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Summary

The biological impact of Rho depends critically on the precise subcellular localization of its
active, GTP-loaded form. The spatio-temporal balance between molecules that promote nucleotide
exchange or GTP hydrolysis can potentially determine the sites of Rho signalling. But how these
activities may be coordinated is poorly understood. We now report a molecular pathway that
achieves exactly this coordination at the epithelial zonula adherens. We identify an extramitotic
activity of the centralspindlin complex, better understood as a cytokinetic regulator, which
localises to the zonula adherens during interphase by interacting with the cadherin-associated
protein, a-catenin. Centralspindlin recruits the Rho GEF, Ect2, to the zonula adherens to activate
Rho and support junctional integrity through myosin I1A. Centralspindlin also inhibits the
junctional localisation of p190RhoGAP B, which can inactivate Rho. Thus, a conserved molecular
ensemble that governs Rho activation during cytokinesis is utilized in interphase cells to control
the Rho GTPase cycle at the zonula adherens.

Keywords
E-cadherin; junctions; Rho; centralspindlin; Ect2; a-catenin

Introduction

Rho family GTPases are fundamental regulators of cell behaviour, that are active and able to
engage with downstream effectors when present in their GTP-loaded statel. The nucleotide
status of these small GTPases is determined by the action of guanosine nucleotide exchange
factors (GEFs) that catalyse GTP-loading, and GTPase-activating proteins (GAPs) that
stimulate Rho proteins to convert bound GTP to GDP2.

The biological impact of Rho also depends on the precise subcellular site where Rho-GTP is
expressed3. This influences the effector molecules that are available to interact with active
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Rho and hence the cellular processes it can regulate. Indeed, studies that immunolocalised
endogenous Rho or used biosensors to identify Rho-GTP have identified distinctive
distribution patterns for Rho signalling that depend consistently on the biological context of
the cells*. This is exemplified by cytokinesis, where Rho accumulates in a sharply-defined
zone at the contractile furrow and regulates actomyosin-based processes necessary for cell
division8:8.9, Importantly, the precise spatio-temporal control of this Rho zone is necessary
for orderly cell division3:8.

During interphase epithelial cells display prominent Rho localisation at their cell-cell
junctions®19, Rho signalling is necessary for cell-cell integrity1:12 and this is likely to
substantially reflect local regulation of the actomyosin cytoskeleton. Potential Rho effectors
at junctions include nonmuscle myosin 1113 and regulators of actin dynamics, such as
formins14. For example, we recently reported that myosin I1A localises to junctions in a
Rho/ROCK-dependent fashion, where it serves as a cortical organizer that promotes E-
cadherin clustering and accumulation in the zonula adherens (ZA)13. Both loss- and gain-of
Rho function perturb junctional integrityl1:12, indicating that stringent expression of Rho
signalling at junctions plays a key role in cell-cell cohesion. However, the molecular
mechanism that concentrates Rho-GTP at junctions is poorly understood. Formally,
coordinate regulation of the GEF and GAP limbs of its GTPase cycle provides an attractive
way to control the spatial expression of the Rho-GTP signal312, However, for this to occur
there must be mechanisms that spatially coordinate the localisation of relevant Rho GEFs
and GAPs to cadherin junctions. We now report that the centralspindlin complex, a key
regulator of Rho signalling during cytokinesis®, carries out an extramitotic function to
regulate GEF/GAP balance, and preserve junctional integrity, at the epithelial zonula
adherens.

The zonula adherens is a microtubule-dependent Rho zone

We began by comparing the subcellular distribution of RhoA and E-cadherin in confluent,
interphase MCF7 mammary epithelial monolayers. E-cadherin distributed extensively
throughout the lateral surfaces of the cells, forming both a prominent apical ring denoting
the zonula adherens!® and puncta that lie throughout the lateral surface below the zonula
adherens (Fig 1a,b)1316, Indirect immunofluorescence microscopy in TCA-fixed specimens®
also revealed conspicuous endogenous RhoA staining at cell-cell contacts (Fig 1a). Three-
dimensional reconstruction of confocal stacks demonstrated further that, while Rho was
distributed quite extensively throughout the lateral cell surfaces, it concentrated in the region
of the zonula adherens (Fig 1a,b). This suggested that the zonula adherens might represent a
Rho zone in interphase epithelial cells, akin to the contractile ring of the cytokinetic
furrow317,

C3-transferase (C3T) significantly reduced Rho staining at junctions (Fig 1c,d), indicating
that GTP-loading of Rho was necessary for its steady-state concentration at the zonula
adherens. This further implied that a significant proportion of junctional Rho was likely to
be in the GTP-loaded state. We tested this using a FRET-based Rho biosensor where energy
transfer occurs when the RhoA module is GTP-loaded?. Like endogenous Rho, the Rho
biosensor distributed in the cytoplasm and concentrated at cell-cell junctions (Fig 1le, CFP
channel). However, greater energy transfer was detected in the junctional pool than in the
cytoplasmic pool (Fig 1f) and this was reduced by C3T (Fig le,g). Thus, cadherin-based
cell-cell junctions are prominent sites of Rho signalling in interphase epithelial cells.
Mechanisms must then exist to ensure that Rho is activated, and maintained in an active
state, at those junctions.
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Previously we demonstrated that cadherin junctions and their associated cytoskeleton are
influenced by dynamic microtubules8. In particular, nocodazole, used at a concentration
(100 nM) that blocks microtubule plus-end dynamics without depolymerising the
lattice®20, prevented the junctional accumulation of myosin 1A, but not that of myosin 11B
(Fig 1h, Fig S1a). As myosin I1A, but not myosin 11B13, requires Rho signalling to
concentrate at the zonula adherens321, this suggested that dynamic microtubule plus-ends
might regulate junctional Rho.

Indeed, Rho at the zonula adherens was substantially reduced by 100 nM nocodazole (Fig
1i,j). Furthermore, nocodazole reduced junctional Rho FRET to levels comparable to C3T
treatment (Fig 1k,1). Junctional Rho (Fig 1m, Fig S1b) and myosin I1A (Fig S1c) were also
substantially reduced when dynamic microtubule plus ends were independently perturbed by
shRNA knockdown of End-binding (EB) proteins 1 and 3 (Fig S1b), which bind to, and
regulate protein-protein interactions at, dynamic plus-ends?2:23, Thus the zonula adherens
appeared to be a microtubule-dependent Rho zone.

