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Paxillin regulates cell polarization and 
anterograde vesicle trafficking during 
cell migration

ABSTRACT Cell polarization and directed migration play pivotal roles in diverse physiologi-
cal and pathological processes. Herein, we identify new roles for paxillin-mediated HDAC6 
inhibition in regulating key aspects of cell polarization in both two-dimensional and one-di-
mensional matrix environments. Paxillin, by modulating microtubule acetylation through 
HDAC6 regulation, was shown to control centrosome and Golgi reorientation toward the 
leading edge, a hallmark of cell polarization to ensure directed trafficking of promigratory 
factors. Paxillin was also required for pericentrosomal Golgi localization and centrosome co-
hesion, independent of its localization to, and role in, focal adhesion signaling. In addition, we 
provide evidence of an accumulation of paxillin at the centrosome that is dependent on focal 
adhesion kinase (FAK) and identify an important collaboration between paxillin and FAK sig-
naling in the modulation of microtubule acetylation, as well as centrosome and Golgi organi-
zation and polarization. Finally, paxillin was also shown to be required for optimal antero-
grade vesicular trafficking to the plasma membrane.

INTRODUCTION
The establishment and maintenance of front–rear cell polarity and 
directed migration is critical during organism development, tis-
sue remodeling, immune surveillance, and wound repair (Ridley 
et al., 2003). Disruption of cell polarization contributes to the pro-
gression of many diseases, including cardiovascular disease, neu-
rodegenerative disorders, tissue fibrosis, and metastatic cancer 
(Lee and Vasioukhin, 2008). The microtubule (MT) network plays a 
crucial role in the maintenance of cell architecture and cell polar-

ity. Furthermore, regulated trafficking of vesicles to the cell’s lead-
ing edge during migration requires an asymmetric distribution of 
stable MTs (Etienne-Manneville, 2013), which serve as tracks to 
facilitate directed transport of vesicles containing promigratory 
factors such as integrins and matrix remodeling enzymes, includ-
ing metalloproteinases (Mellman and Nelson, 2008; Petrie et al., 
2009).

The distribution of MTs is defined mainly by the activities of the 
centrosome and Golgi complex (Jaffe and Hall, 2005; Bornens, 
2012). By nucleating and anchoring MTs, the centrosome and Golgi 
serve as the two principal MT-organizing centers (MTOCs) in animal 
cells (Rivero et al., 2009; Rios, 2014; Conduit et al., 2015; Sanders 
and Kaverina, 2015). Moreover, it has been shown that newly nucle-
ated MTs can become stabilized by posttranslational modifications, 
such as acetylation on lysine 40 of tubulin (Chabin-Brion et al., 2001; 
Matsuyama et al., 2002; Matov et al., 2010). Of importance, disrup-
tion of MTs by drug treatment or depletion of endogenous MT sta-
bilizers, such as RASSF1A or CLASPs, also perturbs Golgi complex 
integrity (Hoppeler-Lebel et al., 2007; Miller et al., 2009; Vinogra-
dova et al., 2012; Arnette et al., 2014), as well as centrosome posi-
tioning and cohesion (Meraldi and Nigg, 2001; Burakov et al., 2003), 
further implicating MTs in the maintenance of Golgi and centrosome 
structure and localization.
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and cell polarity (Hale et al., 2011; Burute et al., 2016). Accordingly, 
we used a micropatterning approach as a complementary method to 
control the shape and position of individual cells and to establish 
reproducible polarized cell architecture (Théry, 2010). Cells were 
plated on either fibronectin-coated crossbow shapes, to generate a 
defined front and rear, or narrow (2.5- or 5-μm) lines of fibronectin, to 
mimic the cell morphology and motility more typically observed in 
three-dimensional (3D) ECM environments and also described as 
one-dimensional (1D) cell migration (Doyle et al., 2009; Supplemen-
tal Figure S1, E and F). Similar to the results of the scratch wound 
assay, in control RNAi cells, the Golgi complex was compact and lo-
calized mostly in front of the nucleus. In contrast, after paxillin deple-
tion, the Golgi was fragmented and randomly dispersed around the 
nucleus (Figure 1, E–I). Importantly, Golgi cohesion and polarization 
in front of the nucleus were rescued by inhibition of HDAC6 activity 
after tubacin treatment (Figure 1, G–I; Deakin and Turner, 2014).

A critical role for paxillin in the regulation of breast cancer cell 
migration and invasion in which paxillin serves to control directional-
ity, adhesion dynamics, and phenotypic plasticity in both two-di-
mensional (2D) and 3D ECM microenvironments has previously 
been described (Deakin and Turner, 2011). To visualize whether pax-
illin also regulates Golgi positioning during 1D migration on fibro-
nectin lines, MDA-MB-231 cells were infected with baculovirus ex-
pressing cyan fluorescent protein (CFP)-nucleus and red fluorescent 
protein (RFP)-Golgi, and the position of the Golgi in relation to the 
nucleus was monitored using time-lapse imaging. Control cells dis-
played a compact polarized Golgi during directional migration for 
several hours (Figure 1J). In contrast, and consistent with the analy-
sis of fixed cells (Figure 1G), paxillin-depleted cells showed dis-
persed Golgi structures around the nucleus at all time points, and 
this was associated with a reduction in migration distance (Figure 
1J). Additionally, the majority of the paxillin RNAi-treated cells dis-
played an elongated phenotype, with no distinct front or rear, as 
previously observed in paxillin-depleted cells embedded within a 
3D ECM (Deakin and Turner, 2011). Together, these data suggest 
that paxillin regulation of MT acetylation is not only required for 
Golgi complex cohesion and positioning, but also important for co-
ordinating cell polarization and directed migration.

The proline-rich domain of paxillin is required for Golgi 
integrity and polarization
We next evaluated the Golgi organization in nontransformed paxil-
lin-null mouse embryonic fibroblasts (paxillin–/– MEFs). These cells 
also have reduced MT acetylation and a fragmented Golgi complex 
(Deakin and Turner, 2014). Importantly, reexpression of paxillin 
tagged with green fluorescent protein (GFP) rescued Golgi integrity, 
as visualized by GM130 staining (Figure 2, A and B) and MT acetyla-
tion (Supplemental Figure S2A).

