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ABSTRACT Breast epithelial cells cultured in three-dimensional (3D) collagen gels undergo 
ductal morphogenesis when the gel is compliant and they can achieve tensional homeostasis. 
We previously showed that this process requires down-regulation of Rho in compliant collagen 
gels, but the mechanism remains undefined. In this study, we find that p190RhoGAP-B, but 
not p190RhoGAP-A, mediates down-regulation of RhoA activity and ductal morphogenesis in 
T47D cells cultured in compliant 3D collagen gels. In addition, both RhoA and p190RhoGAP-B 
colocalize with p120-catenin at sites of cell–cell contact. The association between p190RhoGAP-
B and p120-catenin is regulated by matrix compliance such that it increases in compliant vs. 
rigid collagen gels. Furthermore, knockdown of p120-catenin disrupts ductal morphogenesis, 
disregulates RhoA activity, and results in loss of p190B at cell–cell contacts. Consistent with 
these findings, using a RhoA-specific FRET biosensor (RhoA-FLARE.sc), we determined spatial 
RhoA activity to be significantly decreased at cell–cell contacts versus cell–ECM adhesions, 
and, of importance, spatial RhoA activity is regulated by p190B. This finding suggests that 
RhoA exists as an inactive pool at cell–cell contacts and is recruited to cell–ECM contacts 
within stiff matrices. Overall, these results demonstrate that RhoA is down-regulated at cell–
cell contacts through p190RhoGAP-B, which is localized to cell–cell contacts by association 
with p120-catenin that is regulated by tensional homeostasis.

INTRODUCTION
Increased mammographic tissue density is a significant risk factor 
for breast carcinoma (Boyd et al., 2007, 1998). These dense re-
gions of mammary tissue primarily comprise type I collagen, and it 
is in the areas of increased collagen density that tumors first arise 
(Guo et al., 2001). The increase in collagen density has been as-
sociated with an increase in extracellular matrix (ECM) stiffness 

(Roeder et al., 2002; Gehler et al., 2009). Changes in the stiffness 
of the local collagen microenvironment alter cellular signaling 
pathways and dramatically influence cellular contractility and 
morphology (Guo et al., 2001; Wozniak et al., 2003; Paszek 
and Weaver, 2004; Discher et al., 2005). To respond to changes in 
extracellular stiffness, cells pull against the matrix using Rho/
ROCK-mediated contractility (Wozniak et al., 2003). When the ma-
trix is sufficiently compliant, the cells contract and remodel the 
matrix and achieve a state termed tensional homeostasis, which 
for epithelial cells is necessary for subsequent ductal morphogen-
esis (Wozniak et al., 2003; Gehler et al., 2009). In contrast, when 
cells encounter a stiff matrix, Rho-mediated contractility is coun-
tered by the stiffness of the ECM, and the cells continue to gener-
ate tension between the ECM and the actin cytoskeleton. This re-
sults in increased matrix adhesions (Choquet et al., 1997), activation 
of focal adhesion proteins, and fundamentally different signaling 
events (Wozniak et al., 2003; Paszek et al., 2005; Giannone and 
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changes in collagen compliance, we transfected human T47D breast 
cells with short hairpin RNA (shRNA) constructs specific for either 
p190A or p190B. Of the shRNAs tested, four specifically knocked 
down expression of p190B (by ∼30–95%) but did not alter the levels 
of p190A (Figure 1A and Supplemental Figure S1). In addition, two 
shRNAs were identified that reduced p190A levels (by ∼50%) but 
did not change the levels of p190B (Figure 1A and Supplemental 
Figure S1).

T47D cells expressing p190A- or p190B-specific shRNA or con-
trol vectors were cultured in compliant (floating) versus rigid 
(attached) 1.3 mg/ml collagen gels. After 10 d in culture, the gels 
were imaged by phase contrast microscopy to assess ductal mor-
phology. T47D cells expressing control vectors underwent ductal 
morphogenesis when cultured in 3D compliant collagen gels but 
not in rigid gels (Figure 1B and Supplemental Figure S2). Of interest, 
knockdown of p190A did not disrupt normal morphogenesis in 
compliant collagen gels (Figure 1B and Supplemental Figure S2). 
However, complete disruption of ductal morphogenesis in compli-
ant gels was observed in p190B-knockdown cells, and the resulting 
phenotype was indistinguishable from cells cultured in rigid gels 
(Figure 1B and Supplemental Figure S2). This finding suggests that 
p190B, but not p190A, is required for ductal morphogenesis in a 
compliant collagen gel.

We previously demonstrated that ductal morphogenesis re-
quires proper regulation of the Rho-ROCK pathway (Wozniak et al., 
2003). To determine whether either p190A or p190B plays a role in 
regulation of RhoA activity in response to changes in collagen den-
sity, we measured RhoA activity in T47D cells expressing shRNA 
against p190A or p190B in compliant or rigid collagen gels. In 
control cells, RhoA activity was significantly decreased (∼20%) in 
cells cultured in compliant gels compared with rigid gels (Figure 
1C). Knockdown of p190A did not alter the down-regulation of 
RhoA activity. However, when p190B was knocked down, the regu-
lation of RhoA activity in response to changes in collagen matrix 
compliance was inhibited (Figure 1C and Supplemental Figure S1). 
In fact, RhoA activity increased in both compliant and rigid colla-
gen gels in all four p190B knockdown cell lines (Supplemental 
Figure S1) compared with untransfected and vector control T47D 
cells (Figure 1C and Supplemental Figure S1). Subsequently 
p190B shRNA-1 was chosen for further experiments because this 
shRNA vector was conducive for FRET analysis of RhoA activity, as 
it did not coexpress a fluorescent marker. The loss of RhoA down-
regulation in compliant conditions corresponds with the disruption 
of ductal morphogenesis in p190B-knockdown cells and demon-
strates that p190B, but not p190A, is required for regulation of 
RhoA activity in 3D collagen matrices.

The association of RhoA, p190B, and p120-catenin increases 
in compliant gels
We next sought to determine the upstream mechanisms regulating 
p190B in response to changes in collagen compliance. To this end, 
we determined the localization of p190B by immunofluorescence in 
3D collagen gels. T47D cells stably expressing green fluorescent 
protein (GFP)–tagged RhoA were cultured for 10 d in compliant and 
rigid collagen gels. Using antibodies specific for either p190A or 
p190B, we found that GFP-RhoA localizes with both p190A and 
p190B at sites of cell–cell contact. The colocalization of GFP-RhoA 
with p190A or p190B was similar in both compliant and rigid matri-
ces (Figure 2A).

