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avpé integrin in wound healing and cancer of the oral cavity

G. J. Thomas, M. L. Nystrom, J. F. Marshall

Tumour Biology Laboratory, Cancer Research UK Clinical Centre, Bart’s and the London School of Medicine and Dentistry,

John Vane Science Centre, Charterhouse Square, London, UK

Integrins are a family of heterodimeric cell surface re-
ceptors, which are expressed on most cells where they
mediate cell-cell and cell-extracellular matrix (ECM)
interactions. The avf6 integrin is epithelial-specific and
binds to the ECM proteins fibronectin, vitronectin and
tenascin, and also to the latency associated peptide of
TGF-B. Unlike most epithelial integrins, avf6 is not ex-
pressed constitutively by healthy oral epithelia, but is up-
regulated during tissue remodelling, including that ac-
companying wound healing and carcinogenesis. Although,
the data at present have been generated principally from
in vitro studies, there is increasing evidence to suggest that
avfé may promote carcinoma progression: avpé has been
shown to modulate invasion, inhibit apoptosis, regulate
protease expression and activate TGF-Bl. This review
examines the current literature, and discusses the possi-
ble role of avfé in wound healing, and in the development
and progression of oral squamous cell carcinoma.
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Introduction

Integrins are the principal cell surface receptors that
enable both normal and transformed cells to attach to
and respond to their extra-cellular environment. Inte-
grins mediate cell-to-cell or cell-to-extracellular matrix
(ECM) adhesion, providing adhesion for stationary
cells, traction during cell movement and, importantly,
the promotion of many signalling pathways that regu-
late diverse processes including proliferation, migration,
cell survival, differentiation, tumour invasion and meta-
stasis (1). Structurally, integrins are heterodimers com-
posed of two different, non-covalently associated, o and
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B subunits. They appear by electron microscopy to have
a large extra-cellular domain composed of a membrane-
distal, globular head (that contains the ligand binding
site), on two long stalks [reviewed in (2)]. The carboxy-
(C-) termini of the o and B subunits traverse the cell
membrane and extend a short distance (usually <60
amino-acid residues) into the cytoplasm (1). The excep-
tion to this is the intracellular portion of a6B4 which
is much larger than that of all other known B subunits
and bears no apparent homology with them (3-5).

To date 18 o and eight B subunits have been identified
that form 24 different integrins (Fig. 1). Subsequent to
ligand binding integrins aggregate together, bringing
into juxta-position many signalling and structural mole-
cules that are associated with their cytoplasmic tails,
allowing them to interact [reviewed in (6)]; in this way
integrins serve as the major mechanism by which extra-
cellular matrix cues are translated into intracellular
signal transduction pathways [reviewed in (7); Fig. 2].
Owing to space restrictions it will not be possible to
provide a detailed description of integrin biology in
general and thus the reader is referred to several excellent
reviews (1, 2). In this review, we will concentrate on the
accumulating data supporting the role of one particular
integrin, avp6, in the processes of wound healing and
carcinogenesis, emphasizing the development and pro-
gression of oral squamous cell carcinoma (OSCC).

Over the last 10 years many different functions have
been associated with an increased expression of avp6
including promotion of cell migration, control of cell
proliferation, activation of TGFPs, suppression of
apoptosis, modulation of protease activity and medi-
ating invasion of carcinoma cells. It remains to be
determined which of these functions are active when
avP6 is upregulated in vivo but in this section we shall
review those functions attributed to avB6 from in vitro
analyses (Table 1).

avf6 promotes migration and invasion

As with all other av integrins, avp6 binds to a tripeptide
recognition sequence arginine-glycine-aspartic acid
(RGD) in its ligands which include fibronectin (8),
tenascin-C (9), vitronectin (10) and the latency-associ-
ated peptide (LAP) of TGF1 (11) and TGFB3 (12)



avp6 integrin in wound healing and cancer of the oral cavity
Thomas et al.

Leucocyte-specific receptors

@

Collagen
receptors

Laminin receptors
®)

o
5 (0 (8

| RGD receptors |

Figure 1 The integrin superfamily: 18 o and eight B subunits have
been identified combining to form at least 24 heterodimeric integrins
which can be considered in several subfamilies based on ligand
specificity and, in the case of B2 and B7 integrins, restricted expression
on leucocytes. The different subunits show selectivity in their binding
partners; for example the ov subunit can pair with multiple 8 subunits
(B1, B3, PS5, p6 and B8) but the B6 subunit can only bind with av.
Adapted from Hynes, 2002.

(Table 2). Several studies have found that avp6 expres-
sion promotes keratinocyte migration. Huang et al. (10)
used mouse f6-/- keratinocytes to show that avp6 has a
critical role in migration over fibronectin and vitronectin
and that this process could be increased by hepatocyte
growth factor (HGF) and was modulated through a
pathway involving protein kinase C. We also demon-
strated that avp6 promotes migration of human primary
oral keratinocytes on fibronectin, and showed that
binding of avp6 to this ligand upregulated secretion of
the pro-enzyme form of type IV collagenase, matrix
metalloproteinase-9 (MMP-9) (13). This protease locali-
zed to the tips of av-positive filopodia, cell membrane
structures thought to be involved in cell movement
[reviewed in (14)]. Exogenous activation of MMP-9
further increased keratinocyte migration (13). Similarly,
using keratinocytes derived from TNFa-knockout mice
Scott et al. (15) described TNFa-dependent upregula-
tion of avf6 which was associated with increased
migration and MMP-9 secretion, both processes being
dependent on avB6 expression.

avf6 activates TGFp

The TGFp cytokine family is composed of TGFpI1,
TGFB2 and TGFB3 [reviewed in (16)]. TGF is secreted
into the ECM as a latent complex and is found in vivo

J Oral Pathol Med

| I Ligand

Extracellular matrix

Plasma membrane

2
3

Cytoplasm

(s Y

Bl

Cell proliferation
Cell survival
Cell migration

Figure 2 Integrin structure and signalling. Integrins are composed of
o and B subunits that span the cell membrane and have a short
cytpolasmic tail on the inner side of the plasma membrane and a long
extracellular domain extending into the extracellular space. The short
cytoplasmic domains of both o and B subunits of integrins interact
with a cohort of intracellular proteins, activating several signalling
pathways. In this manner integrin signalling controls critical cell
processes such as proliferation, survival and migration.

