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Paxillin promotes breast tumor collective cell 
invasion through maintenance of adherens 
junction integrity

ABSTRACT Distant organ metastasis is linked to poor prognosis during cancer progression. 
The expression level of the focal adhesion adapter protein paxillin varies among different 
human cancers, but its role in tumor progression is unclear. Herein we utilize a newly gener-
ated PyMT mammary tumor mouse model with conditional paxillin ablation in breast tumor 
epithelial cells, combined with in vitro three-dimensional (3D) tumor organoids invasion anal-
ysis and 2D calcium switch assays, to assess the roles for paxillin in breast tumor cell invasion. 
Paxillin had little effect on primary tumor initiation and growth but is critical for the formation 
of distant lung metastasis. In paxillin-depleted 3D tumor organoids, collective cell invasion 
was substantially perturbed. The 2D cell culture revealed paxillin-dependent stabilization of 
adherens junctions (AJ). Mechanistically, paxillin is required for AJ assembly through facilitat-
ing E-cadherin endocytosis and recycling and HDAC6-mediated microtubule acetylation. Fur-
thermore, Rho GTPase activity analysis and rescue experiments with a RhoA activator or Rac1 
inhibitor suggest paxillin is potentially regulating the E-cadherin-dependent junction integrity 
and contractility through control of the balance of RhoA and Rac1 activities. Together, these 
data highlight new roles for paxillin in the regulation of cell–cell adhesion and collective tu-
mor cell migration to promote the formation of distance organ metastases.

INTRODUCTION
Breast cancer is becoming the most frequent malignancy among 
women worldwide, but it is curable with early-stage, nonmetastatic 
diagnosis (Stebbing et al., 2007; Ginsburg et al., 2017). Tumor me-
tastasis is a major cause of cancer-associated mortality in humans 
(Lambert et al., 2017; Dillekås et al., 2019), involving a series of cel-
lular processes and molecular cues from both the primary tumor and 
the surrounding tumor microenvironment (Quail and Joyce, 2013; 

Yates et al., 2017). Invasive cancer cells disseminate from the pri-
mary tumors following matrix metalloproteinase-mediated degra-
dation of the basement membrane and then invade into the sur-
rounding stroma, intravasate and extravasate the blood vessels, and 
finally colonize in distal organs such as the lungs, liver, and brain 
(Stoletov et al., 2010; van Zijl et al., 2011; Obenauf and Massagué, 
2015; Ilina et al., 2018).

Cancer cells can utilize two modes of invasive migration: single 
cell and collective migration (Cheung and Ewald, 2016; Lambert 
et al., 2017). In the case of single cell migration, cancer cells un-
dergo epithelia-to-mesenchymal transition (EMT) resulting in loss of 
cell–cell contact (Ye and Weinberg, 2015). During single cancer cell 
migration, cells can also exhibit plasticity, transitioning between 
mesenchymal and amoeboid modes of motility, allowing the tumor 
cells to remodel the surrounding extracellular matrix (ECM) or 
squeeze through small gaps in the matrix, respectively, thus leading 
to efficient individual cell invasion (Friedl et al., 2001; Panková et al., 
2010; Bonnans et al., 2014). In contrast, cells using collective migra-
tion undergo a partial EMT, with their cell–cell connection remaining 
intact, and thereby migrate as a cohesive group (Friedl and Gilmour, 
2009). While the leader cells in collectively migrating cells use similar 
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mechanisms as single cells to polarize, protrude, invade, and adhere 
to stromal matrix, they are generally more organized and efficient in 
directed invasion than the individual cells (Friedl and Gilmour, 2009; 
George et al., 2017; Thuroff et al., 2019).

Collective cell migration requires connection between neighbor-
ing cells, coordinating cohesion of cadherin-based adherens junc-
tions (AJs), actomyosin contractility, front-rear polarity, Rho family 
GTPase activity, as well as cell-ECM interactions (Yamada and Nel-
son, 2007; Friedl and Wolf, 2008; Vitorino and Meyer, 2008; Cai 
et al., 2014; Padmanaban et al., 2019). AJs are highly dynamic, with 
E-cadherin being removed from the plasma membrane by clathrin-
dependent and -independent endocytosis and sorted back to the 
cell surface through the trans-Golgi network and the Rab11 positive 
recycling endosome (Le et al., 1999; Paterson et al., 2003; Brüser 
and Bogdan, 2017). The equilibrium between accumulation and 
turnover of the cadherin complex at the cell surface allows epithelial 
sheets to remodel without losing their cell–cell contact (Le et al., 
1999; Kametani and Tacheichi, 2007; Pinheiro and Bellaiche, 2018).

Cohesive groups of tumor cells establish a front-to-rear polarity 
axis through cytoskeletal rearrangement and modulation of Rho 
GTPase activity (Nobes and Hall, 1999; Farooqui and Fenteany, 
2005). Activation of the Rho GTPases, Cdc42, and Rac1 promotes 
actin reorganization to provide forward membrane extension in the 
leader cells, whereas RhoA is activated at the cell rear to generate 
actomyosin-dependent contraction forces that drag the following 
cells forward (Farooqui and Fenteany, 2005; Yamada and Nelson, 
2007). Additionally, cell–ECM signaling in the leader cells, involving 
β1–integrin-dependent activation of the focal adhesion kinase (FAK) 
triggers downstream signaling resulting in remodeling and alignment 
of the ECM (Bonnans et al., 2014; Ilina et al., 2020) to further promote 
directed collective migration (Takahashi et al., 2003; Keely, 2011).

Paxillin (Turner et al., 1990) is a scaffold/adapter protein that lo-
calizes to sites of cell–ECM interaction, called focal adhesions, and 
plays various critical roles in the ECM-integrin signaling network 
(Turner, 2000; Brown and Turner, 2004; Deakin and Turner, 2008; 
Scheswohl et al., 2008; López-Colomé et al., 2017; Alpha et al., 
2020). In cancer cells activated by ECM signals, paxillin also recruits 
GTPase-activating proteins (GAPs) and guanine-nucleotide ex-
change factors (GEFs) and Rho GTPase effector proteins to focal 
adhesion sites to coordinate the spatio-temporal activity of Rho 
GTPases and downstream signaling (Turner et al., 1999; Schaller, 
2001; Brown et al., 2002; LaLonde et al., 2006; Deakin et al., 2012; 
López-Colomé et al., 2017). Furthermore, more recent studies have 
shown that paxillin regulates Golgi positioning and integrity and 
front-rear polarity initiation through HDAC6-dependent microtu-
bule (MT) deacetylation, thereby regulating directional anterograde 
vesicle trafficking to further modulate single cell movement (Deakin 
and Turner, 2014; Dubois et al., 2017).

Large-scale transcriptomic or gene specific analyses in different 
patient samples have revealed that paxillin is differentially expressed 
in cancers, including but not limited to lung cancer, colorectal carci-
noma, osteosarcoma, and breast cancer (Bhattacharjee et al., 2001; 
Zhao et al., 2004; Azuma et al., 2005; Farmer et al., 2005; Radvanyi 
et al., 2005; Turashvili et al., 2007; Kanteti et al., 2009; Yang et al., 
2010). In most cases, paxillin is shown to be down-regulated in 
breast cancer; however, in an earlier study, paxillin was shown to be 
up-regulated in HER family member positive breast cancer biopsies 
(Vadlamudi et al., 1999), and a more acute clinical study showed 
paxillin correlates with HER2 amplification and may influence the 
clinical response to chemotherapy in breast cancer patients (Short 
et al., 2007). The up- or down-regulation for paxillin in breast cancer 
patients suggests that a role for paxillin as either an oncogene or a 

tumor suppressor may be based on tumor type, stage, and the sur-
rounding environment. Therefore, precisely how paxillin may regu-
late breast tumor progression still needs to be described.

