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Adult metazoans represent the culmination of an intricate

developmental process involving the temporally and spatially

orchestrated division, migration, differentiation, attachment,

polarization and death of individual cells. An elaborate

infrastructure connecting the cell cycle and cell attachment

machinery is essential for such exquisite integration of

developmental processes. Integrin-, cadherin-, Merlin- and

planar cell polarity (PCP)-dependent signaling cascades

quantitatively and qualitatively program cell division during

development. Proteins in this signaling infrastructure may

represent an important source of cancer vulnerability in

metazoans, as their dysfunction can pleiotropically promote

the oncogenic process.
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Introduction
It has long been known that the attachment of cells to

basal substrates or to other cells can regulate their pro-

gression through specific stages of the cell cycle. Reci-

procally, the passage of cells from interphase to mitosis

and back is often marked by profound changes in cellular

attachment. Mechanistically, the simplest way to achieve

such coordination is to use the same signaling proteins to

govern both cell cycle and cell attachment. An early

suggestion of the extent of interconnection between

the cell division and cell polarity/attachment machineries

was provided by the first global surveys of yeast protein

interactions (e.g. [1]). Meta-analysis of the interaction

data to characterize connections between different func-

tional groups (Figure 1) suggested that the cell polarity

machinery constituted a central hub connecting cell

structure, cytokinesis, signal transduction and cell cycle

controls. Recently, this hypothesis has been supported

and extended by numerous elegant studies in higher

eukaryotes that demonstrate the convergence of these

signaling networks, as summarized herein.
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Regulation of the G1-to-S cell cycle
transition by cell adhesion
G1 arrest is a major restriction point in the cell cycle.

Multiple cytoskeletal and adhesive cues regulate G1-to-S

progression, with action in each case culminating in direct

control of the expression of cyclins D1 and E. Extracel-

lular cues for adhesion are provided by integrins, cadher-

ins, Merlin, and their associated proteins, as summarized

(and simplified) in Figure 2. In non-cancerous adherent

cell types, engagement of trans-membrane integrin het-

erodimers is required for cell progression from G1 to S.

Integrin-initiated proliferation signals often synergize

with signals provided by growth factor receptors such

as EGFR [2], although they can be functionally separated

on the basis of requirement for specific downstream

effectors (e.g. [3]). In contrast, lateral contact inhibition

signals transmitted through cadherins or Merlin com-

monly block cell proliferation (see [4–8] for extended

recent reviews). After cell transformation, transformed

cells become anchorage-independent and cease to be

contact-inhibited, as a result of altered function of integ-

rins, cadherins, Merlin and their downstream effectors.

We note that other transmembrane cell attachment pro-

teins have also been identified and are likely to contribute

to this signaling (e.g. RHAMM, CD44, desmosomal pro-

teins), but lack of space prohibits their discussion here.

Integrin effectors

Integrin engagement by the extracellular matrix (ECM)

at focal adhesions activates numerous integrin-proximal

signaling proteins, including focal adhesion kinase (FAK),

Src, and Cas family members (p130Cas, HEF1/Cas-L/

NEDD9, and Efs/Sin). These transmit pro-proliferatory

signals downstream through multiple effector pathways

[8] that ultimately activate the G1-specific cyclins, cyclins

D and E (Figure 2). These mitogenic cascades include

one involving Rap1 and B-Raf, another involving phos-

phoinositol-3-kinase (PI3K) together with Rac, AKT, and

PAK, and a third comprising Shc, Grb2, Ras, and Raf.

Each of these pathways culminates in activation of MEK

and ERK kinases, which in turn activate transcription

factors to transcribe cyclin D1. Integrin-activated FAK

also directly phosphorylates the transcription factor

KLF8, which translocates to the nucleus and activates

the cyclin D1 promoter [9]. Additionally, some integrin-

dependent signaling pathways stabilize cyclin D1 at the

post-translational level (e.g. via AKT inactivation of gly-

cogen synthase kinase 3b [GSK3b] [10]).