Paxillin has a well-defined domain structure, with the majority of 
its interactions with other proteins being mediated by its N-termi-
nus–containing leucine-aspartic acid–rich LD motifs and tyrosine 31 
and 118 phosphorylation sites, which are targeted primarily by focal 
adhesion kinase (FAK) and Src kinases (Supplemental Figure S2B; 
Brown and Turner, 2004). We therefore used the paxillin–/– MEFs in 
rescue experiments to pinpoint the paxillin domain(s) responsible 
for Golgi cohesion and positioning. Accordingly, GFP-paxillin mu-
tants lacking either the LD2 or LD4 motif (the two FAK binding sites; 
Scheswohl et al., 2008) or the proline-rich domain (HDAC6 binding 
site; Deakin and Turner, 2014), as well as a nonphosphorylatable 
(Y31/118F) mutant were expressed in the paxillin–/– MEFs (Brown 
and Turner, 2004; Deakin and Turner, 2014). In contrast to the other 
mutants, only the mutant lacking the proline-rich region of paxillin 

The mechanisms involved in polarized cell motility also have an 
intimate relationship with focal adhesions (FAs), which are the major 
sites of cell–extracellular matrix (ECM) interactions (Raghavan et al., 
2003; Prager-Khoutorsky et al., 2011). These structures are indis-
pensable for sensing the chemical and mechanical cues in the cell’s 
environment to stimulate the establishment of a distinct leading 
edge and cell rear (Schneider et al., 2009). Paxillin, a key component 
of FAs, lacks enzymatic activity but instead functions primarily as a 
scaffold protein for the assembly of multi-protein complexes to fa-
cilitate intracellular signaling (Brown and Turner, 2004; Deakin and 
Turner, 2008). For example, it has been shown that paxillin, by regu-
lating RhoA- and Rac1-GTPase signaling, can coordinate actin cyto-
skeleton remodeling and FA turnover to drive cell migration (Webb 
et al., 2004; Deakin et al., 2012). Recently, we have described a new 
role for paxillin in regulating MT stability, via interaction with and 
inhibition of the cytoplasmic deacetylase HDAC6, that in turn con-
trols Golgi organization and directed cell migration (Deakin and 
Turner, 2014). Importantly, deregulation of HDAC6 activity has been 
widely associated with increased tumor cell migration and invasion 
(Aldana-Masangkay and Sakamoto, 2011; Rey et al., 2011; Kanno 
et al., 2012) as well as with several neurodegenerative disorders 
(Zhang et al., 2013; Ganai, 2017). However, its mechanism of regula-
tion and action remains poorly understood.

Herein, we identify paxillin as a centrosome-binding protein and 
provide functional insight into how dynamic, paxillin-regulated post-
translational acetylation of MTs via HDAC6 regulation impacts cell 
polarization by influencing centrosome and Golgi positioning/orga-
nization as well as directed MT-dependent vesicle trafficking.

RESULTS
Paxillin-mediated tubulin acetylation is necessary for 
polarization of the Golgi complex during migration
The reorientation of the Golgi apparatus toward the leading edge of 
motile cells results in asymmetric distribution of the MT network and 
is required for polarized trafficking and directional cell migration 
(Yadav et al., 2009; Hurtado et al., 2011). Recently, we have shown 
that paxillin plays a major role in regulating Golgi complex integrity 
via interaction with the deacetylase HDAC6 and modulation of its 
activity in both normal and transformed cells, including normal hu-
man foreskin fibroblasts and MDA-MB-231 breast adenocarcinoma 
cells (Deakin and Turner, 2014). To gain further insight into the func-
tional consequence of Golgi fragmentation after paxillin knock-
down, we first investigated whether paxillin additionally affects 
Golgi polarization in MDA-MB-231 cells. For this purpose, paxillin 
was depleted via RNA interference (RNAi) treatment (Figure 1, A 
and B, and Supplemental Figure S1A), and Golgi positioning was 
quantified using three different approaches.

A standard scratch wound assay showed paxillin knockdown 
caused a significant reduction in repositioning of the Golgi appara-
tus in front of the nucleus at the wound edge, as compared with 
control cells (Figure 1, C and D), in part because of the associated 
Golgi fragmentation (Supplemental Figure S1B). As noted previ-
ously, paxillin RNAi also induced a significant reduction of acetylated 
MTs but not total MTs (Supplemental Figure S1C). Therefore, tubacin 
treatment was used to specifically inhibit HDAC6 activity (Haggarty 
et al., 2003) and to increase the acetylated tubulin level in an at-
tempt to rescue the paxillin-specific defect (Supplemental Figure S1, 
C and D; Deakin and Turner, 2014). Interestingly, tubacin treatment 
rescued not only Golgi complex integrity but also its reorientation at 
the wound edge in paxillin RNAi-treated cells (Figure 1, C and D).

The formation of a confluent cell monolayer and restrained cell 
spreading, as in the wound assay, can impact adhesion remodeling 
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FIGURE 1: Paxillin-mediated tubulin acetylation is necessary for polarization of the Golgi complex during migration. 
(A) Western blot and (B) quantification indicating the efficiency of paxillin depletion in MDA-MB-231 cells after paxillin 
RNAi treatment. (C) Representative images and (D) quantification of Golgi polarization 6 h after the monolayer 
wounding. n > 100 cells. The MDA-MB-231 cells were treated with control or paxillin RNAi as indicated and with 2 μM 
tubacin for 4 h. The Golgi complex was scored as polarized (+) if it was positioned within a 90° sector facing the wound 
as presented by the cell marked with asterisks. (E) Representative images and (F) quantification of the Golgi localization 
on the crossbows after RNAi treatment as indicated. n > 30 cells. (G) Representative images and (H) quantification of the 
Golgi localization along with (I) morphometric analysis of discrete Golgi objects on the 1D fibronectin lines (5 μm) after 
RNAi treatment as indicated and incubation with 2 μM tubacin for 4 h. n > 100 cells. See Materials and Methods for 
quantification details. (J) Montage of MDA-MB-231 cell migration on fibronectin-coated lines (5 μm) after treatment with 
control or paxillin RNAi as indicated, showing Golgi localization (RFP) relative to the nucleus (CFP). Cells were imaged 
every 10 min for 3 h. Boxed regions used for the zoom. Data are represented as the mean ± SEM from three individual 
experiments. Statistical significance was determined by Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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unable to rescue the level of acetylated tubulin as compared with 
cells expressing GFP-paxillin wild type or the other paxillin mutants 
(Supplemental Figure S2A). Taken together, these data indicate that 
paxillin regulation of Golgi polarization probably involves interac-
tion of its proline-rich domain with HDAC6 (Deakin and Turner, 