Herein we utilized a newly developed paxillin conditional knock-
out (KO) mouse (Rashid et al., 2017; Xu et al., 2019), in combination 
with the MMTV-PyMT breast tumor mouse (Lin et al., 2003) that is 
comparable to human ER, PR negative, HER2 positive breast cancer 
to assess paxillin function in tumor progression. These in vivo stud-
ies, combined with three-dimensional (3D) tumor organoid culture 
and 2D primary cell culture systems, revealed a previously unappre-
ciated role for paxillin in the regulation of AJ cell–cell adhesion in-
tegrity necessary for collective tumor cell migration and metastasis.

RESULTS
Paxillin facilitates lung metastasis in mouse breast tumor 
progression
We have previously reported that paxillin is required for normal 
mouse mammary gland morphogenesis and development in a 
mammary epithelial cell-specific MMTV-cre-mediated paxillin con-
ditional KO mouse (Xu et al., 2019). Herein, this mouse line was bred 
with the MMTV-PyMT tumor mouse model in order to evaluate pax-
illin function in breast tumor progression. To determine whether the 
loss of paxillin expression in the mammary epithelial cells affects 
tumor onset and tumor growth, we monitored the mice weekly after 
6 wk postnatally. We observed that in the paxillin KO mice the total 
and primary tumor volume was slightly reduced and the tumor la-
tency was marginally delayed, as compared with wild-type (WT) 
control mice, but the differences were not statistically significant 
(Figure 1, A and C, and Supplemental Figure S1A). Western blot 
analysis of whole tumor lysates and the isolated tumor cell lysates 
confirmed that paxillin is depleted in the KO mice tumors (Figure 
1B). Immunofluorescence staining of tumor sections revealed that 
paxillin is selectively depleted in tumor cells but not from the sur-
rounding stroma cells (Figure 1D).

Since paxillin did not significantly affect tumor growth, as shown 
by ki67 staining (Supplemental Figure S1, B and C), which is consis-
tent with the study showing that in normal mouse mammary gland 
the proliferation and apoptosis rates are not altered by paxillin KO 
(Xu et al., 2019), we assessed whether distant metastasis is impacted 
by paxillin expression. Hematoxylin and eosin (H&E) staining of lung 
sections and analysis of the surface of the whole lungs from the 
PyMT tumor mice revealed that the paxillin KO lungs have fewer 
lung metastases, as compared with paxillin WT lungs (Figure 1, E-G). 
Taken together, these data suggest that paxillin plays a key role in 
malignant tumor invasion and dissemination.

Paxillin depletion leads to reduced invasion in primary 
breast tumors
For the primary tumor cells to colonize and form metastatic tumors in 
distant organs, the cells must undergo local invasion, intravasation, 
dissemination, and extravasation (Lambert et al., 2017). Therefore we 
first determined whether the reduction in lung metastasis in the pax-
illin KO tumor mice is associated with attenuated tumor cell invasion. 
In normal mammary glands, only the myoepithelial cells express the 
basal epithelial gene—cytokeratin-14 (ck14). However, in highly inva-
sive carcinomas, the tumor cells also express ck14. Thus, ck14 ex-
pression serves as a useful marker for tumor invasiveness (Lichtner 
et al., 1991; Cheung et al., 2013). To determine whether paxillin KO 
tumors are less invasive, tumor sections were immunostained for 
ck14 and the tumor cell marker EpCAM. Interestingly, at the early 
hyperplasia or adenoma stage, the myoepithelial layer is lost with an 
increasing number of ck14 positive tumor cells in the paxillin WT 
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tumor mice, whereas in the paxillin KO tumor mice, the myoepithe-
lial layer remains intact and encapsulates the ck14 negative tumor 
cells (Figure 2, A–C). Moreover, as the paxillin WT tumors progressed 
to the carcinoma stage, ck14 positive cells clustered together in the 
bulk tumor and invaded into the stroma as small groups (Figure 2C). 
Compared with the WT control, the paxillin KO tumors had fewer 
ck14 positive tumor cells in both the bulk tumor and stroma (Figure 
2, A–D), suggesting that paxillin expression in the tumor cells is criti-
cal for a more invasive phenotype in the primary tumor.

FIGURE 1: Paxillin KO breast tumor mouse develops fewer lung metastases. (A) Paxillin expression does not 
significantly affect total tumor size; n = number of animals. (B) Western blot showing paxillin is absent in KO tumor and 
isolated tumor cell lysates. (C) Paxillin does not affect tumor latency; n (animals) (paxillin WT) = 39, n (paxillin KO) = 36. 
(D) Paxillin is depleted only in KO tumor cells and not stroma cells as visualized by immunofluorescence staining of tumor 
sections. T, tumor; S, stroma. (E) Whole lungs. White arrows show surface metastases. (F) H&E staining of lung sections. 
Lung metastases are highlighted with dashed circles. (G) Quantification of total number of lung metastases; n = 6 
animals per genotype. A Student’s t test was performed for statistical analysis. Data represent mean ± SEM *< 0.05.

Recent studies have shown that in highly invasive breast cancer, 
cells accomplish collective invasion through maintaining cell–cell 
contacts (Friedl and Gilmour, 2009; Cheung and Ewald, 2016; 
Padmanaban et al., 2019). Accordingly, we stained the tumor sec-
tions for the AJ marker, E-cadherin (Figure 2E). At the tumor-stroma 
border, groups of paxillin WT tumor cells, with E-cadherin enrich-
ment at cell–cell boundaries, were observed collectively invading 
into the stroma (Figure 2E, top). However, in the paxillin KO tumor, 
very few tumor cells invaded into stroma, and the ones that invaded 
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FIGURE 2: Paxillin KO primary tumors are less invasive. Representative tumor sections from (A) early stage (hyperplasia 
or adenoma) tumors and the center (B) and the edge (C) of late stage (carcinoma) tumors stained for the tumor marker 
EpCAM and invasiveness marker ck14. The gray scale images show EpCAM-positive tumor cells. T, tumor; S, stroma. 
(D) Quantification of area of ck14 positive tumor cells; n (paxillin WT) = 4 animals, n (paxillin KO) = 5 animals. Each dot 
represents one image. (E) Paxillin WT tumor cells invade into the stroma collectively at the tumor edge (arrow top); few 
paxillin KO tumor cells invade into the stroma, and these were individual cells (arrow bottom). (F) Quantification of 
multicell, collective invasion and single cell invasion. Each string/group of tumor cells or a single cell in the stroma was 
counted as an event; n = 3 animals per genotype. (G) E-cadherin-mediated cell–cell junction organization is not affected 
in the tumor center of either paxillin WT or paxillin KO animals. A Student’s t test was performed for statistical analysis. 
Data represent mean ± SEM *< 0.05, **< 0.01.
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were primarily single cells (Figure 2E, bottom). Quantification of 
multicell invasion versus single cell invasion, based on EpCAM stain-
ing or E-cadherin staining, revealed that paxillin KO tumors exhib-
ited significantly reduced collective tumor cell invasion along with a 
small increase in single cell invasion that was not statistically signifi-
cant (Figure 2F). Of note, at the tumor center, both paxillin WT and 
KO tumor cells exhibited robust cell–cell AJs (Figure 2G). Together 
these data suggest that paxillin is required for collective invasion in 
the primary tumor and maintenance of cell AJs at a nonsteady state 
at the tumor/stroma boundary. Interestingly, although paxillin does 
not localize to AJs either in vivo or in cultured epithelial cells (Turner 
et al., 1991; Xu et al., 2019), the normal mammary gland also needs 
paxillin to form mature AJs during tissue morphogenesis (Supple-
mental Figure S2).

