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Cell-adhesion-dependent influences on genomic instability and

carcinogenesis
Thea D Tisty

Adhesion-dependent cell signaling is known to be important
in carcinogenesis. It is postulated that several types of
adhesion molecules act as tumor suppressor genes by
enforcing cell-substrate and cell—cell adhesion thereby
preventing the migration of cells and their invasion into
surrounding tissues. Recent evidence, however, suggests that
disruption of adhesion systems can both initiate neoplastic
transformation and contribute a rate-limiting step to
progression. Adhesion may modulate neoplastic processes by
altering pathways that control genomic stability. Analysis of
the adhesion-controlled inactivation of the p53 protein and
the concomitant relaxation of cell cycle checkpoint control
could identify the critical contributions of adhesion-mediated
influences to carcinogenesis.
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Abbreviations

APC adenomatous polyposis coii
BPV-1 bovine papillomavirus 1
FAK focal adhesion kinase

HPV human papillomavirus

NF2 neurofibromatosis type ||
Introduction

[t has long been appreciated that some of the carliest man-
ifestations of neoplastic transformation involve changes in
tissue interactions. Changes in adhesion have been postu-
lated as the basis for tumor cell motility, invasiveness and
conversion of epithelial cells to a mesenchymal ‘dediffer-
entated” state [1,2]. While extensive data now supports
the 1dea that loss of adhesion in invasive carcinoma cells
contributes to the progression of epithelial cells towards
metastasis [3,4], recent data also suggests that loss of adhe-
sion may be involved in the carliest steps of tumor
formation. This review will discuss an emerging concept
that loss of adhesion can permit genomic instability, which
allows for the accumulation of multple mutations, and by
doing so, conuibute to tumor 1nitaton and progression at
a variety of stages.

Adhesion plays an important role in cancer
progression

Early clues to the altered adhesive state of carcinoma cells
came from histology. By definiton, mahignant cells invade
the basement membrane and move through surrounding

tissues. Thesc actions require an alteration of the adhesive
connections that define cell polarity and epithelial integri-
ty. Adhesion molecules can be grouped into various
families that regulate these different biological functions
[5]. In paruicular, the cadherin and integrin families have
proven to be important for a greater understanding of
adhesion as it relates to malignancy.

Cadherins are important in cell—cell adhesion and in estab-
lishing cell polarity and proper cellular differentiation.
There arc several members of the cadherin family that are
selectively expressed on different epithelial tissues.
Cadherins have been demonstrated to interact in a homo-
typic fashion through exrracellular domains and connect to
intracellular signal transduction pathways through their
cytoplasmic domains. The cytoplasmic domains of cad-
herins are linked to the actin cytoskeleton by catenins
{(o,B,Y) which are also crinical to several signaling pathways
[6°]. Catenin activity is controlled by binding partners
which determine the localization and stability of the pro-
tein. The adenomatous polyposis coli (APC) gene product,
Wnt oncoprotein and the cadherins each interact with
catenins and control B catenin participation in the regnla-
tion of gene expression and adhesion [7] (see Figure 1).

Integrins parucipate 1n and regulate cell-substrate adhe-
sion. They represent a large family of heterodimeric cell
surface receptors that associate as & and B subunits.
Integrins not only mediate cell adhesion but also partici-
pate in intracellular signaling pathways that are important
in regulating cell survival and proliferation [8]. Intcraction
of integrins with focal adhesion kinase (FAK) and the
extracellular maerix places integrins at the interface
bertween the substrate and the cellular responses that
result from cell-extracellular matrix interactions.