Ect2 activates Rho signalling at the zonula adherens

Pursuing this observation, we then examined the cellular localisation of candidate Rho GEFs
known to be influenced by microtubules. Strikingly, we found clear junctional localisation
for Ect2 (Fig 2a,b), but not GEF-H1 (not shown), in interphase MCF7 cells. Ect2 is a Rho
GEF that is best understood to operate during mitosis where it localizes to the contractile
furrow (Fig S2a) and activates Rho%24:25, With some exceptions5, it is commonly reported
to be a nuclear protein during interphase?4, though these studies were generally performed in
isolated cells that did not make adhesive contacts with one another. We found that while
nuclear Ect2 was detectable in confluent MCF7 cells, it also clearly localized at cell-cell
contacts (Fig 2a), an observation that we confirmed in Caco-2 and MDCK cells26 (Fig S2b).
Furthermore, within cell-cell contacts Ect2 selectively localised to the zonula adherens (Fig
2a,b), characteristically at its apical margin. Little Ect2 staining associated with the cadherin
clusters found elsewhere on the lateral cell surface (Fig 2b). The specificity of this
immunofluorescence pattern was confirmed by Ect2 RNAI, which abolished junctional and
nuclear staining (Fig S2c,e), and further corroborated by transiently-expressed GFP-Ect2,
which also localised to cell-cell contacts (Fig S2d). Of note, junctional Ect2 staining was
significantly reduced by both low-dose nocodazole (Fig 2c,d) and EB1/3 shRNA (Fig 2e),
exactly the maneuvers that inhibited Rho signalling at junctions. Thus, Ect2 was an
attractive candidate to mediate microtubule-dependent Rho signalling at the zonula
adherens.

To test this notion, we infected MCF7 cells with lentiviral shRNA directed against the 3’
UTR of the human Ect2 gene, which reduced cellular Ect2 expression by ~90% (Fig 2f).
Indeed, junctional Rho, notably its characteristic concentration at the zonula adherens, was
substantially reduced in Ect2 knockdown cells compared with cells infected with a control
virus (Fig 2g,h). Similar changes were seen when Ect2 was depleted by siRNA (Fig S2e,f).
Junctional Rho was restored in Ect2 ShRNA cells by expression of an RNAi-resistant
transgene (Fig 2g,h), indicating that the changes in Rho were attributable to manipulation of
Ect2 itself. Finally, use of the Rho FRET biosensor confirmed that Rho-GTP was reduced at
the zonula adherens in Ect2 shRNA cells compared with control-infected cells and restored
by expression of RNAi-resistant Ect2 (Fig 2i,j). Together, these findings identify Ect2 as a
major activator of Rho signalling at the zonula adherens.
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Ect2 signalling regulates zonula adherens integrity and apical junction tension

The zonula adherens is a specialized adhesive junction that supports epithelial cohesion and
apical contractility?’. Its integrity requires Rho signalling to the actomyosin
cytoskeleton13:28,

We found that Ect2 knockdown disrupted the zonula adherens. In contrast to control cells,
Ect2-deficient cells failed to concentrate E-cadherin in the apical ring pattern of the zonula
adherens (Fig 3a,b, Fig S29), although strands and clusters of cadherin persisted at the
lateral contacts (Fig 3a). In contrast, tight junctions identified by ZO-1 staining remained
present in Ect2-knockdown cells (Fig S3a, b), indicating a relatively selective effect on the
zonula adherens. As neither total nor surface levels of E-cadherin were altered by Ect2
knockdown (Fig S3c), we postulated that the defect arose from failure of surface cadherin to
be concentrated and retained in an apical junctional structure. To test this, we expressed E-
cadherin-EGFP in cadherin knock-down cells?® and measured fluorescence recovery after
photobleaching the apical region. Ect2 knockdown and C3T both decreased the immobile
fraction and the half-time of recovery (Fig 3c, Suppl Table 1), indicating more rapid
turnover of apical E-cadherin. This implies that Ect2-Rho signaling stabilizes E-cadherin
mobility at the apical junctional zone.

To better understand how Ect2 stabilizes cadherin, we then examined its effects on the
junctional actomyosin cytoskeleton. Surprisingly, F-actin staining in the apical ring at the
zonula adherens was not substantively affected by Ect2 knockdown or by inhibiting Rho
directly with C3T (Fig S3d,e). Instead, Ect2 knockdown depleted myosin 1A, but not
myosin I1B, from apical junctions (Fig 3d,e). Myosin I1A depletion perturbs the zonula
adherens in a very similar manner to Ect2 knockdown!3 and, indeed, myosin I1A shRNA
increased apical E-cadherin-EGFP mobility (Fig 3c, Suppl table 1), similarly to Ect2
knockdown or C3T. These findings thus suggested that Ect2 supports zonula adherens
integrity through myosin HA. If so, we predicted that junctional integrity might be restored
in Ect2 shRNA cells if the amount of myosin 1A at the junctions could be increased.
Indeed, zonula adherens integrity was restored to Ect2 knockdown cells by exogenous
expression of GFP-myosin 1A (Fig 3f,g), thus reinforcing the notion that myosin 1A is a
downstream effector of Ect2 at the zonula adherens. As Rho is necessary for myosin 1A to
concentrate at the zonula adherens! and acute treatment with C3T displaced myosin 1A,
but not Ect2, from junctions (Fig S3f,g), Ect2 presumably recruits myosin 1A indirectly by
activating Rho.

The coordination of actomyosin contractility with cadherin adhesion can also generate
tension at the zonula adherens®0, a process implicated in coordinating cell-cell movements
and patterning within epithelia3132, To test whether Ect2 signaling influences junctional
tension, we used a femtosecond laser as a nanoscissor to cut junctions and measured the
instantaneous recoil of the junction at its vertices as an index of junctional tension32,
Junctional tension was reduced by Ect2 knockdown and also by inhibiting Rho or depleting
myosin 1A (Fig 3 h,i, S3h). Thus the Ect2-Rho-myosin 1A pathway supports epithelial
junctional tension.