Tumor organoids lacking paxillin are less invasive in 3D 
collagen culture
To reduce the potential influence of the surrounding tumor microen-
vironment and other types of stromal cells, such as fibroblasts and 
macrophages (Friedl and Alexander, 2011; De Palma et al., 2017; 
Hamidi and Ivaska, 2018), and to quantitatively evaluate the cell au-
tonomous role of paxillin in tumor invasiveness and AJ integrity, we 
utilized 3D tumor organoid cultures to recapitulate tumor progres-
sion ex vivo (Nguyen-Ngoc et al., 2015). Tumor epithelial cells were 
isolated from the paxillin WT and KO animals and then cultured in 
3D collagen gels (Padmanaban et al., 2020). Consistent with the ob-
served reduction in invasion in the primary tumor, organoids from 
the paxillin KO animals exhibited a reduced capacity to invade col-
lectively into the collagen gel, as evaluated by the degree of circu-
larity of the organoids and by counting the number of multicell pro-
trusions (Figure 3, A–D; Supplemental Figure S3A). In contrast, the 
tumor cells in paxillin WT organoids invaded into the collagen gel as 
multiple cohesive groups, with their AJs, as visualized by staining for 
E-cadherin, being well-maintained. Furthermore, while paxillin and 
vinculin localization was mostly cytosolic in the paxillin WT tumor 
organoids, they were also enriched at potential 3D matrix adhesion 
sites in the leader cells (Supplemental Figure S3B). Additionally, 
phase-contrast time-lapse movies revealed that, in contrast to the 
collective invasion of the paxillin WT tumor organoids, the paxillin 
KO tumor cells exhibited only single cell invasion into the surround-
ing matrix (Figure 3, B and E, and Supplemental Figure S3C; Sup-
plemental Movies S1 and S2). Interestingly, a fraction of the paxillin 
KO single cells had an elongated morphology in 3D invasion (Figure 
3C asterisk), comparable to MDA-MB-231 breast cancer cells fol-
lowing paxillin RNAi-mediated knockdown (Deakin and Turner, 
2011). Together these data identify a role for paxillin in the organiza-
tion of E-cadherin-rich AJs to facilitate collective tumor invasion.

Paxillin is required for tumor cell collective migration in 2D 
culture
The in vivo mouse model and 3D tumor organoid studies demon-
strate that paxillin is required for collective invasion and AJ mainte-
nance. To begin to explore the underlying mechanism, we utilized a 
modified 2D wound healing assay. Cells were seeded into a silicon 
chamber to form a compact monolayer, and then the chamber was 
removed and cells were allowed to move into the ECM-containing 
void. Phase-contrast time-lapse movies were generated to record 
the motility of the cells. At the leading edge, the paxillin KO cells 
were more separated from each other and exhibited increased ran-
dom movement as compared with the paxillin WT cells that re-
mained more cohesive (Figure 4A; Supplemental Movies S3 and 
S4). Quantification of key motility parameters revealed that the pax-

illin KO cells exhibited reduced directionality and migration area 
(Figure 4, B and C).

Paxillin is required for AJ organization
To further assess AJ organization in the paxillin KO cells, the cells 
were allowed to migrate for 8 h, then stained for E-cadherin (Figure 
4D; Supplemental Figure S4, A and B). At the migration leading 
edge, the E-cadherin and to a lesser extent vinculin staining of AJs 
in paxillin WT cells demonstrated a linear distribution and the F-actin 
aligned in parallel with the AJ at the cell’s periphery (Figure 4D, up-
per right, and Supplemental Figure S4B), typical of mature AJs (Efi-
mova and Svitkina, 2018). In contrast, the paxillin KO cells exhibited 
a more punctate E-cadherin and vinculin staining at the cell–cell in-
terface, with the F-actin aligning perpendicular to the cell interface 
(Figure 4D, lower right, and Supplemental Figure S4B), which is 
more typical of disorganized AJs, either bridge AJs or retraction fi-
bers (Efimova and Svitkina, 2018). Conversely, vinculin-containing 
cell–ECM focal adhesions or vinculin expression remained largely 
unperturbed in the paxillin KO tumor cells (Figure 4D and Supple-
mental Figure S4, C and D). Further quantification, using an AJ index 
(see Materials and Methods for details), indicated that the paxillin 
KO cells at the leading edge displayed a significant reduction in the 
number of mature AJs as compared with the paxillin WT cells (Figure 
4E). However, interestingly, the AJs were still largely retained in pax-
illin KO cells at the center of the monolayer (Figure 4D and Supple-
mental Figure S4A), as observed in the primary tumor. Similar de-
fects in AJ junction organization were observed when the paxillin KO 
cells were seeded onto fibronectin (FN)-coated 2D substrates to al-
low for the formation of small cell colonies (10–70 cells) and stained 
for E-cadherin, p120ctn, and F-actin (Supplemental Figure S5).

AJs function to connect cells and maintain cell architecture and 
morphology via the balancing of actomyosin-mediated contractile 
forces between neighboring cells (Carthew, 2005; Iyer et al., 2019; 
Greig and Bulgakova, 2020; Gupta et al., 2021). Therefore, cell 
shape and area were also assessed using Imaris analysis tools (Sup-
plemental Figure S6A). The paxillin KO cells, when plated in small 
islands, exhibited a higher aspect ratio (Supplemental Figure S6B), 
as well as increased average and range of cell area, as compared 
with the paxillin WT cells (Supplemental Figure S6, C and D), consis-
tent with disruption of cell contractility and AJ function following 
paxillin depletion.

Paxillin-dependent AJ organization is established in part 
through regulation of E-cadherin vesicle trafficking
To determine whether paxillin is required for the formation of new 
AJs, the 2D-cultured cell colonies were subjected to a calcium 
switch assay involving treatment with EGTA to first dissociate all the 
calcium-dependent AJs and then recovery by replacing the cells 
back into normal calcium-replete culture media. Following calcium 
restoration, the cells were analyzed using phase-contrast time-lapse 
movies to monitor AJ reformation (Supplemental Movies S5–S8). 
Paxillin WT cells reformed their AJs using a typical “zipperlike” 
mechanism (Supplemental Movie S7) (Greaves, 2000), whereas the 
paxillin KO cells failed to form stable AJs over the 6 h duration of the 
movie (Supplemental Movie S6). Instead, on initial cell–cell contact, 
the paxillin KO cells frequently pulled away from each (Supplemen-
tal Movie S8, arrow). In addition, the paxillin WT and KO cells were 
fixed at different time points, following calcium addition, to reveal 
the time course of AJ recovery (Figure 5A). WT cells readily formed 
new AJs within 120 min. However, consistent with the staining of 
unperturbed cells (Supplemental Figure S5A), paxillin KO cells, 
although able to respread on the substrate and form vinculin-rich 
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FIGURE 3: Paxillin KO tumor organoids are less invasive. (A) Illustration of the Fiji-generated masks of tumor organoids. 
A high degree of circularity of the organoid correlates with low invasiveness. (B) Representative confocal images of 
tumor organoids. Arrows point to collective cell protrusions in paxillin WT organoids; arrowheads point to individual 
tumor cells in paxillin KO organoids. The asterisk indicates a hyper mesenchymal cell in a paxillin KO organoid. 
(C) Quantification of organoid circularity. Three animals per genotype; n (paxillin WT) = 172 organoids, n (paxillin KO) = 
215 organoids. (D) Quantification of the average number of collective protrusions per organoid; n = 3 animals per 
genotype. (E) Quantification of the average number of single cells per field; n = 5 animals per genotype. A Student’s 
t test was performed for statistical analysis for C, D. A Mann–Whitney U test was performed for E. Data represent 
mean ± SEM *< 0.05, **< 0.01, ***< 0.001.
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focal adhesions, were unable to efficiently 
reform AJs (Figure 5, A and B). Taken to-
gether, these data indicate that paxillin is 
necessary for both the stable maintenance 
of mature AJs and the formation of new AJs 
after their perturbation.