Alternatively, some recent studies have indicated that

integrins also regulate activation of the mitogenic signal-

ing cascades by a FAK-independent mechanism ([11�]
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Figure 1

Interdependence of cell polarity and cell cycle pathways. Interaction

map of highly connected protein classes (predicted by gene ontology)

from a high throughput yeast two-hybrid based analysis of the yeast

proteome, modified from [1]. Cell polarity proteins provide an important

hub connecting cell architecture, signal transduction and cell cycle

progression.
and references therein). In this alternative pathway,

integrins inhibit the caveolin- and dynamin-dependent

machinery that internalizes cholesterol-enriched mem-

brane microdomains (CEMMs). CEMMs are concentra-

tion sites for activated Rac, and help maintain Rac

activation. Caveolin expression is lost in many tumor

cells; in these cells, activation of Rac, a number of Rac

effectors (Pak, ERK), and associated signaling proteins

(including PI3K) is no longer anchorage-dependent.

In contrast, caveolin expression status has no effect on

FAK activation, while caveolin functions normally in

FAK�/� cells.

In yet another integrin-dependent pathway regulating G1

progression, integrins also activate GDP–GTP exchange

factors (GEFs), which activate the Rho GTPase. Rho

signaling can either promote or inhibit G1 progression,

depending on the relative degree of activation of the Rho

effectors Diaphanous (Dia) and ROCK [12]. A balance

favoring Dia activation increases the Skp2-dependent

proteolysis of p27kip; as p27kip degrades cyclin E, Dia

activation increases cyclin E levels. It is not yet clear what

factors influence the Dia/ROCK balance, but their rela-

tive abundance may contribute to the observed cell-type-

specific influence of Rho on proliferation.
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Interestingly, a direct bridge has now been identified

between the integrin effector FAK and the tuberous

sclerosis complex (TSC) proteins, which may explain

how the TSC tumor suppressors counteract integrin-

dependent proliferation signals. The recently described

protein FIP200 [13,14] directly binds FAK, inhibits FAK

signaling and promotes cyclin D1 degradation. FIP200

also binds and modulates activity of the TSC1/TSC2

complex, regulating cell size (and potentially attach-

ment). Further, as one consequence of TSC1/2 signaling

is to activate Rheb, changes in TSC1/2 can also influence

integrin signaling by inhibiting B-Raf [15]. FIP200 also

binds p53 to induce p21, further inhibiting G1 progres-

sion. Speculatively, these numerous FIP200 interactions,

and the possibility that interaction of FIP200 with one

partner may titrate it from interaction with another part-

ner, may contribute to cell-type-specific signaling by TSC

and/or FAK in the regulation of cell cycle progression.

Cadherin effectors

Cell–cell contacts are sensed and stabilized by cell-sur-

face members of the cadherin protein family (Figure 2).

In stable contacts (adherens junctions or AJs) formed by

epithelial cells growing at high density, the transmem-

brane cadherins form complexes including b-catenin and/

or a-catenin, which connect to actin filaments: cells with

such contacts are typically contact-inhibited, and do not

proliferate. For a long time E-cadherin, a- and b-catenin

and actin were assumed to assemble a stable quaternary

complex that limited cell growth during contact inhibi-

tion. However, this idea has been challenged by recent

findings, which show a more dynamic complex, with

a- and b-catenin acting separately (e.g. [16��, 17��].).

The absence of stable cell–cell contacts causes displace-

ment of b-catenin from E-cadherin. In the absence (by

mutation or downregulation) of E-cadherin, no stable AJ

structure recruits b-catenin to the cell periphery. Sepa-

rately, activation of the Wnt signaling pathway (which

includes Wnt and its receptor Frizzled [Frz], the tumor

suppressor adenomatous polyposis coli [APC], axin, and

GSK3b) causes b-catenin to separate from E-cadherin. In

each case, b-catenin translocates to the nucleus and

transcribes cyclin D1 and other pro-proliferative proteins.