(GFP-paxillin ΔPro) failed to rescue Golgi fragmentation (Figure 2B 
and Supplemental Figure S2A) and Golgi reorientation either in the 
scratch wound assay (Figure 2, C and D) or on the fibronectin-coated 
lines (Figure 2, E and F). It is of note that, as reported previously 
(Deakin and Turner, 2014), the GFP-paxillin ΔPro mutant was also 

FIGURE 2: The proline-rich domain of paxillin is required for Golgi integrity and polarization. (A) Representative images 
of Golgi complex (GM130) in paxillin–/– MEFs transfected with GFP-paxillin constructs as indicated for 16 h before 
fixation. Boxed regions highlight Golgi complex morphology in transfected cells. (B) Quantification of discrete Golgi 
object number per cell. n > 30 cells. (C) Representative images and (D) quantification of Golgi polarization 6 h after 
monolayer wounding. n > 100 cells. The Golgi complex was scored as polarized (+) if it was positioned within a 90° sector 
facing the wound. (E) Representative images of the Golgi localization on 1D fibronectin lines (5 μm) with (F) morpho-
metric analysis of Golgi polarization in paxillin–/– MEFs transfected with the GFP-paxillin mutants, as described. 
n > 50 cells. See Materials and Methods for quantification details. Data are represented as the mean ± SEM from three 
individual experiments. Statistical significance was determined by Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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cohesion being lost (Figure 4, A–C). Expression of the various 
GFP-paxillin constructs in the paxillin–/– MEFs further demon-
strated a requirement for the proline-rich region. Only GFP-pax-
illin ΔPro mutant–expressing cells failed to rescue the pericentro-
somal Golgi complex organization and centriole cohesion (Figure 
4, A–C), which was also associated with failure to rescue normal 
acetylated tubulin levels (Supplemental Figure S2A). Moreover, 
the cells transfected with the GFP-paxillin ΔPro mutant showed a 
loss of centrosomal polarization on fibronectin-coated lines (Sup-
plemental Figure S4, A and B).

Importantly, expression of the catalytically inactive HDAC6 CI 
mutant in paxillin–/– MEFs not only increased the acetylated tubulin 
level as compared with cells transfected with GFP-vector (Figure 4, 
D and E), but also rescued separation of centrioles (Figure 4, D and 
F) as well as Golgi pericentrosomal localization and cohesion (Figure 
4, G–I). These data therefore confirm the requirement of the proline-
rich region of paxillin for control of HDAC6-regulated MT acetyla-
tion and highlight the importance of this signaling axis in the regula-
tion of Golgi and centrosome organization.

Phosphorylation of cytosolic paxillin is necessary for 
centrosome localization
Paxillin localization at the MTOC has previously been reported in T 
lymphocyte cells (Herreros et al., 2000). A detectable enrichment of 
endogenous paxillin at the centrosome was also observed in epithe-
lial cells (MDA-MB-231 and U2OS) and of GFP-tagged paxillin 
expressed in paxillin–/– MEFs (Figure 5, A–C), where it showed a 
pattern similar to acetylated tubulin (Supplemental Figure S5A). To 
determine which domain of paxillin is responsible for its targeting to 
the centrosome, GFP-tagged wild-type and paxillin domain mutants 
were transfected into paxillin–/– MEFs. Interestingly, the GFP-paxil-
lin ΔLD2 and ΔLD4 mutants and even the ΔPro mutant were each 
able to localize to the centrosome (Figure 5, B and C). However, we 
did not observe centrosome localization of the nonphosphorylat-
able paxillin (Y31/118F), suggesting that paxillin phosphorylation is 
required for its localization to this organelle (Figure 5, B and C). 
Interestingly and in support of these observations, the potential 
phospho-mimetic Y31/118E mutant of paxillin localized weakly to 
the centrosome (Supplemental Figure S5B).

Paxillin localizes primarily to FAs (Turner et al., 1990; Zaidel-Bar 
et al., 2007). To address the potential importance of FA signaling in 
paxillin localization to the centrosome, the GFP-paxillin–expressing 
paxillin–/– MEFs were plated on poly-l-lysine (PLL) to prevent the 
formation of FAs (Schottelndreier et al., 1999). The absence of FAs 
was evident from the lack of GFP-paxillin localization at the cell pe-
riphery (Figure 5D) and also the absence of vinculin localization (Sup-
plemental Figure S5H). Somewhat unexpectedly, in the paxillin–/– 
MEFs plated on PLL and transfected with wild-type GFP-paxillin, not 
only were FAs dispensable for centrosomal localization of paxillin 
(Figure 5D), but also centriole cohesion (Figure 5D and Supplemental 
Figure S5C), Golgi fragmentation (Supplemental Figure S5, D and E), 
and MT acetylation were rescued (Supplemental Figure S5, F and G).

Paxillin–/– MEFs were also transfected with GFP-paxillin mutated 
on both the LIM2 and LIM3 domains (C411/470A) to suppress its FA 
targeting when plated on fibronectin (Brown et al., 1996). Expression 
of this mutant resulted in very limited FA localization as compared 
with vinculin (Supplemental Figure S5I). However, consistent with the 
results obtained by seeding the cells on PLL, this mutant targeted ef-
fectively to the centrosome (Figure 5E). Together, these data provide 
the first report of paxillin centrosomal localization in epithelial and fi-
broblast cells that is dependent on its phosphorylation at Y31/118 
and independent of paxillin localization to FAs or FA signaling. 

2014) to inhibit HDAC6 activity and to enhance MT acetylation and 
stability.

Paxillin is required for pericentrosomal Golgi localization 
and centrosome cohesion
The centrosome, composed of two centrioles, acts as a major MTOC 
and is implicated in both the organization and function of the Golgi 
complex (Rieder et al., 2001; Sütterlin and Colanzi, 2010). The centro-
some, by nucleating a radial array of MTs, provides the spatial cue for 
the assembly of Golgi fragments in its pericentrosomal localization 
into a single organelle (Thyberg and Moskalewski, 1999; Rivero et al., 
2009). Given the functional association between the Golgi and cen-
trosome, we hypothesized that paxillin depletion could also affect 
pericentrosomal localization of the Golgi apparatus. MDA-MB-231 
cells were costained with both centrosome (pericentrin) and the Golgi 
marker (GM130). In control cells, the Golgi complex remained closely 
juxtaposed to the centrosome (Figure 3, A and B). However, after 
paxillin knockdown, two phenotypes were observed. First, the frag-
mented Golgi was disconnected from the centrosome (Supplemental 
Figure S3A) by at least 2 μm in ∼60% of the cells (Figure 3, A and B), 
and additionally, loss of centriole cohesion (>1 μm between centri-
oles) was observed in 43% of paxillin-depleted cells (Figure 3, A and 
C). To exclude any possible influence of cell cycle stage, which can 
affect centrosome duplication and Golgi organization, control and 
paxillin RNAi-treated cells were also analyzed by flow cytometry. No 
significant differences in either the S or G2/M populations were ob-
served after control versus paxillin RNAi treatment in either asynchro-
nously growing cells (Supplemental Figure S3B) or cells arrested by a 
double thymidine block (unpublished data). These results demon-
strate that the loss of Golgi and centriole cohesion in paxillin-de-
pleted cells was not due to late G2 arrest. Interestingly, both the peri-
centrosomal localization of the Golgi and centrosome cohesion could 
be restored in paxillin knockdown cells either by treatment with the 
HDAC6 inhibitor, tubacin (Figure 3, B and C), or by RNAi-mediated 
HDAC6 depletion (Supplemental Figure S3, C–I).

