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Mammalian skin comprises a multi-layered epithelium, the epidermis, and an underlying
connective tissue, the dermis. The epidermal extracellular matrix is a basement membrane,
whereas the dermal ECM comprises fibrillar collagens and associated proteins. There is con-
siderable heterogeneity in ECM composition within both epidermis and dermis. The func-
tional significance of this extends beyond cell adhesion to a range of cell autonomous and
nonautonomous processes, including control of epidermal stem cell fate. In skin, cell-
ECM interactions influence normal homeostasis, aging, wound healing, and disease.
Disturbed integrin and ECM signaling contributes to both tumor formation and fibrosis.
Strategies for manipulating cell-ECM interactions to repair skin defects and intervene in a
variety of skin diseases hold promise for the future.

The focus of this review is the role of cell-ECM
interactions in the physiology of normal

and diseased mammalian skin. The skin has epi-
thelial and mesenchymal components and con-
tains ECM comprising both fibrillar collagen
and basement membrane. Experimentally, it is
a highly tractable tissue, and a range of in vitro
and in vivo approaches are available to explore
cell-ECM interactions. Such studies are of med-
ical importance because of the wide variety of
benign and malignant skin diseases. Research
on skin therefore provides an integrated, in
vivo, context for understanding the functional
significance of specific molecular interactions
and signaling pathways involved in cell-ECM
adhesion.

STRUCTURE OF MAMMALIAN SKIN

Mammalian skin comprises several distinct layers
(Fig. 1). The outermost layer is the epidermis,
which consists of a multilayered epithelium, the
interfollicular epidermis, and associated struc-
tures that include the hair follicles and sebaceous
glands (reviewed by Shimizu 2007). The epider-
mis is maintained by proliferation of stem cells
and differentiation of their progeny (Fuchs
2008; Watt and Jensen 2009). There are multiple
pools of stem cells located in different epidermal
regions, including the permanent portion of the
hair follicle (the bulge) and the interfollicular
epidermis (reviewed by Jones et al. 2007; Watt
and Jensen 2009; Jaks et al. 2010).
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The basal layer of the epidermis is attached
to a basement membrane, which overlies the
connective tissue layer known as the dermis
(Fig. 1). The dermis is rich in collagen fibers
(mainly types I and III) and comprises distinct
layers. The layer that is closest to the epidermis,
known as the papillary (or upper) dermis, has
thin collagen fibers. Below that lies the reticular
(or deep) dermis, which has dense collagen

fibers, and overlies the subcutaneous fat layer.
The different types of collagenous ECM in the
dermis can be visualized in a number of differ-
ent ways, including classic histochemical stain-
ing (Fig. 2).

Fibroblasts, macrophages, mast cells, T and
B cells, blood vessels, lymphatics, and nerves
are the common cellular components of the
dermis. The dermis also contains arrector pili
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Figure 1. Different layers of mammalian skin. IFE: interfollicular epidermis; HF: hair follicle; SG: sebaceous
gland; BM: basement membrane; DP: dermal papilla; APM: arrector pili muscle.

Figure 2. Heterogeneity of dermal ECM. Adult human and mouse skin stained with Herovici’s picropolychrome
stain. Highly cross-linked collagen in the reticular dermis (RD) stains purple, whereas collagen in the papillary
dermis (PD) stains blue. The papillary dermis is thinner in mouse than human skin. Scale bar: 100 mm.
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muscles, which insert in the basement mem-
brane of the hair follicle bulge and are responsi-
ble for erection of the hair follicles to conserve
body heat (Fig. 1).

SKIN ECM HETEROGENEITY

Over the past 20 years, the expression of integ-
rins and extracellular matrix proteins in the
skin has been characterized extensively (Watt
2002; Wilhelmsen et al. 2006; Sugawara et al.
2008; Breitkreutz et al. 2009; Ko and Marinko-
vich 2010). In addition to the differences in
ECM composition of upper and deep dermis
(Fig. 2), there is regional variation in the com-
position of the basement membrane, which
can be detected both by immunolabeling of
skin sections (Fig. 3) and by gene expression
profiling (Table 1). The major epidermal integ-
rins area2b1,a3b1, anda6b4, but other integ-
rins are expressed, albeit at lower levels, and
there is variation in the level of integrin expres-
sion in different regions of the epidermis (Watt
2002).

