1C-2
protein. Peptide antibodies raised against two regions of the
β1C cytoplasmic region have been used in
immunohistochemical studies. The anti-β1C (G785-S808)
would in principle be able to recognize all proteins
containing a similar region encoded by an Alu-derived
exon, thus the specificity of this antibody is questionable
(Figure 4). Twelve of the 21 amino acids constituting the
peptide used to generate the anti-β1C (S805-P825)
antibody are encoded by the Alu-derived exon, thus this
antibody may also recognize other proteins than β1C.
Regardless of this, both antibodies have been used to
demonstrate a proposed specific expression of β1C in
various tissues. In particular, several studies have been
conducted in order to compare the expression-pattern of

β1C in normal and carcinogenic human tissues (39-41),
since overexpression of β1C-1 has been shown to inhibit
cell proliferation in several cell lines. Using the anti-β1C
peptide antibodies, a correlation between downregulated
β1C-expression and neoplasia was identified. The proposed
hypothesis is that normal cells express low levels of β1C in
order to not become neoplastic, while reduced β1C
expression would induce rapid cell proliferation.
Interestingly, the anti-β1C (G785-S808) gave better
immunohistochemical staining than the antibody anti-β1C
(S805-P825), the latter being generated against the more C-
terminal part of β1C (Figure 3) (39). This might indicate
that the epitope (or epitopes) recognized by the former
antibody is part of one or several proteins containing Alu-
encoded sequences.

Expression of the β1C-1 cDNA in several cell
lines has demonstrated that part of the β1C-specific
cytoplasmic domain has inhibitory effects on cell
proliferation (38, 40-43). Using deletion-mutants expressed
in CHO and mouse 10T1/2 fibroblasts the growth
inhibitory effect was located within the 18 amino acid long
region from β1C-1 (Q795-T812) (43). Importantly, it was also
shown that expression of the β1C-1 specific-domain β1C-1
(S778-P825) when fused to the green fluorescent protein
(GFP) was equally potent as the intact β1C-1 protein.
Hence, the growth inhibitory effect of β1C-1 is not
dependent on the localization at the plasma membrane or
any other feature provided by the whole β1C-protein.
Information about the direct downstream effector
molecules from β1C is lacking, but a cell-cycle inhibitor
p27kip1 has been identified as one of the nuclear effector
molecules (40). Expression of β1C-1 in CHO cells was
found to have an inhibitory effect on activation of ERK2 by
fibronectin but not on activation of focal adhesion kinase
(FAK) or Akt. Moreover, clustering of β1C integrins was
shown to lead to the activation of the Akt pathway (44).
Interestingly, even though β1C has been reported to
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associate with α subunits (11) it has never been shown that
β1C integrins can bind a ligand. So, even if a clustering of
β1C-1 by mAbs could lead to a cellular response, it is
unclear whether under physiological conditions β1C-1 has
any signaling properties evoked by integrin ligand binding.

Furthermore, studies on β1C splice-variants
expressed in the β1-deficient GD25 cells showed that these
subunits are retained in the cell and degraded rather than
localized to the cell surface (45).

In conclusion: altogether there are several lines of
evidence that overexpression of β1C or the β1C-specific
cytoplasmic domain alone can inhibit cell proliferation but
the actual mechanism for this and the molecules involved
have not been identified. In addition, the
immunohistochemical data ought to be considered with
caution until the protein(s) recognized by the anti-β1C
peptide antibodies have been identified. Like the β1B
variant, the physiological role of the β1C variants is
questionable.