Furthermore, to investigate whether paxillin depletion could also 
influence polarized centrosome localization, control and paxillin 
RNAi-treated MDA-MB-231 cells were plated and analyzed on 1D 
fibronectin-coated lines. In the majority of control RNAi-treated 
cells, the centrosome and Golgi remained connected and polarized 
in front of the nucleus. In contrast, and similar to the results obtained 
for Golgi polarization, a significant number of paxillin-depleted cells 
did not polarize their centrosome and there was also a loss of cen-
triole cohesion (Figure 3, D and E).

Importantly, to further demonstrate a role for elevated HDAC6 
activity in the observed phenotypes, parental MDA-MB-231 cells 
were transfected with either GFP-tagged wild-type HDAC6 or a 
catalytically inactive (HDAC6 CI) mutant. As with paxillin RNAi, ex-
pression of wild-type HDAC6, but not HDAC6 CI, not only de-
creased the level of acetylated tubulin (Figure 3, F and G) but also 
caused loss of centriole cohesion (Figure 3, F and H), Golgi frag-
mentation, and loss of pericentrosomal Golgi localization (Figure 3, 
I–K). Collectively, these data indicate that paxillin, by modulating 
MT acetylation via HDAC6, affects the coordinated organization of 
both the centrosome and Golgi structures.

HDAC6 inhibition, in the absence of paxillin, is able to 
rescue Golgi and centrosome organization
Analysis of pericentrosomal localization of the Golgi in paxillin–/– 
MEFs revealed a phenotype similar to that of the paxillin-de-
pleted MDA-MB-231 cells, with the Golgi fragments being sepa-
rated from their pericentrosomal localization and centriole 
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illin depletion is known to cause a substantial reduction in FAK activ-
ity (Hagel et al., 2002), which was confirmed in this study by blotting 
with the phospho-FAK antibody (pY397; Figure 6A). To assess the 
potential role of FAK in the accumulation of phospho-paxillin to the 
centrosome, the consequence of FAK inhibition was examined in 
the MDA-MB-231 cells using the FAK inhibitor (PF73228, 10 μM). In 
control cells, FAK inhibition (Figure 6A) caused a significant reduc-
tion in detectable levels of paxillin at the centrosome (Figure 6B). 

FAK inhibition prevents paxillin localization to the 
centrosome and mimics the defects associated with paxillin 
depletion
FAK is one of the major mediators of cell–ECM signaling as well as 
paxillin phosphorylation at tyrosine 31/118 to create the binding 
sites for recruiting Src homology 2 domain–containing adapter and 
signaling proteins to FAs (Burridge et al., 1992; Schaller, 2001; 
Brown and Turner, 2004; Supplemental Figure S2B). Moreover, pax-

FIGURE 3: Paxillin is required for pericentrosomal Golgi localization and centrosome cohesion through HDAC6 
inhibition. (A) Representative images of the Golgi (GM130) and centrosome (pericentrin) localization in MDA-MB-231 
cells treated with control or paxillin RNAi and 2 μM tubacin for 4 h before fixation, as indicated. Boxed regions were 
used for the zoom of single slices of Z-stacks. (B) The percentage of cells with colocalized centrosome and Golgi and 
(C) the percentage of cells with separated centrioles (>1 μm between the centrioles). n > 60 cells. (D) Representative 
images and (E) quantification of the Golgi and centrosome localization (as indicated by the arrows) in cells plated 
on 1D fibronectin lines. n > 50 cells. (F) Representative images of parental MDA-MB-231 cells transfected with GFP-
tagged wild-type (WT) or catalytically inactive mutants of HDAC6 and (G) quantification of acetylated tubulin mean 
fluorescence intensity (MFI) along with (H) quantification of cells with separated centrioles (>1 μm between the 
centrioles). n > 30 cells. (I) Representative images of the Golgi (Giantin) and centrosome (Gamma-tubulin) in MDA-
MB-231 cells transfected with GFP-tagged constructs as indicated. Arrows indicate centrosome position. (J) Percentage 
of cells with colocalized centrosome and Golgi and (K) the average number of discrete Golgi objects per cell. 
n > 30 cells. Data are represented as the mean ± SEM from three individual experiments. Statistical significance was 
determined by Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 4: HDAC6 inhibition in the absence of paxillin is able to rescue Golgi and centrosome organization. 
(A) Representative images of Golgi and centrosome localization in paxillin–/– MEFs transfected with the GFP-paxillin 
constructs as indicated and plated on fibronectin-coated coverslips for 6 h before fixation and immunofluorescence 
staining. Arrows mark the positions of the two centrioles. (B) Quantification of cells with colocalized centrosome and 
Golgi and (C) cells with separated centrioles. n > 50 cells. (D) Representative images of paxillin–/– MEFs transfected with 
GFP-tagged vector or catalytically inactive mutant of HDAC6 and (E) quantification of acetylated tubulin MFI along with 
(F) quantification of cells with separated centrioles (>1 μm between the centrioles). n > 30 cells. (G) Representative 
images of the Golgi and centrosome in paxillin–/– MEFs transfected with GFP-tagged constructs as indicated. (H) The 
percentage of cells with colocalized centrosome and Golgi and (I) the average number of discrete Golgi objects per cell. 
n > 30 cells. Data are represented as the mean ± SEM from three individual experiments. Statistical significance was 
determined by Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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Interestingly, FAK inhibition also resulted in 
centriole separation in ∼40% of the cells 
(Figure 6C) as well as Golgi fragmentation 
and loss of Golgi pericentrosomal localiza-
tion, comparable to paxillin RNAi treatment 
alone (Figures 6, D–F, and 3). These data 
suggest that FAK activity may coordinate 
with paxillin in the maintenance of both 
Golgi and centrosome structure.