To determine if paxillin may be control-
ling AJ organization via regulation of E-cad-
herin trafficking (Brüser and Bogdan, 2017), 
we performed surface biotinylation assays 
to measure the endocytic rate of plasma 
membrane E-cadherin (Wagoner et al., 
2008). Paxillin WT and KO tumor cells were 
serum-starved and surface-labeled with bi-
otin and then serum was reintroduced to 
induce E-cadherin endocytosis. While both 
WT and KO cells expressed similar levels of 
surface E-cadherin, the paxillin KO tumor 
cells exhibited a significantly reduced inter-
nalization rate of E-cadherin (Figure 5, C 
and E), suggesting that endocytic trafficking 
of AJ components is perturbed as com-
pared with paxillin WT tumor cells.

In addition, we also assessed the recy-
cling rates of E-cadherin in WT and KO tu-
mor cells back to the cell surface (Wagoner 
et al., 2008). In paxillin WT tumor cells, the 
surface E-cadherin level was only marginally 
changed during the first 30 min, which is 
potentially due to endocytic trafficking 
dominating the vesicle trafficking events. 
After 30 min, surface E-cadherin steadily in-
creased over the next 60 min in the paxillin 
WT cells (Figure 5, D and F). However, in the 
paxillin KO cells, the level of E-cadherin at 
the plasma membrane remained relatively 
constant over time (Figure 5, D and F), sug-
gesting that the recycling of E-cadherin as 
well as its endocytosis is perturbed in the 
absence of paxillin. Taken together, the 
data suggest that paxillin is an important 
contributor to maintaining the optimal 
E-cadherin turnover at the cell surface to 
facilitate AJ organization and integrity 
(Brüser and Bogdan, 2017).

Inhibition of HDAC6 activity partially 
rescues AJ organization and collective 
cell invasion in paxillin KO tumor cells
We have previously reported that paxillin in-
hibits HDAC6 activity to regulate MT (de)
acetylation and control of apical protein recy-
cling in the developing mouse mammary 
gland (Xu et al., 2019). Additionally, paxillin 
depletion in mesenchymal cells results in 
disruption of anterograde vesicle trafficking 
in an HDAC6-dependent manner (Dubois 
et al., 2017). Therefore we hypothesized that 
paxillin-dependent E-cadherin trafficking in 
tumor cells may also be regulated via HDAC6 
inhibition. Accordingly, the 2D-cultured cell 

FIGURE 4: Paxillin KO tumor cells have defective collective migration on a 2D substrate. (A) Still 
images from phase-contrast movies of tumor cell migration for 14 h postwound. Colored lines 
indicate the tracks of individual cells at the wound edge from initial position (0 h) to final position 
(14 h). Asterisk indicates the wound area. (B) Directionality of cells at the wound edge; n = 3 
animals per genotype. A minimum of five movies per animal, five cells per movie. (C) Area of 
cells migrated into the wound; n = 3 animals per genotype. A minimum of five movies per 
animal, five cells per movie. (D) Tumor cells stained for E-cadherin, vinculin, and F-actin after 8 h 
of migration. Representative images of AJs in the monolayer or at the leading edge. Arrows 
point to mature AJs; arrowheads point to disorganized AJs. Asterisk indicates the wound area. 
(E) AJ index was defined as the total number of mature AJs vs. the total number of cells at the 
wound edge; n = 3 animals per genotype. Each dot represents one image. A Student’s t test was 
performed for statistical analysis. Data represent mean ± SEM *< 0.05, **< 0.01.
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colonies were treated with the HDAC6-specific inhibitor tubacin 
(Haggarty et al., 2003). AJ organization was assessed by quantifying 
the percentage of mature AJs and disorganized AJs. In paxillin WT 

cells, both DMSO- and tubacin-treated cells exhibited 80% mature 
AJs (Figure 6, A and B), whereas tubacin treatment of the paxillin 
KO tumor cells increased the percentage of mature AJs (∼55%) as 

FIGURE 5: Paxillin is required for AJ formation involving endocytosis and recycling of junctional E-cadherin. (A) A 
calcium switch assay was used to monitor recovery of AJ integrity in cell islands. Cell AJ recovery was monitored 
following addition of calcium for time indicated. Cells were stained for E-cadherin, vinculin, and F-actin. 
(B) Quantification of the number of mature AJs per cell at indicated time points after calcium restoration; n = 3 animals 
per genotype. Each dot represents one image of a cell island. (C) Endocytosed biotin-labeled E-cadherin in paxillin WT 
or paxillin KO tumor cells during a calcium switch assay. (D) Biotin-labeled E-cadherin recycled to the cell surface during 
AJ formation during a calcium switch assay. (E) The internalized E-cadherin levels were normalized to total surface 
E-cadherin for each genotype; n = 3 animals per genotype. (F) Recycled E-cadherin to the cell surface at different time 
points was normalized to 0 min for each genotype; n = 5 animals per genotype. A Student’s t test was performed for 
statistical analysis for B, E, and F; a Mann–Whitney U test was performed for B 30 min and E 5 min. Data represent 
mean ± SEM *< 0.05, **< 0.01, ***< 0.001.
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compared with DMSO-treated KO cells (∼30%) (Figure 6B). These 
data indicate that paxillin regulation of HDAC6 activity contributes in 
part to mature AJ organization.

Since we observed a decreased level of collective invasion in 
paxillin KO tumor organoids (Figure 3), we sought to examine 
whether tubacin treatment can also rescue this phenotype. Tumor 
organoids were subjected to a 2-day tubacin treatment and evalu-
ated for their ability to form collective cell protrusions. The DMSO-
treated paxillin KO tumor organoids exhibited a low level of inva-
sion, combined with reduced acetylated-tubulin levels, as compared 
with DMSO-treated paxillin WT tumor organoids (Figure 6C and 
Supplemental Figure S7). Following tubacin treatment, the paxillin 
KO tumor organoids exhibited hyper-MT acetylation and a signifi-
cant decrease in circularity, more indicative of increased invasive-
ness (Figures 3A and 6, C and D). Taken together, the data suggest 
that paxillin–HDAC6-regulated MT acetylation is important for col-
lective tumor invasion.

Paxillin affects AJ integrity through balancing Rho GTPase 
activity
In addition to trafficking-dependent AJ organization, paxillin also 
plays a well-established role as a hub for the regulation of Rho family 

FIGURE 6: MT acetylation is important for AJ organization in tumor cell islands and for tumor 
organoid invasion. (A) Representative images of paxillin WT and paxillin KO tumor cells in 2D 
treated with tubacin (2 μM) and stained for E-cadherin, vinculin, and F-actin. (B) Quantification 
of the percentage of mature AJs and disorganized AJs; n = 3 animals per genotype. 
(C) Representative confocal images of 3D tumor organoids treated with DMSO or tubacin 
(2 μM). Both paxillin WT and paxillin KO organoids showed high levels of acetylated-tubulin 
after tubacin treatment. Tubacin-treated paxillin KO organoids showed increased collective cell 
invasion as compared with the DMSO-treated paxillin KO organoids. Arrows point to collective 
cell invasion. (D) Quantification of organoid circularity; n = 3 animals per genotype. Each dot 
represents one organoid. A one-way ANOVA analysis with Tukey’s multiple comparison was 
performed for statistical analysis. Data represent mean ± SEM *< 0.05, **< 0.01, ***< 0.001.