The reduction of cellular adhesion propertics was postu-
lated as necessary for invasive behavior and moulity of
malignant cells [4,9]. Genetic manipulation of tissuc cul-
ture cells has demonstrated that invasiveness could indeed
be modulated by cell adhesion [10]. Transfection of E-cad-
herin ¢cDNA and overexpression of the protein prevented
invasion in a previously E-cadherin null breast carcinoma
cell line [10]. Conversely, incubation of epithelial cells
with anubedies specific for E-cadherin induced dissocia-
tion and increased their invasive potential as monitored by
movement of cells into collagen gels [11]. Similar experi-
ments have modulated integrin function and shown that
overexpression of 0SBl integrin reduces tumorigenicity
and moulity 1n a vanety of cells [12]. Given these observa-
uons, one might predict that mutations 1n adhesion
molecules would be extensive in tumors as they progress
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A hypothetical model for adhesion signaling in mammalian cells. (a) In
the presence of cadherin signaling and/or the absence of a Wnt signal,
glycogen synthase kinase (GSK) is active. GSK (or some other kinase)
phosphorylates f-catenin (P) and targets it for association with APC
and ultimately for degradation by the ubiquitin-proteosome pathway.
(b) When cadherin interaction is disrupted, or Wnt signaling is
activated, GSK is inactivated (by Disheveled [Dsh] or other means)
and no longer targets B-catenin for degradation. Free pools of -
catenin accumulate in the cytoplasm and, after entering the nucleus by

unknown mechanisms, interact with transcription factors to stimulate
transcription of specific target genes. Regulation of the steady-state
levels of B-catenin are central to signaling by multiple adhesion
pathways. Integrins also meditate a series of signal transduction
pathways that control cellular processes and are thought to
communicate with the cadherin pathways by effecting cytoskeletal
organization. FAK is instrumental in transmitting signals from the cell
surface to the interior. Dsh, disheveled; FAK, focal adhesion kinase.

to malignancy. Molecular analysis of a wide variety of
¢pithelial malignancies has bormne out these predicuons,
with many changes observed in the function of adhesion
pathways. Cadherins, as wcll as the molecules that interact
with their cytoplasmic domains and regulate their func-
tion, have been found to be extensively mutated in
carcinomas [13-17]. Conceptually, mutations may occur in
any part of the adhesion complex and result in the same
loss of function [18-21]. Mutations in the extracellular and
cytoplasmic domains of cadherins both disrupt epithelial

cell adhesion and short circuit intracellular signaling.
Mutant cadherins can associate with B-catenins in 2 non-
productive fashion creating a dominant-negative effect
[1,22]. These observations document the importance of
adhesion pathways in moderating neoplastic progression
and malignancy.

While it 1s clear, however, that in some cells reversion
from an invasive to a noninvasive phenotvpe could be
modulated by the expression of functional cadherin, until
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recently it was not clear whether the loss of cadherin-
mediated cell adhesion was the cause or consequence of
tumor progression # vioe. An elegant paper recently
addressed chis point and demonstrated that there 15 a
causal role for E-cadherin in the transition from adenoma
to carcinoma 41 vive [23**]. Manipulation of E-cadherin
fevels in a mouse model system for cancer progression
demonstrated that whilc expression of E-cadherin arrest-
ed tumor development at the adenoma stage, expression
of the dominant-negative mutant form of E-cadherin in
the same cells induced early invasion and metastasis.
These results demonstrate the important point that loss of
acdhesion 1s a rate-limiting step in the progression from
adenoma to carcinoma in carcinogenesis,

Does adhesion play a role in cancer initiation?
Can changes in adhesion contribute to the initiation of can-
cer? If so, one might expect some familial cancer
syndromes to result from mutations in thc components of
adhesion pathways. Several of the genes that are mutated
in familial cancer syndromes fail into this category. The
APC gene, cntical in the predisposition for colorectal can-
cer, is a classic example. Observations suggest that APC 1s
involved in adhesion pathways, since exogenous expres-
sion of APC in epithehal cells alters migration and
adhesion [24]. APC may influence adhesion by its compe-
tition with cadherins for catenin binding [25]. Only by a
productive association with the catenins can the cadherin
molecules be linked to the actin eytoskeleton and produce
functional cell adhesion. The contribution of alterations of
APC to neoplastic formation is still unknown.

