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Summary

Engagement of vascular endothelial (VE)-cadherin leads to
the cessation of proliferation commonly known as ‘contact
inhibition’. We show that VE-cadherin inhibits growth by
mediating changes in cell adhesion to the extracellular
matrix. Increasing cell-cell contact decreased cell spreading
and proliferation, which was reversed by blocking
engagement of VE-cadherin. Using a new system to prevent
the cadherin-induced changes in cell spreading, we

through Rho specifically inhibited the cadherin-induced
proliferative signal. By progressively altering the degree to
which cell-cell contact inhibited cell spreading, we show
that cell-cell contact ultimately increased or decreased the
overall proliferation rate of the population by differentially
shifting the balance between the two opposing proliferative
cues. The existence of opposing growth signals induced by
VE-cadherin that are both mediated through crosstalk with

revealed that VE-cadherin paradoxically increased
proliferation. Treating cells with inhibitors of PKC and

MEK abrogated the stimulatory signal at concentrations
that disrupted the formation of actin fibers across the
cell-cell contact. Directly disrupting actin fibers, blocking
actin-myosin-generated tension, or inhibiting signaling

cytoskeletal structure highlights the complex interplay of
mechanical and chemical signals with which cells navigate
in their physical microenvironment.
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Introduction mechanism, distinct from decreased cell spreading, for the
The proliferation of endothelial cells is regulated by manycessation of growth when cells reach confluence (Gumbiner,
factors in the surrounding microenvironment, including solublel996). Transformed cells lacking a variety of components of
cytokines, the underlying extracellular matrix (ECM), andthe cell-cell adhesion machinery proliferate at higher rates than
neighboring cells. The complex interplay between these cuéghen they are transfected with neural (N)-cadherin (Levenberg
provides the signals that allow cells to form and maintain thét al., 1999) or epithelial (E)-cadherin (Stockinger et al., 2001).
architecture of the vascular tree. Growth factors and integrin® endothelial cells, vascular endothelial (VE)-cadherin has
cooperate to generate multiple mitogenic signals necessary fegen implicated as the major receptor responsible for this effect
proliferation, including sustained ERK activity (Assoian and(Castilla et al., 1999; Caveda et al., 1996). Blocking the
Schwartz, 2001; Danen and Yamada, 2001; Schwartz afdnction of VE-cadherin increases proliferation, whereas
Ginsberg, 2002). Although necessary, these signals fullgxogenous expression of VE-cadherin in CHO cells decreases
support proliferation only in the presence of additionalgrowth rates (Caveda et al., 1996). Despite these findings, little
structural cues conveyed through the actin cytoskeleton (Chés known about the mechanism by which cadherins inhibit
et al., 1997; Huang et al., 1998; Huang and Ingber, 2002yrowth, or the relative contributions of changes in cell
Either restricting the ability of endothelial cells to spread angpreading versus cadherin engagement to growth arrest at
flatten against a substrate or disrupting the actin cytoskelet@®nfluence. Recent work has suggested that increasing cell-cell
arrests the cell cycle in mid-G1 despite the presence of grow#ilhesion mechanically competes with and hence decreases
factors, integrin ligation and ERK activation (Huang et al.cell-substrate adhesion (Lauffenburger and Griffith, 2001;
1998). This coordination between cell spreading and mitogenigyan et al., 2001). Thus, growth arrest by cell-cell contact and
signaling appears to be one critical mechanism that arresty changes in cell spreading may be linked; VE-cadherin could
proliferation once cells have crowded each other sufficiently tinhibit proliferation in part by altering cytoskeletal structure
form an intact monolayer. and decreasing cell spreading.

Although growth factors and integrins convey mitogenic VE-cadherin can modulate the organization of the
signals leading to proliferation (Assoian and Schwartz, 2001gytoskeleton through multiple mechanisms. The homotypic
Danen and Yamada, 2001), adhesion between cells is thoughigagement of cadherins initiates both soluble signaling
to inhibit growth (Castilla et al., 1999; Caveda et al., 1996). Asascades as well as the recruitment of scaffolding proteins to
a result, cadherin engagement has been suggested to be anofiben the adherens junction. Cadherins increase signaling
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through ERK (Pece and Gutkind, 2000), PKC (Lewis et al.Fabrication of substrates with microwells

1994) and Akt (Carmeliet et al., 1999), all of which havestamps of poly(dimethylsiloxane) (PDMS, Sylgard 184, Essex
significant effects in reorganizing the actin cytoskeleton (ClarBrownell, Fort Wayne, IN) containing a relief of the desired pattern
et al., 1998; Keenan and Kelleher, 1998; Klemke et al., 199Tbowties raised from the surface) were fabricated as previously
Reif et al., 1996). Cadherins also modulate structural changé@gscribed (Nelson and Chen, 2002). Briefly, PDMS was cast on a
to microtubules (Chausovsky et al., 2000) and actin througgilicon master with 20um-thick bowtie-shaped wells made by
proteins including the Rho family GTPases (Noren et al., Zooghotollthography. To aid in release of the cured PDMS, the master

~ . - as first silanized overnight with a vapor of (tridecafluoro-1,1,2,2,-
and(-catenin (Barth et al., 1997). The formation of adheren etrahydrooctyl)-1-trichlorosilane (United Chemical Technologies,

jun_ctions by VE-cadh_erin directly_ recr_uits and a_mc_hors th ristol, PA) under vacuum before casting the PDMS. A stamp
actin cytoskeleton to intercellular junctions (Breviario et al.oxjdized under UV/ozone (UVO Cleaner, Jelight Company, Irvine,
1995). Modulating cadherin-mediated intercellular adhesiowa) was placed on a SuperFrost slide (Fisher Scientific) such that
also directly alters the expression of integrins (Zhu and Watbnly the raised bowtie-shaped regions of the stamp sealed against the
1996). Thus, VE-cadherin engages numerous pathways thglass surface. A solution of 0.6% agarose (Life Technologies)/40%
can alter cytoskeletal structure and tension, cell shape amthanol in water was heated {80, perfused through the channels
integrin signaling (Braga, 2000; Chen et al., 1997; Pawlak ani@rmed between the sealed features, and allowed to cool for 12