The marked variation in ECM and integrin
expression within different regions of the skin
and at different developmental stages creates
many distinct adhesive environments that can
potentially recruit and modulate the properties
of different cell populations. We believe that
this is highly important in establishing and
maintaining tissue organization and function.
An excellent resource for finding where specific
basement membrane proteins are expressed is
the Mouse Basement Membrane Bodymap, part
of the MATRIXOME project that is under the
direction of Kiyotoshi Sekiguchi (Manabe et al.
2008). The database contains high-resolution
virtual slides of immunohistochemically stained
sections from different embryonic stages and
tissues, including skin from different body
sites (http://www.matrixome.com/bm/Home/
home/home.asp). Another valuable resource
for skin researchers is the human protein atlas
(http://www.proteinatlas.org/), which shows
the expression patterns of many proteins, in-
cluding ECM components and integrins, in a
wide range of human tissues.

INTEGRINS AND ECM PROTEINS AS
EPIDERMAL STEM CELL MARKERS

The behavior of virtually all stem cells, whether
pluripotent or tissue-specific, embryonic or
adult, is controlled by the interplay between
intrinsic transcriptional programs and extrinsic
signals (Watt and Driskell 2010). The extrinsic
signals are provided by the local microenviron-
ment, or niche, in which the stem cell resides.
There is a growing appreciation that ECM is
an important niche component for stem cells
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Figure 3. Epidermal basement membrane heteroge-
neity in adult mouse skin. The laminin (LM) a5
and a3 chains are expressed ubiquitously, whereas
the a1 chain is most abundant in the interfollicular
epidermis (IFE) and the a2 and a4 chains are most
abundant in the hair follicle (HF). Note focal deposi-
tion of the a2 and a4 chains in the interfollicular
epidermis (closed arrowheads). Nephronectin is spe-
cifically expressed in the bulge (open arrowhead),
which also expresses keratin 15 (red), and also in
the arrector pili muscle. Blue staining is DAPI nuclear
counterstain. �Indicates nonspecific labeling of the
outermost epidermal layers. SG: sebaceous gland.
Scale bar: 100 mm.
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in a wide range of tissues and organisms (Hall
and Watt 1989; Scadden 2006; Spradling et al.
2001; Watt and Hogan 2000).

High levels of integrin expression were
reported long ago to be a marker of epidermal
stem cells (Jones and Watt 1993; Jones et al.
1995) and now integrins are used to enrich for
stem cells in a variety of different cell types (see,
for example, Wagers and Weissman 2006; Stingl
et al. 2006; Shackleton et al. 2006). Although
the difference in integrin levels between stem
cells and their more differentiated progeny
within the basal layer of the interfollicular epi-
dermis is only two- to threefold, it is sufficient
to ensure that stem cells are more adhesive to
ECM proteins (Jones et al. 1995). Microarray
analysis has revealed more marked differences
in expression of ECM genes between hair folli-
cle bulge stem cells (defined on the basis of
Keratin-15 expression or DNA label retention)
and other epidermal cell populations (Table 1).
The functional significance of the unique ECM
of the bulge is incompletely understood. It may
serve to anchor stem cells in the niche, and may
also play a role in communication between bulge

cells and adjacent dermal cell populations, such
as the arrector pili muscle.

There have been relatively few attempts to
understand how epidermal integrin and ECM
gene expression is regulated at the transcrip-
tional level (Corbi et al. 2000; Turner et al.
2006; Takaoka et al. 1998). However, one aspect
that has been explored is negative regulation of
integrin, cytoskeleton, and ECM genes by Myc
(Watt et al. 2008; Berta et al. 2010). The negative
effects of Myc on epidermal adhesion and stem
cell maintenance are counteracted by the Rho
GTPase Rac1 (Benitah et al. 2005). Rac1 nega-
tively regulates c-Myc through p21-activated
kinase 2 (PAK2) phosphorylation, which de-
creases Myc stability and DNA binding (Benitah
et al. 2005; Watt et al. 2008; Berta et al. 2010).

Myc negatively regulates integrin gene
expression in other cell types (Inghirami et al.
1990), but the consequences are different. In the
epidermis, high levels of Myc induce stem cell
differentiation and this is proposed to be a fail-
safe mechanism to protect against uncontrolled
proliferation. In contrast, down-regulation of
integrins in B lymphoid cells is linked to

Table 1. ECM genes up-regulated or down-regulated in Keratin-15-positive mouse hair follicle stem cells (Morris
et al. 2004).