Others demonstrated that p190A regulates RhoA activity at sites 
of cell–cell contact and that p120-catenin plays a role in coordinat-
ing this regulation (Wildenberg et al., 2006). Consistent with reports 

Sheetz, 2006; Provenzano et al., 2008b). However, the upstream 
pathways regulating Rho-mediated intracellular force generation 
and morphogenesis have not been completely defined.

The small GTPase Rho is emerging as a central mechanism by 
which cells sense and respond to the stiffness of the ECM (Paszek 
et al., 2005; Provenzano et al., 2009). Several labs found that Rho is 
responsive to changes in mechanical perturbations, such as fluid 
shear stress, as well as changes in mechanical properties of the ECM 
(Pavalko et al., 1998; Numaguchi et al., 1999; Sahai and Marshall, 
2003; Wozniak et al., 2003; Yoshizaki et al., 2003; Paszek et al., 
2005). Functionally, Rho is a key regulator of cytoskeletal dynamics, 
which influences a wide range of cellular processes, including cell 
migration and metastasis (Heasman and Ridley, 2008; Tang et al., 
2008). The use of fluorescent reporters to visualize the precise spa-
tial and temporal activity of Rho and the GTPase family members 
has greatly broadened our understanding of Rho signaling during 
cell migration, protrusion, and cancer progression primarily in two 
dimensions (Chamberlain et al., 2000; Malliri and Collard, 2003; 
Yoshizaki et al., 2003; Nalbant et al., 2004; Kurokawa and Matsuda, 
2005; Machacek et al., 2009; Kardash et al., 2010; Pertz, 2010; 
Omelchenko and Hall, 2012). However, the spatial regulation of 
RhoA activity and the upstream mechanisms involved in this regula-
tion within three-dimensional (3D) matrices or in response to ECM 
stiffness are largely unknown.

We previously demonstrated that proper down-regulation of 
Rho activity is required for ductal morphogenesis of breast epithelial 
cells within a compliant collagen gel (Wozniak et al., 2003). Particu-
larly striking was the finding that cells have high baseline Rho activ-
ity even when held in suspension in the absence of an ECM but 
down-regulate Rho activity when cultured in a compliant, but not a 
stiff, ECM (Wozniak et al., 2003). These data suggested that the de-
fault state is high Rho activity and that a compliant matrix plays an 
active role in the down-regulation of Rho activity by a Rho GTPase-
activating protein (GAP). In the mouse mammary gland, the Rho-
specific GAP, p190RhoGAP-B (p190B), is localized specifically at the 
terminal end buds of the developing mouse mammary gland 
(Chakravarty et al., 2000), and mammary-specific knockdown of 
p190B disrupts ductal morphogenesis of the gland (Chakravarty 
et al., 2003). In this study we found that the specific knockdown of 
p190B, but not p190RhoGAP-A (p190A), is required for proper reg-
ulation of RhoA activity in response to changes in 3D collagen ma-
trix stiffness. Both RhoA and p190B accumulate at sites of cell–cell 
contacts, and this is facilitated by the junctional protein, p120-
catenin. The expression of a Förster resonance energy transfer 
(FRET; Lakowicz, 1999)–based biosensor for RhoA activity allowed 
us to determine that RhoA activity is down-regulated at sites of cell–
cell contact compared with sites of cell–matrix interactions. Taken 
together, these results demonstrate that a p190B–p120-catenin 
complex down-regulates RhoA at sites of cell–cell contact in compli-
ant 3D collagen gels, a process that is necessary for ductal 
morphogenesis.

RESULTS
p190RhoGAP-B is required for proper RhoA regulation 
and ductal morphogenesis in 3D collagen gels
Breast epithelial cells cultured in a compliant 3D collagen gel down-
regulate the activity of the small GTPase Rho (Wozniak et al., 2003). 
Of the known Rho regulatory proteins, both A and B family mem-
bers of the Rho-GTP activating protein p190RhoGAP are expressed 
in human tissues (Settleman et al., 1992b; Burbelo et al., 1995b; 
Chakravarty et al., 2000). To determine which of these family mem-
bers may be involved in regulation of RhoA activity in response to 
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of p190A and p120-catenin, we found that 
both p190A and p190B colocalized with 
p120-catenin in T47D cells cultured in com-
pliant and rigid collagen gels (Figure 3A). 
The localization of either p190RhoGAP-A or 
-B and p120-catenin did not appear to dra-
matically change in response to collagen 
compliance by immunofluorescence (Figure 
3A). However, coimmunoprecipitation of 
p190B with p120-catenin and RhoA in-
creased in compliant versus rigid conditions 
(Figure 3B). The same result holds true when 
the complex of p190B:p120-catenin:RhoA is 
immunoprecipitated with an antibody 
against RhoA (Figure 2B). Of interest, in our 
hands both p190A:RhoA and p190A:p120-
catenin association was very weak and not 
regulated by matrix compliance (data not 
shown). Taken together, these results sug-
gest that p190B and p120-catenin may 
function together to down-regulate RhoA 
activity in response to matrix compliance, 
potentially at sites of cell–cell contacts.

To test the hypothesis that p120-catenin 
binding to RhoA serves as a scaffold for 
p190B interaction, we used GST pull-down 
assays to determine whether these two reg-
ulatory proteins interact via RhoA. p120-
catenin isoforms 3A, 4A, and a mutant of 
isoform 4A (4A Δ560–628) that deletes the 
RhoA-binding domain (schematic shown in 
Figure 3C) were expressed as glutathione S-
transferase (GST)–tagged fusion proteins, 
purified, and incubated with T47D cell 
lysates to determine binding of p190B. Our 
results demonstrate that p190B bound ro-
bustly to p120-catenin isoform 3A, which is 
the most predominant isoform found in 
T47D cells. In addition, p190B bound iso-
form 4A and the Rho-binding domain dele-
tion mutant 4A Δ560–628 to a lesser extent 
compared with 3A binding (43 and 38%, re-
spectively; Figure 3C). The difference in 
binding between the 4A isoform and 4A 
Δ560–628 was not significant. Thus we 
can conclude that the interaction between 
p190B and p120-catenin is not dependent 
on RhoA binding to p120-catenin.

