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MINIREVIEW

Multiple Functions of the Integrin �6�4 in Epidermal
Homeostasis and Tumorigenesis
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Division of Cell Biology, The Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX Amsterdam, The Netherlands

Since the discovery of the �6�4 integrin in the late 1980s,
our understanding of its role in providing stable adhesion of
epithelial cells to basement membranes (BM) has significantly
increased. �6�4 plays a key role in the formation and stabili-
zation of junctional adhesion complexes called hemidesmo-
somes (HDs) that are connected to the intermediate filament
(IF) system, as well as in the regulation of a variety of signaling
processes. However, it is not clear as yet whether �6�4 partic-
ipates in cell signaling by serving as a substrate for tyrosine
kinases and as an adaptor for their associated signaling pro-
teins or whether its role in cellular processes is passive, involv-
ing regulation of the assembly and disassembly of HDs. In this
review, we will discuss the roles attributed to �6�4 and the
controversies in the field.

HISTORY OF THE �6�4 INTEGRIN

The integrin �6�4 was discovered in the late 1980s by two
different groups and was called either �E�4 or Ic-Ic binding
protein (Ic-IcBP) (36, 85). The Ic subunit had previously been
shown to form a complex with glycoprotein IIa on platelets (86),
which was subsequently identified as the common �1 subunit of
the integrin family (63). Since the Ic subunit was immunologically
and biochemically different from the five integrin � subunits
known at that time, it was named �6 and the complex of �6 with
�1 was called VLA-6 (30). Subsequently IcBP, which for an in-
tegrin subunit had the unusual size of approximately 200 kDa, was
found to be identical to the �4 subunit of the �E�4 complex (29).
The discovery of the integrin �6�4 demonstrated that a particular
� subunit can dimerize with more than one � subunit, a property
that was then thought to be unique for � subunits. In further
studies, the tumor antigens TSP-180 and A9 were found to be
identical to �6�4 (39, 93). Increased expression of �6�4 and
changes in its distribution were then correlated with increased
aggressiveness of tumors and poor prognosis (15, 97). At the same
time, �6�4 was also found to be a component of HDs (34, 84, 87).
Although �6�4, like �6�1, can interact with different laminin
isoforms, its preferred ligand in the epidermal BM is laminin-5
(4, 57, 71).

Sequencing of �4 revealed that its large size is due to an
unusually long cytoplasmic domain of over 1,000 amino acids

(31, 89). This domain contains two pairs of type III fibronectin
(FNIII) domains, separated by a connecting segment (CS)
(Fig. 1). A Na-Ca exchanger (CalX) motif precedes the first
FNIII domain, but its function is still not clear (77). Impor-
tantly, �6�4 was found to be associated with keratin IFs in-
stead of with actin like other integrins (26, 84). The association
with IFs is mediated by the hemidesmosomal components
plectin and BP230 (27, 58, 70). The importance of �4 for
adhesion to the BM became evident in �4 knockout mice that
developed severe blistering of the skin (14, 92). This was in line
with findings, just prior to these studies, that a mutation in the
�4 gene (ITGB4) is responsible for the pyloric atresia associ-
ated with junctional epidermolysis bullosa (EB) syndrome in
humans. Like that of the knockout mice, the skin of these patients
is fragile (94). More recent studies have elucidated the inter-
actions between �4 and other hemidesmosomal components
and revealed a potential role of �4 in signaling events associ-
ated with cell growth, survival, and migration under physiolog-
ical and pathological conditions.

ROLE OF �6�4 IN HDs

Lessons from patients. Our current knowledge of the role of
�6�4 in HD formation and organization derives from transfec-
tion, biochemical, and yeast two-hybrid assays. Furthermore, the
analysis and dissection of the molecular consequences of the
mutations in the �6, �4, plectin, or BP180 genes that have been
identified in patients suffering from EB have greatly contributed
to our understanding of HD assembly (Table 1). For example,
mutations that result in R1225H and R1281W substitutions in �4
were found to disrupt the interaction with plectin (41). As a result,
the adhesion of �6�4 to laminin-5 cannot be strengthened by an
interaction with the cytoskeleton, leading to a nonlethal form of
junctional EB (55, 64, 65). Similarly, absence or reduced expres-
sion of plectin also results in a congenital skin disease character-
ized by skin fragility and blistering (1, 20, 50, 82). Together, these
findings demonstrate that the interaction between �6�4 and plec-
tin is critical for proper HD assembly.