Fold change

value (log2) Regulation Gene symbol Gene title

7.42 Up Igfbp5 Insulin-like growth factor binding protein 5
6.33 Up Ctgf� Connective tissue growth factor
6.07 Up Postn� Periostin
5.65 Up Sparc Secreted acidic cysteine rich glycoprotein
4.88 Up Ltbp2� Latent transforming growth factor b-binding protein 2
4.20 Up Col6a1� Collagen type-VI a1
3.82 Up Npnt� Nephronectin
3.39 Up Col18a1� Collagen type-XVIII a1
2.98 Up Col5a2� Collagen type-V a2
2.53 Up Tnc� Tenascin C
2.52 Up Fbln1� Fibulin 1
2.27 Up Col4a1 Collagen type-IV a1
2.13 Up Col6a2 Collagen type-VI a2
2.09 Up Timp2 Tissue inhibitor of metalloproteinase 2
1.66 Up Igfbp6 Insulin-like growth factor binding protein 6
1.63 Up Col1a2 Collagen type-I a2
3.57 Down Smoc2� SPARC related modular calcium binding 2
2.47 Down Thbs2 Thrombospondin 2

Asterisks indicate the genes that are also up-regulated or down-regulated in mouse epidermal label retaining cells (Tumbar

et al. 2004).
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uncontrolled growth (Inghirami et al. 1990).
Nevertheless, in both epidermis and the hemo-
poietic system, Myc activation drives changes
in stem cell anchorage to the niche (Murphy
et al. 2005; Watt et al. 2008).

INTEGRIN-ECM INTERACTIONS REGULATE
STEM CELL FATE

Integrin and ECM expression not only provide
epidermal stem cell markers, but also regulate
stem cell fate. Loss of contact with the ECM or
reduced integrin expression in adherent cells
triggers terminal differentiation of cultured epi-
dermal cells (Watt 2002; Grose et al. 2002). In
culture,b1 integrin activation suppresses termi-
nal differentiation (Evans et al. 2003). Studies
with cultured human epidermal cells have de-
lineated some of the signaling pathways in-
volved (Watt 2002), revealing a key role for Erk
MAPK (MAP kinase) signaling downstream
from b1 integrins in providing a differentia-
tion-inhibitory signal (Zhu et al. 1999; Levy
et al. 2000; Haase et al. 2001; Evans et al. 2003).

Consistent with the differentiation of epider-
mal cells in suspension, restricting the spread-
ing of single cells on micropatterned substrates
stimulates terminal differentiation (Watt et al.
1988; Gautrot et al. 2010). However, in this
case the signal is not dependent on the com-
position or concentration of the ECM coating,
or on focal adhesion formation. Instead, differ-
entiation is regulated by the state of assembly
of the actin cytoskeleton: initiation of differen-
tiation is correlated with a low level of G actin
(Connelly et al. 2010). These observations
have led to the identification of the SRF/MAL
transcription factor complex in regulating dif-
ferentiation via AP1 transcription factors
(Connelly et al. 2010). E-cadherin signaling also
regulates SRF/MAL in epithelial cells (Busche
et al. 2008), which increases the intriguing
possibility that these transcription factors inte-
grate signals from both cell-ECM and cell-cell
interactions.

The initial evidence that integrin-ECM
adhesion regulates the epidermal stem cell
compartment was obtained with cultured cells.
When the consequences of genetic deletion of

integrins in transgenic mice were evaluated, it
was suggested that integrins did not regulate
differentiation (Raghavan et al. 2000; Watt
2002). This may reflect, at least in part, compen-
satory up-regulation of avb6 (Raghavan et al.
2003; cf. Grose et al. 2002). Notwithstanding
the obvious differences between the in vivo
and in vitro cellular environment, there is now
strong evidence that integrins do regulate epi-
dermal stem cells in vivo.