Further attempts to disrupt the interac-
tion between p120-catenin and p190B us-
ing overexpression of p190B, expression of 
p190B deletion mutants, or rescue with 
shRNA resistant GFP-p190B in T47D cells 
resulted in caspase-mediated cell death 
(data not shown). These results are similar to 
reports from Ludwig and Parsons (2011) 
demonstrating that ectopic expression of 
p190RhoGAP induces apoptosis within 24 h 
of overexpression and suggest that the lev-
els of p190RhoGAP are tightly regulated by 
the cell.

FIGURE 1: p190RhoGAP-B, but not p190RhoGAP-A, mediates Rho regulation and 
morphogenesis in compliant collagen gels. (A) Of the shRNAs producing knockdown (two 
for p190A and four for p190B, characterized in Supplemental Figures S1 and S2), we chose 
p190A-2 and p190B-1 for all subsequent experiments, based on stability of knockdown and 
the compatibility of these particular vectors for FRET experiments. p190RhoGAP-A– or 
B–specific knockdown in T47D cells was confirmed by real-time PCR. Primers specific for 
either p190A or p190B were used to determine the levels of cDNA in T47D cells stably 
transfected with control vectors, pLK0.1 or pSM2c, or shRNA constructs, p190A-2 and 
p190B-1. Isoform-specific knockdown was also determined by Western blot analysis using 
p190B- and p190A-specific antibodies. Vinculin was used as a loading control. (B) T47D cells 
expressing p190A or p190B shRNA or the appropriate vector control plasmids (pLK0.1 and 
pSM2c, respectively) were cultured in attached (rigid) or floating (compliant) 1.3 mg/ml 
collagen gels for 10 d. Phase contrast images show disruption of normal tubulogenesis in 
floating gels only when p190RhoGAP-B is knocked down (scale bar, 100 μm). (C) RhoA 
activity was measured by G-LISA in T47D cells cultured in compliant vs. rigid collagen gels. 
Active RhoA levels were normalized to total RhoA in each sample (determined by Western 
blot with RhoA-specific antibodies). In untransfected T47D, vector control (pSM2c and 
pLK0.1) cells and p190A shRNA–expressing cells, RhoA activity is significantly decreased in 
compliant vs. rigid gels (*rigid vs. compliant: untransfected, p = 0.0001; pSM2c, p = 0.0226; 
pLK0.1, p = 0.0453; p190A shRNA, p = 0.0254. n = 5). RhoA activity is no longer regulated 
by matrix compliance and is elevated in both rigid and compliant gels when p190B is 
knocked down (#p190B vs. pSM2c vector controls: rigid, p = 0.0450; compliant, p = 0.0110. 
n = 5).
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The increase in association of p190B with 
p120-catenin under compliant collagen gel 
conditions correlates with decreased RhoA 
activity. To determine whether p120-catenin 
plays a role in regulation of RhoA activity in 
response to matrix compliance, we analyzed 
RhoA activity in our cells expressing p120-
catenin shRNA. of interest, similar to control 
cells, p120-catenin–knockdown cells exhib-
ited the same down-regulation of RhoA 
activity in compliant gels as in rigid gels. 
However, the overall levels of Rho activity 
were significantly increased compared 
with untransfected and vector control cells 
(Figure 4C). These findings are similar to 
results demonstrating that depletion of 
p120-catenin enhances RhoA activation 
(Yanagisawa and Anastasiadis, 2006; 
Yanagisawa et al., 2008), suggesting that 
p120-catenin is needed for the proper regu-
lation of RhoA activity in a compliant matrix.

Consistent with the effect on RhoA acti-
vation, p120-catenin–knockdown cells ex-
hibited disrupted morphology under both 
compliant and rigid conditions. In rigid gels 
the untransfected cells and pRS vector con-
trol cells grew in large colonies; in contrast, 
cells expressing the p120-catenin shRNA 
construct grew as single cells or in two- to 
three-cell clusters (Figure 4D). Unlike control 
cells, which underwent ductal morphogen-
esis in compliant gels, p120-catenin–knock-
down cells had disrupted ductal morpho-
genesis (Figure 4D). It is unclear whether the 
disruption of ductal morphogenesis is due 
to misregulation of RhoA activity or results 
from the role of p120-catenin in clustering 
cadherins to stabilize cell–cell contacts. In 
either case, our findings demonstrate that 
p120-catenin knockdown results in the dis-
regulation of both RhoA activity and ductal 
morphogenesis in 3D collagen gels.

Next we analyzed the localization of 
p190B and p120-catenin in p120-catenin– 
or p190B-knockdown cells. Loss of p190B 
did not disrupt the localization of p120-
catenin to cell–cell contacts (Figure 4C). 
However, knockdown of p120-catenin in 
T47D cells resulted in a dramatic (50% de-
crease in intensity) loss of p190B at sites of 
cell–cell contact compared with vector 
control cells (Figure 4, C and D). Using a 

mouse p120-catenin construct, we were able to rescue p120-
catenin expression (Figure 4D) and determine localization of 
p190B. Although total p190B levels measured by Western blot 
were not changed in either p120-catenin–knockdown or p120-
catenin–rescue cells (Figure 4D), p120-catenin–rescue cell lines 
restored the localization of p190B to sites of cell–cell adhesion to 
75% of controls as visualized by immunofluorescence. This result 
suggests that p120-catenin may help to spatially localize p190B 
to cell–cell contacts in both compliant and rigid collagen 
matrices.

p120-catenin regulates RhoA activity and p190B localization 
in 3D collagen gels
To investigate whether p120-catenin may be part of the mechanism 
by which p190B regulates RhoA activation in response to matrix 
compliance, we transfected T47D cells with shRNA directed against 
human p120-catenin or pRS-vector alone as a control. Similar to 
published results in MDA-231 breast carcinoma cells (Yanagisawa 
and Anastasiadis, 2006), p120-catenin shRNA dramatically dimin-
ished p120-catenin protein levels compared with untransfected 
T47D cells and vector controls (Figure 4D).