primarily in this latent form associated with its LAP
from which it must be released to become biologically
active [reviewed in (17)]. The presence of RGD motifs in
the pro-peptide of TGFps led to them being investigated
as possible integrin ligands. Munger and colleagues
reported that LAP is a high affinity ligand for avp6 and
that the interaction of LAP with avB6 provides a
mechanism for the activation of the cytokine (11).
TGFB activation results from a conformational change
in the latent TGF molecule rather than via cleavage of
the peptide and is dependent on the ability of avp6 to
connect with the actin cytoskeleton of the cell. Cells
expressing mutated B6 subunits, that were unable to
interact with actin, could still bind LAP but not activate
TGFB. Although this study primarily used colon
adenocarcinoma cells, keratinocytes were also shown
to activate TGFp1 in a similar fashion (11). The LAP of
TGFB3 (LAP-3) also contains an RGD sequence, and is
similarly activated (12), whereas TGFpB2 does not
contain an RGD sequence and is not activated by av[36.
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Table 1 Tumour-promoting effects of avp6
Function Comment Cell type Reference
Promotion of migration Promotion of migration over FN, VN, LAP Keratinocytes, Huang et al. (10)
and invasion OSCC Thomas et al. (13)
Thomas et al. (66)
Promotion of invasion modulated through OSCC Thomas et al.
upregulation of MMP-9 (54, 55)
Promotion of invasion modulated through OSCC Ramos et al. (53)

upregulation of MMP-3
Upregulation of uPA

TNFa-dependent upregulation of avB6 associated

Li et al. (58)
Ahmed et al. (46)
Scott et al. (15)

Ovarian carcinoma
Keratinocytes

with increased migration and upregulation of MMP-9

Activation of TGF-f Binds and activates latent TGF-B1

Binds and activates latent TGF-$33

Promotes TGF-B-dependent EMT, risk factor for early
stage disease, poor prognostic marker

Upregulation of avp6 protects cells from anoikis by
activating an AKt-dependent survival signal

avf6 promotes proliferation through C-terminal

Promotion of proliferation
& generation of survival
signals

11 amino acids of B6 subunit

Colon carcinoma,
Keratinocytes

Colon carcinoma

Colon carcinoma

Munger et al. (11)

Annes et al. (12)
Bates et al. (48)
OSCC Janes & Watt (24)

Colon carcinoma Agrez et al. (59)

Table 2 Ligands of avp6

Ligand Type of protine Reference
Fibronectin ECM protien Busk et al. (8)
Tenascin-C ECM protien Prieto et al. (9)
Vitronectin ECM protien Huang et al. (10)
LAP of TGFp-1 Cytokine Munger et al. (11)
LAP of TGFB-3 Cytokine Annes et al. (12)
Foot-and-mouth Viral capsid Miller et al. (95)

disease virus (FMDYV)

Coxsackievirus 9 (CAV-9) Viral capsid Williams et al. (96)

The TGFps modulate numerous processes including
cell growth, inflammation, matrix synthesis and apop-
tosis (18). Defects in TGFP function are associated
with a number of pathological conditions including
autoimmune disease, and tumour cell growth (19).
Additionally, TGF expression is increased in numerous
fibrotic conditions (20), which appear to be modulated,
in part, through the TGFB-driven trans-differentiation
of fibroblasts into myofibroblasts. These contractile,
secretory cells lead to a net accumulation of ECM with
consequent scarring (21, 22). Consistent with this, avp6
dependent activation of TGFp has been shown to be
pivotal in mouse models of pulmonary and renal fibrosis,
suggesting that this mechanism may be of general
importance in fibrosis in multiple epithelial organs (23).

avf6 generates survival signals

When tumour cells migrate away from their origin the
physiological ECM cues (which provide survival signals
necessary for all normal cells) are likely to differ from
those of the original tissue. Thus, tumour cells must
develop survival strategies in these foreign tissue sites.
Janes and Watt studied the switch from avB5 to avp6
that occurs naturally when keratinocytes transform
from normal to malignant (24). These authors reported
that de novo expression of avp6 protects OSCC from

anoikis (i.e. apoptosis caused by lack of appropriate
ligand binding) by upregulating Akt, and proposed that
upregulation of avp6 in SCCs allows growth of tumour
cells in the absence of a basement membrane, repre-
senting a novel way in which avf6-upregulation contri-
butes to cancer progression (24). It has not yet been
established that non-transformed keratinocytes also are
protected from anoikis when they transiently upregulate
ovp6 during wound healing but intuitively, this seems a
likely response.

Thus, avp6 promotes adhesion and migration on
several different ECM ligands, promotes increased
MMP secretion, can activate TGFB1 and TGFB3 and
promotes the survival of OSCC cells. Let us now review
when and where avp6 is expressed in vivo and suggest
which functional processes are important.

Expression of avf6 in normal and wound keratinocytes
In skin epidermis, integrin expression is confined to
the basal layer of keratinocytes [reviewed in (25)]. In
contrast, integrin expression in oral mucosa often is also
found in the suprabasal epithelial layers, sometimes as
high as the prickle cell layer, possibly reflecting the
increased turnover of oral epithelium (26, 27). Oral
stratified squamous epithelium shows strong expression
of the integrins a6p4, a2p1, a3p1, all of which probably
contribute to the maintenance of a stable tissue structure
(26-29). In addition, a weaker, more variable expression
of a5pB1, a9B1 and av5, is also present (26-29); however
the fact that these integrins may be upregulated during
wound healing may implicate them in this process.
avP6 is interesting in that it is not expressed consti-
tutively in healthy epithelia, but is upregulated during
tissue remodelling, including wound healing and carcino-
genesis (30). Several studies on human and animal
wounds have shown that that 6 mRNA is detectable in
keratinocytes at the wound edge (30-32). Although avp6
was expressed by migrating keratinocytes in early
wounds, maximal expression was seen relatively late
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during mucosal and dermal wound healing, when
migrating edges of the wound epithelium have joined
(32). In vitro studies have shown that avp6 facilitates
keratinocyte adhesion and migration on fibronectin,
tenascin and vitronectin, all of which are components of
the early wound matrix (8, 33, 34). Additionally, avp6-
dependent upregulation of the type IV collagenase
MMP-9 would facilitate cell movement by allowing
detachment from the basement membrane (13). These
data suggest that avpf6 has the potential to promote
migration of epithelium across a wound surface. How-
ever, several studies reported that expression of the avp6
protein occurs at a later stage, and is maximal when
epithelial integrity has been restored (31-33). Recently,
Hakkinen (35) used immunohistochemistry to show that
expression of avf6 in murine skin was strong and
relatively uniform on most basal keratinocytes close to
the wound edge 3 days after insult and still strongly
expressed, although less uniform, at initial wound
closure.

Although the de novo, but transient, expression of
avp6 by wound keratinocytes is well documented, the
molecular mechanisms leading to its expression and
eventual disappearance are still unclear (31, 32). The
correlation of coincident increase in avf6 and tenascin-
C (TN-C) expression has led to the suggestion that the
principal functions of avp6 in wound healing may be
modulated through an interaction with this matrix
protein (31-33). TN-C is also a ligand for «9f1, which
is upregulated in the early stages of wound healing (33)
but down-regulated in the later stages, coinciding with
the induced expression of avp6. The finding that a9p1
expression in cells plated on TN-C induces proliferation
whereas expression of avf6 has the opposite effect (36)
suggests that the switch between o9B1 and ovp6
expression in wound epithelium may be a mechanism
for regulating cell responses during epithelial regener-
ation. Thus data from human studies suggest that the
principal role of avf6 in wound-healing may not be
related to initial cell migration of keratinocytes but to
late events associated with wound-resolution (31, 32). It
is possible that the differences in the detection of avf6 in
mouse vs. human wound tissues is because of species
differences, the difference between oral vs. skin wound-
ing, or possibly the use of different anti-avp6 antibodies.
At the present time, it is not known whether either or
both mechanisms (i.e. avp6-dependent migration and
avp6-dependent resolution) are involved in human
wound healing in the oral mucosa.