Piwko-Czuchra et al. (2009) recently gener-
ated hypomorphic mice in which epidermal b1
integrins are expressed at reduced levels, rather
than being completely deleted. These studies
showed that keratinocytes expressing b1 integ-
rins in vivo undergo considerable expansion rel-
ative to b1-null or low b1 expressing epidermal
cells. This shows that b1 integrin expression is
essential for expansion of epidermal stem cells
and tissue homeostasis. Deletion ofb1 integrins
in the basal layer of adult mouse epidermis
reveals a correlation between the level of b1
integrins and proliferation in the interfollicular
epidermis that is remarkably consistent with
human epidermis (López-Róvira et al. 2005).
Although b1 integrin expression is required
for stem cell maintenance, b1 integrin activa-
tion via mutation of the I-like domain is not
sufficient to expand the stem cell compartment
in vivo (Ferreira et al. 2009).

Although one mechanism of stem cell
maintenance via b1 integrins involves Erk
MAPK (Zhu et al. 1999), another is by control-
ling the orientation of the mitotic spindle
(Lechler and Fuchs 2005). Asymmetric cell divi-
sions are important in stem cell fate selection
in a wide range of tissues (Hall and Watt 1989;
Watt and Hogan 2000; Spradling et al. 2001),
and in developing epidermis the transition
from a single to a multilayered epithelium is
achieved by vertically oriented mitoses. b1
integrins are essential for the apical localiza-
tion of a protein complex comprising atypical
protein kinase C, Par3-LGN-Inscuteable, and
NuMA-dynactin that aligns the spindle (Lechler
and Fuchs 2005).

Different integrins and ECM proteins play
different roles in regulating epidermal homeo-
stasis, and those roles are not obligatorily linked
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to physical anchorage to the basement mem-
brane. For example, thea6b4 integrin primarily
mediates anchorage of the interfollicular epider-
mis, and the b1 integrins are required for hair
follicle maintenance (Watt 2002; Conti et al.
2003), whereas spindle orientation depends on
b1, but not b4 integrins (Lechler and Fuchs
2005). Laminin-511 (laminin-10; a5b1g1) is
up-regulated in growing hair follicles and
Lama5 – / – skin shows a failure of hair germ
elongation followed by complete hair follicle
regression, defects that are not caused by cell
detachment from the basement membrane (Li
et al. 2003). Whereas laminin-511 is primarily
of importance in the hair follicle, knockout of
laminin-a3, b3, and g2 chains of laminin-332
results in severe skin-blistering (Sugawara et al.
2008). Laminin-332 is thus essential for adhe-
sion of the epidermis to the basement mem-
brane, consistent with human patients with
laminin-332 mutations having junctional
Epidermolysis bullosa.

The effects of deleting integrin-associated
proteins resemble, as anticipated, those of in-
tegrin loss, and also reveal differences in the
extent to which basement membrane adhesion
is compromised (see also Wickstrom et al.
2011). Thus, Kindlin-1–deficient mice show
skin atrophy and reduced keratinocyte prolif-
eration, consistent with an effect on the epider-
mal stem cell compartment, but in the absence
of epidermal detachment from the basement
membrane (Ussar et al. 2008). Epidermal dele-
tion of focal adhesion kinase (FAK) results
in hair follicle defects (Essayem et al. 2006;
Schober et al. 2007), and epidermal and seba-
ceous gland hypoplasia, again pointing to stem
cell defects; however, cell migration is unaf-
fected by loss of FAK (Essayem et al. 2006).
Conversely, epidermal deletion of ILK leads to
epidermal defects and hair loss, but in this
case, the phenotypes are attributable to epider-
mal detachment from the basement membrane,
rather than to stem cell depletion (Lorenz et al.
2007).

The conclusion from these studies is that
epidermal interactions with the ECM are crucial
for stem cell anchorage and self-renewal. There
is specificity in the nature of those interactions,

and stem cell defects are manifest even when
basement membrane adhesion is preserved.

NON-CELL-AUTONOMOUS FUNCTIONS
OF EPIDERMAL INTEGRINS AND ECM

Reciprocal signaling between epidermal stem
cells and cells of the dermis is essential for nor-
mal skin function, and there is clear evidence
that epidermal integrins and basement mem-
brane proteins are involved in communication
with other cell types. The best-characterized
interaction involves the dermal papilla (DP)
(Fig. 1), a specialized population of fibroblasts
at the base of the hair follicle, which is required
for hair follicle formation during development
and for the postnatal hair growth cycle (Millar
2002). In recent years it has emerged that
laminin-511 regulates dermal papilla function
(Li et al. 2003; Gao et al. 2008). At E16.5, dermal
papillae from mice lacking laminin-511 fail to
maintain expression of the morphogen noggin.
Introduction of noggin or sonic hedgehog
(Shh), which is produced downstream from
noggin, is sufficient to restore hair follicle devel-
opment in Lama5 – / – skin. Shh signaling
requires primary cilia, and laminin-511 mutant
dermal papillae have defects in primary cilia.
Thus, the role of laminin-511 in hair follicle
morphogenesis and maintenance is not to
anchor epithelial cells to the basement mem-
branes, but to maintain the primary cilium via
Noggin and Shh signaling.