At least two sites on plectin and three on �4 mediate their
interaction. The actin binding domain (ABD) of plectin binds to
the first pair of FNIII domains and part of the CS of �4 (23).
Binding of �4 and F-actin to the plectin ABD is mutually exclu-
sive, probably because their binding sites overlap (23, 44). The
�4-plectin-ABD interaction is enforced by the plectin plakin do-
main that binds to part of the CS together with the fourth FNIII
domain and the C-terminal tail of �4 (42, 70). The importance of
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this latter association is supported by the identification of differ-
ent pathogenic mutations in patients with EB (Table 1).

Two other HD components, BP180 and BP230, bind to the
third FNIII domain of �4 and to a region comprising the
C-terminal end of the CS and the second pair of FNIII do-

mains, respectively (40). One patient suffering from a mild
form of EBS has a 50-amino-acid deletion in the third FNIII
domain of �4, which presumably affects the association be-
tween �4 and BP180 (35). Likewise, another EBS patient car-
ries a mutation causing the deletion of the region comprising
amino acids 18 to 407 of BP180, which abrogates the binding to
�4, plectin, and BP230 (17). Even though the mutant BP180
was localized in HDs, probably due to an interaction with the
�6 subunit or a putative ligand in the epidermal BM, the
assembly and stability of HDs were affected. The region in
BP180 involved in binding to �6 (NC16A) contains a major
epitope for autoantibodies in patients with bullous pemphigoid
(76). These autoantibodies may impair the interaction between
BP180 and �6�4, thereby destabilizing HDs (32). Further-
more, the �6 subunit of �6�4 interacts with the tetraspanin
CD151 (88). Its function in HDs is not clear, but mutations in
the CD151 gene are associated with skin fragility in humans
(37). Interestingly, CD151 null mice do not show skin fragility,
probably due to compensation by other molecules (98). To
date, no mutations in BP230 and �4 that specifically disrupt
their interaction have been found.

A hierarchical model for the assembly of HDs. The pheno-
types that result from the lack of �6�4 in patients and mice clearly
indicate that �6�4 is critical for the assembly of HDs. One of the
first steps in HD assembly is the recruitment of plectin by �6�4,
for which prior binding to the extracellular ligand laminin-5 is not
needed (60, 72). Likewise, ligation of �6�4 by laminin-5 does not
require binding of plectin (23, 41). As discussed in subsequent
sections, the phosphorylation of �4 causes the disassembly of
HDs; therefore, phosphatase activity may be required to initiate
their assembly. The resulting change in conformation would allow
the plectin ABD to interact with the first pair of FNIII domains
on �4. When plectin is not recruited by �6�4, the localization of
BP180 and BP230 is severely impaired. BP180 is only efficiently
recruited when plectin is present. In turn, the incorporation of
BP230 into a stable HD can only occur after the recruitment of
BP180 (42). These results indicate that HD assembly entirely
depends on �6�4 and that BP180 has no role in the initiation of
this process (Fig. 2). However, in human skin, hemidesmosomal
complexes containing BP180, BP230, and plectin were observed

FIG. 1. Structure of the integrin �6�4. The structures of the �6 and
�4 subunits are depicted. The positions of important tyrosine residues
reported in the literature and the locations of the regions that are
critical for the association with other hemidesmosomal components
are shown. The yellow cylinders depict the four FNIII domains, num-
bered in ascending order from the plasma membrane, and the pink
cylinder shows the location of the CalX motif.