FIGURE 2: p190RhoGAP-B association with RhoA increases in compliant collagen gels. 
(A) T47D cells stably expressing a GFP-RhoA construct were cultured for 10 d in either 
compliant or rigid 1.3 mg/ml collagen gels. The gels were fixed, and an antibody specific for 
p190A or B was used to determine localization. Images show that GFP-RhoA localizes with 
p190A and p190B at sites of cell–cell contact (scale bar, 100 μm). (B) T47D cells were cultured 
in compliant vs. rigid 1.3 mg/ml collagen gels, and RhoA was coimmunoprecipitated. 
Densitometric analysis of the Western blots was used to determine p190B and p120-catenin 
associated with RhoA in compliant and rigid conditions. p190B association with RhoA 
significantly increased in compliant vs. rigid collagen gels (p = 0.026, n = 6). p120-catenin 
association with RhoA significantly increased 1.9-fold in compliant vs. rigid collagen gels 
(*rigid vs. compliant p = 0.05, n = 6).
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p120-catenin localize. To this end, we cul-
tured T47D cells expressing a RhoA biosen-
sor (RhoA-FLARE.sc) described by Pertz 
et al. (2006) in compliant or rigid collagen 
gels for 10 d to determine spatial regulation 
of RhoA activity. A confocal (White, 1987) 
image was taken in an optical plane midway 
through the cells, and RhoA activity was de-
termined by ratiometric FRET (Tadross et al., 
2009). The analysis included regions of cell–
matrix interaction, which can be visualized 
by second-harmonic generation imaging 
(SHG; Campagnola and Loew, 2003) of 
collagen (Provenzano et al., 2008a), and re-
gions of cell–cell contact visualized by RhoA-
FLARE.sc (Figure 5A). After segmenting of 
the images into two separate regions of in-
terest (ROIs; cell–matrix ROI, red; cell–cell 
ROI, blue), quantitative image analysis dem-
onstrated that RhoA activity was significantly 
higher at sites of cell–matrix interaction than 
at sites of cell–cell contact (Figure 5, B and 
C). In addition, RhoA activity at cell–matrix 
adhesions in rigid gels was significantly 
higher than activity at the cell–matrix adhe-
sions in compliant gels (Figure 5B). This re-
sult correlates with our biochemical mea-
surements demonstrating that total RhoA 
activity is significantly higher in rigid gels 
than in compliant gels (Figure 1C) and dem-
onstrates local activation of RhoA at the 
cell–matrix contact in response to matrix 
compliance.

Of interest, the pool of active RhoA at 
cell–cell contacts does not change in re-
sponse to matrix stiffness (Figure 5C), and 
we previously demonstrated a decrease in 
association of p190B with p120-catenin and 
RhoA in rigid gels (Figures 2 and 3). The de-
creased association may result in a reduced 
pool of inactive RhoA at cell–cell contacts al-
lowing the unbound RhoA to localize to the 
cell–matrix contact, where it can be acti-
vated (Figure 6). To determine whether 
p190B plays a role in the spatial regulation 
of RhoA activity, we expressed RhoA-
FLARE.sc in p190B-knockdown cells. Similar 
to controls, RhoA activity in p190B-knock-
down cells increased at sites of cell–matrix 
interaction compared with regions of cell–
cell contact; however, the increase was only 
significant under rigid conditions (Figure 
5C). Loss of p190B did not alter the level of 
RhoA activity at cell–cell contacts but re-
sulted in a significant increase in RhoA activ-
ity at the cell–matrix contact in compliant 
conditions compared with controls (Figure 
5C). These results further support the idea 

that p190B localizes to the cell–cell junctions to maintain a pool of 
inactive RhoA. In the absence of p190B, these results suggest that 
the pool of inactive RhoA is released from cell–cell adhesions, allow-
ing RhoA to localize to the cell–matrix contact, where it can be 

Spatial regulation of RhoA activity in 3D collagen gels
If the localization of p190B and p120-catenin is important to the 
regulation of RhoA activity, then we hypothesized that RhoA activity 
will be decreased at sites of cell–cell contact where both p190B and 

FIGURE 3: p120-catenin associates with p190 RhoGAP-B, and this association increases under 
compliant conditions. (A) Localization of p190B, p190A, and p120-catenin in compliant vs. rigid 
collagen gels by immunofluorescence using antibodies against p120-catenin, p190A, and p190B. 
p190B and p190A localize with p120-catenin at sites of cell–cell contact in compliant and rigid 
3D collagen gels (scale bar, 100 μm). (B) Immunoblot analysis of RhoA and p120-catenin levels 
from p190B coimmunoprecipitations demonstrate that the association between p190B and 
p120-catenin is enhanced twofold in compliant vs. stiff collagen gels. (*rigid vs. compliant 
p = 0.0056, n = 5). The association of p190B and Rho trended toward an increase under 
compliant conditions; however, it is not significant (p = 0.073, n = 6). (C) GST pull-down to 
determine binding interactions of p190B and p120-catenin. Left, schematic of p120-catenin 
isoforms 3A, 4A, and 4AΔ560–628 (isoform 4A with a deletion of the RhoA-binding domain, 
amino acids 560–528) tagged with GST. Using these purified GST-p120-catenin proteins 
incubated with T47D lysates, we determined that p190B can bind to all of the p120-catenin 
constructs. Quantification of p190B bound to p120CTN-4A showed a 57% decrease compared 
with p190B bound to p120CTN-3A. The Rho binding domain deletion, p120CTN-4A-ΔRBD, also 
bound less p190B than did p120CTN-3A (62% less), but the association of p190B with 
p120CTN-4A or p120CTN-4A-ΔRBD was not different (N.S.). Thus the interaction between 
p120-catenin and p190B is not mediated by RhoA.
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activated. Thus this novel finding demon-
strates spatial regulation of RhoA activity at 
cell–matrix versus cell–cell adhesions in re-
sponse to matrix compliance through a 
mechanism involving p190B.

DISCUSSION
Changes in stiffness of the local collagen mi-
croenvironment alter cellular signaling path-
ways, including RhoGTPases, and dramati-
cally influence cellular contractility and 
morphology (Guo et al., 2001; Wozniak et al., 
2003; Paszek and Weaver, 2004; Discher 
et al., 2005); however, very little is known 
about the upstream mechanisms regulating 
RhoA activity. This study demonstrates that 
RhoA activity is spatially down-regulated at 
sites of cell–cell contact compared with 
sites of cell–matrix interactions within a 
3D collagen environment. We show that 
p190RhoGAP-B, but not p190RhoGAP-A, is 
required for the proper down-regulation of 
RhoA activity specifically at sites of cell–cell 
contact when mammary epithelial cells 
achieve tensional homeostasis within compli-
ant collagen gels. In addition, p120-catenin 
facilitates the down-regulation of RhoA activ-
ity at cell–cell contacts, as both total RhoA 
and p190B accumulate at these contacts and 
p120-catenin is required for p190B localiza-
tion to cell–cell contacts. Thus we present a 
novel pathway by which matrix compliance 
increases association of p190B with p120-
catenin to locally down-regulate RhoA activ-
ity and promote ductal morphogenesis.