Examples of how epidermal integrin ex-
pression regulates the properties of other cell
types include effects on melanocytes and endo-
thelial cells. Epidermal cells control prolifera-
tion of melanocytes via both secreted factors
and intercellular adhesion (Haass et al. 2005).
When the b1 integrin is deleted in adult mouse
epidermis, these signaling events are disturbed
and there is an increase in epidermal melano-
cytes (López-Róvira et al. 2005). Conditional
epidermal deletion of the a3 integrin subunit
leads to impaired wound angiogenesis, and this
correlates with decreased expression of the pro-
angiogenic factors mitogen-related protein 3
(MRP3) and MMP9 (Mitchell et al. 2009; Iyer
et al. 2005).
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CHANGES IN ECM AND INTEGRIN
EXPRESSION ASSOCIATED WITH AGING

During skin aging there are marked changes in
ECM and integrin expression. Although the epi-
dermal stem cell compartment does not show
evidence of major depletion, there is a reduction
in b1 integrin expression and, in human skin, a
flattening of the boundary between epidermis
and dermis (Bosset et al. 2003; Makrantonaki
and Zouboulis 2007; Giangreco et al. 2008,
2010; Racila and Bickenbach 2009). Given the
non-cell-autonomous roles of integrins, one
can speculate that reduced epidermal integrin
levels may affect other cell compartments, such
as skin vasculature and pigmentation. Lami-
nin-511 levels decline during aging and it has
been suggested that this may contribute to
age-related hair loss (Sugawara et al. 2008).

The dermis and underlying fat layer change
in thickness and cellularity with age. With age,
there is a decrease in cell density within the
dermis and an increase in subcutaneous fat
(Giangreco et al. 2008). UV-induced changes
in human skin (photo-aging) include depletion
of fibrillin and type VII collagen in the upper
dermis and accumulation of abnormal elastic
fibers in the mid and deep dermis, with in-
creased dermal levels of versican (Makrantonaki
and Zouboulis 2007; Farage et al. 2008). Abnor-
mal accumulation of elastic fibers correlates
with decreased deposition of collagen I fibers
in photo-aged skin, resulting from increased
collagen degradation. In sun-protected aging
skin both collagen and elastic fibers show de-
creased levels (Makrantonaki and Zouboulis
2007; Farage et al. 2008).

EPIDERMAL HYPERPROLIFERATION AND
WOUND HEALING

During skin wound healing there is extensive
interaction between cells of the epidermis, der-
mis and bone marrow, and ECM proteins and
integrins play key roles in those interactions
(Werner et al. 2007). The earliest phase in
wound repair is inflammation. This is followed
by deposition of new connective tissue, known
as granulation tissue, and migration of kera-
tinocytes over the granulation tissue to repair

the epidermis. Fibroblast activation, which
results in a-SMA (a-smooth muscle actin) ex-
pression, exerts mechanical tension and con-
tributes to normal wound repair; in addition,
DP fibroblasts are recruited to the wound site
(Gharzi et al. 2003; Biernaskie et al. 2009). Acti-
vated fibroblasts synthesize ECM proteins, a
process that is controlled by TGF-b. Keratino-
cytes and fibroblasts also collaborate to form
the new basement membrane.

In vivo, the loss of epidermal b1 integrins
causes a severe defect in wound healing, which
correlates with an increased inflammatory re-
sponse (Grose et al. 2002). Wound healing is
also compromised when thea3 integrin subunit
is deleted in epidermal cells and this is because
of a failure to up-regulate Smad7, an inhibitor
of TGF-b1 signaling (Reynolds et al. 2008).