TABLE 1. Mutations in hemidesmosomal components that affect
protein-protein interactions

Protein
(mutation)a

Protein-protein
interaction(s)

affected
Diseaseb Reference

�4 (R1281W) Plectin ABD Nonlethal PA-JEB 64
�4 (R1225H) Plectin ABD Nonlethal PA-JEB 55
�4 (Q1714X) Plectin plakin domain Lethal EBS 55
�4 (�1450–1499) BP180? Nonlethal EBS 35
BP180 (�18–407) �4, plectin, BP230 Nonlethal EBS 18
CD151 (�128–253) �6 HN-PEB 37
Plectin (�893–895) �4? MD-EBS 65

a The canonical �4A subunit (89) and the plectin 1C variant (50) were taken
as the basis for numbering the amino acids of �4 and plectin. In all cases, except
where there is homozygosity for a single mutation (R1281W; Q1714X), there is
a confounding effect by a second mutation in the gene, which determines whether
the disease is lethal or not.

b PA-JEB, pyloric atresia associated with junctional epidermolysis bullosa;
HN-PEB, hereditary nephritis associated with pretibial epidermolysis bullosa;
MD-EBS, muscular dystrophy associated with epidermolysis bullosa simplex. In
JEB the epidermis is separated from the dermis at the level of the basement
membrane, whereas in EBS splitting occurs through the basal keratinocytes.
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in the absence of �6�4, suggesting an alternative means of HD
assembly (59). Binding of BP180 to an as yet unidentified ligand
in the BM may initiate the formation of these less robust
hemidesmosomal complexes (40). At another level, the correct
targeting of HD components to the basal plasma membrane must
be regulated. A recent study in zebrafish identified penner/lethal
giant larvae-2 (Lgl-2) as a critical regulator of HD assembly (83).
The Lgl family currently consists of four members, several of
which can bind to syntaxins that mediate fusion of exocytic vesi-
cles with the basolateral plasma membrane (38, 54). Another

molecule that may be involved in the correct targeting of HD
components is ERBIN, which binds to both �4 and BP230 (16).
The exact functions of these molecules in the transport of HD
proteins to the plasma membrane still have to be clarified.

ROLE OF �6�4 IN BIOLOGICAL PROCESSES

Keratinocyte migration. In apparent contrast to its function
in stable adhesion, �6�4 appears to promote migration signal-
ing pathways that are either independent of or synergistic with

FIG. 2. Model of the hierarchical assembly of HDs. After the CS of �4 becomes dephosphorylated by an unidentified phosphatase, the plectin
ABD is free to make associations with the first pair of FNIII domains on �4. The interaction of �4 and plectin is enforced by additional interactions
between the plectin plakin domain and the �4 CS and the C-tail, which results in the formation of a type II HD. Once plectin is bound, BP180
is recruited into the complex, which makes associations with both the third FNIII domain of �4 and plectin. Lastly, a type I HD is formed once
BP230 becomes incorporated into the complex through associations to both �4 and BP180. BP230 and plectin both can bind to IFs through an
interaction site at their respective C termini.
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those that act downstream of growth factor receptors. Which
function prevails depends on the cell type, or even the species,
and on the experimental conditions. This makes it difficult to
define a precise role of �6�4 in keratinocyte migration. In-
deed, while one study showed that removal of �4 increased
migration of immortalized mouse keratinocytes (69), another
study reported that reexpression of �4 in �4-null human kera-
tinocytes increased migration (72).

In an attempt to separate the adhesive and signaling func-
tions of �4, immortalized murine keratinocytes that express �4
with a C-terminal deletion from residue 1355 (�4�1355) on-
wards were studied. The deleted region is not necessary for the
high-affinity interaction with plectin (75) and hence, this �4 can
still initiate the formation of HDs. Furthermore, this region of
�4 is critical for downstream signaling events triggered by �6�4
ligation (46, 47). Therefore, �4�1355 should be unable to initi-
ate promigratory signaling cascades. Indeed, migration of ke-
ratinocytes expressing �4�1355 was significantly decreased, as
was wound healing in vivo (62). Another report showed that
when either the binding of �6�4 to laminin-5 or its association
with the IF system is compromised, the migration rate is higher
than that of cells expressing wild-type �6�4 (24). These mutant
�4 subunits contained the complete cytoplasmic domain, so
they can initiate promigratory signaling cascades downstream
of �6�4 but are unable to form robust HDs. These studies
support the hypothesis that �4 can promote and hinder migra-
tion through signaling and adhesion, respectively.