Helfman, 2001; Schwartz and Assoian, 2001) — all potenflinutes under vacuum. The stamps were peeled from the substrate,
regulatoris of pr'oliferation. ' leaving behind bowtie-shaped wells with bases of glass and walls of

The complex interplay between intercellular andagarose. The substrates were sterilized in ethanol, washed in PBS and

t lul tri dhesi highliahts the i t geated with a 25ug/mL solution of fibronectin (Collaborative
extraceliular matrix adnesion highlights nhe importance Ok;,megical Products) in PBS, which coated the glass bases of the

developing an experimental system to independentlyqtie-shaped wells.

manipulate these signals, and thereby decouple their respective

effects on cell function. Using a new microengineering _ _

approach to control cell-cell contact and cell spreadindg/easurement of proliferation

independently, we recently reported that allowing physical© obtain change_s in ceII'number, cells were p_hotogrgphed with a Spot
contact between cells while preventing changes in ceffCD camera (Diagnostic Instruments, Sterling Heights, NY). Cell

spreading stimulated proliferation in multiple cell types, anoorol|ferat|on was calculated by counting cells in microscopy images

that this stimulation was masked by an apparently diStiant indicated tlme_s, and norm_a_llzed to |_n|t|al cell number._Mean ce!l
area was determined by outlining cells in phase contrast images with

inhibitory signal when cell spreadlr_lg was not controlledthe Spot software. To determine entry into S phase, the percentage of
(Nelson and Chen, 2002). Now, using our new system t@eis incorporating 5-bromo-2leoxyuridine (BrdU) was quantified
examine the role of cell spreading in VE-cadherin-mediatedsing a commercial assay (Amersham). Cells werey@chronized
regulation of endothelial cell proliferation, we show that VE-by holding cultures at confluence for 2 days, then plated onto
cadherin exerts its inhibitory effects specifically by activelysubstrates in full culture media. BrdU was added to the media 2 hours
decreasing cell spreading. Preventing the cadherin-inducedter plating. Cells were fixed and stained according to the
changes in cell morphology, we unexpectedly reveal that VVEmanufacturer’s instructions at 24 hours. BrdU-positive fluorescent

cadherin also elicits a stimulatory signal for growth thatcells were visualized and scored using a Nikon epifluorescence

depends on Rho-mediated tension in the actin cytoskeletofgicroscope (Nikon). The DNA-binding dye Hoechst 33258
olecular Probes) was used as a counterstainuginml). To

Thu§, \.’E'C"?‘dhe”r.‘ appears to regulate two distinc istinguish between cell types in co-culture experiments, A431 cells
pr_ollferatlve signals in endothell_a_l cells, both th_rOUQh C_rOSStaI ere labeled with Cell Tracker Orange (Molecular Probes) prior to
with regulatory pathways traditionally associated with cellseeding with endothelial cells. For all proliferation conditions using
shape and cytoskeletal structure. random seeding, at least 200 cells were counted per condition across
two independent experiments. For all proliferation conditions using
patterned wells, at least 500 cells were counted per condition across

Materials and Methods three independent experiments.

Cell culture and reagents

Bovine pulmonary artery endothelial cells (VEC Technologies, )

Rensselaer, NY) were cultured in 5% calf serum, 100 units/m(Flow cytometry analysis

penicillin, 100ug/mL streptomycin in low glucose DMEM (all from To determine position in the cell cycle, trypsinized cells were
Life Technologies). Bovine adrenal microvascular endothelial cellgollected by centrifugation and resuspended in a 0.05 mg/mL solution
(VEC Technologies) were cultured in 10% fetal bovine serunof propidium iodide (PI) (Molecular Probes) in 1% sodium citrate,
(Hyclone), 100 units/mL penicillin, 10@g/mL streptomycin in low  0.1% Triton-X-100, and 7 units/mL DNAse-free ribonuclease A
glucose DMEM supplemented with 10 ng/mL EGF and 3 ng/mL(Sigma). Analysis was performed on a FACScan flow cytometer
bFGF. Human carcinoma A431D (null) and A431D-VE (YEells (Becton Dickinson). All data were acquired and analyzed with the
were a kind gift from K. Johnson (University of Nebraska), and wereCellQuest software. For cell-cycle analysis, gating was set around cell
maintained in high-glucose DMEM supplemented with 10% fetalpopulations based on fluorescence intensity and sideward scatter.
bovine serum, 100 units/mL penicillin, 1Q@y/mL streptomycin.