6. SPLICE VARIANT β1D

The muscle specific integrin β1 isoform, β1D, is
the only splice-variant that shares significant homology
with β1A throughout the cytoplasmic tail (Figure 1). The
β1D specific part (the C-terminal 24 amino acids) is
encoded by exon D, which is localized between exons 6
and 7 in mouse β1 gene and between exons C and 7 in
human β1 gene (Figure 1B) (13, 14). The β1D mRNA from
human, mouse, rat and chicken have been sequenced and
demonstrated a 100% homology at the amino acid level
between the species in the β1D specific part (10, 14). In
vivo, the β1D splice variant is only expressed in skeletal
and cardiac muscles (not in smooth muscle), and it
completely displaces β1A in terminally differentiated
muscle, where it associates with α7 (46). In cardiac muscle,
β1D is localized to the sarcolemma, costameres and
intercalated discs, and in skeletal muscle, β1D was detected
in sarcolemmas, costameres, myotendinous and
neuromuscular junctions (46).

Expression of β1D in CHO cells and in GD25 cells
demonstrated that β1D can localize to focal adhesions
when plated on fibronectin, and clustering of β1D triggers
activation of FAK and MAPK pathways (16, 46). Cells
expressing the β1D isoform showed reduced spreading and
migration and this occurred irrespective of the type of
ECM. However, expression in C2C12, REF52 or NIH3T3
cells did not have any effect on adhesion and spreading,
indicating that this might be cell type specific (47). A larger
fraction of β1D than β1A was found to be in constitutively
active conformation when expressed in both CHO and
GD25 cells. Antibodies specific for epitopes for active
ligand-binding conformation on β1 integrins recognized
approximately 77-88% of β1D and only 27-44% of β1A
subunit containing integrin receptors. The β1D subunit was
shown to be more efficient than β1A in fibronectin matrix
assembly, while β1A mediated cell migration to a greater

extent than β1D. The effect on cell migration might be due
to the stronger ligand binding and increased association
with the actin cytoskeleton of β1D integrins compared with
that of β1A and αV integrins, as shown by β1D
displacement of both β1A and αV from focal contacts
when cells (CHO, GD25) were plated on fibronectin (16).
However, expression of β1D in NIH3T3 cells did not show
any displacement of β1A from focal contacts - again this
might be a cell type specific event (16).

It is interesting that despite the high degree of
homology between β1A and β1D, β1D integrins display an
increased affinity for fibronectin and enhanced association
with the actin cytoskeleton (16). In vitro binding studies
have shown that the cytoplasmic domain of β1D binds the
cytoskeletal proteins talin and filamin with higher affinity
than β1A (16, 48). On the other hand, more α-actinin was
found to be associated with β1A than with β1D (16). The
talin binding-site in the β1A cytoplasmic domain has been
suggested to include the N780PXY motif (49, 50).
Apparently, β1D contains additional residues that
strengthen the talin binding; however, the amino acids
involved are unknown.

Recently a novel intracellular protein, melusin,
was reported to interact with the common region of the β1
cytoplasmic tail (51). Although in vitro binding assays
showed that melusin is able to bind all tested β1 variants
(A, B, D), its restricted expression to skeletal and cardiac
muscle suggests that the physiological function of melusin
would be through binding to integrin β1D.

Of the potential phosphorylation sites in the β1
cytoplasmic tail, the two threonines (amino acid T788 and
T789) are the only residues that are not conserved between
β1A and β1D. Interestingly, these threonines have been
shown to be essential for β1A mediated cell attachment and
fibronectin fibril formation (52). The mutant β1ATT788-

9AA was shown to be in a conformation that is inactive for
ligand binding.  However, clustering by anti-β1 antibodies
could induce phosphorylation of FAK, suggesting that the
two threonines are not required for FAK activation,
consistent wih the fact that β1D can activate FAK.