Although HD disassembly is a prerequisite for cell migra-
tion, only a few reports have addressed this subject. Serine
phosphorylation of the �4 CS has been implicated as a critical
event in this process (67). For example, epidermal growth
factor (EGF)-induced activation of protein kinase C and sub-
sequent serine phosphorylation of �4 in cells plated on lami-
nin-1 results in the mobilization of �6�4 from HDs to lamel-
lipodia, where it associates with actin-rich protrusions (66).
Activation of the Ron (MSP) receptor on keratinocytes plated
on laminin-5 also resulted in a protein kinase C-dependent
translocation of �6�4 to lamellipodia, where 14-3-3 proteins
mediate association of �6�4 with the Ron receptor to ensure
its sequestration from HDs (74). Both results suggest that
serine phosphorylation of �4 promotes HD disassembly and
translocation of �6�4 to lamellipodia, where it may help to
stabilize these dynamic structures.

Rho family GTPases have an important role in cell migra-
tion, since they control the interplay between growth factor
receptors, integrins, and the cytoskeleton. In keratinocytes that
either are �4 negative or express an adhesion-defective �4
(�4AD) or �4 without a cytoplasmic domain (�4�CD), EGF-
induced Rac1 activity is weaker than in cells with wild-type �4
(72, 101). However, in keratinocytes expressing �4�1355, Rac1
activity is not affected by EGF, and in fact it is higher than in
wild-type control cells in the absence of growth factor (62).
These results suggest that EGF-induced Rac1 activity is posi-
tively regulated by integrin ligation and the regions in �4 up-
stream of residue 1355 but negatively regulated by regions
downstream of this residue.

Another important integrin that binds laminin-5 is �3�1,
which is associated with the actin cytoskeleton. The Rac1-
dependent localization of �3�1 in lamellipodia is essential for
their stabilization in migrating epithelial cells (6, 25). Although

�3�1 can regulate Rac1 activity by itself via TIAM-1 (28), the
results of the above studies suggest that growth factor-medi-
ated HD disassembly and the �6�4-dependent increase in
Rac1 activity promote the formation of lamellipodia and the
localization of �3�1 to these structures. In lamellipodia, �3�1
binds to the newly deposited laminin-5, which results in a
RhoA-dependent upregulation of laminin-5 and the formation
of focal adhesions, which drives migration (56). Notably, the
continuous deposition of laminin-5 beneath the migrating cell
will result in a gradient of laminin-5 that may be critical for
directional migration to occur (19). Therefore, Rac1 activity
seems to be controlled by the concerted action of both �3�1
and �6�4.

Carcinoma invasion. Studies on the invasion of carcinoma
cells, most of which were performed prior to those on kerati-
nocyte migration, also revealed a role for �6�4-dependent
activation of phosphatidylinositol (PI)-3 kinase, which is an
upstream regulator of Rac1 (81). This suggests that invading
carcinoma cells use migration mechanisms similar to those of
keratinocytes (Fig. 3). Studies using breast carcinoma cells
showed that tyrosine 1494 in the third FNIII domain of �4 is
necessary for insulin receptor substrate (IRS) phosphorylation,
binding of IRS to the p85 subunit of PI-3 kinase, and the
subsequent activation of IRS after �4 cross-linking by mono-
clonal antibodies (MAbs). Moreover, cells expressing the
�4Y1494F mutant displayed reduced invasion in assays in vitro
(80). Despite the importance of understanding invasion, the
mechanism by which IRS is activated downstream of tyrosine
1494 is not currently known.