Anti-VE-cadherin (clone 9H7) was a gift from R. Heimark

(University of Arizona). The following antibodies were purchased!mmunofluorescence

from the given supplierg-catenin (Transduction Labs); connexin 43 Cells were fixed and stained at 24 hours after seeding. For the
(Chemicon); occludin (Zymed); PECAM-1 (Santa Cruz); VE- detection of cell-cell adhesion molecules, cells were fixed in 4%
cadherin (BV9; Cell Sciences); polyclonal anti-VE-cadherin (Alexis);paraformaldehyde in PBS, permeabilized in 0.2% Triton-X-100 in
non-immune mouse and rabbit IgGs (Sigma). U0126, Ro-31-7549, HRBS, washed in 33% goat serum in PBS, incubated in primary
7, cytochalasin D, 2,3-butanedione 2-monoxime (BDM), ML-7 andantibodies diluted in 33% goat serum in PBS, and visualized with
Y-27632 were all obtained from Calbiochem. Alexa 488- or 594-conjugated secondary antibodies (Molecular
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Probes). For the detection of actin, fixed and permeabilized cells weparrified by centrifugation on a CsCl gradient. Stocks ofHmO°
stained with 0.Jug/mL TRITC-conjugated phalloidin (Sigma) in PBS. infectious particles/mL were retained and used in subsequent
experiments. The virus was titrated by infecting HEK 293 cells with

. . . serially diluted stocks and counting GFP-expressing cells.
Construt_:tlon of recorr_1bmant adenpwruses To infect endothelial cells, a solution of recombinant adenovirus
Recombinant adenoviruses encoding RhoN19 and GFP were prepaiggs mixed with culture medium, and cells were exposed to the virus
using the AdEasy XL System (Stratagene) as per kit instructiongyith a multiplicity of 10-100 viral particles/cell for 3 hours. Cells
Briefly, the cDNA fragment encoding RhoN19 was mutagenized fronjvere then washed, trypsinized and plated onto substrates. Cells were
PEGFP-WT-RhoA (gift from M. Philips, New York University). The analyzed 24 hours after plating; under these conditions, >95% of the
fragment was PCR amplified and cloned into the shuttle vectogells were infected.
pShuttle-IRES-hrGFP-1. After construction, the shuttle vector was
linearized withPmel and transformed into BJ5183-AD-1-competent
cells pretransformed with the pAdEasy-1 adenoviral vector, tqResylts
generate recombinant adenoviral plasmids, which were purified ar\gE dherin d I di d liferati
transfected into HEK 293 cells. Adenoviral infection was monitored’ =-cadnerin decreases cell spreading and proliteration
by GFP fluorescence, and adenoviral particles were obtained by célfe first examined whether the engagement of VE-cadherin
extraction after 7-10 days. The virus was further amplified an¢hanges the degree to which endothelial cells spread. Cells
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Fig. 1.Role of VE-cadherin in cell spreading and proliferation. (A,B) Phase contrast images of bovine pulmonary artery endéghelial cel
treated for 96 hours with anti-VE-cadherin (A) and control (B) antibodies. Scale han.§C) Graph of mean projected area of endothelial
cells with time after treatment with anti-VE-cadherin and control antibodies. (D) Graph of number of cells after treatnaatit iith
cadherin and control antibodies, normalized to number of cells at 24 hours after plating. (E) Flow cytometry diagranyslef distiHibution

of unsynchronized cells (left) and synchronized cells (right). Quantification of cell-cycle distribution is shown for ednc@rdGraph of
percentage of cells in S phase (BrdU incorporation) and mitotic index with time after replating of synchronized cellsh(&f)r@eap
projected area of endothelial cells as a function of seeding density after treatment with anti-VE-cadherin and contres aft)oGdaph of
percentage of endothelial cells entering S phase (incorporating BrdU) as a function of seeding density after treatmeBadtudietrin

and control antibodies. Error bars represent the s.d., witP<(¥)05 relative to controls as calculatedtiigst.
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were plated at 5000 cells/@rand cultured with 5ug/mL of  (Fig. 1E). Cells were released by plating onto fibronectin-
either a function-blocking anti-VE-cadherin antibody or a non-coated substrates. Under these conditions, cells synchronously
reactive control at the time of seeding and subsequently eveenter S phase at ~20 hours after plating, and subsequently enter
24 hours for 4 days. Cell spreading was measured by outliningitosis 10 hours later at ~30 hours (Fig. 1F). Synchronized
phase contrast images of cells at each time point, angklls were plated at densities ranging from 300 to 30,000
calculating projected cell area from these outlines. Platingells/cn? (Fig. 1G,H), in the presence of either the function-
efficiency was not affected by antibody treatments. Initially,blocking anti-VE-cadherin antibody or the non-reactive
blocking VE-cadherin had no effect on cell spreading when theontrol. After 24 hours, cells were fixed and analyzed for cell
cell density was too sparse for cells to form cell-cell contactspreading and cell proliferation. Increasing the density of cells
As the density of cells increased with time and cells began twimultaneously decreased cell spreading and entry into S
form contacts with their neighbors, blocking VE-cadherinphase. Blocking VE-cadherin increased cell spreading and
increased cell spreading relative to control (Fig. 1A-C)proliferation rate relative to control at the highest plating
Consistent with previous reports (Caveda et al., 1996fensities. Thus, the engagement of VE-cadherin decreases
treatment with anti-VE-cadherin antibody also increased thendothelial cell spreading and proliferation. Because increased
rate of proliferation (Fig. 1D). The time course of the increaseell spreading itself is known to have a positive effect on the
in cell spreading closely followed that of the increase in celproliferation of endothelial cells (Chen et al., 1997), these
number. However, the duration of these experiments madefihdings raised the possibility that VE-cadherin may inhibit cell
difficult to interpret the roles of cell-cell contact and cell proliferation by causing a change in cell spreading.
spreading in the regulation of proliferation.