Expression of β1D in several different cell lines
has provided contradictory findings regarding the effect of
β1D expression on cell proliferation (43, 47). Belkin and
Retta (47) demonstrated reduced BrdU incorporation in
β1D expressing C2C12, REF52 and NIH3T3 cells, while
Meredith et. al. (43) did not see any such negative effects
after β1D expression in mouse 10T1/2 fibroblasts. Similar
results were obtained by expression of the complete β1D
molecule, or with only the cytoplasmic domain as fusion-
protein with the extracellular and the transmembrane
domain of IL2. In addition, expression of β1D in CHO
cells, but not in C2C12 cells, gave increased MAP kinase
activation (46, 47). Using the NIH3T3 cells, the β1D
mediated growth arrest was identified to the late G1 phase
before the beginning of the S phase, and overexpression of
a constitutively active form of Ha-Ras (but not Raf-1)
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could abolish the growth arrest. In most pathways, Raf-1 is
located downstream of Ras. However, in this case,
alternative pathways must be involved. In contrast to the
results from β1C, no short growth-inhibitory motif could be
identified in β1D (43, 47). Instead, the only deletion mutant
that did not affect the growth inhibition was a deletion of
the C-terminal 6 amino acids.

Growth-arrest by expression of integrin β1D fits
well with the observed onset of expression in muscle-
tissues during embryogenesis where myoblasts fuse to form
myotubes and stop proliferating (53, 54). In mouse
embryos, β1A is the only β1 isoform expressed in skeletal
muscle until embryonic day 17.5 (E17.5). After this, β1D is
co-expressed with β1A until birth when β1A expression
declines in skeletal muscle tissue and is restricted to the
capillary walls, while β1D expression is located to the
sarcolemma of the muscle cells. In cardiac muscle the
situation is different. Brancaccio et al. (53) has reported
that β1D is expressed already at embryonic day 11, while
van der Flier et al. (54) claim that the onset of β1D
expression is around the time of birth. In another report it
was shown that expression of β1D can be detected at
embryonic day 12 (in rat) in heart and prenatal expression
of β1D was found to be <20% of that in adult ventricle
(55). In any case, the β1A expression in cardiac muscle is
negligible a few days after birth. The switch from
expression of β1A to β1D also involves a change in the
associated α-subunits. Undifferentiated C2C12 cells β1A in
association with α3A, α5, α7B, and αV, while
differentiated cells expressed β1D in association with α5,
α7A (some α7B), and αV (54). In both skeletal and cardiac
muscle, the onset of β1D parallels the start of α7
expression (53, 54, 56). Both α7A and α7B are expressed
in skeletal muscle, while in cardiac muscle only α7B is
expressed.

It has been suggested that replacement of the β1A
isoform in muscles with β1D might be necessary to
strengthen the cytoskeletal-matrix link in muscle cells (16).
However, the lack of β1D isoform in transgenic mice (due
to the exon D knockout) did not affect muscle formation
and did not cause muscular degeneration. However, these
mice showed some indications a mild ventricular
dysfunction (57), and indeed, the requirement of β1D in the
hyperthrophic growth of the cardiomyocytes was recently
demonstrated (58). Little is known about the signaling
pathways involved but there are indications that FAK is
involved (55). In the converse situation, mice which
express only the β1D variant (knock-in) were not viable
and died in uteri because of a wide range of developmental
defects (57). Embryonic β1D knock-in stem cells displayed
reduced migratory activity. Expression levels of the β1D
subunit were reduced when compared to β1A in wt
embryonic stem cells; this could indicate that, when
associated with other subunits than muscle-specific α7, the
β1D protein is less stable (57).

Thus, even though β1A and β1D only differ by 13
amino acids, this difference is enough to have drastic

effects on the function of the integrin, and further studies
are needed to determine the critical residues and the
signaling pathways involved.

7. CONCLUSIONS

Integrin signaling is complex and far from being
understood. Cytoplasmic splice variants of integrin
subunits add an additional level of complexity in integrin
signaling. Even though five splice variants for human
integrin subunit β1 have been described, most likely only
two of them (A and D) are proteins with physiological
functions. For three other splice variants (β1B, β1C-1 and
β1C-2) the available data do not convincingly support the
proposed view of their roles as physiological negative
regulator of cell adhesion (β1B) or tumour-suppressor
protein (β1C). Instead, these variants share characteristics
typical for products resulting of abberant pre-mRNA
splicing.