It is possible that the principal role of avf6 in oral and
skin wound healing is to control temporally the activa-
tion of TGFpB which has an important role in wound
repair by regulating re-epithelialization, suppression of
inflammation and by promoting connective tissue regen-
eration and scar formation (37). To investigate the role
of avp6 in cutaneous wounds, transgenic mice were
generated which either lack, or constitutively express 6.
The B6-/- mice do not have a reduced healing rate nor
do they show altered wound morphology (38), possibly
because the keratinocytes may express other receptors
for fibronectin and tenascin (such as a5f1 and o9p1,
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respectively). However, due to the lack of the immuno-
suppressive effect of avp6-activated TGFp,B6-/- mice
show exaggerated inflammation of the skin in res-
ponse to injury (38). Interestingly, these inflammatory
infiltrates were mainly composed of macrophages
resembling those found in the TGFB1 null transgenic
mouse (39).

As maximal expression of avB6 in humans occurs at a
late stage of wound healing it is possible that expression
at an earlier stage may alter the rate of repair or
morphology of the wound. To investigate this possibil-
ity, Hakkinen et al. (35) created a transgenic mouse
model with constitutive avp6 expression under the
control of a cytokeratin 14 promoter. Similar to the
B6-/- mouse, the rate of wound closure was unaltered
and the mice healed without significant scarring (38).
Levels of TGFp in healthy skin were similar between
control and over-expressing animals (35). However,
during breeding, the P6 transgenic mice developed
spontaneous, fibrotic chronic ulcers of the skin. These
lesions contained numerous activated fibroblasts and
macrophages and expressed higher levels of TGFp than
corresponding normal skin from the same animals or
from control wild-type mice (35). It appears that only in
a compromised healing situation, involving chronic
inflammation or perhaps immunosuppression, does
B6-modulated fibrosis and ulceration occur.

It is worth noting that wound healing and carcino-
genesis have many biological processes in common, such
that carcinogenesis has been described as a mis-regula-
ted form of wound healing (40). Thus the advancing
edge of a wound and the invasive edge of a carcinoma
require co-ordinated adhesive and de-adhesive processes
to promote motility of a migrating front. Many of the
ECM ligands for avB6 are usually modulated and often
upregulated during both tissue remodelling and cancer
(41). Specific proteases are required for both processes
[reviewed in (42, 43)]. Furthermore, as discussed below,
most OSCC cells express high levels of avB6 (30, 44, 45).
However, unlike wound healing, carcinoma ovp6
appears to be permanently ‘switched on’ and may be
responsible for promoting tumour progression (dis-
cussed below).

Expression of avpé in carcinomas

Although expression of avf6 is restricted to carcinomas,
it is not restricted to oral and skin SCC. To date avp6
expression has been reported in carcinomas of the lung,
breast, pancreas, stomach, colon, ovary, salivary gland
as well as oral and skin squamous cell carcinoma (27, 30,
46-51; Table 3).

Ahmed et al. (46), immunostained 45 ovarian carcino-
mas for avB6 and found 100% positivity. Staining
intensity correlated with tumour grade suggesting that a
gradual increase in the expression may be a correlative
index of the progression of this disease. In a small study
Kawashima (49) showed that 18 of 38 (47%) gastric
carcinomas expressed avp6 at the mRNA level and,
interestingly, expression correlated with metastasis to
locoregional lymph nodes. More recently, Bates et al. (48)
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% of
Number of  positive
Carcinoma  Reference carcinomas  tumours  Evidence Comment
Oral SCC  Breuss et al. (30) 30 90 ISH Absent avf6 expression in normal oral mucosa from same patients
Jones et al. (27) 17 100 IHC
Hamidi et al. (44) 5 80 IHC 41% expression in oral leukoplakia peri-tumoural dysplasia also
avB6 +ve
Impola et al. (97) 11 100 ISH Expression maintained in LN mets
Regezi et al. (45) 40 100 THC avB6 expression colocalized with TN-C peri-tumoural
dysplasia also avp6 +ve
Colon Bates et al. (48) 488 37 IHC Poor prognostic marker, avB6 expression maintained in mets
Pancreas Sipos et al. (50) 34 100 THC Well differentiated tumours expressed more than poorly differentiated
Gastric Kawashima et al. (49) 38 47 IHC, 94% avp6 +ve carcinomas had LN mets
RT-PCR
NSCLC Smythe et al. (98) 51 50 IHC avp6 +ve carcinomas well-differentiate and node negative; ? Good
prognostic marker
Breast Arihiro et al. (47) 90 18 IHC, WB  No grade 1 tumours avB6 +ve
Ovary Ahmed et al. (46, 61) 45 100 IHC Staining correlated with grade; Benign mucinous tumours

also avB6 +ve

Figure 3 6 expression in oral squamous cell carcinoma. /n situ hybridization showing B6 RNA expression in oral squamous cell carcinoma. The
figure shows a bright field image (a) and a dark field image (b). 6 RNA was detected throughout the tumour but was often most concentrated at

the periphery of tumour islands.

examined 488 clinical samples and reported that strong
expression of avf6 is a prognostic indicator in colorectal
carcinoma. Furthermore, av6 has also been detected
in approximately 18% of breast carcinomas (47).

A high level of avp6 expression has been described
most consistently in OSCC (Fig. 3), which has been
shown in a number of studies. The first study examined
30 OSCC samples for P6 expression using in situ
hybridization (30). Although undetectable in normal
oral mucosa, strong 6 expression was found in 27 of 30
tumours where it often was concentrated at the invading
edge of tumour cells. More recently, Impola et al. (52),
also examined avB6 expression in 11 OSCC samples
using in situ hybridization and found that f6 mRNA
was detectable in 100% of tumours although expression
did not relate to tumour differentiation, but was
maintained in lymph node metastases. In another study,
avp6 was strongly expressed in 90% of OSCC samples
but was undetectable in normal oral mucosa (44).
Interestingly, these authors demonstrated avB6 positiv-
ity in 41% of leukoplakia specimens where expression

correlated with progression to malignant disease (44).
These data suggest that avB6 expression may be useful
in predicting malignant transformation and also that
avp6 expression may play an active role in this process.
Indeed, Bates et al. (48) showed that epithelial-to-
mesenchymal transition of colon cells was associated
with increased expression of avf6. However, epithelial
cells in samples of lichen planus (a chronic mucocuta-
neous disease) have also been shown to express avp6
suggesting that avp6 expression per se is insufficient to
drive malignant progression (44). Regezi et al. (45)
examined floor of mouth carcinomas and found that 6
was expressed by keratinocytes in all in situ and invasive
lesions; moreover, expression was often most intense at
the invasive front of the tumour. As in previous studies,
avp6 was not detectable in normal epithelium, but was
shown to colocalize with tenascin (45). Ramos and
colleagues demonstrated that avp6 was also expressed
in dysplastic epithelium prior to invasive change and
concluded that transgression of the basement membrane
required additional molecular changes (53).
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avf6 promotes oral cancer