Overall, these findings identify a novel, extra-mitotic role for Ect2 to support cell-cell
interactions between interphase epithelial cells. We propose that selective localisation of
Ect2 to the zonula adherens promotes local Rho signalling. This ultimately signals to recruit
and activate myosin 11A1321 which stabilizes apical cadherin to preserve the integrity of the
zonula adherens and support junctional tension.
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The centralspindlin complex mediates microtubule-dependent junctional localisation of

Ect2

To better understand how dynamic microtubules influence junctional Ect2 we measured
fluorescence recovery after photobleaching junctional GFP-Ect2 expressed in Ect2 knock-
down cells (Fig S4a). Nocodazole reduced the immobile fraction, without significantly
affecting Ty, suggesting that dynamic microtubules might influence cortical binding of
Ect2 at junctions. In parallel, we screened Ect2 immunoprecipitates by mass spectrometry to
identify potential junctional binding partners (not shown). Amongst these we found MKLP1,
a component of the centralspindlin complex. Centralspindlin is a heterotetramer, consisting
of two copies each of MKLP1, a member of the kinesin superfamily, and MgcRacGAP, a
GAP that can directly bind to Ect233. During cytokinesis centralspindlin localizes Ect2 to
activate Rho at the contractile furrow®2° and we therefore wondered if it might play a
similar role at the zonula adherens during interphase.

Indeed, immunostaining for endogenous MgcRacGAP and MKLP1 revealed that both
proteins localised to microtubule-dense interphase cell-cell junctions in confluent MCF7
monolayers, as well as in nuclei, as has been previously reported in isolated cells3#(Fig 4a,
Fig S4b). Of note, like Ect2 (Fig 2a) both centralspindlin components selectively
concentrated with E-cadherin in the apical zonula adherens (shown for MgcRacGAP in Fig
4a). RNAI of either protein abolished this staining pattern (Fig S4c,d) and junctional
localisation was further confirmed by transiently expressed GFP-tagged MgcRacGAP and
MKLP1 (Fig S4e). These findings thus identified centralspindlin as a novel junctional
constituent in interphase epithelial cells.

We then used RNAI (Fig S4c) to assess if centralspindlin affected junctional Ect2 and Rho
signalling. siRNAs against either MgcRacGAP or MKLP1 substantially reduced junctional
Ect2 staining (Fig 4b,c) without affecting total cellular Ect2 (Fig 4d), but Ect2 RNAi did not
affect junctional MgcRacGAP or MLKP1 (Fig S4f). This suggested that centralspindlin
functions upstream to control the junctional localisation of Ect2. Similarly, both components
of the centralspindlin complex are needed to localise Ect2 to the contractile furrow during
cytokinesis®25,

Consistent with their impact on junctional Ect2, junctional Rho was reduced in either
MKLP1 or MgcRacGAP knockdown cells (Fig 4e,f) and GTP.Rho was reduced by
MgcRacGAP depletion (Fig 4g). Further, myosin I1A was selectively lost from junctions in
either MKLP1 or MgcRacGAP knockdown cells (Fig 4h, S4g). Overall, these data implicate
centralspindlin in localising Ect2 to the ZA, with consequent signalling through Rho to
myosin 11A. Supporting a central role for centralspindlin in junctional signalling, the
integrity of the zonula adherens was also perturbed in both MKLP1 and MgcRacGAP
knockdown cells (Fig 4i, S4g) in a manner similar to that seen when Ect2, Rho or myosin
I1A were inhibited.

Interestingly, junctional localization of centralspindlin was reduced by 100 nM nocodazole
(Fig 4j,k), making it an attractive candidate to mediate the microtubule-dependent
localisation of Ect2 to junctions. Indeed, the nocodazole-sensitivity of junctional Ect2 was
abolished by MgcRacGAP RNAI (Fig 41). Thus, whereas in control cells junctional Ect2
was reduced by nocodazole and recovered upon washout of the drug, MgcRacGAP
knockdown cells showed a lower baseline level of Ect2 that was not affected by addition or
removal of nocodazole. This suggests that centralspindlin contributes to the microtubule-
dependence of junctional Ect2.

Nat Cell Biol. Author manuscript; available in PMC 2014 March 03.
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a-catenin localizes Ect2 to the zonula adherens through centralspindlin

Binding to centralspindlin alone did not readily explain the specific localization of Ect2 to
the zonula adherens. Thus we were interested to also identify a-catenin in our Ect2
interaction screen (not shown), a finding that was confirmed by reciprocal co-
immunoprecipitation analysis (Fig 5a). E-cadherin also co-precipitated with Ect2 (Fig 5a)
and both a-catenin and Ect2 were identified in E-cadherin immune complexes (Fig 5a)
suggesting that junctional Ect2 might exist in a complex with E-cadherin and a-catenin.
Consistent with this, Ect2, a-catenin and E-cadherin co-localised at the zonula adherens (Fig
5b, Fig S5a), but with little colocalization between Ect2 and a-catenin below the zonula
adherens (Fig S5a).

To test its impact on junctional Ect2, we depleted a-catenin by siRNA (Fig S5b) and
examined cells 24 hrs after transfection, when junctional a-catenin was significantly
diminished, but cell-cell contacts remained intact (Fig 5b). Ect2 was significantly reduced at
junctions of a-catenin knockdown cells (Fig 5b,c). Indeed, Ect2 was often undetectable at
junctions that retained significant residual a-catenin (Fig 5b), suggesting that its junctional
localisation was quite sensitive to a-catenin. Consistent with this, the biochemical
association of E-cadherin with Ect2 was also reduced by a-catenin knockdown (Fig 5d).
Thus a-catenin also contributes to the junctional localization of Ect2.