It has been shown previously that FAK-
mediated activation of RhoA can stimulate 
MT acetylation (Palazzo et al., 2004). There-
fore, activated FAK could regulate paxillin 
activity toward HDAC6 and thereby influ-
ence the level of acetylated tubulin. Consis-
tent with a previous report (Palazzo et al., 
2004), FAK inhibition resulted in a substan-
tial reduction of acetylated tubulin in MDA-
MB-231 cells, as determined by both immu-
nofluorescence imaging (Figure 6, G and H) 
and Western blot (Figure 6I), without affect-
ing total MT distribution (unpublished data). 
Moreover, FAK inhibition reduced Golgi po-
larization in both the scratch wound assay 
and on 1D fibronectin lines (Figure 6, J–M), 
in agreement with previous studies (Tomar 
et al., 2009; Serrels et al., 2012). These data 
suggest an important role for FAK together 
with paxillin in the regulation of both MT 
acetylation and Golgi organization and 
positioning.

Paxillin and FAK collaboration is 
required for Golgi complex and 
centrosome organization
To further investigate the potential link be-
tween paxillin and FAK activity in the control 
of HDAC6 activity and MT acetylation, as 
well as centrosome and Golgi organization, 
paxillin–/– MEFs were transfected with ei-
ther hemagglutinin (HA)-tagged wild-type 
FAK (WT FAK), or HA-tagged catalytically 
active FAK (SuperFAK), or HA-tagged 

FIGURE 5: Phosphorylation of cytosolic paxillin is necessary for centrosome localization. 
(A) Representative images of centrosome (pericentrin) and endogenous paxillin colocalization in 

MDA-MB-231 and U2OS cells. 
(B) Representative images of GFP-paxillin 
wild-type and mutant localization to the 
centrosome in paxillin–/– MEFs as indicated. 
(C) Quantification of the percentage of cells 
with paxillin localization to the centrosome. 
n > 30 cells. (D) Representative images of 
centrosome cohesion and paxillin 
colocalization in the absence of FAs in 
paxillin–/– MEFs seeded on PLL transfected 
with GFP-vector or GFP-paxillin. 
(E) Representative image of centrosome and 
paxillin colocalization in paxillin–/– MEFs 
transfected with the GFP-paxillin LIM2/3 
C411/470A mutant. Data are represented as 
the mean ± SEM from three individual 
experiments. Statistical significance was 
determined by Student’s t test. **p < 0.01.
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FIGURE 6: FAK inhibition prevents paxillin localization to the centrosome and mimics the defects associated with 
paxillin depletion. (A) Western blot indicating FAK activity (pY397) in MDA-MB-231 cells treated with control or paxillin 
RNAi, as indicated. FAK activity was inhibited using PF573228 (10 μM) for 1 h. DMSO, dimethyl sulfoxide. (B) Represen-
tative images of centrosome (pericentrin) and paxillin in MDA-MB-231 cells treated for 1 h with FAK inhibitor showing 
absence of paxillin localization to the centrosome after FAK inhibition along with (C) quantification of the percentage of 
the cells with separated centrioles (>1 μm between the centrioles). Centrosomes highlighted by white boxes are 
enlarged (right) with separated channels for better visualization. (D) Representative images of centrosome (pericentrin) 
and Golgi (GM130) localization in MDA-MB-231 cells treated for 1 h with FAK inhibitor and (E) quantification of discrete 
Golgi object number per cell and (F) quantification of percentage of cells with centrosome and Golgi colocalization. 
Arrows mark the positions of the two centrioles. (G) Representative images of acetylated tubulin in MDA-MB-231 cells 
treated for 1 h with FAK inhibitor along with (H) quantification of acetylated tubulin MFI per cell and (I) Western blot 
indicating a reduction in α-tubulin acetylation upon paxillin depletion and/or FAK inhibition. (J) Representative images 
and (K) analysis of Golgi reorientation 6 h after monolayer scrape wounding in MDA-MB-231 cells treated for 1 h before 
fixation with FAK inhibitor. The Golgi complex was scored as polarized (+) if it was positioned within a 90° sector facing 
the wound. (L) Representative images and (M) quantification of the Golgi localization on 1D fibronectin lines in MDA-
MB-231 cells treated for 1 h with FAK inhibitor. See Materials and Methods for quantification detail. Data are 
represented as the mean ± SEM from three individual experiments. n > 50 cells. Statistical significance was determined 
by Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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cumulation in the ER (Figure 8, A and B). However, upon transfer to 
32°C, VSVG in control cells was colocalized with the Golgi complex 
after 10–15 min (Figure 8, A and C) and began to appear at the PM 
within 30 min (Figure 8, A and D). In contrast, in cells depleted of 
paxillin, VSVG trafficking from the ER to the Golgi and through the 
Golgi to the PM was significantly delayed, as compared with the 
control cells (Figure 8, A–D).

The analysis of VSVG trafficking was also performed in the pax-
illin–/– MEFs. Similar to observations in the MDA-MB-231 cells, 
RFP-vector– and RFP-paxillin–transfected cells accumulated and 
retained the GFP-tsVSVG cargo in the ER at 40°C (Supplemental 
Figure S7, A and B). However, after shifting the cells to the permis-
sive temperature in the absence of paxillin, RFP-vector–trans-
fected cells demonstrated an accumulation of large VSVG-con-
taining vesicles around the Golgi at the various time points 
(Supplemental Figure S7, A and C), and in the majority of cells, 
VSVG arrived at the PM >1 h later (Supplemental Figure S7, A and 
D). In contrast, the expression of RFP-paxillin in the paxillin–/– 
MEFs restored normal trafficking. Within 15 min after the shift to 
32°C, GFP-tsVSVG had left the ER and accumulated in the peri-
nuclear Golgi (Supplemental Figure S7, B and C) and could also 
be detected at the PM within 30 min (Supplemental Figure S7, B 
and D). Taken together, these results demonstrate that paxillin is 
necessary for efficient anterograde cargo trafficking through the 
Golgi complex to the PM.

DISCUSSION
One of the major characteristics associated with directional cell mi-
gration is the establishment of front–rear polarization (Yadav et al., 
2009). Of importance, the FA adaptor protein paxillin contributes to 
persistent cell migration through maintaining the coordination of 
cell protrusion at the front and at the rear, in part by regulating FA 
dynamics (Webb et al., 2004). Recently, a novel interaction between 
paxillin and HDAC6, an MT deacetylase, has also been reported to 
regulate cell migration by modulating MT acetylation and Golgi 
complex integrity (Deakin and Turner, 2014). Data presented herein 
reveal additional roles for paxillin as a key regulator of several key 
aspects of cell polarization through its ability to modulate HDAC6 
activity and MT acetylation in both normal embryonic fibroblasts 
and transformed breast tumor cells.