GTPase activity via cell–ECM signaling 
(Turner et al., 1999; Turner, 2000; Deakin 
and Turner, 2011; Deakin et al., 2012; 
López-Colomé et al., 2017). Rho GTPase ac-
tivity is also critical for AJ organization, with 
reduced Rac1 and elevated RhoA activity 
contributing to AJ maturation and mainte-
nance (Braga et al., 2000; Bruewer et al., 
2004; Acharya et al., 2018; Braga, 2018; 
Gupta et al., 2021). Additionally, during 2D 
collective migration, leader cells also gener-
ate cell–ECM traction forces via actomyosin-
mediated contractility downstream of RhoA, 
thereby dragging the following cells (Friedl 
and Alexander, 2011; Haeger et al., 2015). 
We therefore hypothesized that paxillin-de-
pendent regulation of Rho GTPase activity 
may be required for mature AJ maintenance 
and collective cell movement.

Treatment of 2D-cultured paxillin WT tu-
mor cells with the ROCK inhibitor Y27632, 
which blocks myosin-based contractility 
downstream of RhoA, or blebbistatin, which 
specifically inhibits myosin II activity, resulted 
in the loss of mature AJs and the emergence 
of more disorganized AJs (Figure 7A) (Ue-
hata et al., 1997), similar to those observed 
in the paxillin KO cells. Therefore RhoA and 
Rac1 GTPase activities were evaluated fol-
lowing a calcium switch assay. While no dif-
ferences were observed at the earlier time 
points, at 60 min after the readdition of cal-
cium, the paxillin KO cells exhibited a slightly 
elevated level of active Rac1 and a reduced 
level of active RhoA (Supplemental Figure 
S8). To determine if these perturbations in 
RhoGTPase activities may be contributing to 
the reduced formation of mature AJs in the 
paxillin KO cells, we treated them with the 
Rac1 inhibitor (NSC23766) or the RhoA acti-

vator (RhoA activator II) and quantified the percentage of mature 
versus disorganized AJs (Figure 7, B and D). Interestingly, the paxillin 
KO tumor cells, treated with the Rac1 inhibitor or RhoA activator, 
formed more mature AJs as compared with DMSO-treated paxillin 
KO cells (Figure 7B). Statistical analysis revealed that for the paxillin 
KO cells, the percentage of mature AJs was significantly rescued by 
these two drugs, while the increase in AJ index followed a similar 
trend but was not statistically significant (Figure 7, C and D).

To further characterize the role of paxillin in the regulation of 
RhoGTPase activity and function, we assessed the impact of these 
drug treatments on 2D migrating cells in the wound healing assay 
and evaluated the AJ formation in the cells at the wound edge 
(Figure 7E). Both blebbistatin and Y27632 caused AJ perturbation in 
the paxillin WT cells while the Rac1 inhibitor and RhoA activator 
partially rescued AJs in the paxillin KO tumor cells at the leading 
edge (Figure 7, F and G). Taken together, these results suggest that 
paxillin is important for AJ organization in tumor cells, partially 
through regulation of the balance of RhoA and Rac1 activity.

DISCUSSION
Paxillin has a well-established role in regulating single cell migration 
(Turner, 2000; Webb et al., 2004; Deakin and Turner, 2008) and we 
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previously showed that paxillin RNAi-treated individual MDA-
MB-231 breast cancer cells have impaired migration in 3D ECMs 
and exhibit a reduction in surface lung metastases in an experimen-
tal metastasis mouse model (Deakin and Turner, 2011). However, 
paxillin’s role in the early stages of tumor malignancy has not been 
evaluated. Herein, using a recently generated conditional paxillin 
KO mouse model (Rashid et al., 2017; Xu et al., 2019) crossed with 
the MMTV-PyMT spontaneous breast cancer mouse model, we 
identified critical roles for paxillin in facilitating breast cancer cell 
collective invasion and distant lung metastasis in vivo in part through 
a previously unappreciated paxillin-dependent regulation of cell–
cell AJ integrity involving an E-cadherin endocytic/recycling path-
way, paxillin-HDAC6-MT acetylation, and potentially a paxillin-Rho 
GTPase activity signaling axis.

The paxillin KO tumor mouse developed fewer lung metastases 
without any significant change of tumor size, latency, or cell prolif-
eration (Figure 1 and Supplemental Figure S1). Interestingly, how-
ever, while the WT animals showed evidence of collective rather 
than single cell invasion, as previously observed in the PYMT model 
(Padmanaban et al., 2019), the paxillin KO primary tumors failed to 
invade collectively into the surrounding stroma, with only a few sin-
gle cells invading beyond the tumor edge (Figure 2). The long-es-
tablished view of tumor malignancy is associated with increased 
EMT, as it provides a mechanism of escape for individual cancer 
cells in part due to the loss of AJs (Ye and Weinberg, 2015; Aiello 
et al., 2018). However, more recent studies, including this report, 
have revealed that many tumors only undergo a partial EMT and 
tumor cells successfully metastasize to distant organs as collective 
cell populations (Zhao et al., 2004; Rivenbark et al., 2013). Indeed, 
clinical studies have revealed that in inflammatory breast cancer 
(Kleer et al., 2001), invasive ductal carcinoma of the breast (Rodri-
guez et al., 2012), and various other types of cancers (Sundfeldt 
et al., 1997; Kim et al., 2016), distant metastases originated from E-
cadherin positive tumors that had only undergone a partial EMT. 
Furthermore, E-cadherin KO in the PyMT tumor mouse model, 
which promoted a shift from collective to single cell invasion, also 
resulted in reduced lung metastasis (Padmanaban et al., 2019).

Tumor cell invasion involves complex cross-talk between the pri-
mary tumor cells and the cells and matrix components of the sur-
rounding stroma (Friedl and Alexander, 2011; Haeger et al., 2015; 
Ilina et al., 2020). Using an ex vivo 3D organoid culture system, 
where the influence of the stroma is diminished, we confirmed that 
paxillin KO tumor organoids exhibited fewer collective cell protru-
sions, combined with a small increase in the number of invading 
single cells (Figure 3), indicating that paxillin is playing a cell autono-
mous role in regulating AJ maintenance to promote tumor invasive-
ness. Nevertheless, both cell–cell contacts and cell–ECM contacts 
contribute to collective cell invasion (Ilina et al., 2020), and a recent 
study revealed that, mediated by the confinement of the surround-

ing connective tissue ECM, tumor cells collectively invade the 
stroma utilizing β1 and αVβ3/β5 integrins to form an invasive niche 
with highly aligned matrices (Haeger et al., 2020). Furthermore, 
functional blockage of β1 integrins disrupted collective invasion and 
induced single cell dissemination (Hegerfeldt et al., 2002), likely in-
volving the activation of FAK, Src, and integrin-linked kinase down-
stream of classical ECM-integrin signaling (Monferran et al., 2008; 
Eke et al., 2012). Although we did not observe any significant 
change in phospho- or total FAK levels in the KO tumor cells versus 
the WT cells (Supplemental Figure S9), paxillin, which functions pri-
marily as an adapter/scaffold protein at focal adhesion sites (Turner, 
2000), was enriched along with vinculin at the tips of WT tumor 
leader cells (Supplemental Figure S3B) where it likely contributes to 
integrin-dependent signaling and subsequent cross-talk with AJs 
(Zegers et al., 2003; Deakin et al., 2012; Bays et al., 2014; Bays and 
DeMali, 2017; Ladoux and Mège, 2017).