Recent reports have documented two adhesion and adhe-
ston-associated cytoskeletal molecules that when mutated
result 1n cancer susceptibility syndromes, E-cadherin and
merlin [26°°,27°*]. A recent study from New Zealand iden-
tified a gene responsible for early-onset, histologically
poorly-differentiated, high grade, diffuse gastric cancer
[26°°]. It was found that mutations within the E-cadherin
gene, when carried congenitally, predispose humans to
gastric cancer. E-cadherin, as noted above, is 4 member of
the cadherin family and conrtains a transmembrane extra-
cellular domain that acrts in homotypic binding and an
intracellular, cytoplasmic domain that 1s linked to the
cytoskeleton via associations with &, B and ¥ catenins [28].
The finding that E-cadherin mutations may predispose
humans to cancer suggests that their role in cancer forma-
tion exceeds the previously postulated role as an invasion
suppressor gene. Since many other mutagenic changes
must occur before a malignancy is generated, loss of adhe-
sion contribute more than the ability to invade. The
molecular mechanism by which mutations in E-cadherin
initiate cancer formation are unknown.

Research using mouse model systems has also recently high-
lighted the role of adhesion molecules in the nittation of
cancer. ‘[he Jacks laboratory has characterized the pheno-
type of mice that are heterozygous for a mutation in the

neurofibromatosis type I1 (NF2) tumor suppressor gene
product called merlin [27°*]. Merlin is a member of the ezrin,
radixin, moesin (ERM) family of membrane/cyroskeleton
proteins that are thought to be important in cell adhesion and
motility [29]. In humans, mutauons in the NFZ gene are
associated with a predisposition for multipie benign tumors
of the central nervous system, which include Schwannomas,
meningiomas, and ependymomas. Reduction of merlin
expression reduces cell adhesion and allows for the
increased proliferation of Schwann-like cells [30], while
overexpression has been reported to lead to growth arrest in
fibroblasts [31]. Removal of one NF2 allele in mice results in
a predisposition for a variety of malignant tumors which
aris¢ later in life and encompass osteosarcomas, hepatocel-
lular carcinomas and fibrosarcomas. Also noted was the
extreme metastatic ability of the tumors that did arise. This
surprising cxtension of tissue susceptibility and metastatic
behavior of tumors demonstrated by mice heterozygous for
merlin murations suggested that adhesion pathways are
important in understanding how the proliferative pathways
of the cells are governed by cytoskeletal interactions. The
increase in tumor frequency in these mice also suggests that
merlin can contribute functions that can act 1n the initiation
of a tumor. The authors contend thac this data suggests that
the absence of merlin funcuon, important in the modulation
of adhesion, results in inappropriate cell cycle entry, lack of
response to arrest signals and uncontrolled proliferation
(32*] in mutant cells .

These two examples [26**,27**] emphasize the point that
murtations in molecules regulating adhesion pathways
may function in the inination as well as the progression
of neoplasia.

Adhesion pathways are targeted in
spontaneous, familial and viral carcinogenesis
Genes that are important in carcinogenesis are targeted by
a varicty of methods which allow tumot initiation and pro-
gression,  Besides being frequently mutated in
spontaneous cancers, many of these genes have subse-
quently been found to be murtated in familial cancer
syndromes as described above. Also emphasizing their
importance in the carcinogenesis process is the targeting of
crtical genes by the oncogenic viruses. These viruses,
such as human papillomavirus (HPV), adenovirus (Ad) and
polyomavirus (SV40), carry oncoproteins that share func-
tional homologies in their inactivation of tumor suppressor
genc activitics expressed by the host cell and can cause
neoplastic transformation of human cclls when expressed.
For example, three oncoproteins, E6/E7, E1b/Ela and
SV40 Jarge ‘I" antigen, are known to inactvate p53 and
retinoblastoma protein (pRB) family members in a variety
of different ways.