We then asked whether centralspindlin was involved in the interaction between a-catenin
and Ect2. Both E-cadherin and a-catenin co-immunoprecipitated with MgcRacGAP (Fig
6a), suggesting that centralspindlin could associate with the cadherin-catenin complex.
Further, MgcRacGAP knockdown significantly reduced the amount of Ect2 that
coimmunoprecipitated with a-catenin (Fig 6b), without affecting the interaction between E-
cadherin and a-catenin (Fig 6¢). These data imply that centralspindlin serves as an
intermediate to localise Ect2 to a-catenin at the zonula adherens. Consistent with this, a-
catenin knockdown substantially reduced both junctional MgcRacGAP and MKLP1 (Fig
6d,e) but MgcRacGAP knockdown had only minor impact on junctional a-catenin (Fig 6f,g)
probably due to loss of the mature zonula adherens. Further, nocodazole reduced the
interaction between MgcRacGAP and a-catenin (Fig 6h), suggesting that dynamic
microtubules might regulate this interaction to support junctional Ect2.

To better characterize the molecular basis of these interactions, we expressed GFP-tagged a-
catenin mutants in HEK293 cells (Fig 6i, S5d). Both endogenous Ect2 and MgcRacGAP
consistently co-precipitated with FL-a-catenin and with N-terminal fragments of a-catenin
(1-290, 1-507), but not with a C-terminal fragment (507-906). Thus the N-terminus of a-
catenin appears to mediate its association with centralspindlin and Ect2. We therefore
conclude that a-catenin serves as a cortical anchor for centralspindlin at the zonula
adherens, to thereby support the Ect2-Rho signalling pathway.

This model further predicted that a-catenin would influence junctional Rho signalling.
Indeed, both junctional Rho (Fig 5e,f) and Rho-GTP (Fig 5 g,h) were reduced in a-catenin
knockdown cells. Consistent with our evidence that myosin I1A is a downstream effector of
junctional Ect2-Rho signalling, we also found that myosin 11A, but not myosin 1B, was
reduced at junctions of a-catenin knockdown cells (Fig S5c¢). Thus a-catenin regulates Rho-
based signalling at the zonula adherens.

Centralspindlin inhibits the junctional recruitment of p190B RhoGAP

Finally, we asked whether centralspindlin might also influence junctional Rho by regulating
its inactivation. The spatial expression of a Rho-GTP signal is influenced by the localised
action of RhoGAPs as well as by RhoGEFs33. In particular, p190RhoGAP has been
implicated in cadherin junctions®6:37 and in regulating Rho signalling at the cytokinetic
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furrow3%:38:39_ Given our evidence for conserved pathways that regulate Rho during
cytokinesis and at junctions, we examined the impact of dynamic microtubules on the
subcellular localisation of p190 RhoGAP during interphase in epithelial monolayers.

Two members of this protein family exist in mammals#?41 and both p190A RhoGAP and
p190B RhoGAP were detected in MCF7 cells by immunoblotting (Fig 7f). In control MCF7
monolayers both forms of p190 RhoGAP also showed predominantly cytoplasmic staining
with little apparent at the junctions (Fig 7a). Strikingly, however, junctional p190B RhoGAP
became distinctly evident after inhibition of microtubule plus-end dynamics with
nocodazole (100 nM), a three-fold increase being confirmed by linescan analysis (Fig 7b,c).
In contrast, p190A RhoGAP remained cytoplasmic in nocodazole-treated cells (Fig 7b). This
suggested that dynamic microtubules might specifically inhibit the junctional accumulation
of p190B RhoGAP, but not of p190A RhoGAP.

Since dynamic microtubules support the junctional localisation of the centralspindlin
complex, we then asked whether centralspindlin might play a role in regulating the
junctional accumulation of p190B RhoGAP. Indeed, junctional p190B RhoGAP staining
was significantly increased in both MgcRacGAP and MLKP1 knockdown cells but not in
cells transfected with control sSiRNAs or where Ect2 was depleted (Fig 7d,e). Together, these
data suggested that the microtubule-dependent localisation of centralspindlin at the zonula
adherens might also promote junctional Rho-GTP by blocking recruitment of p190B
RhoGAP, as well as through local activation of Rho by Ect2.

To test this notion, we then asked if the increased junctional p190B RhoGAP contributed to
the reduced Rho found at junctions in nocodazole-treated cells. We predicted that if this
were so, then reducing p190B RhoGAP should modulate the impact of nocodazole on
junctional Rho. Accordingly, we used siRNA to selectively deplete p190B RhoGAP but not
p190A RhoGAP (Fig 7f). Nocodazole reduced junctional Rho and Rho-GTP in cells
transfected with control siRNAs (Fig 7g,h), exactly as it did in untransfected cells (Fig 1j).
Strikingly, however, nocodazole did not reduce junctional Rho (Fig 7g, S6a) or Rho-GTP
(Fig 7h) to the same level in p190B RhoGAP knockdown cells as it did in control cells. This
implies that p190B RhoGAP contributed to the inhibition of Rho by nocodazole.

p190B RhoGAP contains a GTP-Rac binding domain that regulates its cortical
recruitment9. As cell-cell contacts can be sites of Rac signalling’, we therefore wondered
whether p190B RhoGAP was recruited to junctions in response to Rac. Indeed, the
junctional accumulation of p190B RhoGAP induced by nocodazole was reduced by
expression of a dominant-negative Rac mutant (N17; Fig 7i) or treatment with the Rac
inhibitor, NSC 23766 (Fig S6b). Further, a p190B RhoGAP mutant lacking the Rac-
interaction domain“9 did not localize to junctions in nocodazole-treated cells (Fig S6c).
Thus, the nocodazole-induced recruitment of p190B RhoGAP appears to require Rac
signalling. Potentially, then, the microtubule-centralspindlin pathway may block p190B
RhoGAP recruitment by inhibiting junctional Rac. Indeed, using a Raichu-Rac FRET
biosensor we found that junctional GTP-Rac was increased both by nocodazole and
MgcRacGAP knockdown (Fig 7j, S6d). Together, these suggest that centralspindlin may
inhibit junctional p190B RhoGAP recruitment by reducing junctional Rac signaling.