In addition to Golgi complex fragmentation, paxillin depletion 
was also shown to disrupt the reorientation of the two principal 
MTOCs, the centrosome and Golgi complex, toward the leading 
edge in both polarized 2D and 1D ECM environments (Figures 1, 2, 
and 3D and Supplemental Figure S4). Although a crucial role for the 
MT network in organization and repositioning of the centrosome 
and Golgi complex has previously been reported (Thyberg and 
Moskalewski, 1999; Rivero et al., 2009; Rios, 2014), the data 
herein reinforce the importance of MT acetylation as a specific 

catalytically inactive FAK (Kinase Dead FAK mutants) in combination 
with GFP-vector or GFP-paxillin. The expression of wild-type FAK or 
SuperFAK in paxillin–/– MEFs transfected with GFP-vector failed to 
rescue either centrosome separation (Figure 7, A and B) or Golgi 
fragmentation (Figure 7, D and E) and polarization (Figure 7, G and 
H). In contrast, when GFP-paxillin was cotransfected with wild-type 
or SuperFAK, results similar to those with GFP-paxillin alone were 
obtained (Figure 7, A–E), indicating that paxillin is required for FAK 
to control centrosome and Golgi organization. Furthermore, coex-
pression of GFP-paxillin with Kinase Dead FAK in paxillin–/– MEFs 
prevented the rescue of centriole separation, and the Golgi com-
plex remained fragmented and unpolarized (Figure 7). Moreover, 
the GFP-paxillin failed to localize to the centrosome in Kinase Dead 
FAK–transfected cells (Figure 7A), demonstrating that paxillin func-
tion is also dependent on FAK kinase activity.

To further validate the functional relationship between paxillin 
and FAK, the paxillin–/– MEFs were also treated with FAK inhibitor 
(PF573228). In line with the results obtained using the Kinase Dead 
FAK mutant, FAK inhibition blocked the capacity of paxillin to rescue 
centrosome and Golgi organization and localization (Figure 7, C and 
F). Interestingly, and in agreement with the decrease of endogenous 
acetylated MTs after FAK inhibition in MDA-MB-231 cells (Figure 6, 
G–I), FAK inhibition with PF573228 also prevented the rescue of 
acetylated tubulin levels in paxillin–/– MEFs expressing either GFP-
paxillin wild type or GFP-paxillin Y31/118F mutant (Supplemental 
Figure S6A). Similarly, Kinase Dead FAK cotransfection with GFP-
paxillin resulted in suppressed levels of tubulin acetylation that were 
comparable to GFP-vector alone or GFP-vector cotransfected with 
SuperFAK (Supplemental Figure S6, B and C). These results indicate 
that paxillin cannot stimulate MT acetylation without FAK activity. 
Altogether, these results suggest new FA-independent roles for the 
paxillin-FAK cassette in coordinating various aspects of the cell po-
larization machinery.

Paxillin depletion causes a significant delay in anterograde 
vesicle trafficking
Polarization of the centrosome and Golgi complex and the subse-
quent asymmetric distribution of stable MT arrays promote effective 
protein trafficking to the leading edge of motile cells (Mellor, 2004). 
To investigate a potential role for paxillin in regulating protein traf-
ficking, the temperature-sensitive mutant of GFP-labeled VSVG (ve-
sicular stomatitis virus G; tsVSVG) was used to track anterograde 
transport from the endoplasmic reticulum (ER) to the plasma mem-
brane (PM) in MDA-MB-231 cells transfected with either control or 
paxillin RNAi. At 40°C, the GFP-tsVSVG is misfolded and retained in 
the ER; however, upon shifting to 32°C, it becomes unfolded and 
traffics from the ER to the Golgi and then to the PM (Bergmann, 
1989). In both control and paxillin-depleted MDA-MB-231 cells, im-
munofluorescence analysis of cells fixed at 40°C showed VSVG ac-

FIGURE 7: Paxillin and FAK collaboration is required for Golgi complex and centrosome organization. 
(A) Representative images of centrosome (pericentrin) in paxillin–/– MEFs transfected with GFP- and HA-tagged paxillin 
or FAK constructs, as indicated. Arrows mark the positions of the two centrioles in the zoomed images. Inset images of 
the GFP channel indicate paxillin localization to the centrosome. (B, C) The percentage of paxillin–/– MEFs with 
separated centrioles after (B) transfection with FAK constructs, as indicated, or (C) treatment with FAK inhibitor (10 μM 
PF573228) for 1 h before fixation. (D) Representative images of Golgi (Giantin) in paxillin–/– MEFs transfected 
with the GFP-paxillin and HA-tagged FAK constructs. (E, F) The average number of discrete Golgi objects/cell in 
paxillin–/– MEFs (E) transfected with FAK mutants or (F) treated with FAK inhibitor (10 μM PF573228) for 1 h before 
fixation. (G) Representative images and (H) quantification of the Golgi localization on 1D fibronectin lines (5 μm) in 
paxillin–/– MEFs transfected with GFP- and HA-tagged paxillin or FAK constructs, as indicated. See Materials and 
Methods for quantification detail. Data are presented as the mean ± SEM from three individual experiments. n > 20 
cells. Statistical significance was determined by Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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centriole cohesion (Figure 3, A–C). It is likely that these phenotypes 
also arise as a secondary effect of the reduction in MT acetylation 
after paxillin depletion, since the role of MTs in mediating a linkage 
between the Golgi stacks and the centrosome, as well as centriole 
cohesion, is well established (Sütterlin and Colanzi, 2010, Panic 
et al., 2015). In agreement with this hypothesis, tubacin treatment or 
HDAC6 RNAi in paxillin knockdown MDA-MB-231 cells, as well as 
expression of all the paxillin mutants in paxillin–/– MEFs, except the 
mutant lacking the HDAC6-binding proline-rich domain, rescued 
both phenotypes to a similar extent as wild-type paxillin (Figures 3 
and 4). Interestingly, centriole separation alone has also been shown 
to affect Golgi organization due to their reduced ability to nucleate 
MTs (Kushner et al., 2014; Panic et al., 2015), which leads to the hy-
pothesis that paxillin-mediated loss of centriole cohesion could also 
be the reason for the Golgi fragmentation. Furthermore, it will be 
interesting to see whether paxillin depletion, by altering MT stabil-
ity, impacts additional acetylated MT-related specific functions in the 
cells, for example, the enhanced binding and movement of MT mo-
tors, dynein and kinesin (Reed et al., 2006; Theisen et al., 2012).