The consistent observation that avp6 is undetectable in
normal oral tissues but is upregulated in transformed
lesions, particularly at the invasive front, is consistent
with the proposal that avp6 promotes invasion of oral
carcinoma. We examined the role of increased avp6
in OSCC cells by using retroviral transduction of B6
cDNA to create the OSCC cell line, VB6, expressing
high levels of avp6 (54, 55). This cell line was signifi-
cantly more invasive through Matrigel® in Transwell®
invasion assays than the control line C1 (transfected
with the empty vector alone and expressing low levels of
avp6). The mechanism for the increased invasion was, in
part, through avp6-dependent upregulation of the type
IV collagenase MMP-9 (and to a lesser extent MMP-2).
This activity was modulated through the unique ter-
minal 11 amino acids of the B6 tail; thus if these amino
acids were removed both invasion and MMP-9 levels
were reduced to control levels (56). In a similar study in
colon carcinoma cells avp6 has been shown to regulate
MMP-9 by a process modulated through the extracel-
lular-regulated kinase (ERK) binding to the 6 cyto-
plasmic tail (57).

Using a similar approach, Ramos et al. (53) retrovi-
rally infected the poorly invasive SCC9 cell line with B6
c¢DNA and showed that avf6 expression correlated with
OSCC invasion and tumour growth in vivo and in vitro.
However, in this study the increased invasion was
modulated through MMP-3 rather than MMP-9. Addi-
tionally, over-expression of avf6 promoted cell growth
and altered deposition of fibronectin matrix. A more
recent study, using the same cell line, suggested that the
signalling pathway regulating these processes involved
the B6-dependent activation of the tyrosine kinase Fyn
(58). The integrin avp6 also has been described as
promoting the growth of colon adenocarcinoma cells
grown in 3-D culture in vitro and as xenografts in vivo,
an effect that in both situations required the presence of
the C-terminal 11 amino-acids of 6 (59).

Serine proteases are also modulated by avp6 expres-
sion. Dalvi et al. (60) showed that overexpression of
avpB6 in OSCC cells was associated with a transcrip-
tional reduction of the uPAR receptor, which was
modulated through the C-terminal 11 amino acids of B6.
In a different model, high avp6 expression correlated
with elevated uPA, uPAR and MMP-9 in ovarian
carcinoma cell lines (61).

The activation of TGFP through association of avf6
with LAP may initially seem to contradict the hypothesis
that avB6 promotes tumour progression as the growth
inhibitory effects of this cytokine are well described
[reviewed in (62)]. However, the role of TGFp in tumour
biology is complex, involving several signalling path-
ways, and a number of studies have demonstrated that
TGFB! may be pro-oncogenic, driving malignant pro-
gression, invasion and metastasis (63, 64). It is now
suggested that TGFB has biphasic effects during tu-
mourigenesis, initially acting as a tumour suppressor, but
later stimulating cancer progression (63, 65). We have
shown previously that binding of avp6 to the TGFpI
latency associated peptide (LAP) promotes cell migra-
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tion and MMP-9 expression, and also that cells will
invade towards soluble LAP in an avp6-dependent
manner (66). The interaction between avp6 and TGFp
in SCC therefore appears complex. On the one hand,
avp6 may activate TGFB1, with a growth inhibitory
effect, while on the other hand, LAP is capable of
modulating cell movement and protease production if
present in suitable form. The net effect on tumour
behaviour is likely to depend on the stage of tumour
development. Growth inhibition may be dominant in the
earlier stages of carcinogenesis with avp6-activated
TGFpB1 acting as a tumour suppressor. However, in the
later stages of tumour development, as cells become
refractory to growth inhibition, then the role of LAP in
promoting both avp6-dependent cell movement and
MMP-9 expression may become prominent, culminating
in a pro-oncogenic effect of TGFB. Another potential
pro-tumourigenic effect of TGFp is by activating the
surrounding stroma. We have shown that tumour-
derived activated TGF is sufficient to trans-differentiate
fibroblasts to myofibroblasts which in turn promote
OSCC invasion although secretion of HGF (67).

The integrin avp6é as a target for imaging and
therapy

A molecule that is suitable for targeting with therapeutic
agents should be (i) expressed on the cell surface, (ii)
have little or no expression on normal tissues and (iii) be
expressed at levels significantly higher than surrounding
normal tissues. The integrin avB6 fulfils all these criteria
and should be considered a novel target for the imaging
of oral cancer. As avp6 also is implicated as a major
contributor to oral cancer progression, this integrin
should also be considered as a potential therapeutic
target.

Targeting av integrins for imaging cancer has been
rei})orted previously by Haubner et al. (68) who used
['®F]-labelled peptides to target ovp3 on melanoma cells
using positron emission tomography (PET) for imaging
in small animals. They concluded that ['*F]-labelled
peptides were suitable compounds for the non-invasive
determination of avB3 integrin status and could be used
for monitoring of therapy (68). These results are
encouraging, and serve as a proof-of-principle for
targeting of integrins on cancers. Moreover, avp6
upregulation is seen commonly in many carcinomas,
unlike expression of avf3 which is largely restricted to
melanoma (69) and glioblastoma (70); thus successfully
developing imaging strategies for avf6 is likely to have a
much greater clinical impact.

avp6-specific probes are required for effective target-
ing of avp6-positive tumours and potential biopharma-
ceuticals include monoclonal antibodies, single chain
Fv antibodies (scFv), peptides or peptide mimetics and
viral vectors; each has advantages and disadvantages.

Monoclonal antibodies have inherent specificity, thus
are ideal targeting agents and can be used to deliver
radionuclides, cytotoxic drugs or biological toxins to
cells expressing the antigen of interest. However they are
relatively large in size (approximately 150 kDa) with



slow clearance from the circulation, resulting in signi-
ficant exposure to normal organs whilst poor penetra-
tion of tumour vasculature limits delivery to the tumour
(71). Monoclonal antibodies are also immunogenic,
promoting human anti-mouse antibody (HAMA) re-
sponses, limiting their potential clinical application
[reviewed in (71-73)]. This problem can be minimized
by ‘humanizing’ the antibody in order to reduce the
immunogenic components (72) and such humanized
monoclonal antibodies have become widely used in
cancer therapeutics (74).

Single-chain Fv recombinant proteins are prepared by
connecting genes encoding heavy chain and light chain
variable regions of immunoglobulins at the DNA level
using an oligonucleotide linker. These fragments are
approximately 25 kDa in size and have better tumour
penetration and faster clearance than whole immuno-
gobulins but, being monovalent, have lower affinity.
Thus affinity maturation and oligomerization are often
required to generate multivalent forms of scFv mole-
cules, optimizing their affinity [reviewed in (75, 76)]. A
significant advantage of scFv is that they can be cloned
easily into a human IgG ‘backbone’ to create a
humanized antibody, ready for therapy (71) or, indeed,
some scFv libraries have been constructed that are
entirely of human immunoglobulin sequences (77).