Discussion

In sum, our findings identify the epithelial zonula adherens as a Rho zone that is an
interphase equivalent of the Rho zone of the cytokinetic furrow®9. Like the cytokinetic
furrow, the Rho zone of the zonula adherens serves to concentrate actomyosin activity,
acting through myosin 11A to maintain the integrity of the junction itself. Remarkably, Rho
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signalling at the zonula adherens is controlled by many of the same molecules that regulate
Rho at the cytokinetic furrow. The key role is played by the centralspindlin complex, which
supports the junctional Rho zone by regulating both the activation and inactivation limbs of
the GTPase cycle: it activates Rho by recruiting the Rho GEF Ect2 and prevents Rho
inhibition by blocking the junctional recruitment of p190B RhoGAP (Suppl. Fig S7).
Recruitment of Ect2 is likely to reflect its known direct interaction with MgcRacGAP9:25
while we postulate that centralspindlin blocks p190B RhoGAP recruitment by directly or
indirectly inhibiting junctional Rac signalling*°. Of note, both Ect2 and p190 RhoGAP have
also been implicated in Rho regulation at the cytokinetic furrow®25:35.39 although other
GAPs, including MgcRacGAP itself® may also contribute. This indicates that the Rho zone
of the zonula adherens reflects the action during interphase of a conserved molecular
ensemble that can translate coordinated regulation of the Rho GTPase cycle into spatial
expression of an active Rho signal at the junction.

From this perspective, a key issue is how centralspindlin is localised to the zonula adherens.
Here we identify a novel function for a-catenin to support the cortical binding of
centralspindlin, and thereby Ect2, at the zonula adherens. Thus, although we first identified
a-catenin as an Ect2 binding protein, we subsequently found that it binds to centralspindlin
as well as to Ect2 and E-cadherin, suggesting that they may form a molecular complex.
Further a-catenin depletion displaced centralspindlin from junctions and uncoupled Ect2
from the cadherin, while depleting MgcRacGAP uncoupled Ect2 from a-catenin. Together,
these observations argue that a-catenin interacts with centralspindlin to thereby localize
Ect2 to the zonula adherens.

This finding carries the important implication that a—catenin can influence cadherin biology
by regulating Rho signalling at the zonula adherens. Consistent with this, a—catenin
knockdown reduced both Rho signalling and the cortical recruitment of myosin I1A. Of note,
also, these effects were observed under conditions of incomplete a—catenin depletion, when
the zonula adherens was perturbed but cells remained in contact with one another. At later
times after siRNA transfection cells detached from one another, a more extreme phenotype
that may reflect the other pathways by which a—catenin can affect cadherin function?2:43,
Thus Rho regulation may be a relatively sensitive effect of a—catenin on cadherin biology.
Interestingly, Drosophila a—catenin has been reported to associate with Rho itself10,
suggesting that multiple mechanisms may exist to allow a-catenin to regulate Rho signaling
at cadherin junctions.

It was striking that both centralspindlin and Ect2 selectively localised to the zonula
adherens, which, although the cortical site for a major pool of endogenous Rho, was not the
only site for Rho staining at the lateral cortex of cell-cell contacts. Moreover, Ect2 and the
centralspindlin complex appeared to selectively support zonula adherens integrity, whereas
tight junctions remained morphologically intact in Ect2 and centralspindlin knockdown
cells. This contrasts with the impact of p114 RhoGEF, which is recruited to tight junctions
through an association with cingulin®* and whose knockdown perturbed tight junctions but
not cadherin-based adhesive junctions. This suggests that different GEFs may control
different pools of Rho to support different junctions within the apical junctional complex
and elsewhere in the contact zone between cells. Such a conclusion is consistent with the
general paradigm that the action of specific GEFs may allow the common Rho signal to be
utilized for different functional outcomes?40, Further, while a-catenin was necessary to
localise centralspindlin and Ect2 to the zonula adherens, it is noteworthy that a-catenin also
distributes with E-cadherin more extensively outside the zonula adherens itself. Thus
centralspindlin is unlikely to associate constitutively with a-catenin. Instead, other factors
must collaborate to confer specificity for this interaction upon the pool of a-catenin
associated with the zonula adherens itself.

Nat Cell Biol. Author manuscript; available in PMC 2014 March 03.
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Finally, our experiments also identify a role for dynamic microtubules to affect Rho
signaling at the zonula adherens, apparently by influencing the capacity of the junctional
cortex to bind Ect2. Thus, turnover analysis suggested that blocking dynamic microtubules
might reduce junctional binding sites for Ect2 and, indeed, nocodazole treatment reduced
junctional centralspindlin and its biochemical interaction with a-catenin, without affecting
the a-catenin-cadherin interaction (not shown). Thus dynamic microtubules appear to
regulate the interaction between centralspindlin and a-catenin. The detailed mechanism
responsible for this effect remains to be clarified. During cytokinesis it has been proposed
that centralspindlin mediates the microtubule-dependent delivery of Ect2 to the cytokinetic
furrows?®. Cell-cell junctions are regions that interact with and regulate microtubules®46:47,
including a subpopulation that extend with their dynamic plus-ends directed towards the
cortex of the junctions themselves!®. Such dynamic microtubules could facilitate the
delivery of centralspindlin by microtubule-dependent transport*8 or by serving as diffusional
traps®’ that locally concentrate centralspindlin at the cortex. However, to date we have been
unable to demonstrate microtubule-dependent transport of centralspindlin or Ect2 (not
shown). Alternatively, dynamic microtubules might affect the binding of centralspindlin to
a-catenin indirectly, by influencing cortical signaling®®. These may include post-
translational modifications, such protein phosphorylation, which influences Ect2 activation
and its interaction with centralspindlin during cytokinesis®?. Whether some of these
pathways are also reused at the zonula adherens will be an important issue for future
research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The zonula adherensis a microtubule-dependent Rho zone

(a-b) Apical junctions in TCA-fixed MCF-7 monolayers immunostained for E-Cadherin (E-
Cad, red) and RhoA (green) imaged by confocal microscopy. The distribution of proteins
along the z-axis of cells is represented in y-z views (taken at the vertical line) (a) and the
magnification (b) shows colocalisation of E-cadherin with RhoA at the ZA in a maximum
intensity projection. Arrowheads indicate accumulation of E-cadherin and RhoA at the ZA
(a).