posttranslational modification in the regulation of these processes 
(Rios and Bornens, 2003; Miller et al., 2009; Rivero et al., 2009). 
These data further highlight the functional significance of paxillin as 
a modulator of MT acetylation via control of HDAC6 activity and in-
troduce paxillin as a key regulator of both centrosome and Golgi 
polarization, further reinforcing the involvement of HDAC6 in the 
control of cell motility (Hubbert et al., 2002; Haggarty et al., 2003; 
Lafarga et al., 2012; Deakin and Turner, 2014). Moreover, in the con-
text of the loss of centrosome polarization after paxillin depletion 
(Figure 3D), it is of note that centrosome reorientation cannot be 
achieved without Golgi remodeling toward the leading edge 
(Bisel et al., 2008), supporting a reciprocal relationship between the 
centrosome and Golgi apparatus.

Consistent with the shared role for the Golgi and centrosome in 
organizing a subset of stable MTs and the intimate structural and 
functional association between them and acetylated MTs (Chabin-
Brion et al., 2001; Keryer et al., 2003; Hurtado et al., 2011), two 
other major phenotypes were observed in paxillin-depleted cells, 
notably a loss of pericentrosomal Golgi organization and the loss of 

FIGURE 8: Paxillin depletion causes a significant delay in anterograde vesicle trafficking. (A) Time course of GFP-
tsVSVG transport showing representative images of GFP-tsVSVG colocalization with BiP (ER marker), β-COP (ER to 
Golgi transport), and GM130 (Cis-Golgi marker) in fixed MDA-MB-231 cells treated with either control or paxillin RNAi. 
Images are from different time points after the switch from 40 to 32°C. Quantification of the percentage of cells in 
which GFP-tsVSVG was localized with (B) the ER, (C) the Golgi complex, and (D) the PM. Arrows mark the localization of 
GFP-tsVSVG at the PM. Data are represented as the mean ± SEM from three individual experiments. n > 20 cells. 
Statistical significance was determined by Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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(Mitra et al., 2005; Tilghman et al., 2005; Tomar et al., 2009; 
Schaller, 2010). Interestingly, the activity of FAK was also found to 
be necessary for paxillin centrosomal localization, most likely via 
regulation of paxillin Y31/118 phosphorylation. However, whether 
direct interaction of FAK with paxillin is necessary for paxillin 
phosphorylation at the centrosome or whether paxillin localiza-
tion occurs after FAK-dependent phosphorylation in the cyto-
plasm remains to be determined. Overall, these observations 
identify new roles for the paxillin-FAK signaling cassette and the 
concerted activity of both proteins in regulation of cell polarity. 
Moreover, in line with an emerging role of the actin cytoskele-
ton in influencing the position of the MTOC in polarized cells 
(Bornens, 2008; Hale et al., 2011), it will be interesting to investi-
gate whether paxillin and FAK signaling could act as a common 
pathway to regulate the interplay of the two cytoskeletal networks 
during cell polarization.

Finally, we have shown that an important functional consequence 
of paxillin depletion is that normal transport of tsGFP-VSVG from 
the ER to the Golgi and from the Golgi to the PM is significantly 
delayed (Figure 8). Indeed, it is well established that the polarized 
positioning of the centrosome and Golgi apparatus is a key prereq-
uisite for the asymmetric distribution of stable MTs (Bisel et al., 
2008; Hurtado et al., 2011) to increase the probability of directed 
delivery of vesicles and their cargo to the leading edge (Reed et al., 
2006; Bornens, 2012; Zhu and Kaverina, 2013). Furthermore, it has 
been shown that loss of polarized organization of the Golgi com-
plex, as well as disconnection from the centrosome, impairs polar-
ized trafficking in motile cells (Yadav et al., 2009; Hurtado et al., 
2011; Millarte and Farhan, 2012). In addition, the absence of MTs 
has been shown to also deregulate the efficiency of vesicle traffick-
ing and to cause the accumulation of Golgi proteins in the ER (Egea 
et al., 2015). Because stable MT organization is implicated not only 
in vesicle trafficking toward the leading edge but also in internaliza-
tion of cell-adhesion molecules such as integrins from the cell sur-
face to promote FA turnover (Caswell and Norman, 2006; Fletcher 
and Rappoport, 2010; De Franceschi et al., 2015), it will be impor-
tant in future studies to evaluate whether paxillin activity is also re-
quired for receptor recycling.

In conclusion, our results define a new role for paxillin- and FAK-
dependent MT acetylation in the control of pericentrosomal Golgi 
organization and reorientation, as well as in directed vesicular traf-
ficking. In addition, these data show for the first time the FAK-de-
pendent accumulation of phospho-paxillin at the centrosome, inde-
pendent of integrin-mediated adhesions. Moreover, these data 
suggest the exciting potential for additional centrosome-specific 
functions of paxillin, such as in the control of spindle orientation in 
the stem cell niche (Yamashita, 2009), the control of centrosome 
duplication in normal cells, or the accumulation of supernumerary 
centrosomes in cancer cell populations (Pihan, 2013).

MATERIALS AND METHODS
Cell culture, RNAi, transfections, and inhibitors
The paxillin-null (paxillin–/–) MEFs were a gift from S. Thomas (Har-
vard Medical School, Cambridge, MA) and have been previously 
described (Hagel et al., 2002). Human breast adenocarcinoma 
MDA-MB-231 and human bone osteosarcoma U2OS cell lines were 
purchased from the American Type Culture Collection. All cell lines 
were maintained at 37°C in a humidified incubator with 5% CO2 and 
were grown in DMEM supplemented with 10% (vol/vol) heat-inacti-
vated fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomy-
cin, and 2 mM l-glutamine. RNAi treatment was performed using 
Oligofectamine (Life Technologies, Grand Island, NY) according to 