In addition to controlling 3D organoid tumor collective invasion, 
we showed that paxillin is also required for 2D collective tumor cell 
migration during wound repair involving the maintenance of mature 
E-cadherin-based AJs, as opposed to the more disorganized AJs, 
which predominate in the paxillin KO cells at the wound edge 
(Figure 4). Similar defects in AJ organization and integrity were ob-
served during AJ recovery from calcium depletion (Figure 5). Inter-
estingly, the AJs in the center of the 2D-cultured paxillin KO tumor 
monolayers remained mostly unperturbed (Figure 4D), as was ob-
served in the primary tumor (Figure 2G). We speculate that this is 
due to tissue confinement, which is controlled by cell density (Aber-
crombie and Heaysman, 1953; Stoker and Rubin, 1967), cell shape 
(Bi et al., 2015), cellular forces (Schötz et al., 2013), and the physics 
of cell–cell contacts (Garcia et al., 2015). Only when the cells begin 
to move into the surrounding stroma or wound do AJs become 
more dynamic (Nalbant et al., 2009; Indra et al., 2018) and the paxil-
lin KO cells fail to maintain their cell–cell contacts.

How paxillin, which does not localize to AJs (Turner et al., 1991), 
mediates AJ stability appears to involve several interdependent cel-
lular processes and signaling pathways. First, using the calcium 
switch assay, we showed that paxillin KO cells exhibited impaired 
E-cadherin endocytosis and recycling (Figure 5, C–F). In both physi-
ologic (tissue development) and pathologic (wound repair or tumor 
invasion) situations, AJs have been shown to be highly dynamic 
structures that remodel rapidly (Friedl and Gilmour, 2009; Yone-
mura, 2011; Brüser and Bogdan, 2017). Importantly, paxillin has 
been shown to promote anterograde vesicle trafficking to the 
plasma membrane (Dubois et al., 2017) via paxillin binding to and 
inhibition of HDAC6 and thereby regulation of MT (de)acetylation 
(Deakin and Turner, 2014; Dubois et al., 2017). Similarly, during nor-
mal mammary gland development, paxillin facilitates ductal mor-
phogenesis and apical-basal polarity formation through regulation 
of MT acetylation and a Rab11/MyoVb-dependent trafficking 

FIGURE 7: Paxillin maintains AJs in part through regulation of Rho GTPase activity. (A) Paxillin WT cells were treated 
with Myosin II inhibitor blebbistatin (50 μM) or ROCK inhibitor Y27632 (50 μM) for 4 h and then stained for the AJ 
markers E-cadherin, vinculin, and F-actin. Arrowheads point to disorganized AJs. (B) Paxillin KO cells were treated with 
Rac1 inhibitor NSC23766 (50 μM) or RhoA activator RhoA activator II (0.5 μg/ml) for 4 h and then stained for E-cadherin, 
vinculin, and F-actin. Arrows point to mature AJs; arrowheads point to disorganized AJs. (C) Quantification of AJ index; 
n = 3 animals per genotype. Each dot represents one image. (D) Quantification of the percentage of mature AJs and 
disorganized AJs; n = 3 animals per genotype. (E) Representative images of paxillin KO tumor cells from migration 
assays for 8 h with DMSO, NSC23766, or RhoA activator II treatment. Arrows point to mature AJs; arrowheads point to 
disorganized AJs. (F) Quantification of AJ index of cells at the leading wound edge for paxillin WT or paxillin KO cells 
treated with drugs as indicated; n = 3 animals per genotype. Each dot represents one image. (G) Quantification of the 
percentage of mature AJs and bridge AJs; n = 3 animals per genotype. Statistical analysis was performed using a 
one-way ANOVA analysis with Tukey’s multiple comparison. Data represent mean ± SEM *< 0.05, **< 0.01, ***< 0.001.
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mechanism (Xu et al., 2019). Interestingly, the paxillin WT tumor or-
ganoids also have a higher level of acetylated MTs as compared 
with the paxillin KO tumor organoids (Supplemental Figure S7) and 
tubacin treatment, which inhibits HDAC6-mediated MT deacety-
lation activity (Haggarty et al., 2003), partially rescued collective in-
vasion in the paxillin KO 3D tumor organoids, as well as AJ matura-
tion in 2D-cultured paxillin KO tumor cells (Figure 6). We speculate 
that paxillin may control E-cadherin vesicle trafficking through MT 
acetylation-dependent recruitment and function of MT-associated 
motor proteins (Reed et al., 2006).

Paxillin regulation of Rho GTPase activity was also found to be 
involved in AJ organization, with the KO cells exhibiting modestly 
reduced RhoA and elevated Rac1 activity during junction recovery 
following calcium depletion (Figure 7 and Supplemental Figure S8). 
AJs are intimately associated with the F-actin cytoskeleton and 
transmit forces between cells via RhoA-mediated actomyosin con-
tractility (Friedl and Gilmour, 2009; Yonemura, 2011; Acharya et al., 
2018; Gupta et al., 2021). At mature AJs, pulling and pushing forces 
generated by different population of actin filaments (branched or 
bundled) reach a dynamic balance (Efimova and Svitkina, 2018; 
Heuzé et al., 2019). However, when the force balance is impaired, 
AJs become destabilized, leaving gaps between the cell–cell inter-
face, thus promoting the formation of less stable AJs (Heuzé et al., 
2019) (Figure 4, E and F).

In mesenchymal cells, paxillin localizes to and regulates the turn-
over rate of focal adhesions, in part through mediating the localized 
recruitment of Rac1 and RhoA regulators and their effectors such as 
β-PIX, Vav2, and the p21-activated kinase (PAK) (Turner et al., 1999; 
Tsubouchi et al., 2002; Jones et al., 2013) to drive the remodeling of 
the actin cytoskeleton and promote cell migration (Tsubouchi et al., 
2002; Brown and Turner, 2004; Deakin and Turner, 2008; Deakin 
et al., 2012). However, since paxillin does not localize to AJs (Turner 
et al., 1991), the mechanism by which it controls Rho GTPase signal-
ing to regulate AJ organization is likely to be indirect, involving its 
recruitment to cell–ECM adhesions in the tumor leader cells (Sup-
plemental Figure S3B). Importantly, several of paxillin’s binding part-
ners, including vinculin, β-PIX, and PAK, are enriched at both cell-
matrix adhesions and AJs (Zegers et al., 2003; Deakin and Turner, 
2008; Deakin et al., 2012; Bays et al., 2014; Bays and DeMali, 2017; 
Ladoux and Mège, 2017) and are therefore potential candidates for 
mediating this cross-talk between the two locations. Additionally, 
paxillin, through its regulation of MT acetylation and stability, could 
potentially control GEFH1-MT binding to regulate its activity (Kren-
del et al., 2002), which in turn controls Rac1 or RhoA signaling at the 
cell’s leading edge (Nalbant et al., 2009), and has also been shown 
to regulate localized RhoA activity at cell–cell junctions (Nalbant 
et al., 2009; Hatte et al., 2018).

In summary, our study demonstrates an unexpected role for pax-
illin in breast tumor invasion and metastasis through the regulation 
of tumor cell collective movement, in part via controlling the integ-
rity of cell–cell of AJs. Future studies will focus on understanding 
how paxillin is able to coordinate and integrate E-cadherin traffick-
ing and the spatio-temporal activity of Rho GTPase family members 
to optimize AJ functionality.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Animals
All mouse experiments were performed in compliance with proto-
cols approved by SUNY Upstate Medical University IACUC. The 
paxillinfl/flMMTV-cre mice were generated as previously described 

(Xu et al., 2019) and the paxillinfl/fl mouse line has been deposited at 
the Jackson Laboratories (Bar Harbor, ME). Paxillinfl/+cre mice were 
then bred with MMTV-PyMT mice (obtained from Jackson Labs) and 
maintained on a mixed genetic background (C57BL/6J and FVB/N). 
The paxillin+/+crePyMT mouse is abbreviated as wild-type (WT) 
mouse and the paxillinfl/flcrePyMT mouse is abbreviated as knockout 
(KO) mouse.