As noted above, adhesion molecules are rargeted in both
sporadic and familial cancers. Recently Tong and Howley
have reported that a viral oncoprotein, the HPV16 E6 gene
product, binds paxillin and thereby disrupts the function
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of this focal adhesion protein [33°]. This finding was pre-
cipitated by a study to define the mechanism of oncogenic
transformation by bovine papillomavirus-1 (BPV-1) E6
gene. While the BPV-1 E£6 is important in transformation,
1t does not promote the mnactivation of pS3 and therefore
was postulated to act through a different pathway, The
study identified paxillin, a protein involved in transducing
signals from thc plasma membrane to focal adhesions and
the actin cytoskeleton, as a protein that interacts with BPV-
1 E6 and is important for oncogenic transformation.
Paxillin, through its action on the actin cyroskeleton, is
important in maintaining cell morphology, moulity, cell
division, cell—cell contact and cell-extracellular matnx
contact. [t binds to B1 mtegrin {34], oncoproteins such as v-
src [35], v-crk [36], p210 (berfabl) [37], and other focal
adhesion proteins such as pl125 (FAK) [38], vinculin [39],
and talin {37]. Subsequent studies within this report
showed that paxillin also interacted with E6 from HPV16,
which carries a high risk of tumors, but not with E6 onco-
proteins from the viruses HPV6 or HPV-11, which carry a
low tumor risk. Thus, adhesion molecules can now be
counted among the critical targets that are identified by
viral oncoproteins.

Adhesion and the maintenance of genomic
integrity

There is an extensive literature that addresses the role of
adhesion in controlling cell proliferation and ccli death.
These topics are covered in other reviews [40—43] and are
beyond the scope of the present one. In this review the
effect of adhesion on genomic instability will be derailed.
This newly emerging area has the potential to provide
msight into a critical aspect of the influence of adhesion
on Carcinogenesis.

Genetic integrity is important for the faithful transmission
of genetic material from one cell generation to another. A
multitude of mechanisms ensure each aspect of the trans-
mission addressing the proper timing of the duplication of
the genetic material, its accurate replication in both
sequence and ploidy, and its proper segregation to and
placement within daughter cells. These intracellular sys-
tems which determine murtation rate and ensure genomic
integrity have been studied extensively. Many of these
pathways would be expected to be held in common by
both unicellular and multicellular organisms since both
have the same requirements for protecting their genetic
material. Recent studies have validated this hypothesis
and provided a powerful comparison of the systems.

In multcellular organisms an important consequence of
altered genomic integrity is often neoplasia. Alterations in
signal transduction pathways that cnsure genomic fidelity
lead to an increased mutation frequency which contributes
to initiation and progression of cancer. Without the accu-
mulation of mutations, cells cannot alter the mulawude of
processes that are necessary to generate a malignant cell.
These altered processes include controls of growth, death,

motlity and immoreality, to name a few. For example, a
change in cell proliferation without concomtitant mutations
which effect tumor progression would result in a benign
hyperplasia rather than malignancy.

In addition to the intracellular processes described above
which are common to both unicellular and multicellular
organisms, multicellular organisms have an additional
level of control that governs the manner in which the com-
posing cells interact and form an organism. Many of these
mtercellular interactions are governed by adhesion mole-
cules. Does the adhesive status of a cell contnibute
information that determines the mutation rate within a
given cell? To answer this question a study would have to
examine the pathways that control genetic instability dur-
ing various states of cellular adhesion. Since studies in
repair and recombination are still in their early stages, the
cffects of adhesion have not yet been addressed; however,
study of another set of pathways, cell cyele checkpoint
control, has progressed to the extent that effects of adhe-
sion are being investigated.

Adhesion in cell cycle checkpoint contro! and
genomic instability

Cell cycle checkpoints are a collection of signal transduc-
tion pathways that ensurc the proper chorcography of
cellular events within the cell cycle [44]. These monitor-
ing systems respond to incomplete cellular events (such as
partial DNA replication), or inappropriate physiological
conditions (such as lack of nutrients, or DNA damage) and
arrest cell cycle progression at specific points within the
cell cycle. To study the regulation of these pathways
investigators examine cell cyele progression and the
inductien of downstream genes known to be involved in
the signal transduction pathways that regulate cell cycle
checkpoint control.

Two recent studies have documented that changes in cel-
lular adhesion can affect cell evele checkpoint control. One
study [45*] examined the affect of adhesion on checkpoint
inactivation, the other [46°*] examined the molecules
known to control checkpoint activation.