(c-d) Confluent MCF-7 cells treated with either C3 Transferase (C3T; 0.25 zg/ml) or
glycerol (vehicle, Ctrl) for one hour and then fixed and stained for RhoA. Representative
confocal images were taken from the apical junctions (c) and fluorescence intensity at cell
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junctions was quantitated by linescan analysis (d). Data represent control-normalized means
+ S.E.M. of data pooled from three individual experiments (n=30), ***P<0.0001; Student’s
t-test.

(e-g) Confluent MCF-7 cells expressing a RhoA-FRET biosensor were treated as in ¢-d and
imaged live using confocal microscopy. Images were acquired in the CFP and FRET
channels and representative images (CFP and ratio of FRET/CFP) are shown (e). Average
emission ratios were determined at the apical junctions and the cytoplasm of control cells as
described in methods (). To determine the effect of C3T on junctional RhoA activity,
average emission ratios were quantitated at the apical junctions (g). Data represent
junctional-(f) or control-normalized (g) means + S.E.M. of data pooled from three individual
experiments (n=26), ***P<0.0001; Student’s t-test.

(h) Confluent MCF-7 cells were treated with DMSO (Ctrl) or Nocodazole (100nM, 3h) and
fluorescence intensity of myosin (Myo) 1A and IIB at cell junctions was quantitated by
linescan analysis. Data represent control-normalized means + S.E.M. of data pooled from
three individual experiments (n=25), ***P<0.001; Student’s t-test.

(i-j) Control and Nocodazole-treated cells were fixed and stained for RhoA. Representative
apical confocal images were taken (i) and junctional RhoA was quantitated by linescan
analysis (j). Data represent control-normalized means + S.E.M. of data pooled from three
individual experiments (n=30), ***P<0.001; Student’s t-test.

(k-1) Confluent MCF-7 cells expressing a RhoA-FRET Biosensor were treated with
Nocodazole (as in h) and imaged live using confocal microscopy. CFP and ratio of FRET/
CFP representative images are shown (k) and average emission ratios were quantified at the
apical junctions (I). Data represent control-normalized means + S.E.M. of data pooled from
three individual experiments (n=40), ***P<0.001; Student’s t-test.

(m) MCF-7 cells were transfected with pECFP-C1 (Ctrl) or with pPSUPER constructs
containing sShRNAs against Luciferase (Luc) or EB1 + EB3 (EB1/3 kd) and fixed after 48
hours. Junctional RhoA in CFP-positive cells was quantitated by linescan analysis. Data
represents control-normalized means = S.E.M. of data pooled from three individual
experiments (n=15), *** P<0.001; One way Anova, Dunnett’s post hoc test.

Scale bars: a,c,i 10um; b,e,1 5 pm.
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Figure 2. Ect2isajunctional RhoA GEF

(a-b) Confluent MCF-7 cells were fixed and immunostained for E-Cadherin (E-Cad, green)
and Ect2 (red). Representative confocal images at the zonula adherens (a) and x-z views
illustrating the distribution of proteins along the z axis of cells. Arrows indicate the apical
tips of cell-cell contacts. (b) Magnification shows colocalisation of E-cadherin with Ect2 at
the ZA in a maximum intensity projection. Arrowheads indicate accumulation of E-cadherin
and Ect2 at the ZA.

(c-d) Confluent MCF-7 cells treated with or without Nocodazole (Noc and Ctrl) were fixed
and stained for Ect2. Representative confocal images were taken from the apical junctions
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(c) and junctional Ect2 was quantitated by linescan analysis (d). Data represent control-
normalized means = S.E.M. of data pooled from three individual experiments (n=30),
***P<0.001; Student’s t-test.

() MCF-7 cells were transfected with pECFP-C1 (Ctrl) or with pSUPER constructs
containing ShRNAs against Luciferase (Luc) or EB1 + EB3 (EB1/3 kd). Junctional Ect2 in
CFP-positive cells was quantified by linescan analysis; data represent control-normalized
means + S.E.M. of data pooled from three individual experiments (n=15), ***P<0.001; One
way Anova, Dunnett’s post hoc test.

(f) Lysates from MCF-7 cells infected with lentivirus bearing an empty vector control (Ctrl)
or an shRNA-directed against Ect2 (Ect2 kd) were immunoblotted for Ect2 and GAPDH
(loading control).

(g-h) Rho immunofluorescence in control (Ctrl), Ect2 knockdown (Ect2 kd) cells, and Ect2
kd cells transiently expressing shRNA-resistant EGFP-Ect2 (Ect2kd + fl). Representative
confocal images were taken from the apical junctions of cells (g) and junctional RhoA was
quantitated using linescan analysis (h). Asterisks mark cells transfected with EGFP-Ect2.
Data represent control-normalized means + S.E.M. of data pooled from three individual
experiments (n=15), ***P<0.001; One way Anova, Dunnett’s post hoc test.

(i-j) Control (Ctrl), Ect2 knockdown (Ect2 kd) and Ect2 kd cells expressing RNAi-resistant
Ect2 (kd+fl) cells were transfected with a RhoA-FRET Biosensor and imaged live using
confocal microscopy. Representative images of CFP and ratio of FRET/CFP are shown (i)
and average emission ratios were quantified at the apical junctions (j). Data represent
control-normalized means + S.E.M. of data pooled from three individual experiments
(n=43), ***P<0.001; Student’s t-test.

Scale bars: a,c,g 10 um; i 5 pm.
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Figure 3. Ect2 isnecessary for zonula adherensintegrity and junctional tension

(a-b) E-cadherin (E-Cad) immunostaining in Control (Ctrl) and Ect2 knockdown (Ect2 kd)
cells imaged by wide-field deconvolution microscopy (a; arrowheads indicate apical
junctional region). Peak junctional fluorescence intensity (b) was measured by line scan
analysis. Data represent control-normalized means + S.E.M. of data pooled from three
individual experiments (n=25; ***P<0.001; Student’s t-test).