Intriguingly, although regulation of b-catenin has been

long thought to be the major means by which cadherin

influences cell cycle signaling, a separate role for

a-catenin has very recently been demonstrated by Lien

et al., whose work suggests that a-catenin at AJs inacti-

vates the cell-cycle-promoting Hedgehog signaling

pathway [17��]. This unexpected finding is likely to cause

re-examination of cadherin-dependent signaling in the

near future.

Merlin effectors

A series of studies in the past year have begun to unravel a

third pathway of adhesive/cytoskeletal control of G1.
www.sciencedirect.com
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Figure 2

Cell adhesion signals regulate proliferation through cyclins D and E. Numerous extracellular cues mediated through transmembrane or

membrane-proximal proteins regulate cyclin D and E, controlling progression through G1. Activation of integrin pathways predominantly promotes

proliferation, while merlin- and cadherin-dependent signaling predominantly limits proliferation.
Merlin, encoded by the neurofibromatosis 2 (NF2) tumor

suppressor, is a member of the ezrin/radixin/moesin

family of proteins associated with cortical actin

(Figure 2). Largely on the basis of work in Drosophila,

Merlin has been shown to interact with a second protein,

Expanded, to control the activation of a signaling cascade

proceeding through the Hippo–Salvador kinase complex

[18�]. Subsequently, Hippo-Salvador activates the Warts/

Mats kinase complex, which inhibits the Yorkie transcrip-

tional factor [19�]. Yorkie is a proximal activator of cyclin

E, connecting the Merlin pathway, like the integrin and

cadherin pathways, to the core G1 cell cycle machinery.

As multiple components of this novel Merlin-dependent

signaling cascade show tumor suppressor activity, this

pathway is likely to be increasingly appreciated as an

important regulator of adhesion- or cell-density-mediated

growth inhibition. Interestingly, Merlin also engages in

reciprocal signaling with key effectors of integrin signal-

ing cascades. For example, Merlin downregulates Pak,

Rac and FAK, and is in turn inhibited by Pak phosphor-

ylation [20,21]. At present, a key question is the nature of
www.sciencedirect.com
the transmembrane adhesive signal(s) operating upstream

of Merlin/Expanded: CD44, cadherin, and EGFR have

each been proposed for this function, but the evidence is

not clear, as discussed in [6].

Cross-signaling

Although the integrin, cadherin and Merlin signaling

pathways are presented separately here, these attachment

proteins not only share a number of common downstream

effectors, but also influence each other’s action. As a

single example, integrin engagement activates Src.

Subsequently, Src down-regulates cadherin signaling,

by acting through the ubiquitin ligase Hakai and the

GTPase Arf6 to stimulate E-cadherin internalization

and degradation [22]. Such interconnection can either

enforce or antagonize specific signaling cues, allowing

fine modulation of cues for cell cycle progression; see also

the review by Chen and Gumbiner in this issue.

Mitotic entry and exit
In interphase cells, the main role of attachment proteins

may be to act as sentinels for externally originating
Current Opinion in Cell Biology 2006, 18:507–515
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attachment cues that initiate or inhibit G1 progression. In

mitosis, the attachment proteins play a more active role.

For many adherent cell types, entry to mitosis involves a

reduction in cell contacts accompanied by cell rounding.

Subsequently, cytokinesis and re-entry to G1 both require

cell attachment, and involve the re-establishment of focal

adhesions. Commensurate with such a dynamic attach-

ment profile, many cell attachment proteins are post-

translationally modified and/or relocalized during mitosis.

In the past several years, exciting research developments

have demonstrated that attachment proteins may not only

orchestrate mitotic entry and exit, but also affect quali-

tative aspects of mitosis such as the selection of the

cleavage furrow plane, asymmetry of cell division and

differentiation of daughter cells. In these studies, a fre-

quent finding is the involvement of the centrosome as a

spatial hub that organizes the mitotic cytoskeleton and

assembles signaling complexes required for mitotic pro-

gression [23].