In hyperproliferative epidermis, integrin
expression is no longer confined to the basal
layer, but instead integrins are expressed, in the
absence of ECM ligands, in the suprabasal layers
of cells undergoing terminal differentiation
(Watt 2002). Suprabasal integrin expression is
also observed during skin wound healing, in
psoriasis and in some cancers. When integrins
are overexpressed in the suprabasal layers of
transgenic mouse epidermis this results, in the
case of b1 integrins, but not a6b4, in sporadic
epidermal hyperproliferation and skin inflam-
mation associated with elevated epidermal cyto-
kine production (Watt 2002; Owens and Watt
2003; Teige et al. 2010).

When b1 integrins are expressed in the su-
prabasal layers of hyperproliferative human and
mouse epidermis there is elevated Erk MAPK
signaling in those layers (Haase et al. 2001).
When activated MEK1 is expressed suprabasally
in transgenic mice, there is constitutive epi-
dermal hyperproliferation and inflammation
(Hobbs et al. 2004). One of the cytokines that
is up-regulated on suprabasal epidermal integ-
rin expression is IL1-a (Hobbs and Watt 2003;
Hobbs et al. 2004). The effect of suprabasal in-
tegrin expression on cytokine production is
another example of non-cell-autonomous in-
tegrin signaling. During skin inflammation,
cells of both epidermis and dermis communi-
cate with inflammatory cells via cytokine release
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(Szabowski et al. 2000), which can result in loss
of the subdermal fat layer (Guinea-Viniegra
et al. 2009).

In summary, the dramatic changes in ECM
and integrin expression during wound healing
are not only required for re-epithelialization
and regeneration of the basement membrane
and dermal ECM, but are also involved in in-
tercellular communication. The role of ECM
signaling in regulating inflammation is in-
completely understood and warrants further
investigation.

FIBROSIS

Although fibroblast activation during wound
healing is beneficial in rebuilding the dermal
ECM, excess collagen deposition by fibroblasts
results in fibrosis and scar formation (Gurtner
et al. 2008). Fibrosis is a hallmark of many con-
nective tissue diseases, including scleroderma
and systemic sclerosis (reviewed by Ihn 2005;
Krieg et al. 2007; Olson and Soriano 2009).
One of the factors expressed by keratinocytes
that promotes fibroblast activation in systemic
sclerosis is IL1-a (Aden et al. 2010).

TGF-b is a key mediator of fibrosis and acts
by stimulating fibroblast proliferation and
ECM synthesis (Ihn 2005; Trojanowska 2002).
TGF-b also inhibits ECM degradation by down-
regulating MMP-1, which mediates collagen
degradation, and up-regulating tissue inhibi-
tors of matrix metalloproteinases (TIMPs)
(Ihn 2005). Activation of the TGF-b pathway
in postnatal fibroblasts is sufficient to induce
skin fibrosis in mice, including epidermal thin-
ning, loss of hair follicles and dermal fibrosis
(Sonnylal et al. 2007). Dermal accumulation
of collagen type I and III and up-regulation of
other ECM proteins, including fibronectin,
osteopontin, and SPARC, are observed. The
correlation of fibrosis with epidermal hypopla-
sia may be because of the growth inhibitory
effect of TGF-b on epidermal cells.

Two other growth factors that mediate fi-
brosis are PDGF and connective tissue growth
factor (CTGF). Increased PDGFRa signaling
is sufficient to drive excessive fibroblast pro-
liferation and ECM deposition, and acts either

independently or downstream from TGF-b
(Olson and Soriano 2009). CTGF, which also
modulates fibroblast growth and ECM synthe-
sis, is induced by TGF-b (Ihn 2005).

Integrins are also implicated in fibrosis.
Expression of the vitronectin receptor, avb5,
is up-regulated by fibroblasts in systemic sclero-
sis. avb5 activates latent TGF-b (Munger et al.
1999). In addition, ECM-bound vitronectin
stabilizes the active form of plasminogen acti-
vator inhibitor-1, resulting in inhibition of the
plasmin-mediated pericellular proteolytic cas-
cade, and contributing to autocrine TGF-b sig-
naling (Asano et al. 2006a, b).

Studies of fibrosis thus indicate that, as in
normal skin homeostasis and wound healing,
ECM and integrins play an important role.

ECM AND INTEGRINS IN CANCER

Integrin expression is disrupted in tumors of
multi-layered epithelia, including benign (pap-
illomas) and malignant (squamous cell car-
cinomas; SCCs) tumors (Watt 2002). Changes
include suprabasal integrin expression, loss of
expression and changes in the types of integrins
that are expressed (Owens and Watt 2003; Janes
and Watt 2006).