8. ACKNOWLEDGEMENTS

I would like to thank Dr. Svineng for rendered
assistance.

9. REFERENCES

1. Argraves WS, Suzuki S, Arai H, Thompson K,
Pierschbacher MD and Ruoslahti E: Amino acid sequence
of the human fibronectin receptor. J Cell Biol 105, 1183-
1190 (1987)
2. Tamkun JW, DeSimone DW, Fonda D, Patel RS, Buck
C, Horwitz AF and Hynes RO: Structure of integrin, a
glycoprotein involved in the transmembrane linkage
between fibronectin and actin. Cell 46, 271-282 (1986)
3. de Melker AA and Sonnenberg A: Integrins: alternative
splicing as a mechanism to regulate ligand binding and
integrin signaling events. Bioessays 21, 499-509. (1999)
4. Fässler R and Meyer M: Consequences of lack of beta 1
integrin gene expression in mice. Genes Dev 9, 1896-1908
(1995)
5. Stephens LE, Sutherland AE, Klimanskaya IV, Andrieux
A, Meneses J, Pedersen RA and D amsky CH: Deletion of
beta 1 integrins in mice results in inner cell mass failure
and peri-implantation lethality. Genes Dev 9, 1883-1895
(1995)
6. Graus-Porta D, Blaess S, Senften M, Littlewood-Evans
A, Damsky C, Huang Z, Orban P, Klein R, Schittny JC and
Muller U: Beta1-class integrins regulate the development
of laminae and folia in the cerebral and cerebellar cortex.
Neuron 31, 367-379. (2001)
7. Potocnik AJ, Brakebusch C and Fassler R: Fetal and
adult hematopoietic stem cells require beta1 integrin
function for colonizing fetal liver, spleen, and bone
marrow. Immunity 12, 653-663. (2000)
8. Brakebusch C, Grose R, Quondamatteo F, Ramirez A,
Jorcano JL, Pirro A, Svensson M, Herken R, Sasaki T,
Timpl R, Werner S and Fassler R: Skin and hair follicle
integrity is crucially dependent on beta 1 integrin
expression on keratinocytes. Embo J 19, 3990-4003. (2000)
9. Altruda F, Cervella P, Tarone G, Botta C, Balzac F,
Stefanuto G and Silengo L: A human integrin b1 subunit