Early M-phase

During mitosis, FAK, HEF1, Pak, paxillin, actopaxin and

other proteins that target and regulate focal adhesions are

phosphorylated at mitosis-specific sites (Figure 3a). These

phosphorylations have a number of effects: they limit the

ability of these proteins to interact with focal adhesions or

with other focal adhesion-associated proteins, contributing

to the mitotic disassembly of focal adhesions; they reduce

their attachment-related signaling activity [24,25]; and

they appear likely to contribute to the relocalization of

some of these proteins to the centrosome and mitotic

spindle. To date, the nature of the kinase(s) responsible

for phosphorylating these proteins during G2–M transition

is in most cases unknown.

Speculatively, the transposition of proteins such as HEF1

or Pak from focal adhesions to the mitotic apparatus may

provide a ‘readiness’ cue, indicating that cellular detach-

ment from basal surface has successfully concluded, so

cell partitioning can proceed. If so, the cue may simply

reflect removal of active proteins at focal adhesions, or

assumption of new functions for G2-modified proteins at

the mitotic apparatus. Indeed, for HEF1, Pak and the

Pak-associated protein PIX, recent studies have shown

that these proteins are not passive bystanders in the

regulation of mitosis, but that their movement to the

centrosome plays an important role in allowing mitotic

entry [26��,27��,28]. At the centrosome, these proteins are

required to activate the Aurora A mitotic kinase

(Figure 3b). Activated Aurora A phosphorylates and helps

activate the Cdk1/cyclin B complex, which is required for

multiple mitotic events, and also associates with TPX2 to

drive the formation of the mitotic spindle.

A number of studies support the idea that activation of

RhoA may be closely coordinated with Aurora A action in

regulating mitotic entry. For example, a second
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centrosomal kinase, Plk1, also contributes to the activa-

tion of Aurora A [29] while additionally activating ECT2,

a mitotic GDP–GTP exchange factor for RhoA [30]. The

existence of close interactions between Aurora A, HEF1,

ECT2 and RhoA is supported by additional observations

that overexpressed HEF1 binds ECT2 and activates

RhoA [31], while the RhoA effector p160ROCK has been

reported to bind and interacts functionally with Aurora A

[32]. RhoA is important at all stages of mitosis [33�]: in

early M-phase, activation of RhoA promotes mitotic

rounding through stimulation of the actin cytoskeleton

to enhance cortical rigidity [34]. Intriguingly, overexpres-

sion of constitutively activated RhoA causes cultured cells

to mis-orient their mitotic spindle axis, and to subse-

quently undergo cytokinesis at an axis orthogonal to

existing epithelial cell sheets [35�]. ECT2 interacts with

the cell polarity protein complex (Par3/Par6/Pkcz) [36];

thus, speculatively, interactions between ECT2, RhoA

and the PAR complex may help specify the cellular

division plane during development.

Other integrin-dependent effectors also contribute to

mitotic entry. For example, phosphorylation by Cdk1

and interaction with RPTPa activates Src specifically

at the G2/M transition ([37], Figure 3a). Src family kinases

are required for nuclear breakdown and other physical

changes associated with mitotic entry. Some mitosis-

specific substrates of Src have been defined, including

Sam68, an RNA-binding protein, and Trask, a transmem-

brane glycoprotein [38]. The recently defined Trask is a

particularly intriguing Src target, as overexpression of

Trask causes detachment from substrate; Src phosphor-

ylation of Trask may thus directly influence mitotic

rounding. Of further interest, Trask has also been found

to interact physically with cadherins, although the func-

tional significance of this interaction for mitosis remains

to be elucidated.

There are hints that other cytoskeletal and attachment

signaling proteins are also active participants in M-phase.

As one example, the actin regulatory protein zyxin forms

a complex with H-warts/LATS that targets the mitotic

spindle and regulates Cdk1/cyclin B to control mitotic

entry [39]; cells lacking LATS show extensive mitotic

defects, including failed cytokinesis [40]. As another exam-

ple, the LIM-domain protein Ajuba promotes lamellipo-

dial projections and associates with cadherins in

interphase, and activates Aurora A at the centrosome at

the G2/M boundary [41–43]. It seems inevitable that many

further connections will be discovered.