Peptides represent another approach to biopharma-
ceutical targeting and have the advantage that they have
low immunogenicity owing to their usually small size,
but are cleared rapidly from the circulation (78). For
targeting, the affinity of the peptide would have to be
high enough to generate a rapid and significant (i.e. easily
measurable) signal:noise ratio in order to discriminate
the target tissue. Such peptides do exist (e.g. octreotide
targets somatostatin receptors) and allow imaging to
occur within hours of injection (79). However, the high
excretion rate of peptides would preclude their use for
integrin ‘blocking’ therapy as it would require continu-
ous administration. In addition, peptides may require
modification (e.g. cyclisation) to protect them from
serum peptidases (80). Another modification of peptides
that can improve their pharmacokinetic profile is pegy-
lation [the technology of polyethylene glycol (PEG)
conjugation] which prolongs the circulating half-life,
increases solubility and masks antigenic sites on the
peptide from immune detection [reviewed in (81)].

A therapeutic precedent exists for using avp6 as a
therapeutic target, as two av-binding antagonists
already have found a place in the oncologist’s arm-
amentarium. Vitaxin, a humanized monoclonal anti-
body to avp3, and cilengitide, a cyclic peptide
mimicking the RGD ligand recognition peptidic domain
common to ov integrins, are in phase II clinical trials
[(74, 82); reviewed in (83)]. Thus, unsurprisingly, phar-
maceutical companies are now developing reagents
specific to avp6. For example, Merck has developed
small molecule inhibitors for avp6 (84) and Biogenldec
has developed avB6 inhibitory monoclonal antibodies
(85). Although limited data exist, there is experimental
support for the idea of avp6-directed therapy. Xue et al.
(86) co-injected OSCC HSC-3 cells and anti-avp6
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antibody into the floor of the mouth of nude mice.
Ten days after injection 100% of control animals (18 of
18) had formed tumours but only 40% of the avf6-
treated mice (eight of 20). These same authors also
investigated systemic administration of an av inhibitory
antibody (which inhibited all av integrins and was not
specific to avp6) and found that although the antibody
was inefficient at inhibiting early tumour growth at
10 days, after 38 days the tumours in the treated
animals were 40% smaller than in the control group
(86). Importantly, systemic administration of a drug
that inhibited avp6 had no detrimental effect on the
animals, giving increased hope that such an approach
may be useful in humans. To date there have been no
published studies that have targeted avB6 for tumour
imaging but this is likely to change in the foreseeable
future.

Another promising approach is the use of viral
vectors for therapy of cancer [reviewed in (87)] and
perhaps the most advanced programmes utilize adeno-
viral vectors for gene therapy (88). Adenoviruses enter
cells by a combination of initial binding to cell-surface
Coxsackie-Adenovirus-Receptors (CAR), followed by
integrin-mediated internalization, usually via avB3 and
avP5 (89). Using molecular modifications, adenoviruses
have been developed which target specific integrins (90)
and thus a similar strategy may be possible to modify
such vectors to recognize avf6 specifically and deliver
therapeutic genes to oral cancers.

Regulation of avfé expression

In addition to using avB6 as cancer-specific ‘beacon’ to
direct imaging or targeting agents, a clearer understand-
ing of how expression of this integrin is regulated may
also provide novel targeting strategies. The exact mech-
anisms by which avB6 expression is induced in wound
keratinocytes, or the mechanisms that result in its
disappearance once the wound is healed, are unknown.
However, if such information were available it may be
possible to design tissue-specific strategies to down-
regulate avp6 in cancers and thereby reduce the invasive
activity of tumour cells.

Keratinocytes are known to be ‘activated” when
isolated from epidermis and placed in culture [reviewed
in (91)] where they are believed to resemble wound
keratinocytes. Freshly isolated epidermal keratinocytes
do not express avp6 until subcultured; however, avp6
is detectable from the first passage (32). We have found
that cultured oral primary keratinocytes similarly
express relatively high levels of the integrin (13). The
ready expression of avf6 in cell culture makes the study
of its induction difficult. Niu et al. (92) reported that
high cell density selectively enhanced av6 expression in
colon carcinoma cells, and suggested that this effect was
mediated through protein kinase C signalling. The
strong expression of avf6 in wounds only after epithelial
integrity is restored, is consistent with the possibility
that cell—cell contact may be important for upregulating
the integrin. Interestingly, mutating the p6 cytoplasmic
domain by removing the terminal 11 amino acids
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prevents the density-dependent upregulation of avp6
and replaces it by upregulating avf5, further suggesting
that the expression of these integrins is linked and
expression may be switched from one to the other (57).

It has been reported that TGFB1 induces de novo
expression of avp6 in normal human keratinocytes (93)
and on the non-transformed keratinocyte cell line,
HaCaT (34). More recently, Scott et al.(15) used
TNFa-deficient mice to demonstrate that avp6 is upreg-
ulated by TNFa. TNFa-/- keratinocytes expressed sig-
nificantly less avp6 than wild-type keratinocytes, but
both upregulated avB6 when treated with exogenous
TNFa. In support of this, oligonucleotide microarray
analysis of skin keratinocytes treated with TNFo showed
approximately more than sevenfold increase in avp6
expression 48 h after treatment (94). The molecular basis
of this cytokine-mediated regulation of avf36 is beginning
to be resolved. Recently, Bates et al. (48) reported that
TGFp worked synergistically with TNFa to upregulate
avB6 expression in colon cells by upregulating the Ets-1
transcription factor which bound to a site within 1 kb
upstream of the P6 transcription start site. As both
TGFP and TNFa are commonly detected in cutaneous
and oral wounds, this may be part of the mechanism
controlling avp6 induction. However, additional re-
search is necessary to confirm the generality of the
TGFB/TNFa/Ets-1 relationship to avp6 induction.

In summary, an increasing number of studies have
described expression of avf6 in a high percentage of
OSCC. Although, the data at present have been gener-
ated principally from in vitro studies, there is strong
evidence to suggest that avp6 promotes OSCC progres-
sion. At the present time, surgery remains the treatment
of choice for most OSCC. Neither radiotherapy nor
chemotherapy is tumour cell specific and both cause
damage to normal tissues. As the ideal cancer treatment
would be based on molecular differences between
normal and tumour cells, permitting greater targeting
specificity, it is possible that avf6 may represent such a
therapeutic target.

References

1. Hynes RO. Integrins: versatility, modulation, and signa-
ling in cell adhesion. Cell 1992; 69: 11-25.

2. Hynes RO. Integrins: bidirectional, allosteric signaling
machines. Cell 2002; 110: 673-87.

3. Hogervorst F, Kuikman I, Von Dem Borne AE, Sonnen-
berg A. Cloning and sequence analysis of beta-4 cDNA:
an integrin subunit that contains a unique 118 kd
cytoplasmic domain. Embo J 1990; 9: 765-70.