To manipulate VE-cadherin engagement on shorter time ) ) ) )
scales and further explore its effects on cell spreading and ceffell-cell contact increases proliferation when spreading
cycle progression, we altered cell-cell contact by seeding celi§ controlled
at different densities. Cells were synchronized by holding ato investigate whether contact inhibition of proliferation
confluence for 2 days, which arrests the cells in GO/G1 of theequires the decrease in cell spreading, we used a method to
cell cycle (Davis et al., 2001), as confirmed by flow cytometryprevent changes in cell spreading in cells cultured with or

Fig. 2. Effect of cell-cell contact on
proliferation when spreading is controlled.
(A) Schematic outline of method used to
pattern substrates to control cell spreading and
cell-cell contact simultaneously. (B) Differential
interference contrast images of single cells or
pairs of cells in agarose wells of 7@M/half
(left two images) and 10Q@m#/half (right two
images). Bovine pulmonary artery and adrenal
microvascular endothelial cells were-G
synchronized and cultured on arrays of wells
for 24 hours and fixed for analysis. Cells
distributed randomly as single cells and pairs of
cells in the wells. (C) Immunofluorescence
images of pairs of cells in wells of 7E?/half
(top images) or monolayers (bottom images)
stained for VE-cadherin (VEcad) Brcatenin
E 30 = (Bcat). Both VE-cadherin arfétcatenin

1 Singles specifically localized to the zone of contact.
8 Pairs Broken lines (white) indicate the borders of the
20 wells. (D) Graph of percentage of cells entering
S phase (incorporating BrdU) for single cells
and pairs of cells in both sizes of wells.
(E) Graph of percentage of cells entering S
phase for cells in wells of 750n%/half treated

with VE-cadherin antibody. Similar results
were seen with both types of endothelial cells

, . analyzed. Error bars represent the s.d., with (*)
Untreated  Control IgG  Anti-VEcad P<0.05 relative to single cells (D) or controls
(E) as calculated by Student’s t-test.
Anti-VEcad (F) Immunofluorescence images of pairs of
cells in wells treated with control (top) and anti-
VE-cadherin (bottom) antibodies and stained
for VE-cadherin (VEcad) d8-catenin fcat).
(G) Phase contrast images of endothelial cells
treated with control (left) or anti-VE-cadherin
(right) antibodies. Scale bars: gB.
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without cell-cell contact (Fig. 2A). Cells were plated onspreading (100um? as compared to 750m?2) in both single
substrates that contained bowtie-shaped, micrometer-sizeells and pairs of cells (Fig. 2D). Interestingly, cells grown in
wells with bases made of fibronectin-coated glass and®20 pairs proliferated more than single cells of equal cell spreading.
high walls made of agarose. Cells plated on these substratésboth degrees of cell spreading, cell-cell contact increased
attached only in the fibronectin-coated wells and not on thproliferation by the same absolute magnitude, implying that the
agarose. When two cells attached and spread in the well, egofoliferative signals from spreading and intercellular contact
was constrained to spread triangularly to cover half of the areme distinct and additive.
of the well (Fig. 2B). The cells contacted each other at the
central constriction to form adherens junctions containing VE- o .
cadherin ang-catenin identical to those of unpatterned cellsEngagement of VE-cadherin is required for cell-cell-
(Fig. 2C). When a single cell attached in a well, it spread téhduced proliferation
fill half of the well, leaving the other half empty. Thus, pairsTo determine whether VE-cadherin engagement was necessary
of cells only differed from single cells by the presence of a cellfor the contact-mediated stimulation of growth, we examined
cell contact; cell spreading was identical. the proliferation of cells in the bowties with and without VE-

Using the patterned substrates, we first examined whetheadherin function-blocking antibodies. Treatment with two
cell-cell contact would decrease proliferation in the absence dafifferent VE-cadherin function-blocking antibodies inhibited
changes in cell spreading. Endothelial cells were synchronizetle contact-mediated increase in proliferation (Fig. 2E). At the
at confluence, plated on two sizes of patterned substrates (7&centration used to inhibit cell-cell-induced proliferation,
um?2 or 1000pm? per half) such that single cells or pairs of treatment with function-blocking anti-VE-cadherin diminished
cells populated the wells, and proliferation assessed e localization of VE-cadherin an@-catenin, but did not
measuring the incorporation of BrdU. Consistent with previouinduce gap formation or retraction between pairs of cells or
studies (Chen et al., 1997), proliferation increased with cellvithin monolayers (Fig. 2F,G), and did not affect the

proliferation of cells without contacts. However, cadherin-

7 blocking studies do not exclude the role of other
"~ EC|| VE .. : junctional proteins, because inhibiting cadherin
EC % |p engagement has been shown to inhibit the formation of
x : other types of contacts (Gottardi et al., 2001), including
\}E+ gap junctions, tight junctions and PECAM-1-containing

N : : contacts.

To determine whether VE-cadherin alone was
; responsible for the contact-mediated increase in
~iEC proliferation, we co-cultured endothelial cells with A431

carcinoma cell lines that were either cadherin-null (null)
or expressed recombinant human VE-cadherin*{VE
monolayers, endothelial cells formed VE-cadherin-
containing contacts with Vecells (Fig. 3A) but not with
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null cells (Fig. 3B). Neither null nor VEcells formed gap
junctions, tight junctions or PECAM-1 contacts with the
endothelial cells as determined by immunofluorescence
staining (Fig. 3A,B) and functional gap junction analysis
(data not shown). Thus, the cell lines were used to present
VE-cadherin to the synchronized endothelial cells. When
endothelial cells were co-cultured with null cells in
heterotypic pairs on the bowtie-shaped patterns, the
proliferation rate of the endothelial cells was similar to
that of single endothelial cells; co-culturing endothelial
cells with VE' cells increased proliferation of the
endothelial cells to that of pairs of endothelial cells (Fig.
3C). Thus, VE-cadherin alone reproduced the stimulatory

cC ¥ signal for proliferation.