(c) Fluorescence recovery after photobleaching was performed for E-cadherin-GFP
(expressed in MCF-7 cells depleted of endogenous E-cadherin by RNAI; Ctrl) or also treated
with C3T (C3T) or RNA. to Ect2 (Ect2 kd) or myosin I1A (I1A kd). Vertical lines represent
means + S.E.M. and solid lines are best-fit single exponential curves.
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(d-e) Myosin I1A or myosin I1B at cell junctions were analysed in control (®) and Ect2
knockdown (kd) cells by immunofluorescence (f) and quantitated by linescan analysis (g).
Data represent control-normalized means + S.E.M. of data pooled from three individual
experiments (n=20-25),***P<0.001; Student’s t-test.

(f,g) Control (Ctrl) and Ect2 knockdown (kd) cells transfected with either pEGFP-C1 (GFP)
or EGFP-MyollA (GFP-Myo I1A) were fixed and stained for E-cadherin (E-Cad,magenta)
and GFP (green). Representative epi-illumination images were taken from the apical
junctions of Ect2 knockdown cells (f). Junctional E-cadherin fluorescence intensity (g) was
analysed by line scan analysis. Data represent control-normalized means + S.E.M. of data
pooled from three individual experiments (n=10-25; ***P<0.001; One way Anova,
Dunnett’s post hoc test.

(h,i) Junctional tension was measured by laser nanoscissors in control (Ctrl) MCF-7 cells
and cells treated with C3T (C3T) or RNA.i to Ect2 (Ect2 kd) or myosin 1A (11A kd). Vertex
displacement (h) and initial recoil (i) are shown (n=9-14; *P<0.05; t-test).

Scale bars 10 ym.
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Figure4. Centralspindlin regulatesjunctional Ect2-Rho signalling

(a) Confluent MCF-7 cells were immunostained for E-Cadherin (E-Cad, red) and either
MgcRacGAP (MgcRacGAP) or MKLP1 (green). Representative apical confocal images are
shown. Magnification shows colocalisation of E-cadherin with MgcRacGAP at the ZA in a
maximum intensity projection (direction of the arrow indicates basal to apical).

(b-d) MCF-7 cells were transfected with sSiRNAs against MgcRacGAP (Mgc kd), MKLP1
(MKLP1 kd) or with scrambled siRNA (Ctrl). Cells were fixed after 48 hours and stained
for Ect2. Representative confocal images were taken (b) and junctional Ect2 was quantified
by linescan analysis (c). Data represent control-normalized means + S.E.M. of data pooled
from three individual experiments (n=25; *** P<0.001; One way Anova, Dunnett’s post hoc
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test). (d) Lysates from control, MgcRacGAP knockdown and MKLP1 knockdown cells were
immunoblotted for Ect2 and B tubulin (B tub).

(e-i) Control (Ctrl), MgcRacGAP knockdown (Mgc kd) and MKLP1 knockdown (MKLP1
kd) cells were fixed and stained for RhoA, myosin I1A or E-cadherin and Rho-GTP was
measured by FRET in Ctrl and Mgc kd cells. Representative confocal images of RhoA
staining at the apical junctions are shown (e) with quantified junctional RhoA (f), Rho-GTP
(9), Myo I1A (h) and E-Cad (i). Data represent control-normalized means + S.E.M. of data
pooled from three individual experiments for RhoA (f), Myo 11A(h) and E-Cad (i) (n=20-25;
***P<0.001; One way Anova, Dunnett’s post hoc test). For Rho-GTP (g), data represent
means + S.E.M. of data pooled from three individual experiments (n = 59-85, ***P<0.001;
Student’s t-test).

(j-k) Confluent MCF-7 cells treated with Nocodazole (Noc) were fixed and stained for
MgcRacGAP or MKLP1. Representative confocal images were taken (j) and fluorescence
intensity at junctions was quantitated by linescan analysis (k). Data represent control-
normalized mean + S.E.M. of data pooled from three individual experiments (n=30),
***P<0.001; Student’s t-test.

(I) MCF-7 cells were transfected with siRNAs against MgcRacGAP (Mgc kd) or scrambled
(control) siRNA. 48 hours post transfection, the cells were incubated for 3 hours with
100nM Nocodazole (Noc) or DMSO (Ctrl) after which Nocodazole was washed out and
cells allowed to recover for 1 hour (Noc w.0). Cells were then fixed and stained for Ect2 and
junctional Ect2 was quantified using linescan analysis. Data represent control-normalized
means + S.E.M. of data pooled from three individual experiments (n=15; ***P<0.001; One
way Anova, Bonferroni post hoc test, to compare across all data sets).

Scale bars a,j;: MgcRacGAP 10um, MKLP1 5um; b:10m, e: 5um.
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Figure5. a-catenin mediatesthe junctional retention of Ect2

negative control for the immunoprecipitation.

test).

immunoblotted for Ect2 and E-cadherin (E-Cad).
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(a) Immunoprecipitates of Ect2, E-Cadherin (E-Cad) or a-catenin (a cat) were
immunoblotted for Ect2, E-Cadherin and a-catenin. Rabbit IgG (1gG) was used as a

1.

0

Junctional Ect2

(d) Immunoprecipitates of E-Cadherin (IP-E-Cad) from MCF-7 cells transfected with
SMARTpool siRNA against a- catenin (a cat kd) or non-targeting siRNA pools (®) were
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(b-c) MCF-7 cells transfected with SMARTpool siRNA against a-catenin (a cat kd) or non-
targeting siRNA pools (Ctrl) were fixed and stained for E-Cadherin (red), a cat (magenta)
and Ect2 (green). Representative apical confocal images were taken (b) and accumulation of
Ect2 was quantitated by linescan analysis (c). Data represent control-normalized means +
S.E.M. of data pooled from three individual experiments (n=25; ***P<0.001; Student’s t-

(e-f) Control (Ctrl) and a-catenin knockdown (a cat kd) cells were fixed and stained for
RhoA. Representative apical confocal images were taken (e) and accumulation of RhoA was

quantitated by linescan analysis (f). Data represent control-normalized means *+ S.E.M. of

data pooled from three individual experiments (n=25; ***P<0.001; Student’s t-test).