Since growth factors activate enzymes that initiate the dis-
assembly of HDs, the presence of overactive growth factor
receptors may explain why �6�4 is unable to initiate HD for-
mation in many carcinoma cells. Presumably, �6�4 can easily
associate with the overactive tyrosine kinases under these cir-
cumstances, and the subsequent phosphorylation of �4 may
help to amplify signaling pathways that promote invasion. In
fact, �6�4 cooperates with several different tyrosine kinases in
carcinoma cells to promote invasion, including c-met (hepato-
cyte growth factor [HGF] receptor). This receptor was re-
ported to be constitutively associated with �6�4 and to induce
tyrosine phosphorylation of �4 upon HGF stimulation (91).
Moreover, expression of �6�4 in breast carcinoma cells was
found to induce the formation of lung metastases in nude mice.
However, since no cell lines expressing adhesion-defective �4
subunits were utilized, the metastases may be purely a result of
�6�4-mediated adhesion to laminin-5 that is exposed in some
areas of the lung (95). In contrast, a more exhaustive study has
suggested that HGF promotes invasion of carcinomas indepen-
dently of �6�4, and in fact, no association between �6�4 and
c-met could be detected in cells from different carcinomas (8).
Independent of its effect on invasion, a very recent study shows
that �4 also cooperates with c-met in the transformation of
rodent fibroblasts and is necessary to maintain the tumorigenic
phenotype of carcinoma cells, for which tyrosines 1257, 1440,
and 1494 proved to be essential (3). Interestingly, this study
also shows that �4 has some transforming capacity by itself.
Besides the supposed cooperation with c-met in the promotion
of carcinoma invasion, �6�4 can stimulate the invasiveness of
NIH 3T3 fibroblasts transformed by ErbB2 in a PI-3 kinase-
dependent manner. Interestingly, PI-3 kinase activity was de-
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pendent not on tyrosine 1494 but on a region of �4 comprising
the juxtamembrane residues 854 to 1183 (22). Upregulation of
another Erb family member, ErbB1 (EGF receptor), has been
implicated in the promotion of �6�4-dependent invasion of
carcinomas through the activation of the Src family kinase
(SFK) Fyn (49). Expression of a dominant-negative Fyn in
transformed cells prevented �4 tyrosine phosphorylation in
response to EGF and inhibited the invasion of cells expressing
�6�4 in vitro, but whether the impaired invasion is directly a
result of the decrease in �4 phosphorylation remains to be
elucidated (49).

There is evidence that proteins other than tyrosine kinases
can cooperate with �6�4 to promote invasion. For example,
invasion of breast carcinoma cells is stimulated by promoting

Rab11-mediated vesicular trafficking under hypoxic conditions
(100). The increased trafficking results in increased surface
expression of �6�4, but it is difficult to ascertain its relation
with increased invasion since the levels of other proteins may
also have increased. One intriguing study suggests that auto-
taxin is upregulated through the �6�4-dependent activation of
the transcriptional regulator NFAT1 in breast carcinoma cells
(5). Autotaxin generates lysophosphatidic acid, and stearoyl-
lysophosphatidic acid has been shown to increase invasion by
carcinomas (52). However, the mechanisms responsible for the
�6�4-dependent upregulation of autotaxin have not been char-
acterized.

In summary, the evidence for a correlation between �6�4
expression and invasion of carcinomas is strong. However, it is

FIG. 3. In vitro carcinoma cell invasion. The various signaling pathways reported for �6�4-dependent invasion of carcinoma cells are shown.
EGF receptor- and c-met-dependent invasion pathways rely upon the activation of PI-3 kinase, as does MAb cross-linking of the �4 subunit. Under
hypoxic conditions, the upregulation of Rab11 results in the increased surface expression of �6�4, which has been reported to enhance invasion.
Activation of �6�4 can also increase the extracellular expression of autotoxin, which results in the production of the proinvasive protein
stearoly-lysophosphatidic acid (sLPA). PTK, protein-tyrosine kinase; LPC, lysophosphatidylcholine.
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not clear whether this invasion is regulated by signaling that is
dependent on cooperation between �6�4 and growth factor
receptors or by �6�4-mediated adhesion. In addition, in car-
cinoma cells tyrosine phosphorylation of �4 by activated ki-
nases may allow �4 to function as an adaptor protein that
amplifies proinvasive signaling cascades, while in normal kera-
tinocytes, this function of �4 may be of less importance.