S

o 20 1

ff“ Fig. 3. Effect of VE-cadherin engagement on endothelial cell proliferation. Immunofluorescence

» images of co-cultures of endothelial cells and"¢Ells (A) and null cells (B) stained for VE-

£ 4p | cadherin (VEcad), connexin 43 (Cx43), PECAM-1 or occludin. Each image shows portions of three

Q cells within a monolayer, with an endothelial cell in the center contacted by another endothelial cell
on the right and a VEcell or null cell on the left. Open triangles denote location of heterotypic
contact; closed triangles denote location of homotypic endothelial cell contact. (C) Graph of

0 percentage of endothelial cells entering S phase when co-cultured with null cells cgl\gEn

wells of 750um?/half. Error bars represent the s.d., withRg0.05 relative to null cell co-cultures

as calculated by Studentgest.
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VE-cadherin inhibits proliferation by decreasing cell partially spread sub-groupings, we revealed that the cadherin-
spreading mediated stimulus for proliferation was still present (Fig.
Although these findings suggest that engagement of VEAC,D). The inhibition of proliferation observed for cells in
cadherin can either inhibit (Fig. 1) or stimulate (Figs 2, 3)Pairs in.the largest bowties was therefore a_direct consequence
proliferation under different experimental conditions, it Of the high percentage of these cells that failed to spread fully.
remained unclear what caused the switch in proliferativé0-culturing endothelial cells with null or VEcells on the
response. Because the inhibition of proliferation by VEJarger wells confirmed that VE-cadherin was responsible for
cadherin occurred in an experimental system that allowed cell8e decrease in cell spreading (Fig. 4A). Taken together, these
to spread and form cell-cell contacts freely, whereaglata suggest that cell-cell contact emits two opposing signals
stimulation occurred when both cell spreading and cell-cefihat regulate growth: one inhibits proliferation by decreasing
contact were constrained, we examined how constraining ceftell spreading; the other promotes proliferation via a
cell contact but allowing cells to spread freely would affect thépreading-independent pathway. Both signals — the inhibition
proliferative response. We controlled cell-cell contact bugnd stimulation of proliferation by intercellular contact — are
increased the ability of cells to spread by culturing endothelianediated by VE-cadherin and are operating simultaneously.
cells in bowtie-shaped patterns with constant constriction size

but increasing area. Cells plated on these substrates continued ) ) o S

to form contacts, but as the sizes of the wells progressivelgell-cell-induced proliferation is blocked by inhibiting
increased, progressively fewer cells spread to fill the wells (FigIEK or PKC

4A). The percentage of cells that fully spread to fill the wellsTo explore further the contact-mediated stimulation of
was significantly lower in cells cultured in pairs than in singleproliferation, we examined possible cellular pathways that
cells; this difference became more pronounced with the largenight be involved. To determine whether specific signal
bowties. Cell-cell contact stimulated proliferation on thetransduction pathways associated with cadherin engagement
smaller bowties, but switched to an inhibitory effect on thewere involved, we pharmacologically inhibited MEK and
largest bowties (Fig. 4B). Interestingly, when we divided the®PKC. Pharmacological inhibitors were added to cells 2 hours
proliferation data for each condition into fully spread andafter they were plated on bowtie-shaped patterns. The cell-cell
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Fig. 4.Role of cell spreading in contact-mediated inhibition of proliferation. (A) Graph of percentage of fully spread cellsda@edimghd

pairs of cells cultured in wells of 15@Mn%/half, 2000um?/half and 250qum?/half (left); percentage of fully spread endothelial cells when co-
cultured with null or VE cells in wells of 150um?/half (right). (B) Graph of percentage of cells entering S phase for single cells and pairs of
cells cultured in all three sizes of wells. (C,D) Graph of percentage of cells entering S phase for single cells andligairdtafes in all

three sizes of wells when cells were separated into (C) fully or (D) partially spread populations. Error bars indicaté foersdperiments,

with (*) P<0.05 relative to single cells, as calculated by the paired Stutiéess
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contact-induced increase in proliferation was selectivelyand because both MAPK and PKC signaling dually affect
inhibited over single cell controls by the MEK inhibitor U0126 proliferation and the cytoskeleton, our findings raised the
at concentrations greater than 60 nM (Fig. 5A). Similarlypossibility that the contact-mediated stimulatory signal for
inhibiting PKC with Ro-31-7549 (Fig. 5B) or H-7 (Fig. 5C) growth is mediated directly through the actin cytoskeleton.
abrogated the increase in proliferation of cells grown in pairs.
At higher concentrations, the drugs also affected cell spreadin ) ) ) _ )
and equally inhibited proliferation in single cells and pairs oﬁ?ell-cell-mduced proliferation requires actin cytoskeletal
cells, indicating possible toxicity. Interestingly, treating cellsstructure and tension
with drugs at the concentrations that specifically inhibited cellTo examine directly whether the structural changes in actin we
cell-induced proliferation also altered the actin cytoskeletonobserved after drug treatment were involved in the specific
Untreated cells cultured in pairs exhibited a characteristianhibition of cell-cell-induced proliferation, we disrupted actin
continuous band of actin fibers across the cell-cell contacfilament structure. Cells grown on the patterned substrates were
whereas treatment with U0126, Ro0-31-7549 or H-7treated with varying concentrations of cytochalasin D (Fig.
dramatically altered or inhibited the formation of these fibersgA,B) or latrunculin B (Fig. 6C,D). At 0.0ig/mL — which
without disrupting adherens junctions (Fig. 5D-G). Becausélisrupted stress fibers but not cortical actin — cytochalasin D
adherens junctions are structurally analogous to focahhibited the contact-mediated increase in proliferation of pairs
adhesions, which regulate proliferation through both growtlover single cells, which were unaffected. At @gImL — which
factor- and cytoskeleton-mediated pathways (Giancotti, 1997lisrupted both stress fibers and cortical actin — cytochalasin
D dramatically reduced the