The positive role of b1 integrins in epider-
mal tumor development is well established
(Watt 2002; Janes and Watt 2006) and recent
studies suggest that high b1 integrin levels
may not only enrich for normal stem cells, but
also for cancer stem cells (Jensen et al. 2008).
When tumors are induced by application of
the tumor initiator DMBA and the tumor
promoter TPA, epidermal deletion of FAK re-
sults in both a reduction in papillomas and in
SCCs (McLean et al. 2004). Conversely, epider-
mal deletion of the TGF-b type II receptor
increases susceptibility to squamous cell carci-
noma development and this is associated with
enhanced integrin signaling via FAK (Guasch
et al. 2007).

One particularly powerful approach to
studying human SCC formation is to express
cancer-associated genes in cultured human
epidermal cells grown on normal human der-
mis and to graft the reconstituted tissue onto
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immunocompromised mice. Sequential gene
expression profiling has led to the identifica-
tion of a core cancer progression signature
that has been subjected to network modeling.
Network topology predicts that tumor forma-
tion depends on specific extracellular matrix-
interacting network hubs (Reuter et al. 2009).
The center of the gene network comprises genes
that encode ECM-interacting proteins, media-
tors of inflammation and integrin subunits.
One of the hubs is b1 integrin and, consistent
with this, anti-b1 treatment inhibits the growth
of developing and established tumors. What is
particularly intriguing about these observations
is that they suggest, once again, that integrin-
ECM interactions not only have cell autono-
mous effects within the epidermis, but also
mediate communication with the dermis and
inflammatory cells.

The a6b4 integrin and laminin also play a
role in SCC development, and this has been
revealed in part through the use of epidermal
cells from patients with skin blistering disorders
resulting from mutation of integrin or ECM
genes. Such studies have shown that the ability
of oncogenic Ras and NF-kB blockade to con-
vert human epidermis into squamous cell carci-
noma is dependent on laminin-332 (laminin-5)
and the a6b4 integrin (Dajee et al. 2003).

Patients with Recessive Dystrophic Epider-
molysis Bullosa (RDEB) have mutations in the
COL7A1 gene encoding the epidermal base-
ment membrane protein type VII collagen. Cells
from RDEB patients that retain expression of
the amino terminus of collagen VII, which
binds laminin-332 (laminin-5), are susceptible
to Ras-induced SCC formation, whereas cells
that completely lack collagen VII are not
(Ortiz-Urda et al. 2005). It turns out that
individual domains on the laminin-332 b3
chain have distinct roles in tumor formation
(Waterman et al. 2007). Domain VI is essential
for adhesion but is not required in SCC. In con-
trast, domain V-III, which binds type VII colla-
gen, is essential for carcinogenesis and invasion.
Thus, distinct adhesive and signaling functions
reside in different domains of laminin-332. It
appears that the protumorigenic effect of the
laminin-332/type VII collagen complex is via

activation of phosphoinositol-3-kinase signaling
rather than adhesion (Waterman et al. 2007).

A different mechanism by which cell-ECM
interactions contribute to cancer is via a switch
in integrin expression from avb5 to avb6 in
SCCs (Janes and Watt 2004, 2006). avb5-
expressing SCC cells undergo suspension-
induced apoptosis (anoikis), whereasav-negative
cells and cells expressing avb6 do not. Resis-
tance to anoikis depends on the b6 cytoplasmic
domain and correlates with PKB/Akt activa-
tion. It is proposed that by replacing avb5
with avb6 on the cell surface SCCs can activate
an Akt survival signal that protects them from
anoikis.

Intriguingly, a further mechanism by which
integrins can contribute to SCC is via integrin
mutation (Evans et al. 2003, 2004; Ferreira
et al. 2009). One mutation, T188I, found in a
human SCC, maps to the I-like domain of the
b1 integrin. It results in constitutive activation
of ligand binding and sustained activation of
Erk MAPK (Evans et al. 2003). Mutations in
the b1 I-like domain in human SCCs are
rare, and most likely correspond to germline
polymorphisms rather than tumor-acquired
mutations (Evans et al. 2004). Larger, popula-
tion-based, studies are required to determine
whether b1 polymorphisms have any associa-
tion with SCC development or prognosis.
Nevertheless, when the T188I mutant integrin
is expressed in the epidermis of transgenic
mice it increases DMBA/TPA induced pap-
illoma formation and results in development
of poorly differentiated SCCs (Ferreira et al.
2009).