Splice variants of integrin subunit β1

226

with a unique cytoplasmic domain generated by alternative
mRNA processing. Gene 95, 261-266 (1990)
10. Baudoin C, Van der Flier A, Borradori L and
Sonnenberg A: Genomic organization of the mouse b1
gene: conservation of the b1D but not of the b1B and b1C
integrin splice variants. Cell Adhes Commun 4, 1-11 (1996)
11. Languino LR and Ruoslahti E: An alternative form of
the integrin b1 subunit with a variant cytoplasmic domain.
J Biol Chem 267, 7116-7120 (1992)
12. Svineng G, Fassler R and Johansson S: Identification of
b1C-2, a novel variant of the integrin b1 subunit generated
by utilization of an alternative splice acceptor site in exon
C. Biochem J 330, 1255-1263 (1998)
13. van der Flier A, Kuikman I, Baudoin C, van der Neut R
and Sonnenberg A: A novel b1 integrin isoform produced
by alternative splicing: unique expression in cardiac and
skeletal muscle. FEBS Lett 369, 340-344 (1995)
14. Zhidkova NI, Belkin AM and Mayne R: Novel isoform
of b1 integrin expressed in skeletal and cardiac muscle.
Biochem Biophys Res Commun 214, 279-285 (1995)
15. Armulik A, Svineng G, Wennerberg K, Fässler R and
Johansson S: Expression of integrin subunit beta1B in
integrin beta1-deficient GD25 cells does not interfere with
alphaVbeta3 functions. Exp Cell Res 254, 55-63 (2000)
16. Belkin AM, Retta SF, Pletjushkina OY, Balzac F,
Silengo L, Fassler R, Koteliansky VE, Burridge K and
Tarone G: Muscle beta1D integrin reinforces the
cytoskeleton-matrix link: modulation of integrin adhesive
function by alternative splicing. J Cell Biol 139, 1583-1595
(1997)
17. Brower DL, Brower SM, Hayward DC and Ball EE:
Molecular evolution of integrins: genes encoding integrin
beta subunits from a coral and a sponge. Proc Natl Acad
Sci U S A 94, 9182-9187 (1997)
18. Woods ML and Shimizu Y: Signaling networks
regulating beta1 integrin-mediated adhesion of T
lymphocytes to extracellular matrix. J Leukoc Biol 69, 874-
880. (2001)
19. Ross RS and Borg TK: Integrins and the myocardium.
Circ Res 88, 1112-1119. (2001)
20. Parise LV, Lee J and Juliano RL: New aspects of
integrin signaling in cancer. Semin Cancer Biol 10, 407-
414. (2000)
21. Assoian RK and Schwartz MA: Coordinate signaling
by integrins and receptor tyrosine kinases in the regulation
of G1 phase cell-cycle progression. Curr Opin Genet Dev
11, 48-53. (2001)
22. Balzac F, Belkin AM, Koteliansky VE, Balabanov YV,
Altruda F, Silengo L and Tarone G: Expression and
functional analysis of a cytoplasmic domain variant of the
b1 integrin subunit. J Cell Biol 121, 171-178 (1993)
23. Balzac F, Retta SF, Albini A, Melchiorri A,
Koteliansky VE, Geuna M, Silengo L and Tarone G:
Expression of b1B integrin isoform in CHO cells results in
a dominant negative effect on cell adhesion and motility. J
Cell Biol 127, 557-565 (1994)
24. Retta SF, Balzac F, Ferraris P, Belkin AM, Fässler R,
Humphries MJ, De Leo G, Silengo L and Tarone G: b1-
integrin cytoplasmic subdomains involved in dominant
negative function. Mol Biol Cell 9, 715-731 (1998)
25. Wennerberg K, Lohikangas L, Gullberg D, Pfaff M,
Johansson S and Fässler R: b1 integrin-dependent and -