Although spatiotemporal measurements 
of the small GTPases have been analyzed in 
two dimensions, minimal data exist on spa-
tial RhoA activity in 3D environments. Fluo-
rescent biosensors for the Rho-family 
GTPases have been developed and used 
extensively by several labs to assess the role 
of the GTPases in 2D migration, cytokinesis, 
and cytoskeletal reorganization (Yoshizaki 
et al., 2003; Parsons et al., 2005; Su et al., 
2009; Pertz, 2010). Timpson et al. (2011) 
analyzed spatial regulation of RhoA activity 
in 3D extracellular matrices during pancre-
atic cell invasion in vitro and in vivo. Their 
findings suggest that RhoA is activated at 
the poles of invading cells, whereas basal 
levels of RhoA activity are maintained in the 
cell body (Timpson et al., 2011). Here we 
demonstrate subcellular localization of RhoA 
activity in polarized mammary epithelial 
cells undergoing ductal morphogenesis 
(Figure 5). Our results are consistent with the 
idea that RhoA activity is spatially regulated 
in areas of membrane–ECM interactions 
compared with sites of cell–cell contacts, 
and this spatial regulation is responsive to 
changes in collagen matrix compliance.

FIGURE 4: p120-catenin contributes to localizing p190RhoGAP-B to cell–cell contacts and to 
regulating activity of RhoA. (A) T47D cells expressing p120-catenin shRNA or the appropriate 
vector control plasmid were cultured in attached or floating 1.3 mg/ml collagen gels for 10 d. 
Phase contrast images show that shRNA against p120-catenin disrupts tubulogenesis in 
floating gels, as well as normal cell growth in attached collagen gels (scale bar, 100 μm). (B) In 
these cell lines, RhoA activity was down-regulated in T47D control cells and in p120-catenin 
shRNA cells cultured in compliant vs. rigid collagen gels (*compliant vs. rigid: untransfected, 
p = 0.0001; pRS, p = 0.0011; p120shRNA, p = 0.0464; n = 5). Of interest, p120-catenin is 
necessary for the proper level of RhoA activity in both compliant and rigid collagen gels, as 
RhoA activity is significantly elevated in p120-catenin shRNA–expressing cells compared with 
untransfected and vector control cells (*p120shRNA vs. untransfected, p = 0.0214; 
p120shRNA vs. pRS, p = 0.0141; n = 5). (C) Top, Immunofluorescence analysis of p120-catenin 
localization in control and p190B shRNA cells. Knockdown of p190B did not alter the 
localization of p120-catenin in compliant or rigid collagen gels. Bottom, analysis of p190B 
localization in control vs. p120-catenin shRNA cells completed after culture in compliant and 
rigid collagen gels. In contrast to p190B shRNA cells, knockdown of p120-catenin results in 
the visible loss of p190B at cell–cell contacts. (D) Western blot analysis confirmed that the 
total level of p190B was not altered in control, human-specific p120-catenin-shRNA or mouse 
p120-catenin-3A rescue cell lines. z was used as a loading control. Quantification of p190B 
immunofluorescence in regions of interest demonstrate a significant decrease in p190B 
intensity at sites of cell–cell contact in both rigid and compliant collagen gels when p120-
catenin is knocked down (scale bar, 100 μm; *rigid and compliant pRS vs. p120-catenin shRNA, 
p = 0.004; n = 9 fields of cells in three experiments). The localization of p190B to cell–cell 
contacts was restored to 75% of control levels and significantly increased above knockdown 
levels upon rescue of p120-catenin with mouse p120CTN-3A (*rigid and compliant: p120-
catenin shRNA vs. mouse-p120CTN-3A rescue, p = 0.042; n = 9 fields of cells in three 
experiments).
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Our ability to adapt FRET biosensors for 
3D use not only allowed for analysis of spatial 
RhoA activity within 3D collagen gels, but it 
also helped us to define one of the mecha-
nisms involved in the regulation of RhoA ac-
tivity in response to changes in 3D matrix 
compliance. FRET measurements suggest 
that the large pool of RhoA localized to the 
cell–cell contacts is largely inactive; knock-
down and coimmunoprecipitation results 
demonstrate that it is a complex of p120-
catenin and p190B that inactivates the pool 
of RhoA at cell–cell contacts. Furthermore, 
this complex is regulated by the compliance 
of the ECM, suggesting that p120-catenin is 
necessary for the accumulation of p190B at 
sites of cell–cell contact, where RhoA is inac-
tivated and sequestered in compliant condi-
tions. Recently Omelchenko and Hall (2012) 
determined that another RhoGAP-containing 
protein, myosin-IXA, is required to down-
regulate RhoA activity at cell–cell junctions, 
and this regulation is necessary for collective 
cell migration of bronchial epithelial cells. 
Coupled with our findings, this suggests spe-
cific spatiotemporal regulation of RhoA at 
cell–cell and cell–matrix contacts, which re-
quires tight regulation by both GAPs and 
guanine nucleotide exchange factors (GEFs).

Evidence establishes an important role 
for p120-catenin in mammary development 
and tumor progression. Kurley et al. (2012) 
determined that mammary-specific knock-
down of p120-catenin at puberty onset dis-
rupts terminal end bud function and mam-
mary gland development. Although they 
attributed the disruption of mammary mor-
phogenesis to the loss of E-cadherin, failure 
of cell–cell adhesion, and loss of the collec-
tive migration process, their results are strik-
ingly similar to those reported for mammary-
specific knockdown of p190B (Chakravarty 
et al., 2003). In the latter studies, p190B 
RhoGAP localized to the terminal end buds 
during development, and loss of p190B dis-
rupted mammary gland morphogenesis, a 
loss attributed to altered insulin-like growth 
factor 1 (IGF-1) signaling (Chakravarty et al., 
2000, 2003). Here we demonstrate a link be-
tween p120-catenin and p190B RhoGAP in 
the spatiotemporal regulation of RhoA ac-
tivity and downstream morphogenesis of 
breast epithelial cells in response to colla-
gen compliance. Although similar to the 
model of Wildenberg et al. (2006), in which 
association of p190A and p120-catenin 
modulates Rho/Rac antagonism and adhe-
rens junction formation in NIH 3T3 cells in 
2D culture conditions, our results are unique 
in that we find a role specifically for the 
p190B RhoGAP family member, and not 