The role of suprabasal integrin expression in
tumor formation has been studied in transgenic
mice expressing integrin subunits under the
control of the involucrin promoter. The mice
do not develop spontaneous tumors. However,
when subjected to a chemical carcinogenesis
protocol involving a tumor initiator and tumor
promoter, different integrins have different
effects: a3b1 decreases conversion of benign
to malignant tumors, whereas both a5b1 and
a6b4 stimulate formation of primary tumors
and metastases (Owens and Watt 2003; Janes
and Watt 2006).
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The mechanisms by which the suprabasal
integrins exert their effects are non-cell-
autonomous, because the transgene-positive
cells do not themselves divide. In the case
of a6b4, the mechanism is dependent on E-
cadherin-mediated adhesion of the transgene-
positive cells to the underlying basal layer and
renders the basal cells relatively unresponsive
to TGF-b-mediated growth inhibition. In the
case of suprabasal b1 integrin expression, epi-
dermal secretion of cytokines such as IL-1a is
potentially involved (Janes and Watt 2006; Tiege
et al. 2010; Arwert et al. 2010).

WOUND HEALING, FIBROSIS, AND CANCER

Cancer can be viewed from a number of differ-
ent perspectives, ranging from step-wise
accumulation of genetic alterations to the tumor
as an organ, comprising multiple cell types
(Egeblad et al. 2010). A key tenet of the latter
perspective is that to understand how tumors
form and progress it is necessary to consider
the mutant cells in the context of all the differ-
ent cell types with which they interact. This is
particularly appropriate when considering how
ECM signaling contributes to skin tumors.

Over the years, many researchers have noted
the similarities between wound repair and
cancer, and tumors are sometimes referred to as
wounds that never heal (Dvorak 1986). Tumors
can develop at sites of chronic injury, and
chronic inflammation is a known risk factor in
cancer. Gene expression profiling of skin wounds
and tumors has revealed many similarities be-
tween wound healing and cancer (Schäfer and
Werner 2008). There are also striking similari-
ties between fibrosis and carcinogenesis, lead-
ing to speculation that blocking tissue fibrosis
might inhibit cancer formation (Cutroneo et al.
2006).

Aberrant fibroblast behavior also contrib-
utes to cancer initiation and progression (Tlsty
and Coussens 2006; Kalluri and Zeisberg 2006;
Erez et al. 2010). Fibroblasts in the tumor
stroma have a modified phenotype resembling
activated fibroblasts in healing wounds and
secrete increased levels of ECM-degrading
enzymes (Sneddon et al. 2006). For example,

studies of mice lacking MMP13 have shown
that it is essential for maintenance of angio-
genesis and for tumor-cell invasion. In wild-
type mice, MMP13 is induced in fibroblasts at
the onset of tumor invasion, resulting in release
of VEGF from the ECM (Lederle et al. 2010).

LOOKING TO THE FUTURE

Although much has been learned from studying
the interaction of individual cell types with
specific ECM proteins, recent studies in the
skin highlight the importance of ECM proteins
and integrins in communication between dif-
ferent cell types, particularly epidermal cells,
fibroblasts, and inflammatory cells. The con-
cept that ECM signaling extends beyond simple
anchorage is no longer in doubt, and it is
exciting to think that, as the different types of
communication are elucidated, new opportuni-
ties for intervening in disease states will appear.

There are, undoubtedly, major obstacles to
translating proof-of-concept findings in the
lab into real clinical advances. However, it is
exciting that gene therapy has already been
used to repair a laminin-332 (laminin-5) defect
in a patient with junctional epidermolysis
bullosa (Mavilio et al. 2006). Furthermore, a
potential alternative to gene therapy may be to
restore a functional ECM in blistering disorders
by injection of nonmutant fibroblasts (Fritsch
et al. 2008). Another advance that is highly
appealing is to use extracellular matrix bio-
materials for skin repair (Cornwell et al. 2009;
Wolf et al. 2009). Finally, the insights obtained
into how changes in the dermis impact on the
epidermis and vice versa are likely to offer
new, and overlapping, approaches to the treat-
ment of cancer and fibrosis.
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