Antibodies and reagents
Antibodies used were rabbit polyclonal anti-paxillin (H114) (Santa 
Cruz Biotechnology) (1:100 for immunostaining, 1:1000 for West-
ern blotting), mouse anti-E-cadherin (1:100) (610182; BD Biosci-
ences), rabbit anti-E-cadherin (1:100) (3195; Cell Signaling), mouse 
anti-p120 Catenin (1:100) (610134; BD Biosciences), rat anti-Ep-
CAM (1:100) (Developmental Studies Hybridoma Bank, University 
of Iowa), and mouse anti-Rac1 (1:1000) (610650; BD Biosciences). 
Rhodamine-phalloidin (1:500) (R415; Cat# PHDR1, Cytoskeleton, 
Denver, CO) was used to visualize F-actin; DAPI (D9542; Sigma-
Aldrich, St. Louis, MO) was used to visualize nuclei. Secondary an-
tibodies used were DyLight 488–conjugated goat anti-mouse 
(1:250) (35502; Thermo Fisher) DyLight 550–conjugated goat anti-
mouse (1:250) (84540; Thermo Fisher), DyLight 488–conjugated 
goat anti-rabbit (1:250) (35552; Thermo Fisher), DyLight 550–con-
jugated goat anti-rabbit (1:250) (84541; Thermo Fisher), and Alexa 
Fluor 488 AffiniPure goat anti-rat (1:250) (112-545-003; Jackson 
ImmunoResearch).

Inhibitors and activators
Rac1 inhibitor (NSC23766) (50 μM) (MilliporeSigma, Burlington, 
MA), RhoA activator II (0.5 μg/ml) (Cat# CN03, Cytoskeleton), 
HDAC6 inhibitor tubacin (2 μM) (SML0065; MilliporeSigma), ROCK 
inhibitor Y-27632 (50 μM) (10005584; Cayman), or blebbistatin (50 
μM) (B0560 MilliporeSigma) were used for the times indicated.

Histology
Primary tumors were washed with phosphate-buffered saline (PBS), 
fixed in 4% paraformaldehyde (PFA) for 4 h at room temperature, 
perfused in 30% sucrose solution overnight at 4°C, embedded in 
TissueTek optimal cutting temperature (OCT) compound (Sakura 
USA), and cryosectioned (6 μm) as previously described (Goreczny 
et al., 2017). Tumor sections were subjected to standard H&E stain-
ing or immunofluorescence staining. A Zeiss Axioskop2 plus micro-
scope fitted with a QImaging EXi Blue charge-coupled device cam-
era and Plan-Apochromat 10× or 20× objective was used to image 
tumor sections.

Tumor latency and growth analysis
Female mice carrying the PyMT transgene were palpated weekly 
after tumor onset. To measure the tumor volume, the long and short 
axes of tumors were measured using digital calipers. Individual tu-
mor volume was calculated using the equation volume (mm3) = 
(short axis2) × (long axis/2).

Results for both the total tumor burden (sum of all tumor vol-
umes per mouse) (Figure 1A) and primary tumor volume (Supple-
mental Figure S1A) are displayed.

In vivo metastasis quantification
Lungs were evaluated when primary tumors reached 2 cm. Lungs 
were fixed in 4% PFA in PBS and then embedded in OCT. Ten-mi-
cron cryosections were collected every 250 μm and stained using 
standard H&E. The total number of metastases on each section was 
summed to determine the total number of lung metastasis.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-09-0432
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Multicell versus single cell invasion quantification
EpCAM or E-cadherin staining of tumor sections was used for quan-
tifying multicell versus single cell invasion into the stroma. Each 
string or group of tumor cells within the stroma was scored as a 
multicell invasion event. Each single tumor cell observed in the 
stroma was counted as a single cell invasion event.

Immunofluorescence microscopy
Cells on FN-coated glass coverslips were fixed with 4% PFA in PBS 
for 15 min, permeabilized with 1% Triton X-100 in PBS for 15 min, 
quenched with 0.1 M glycine for 15 min, and blocked with 3% bo-
vine serum albumin (BSA) for 1 h at room temperature. Coverslips 
were then incubated with primary antibodies as indicated, diluted in 
3% BSA for 2 h at 37°C, followed by 1 h incubation in secondary 
antibodies. F-actin was stained with rhodamine-phalloidin (Cat# 
PHDR1, Cytoskeleton, Denver, CO) and nuclei were stained with 
DAPI (Sigma-Aldrich, St. Louis, MO). Cells were imaged using a 
Leica SP8 laser scanning confocal microscope and a HPX Plan Apo-
chromat 63× /1.4 NA oil λ BL objective or a Zeiss Axioskop2 plus 
microscope, fitted with a Q imagin ExiBlue charge-coupled device 
camera using an Apochromat 20× objective.

Immunoblotting
Samples of the bulk tumor, which contain both tumor cells and stro-
mal cells, or isolated primary tumor cells, were lysed in SDS–PAGE 
sample buffer, electrophoresed through 10% SDS polyacrylamide 
gels, and transferred to nitrocellulose (Life Science). The membranes 
were blocked with 3% BSA for 30 min and probed with primary and 
secondary antibodies and then visualized and quantified by chemi-
luminescence (SuperSignal West; Thermo Fisher Scientific) using a 
Chemidoc MP imaging system (Bio-Rad).

3D tumor organoid invasion
The 3D tumor organoids were prepared as previously described 
(Nguyen-Ngoc et al., 2015). Briefly, tumors were minced and shaken 
for 60 min at 37°C in digestion media (2 mg/ml collagenase [C2139; 
Sigma Aldrich], 2 mg/ml trypsin [85450C; Sigma], 5 μg/ml insulin 
[I9278; Sigma], 5% vol/vol fetal bovine serum [FBS], and 1% vol/vol 
penicillin/streptomycin in DMEM/F12). The dissociated tumor cell 
suspension was centrifuged at 400 × g for 10 min followed by incu-
bation with 80 U of DNase (D4263; Sigma). Four rounds of differen-
tial centrifugation at 400 × g for 5 s were performed to separate the 
stroma cells from tumor cells. The pelleted tumor cells were either 
directly plated onto collagen gels or frozen in liquid nitrogen.

Tumor organoid invasion assays were performed in 24-well tissue 
culture plates. Fifty:50 ddH2O:Bovine collagen I (Purecol, Advanced 
Biomatrix, San Diego, CA) was mixed with 1/10th the volume of 10× 
minimum essential media (MEM) and titrated to pH 7.2–7.6 using 
0.1 M NaOH. Aliquots (400 μl) of the collagen gel solution were 
added to each well and allowed to solidify for 3–4 h at 37°C. Tumor 
organoids were suspended in culture media (DMEM/F12, 10% vol/
vol FBS, 2 mM L-glutamine, and 1% vol/vol penicillin/streptomycin) 
at a density of 1000 organoids/ml, seeded on the top of the solidi-
fied collagen gels, and cultured for the indicated length of the time. 
The tumor organoid invasion index was quantified after 4 d from 
seeding. Invasiveness was scored by measuring the circularity of an 
organoid using the Analyze particles plugin in ImageJ/Fiji.