Keratinocyte survival. Studies using mouse models suggest
that �6�4 does not directly influence the survival of normal
keratinocytes in vivo (13, 62, 69). In �4 knockout and condi-
tional �4 knockout mice, the detachment of the epidermis
caused by the loss of HDs results in the apoptosis of basal
keratinocytes; however, this is due to the total detachment of
these cells from the underlying BM, and the decrease in cell
survival cannot be attributed solely to the absence of �6�4
because signaling by other integrins necessary for survival is
also compromised (14, 69, 92). However, the survival of kera-
tinocytes expressing mutant forms of �4 is different in vitro.
For example, keratinocytes expressing �4�1355, plated on lami-
nin-5 under conditions of growth factor deprivation, undergo
massive apoptosis. This does not occur in keratinocytes with
wild-type �4 (62). Apparently, the region of �4 downstream of
residue 1355 has a positive influence on cell survival. Also,
inhibition of PI-3 kinase in growth factor-deprived primary
keratinocytes expressing wild-type �4, plated on laminin-5, in-
duces massive apoptosis (62). Consistently, Akt activation is
decreased after laminin-5 ligation by keratinocytes expressing
the �4�1355 mutant (61), suggesting that survival is mediated by
the PI-3 kinase/Akt pathway. Although the role of �4 in kera-
tinocyte survival in vivo is not evident, the results from the
above studies suggest that under stress, �6�4 is involved in
activation of this survival pathway in vitro.

Carcinoma survival. Similar to what is seen in normal kera-
tinocytes under duress, Akt is activated downstream of �6�4 in
carcinoma cells in vitro (Fig. 4). However, this activity and the
resulting effect on cell survival are dependent on the status of
p53. When p53 is functional, �6�4 stimulates apoptosis, but
when p53 is nonfunctional or absent, it promotes cell survival
(2, 9). p53 promotes apoptosis in �6�4-expressing carcinoma
cells through the downregulation of Akt (2). Curiously, several
studies even suggest that �6�4 may indirectly promote survival
through enhanced expression of growth factors and cytokines.
It was reported that tyrosine 1494 on �4 is critical for the
upregulation of vascular endothelial growth factor (VEGF) in
carcinoma cells, which was subsequently shown to be impor-
tant for the survival of these cells (7, 43). Furthermore, in vitro
ligation of �6�4 promotes the survival of thymocytes and the
proliferation of thymic epithelial cells by increasing interleukin
6 (IL-6) production and secretion, which depends on the acti-
vation of p38 mitogen-activated protein (MAP) kinase and the
transcriptional regulators NF-IL-6 and NF-�B (45, 68). �6�4-
dependent activation of NF-�B is also the main mechanism for
the promotion of cell survival in tumor acini, and, interestingly,
survival has been linked to the ability of �6�4 to induce HDs
and drive tissue polarity (96, 101). The implication of these
findings is that the mechanism responsible for �6�4-dependent
NF-�B activation cannot be accurately assessed in monolayer
cultures (96). Taken together, �6�4 can regulate carcinoma
survival through the interplay between the PI-3 kinase/Akt
pathway and p53, while in polarized tumor tissues, the forma-

FIG. 4. In vitro carcinoma and tumor cell survival. Three major
�6�4-dependent cancer cell survival mechanisms have been reported.
Carcinoma survival has been reported to depend on the upregulation
of VEGF downstream of tyrosine 1494 in �4. Exocytosis of VEGF
results in the activation of its receptor, which leads to carcinoma
survival through activation of the PI-3 kinase/Akt survival pathway.
Interestingly, if p53 is functionally present, Akt is downregulated and
carcinoma cells undergo apoptosis; this effect is also dependent upon
�6�4 in these cells. In contrast to carcinomas, tumor cell survival
depends on the formation of HDs and the activation of NF-�B.
VEGFR, VEGF receptor.
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tion of HDs and the activation of NF-�B are the most impor-
tant determinants for cell survival.