independent polymerization of fibronectin. J. Cell Biol.
132, 227-238 (1996)
26. Cali G, Retta SF, Negri R, Damiano I, Gentile R,
Tarone G, Nitsch L and Garbi C: Beta1B integrin interferes
with matrix assembly but not with confluent monolayer
polarity, and alters some morphogenetic properties of FRT
epithelial cells. Eur J Cell Biol 75, 107-117 (1998)
27. Cali G, Mazzarella C, Chiacchio M, Negri R, Retta SF,
Zannini M, Gentile F, Tarone G, Nitsch L and Garbi C:
RhoA activity is required for fibronectin assembly and
counteracts beta1B integrin inhibitory effect in FRT
epithelial cells. J Cell Sci 112, 957-965 (1999)
28. Kee WJ, Li ER and Watt FM: beta1B integrin subunit
contains a double lysine motif that can cause accumulation
within the endoplasmic reticulum. J Cell Biochem 78, 97-
111 (2000)
29. Kumar CS, James IE, Wong A, Mwangi V, Feild JA,
Nuthulaganti P, Connor JR, Eichman C, Ali F, Hwang SM,
Rieman DJ, Drake FH and Gowen M: Cloning and
characterization of a novel integrin b3 subunit. J Biol Chem
272, 16390-16397 (1997)
30. van Leusden MR, Kuikman I and Sonnenberg A: The
unique cytoplasmic domain of the human integrin variant
beta4E is produced by partial retention of intronic
sequences. Biochem Biophys Res Commun 235, 826-830
(1997)
31. Goodison S, Yoshida K, Churchman M and Tarin D:
Multiple intron retention occurs in tumor cell CD44 mRNA
processing. Am J Pathol 153, 1221-1228 (1998)
32. Dytrych L, Sherman DL, Gillespie CS and Brophy PJ:
Two PDZ domain proteins encoded by the murine periaxin
gene are the result of alternative intron retention and are
differentially targeted in Schwann cells. J Biol Chem 273,
5794-5800 (1998)
33. Zhao X, Huang J, Khani SC and Palczewski K:
Molecular forms of human rhodopsin kinase (GRK1). J
Biol Chem 273, 5124-5131 (1998)
34. Stickeler E, Mobus VJ, Kieback DG, Kohlberger P,
Runnebaum IB and Kreienberg R: Intron 9 retention in
gene transcripts suggests involvement of CD44 in the
tumorigenesis of ovarian cancer. Anticancer Res 17, 4395-
4398 (1997)
35. Schmid C and Maraia R: Transcriptional regulation and
transpositional selection of active SINE sequences. Curr
Opin Genet Dev 2, 874-882 (1992)
36. Schmid CW: Alu: structure, origin, evolution,
significance and function of one- tenth of human DNA.
Prog Nucleic Acid Res Mol Biol 53, 283-319 (1996)
37. Makalowski W, Mitchell GA and Labuda D: Alu
sequences in the coding regions of mRNA: a source of
protein variability. Trends Genet 10, 188-193 (1994)
38. Fornaro M, Zheng DQ and Languino LR: The novel
structural motif Gln795-Gln802 in the integrin beta 1C
cytoplasmic domain regulates cell proliferation. J Biol
Chem 270, 24666-24669 (1995)
39. Fornaro M, Tallini G, Bofetiado CJ, Bosari S and
Languino LR: Down-regulation of b1C integrin, an
inhibitor of cell proliferation, in prostate carcinoma. Am. J.
Pathol. 149, 765-773 (1996)
40. Fornaro M, Tallini G, Zheng DQ, Flanagan WM,
Manzotti M and Languino LR: p27(kip1) acts as a
downstream effector of and is coexpressed with the beta1C