Late M-phase and cytokinesis

A second major point at which attachment influences

M-phase occurs during the resolution of cytokinesis

(Figure 3c). If normally adherent cells are prevented from

attaching to a substrate, they are blocked prior to cytokin-

esis and frequently become binucleate. Integrin signaling
www.sciencedirect.com



Interdependence of cell attachment and cell cycle signaling Pugacheva, Roegiers and Golemis 511

Figure 3

Reciprocal regulation of mitotic and adhesion signaling. (a) At G2/M

transition, disassembly of focal adhesion complexes (blue) is

accompanied by phosphorylation of FAK, HEF1, Pak, paxillin, actopaxin,

Src and others by mitotic kinases (green represents phosphorylated/

www.sciencedirect.com
proteins appear to be specifically required for cytokinesis,

as impaired signaling by proteins including b1 integrin

[44], HEF1 [31] and the focal adhesion regulator PTP-

PEST leads to cytokinetic block. Together, these pro-

teins are likely to contribute in at least two ways to

abscission. One way is through re-establishment of focal

contacts in late M-phase that can be used to generate

traction forces that propagate through the cytoskeleton to

physically separate the daughter cells at telophase. A

second way is through provision of regulatory signals at

the region of abscission.

How are focal contacts re-established at the end of

mitosis? Although this is currently not well understood,

it seems likely that late mitotic phosphorylation of spe-

cific attachment proteins by the mitotic kinases with

which they associate (e.g. Aurora A, Plk-1 and Cdk1/

cyclin B) may license the attachment proteins to reinitiate

focal complex assembly. Alternatively, activation of the

anaphase promoting complex/cyclosome (APC/C) in late

mitosis may degrade proteins targeting HEF1, zyxin and

other attachment factors to mitotic structures, causing

them instead to migrate to the basal cell surface and

contribute to production of focal contacts. Much work

remains to be done in this area.

Among the regulatory signals required for resolution of

mitosis, changes in the activity, patterns of interaction,

and localization of RhoA coordinate multiple aspects of

progression through the later stages of mitosis; these

extensive RhoA functions have been recently reviewed

[33�]. Recent studies have also found that Src is delivered

to the cleavage furrow shortly before cytokinesis,

becomes activated, and is required to regulate the activity

of proteins such as PSTPIP, allowing abscission [45�].
The means of delivery of signals for abscission to the

forming midbody is likely to be complex. One study has

suggested movement of a centrosome to the midbody

region is required to directly transport factors promoting

abscission [46], while other work has implicated action of

the secretory-vesicle-associated exocyst and SNARE

complexes, or targeting of unique membrane domains
inactive for attachment signaling). Src activation at mitotic entry may

disrupt adhesion through phosphorylation of the transmembrane

glycoprotein TRASK. (b) During early mitosis, centrosomal HEF1, Pak,

and Ajuba activate Aurora A, which activates Cdk1/cyclin B. A Zyxin-

Lats complex is also targeted to the mitotic spindle, to regulate Cdk1/

cyclinB. Additional interactions — including activation of RhoA by Hef1

and ECT2, Par complex association with ECT2, and Aurora A interaction

with the RhoA effector p160ROCK — are indicated. (c) Cell attachment

through integrins is required for abscission at cytokinesis. Action of the

exocyst complex and SNARE complexes delivers components such as

Src to the cleavage furrow to promote abscission. Basal relocalization of

proteins such as HEF1, TRASK and Pak may contribute to re-

establishment of focal contacts, while RhoA activity contributes to

multiple events in cytokinesis (29]. In some systems for asymmetric cell

division, abscission cues are provided from only one of the two

prospective daughter cells, and may involve transient movement of the

centrosome to the midbody.