2D cell migration assay
Glass coverslips were coated with 10 μg/ml FN in PBS for 1 h at 
37°C, then overlayed with silicon cell chambers (80209; ibidi US, 
Fitchburg, Wisconsin). Primary tumor cells were isolated as above 

and plated on culture dishes for spreading overnight. A total con-
centration of 2 × 105 cell/ml primary tumor cells was then seeded 
into the silicon chambers and cultured overnight to form a cell 
monolayer. After 16 h, the silicon chambers were removed. Cells 
were briefly washed with PBS and supplemented with complete cul-
ture media or drug-containing media for migration. For immunoflu-
orescence analyses, cells were fixed after 8 h of migration. For live 
cell analyses, cells were tracked using a Nikon TE2000 inverted mi-
croscope equipped with a temperature/CO2-regulated environ-
mental chamber. Images were acquired with a 20× objective lens at 
10-min intervals for 14 h. The Manual tracking plugin in ImageJ was 
used to track the cell centroid over the length of the movie. The 
Chemotaxis and Migration plugin in ImageJ was used to calculate 
directionality.

Calcium switch assay
Tumor cells were plated on 10 μg/ml FN-coated 2D substrates in 
complete culture media (DMEM/F12, 10% vol/vol FBS, 2 mM L-
glutamine, and 1% vol/vol penicillin/streptomycin). After 16 h of 
culture at 37°C, cells were washed with PBS and treated with serum 
free, 2 mM EGTA DMEM/F12 for 2 h to induce calcium chelation 
and AJ disassembly. The EGTA media was then replaced with cal-
cium-containing complete culture media to promote junction reas-
sembly. For immunofluorescence analyses, cells were fixed at 0 and 
30 min and 1, 2, and 4 h from recovery. For live cell analyses, cells 
were tracked using a Nikon TE2000 inverted microscope equipped 
with a temperature/CO2-regulated environmental chamber, and im-
ages were acquired with 10×/0.45 NA objective lens or 20× S Plan 
Fluor ELWD objective lens at 5-min intervals for 6 h.

Biotinylation assay for E-cadherin endocytosis
Isolated tumor cells (0.5–1 × 105 cell/ml) were plated on 35-mm cell 
culture dishes for 2 d. Cells were starved in serum free media for 1 h 
at 37°C and then labeled with 1 mg/ml Sulfo-NHS-Biotin (Cat#21217, 
ThermoFisher) in PBS at 4°C for 1 h, followed by washing to remove 
free biotin. One plate of cells from each genotype was lysed directly 
in the plate with RIPA buffer (200 mM Tris-HCl, 150 mM NaCl, 1% 
TX-100, 0.1% SDS, 0.1% Sodium deoxycholate, 5 mM EDTA) after 
this step to obtain the total level of surface biotin-labeled E-cad-
herin. The other cells were then incubated in normal media for 0, 5, 
or 30 min at 37°C to allow for endocytosis to proceed. At the indi-
cated times, the remaining cell surface biotin-labeling was removed 
using two, 20-min washes of 3.75 mg/ml sodium 2-mercaptoeth-
anesulfonate (Cat#BCBC6477V, Sigma) solution at 4°C, followed by 
three washes in cold PBS. Next, cells were lysed in 300–400 μl of 
RIPA buffer. For the biotin-labeled protein pull down and the input 
control lysates, 10 μl of each lysate was subjected to Precision Red 
Advanced Protein Assay (ADV02, cytoskeleton, Inc.) to obtain the 
protein concentrations, 10 μl of each lysate was saved for input 
level, and the remainder of the biotin-labeled lysate was precipi-
tated using 40 μl of streptavidin beads. The beads were washed 
three times in RIPA buffer and then boiled for 10 min in SDS–PAGE 
sample buffer. The surface and endocytosed E-cadherin were ana-
lyzed by immunoblotting.

Biotinylation assay for E-cadherin recycling
E-cadherin endocytosis was induced by replacing the culture media 
with 2 mM EGTA, and E-cadherin recycling to the plasma mem-
brane was achieved by the readdition of calcium (Wagoner et al., 
2008). Isolated tumor cells were cultured for 2 d and then treated 
with 2 mM EGTA in serum free media for 2 h. After calcium deple-
tion, cells were washed with PBS twice and allowed to recover in 
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normal calcium-containing media for 0, 30, 60, or 90 min. At the 
time points indicated, cells were washed with cold PBS twice on ice 
and then incubated with 1 mg/ml Sulfo-NHS-Biotin in PBS for 1 h at 
4°C followed by washing in cold PBS three times to remove free bio-
tin. Cells were lysed, and E-cadherin was harvested by streptavidin 
bead pull down and analyzed as described in the endocytosis 
assay.

Imaris analysis
Image analysis of cell area and aspect ratio were performed using 
Imaris x64 version 9.7.1 (Bitplane) and Prism 9. Cell membrane 
staining was used to manually segment individual cells into surfaces 
with the Imaris Surface Module. The cell area was calculated by tak-
ing the product of the number of voxels of each cell surface and the 
dimensions of the voxel.

Area of surface (μm2) = (number of voxels) × (Dimension of voxel)

The cell aspect ratio was quantitated by taking the ratio of the 
median (minor for a 2D surface) and the longest (major) principal 
diameter of the object-oriented bounding box.

Active Rac1 pull-down assay
Active Rac1 pull-down assays were performed using PAK-PBD 
beads (PAK02; Cytoskeleton, Denver, CO). Briefly, cells were lysed 
in RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 
0.5% Na-deoxycholate, 0.1% SDS, 1 mM EDTA, and protease in-
hibitor cocktail) for 15 min on ice. Lysates were centrifuged at 18,000 
rpm for 10 min, and the supernatants were collected. Twenty micro-
grams of GST-PAK-PBD beads were washed three times using RIPA 
buffer. Cell lysates (600–800 μg) were incubated with the beads at 
4°C for 4 h. After incubation, the beads were washed three times 
using wash buffer (25 mM Tris pH 7.5, 30 mM MgCl2, and 40 mM 
NaCl). SDS–PAGE sample buffer was added to suspend the beads 
and boiled for 10 min at 100°C. Active Rac1 was then detected by 
Western blot by using mouse anti-Rac1 (1:1000, 610650; BD Biosci-
ences) and normalized to the actin level in the total lysate (mouse 
clone C4, 1:2000, MAB1501, MilliporeSigma).

G-LISA RhoA activation assay
Active RhoA was detected following the manufactory’s instructions 
(BK036; Cytoskeleton, Denver, CO). Briefly, cells were washed with 
cold PBS and lysed in ice-cold lysis buffer. Protein concentration was 
adjusted to 0.4 mg/ml. After adding an equal volume of binding 
buffer, assays were performed using 1.2 μg of protein per well. Sam-
ples were shaken on ice for 30 min at a speed of 200 rpm and then 
washed three times with washing buffer. Antigen-presenting buffer 
was added for 2 min before removal; samples were then incubated 
with anti-RhoA primary antibody (1:250) at room temperature for 45 
min, washed three times, and incubated with secondary antibody 
(1:62.5) for another 45 min. HRP detection reagent was added, and 
absorbance was measured at 490 nm with an Emax Precision Micro-
plate Reader (Molecular Devices, Sunnyvale, CA).

Statistical analysis
A Shapiro–Wilk test was performed for the normality analysis. A two-
sided Student’s t test was performed if the dataset passed the nor-
mality test; otherwise, a Mann–Whitney test was performed for com-
parison between two experimental groups. One-way ANOVA analysis 
with a Tukey’s multiple comparison was performed to compare three 
or more groups. Datasets were generated from at least three inde-
pendent animals per genotype. Statistical significance is indicated by 
*P < 0.05, **P < 0.01, ***P < 0.001. Data are mean ± SEM.
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