4. Suzuki S, Naitoh Y. Amino acid sequence of a novel
integrin beta 4 subunit and primary expression of the
mRNA in epithelial cells. Embo J 1990; 9: 757-63.

5. Tamura RN, Rozzo C, Starr L, et al. Epithelial integrin
alpha 6 beta 4: complete primary structure of alpha 6 and
variant forms of beta 4. J Cell Biol 1990; 111: 1593-604.

6. Yamada KM, Even-Ram S. Integrin regulation of growth
factor receptors. Nat Cell Biol 2002; 4: E75-6.

7. Liu S, Calderwood DA, Ginsberg MH. Integrin cytoplas-
mic domain-binding proteins. J Cell Sci 2000; 113(Pt
20):3563-71.

J Oral Pathol Med

10.

11.

12.

13.

14.
15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Busk M, Pytela R, Sheppard D. Characterization of the

integrin alpha v beta 6 as a fibronectin-binding protein.
J Biol Chem 1992; 267: 5790-6.

. Prieto AL, Edelman GM, Crossin KL. Multiple integrins

mediate cell attachment to cytotactin/tenascin. Proc Natl
Acad Sci U S 4 1993; 90: 10154-8.

Huang X, Wu J, Spong S, Sheppard D. The integrin alpha
v beta 6 is critical for keratinocyte migration on both its
known ligand, fibronectin, and on vitronectin. J Cell Sci
1998; 111(Pt 15):2189-95.

Munger JS, Huang X, Kawakatsu H, et al. The integrin
alpha v beta 6 binds and activates latent TGF beta 1: a
mechanism for regulating pulmonary inflammation and
fibrosis. Cell 1999; 96: 319-28.

Annes JP, Rifkin DB, Munger JS. The integrin alphaV-
beta6 binds and activates latent TGFbeta3. FEBS Lett
2002; 511: 65-8.

Thomas GJ, Poomsawat S, Lewis MP, Hart IR, Speight
PM, Marshall JF. alpha v beta 6 Integrin upregulates
matrix metalloproteinase 9 and promotes migration of
normal oral keratinocytes. J Invest Dermatol 2001; 116:
898-904.

Allen RD. Motility. J Cell Biol 1981; 91: 148s—55s.

Scott KA, Arnott CH, Robinson SC, et al. TNF-alpha
regulates epithelial expression of MMP-9 and integrin
alphavbeta6 during tumour promotion. A role for TNF-
alpha in keratinocyte migration? Oncogene 2004; 23: 6954—
66.

Massague J, Blain SW, Lo RS. TGFbeta signaling in
growth control, cancer, and heritable disorders. Cell 2000;
103: 295-309.

. Gleizes PE, Munger JS, Nunes I, et al. TGF-beta latency:

biological significance and mechanisms of activation. Stem
Cells (Dayt) 1997; 15: 190-7.

Taipale J, Saharinen J, Keski-Oja J. Extracellular matrix-
associated transforming growth factor-beta: role in cancer
cell growth and invasion. Adv Cancer Res 1998;75: 87-134.
Prime SS, Pring M, Davies M, Paterson IC. TGF-beta
signal transduction in oro-facial health and non-malignant
disease (part I). Crit Rev Oral Biol Med 2004; 15: 324-36.
Sharma K, Ziyadeh FN. The emerging role of transform-
ing growth factor-beta in kidney diseases. Am J Physiol
1994; 266: F829—42.

Powell DW, Mifflin RC, Valentich JD, Crowe SE, Saada
JI, West AB. Myofibroblasts. I. Paracrine cells important
in health and disease. Am J Physiol 1999; 277: C1-9.
Powell DW, Mifflin RC, Valentich JD, Crowe SE, Saada
JI, West AB. Myofibroblasts. II. Intestinal subepithelial
myofibroblasts. Am J Physiol 1999; 277: C183-201.

Ma LJ, Yang H, Gaspert A, et al. Transforming growth
factor-beta-dependent and -independent pathways of
induction of tubulointerstitial fibrosis in beta6(—/—) mice.
Am J Pathol 2003; 163: 1261-73.

Janes SM, Watt FM. Switch from alphavbeta5 to alphav-
beta6 integrin expression protects squamous cell carcino-
mas from anoikis. J Cell Biol 2004; 166: 419-31.

Watt FM, Jones PH. Expression and function of the
keratinocyte integrins. Dev Suppl 1993; 185-92.

Jones J, Sugiyama M, Watt FM, Speight PM. Integrin
expression in normal, hyperplastic, dysplastic, and malig-
nant oral epithelium. J Pathol 1993; 169: 235-43.

Jones J, Watt FM, Speight PM. Changes in the expression
of alpha v integrins in oral squamous cell carcinomas.
J Oral Pathol Med 1997; 26: 63-8.

Hormia M, Ylanne J, Virtanen 1. Expression of integrins
in human gingiva. J Dent Res 1990; 69: 1817-23.



29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Hakkinen L, Kainulainen T, Salo T, Grenman R, Larjava
H. Expression of integrin alpha9 subunit and tenascin in
oral leukoplakia, lichen planus, and squamous cell carci-
noma. Oral Dis 1999; 5: 210-7.

Breuss JM, Gallo J, Delisser HM, et al. Expression of the
beta 6 integrin subunit in development, neoplasia and
tissue repair suggests a role in epithelial remodeling. J Cell
Sci 1995; 108(Pt 6):2241-51.

Clark RA, Ashcroft GS, Spencer MJ, Larjava H, Fergu-
son MW. Re-epithelialization of normal human excisional
wounds is associated with a switch from alpha v beta 5 to
alpha v beta 6 integrins. Br J Dermatol 1996; 135: 46-51.
Haapasalmi K, Zhang K, Tonnesen M, et al. Keratino-
cytes in human wounds express alpha v beta 6 integrin.
J Invest Dermatol 1996; 106: 42-8.

Hakkinen L, Hildebrand HC, Berndt A, Kosmehl H,
Larjava H. Immunolocalization of tenascin-C, alpha9
integrin subunit, and alphavbeta6 integrin during wound
healing in human oral mucosa. J Histochem Cytochem
2000; 48: 985-98.

Koivisto L, Larjava K, Hakkinen L, Uitto VJ, Heino J,
Larjava H. Different integrins mediate cell spreading,
haptotaxis and lateral migration of HaCaT keratinocytes
on fibronectin. Cell Adhes Commun 1999; 7. 245-57.
Hakkinen L, Koivisto L, Gardner H, et al. Increased
expression of beta6-integrin in skin leads to spontaneous
development of chronic wounds. Am J Pathol 2004; 164:
229-42.

Yokosaki Y, Monis H, Chen J, Sheppard D. Differential
effects of the integrins alpha9betal, alphavbeta3, and
alphavbeta6 on cell proliferative responses to tenascin.
Roles of the beta subunit extracellular and cytoplasmic
domains. J Biol Chem 1996; 271: 24144-50.

Verrecchia F, Mauviel A. Transforming growth factor-
beta signaling through the Smad pathway: role in extra-
cellular matrix gene expression and regulation. J Invest
Dermatol 2002; 118: 211-5.