Current Opinion in Cell Biology 2006, 18:507–515
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at the cell surface [45,47�]. Intriguingly, a common factor

in several studies is the observation that abscission signals

are delivered asymmetrically from only one of the two

prospective daughter cells [46,47�]. This first introduces

the idea of qualitative regulation of mitosis by cell-auton-

omous factors and/or extracellular environment.

Qualitative differences in M-phase specified
by adhesion cues: regulation of asymmetric
cell division and timing of abscission.
Recent exciting studies in developmental biology have

illuminated the importance of the attachment machinery

in controlling the axis of cleavage furrow formation, and

symmetry or asymmetry of cell division (Figure 4). In

many cases, stem or progenitor cells are characterized by

physical connection through cadherins to a ‘hub’ cell. To

specify asymmetric divisions away from the hub leading

to the spawning of differentiating daughter cells, physical

interactions involving APC located both at the cell cortex

and the centrosome orient the axis of cell division [48].
Figure 4

Different classes of extracellular cue regulate spindle orientation. Signals

from a neighboring hub cell (via junctional complexes, [50��]), planar cell

polarity signaling complexes [48], from extracellular matrix (ECM) [45�],

and potentially from directional flow of fluids (sensed by cilia, [49��])

regulates spindle orientation. Adhesion and polarity complexes on the

surface of the guided cell sense these cues and transmit them to the

mitotic machinery. In some examples, discrete pools of APC at the cell

cortex and at the centrosome anchor extended bridges of signaling and

cytoskeletal proteins that orient the mitotic spindle [44].

Current Opinion in Cell Biology 2006, 18:507–515
Other studies have demonstrated the importance of

integrin-mediated attachments in orienting direction of

division plane against a natural or synthetic extracellular

matrix [49��], while, as noted above, RhoA activation in

itself is sufficient to alter the mitotic axis [35�].

In these qualitative processes of cell division, cross-sig-

naling between the different attachment control systems

is critical. Lechler and Fuchs [50��] have described com-

plex signaling between integrins and cadherins that

serves to localize polarity complex proteins [51] to the

apical surface of dividing skin cells. Two recent exciting

studies have for the first time demonstrated that the

planar cell polarity (PCP) machinery provides essential

cues to orient mitotic cell division and to allow intercala-

tion of post-mitotic cells into cellular sheets during verte-

brate development [52��,53��]. Finally, other current

findings indicate that asymmetrically generated signals

can regulate the timing of cytokinesis by specifying the

rate of cleavage furrow progression [54�].

Conclusions
Together, the integrin, cadherin, PCP and other adhesive

signals orient the division axis and ultimately specify the

differentiation status of post-mitotic cells, promoting

developmental processes such as epidermal stratification

and neural tube morphogenesis. It is clear that proteins

that bridge attachment, mitogenic, mitotic and apoptotic

signaling cascades provide a central machinery to gen-

erate complex metazoan structures from simple polarized

precursors. In the future, exploration of the role of three-

dimensional microenvironments in specification of cell

division is likely to prove informative for tissue-specific

regulation of such signaling, particularly in regulation of

M-phase events (see review by Yamada and colleagues in

this issue).

It also appears likely that the convergence of cell attach-

ment and cell cycle signaling has important consequences

for cancer biology. A long-standing mystery has been why

some types of cells are prone to transformation, while

others are not. Recent work has focused on the idea of

cancer ‘stem cells’ that are uniquely poised to seed

tumors. It is clear that polarized epithelial cells (or

epithelial progenitor cells, oriented to a hub) express a

more elaborate set of attachment proteins to regulate

polarity, mechanosensing and cell–cell attachment than

do fibroblasts and other non-polarized cells. Altered activ-

ity or expression of the proteins involved in these pro-

cesses may pleiotropically affect proliferation, metastasis

and/or genome instability. The tumor suppressor APC

exemplifies such a protein (see [5,6]), while HEF1 upre-

gulation has very recently been found to be important for

melanoma metastasis [55]. Ultimately, appreciation of the

role of highly connected signaling intermediates may

yield valuable insights for the design of novel disease

therapies.
www.sciencedirect.com
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