Mitosis. Studies to assess the role of �6�4 in cell cycle
control were based on the activation (i.e., tyrosine phosphory-
lation) of �4 either by cross-linking with MAb, by plating on a
laminin-5-rich matrix, or by pervanadate treatment of cells in
tissue culture (Fig. 5). Cross-linking of �4 by MAbs on cells in
suspension results in tyrosine phosphorylation of �4 and Shc
and recruitment of Shc to �4. This activated Shc is associated
with Grb2 and signals through Erk to promote progression
through the cell cycle (11, 46–48). All studies undertaken to
date suggest that phosphorylation of Y1526 in �4 is necessary

and sufficient for Shc activation, recruitment of Shc to �6�4
through its phosphotyrosine binding domain, and stimulation
of cell division by the classical MAP kinase pathway. However,
the question of whether in vitro ligation and activation of �6�4
and the subsequent activation of the MAP kinase cascade are
physiologically relevant remains. Therefore, the �6�4-depen-
dent regulation of cell cycle progression in response to growth
factors was studied in basal keratinocytes. Treatment with
EGF results in the activation of the SFK member Fyn, which in
turn can induce phosphorylation of �4 (49). Incidently, SFKs
can also be activated after �6�4 clustering in lipid rafts (21).
However, in contrast to the studies using �4 MAb cross-link-
ing, EGF treatment did not cause the recruitment of Shc to �4
but instead inhibited the association of Shc with ligated �6�4,
possibly due to competition for binding sites on the activated
EGF receptor (48, 73). This suggests that Y1526 of �4 is not
critical for mitosis in response to EGF, and this may be espe-
cially relevant for cells that overexpress the EGF receptor (i.e.,
A431), in which competition for binding Shc will be greater.

Interestingly, defects in Erk activation upon ligation on lami-
nin-5 were observed in primary keratinocytes isolated from the
�4�1355 transgenic mice (61). However, EGF-induced Erk ac-
tivation was normal, which is consistent with the lack of effect
of the deleted �4 subunit (69). The �4�1355-expressing kerati-
nocytes did display defects in the translocation of active Erk to
the nucleus after activation of the EGF receptor. Notably,
MEK inhibitors had only a minimal effect on mitosis in the
keratinocytes expressing wild-type �4, implying that the trans-
location of Erk to the nucleus is not critical for cell cycle
progression in primary keratinocytes in vitro (62). The same
study demonstrates that �6�4 also regulates the translocation
of NF-�B to the nucleus and that this is important for cell cycle
progression in primary keratinocytes plated on laminin-5 (62).
However, there are considerable data that suggest NF-�B ac-
tivation inhibits keratinocyte proliferation in both murine and
human skin in vivo and in vitro (78, 79, 90, 102). In fact, the
inhibition of NF-�B in the presence of activated Ras can trig-
ger tumorigenesis in the human epidermis, which is dependent
on �6�4 (10).

Studies with genetically modified mice suggest that the ob-
servations in vitro do not accurately reflect the in vivo situa-
tion. The mice displaying skin fragility (i.e., �4�/� and �4�CD

mice) and the mice without gross abnormalities in skin attach-
ment (i.e., conditional knockout �4 and �4�1355 mice) showed
no obvious defects in either the size of the pups or in the
number of cells present in the epidermal layer compared to
wild-type mice, as would be expected if cell cycle progression
were impaired in cells incapable of initiating promitotic signal-
ing events downstream of �6�4 (14, 53, 61, 69, 92). However,
differences in keratinocyte proliferation were detected at the
microscopic level in skin sections. The number of actively pro-
liferating basal keratinocytes in �4�CD and �4�1355 transgenic
mice was low, while in the knockout and conditional knockout
mice it was normal. The reason for this discrepancy is not clear;
however, it was proposed that the difference might be due to
the stage of embryogenesis or the postnatal period at which
the proliferative potential of these cells was assessed (62).
Taken together, the data show that growth factor-induced
cell cycle progression in keratinocytes may not be wholly
dependent on �6�4.