Ad0 S Sroee proliferatio_n of single cells. Higher
pa _ concentrations of the drug
£ 301 O Pairs interfered with cell spreading.
§ . Similar results were obtained with
o 201 latrunculin - B. These findings
fg : suggested that stress fibers alone
» 107 were necessary and specific for
S the cell-cell-induced proliferative
0 0 ' 8 ' 60 ' 600 signal. To test directly whether it
U0126 (nM) is the presence of._the actin
cytoskeleton or specifically the
B30 SR gene_ration _of cytoskele_tal tensio_n
— 25 nges that is required for the increase in
%20_ O Pairs proliferation, we inhibited actin-
2] . myosin cycling with BDM (Fig.
& 15 ® . 6E,F). At low concentrations, BDM
© 10 : T specifically reduced the cell-cell
2 5 contact-mediated  increase  in
8 proliferation without altering the
0 o 002 02 2 growth of single cells. This result
Ro-31-7549 (M) was conf!rmgd wnh_an_ot_her myosin
light chain kinase inhibitor, ML-7
Cc?20 T Singles (Fig. 6G,H). Staining fop-catenin
& 251 o Pairs and VE-cadherin in drug-treated
8 204 cells verified that disrupting
i"’ 151 x cytoskeletal structure and
P . mechanics did not disrupt the
€ 101 ’—T—’_L‘ . formation of adherens junctions.
T 51 “"’J—‘ These data suggest that cadherin-
© 0 . . ’ dependent proliferation depends on
0 25 25 50 the integrity of the cytoskeleton and

the generation of tension.

One of the major regulators
affecting  actomyosin  tension
generation is the Rho-ROCK

H-7 (uM)

Fig. 5.Role of MEK and PKC pathways in cell-
cell contact-mediated proliferation. Graphs of percentage
of cells in S phase (A-C) and immunofluorescence

images of actin (left) g8-catenin (right) staining (D-G)
in cells on agarose patterns either treated with U0126
(A,D), Ro-31-7549 (B,E), or H-7 (C,F), or untreated (G).
Scale bar: 2pm. Actin andB-catenin images were
acquired on different samples. Error bars indicate s.d. of
three experiments, with (9<0.05 relative to untreated
controls, as calculated by Studertitest.

pathway (Etienne-Manneville and
Hall, 2002). To determine whether
signaling through the Rho-ROCK
pathway was required for the
VE-cadherin-induced proliferation,
we pharmacologically inhibited
ROCK with Y-27632 (Fig. 7A,B).



3578 Journal of Cell Science 116 (17)

disrupted the actin cytoskeleton without

A fEeneimieeird, Jevtochalasing - B %0 O Singles disrupting the formation of adherens junctions, as
£ 401 g Pairs verified by staining for actin ang-catenin.
% 301 Collectively, these data suggest that the Rho-
e 20 ROCK pathway is involved in the cytoskeletally
= dependent VE-cadherin-stimulated proliferation
2 101 of endothelial cells.
° 0
0.01
Cytochalasm D (ugme) Discussion
Latrunculin B [ Latrunculin B- /[N DL Previous studies have demonstrated the anti-
) L O Singles proliferative effect of cell-cell contact and
) B Pairs identified VE-cadherin as its principal mediator
3 207 in endothelial cells (Caveda et al., 1996). Our
T findings suggest that the mechanism for this
2 101 effect lies in the ability of VE-cadherin to actively
@ decrease cell spreading (Fig. 8). The degree of
3 cell spreading on extracellular matrix is a potent
0 0.001 001 regulator of endothelial cell proliferation (Chen
Latrunculin B (ug/mL) et al., 1997); inhibiting cell spreac_ilng increases
levels of p2¥P! and decreases cyclin D1, thereby
F ©° O Singles arresting cell-cycle progression late in G1 (Huang
g 501 8 Pairs et al., 1998). There are many mechanisms
2 401 by which VE-cadherin could decrease cell
gm 301 . spreading. Cell-cell contact formation and
“ 50 T compaction through_cadherins_ induce both local
» 101 ’J—ﬁ ’_‘_ﬁ and global changes in the tension and structure of
3 the actin cytoskeleton (Adams et al., 1998), each
0 of which may change cell shape. Cadherin-based
BDM (mM) adhes:ions also decrease the expression .of
integrins (Zhu and Watt, 1996) as well as recruit
H4°

T Singles vinculin to cell-cell contacts while reducing
o Pairs vinculin at focal adhesions (Levenberg et al.,

1998). Thus, cell-cell contact could reduce the
strength or stability of cell-ECM contacts

T essential for cell spreading. Although crosstalk
TJ_‘ between cadherin and integrin engagement is

w
(=]

—_
o

known to influence the balance of adhesive forces
at cell-cell and cell-ECM boundaries (Dudek and
Garcia, 2001), our work suggests that this
ML-7 (uM) crosstalk is also central to the cellular decision
to proliferate. Our findings that VE-cadherin