FIGURE 5: RhoA activity is spatially regulated at cell–cell vs. cell–matrix attachments through a 
mechanism involving p190B. (A) T47D cells stably expressing a RhoA biosensor (RhoA-FLARE.
sc) were cultured in floating or attached 1.3 mg/ml collagen gels (scale bar, 100 μm). 
Multiphoton microscopy was used to visualize CFP (green), and collagen was visualized by 
second harmonic generation (red). (B) The same cells were imaged by confocal microscopy to 
collect direct CFP emission (shown in a and b) and fretted YFP emission. The images were 
segmented into regions of cell–matrix and cell–cell interactions. Spatial RhoA activity was 
determined by ratiometric FRET analysis. (C) RhoA activity in control cells was determined to be 
significantly enhanced at sites of cell–matrix interactions compared with sites of cell–cell 
interactions. In addition, RhoA activity at the cell–matrix contact was significantly higher under 
rigid than under compliant conditions. In rigid conditions the loss of p190B resulted in a 
significant increase in RhoA activity at the cell–matrix contact, similar to that of controls. 
However, under compliant conditions the spatial regulation of RhoA activity was lost in 
p190B-knockdown cells, such that there is no longer a significant increase in RhoA activity at 
cell–matrix compared with cell–cell contacts. Of importance, comparing RhoA activity at 
cell–matrix ROIs, we find that knockdown of p190B significantly elevates RhoA activity at the 
matrix compared with control cells (*cell–cell vs. cell–matrix ROIs: control rigid, p = 0.038; 
control compliant, p = 0.005; p190BshRNA rigid, p = 0.003; #vs. compliant cell–matrix ROI: 
control rigid, p = 0.026; p190BshRNA compliant, p = 0.039; n = 9, three fields of cells from each 
of three independent experiments).
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others demonstrated that overexpression of p190B in mouse mam-
mary gland promotes desmoplasia and tumor progression (Vargo-
Gogola et al., 2006; Heckman-Stoddard et al., 2009; McHenry et al., 
2010). However, whereas the mouse studies show the importance of 
p190B in mammary gland development and mammary tumor pro-
gression, these reports either did not access or were not able to find 
differences in RhoA activity but attributed their results to altered IGF 
signaling. Thus our results demonstrating the necessity of p190B in 
the spatial regulation of RhoA activity and subsequent ductal mor-
phogenesis in compliant collagen gels in breast epithelial cells in 
vitro provide molecular insight for the results in vivo and suggest 
that p190B is an important regulator of RhoA during mammary 
gland development, in part by spatially controlling RhoA activation 
at cell–cell contacts.

Others have shown evidence for cross-talk between adherens 
junctions and matrix adhesions, such that events occurring at one 
site regulate events at the opposing site (Avizienyte et al., 2002; 
de Rooij et al., 2005; Wildenberg et al., 2006). On the basis of our 
results, we suggest a model in which the complex of p190B and 
p120-catenin at cell–cell contacts not only sequesters a large pool of 
inactive RhoA, but also modulates the amount of RhoA available to 
be activated at sites of cell–matrix interaction (see model in Figure 
6). In support of this model, we found that RhoA activity at sites of 
cell–matrix interaction was significantly enhanced in rigid gels com-
pared with compliant gels, whereas RhoA activity at sites of cell–cell 
contact remains unchanged in response to matrix compliance (Figure 
6). Our data in rigid collagen gels suggest that the decrease in p120-
catnein/p190B association frees RhoA to localize to the cell–matrix 
contact, where it is then activated (Figure 6). In addition, RhoA activ-
ity at cell–matrix adhesions significantly increases in compliant con-
ditions when p190B is lost, further demonstrating that p190B is in-
volved in the spatial regulation of RhoA. Taken together, these 
findings support the model of tensional homeostasis regulating cell 
phenotype (Paszek et al., 2005; Gehler et al., 2009), as the cell needs 
to generate internal contractility or tension through the regulation of 

p190A, in regulating RhoA activity in 3D microenvironments. It is 
possible that the differential association between p120-catenin and 
either p190A or p190B may be due, in part, to isoform-specific ex-
pression of p120-catenin. Several labs demonstrated switching of 
p120-catenin isoforms 1, 3, and 4 during tumor progression such 
that p120-catenin isoform-1 is up-regulated and involved in mesen-
chymal tumor cell invasion (Husmark et al., 1999; Tran et al., 1999; 
Eger et al., 2000; Ohkubo and Ozawa, 2004; Vandewalle et al., 
2005; Yanagisawa et al., 2008). We note that T47D breast epithelial 
cells primarily express isoform-3, and p190B bound primarily to this 
isoform. In these experiments, we did not notice any change in the 
expression levels of the p120-catenin isoforms in response to 
changes in matrix compliance. However, it would be interesting to 
determine whether switching of p120-catenin isoforms would result 
in altered cellular localization of p190B or RhoA or alter downstream 
RhoA activity in other breast carcinoma cell lines.

The observation of specific function for the RhoGAP family mem-
ber p190B in regulation of RhoA activity in response to tensional 
homeostasis due to 3D collagen compliance or stiffness is novel. 
The p190RhoGAP subfamily is composed of two closely related pro-
teins, p190A and p190B, which are >50% homologous in amino 
acid sequence (Burbelo et al., 1995a). Functionally both isoforms 
have GAP activity for Rac, Cd42, and Rho, with specificity for Rho in 
vivo, and show ubiquitous tissue expression (Settleman et al., 1992a; 
Ridley et al., 1993; Burbelo et al., 1995a, 1998). Despite the similari-
ties, tyrosine phosphorylation of p190A regulates its interaction with 
accessory proteins, such as p120RasGAP or TFII (McGlade et al., 
1993; Roof et al., 1998, 2000; Jiang et al., 2005), whereas p190B is 
primarily regulated by subcellular localization (Matheson et al., 
2006; Bustos et al., 2008). Our results are among only a few to in-
clude a direct comparison of p190A and p190B functions. Our find-
ing of a role for the p190B-RhoGAP is consistent with the observa-
tion that p190B is localized to the terminal end buds of the 
developing mammary gland and is required for mammary ductal 
morphogenesis in vivo (Chakravarty et al., 2000, 2003). Moreover, 