FIG. 5. In vitro keratinocyte mitosis. Laminin-5 ligation or MAb
cross-linking of �4 (in lipid rafts) results in the activation and recruit-
ment of Shc to tyrosine 1526 on �4. The data suggest that this event is
sufficient to activate the classical MAP kinase cell cycle progression
pathway. Importantly, the activated EGF receptor (EGFR) competes
with tyrosine phosphorylated �4 for Shc binding and can indepen-
dently induce mitosis. PTP, protein tyrosine phosphatase.
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CONCLUDING REMARKS

When assessing the role of HDs in keratinocytes, it should
be kept in mind that not all the components of the BM may be
present in vitro and that some proteins typically found in type
I HDs in vivo may be absent in vitro. For example, in the
�4�1355-expressing keratinocytes, the HDs lack BP180 and
BP230 because the binding sites for these type I HD compo-
nents are absent, and therefore, these HDs are structurally
more similar to the simpler type II HDs (33, 40, 62). The
�4�1355 mutant also misses several binding sites that reinforce
the �4-plectin interaction (42), so that HDs containing this
mutant may even be less robust than type II HDs. Further-
more, �6�4 binds to the BM component netrin-1 (99). The
function of this interaction has not yet been assessed and may
represent another level of HD regulation in vivo that is not
appreciated in cultured keratinocytes. It seems likely that the
mechanisms responsible for the assembly and disassembly of
type I HDs are more complex than those reported for the
simpler type II HDs, because type I HDs contain additional
proteins and more interactions that have to be regulated.
Therefore, the effects of �6�4 on the regulation of cellular
processes in keratinocytes in vitro may not accurately represent
the function of �6�4 in vivo.

The different experimental conditions and cell types used in
vitro also make it difficult to integrate all the data obtained
regarding signaling events downstream of �6�4 in a compre-
hensive model. The task becomes even more daunting when
trying to integrate all the in vitro findings obtained with genet-
ically modified mice. One reason for this difficulty is that plat-
ing isolated keratinocytes on laminin-5 or MAb or cross-link-
ing �6�4 by MAbs on cells in suspension does not accurately
mimic the in vivo situation simply because the cells are not
permanently attached to the BM and neighboring cells,
whereas basal keratinocytes in vivo are. Also, other factors
present in the extracellular matrix in vivo may regulate signal-
ing pathways in basal keratinocytes that are dominant over or
independent of the signaling adaptor function of �6�4. These
notions may explain why observations in in vivo mouse models
suggest that �6�4 has a modest effect on cell survival and
mitosis in neonatal and adult mice. Murine knockin studies
using point mutants of �4 (especially Y1494F and Y1526F) are
critical to elucidate to what extent signaling downstream of
�6�4 contributes to these cellular processes. The type I HDs in
these mice are more likely to be similar to those in the wild-
type steady-state situation, and therefore, the adhesive and
signaling functions of �6�4 can be independently assessed.

Several growth factor receptors induce phosphorylation of
�4. It seems likely that in aggressive carcinomas, which almost
invariably show enhanced protein-tyrosine kinase signaling,
the adaptor function of �4 is more important. In carcinoma
cells, HDs have usually lost their structural integrity, which is
due in part to a decrease in the expression levels of BP180 and
230, and �6�4 is often upregulated and no longer concentrated
at the basal side in these cells (51). This may allow easier access
of �4 to highly active kinases present all over the cell surface.
Moreover, excessive amounts of laminin-5 that can ligate �6�4
in the absence of an organized BM are frequently secreted, and
this may allow activation of �6�4-dependent signaling path-
ways that are not utilized in normal keratinocytes (12). These

notions do not imply that �6�4 has no signaling function in
normal keratinocytes. They only suggest that the effects from
signaling cascades downstream of �6�4 may be much more
subtle than is currently appreciated and that the adhesive func-
tion of �6�4 in HDs dominates any potential signaling function
for �6�4 in normal keratinocytes in vivo.
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