Cells in S Phase (%
[N
o

o

Fig. 6.Role of the cyto_skeleton in cgll-cell contact_—me_diated p_ro_liferation. decreases proliferation by decreasing cell
Immunofluorescence images of actin (leftBecatenin (right) staining and graphs
of percentage of cells in S phase on agarose patterns treated with cytochalasin Dspreadlng are consistent with recent evidence
(A-B) or latrunculin B (C-D) to disrupt the actin cytoskeleton and BDM (E-F) or demonstrating that the engagement of cadherins
ML-7 (G-H) to inhibit actomyosin dynamics. Broken lines (white) indicate the blocks proliferation by increasing p# levels
borders of the wells. Scale bar: 8. Actin andB-catenin images were acquired ~ and inhibiting cell-cycle progression in S phase
on different samples. Error bars indicate s.d. of three experiments, wiRKQ?05 (St Croix et al., 1998). Thus, although it was
relative to untreated controls, as calculated by Studetes. previously thought that cadherin engagement and
reduced cell spreading independently contributed
to proliferation arrest at confluence, it now
Treatment with Y-27632 was sufficient to selectively inhibitappears that these signals are linked through a direct causal
cell-cell-induced proliferation. To confirm that Rho wasmechanism.
required for the proliferative effect, we infected cells with an Culturing pairs of cells on bowtie-shaped patterns revealed a
adenovirus expressing dominant-negative RhoA (Ad-RhoN19jistinct stimulatory signal for proliferation, also initiated by
bicistronic with GFP (Fig. 7C,D). Adenovirus expressingVE-cadherin. The patterned substrates that stimulated growth
GFP alone was used as a control (Ad-GFP). Infection witliFigs 2, 3) differed from the high-density cultures that inhibited
Ad-RhoN19 specifically inhibited the cell-cell-induced growth (Fig. 1) in two important ways — first, the patterned cells
proliferation in pairs of cells without altering the growth of could not change cell spreading upon formation of cell-cell
single cells. Infection with Ad-GFP had no effect onadhesion, and second, they had less cell-cell contact. Holding
proliferation or cell morphology. Inhibiting ROCK and Rho the degree of cell-cell contact constant while freeing the cells
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Y-27632 (uM) ) _
Fig. 7.Role of the cytoskeletal regulator Rho in cell-cell
Ad-RhoN19 D 40 O Singles contact-mediated proliferation. Immunofluorescence images
& o B Pairs of actin (left) orp-catenin (right) staining and graphs of

5;—; 301 N percentage of cells in S phase on agarose patterns treated

E with Y-27632 (A-B) to inhibit ROCK, or infected with Ad-

e 20 GFP control or Ad-RhoN19 (C-D) to inhibit Rho. Broken

fg lines (white) indicate the borders of the wells. Scale bar: 25

2 107 pm. Actin andB-catenin images were acquired on different

&} samples. Error bars indicate s.d. of three experiments, with

Ad-GFP  Ad-RhoN19 (*) P<0.05 relative to controls, as calculated by Studént’s
test.

to change cell spreading, we found that ‘small’ contacts ar€hese findings may explain why cell-cell contact appears to
sufficient to suppress proliferation (Fig. 4). Thus, the saméhibit proliferation in vitro (when cells are freely spread and
amount of VE-cadherin engagement is sufficient for both thean therefore retract with cell-cell contact), but is capable of
increases and decreases in proliferation. Although increasirggimulating proliferation in vivo (when cells are physically
the sizes or numbers of contacts may enhance either or bothrestricted from changing cell shape). For example, it has been
these opposing signals, and may reveal additional layers demonstrated in vivo that endothelial cells proliferate while in
proliferative regulation, our data currently support a model irtontact with their neighbors, such as during large vessel
which VE-cadherin inhibits proliferation by decreasing cellmorphogenesis or capillary angiogenesis (Carmeliet and Jain,
spreading, and stimulates proliferation via a spreading2000; Hanahan and Folkman, 1996), and that these processes
independent signal (Fig. 8). can be blocked by knocking out or pharmacologically
Even when cell-cell contact inhibited the overallinhibiting VE-cadherin (Carmeliet et al., 1999; Liao et al.,
proliferation rate of bulk populations, examining 2000).
subpopulations of cells of equal spreading demonstrated theThe newly identified VE-cadherin-dependent increase in
existence of the stimulatory cue. Our data thus suggest tipeoliferation appears to depend not only on signals previously
ubiquitous presence of both inhibitory and stimulatory signal&known to be stimulated by cadherin engagement, including the
by VE-cadherin engagement. The inhibitory signal can b8MAPK and PKC pathways (Lewis et al., 1994; Pece and
attenuated by restricting how cells spread, whereas theutkind, 2000), but also specifically on the cytoskeleton. The
stimulatory signal cannot. Which of these two signals thewmlual dependence on signaling and the cytoskeleton for VE-
dominates the response of the population depends on how we#ldherin-dependent proliferation is analogous to the regulation
the surrounding microenvironment supports cell spreadingf G1 progression by integrins and growth factors (Huang et
al., 1998), suggesting a functional comparison between
adherens junctions and focal adhesions. The linkages between
extracellular environment, cytoskeleton and signaling
machinery at these types of adhesions (Gumbiner, 1996;
Rho-ROCK Yamada and Geiger, 1997) now appears to be a general
mechanism for the integration of mechanical and chemical
1 signaling. However, proliferative signals arising from cell-cell
cell spreading  cytoskeletal contacts are distinct, at least initially, from those from cell-
tension ECM adhesions. The selective inhibition of cell-cell contact-
induced proliferation over single cells with various inhibitors
highlights these differences. Even the dependence of
proliferative signaling on the actomyosin system appears to be
selective: contact-mediated proliferation appears to require
Fig. 8.Model proposing how VE-cadherin mediates simultaneous ~ SU€SS ﬁbefs’ whereas integ_rin-mediated signals_o_nly require
opgposing signpalspfor p?oliferation. VE-cadherin inhibits cell cortical actin (Zhu and Assoian, 1995). Although it is not yet
spreading, leading to proliferation arrest. When cells are already ~ clear how cytoskeletal tension modulates cadherin signaling,
physically constrained, VE-cadherin engagement leads to an increatizese findings suggest the possibility that the adherens junction
in proliferation by signaling through Rho-dependent changes in may indeed act as a distinct mechanosensor.
cytoskeletal tension. The decreases in cell spreading and simultaneous tension-

VE-cadherin

proliferation
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dependent mitogenic signals generated from cadherin APC protein: interplay between cytoskeletal complexes and signaling
engagement each support the involvement of the Rho family pathwaysCurr. Opin. Cell Biol.9, 683-690.
of small GTPases. Inhibiting Rho and ROCK in our syste raga, V. (2000). Epithelial cell shape: cadherins and small GTP&sgs.