(g9-h) MCF-7 cells transfected simultaneously with a Rho-FRET Biosensor and a
SMARTpool siRNA against a-catenin (o cat kd) or non-targeting siRNA pools (Ctrl) were
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imaged by live-cell confocal microscopy after 36 h. Representative images of the ratio of
FRET/CFP are shown (g) and average emission ratios were quantitated at the apical
junctions (h). Data represent control-normalized means + S.E.M. of data pooled from three
individual experiments (n=46-52).

Scale bars: b 10 zm, e,g 5 zm.
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§ Figure 6. a-catenin mediates the junctional retention of Centralspindlin
2 (@) Whole cell lysates from MCF-7 cells (WCL) and Mgc RacGAP immunoprecipitates
b were immunoblotted for MgcRacGAP (Mgc), E-Cadherin (E-Cad) and a-catenin (a cat).
%- Rabbit 19gG (1gG) was used as a negative control for the immunoprecipitation.
w

(b) a-catenin immunoprecipitates from control (®) and MgcRacGAP kd cells (Mgc kd) were
immunoblotted for a-catenin (a-cat) and Ect2. Whole cell lysates (WCL) from control and
MgcRacGAP kd cells were immunoblotted for MgcRacGAP (Mgc), Ect2 and p-tubulin.

(c) E-cadherin immunoprecipitates from Control (®) and MgcRacGAP kd (Mgc kd) cells
immunoblotted for E-Cadherin and a-catenin.
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(d-e) MCF-7 cells were transfected with SMARTpool siRNA against a-catenin (a cat kd) or
non-targeting siRNA pools (Ctrl) and 36 h later fixed and stained for MgcRacGAP (Mgc) or
MKLP1. Representative apical confocal images were taken (d) and accumulation of
MgcRacGAP and MKLP1 (CS) was quantitated by linescan analysis (). Data represent
control-normalized means + S.E.M. of data pooled from three individual experiments (n=25;
***pP<(.001; Student’s t-test).

(f-g) MCF-7 cells were transfected with siRNAs against MgcRacGAP (Mgc kd) or
scrambled (Ctrl) siRNA. Cells were fixed after 48 hours and stained for a-catenin (a cat,
green). Representative apical confocal images were taken (f) and accumulation of a- catenin
was quantitated by linescan analysis (g). Data represent control-normalized means + S.E.M.
of data pooled from three individual experiments (n=25; ** P<0.005;Student’s t-test).

(h) MgcRacGAP (Mgc) immunoprecipitates from control (Ctrl) and nocodazole (Noc)-
treated MCF-7 cells were immunoblotted for MgcRacGAP and a-catenin.

(i) GFP-tagged full-length (FL) a-catenin or truncation mutants were transiently expressed
in HEK?293 cells, isolated by GFP trap and then immunoblotted for GFP, MgcRacGAP
(Mgc) or Ect2. The mutants are illustrated in Supplementary Fig S5d.

Scale bars. d:RacGAP1,10m, MKLP1 60um, f: 10pm.
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Figure 7. Centralspindlin inhibitsthe junctional recruitment of p190B RhoGAP

(a-c) Control (a) and nocodazole (100 nM, 3h)-treated MCF-7 cells (b) were immunostained
for E-Cadherin (E-Cad, magenta) and either p190A RhoGAP or p190B RhoGAP (green).
Representative confocal images were taken from the apical junctions of the cells. Junctional
p190B was quantitated in control and Nocodazole treated cells by linescan analysis (c). Data
represent control-normalized means + S.E.M. of data pooled from three individual
experiments (n=60; ***P<0.001; Student’s t-test).

(d-e) MCF-7 cells were transfected with siRNAs against MgcRacGAP (Mgc kd), MKLP1
(MKLP kd) or scrambled (ctrl) siRNA, or infected with lentivirus bearing an shRNA
directed against Ect2 (Ect2 kd cells). Cells were fixed after 48 hours, stained for p190B
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RhoGAP and imaged at the apical junctions by confocal microscopy (d). Junctional p190B
RhoGAP was quantified by linescan analysis (e). Data represent control-normalized means
+ S.E.M. of data pooled from three individual experiments (n=25; ***P<0.001;0ne way
Anova, Dunnett’s post hoc test).

(f) MCF7 cells were transfected with non-targeting siRNA pools (Ctrl) or SMARTpool
SiRNA against p190B RhoGAP (p190B kd) for 48 hours. Whole cell lysates from control
(Ctrl) and p190B RhoGAP kd cells were immunoblotted for p190A RhoGAP, p190B
RhoGAP or B-tubulin.

(9,h) Junctional Rho or Rho-GTP in control and p190B RhoGAP kd cells incubated with or
without nocodazole (100 nM, 3h). Endogenous junctional Rho (g) was quantified by
linescan analysis. Data represent control-normalized means + S.E.M. of data pooled from
three individual experiments (n=25; ***P<0.001;0ne way Anova, Bonferroni post hoc test,
to compare across all data sets). Rho-GTP (h) was measured using a transiently-expressed
Rho FRET biosensor. Data represent control-normalized means + S.E.M. of data pooled
from three individual experiments (n=50-86; ***P<0.001; Students t-test.

(i) MCF-7 cells were transfected with EGFP pcDNA3.1 (Ctrl) or GFP-N17 Racl DN-
pcDNA3.1 (N17), then treated with nocodazole (100 nM, 3 h). Junctional p190B RhoGAP
was quantitated by linescan analysis. Data represent control-normalized means + S.E.M. of
data pooled from three individual experiments (n=25; ***P<0.001;0ne way Anova,
Dunnett’s post hoc test).

(j) Junctional Rac-GTP was measured with a Raichu-Rac biosensor in control (Ctrl) cells or
cells treated with nocodazole (100 nM, 3 hrs), MgcRacGAP siRNA (Mgc kd) or a
transiently expressed constitutively-active Rac mutant (V12). Data represent means +
S.E.M. of data pooled from three individual experiments (n=30, *P<0.05; Student’s t-test).
Scale bars are 10pm.

Nat Cell Biol. Author manuscript; available in PMC 2014 March 03.