Huang XZ, Wu JF, Cass D, et al. Inactivation of the
integrin beta 6 subunit gene reveals a role of epithelial
integrins in regulating inflammation in the lung and skin.
J Cell Biol 1996; 133: 921-8.

Shull MM, Ormsby I, Kier AB, et al. Targeted disruption
of the mouse transforming growth factor-beta 1 gene
results in multifocal inflammatory disease. Nature 1992;
359: 693-9.

Dvorak HF. Tumors: wounds that do not heal. Similar-
ities between tumor stroma generation and wound healing.
N Engl J Med 1986; 315: 1650-9.

Chiquet-Ehrismann R, Chiquet M. Tenascins: regulation
and putative functions during pathological stress. J Pathol
2003; 200: 488-99.

Mook OR, Frederiks WM, Van Noorden CJ. The role of
gelatinases in colorectal cancer progression and metasta-
sis. Biochim Biophys Acta 2004; 1705: 69-89.

Toy LW. Matrix metalloproteinases: their function in
tissue repair. J Wound Care 2005; 14: 20-2.

Hamidi S, Salo T, Kainulainen T, Epstein J, Lerner K,
Larjava H. Expression of alpha(v)beta6 integrin in oral
leukoplakia. Br J Cancer 2000; 82: 1433-40.

Regezi JA, Ramos DM, Pytela R, Dekker NP, Jordan RC.
Tenascin and beta 6 integrin are overexpressed in floor of
mouth in situ carcinomas and invasive squamous cell
carcinomas. Oral Oncol 2002; 38: 332-6.

Ahmed N, Riley C, Rice GE, Quinn MA, Baker MS.
Alpha(v)beta(6) integrin — A marker for the malignant
potential of epithelial ovarian cancer. J Histochem Cyto-
chem 2002; 50: 1371-80.

avp6 integrin in wound healing and cancer of the oral cavity
Thomas et al.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Arihiro K, Kaneko M, Fujii S, Inai K, Yokosaki Y.
Significance of alpha 9 beta 1 and alpha v beta 6 integrin
expression in breast carcinoma. Breast Cancer 2000; 7: 19—
26.

Bates RC, Bellovin DI, Brown C, et al. Transcriptional
activation of integrin beta6 during the epithelial-mesen-
chymal transition defines a novel prognostic indicator
of aggressive colon carcinoma. J Clin Invest 2005; 115:
339-47.

Kawashima A, Tsugawa S, Boku A, et al. Expression of
alphav integrin family in gastric carcinomas: increased
alphavbeta6 is associated with lymph node metastasis.
Pathol Res Pract 2003; 199: 57-64.

Sipos B, Hahn D, Carceller A, et al. Immunohistochem-
ical screening for beta6-integrin subunit expression in
adenocarcinomas using a novel monoclonal antibody
reveals strong up-regulation in pancreatic ductal adeno-
carcinomas in vivo and in vitro. Histopathology 2004; 45:
226-36.

Westernoff TH, Jordan RC, Regezi JA, Ramos DM,
Schmidt BL. Beta-6 Integrin, tenascin-C, and MMP-1
expression in salivary gland neoplasms. Oral Oncol 2005;
41: 170-4.

Impola U, Uitto VJ, Hietanen J, et al. Differential
expression of matrilysin-1 (MMP-7), 92 kD gelatinase
(MMP-9), and metalloelastase (MMP-12) in oral verru-
cous and squamous cell cancer. J Pathol 2004; 202: 14-22.
Ramos DM, But M, Regezi J, et al. Expression of integrin
beta 6 enhances invasive behavior in oral squamous cell
carcinoma. Matrix Biol 2002; 21: 297-307.

Thomas GJ, Lewis MP, Whawell SA, et al. Expression of
the alphavbeta6 integrin promotes migration and invasion
in squamous carcinoma cells. J Invest Dermatol 2001; 117:
67-73.

Thomas GJ, Lewis MP, Hart IR, Marshall JF, Speight
PM. AlphaVbeta6 integrin promotes invasion of squa-
mous carcinoma cells through up-regulation of matrix
metalloproteinase-9. Int J Cancer 2001; 92: 641-50.
Morgan MR, Thomas GJ, Russell A, Hart IR, Marshall
JF. The integrin cytoplasmic-tail motif EKQKVDLSTDC
is sufficient to promote tumor cell invasion mediated
by matrix metalloproteinase (MMP)-2 or MMP-9. J Biol
Chem 2004; 279: 26533-9.

Niu J, Dorahy DJ, GU X, et al. Integrin expression in
colon cancer cells is regulated by the cytoplasmic domain
of the beta6 integrin subunit. Int J Cancer 2002; 99: 529—
37.

LI X, Yang Y, HU Y, et al. Alphavbeta6-Fyn signaling
promotes oral cancer progression. J Biol Chem 2003; 278:
41646-53.

Agrez M, Chen A, Cone RI, Pytela R, Sheppard D. The
alpha v beta 6 integrin promotes proliferation of colon
carcinoma cells through a unique region of the beta 6
cytoplasmic domain. J Cell Biol 1994; 127: 547-56.

Dalvi N, Thomas GJ, Marshall JF, et al. Modulation of
the urokinase-type plasminogen activator receptor by the
beta6 integrin subunit. Biochem Biophys Res Commun
2004; 317: 92-9.

Ahmed N, Pansino F, Clyde R, et al. Overexpression of
alpha(v)beta6 integrin in serous epithelial ovarian cancer
regulates extracellular matrix degradation via the plasmi-
nogen activation cascade. Carcinogenesis 2002; 23: 237—
44.

Elliott RL, Blobe GC. Role of transforming growth factor
Beta in human cancer. J Clin Oncol 2005; 23: 2078-93.
Akhurst RJ, Derynck R. TGF-beta signaling in cancer—a
double-edged sword. Trends Cell Biol 2001; 11: S44-51.

J Oral Pathol Med



avp6 integrin in wound healing and cancer of the oral cavity
Thomas et al.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Wakefield LM, Roberts AB. TGF-beta signaling: positive
and negative effects on tumorigenesis. Curr Opin Genet
Dev 2002; 12: 22-9.

Akhurst RJ, Balmain A. Genetic events and the role of
TGEF beta in epithelial tumour progression. J Pathol 1999;
187: 82-90.

Thomas GJ, Hart IR, Speight PM, Marshall JF. Binding
of TGF-betal latency-associated peptide (LAP) to al-
pha(v)beta6 integrin modulates behaviour of squamous
carcinoma cells. Br J Cancer 2002; 87: 859-67.

Lewis MP, Lygoe KA, Nystrom ML, et al. Tumour-
derived TGF-betal modulates myofibroblast differenti-
ation and promotes HGF/SF-dependent invasion of
squamous carcinoma cells. Br J Cancer 2004; 90: 822-32.
Haubner R, Wester HJ, Weber WA, et al. Noninvasive
imaging of alpha(v)beta3 integrin expression using
18F-labeled RGD-containing glycopeptide and positron
emission tomography. Cancer Res 2001; 61: 1781-5.
Gehlsen KR, Davis GE, Sriramarao P. Integrin expression
in human melanoma cells with differing invasive and
metastatic properties. Clin Exp Metastasis 1992;10: 111-20.
Bello L, Francolini M, Marthyn P, et al. Alpha(v)beta3
and alpha(v)beta5 integrin expression in glioma periphery.
Neurosurgery 2001; 49: 380-9; discussion 390.