. . Cell Res261, 83-90.
both d|SrUpted the actin cytoskeleton and blocked the VEBreviario, F., Caveda, L., Corada, M., Martin-Padura, I., Navarro, P.,

cadherin-mediated stimulation of proliferation. Members of Golay, J., Introna, M., Gulino, D., Lampugnani, M. G. and Dejana, E.
the Rho family, including RhoA, Racl and Cdc42, are well- (1995). Functional properties of human vascular endothelial cadherin
established regulatory molecules responsible for mediating(7B4/Cadherin—5), an endothelium-specific cadhekirterioscler. Thromb.

ie . - . Vasc. Biol.15, 1229-1239.
specific changes in the actin cytoskeleton important to both Ce(yarmeliet, P. and Jain, R. K.(2000). Angiogenesis in cancer and other

spreading and cytoskeletal tension (Nobes and Hall, 1995). IngiseasesNature407, 249-257.
addition to their direct effects on cytoskeletal structure, th&€armeliet, P., Lampugnani, M. G., Moons, L., Breviario, F., Compernolle,
GTPases also regulate mitogenic pathways. For example, Rh¢/., Bono, F., Balconi, G., Spagnuolo, R., Oostuyse, B. and Dewerchin,

; ; ; i i M. et al. (1999). Targeted deficiency or cytosolic truncation of the VE-
is required for sustained ERK activity and mid-G1 phase cadherin gene in mice impairs VEGF-mediated endothelial survival and

production of cyclin D1 for adhesion-dependent cell-cycle ;ngiogenesisCell 98 147-157.

progression (Welsh et al., 2001). Our data are consistent withsstilla, M. A., Arroyo, M. V., Aceituno, E., Aragoncillo, P., Gonzalez-
recent evidence from other groups suggesting that cadherindacheco, F. R., Texeiro, E., Bragado, R. and Caramelo, €1999).
actively alter the actin cytoskeleton and focal adhesion Disruption of cadherin-related junctions triggers autocrine expression of

. vascular endothelial growth factor in bovine aortic endothelial cells: effects
components, pOSS|ny throth Rho GTPases (Kovacs eton cell proliferation and death resistanCéc. Res.85, 1132-1138.

al., 2002; Lampugnani et aI.,' 2002). Thus, SUCh_ crosstalkaveda, L., Martin-Padura, I., Navarro, P., Breviario, F., Corada, M.,
between cadherins and integrins may be responsible for theGulino, D., Lampugnani, M. G. and Dejana, E.(1996). Inhibition of
simultaneous cadherin-mediated changes in cell spreading and@ultured cell growth by vascular endothelial cadherin (cadherin-5/VE-
proliferation cadherin)J. Clin. Invest98, 886-893.

. . . . Chausovsky, A., Bershadsky, A. D. and Borisy, G. Q2000). Cadherin-
Previous linkages between the integrin and growth factor yegiated regulation of microtubule dynamibst. Cell Biol.2, 797-804.

pathways have suggested a complex inter-relationship betweenen, C. S., Mrksich, M., Huang, S., Whitesides, G. M. and Ingber, D. E.
chemical signaling, structural organization and mechanical (1997). Geometric control of cell life and deafitience276, 1425-1428.
cues. Our findings would suggest that cadherins and cefffak E. A, King, W. G., Brugge, J. S., Symons, M. and Hynes, R. O.

s - - (1998). Integrin-mediated signals regulated by members of the rho family
cell contacts are also intricately linked to this web of S =rp ces) cell Biol. 142, 573-586.

mechanochemical signaling _and high"ght Fhe presence @fanen, E. H. and Yamada, K. M(2001). Fibronectin, integrins, and growth
structural cues that coordinate neighboring cells in a control.J. Cell Physiol189 1-13.

multicellular environment. The fact that the same intercellulaPavis, P. K., Ho, A. and Dowdy, S. F2001). Biological methods for cell

; _ ; e cycle synchronization of mammalian ceBioTechnique80, 1322-1331.
adheglon m0|ecu!e’ VE (.:adherm’ exerts both positive angudek, S. M. and Garcia, J. G. N.(2001). Cytoskeletal regulation of
negative growth signals simultaneously through cytoskeleton- pimonary vascular permeability. Appl. Physiol91, 1487-1500.

dependent pathways emphasizes the organizational complexi#yenne-Manneville, S. and Hall, A.(2002). Rho GTPases in cell biology.
of both the signaling and structural networks of the cell. The Nature420, 629-635.

inextricable relationships between structure and function in thgiancotti, F. G. (1997). Integrin signaling: specificity and control of cell
whole cell mav point to a general paradiam for how cells ar survival and cell cycle progressidg@urr. Opin. Cell Biol.9, 691-700.
y p g p g _%ottardi, C. J, Wong, E. and Gumbiner, B. M. (2001). E-cadherin
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matrix and mechanical signals, into a single network tgeumbiner, B. M. (1996). Cell adhesion: the molecular basis of tissue

; ; ; architecture and morphogenesiell 84, 345-357.
produce functional responses such as proliferation. Such nahan, D. and Folkman, J.(1996). Patterns and emerging mechanisms of

integration of mechanochemical signals may be fundamentalalhe angiogenic switch during tumorigenegell 86, 353-364.
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