FIGURE 6: Model of RhoA regulation by cross-talk between cell–cell contacts and cell–matrix adhesions. Changes in 
collagen matrix compliance regulate spatial RhoA activity within mammary epithelial cells. The activity is regulated by a 
complex of p120-catenin and p190B localized at cell–cell contacts. In a compliant microenvironment this complex is 
up-regulated to hold a pool of RhoA inactive at the cell–cell contacts and at the same time may help to stabilize cell–cell 
contacts. Under rigid conditions, less p190B associates with p120-catenin, and more RhoA is free to localize to sites of 
cell–matrix adhesion, where RhoA is activated, presumably by a RhoGEF. This local activation of RhoA likely helps to 
counterbalance the stiffness of the extracellular environment. This model suggests that cross-talk between cell–cell 
contacts and cell–matrix adhesions is generated by the p190B–p120-catenin complex to spatially regulate RhoA activity 
in response to changes in tensional homeostasis.
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(RhoA-FLARE.sc; details at www.hahnlab.com; a kind gift from Klaus 
Hahn, University of North Carolina, Chapel Hill, NC) to determine 
spatial Rho activity.

To determine the isoform-specific knockdown of p190RhoGAP A 
and B, we performed quantitative real-time PCR. Total RNA was iso-
lated from T47D cells transfected with five different p190A shRNA 
constructs, two different p190B shRNA constructs, control shRNA, 
and untransfected cells. Three million cells from each cell line were 
lysed with TRIzol reagent (Invitrogen, Carlsbad, CA), and RNA was 
purified using the RNEasy Kit (Qiagen, Valencia, CA). Total RNA 
quantity and purity were analyzed with an ND-1000 spectrophotom-
eter (NanoDrop, Wilmington, DE). Using random primers, cDNA 
was generated from 500 μg of RNA template, and then isoform 
specific primers were used for amplification (p190A: forward, cgag-
ggcgcaaggtttccat, and reverse, cctccgcgggtcttcgtctgt; p190B: for-
ward, ggcggattccatttgacctc, and reverse, actatttctcgctgatgcctacca). 
The p190 expression was quantified using an Applied Biosystems 
7900 Real Time PCR machine and SDS 2.1 software package 
(Applied Biosystems, Carlsbad, CA). We used 18S ribosomal prim-
ers as controls.

Cells were cultured in collagen type I gels as previously described 
(Keely et al., 1995). Gels containing T47D cells were poured into 
six-well plates and allowed to polymerize for 4 h at 37°C. Two milli-
liters of complete media was added, and gels were either detached 
from the sides of the dish (floating) or were left attached. The time 
at which the gels were rendered floating was considered day 0. 
Phase contrast microscopy was carried out using a Nikon TE300 
inverted microscope (Nikon Instruments, Melville, NY) equipped 
with a CoolSNAP fx charge-coupled device camera (Photometrics, 
Tucson, AZ). Images were acquired using SlideBook, version 4.2 
(Intelligent Imaging Innovations, Denver CO) and processed using 
Photoshop CS2 (Adobe Systems, San Jose, CA).

Western blotting, immunoprecipitations, 
and immunofluorescence
Protein expression was assessed through immunoblotting. Briefly, 
cells were lysed in denaturing Laemmli buffer, followed by protein 
separation using SDS–PAGE. After proteins were transferred onto 
polyvinylidene fluoride (PVDF) membrane, membranes were 
blocked using 5% milk plus 0.3% Tween-20 in Tris-buffered saline 
(TBS). Membranes were probed with 1:2000 anti-p190RhoGAPA, 
1:1000 anti-p190RhoGAP-B, or 1:2000 anti–p120-catenin (BD 
Biosciences, San Jose, CA), 1:5000 anti-vinculin (Sigma-Aldrich), or 
1:1000 anti-Rho (EMD Millipore, Billerica, MA), followed by incuba-
tion with 1:5000 HRP-conjugated secondary antibodies (Jackson 
ImmunoResearch). Membranes were visualized using ECL reagents 
(GE Biosciences, Pittsburgh, PA).

Immunoprecipitations of p190B or Rho were completed similar 
to those described previously (Wozniak and Keely, 2005). Briefly, 
collagen gels containing 10 million cells in RPMI/bovine serum albu-
min (BSA) were allowed to polymerize for 1 h, and then gels were 
released or left attached as described. Gels were incubated for an 
additional 3 h at 37°C. Cells in gels were lysed at 4°C for 10 min with 
2× lysis buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid, pH 7.4, 150 mM NaCl, 2 mM EDTA, 2% NP-40, 2 mM NaF, 
0.5% NaDOC, 1 mM pervanadate, and protease inhibitors). Lysates 
were centrifuged at 20,500 × g for 5 min to remove collagen and 
insoluble components, and the supernatants were incubated with 
either p190B or Rho antibody plus 30 μl GammaBind G-Sepharose 
(GE Biosciences) overnight at 4°C. Samples were washed extensively 
with lysis buffer, and bound proteins were eluted directly into Laem-
mli buffer. Samples were separated using SDS–PAGE and transferred 

RhoA activity and downstream actomyosin activity to oppose the 
tension or compliance of the local microenvironment, and this 
change in tension can alter cell phenotype. Our results also raise the 
possibility that other RhoA-regulatory molecules such as RhoGEFs 
may be spatially sequestered at the cell–matrix contact to locally 
activate Rho (Figure 6). Work from our lab determined that the Rho-
GEF GEF-H1 is activated in response to matrix stiffness, making it a 
possible candidate for RhoA activation at the cell–matrix contact in 
this model (Heck et al., 2012).

In summary, these results demonstrate a novel mechanism for 
regulation of RhoA activity by tensional homeostasis that is involved 
in the switch between epithelial ductal morphogenesis and mesen-
chymal invasive phenotypes in breast epithelial cells. Collagen stiff-
ness is a major risk factor for breast carcinoma, and our data identify-
ing a role for p190B and p120-catenin in the spatial regulation of 
RhoA in response to matrix rigidity suggest one mechanism by 
which breast carcinoma might be regulated. We propose that the 
complex of p120-catenin and p190B mediates cross-talk between 
cell–cell contacts and the cell matrix to govern the pool of RhoA that 
is able to localize at cell–cell contacts. At sites of cell–matrix adhe-
sions, RhoA is activated, which results in intracellular contractility to 
balance cellular tension against the forces of the ECM. In contrast, 
in a compliant matrix, the ability of the cell to pull the matrix and 
around up allows the cells to undergo ductal morphogenesis, a pro-
cess that requires the down-regulation of RhoA activity (Wozniak 
et al., 2003). Future work will be aimed at defining the upstream 
mechanisms by which collagen compliance regulates the complex 
of p120-catenin and p190B, as well as identifying other players in 
activation of RhoA at the matrix.