Colcher D, Pavlinkova G, Beresford G, Booth BJ,
Choudhury A, Batra SK. Pharmacokinetics and biodis-
tribution of genetically-engineered antibodies. Q J Nucl
Med 1998; 42: 225-41.

Klee GG. Human anti-mouse antibodies. Arch Pathol Lab
Med 2000; 124: 921-3.

Smith KA, Nelson PN, Warren P, Astley SJ, Murray PG,
Greenman J. Demystified...recombinant antibodies. J Clin
Pathol 2004; 57: 912-7.

Gutheil JC, Campbell TN, Pierce PR, et al. Targeted
antiangiogenic therapy for cancer using Vitaxin: a human-
ized monoclonal antibody to the integrin alphavbeta3.
Clin Cancer Res 2000; 6: 3056-61.

Hoogenboom HR, De Bruine AP, Hufton SE, Hoet RM,
Arends JW, Roovers RC. Antibody phage display technol-
ogy and its applications. Immunotechnology 1998; 4: 1-20.
Hoogenboom HR, Chames P. Natural and designer
binding sites made by phage display technology. Immunol
Today 2000; 21: 371-8.

Nissim A, Hoogenboom HR, Tomlinson IM, et al.
Antibody fragments from a ’single pot’ phage display
library as immunochemical reagents. Embo J 1994; 13:
692-8.

Okarvi SM. Peptide-based radiopharmaceuticals: future
tools for diagnostic imaging of cancers and other diseases.
Med Res Rev 2004; 24: 357-97.

Ginj M, Chen J, Walter MA, Eltschinger V, Reubi JC,
Maecke HR. Preclinical evaluation of new and highly
potent analogues of octreotide for predictive imaging and
targeted radiotherapy. Clin Cancer Res 2005; 11: 1136-45.
Sutcliffe-Goulden JL, O’doherty MJ, Marsden PK, Hart
IR, Marshall JF, Bansal SS. Rapid solid phase synthesis
and biodistribution of 18F-labelled linear peptides. Eur J
Nucl Med Mol Imaging 2002; 29: 754-9.

Molineux G. Pegylation: engineering improved biophar-
maceuticals for oncology. Pharmacotherapy 2003; 23: 3S—
8S.

Raguse JD, Gath HJ, Bier J, Riess H, Oettle H. Cilengitide
(EMD 121974) arrests the growth of a heavily pretreated
highly vascularised head and neck tumour. Oral Oncol
2004; 40: 228-30.

Tucker GC. Alpha v integrin inhibitors and cancer
therapy. Curr Opin Investig Drugs 2003; 4: 722-31.

J Oral Pathol Med

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Goodman SL, Holzemann G, Sulyok GA, Kessler H.
Nanomolar small molecule inhibitors for alphav(beta)6,
alphav(beta)5, and alphav(beta)3 integrins. J Med Chem
2002; 45: 1045-51.

Weinreb PH, Simon KJ, Rayhorn P, et al. Function-
blocking integrin alphavbeta6 monoclonal antibodies:
distinct ligand-mimetic and nonligand-mimetic classes.
J Biol Chem 2004; 279: 17875-87.

Xue H, Atakilit A, Zhu W, LI X, Ramos DM, Pytela R.
Role of the alpha(v)beta6 integrin in human oral squa-
mous cell carcinoma growth in vivo and in vitro. Biochem
Biophys Res Commun 2001; 288: 610-8.

Liu M, Acres B, Balloul JM, et al. Gene-based vaccines
and immunotherapeutics. Proc Natl Acad Sci U S A 2004;
101(Suppl. 2):14567-71.

Basak SK, Kiertscher SM, Harui A, Roth MD. Modifying
adenoviral vectors for use as gene-based cancer vaccines.
Viral Immunol 2004; 17: 182-96.

Wickham TJ, Mathias P, Cheresh DA, Nemerow GR.
Integrins alpha v beta 3 and alpha v beta 5 promote
adenovirus internalization but not virus attachment. Cel/
1993; 73: 309-19.

Cirielli C, Serino F, Straino S, et al. Adenovirus vectors
targeting alphaV integrin or heparan sulfate receptors
display different distribution of transgene activity after
intramuscular injection. J Gene Med 2004; 6: 309-16.
Grinnell F. Wound repair, keratinocyte activation and
integrin modulation. J Cell Sci 1992; 101(Pt 1):1-5.

Niu J, GU X, Ahmed N, et al. The alphaVbeta6 integrin
regulates its own expression with cell crowding: implica-
tions for tumour progression. Int J Cancer 2001; 92: 40-8.
Zambruno G, Marchisio PC, Marconi A, et al. Trans-
forming growth factor-beta 1 modulates beta 1 and beta 5
integrin receptors and induces the de novo expression of
the alpha v beta 6 heterodimer in normal human
keratinocytes: implications for wound healing. J Cell Biol
1995; 129: 853-65.

Banno T, Gazel A, Blumenberg M. Effects of tumor
necrosis factor-alpha (TNF alpha) in epidermal keratino-
cytes revealed using global transcriptional profiling. J Biol
Chem 2004; 279: 32633-42.

Miller LC, Blakemore W, Sheppard D, Atakilit A, King
AM, Jackson T. Role of the cytoplasmic domain of the
beta-subunit of integrin alpha(v)beta6 in infection by foot-
and-mouth disease virus. J Virol 2001; 75: 4158-64.
Williams CH, Kajander T, Hyypia T, Jackson T,
Sheppard D, Stanway G. Integrin alpha v beta 6 is an
RGD-dependent receptor for coxsackievirus A9. J Virol
2004; 78: 6967-73.

Impola U, Uitto VJ, Hietanen J, Hakkinen L, Zhang L,
Larjava H, Isaka K, Saarialho-kere U. Differential
expression of matrilysin-1 (MMP-7), 92 kD gelatinase
(MMP-9), and metalloelastase (MMP-12) in oral verru-
cous and squamous cell cancer. J Pathol 2004; 202: 14-22.
Smythe WR, LeBel E, Bavaria JE, Kaiser LR, Albelda SM.
Integrin expression in non-small cell carcinoma of the lung.
Cancer Metastasis Rev 1995; 14: 229-39.

Acknowledgements

We thank R Poulson (CRUK, Lincolns Inn Fields, London) for the beta 6
in situ hybridisation. Research has been supported by Cancer Research
UK, the Health Foundation, UK Medical Research Council and by grants
from DebRA and AICR. MN is an MRC Clinical Training Fellow and
GJT is a Health Foundation Senior Clinical Fellow.



This document is a scanned copy of a printed document. No warranty is given about the accuracy
of the copy. Users should refer to the original published version of the material.