Splice variants of integrin subunit β1

227

integrin in prostatic adenocarcinoma. J Clin Invest 103,
321-329 (1999)
41. Fornaro M, Manzotti M, Tallini G, Slear AE, Bosari S,
Ruoslahti E and Languino LR: Beta1C integrin in epithelial
cells correlates with a nonproliferative phenotype: forced
expression of beta1C inhibits prostate epithelial cell
proliferation. Am J Pathol 153, 1079-1087 (1998)
42. Meredith J, Jr., Takada Y, Fornaro M, Languino LR
and Schwartz MA: Inhibition of cell cycle progression by
the alternatively spliced integrin b1C. Science 269, 1570-
1572 (1995)
43. Meredith JE, Jr., Kiosses WB, Takada Y and Schwartz
MA: Mutational analysis of cell cycle inhibition by integrin
beta1C. J Biol Chem 274, 8111-8116. (1999)
44. Fornaro M, Steger CA, Bennett AM, Wu JJ and
Languino LR: Differential role of beta(1C) and beta(1A)
integrin cytoplasmic variants in modulating focal adhesion
kinase, protein kinase B/AKT, and Ras/Mitogen-activated
protein kinase pathways. Mol Biol Cell 11, 2235-2249
(2000)
45. Svineng G and Johansson S: Integrin subunits (beta)1C-
1 and (beta)1C-2 expressed in GD25T cells are retained
and degraded intracellularly rather than localised to the cell
surface. J Cell Sci 112, 4751-4761 (1999)
46. Belkin AM, Zhidkova NI, Balzac F, Altruda F, Tomatis
D, Maier A, Tarone G, Koteliansky VE and Burridge K:
Beta 1D integrin displaces the beta 1A isoform in striated
muscles: localization at junctional structures and signaling
potential in nonmuscle cells. J. Cell Biol. 132, 211-226
(1996)
47. Belkin AM and Retta SF: b1D integrin inhibits cell
cycle progression in normal myoblasts and fibroblasts. J.
Biol. Chem. 273, 15234-15240 (1998)
48. Pfaff M, Liu S, Erle DJ and Ginsberg MH: Integrin b
cytoplasmic domains differentially bind to cytoskeletal
proteins. J Biol Chem 273, 6104-6109 (1998)
49. Kaapa A, Peter K and Ylanne J: Effects of mutations in
the cytoplasmic domain of integrin beta(1) to talin binding
and cell spreading. Exp Cell Res 250, 524-534 (1999)
50. Tapley P, Horwitz A, Buck C, Duggan K and
Rohrschneider L: Integrins isolated from Rous sarcoma
virus-transformed chicken embryo fibroblasts. Oncogene 4,
325-333 (1989)
51. Brancaccio M, Guazzone S, Menini N, Sibona E,
Hirsch E, De Andrea M, Rocchi M, Altruda F, Tarone G
and Silengo L: Melusin is a new muscle-specific interactor
for beta(1) integrin cytoplasmic domain. J Biol Chem 274,
29282-29288 (1999)
52. Wennerberg K, Fässler R, Wärmegård B and Johansson
S: Mutational analysis of the potential phosphorylation
sites in the cytoplasmic domain of integrin b1A.
Requirement for threonines 788- 789 in receptor activation.
J. Cell Sci. 111, 1117-1126 (1998)
53. Brancaccio M, Cabodi S, Belkin AM, Collo G,
Koteliansky VE, Tomatis D, Altruda F, Silengo L and
Tarone G: Differential onset of expression of alpha 7 and
beta 1D integrins during mouse heart and skeletal muscle
development. Cell Adhes Commun 5, 193-205. (1998)
54. van der Flier A, Gaspar AC, Thorsteinsdottir S,
Baudoin C, Groeneveld E, Mummery CL and Sonnenberg
A: Spatial and temporal expression of the beta1D integrin
during mouse development. Dev Dyn 210, 472-486 (1997)

55. Pham CG, Harpf AE, Keller RS, Vu HT, Shai SY,
Loftus JC and Ross RS: Striated muscle-specific beta(1D)-
integrin and FAK are involved in cardiac myocyte
hypertrophic response pathway. Am J Physiol Heart Circ
Physiol 279, 2916-2926 (2000)
56. Velling T, Collo G, Sorokin L, Durbeej M, Zhang H
and Gullberg D: Distinct alpha 7A beta 1 and alpha 7B beta
1 integrin expression patterns during mouse development:
alpha 7A is restricted to skeletal muscle but alpha 7B is
expressed in striated muscle, vasculature, and nervous
system. Dev Dyn 207, 355-371 (1996)
57. Baudoin C, Goumans MJ, Mummery C and
Sonnenberg A: Knockout and knockin of the b1 exon D
define distinct roles for integrin splice variants in heart
function and embryonic development. Genes Dev. 12,
1202-1216 (1998)
58. Ross RS, Pham C, Shai SY, Goldhaber JI, Fenczik C,
Glembotski CC, Ginsberg MH and Loftus JC: Beta1
integrins participate in the hypertrophic response of rat
ventricular myocytes. Circ Res 82, 1160-1172 (1998)

Key Words: Integrin, integrin subunit beta1, splice variant,
signaling, Alu element, Review

Send correspondence to: Dr Annika Armulik, Laboratory
of Genetics, Department of Cell and Molecular Biology,
Medical Nobel Institute, Karolinska Institute S-171 77,
Stockholm, Sweden, Tel: +46-8-728 7271, Fax: +46-8-30-
83-74 , E-mail: Annika.Armulik@cmb.ki.se