MATERIALS AND METHODS
Reagents
Collagen type I was obtained from BD Biosciences (Bedford, MA). 
Antibodies used include p190RhoGAP, p190RhoGAP-B, 
p190RhoGAP-A, p120RasGAP, and Rho (BD Biosciences), p120-
catenin (Millipore, Billerica, MA), and vinculin and GFP (Sigma-
Aldrich, St. Louis, MO). Horseradish peroxidase (HRP)–conjugated 
secondary antibodies were from Jackson ImmunoResearch (West 
Grove, PA). Alexa secondary antibodies were purchased from Invit-
rogen (Eugene, OR). Cell culture media were purchased from Life 
Technologies (Grand Island, NY).

Cell culture, transfection, and real-time PCR
T47D cells were obtained from the American Type Culture Collec-
tion (Manassas, VA) and maintained as described previously (Keely 
et al., 1995). For lentiviral production, HEK Phoenix-Ampho cells 
were obtained from National Gene Vectro Biorepository (Indianapo-
lis, IN) and maintained as described. For p190RhoGAP-knockout 
studies, cells were stably transfected with human p190RhoGAP-A 
shRNA (sense sequence: #1, CGGTACATTAGAGATGCACAT, #2, 
CGGTTGGTTCATGGGTACATT), human p190RhoGAP-B shRNA 
(sense sequence: #1, CGAATACAGATCACAATATTAT, #2, AC-
GAATACAGATCACAATATTA, #3, CGGCTAATCTTCCATTTACATT, 
#4, CGGT CAGAAGCTTTGAAGTTAA) or shRNA control vectors 
pLK0.1 (for p190A shRNA constructs) and pSM2c or pGIPz 
(for p190B shRNA constructs; Open Biosystems, Huntsville, AL). 
For p120-catenin–knockout experiments hp120-catenin shRNA 
or pRetroSuper control vector (kind gifts from Albert Reynolds, 
Vanderbilt University, Nashville, TN) was stably transfected into 
T47D cells. For studies to determine localization of Rho, cells were 
either stably transfected with a GFP-Rho construct to visualize total 
Rho localization or infected with the unimolecular RhoA biosensor 
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onto PVDF membranes. Membranes were blocked with 3% BSA 
plus 0.3% Tween-20 in TBS and then incubated with Rho, p120-
catenin, or p190B antibodies. After incubation with secondary anti-
bodies, membranes were rinsed and then visualized using ECL re-
agents. For normalization of immunoprecipitations, densitometry 
was completed using ImageJ software (National Institutes of Health, 
Bethesda, MD), and then p120-catenin levels were normalized to 
levels of p190B, whereas in the Rho immunoprecipitations p190B 
levels were normalized to levels of Rho. All digital images for micro-
graphs and immunoblots were processed and produced using Pho-
toshop CS5 (Adobe Systems).

The localization of GFP-Rho, p190B, and p120-catenin in 3D col-
lagen gels was assessed by immunofluorescence. Briefly, cells were 
cultured in floating or attached gels for 10 d, and then the gels were 
fixed in 4% paraformaldehyde, permeabilized in 0.2% Triton X-100, 
and incubated in blocking buffer (1% BSA + 1% donkey serum) be-
fore antibody incubation. All primary antibodies were used at 1:100 
dilution and incubated for 1 h at room temp. Alexa secondary anti-
bodies were used at 1:800 dilution with a 1-h room temperature in-
cubation. Immunofluorescence and collagen matrix images were 
observed using multiphoton laser scanning microscopy and SHG on 
a custom-built multiphoton microscope platform (Wokosin et al., 
2003) with an excitation source produced by a Spectra Physics Mai 
Tai DeepSee laser (Newport Corporation, Irvine, CA), tuned to a 
wavelength of 890 nm, mounted around a Nikon Eclipse TE300 in-
verted microscope. Images were focused onto a Nikon 60X Plan 
Apo water-immersion lens (numerical aperture 1.4), and SHG emis-
sion was observed at 445 nm and discriminated from fluorescence 
using a 445-nm, 20-nm narrow-bandpass emission filter (Semrock, 
Lake Forest, IL).

RhoA activity assays
As described previously (Keely et al., 2007), RhoA activity was mea-
sured using a RhoA G-LISA Kit (Cytoskeleton, Denver, CO) and nor-
malized to total RhoA determined by Western blot analysis. T47D 
cells were cultured in floated or attached collagen gels at a density 
of one million cells per 1 ml of collagen gel. The gels were allowed 
to polymerize for 1 h and then released or left attached for an ad-
ditional 2 h. The gels were then lysed on ice in 400 μl of the pro-
vided lysis reagent, and after centrifugation 60 μl of the supernatant 
was used in the plate assay following the G-LISA protocol, and 30 μl 
was loaded on an SDS–PAGE gel for Western blot analysis of total 
Rho levels. Active RhoA was normalized to Western blots for total 
RhoA determined by densitometry using ImageJ (Collins, 2007).

RhoA activity by FRET
The confocal data sets were collected on an Olympus FluoView 
FV1000 confocal microscope (Olympus, Center Valley, PA) and pro-
cessed in ImageJ. The 16-bit tiff formats were read into ImageJ and 
the saturated pixels and those below a determined threshold ex-
cluded in all measurements. ROIs were recorded based upon ana-
tomical features to include cell–cell or cell–matrix segments. From the 
ROI data, pixel-by-pixel ratio values of fretted yellow fluorescent pro-
tein (YFP) over cyan fluorescent protein (CFP) were calculated, and 
then a third, unfretted YFP channel was collected and the FRET ratio 
was normalized to these values. All fields of view and ROIs were sum-
marized for each condition, and a Student’s t test was used to look for 
individual significance in treatments and regional information.

GST pull-down assays
The p120-catenin isoforms 3A and 4A were PCR amplified from 
LZRS-GFP-mp120–3A and 4A (a kind gift from Albert Reynolds) with 
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