When cells are exposed to various environmental insults,
such as y-radiation, they respond by activating a block to
progression through the cell cycle [47 48], Adhesion plays
an important part in two aspects of this response. First, if
cells are not adherent when they are exposed to the dam-
aging agent, cell cycle arrest does not ensue (TD Tlsty,
unpublished data). Sccond, as described by Gadbois and
co-workers, the arrest is reversed if cells are released from
the substratum after they have arrested their cell cycle
[47]. These observations may have profound implications
for the initiation of neoplasia. They suggest that cells that
are not adherent in a proper manner have relaxed check-
point controls; hence, exposure to DNA damaging agents
would result in genetic mutations making the detached
cells more susceptible to neoplastic transformation. While
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Figure 2

Altered adhesion

v

Reduction in p53 protein

Relaxation of checkpoint control

b

Mutation accumulation

v

Neoplasia

Curtent Opinion in Cell Biology

Postulated epigenetic inttiation of neoplasia.

the majority of studies have investigated how loss of adhe-
sion far a prolonged period of ume can prevent
proliferation, these studies suggest that under some cir-
cumstances this control is more complicated and that
adhesion signals can affect other regulatory facets of the
cell cycle. The molecular mechanisms involved in this
control are likelv to include alterations in the p53 protein
activity since this protein is a key regulator of cell cycle
checkpoint control in response to damaging agents.

The p53 gene is one of the most frequently altered genes
in a wide variety of tumor celis [49], indicating that it is
important in growth control and tumorigenesis. The loss of
wild-type p33 actuvity in ussue culture cells removes
important controls on cell cycle regulation, apoptosis, and
maintenance of genomic integrity and can conubute to
tumor development [50]. The activity of the p53 protein
can be abrogated by loss of the gene, by association of the
wild-type protein with a dominant-negative mutant, by
overexpression of cellular proteins that facilitate its prote-
olytic degradation (for example, MDM2) or by association
with viral oncoproteins [50]. Each of these processes
results in a reduction of p33 activity and a relaxation of cell
cycle checkpoint control. Recent evidence now demon-
strates that loss of adhesion can also reduce the activity of
p53. Changes in the adhesion of normal human epithelial
cells leads to a rapid reduction in p53 protein levels and its
activity [46°]. This rcduction in pS3 activity is accompa-
nied by a relaxation of cell cycle checkpoint control. As was
described above, this places a cell in jeopardy of accumu-
laung mutaoons, since the protection pathways can no
longer be acuvated.

These new insights into the role of adhesion in modulating
genomic instability could explain the recent observations
documenting that mutations in adhesion genes can lead to
the minauon of neoplasia. Perhaps this speculation 1s easi-
est to understand in terms of cancer initiation and

progression if one draws a parallel with the Li-Fraumeni
syndrome. Affected individuals contain mutations in the
p53 gene. It is straightforward to speculate that loss of cell
cycle checkpoint control leads to the accumulation of
mutations which allow for the generation of the muluple
primary tumors seen in these individuals. Since adhesion
pathways may also modulate p53 acuvity, mutations in
adhesion genes could initate neoplastic transformation by
allowing for the accumulation of mutanons that are neces-
sary for the disruption of pathways that lead to mahgnancy
(see Figure 2). The mechanism by which adhesion path-
ways may decrease p53 protein levels 1s unknown but one
would anticipate that some of the known intermediates of
signal transduction will be shown to be involved.

Conclusion

Cell-marrix and cell—cell adhesion are recognized physio-
logical determinants of cell growth and survival. The data
outlined in this review suggests that adhesion may also be
critical in the maintenance of genomic integrity in epithe-
lial cells. The linkage of cellular adhesion with
intracellular signaling pathways is under investigation and
much work remains to be done. The speculations outlined
above raises direct questions about the role that adhesion
plays in the formauon and progression of human cancer. A
cntical question will be which pathways are involved in
specific cells since the complexity and specificity of adhe-
sion interactions are cell-type specific. Once adhesion
status 1s altered, which molecular mechanisms translate
the information into processes which result n cancer?
Given the observation that cell cycle checkpoint control 1s
mediated by the adhesive status of the cell, what types of
genomic instability result and is the same spectrum of
mutations scen in different cell types? Our understanding
of the molecular events which contribute to tumor initia-
tion and progression will be necessary for the design of
effective prevention and therapeutic strategies.
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