We have also provided the first evidence of phospho-tyrosine 
(Y31/118)-dependent paxillin localization to the centrosome in both 
epithelial and fibroblast cells (Figure 5, A–C). Paxillin localization to 
the centrosome had previously only been observed in poorly adher-
ent T lymphocyte cells (Herreros et al., 2000) and in contributing to 
the reorientation and function of the MTOC at the immunological 
synapse (Robertson and Ostergaard, 2011). This localization was at-
tributed to a direct interaction of the MTOC with the paxillin amino-
terminus harboring paxillin Y31/118 and the LD motifs (Robertson 
and Ostergaard, 2011). In agreement with these findings, we have 
also shown that a paxillin LIM2/3 (C411/470A) mutant, which attenu-
ates paxillin’s interaction with both FAs and tubulin (Brown and 
Turner, 2002), still localizes to the centrosome in paxillin–/– MEFs 
(Figure 5E), thereby making the MTs themselves unlikely candidates 
for paxillin centrosomal recruitment. Although tyrosine phosphory-
lation of paxillin is critical for the localization and activities of paxillin 
at FAs (Brown and Turner, 2004; Zaidel-Bar et al., 2007), a similar role 
for phospho-paxillin in regulation of centrosome functionality re-
mains to be explored. Further studies will determine whether the 
scaffolding activity of paxillin is also necessary for the recruitment 
and anchoring of additional centrosomal molecules with specific 
functions, some of which, like paxillin, also have previously identi-
fied roles at FAs. For example, GIT1 and its associated p21-acti-
vated kinase, as well as FAK and Src kinases, are all FA proteins that 
accumulate at the centrosome at different times during the cell cy-
cle to regulate the activity of various centrosomal proteins, such as 
Aurora A and PLK1 (Zhao et al., 2005; Park et al., 2009; Barretta 
et al., 2016). Given the well-established physical and functional con-
nection between paxillin and each of these proteins (Nayal et al., 
2006; Deakin and Turner, 2008) at FAs, it is tempting to speculate 
that paxillin may also act upstream to regulate their activity at the 
centrosome. It is of note that the accumulation of phospho-paxillin 
at the centrosome appears to be independent of its effects on MT 
stability and centrosome cohesion, as the GFP-paxillin ΔPro mutant 
can localize effectively to both separated centrioles (Figures 4A and 
5B), highlighting the importance of stable MTs and the paxillin-
HDAC6 axis in maintaining the centrioles in close proximity (Mimori-
Kiyosue et al., 2005; Wang et al., 2008; Tang and Marshall, 2012).

Interestingly, by plating the cells on PLL to block FA formation 
(Schottelndreier et al., 1999) or overexpression of the paxillin LIM2/3 
domain mutant that cannot localize effectively to FAs (Brown et al., 
1996), we observed that paxillin centrosomal localization, as well as 
paxillin-dependent MT acetylation and the subsequent Golgi and 
centrosome organization, do not require FA signaling or paxillin tar-
geting to the FAs (Figure 5, D and E, and Supplemental Figure S5, 
C–G). Although the paxillin LIM2 and LIM3 domains have been re-
ported to bind tubulin and enhance MT targeting and stability at 
FAs (Brown and Turner, 2002; Efimov et al., 2008), previous results 
obtained using a proximity ligation assay indicate a primarily cyto-
plasmic or peri-FA distribution of the paxillin-HDAC6 complex 
(Deakin and Turner, 2014), suggesting distinct roles for certain paxil-
lin domains depending on the protein’s cellular localization. These 
data together reinforce new roles for paxillin that are independent 
of its function at FAs.

Additionally, we have detailed a key interplay between paxillin 
and FAK in coordinating cell polarity (Figures 6 and 7). In this 
context, FAK was shown to function cooperatively with paxillin in 
the regulation of MT acetylation, which in turn is necessary for 
maintaining centrosome cohesion as well as Golgi pericentro-
somal integrity and polarization. These data provide additional 
mechanistic context for previous reports describing a role for FAK 
in the control of Golgi reorientation and polarized cell motility 
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Immunoblot analysis
For immunoblotting analyses, transfected cells were washed with 
PBS and then quickly lysed in sample buffer containing 20 mM Tris-
HCl (pH 8), 10% glycerol, 2% SDS, and 0.1% bromophenol blue. 
Cell lysates were electrophoresed through SDS polyacrylamide gels 
and transferred to nitrocellulose (Life Science, St. Louis, MO). The 
membranes were blocked and probed with antibodies as described, 
and bound antibodies were visualized by chemiluminescence (Su-
perSignal West; Thermo Fisher Scientific, Rockford, IL) using a 
Chemidoc MP imaging system (Bio-Rad Laboratories).

Flow cytometry analysis
Trypsinized MDA-MB-231 cells were pelleted, washed in cold PBS, 
and fixed in 70% ice-cold ethanol overnight at 4°C. After fixation, 
cells were stained with 50 μg/ml propidium iodide in PBS containing 
0.1% Triton X-100. Flow cytometry analysis was performed using a 
BD Fortessa flow cytometer. The data were plotted with Flowing 
software.

Wound-healing assay
Cells were seeded on fibronectin-coated coverslips, grown to con-
fluence, and wounded by scratching with a P-200 pipette tip. The 
cells were then allowed to close the wound for ∼6 h and were then 
processed for immunofluorescence staining with a Golgi marker 
(GM130 or giantin) and DAPI for nuclear visualization. The Golgi 
apparatus in the cells at the wound’s edge were counted as polar-
ized when the majority of the Golgi structure was located within a 
90° angle toward the wound and nonpolarized if it was out of this 
sector.

Preparation of fibronectin-coated lines, micropatterns, and 
Golgi cohesion quantification
Fibronectin-coated lines and micropatterned substrates were pre-
pared as previously described using deep-UV illumination (Tseng 
et al., 2011). Briefly, a chrome-plated quartz photomask (Microtron-
ics, Newtown, PA) was cleaned with water and wiped with Rain-X 
(ITW Global Brands, Houston, TX) before use in order to generate a 
hydrophobic surface. A polyacrylamide gel mixture (30% acrylamide 
and 2% bis-acrylamide) was polymerized for 1 h between the photo-
mask and silanized coverslips at room temperature. Once the gel was 
polymerized, the photomask was placed in UVO-cleaner 342 (Jelight, 
Irvine, CA) and illuminated with UV light for 3 min. The coverslips 
were gently removed from the photomask and inverted over a drop 
of 5 mg/ml EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride; Thermo Fisher Scientific, Rockford, IL) and 10  mg/ml 
NHS (N-hydroxysuccinimide; Thermo Fisher Scientific, Rockford, IL) 
solution for 15 min, washed with HEPES (4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid) buffer (pH 8.5), and incubated with buffer 
containing 10 μg/ml fibronectin for 1 h. The gels were then exten-
sively washed in PBS before use.

For cells plated on either crossbows or lines, the position of the 
Golgi relative to the cell nucleus was classified into three groups. 
On crossbows, two intersecting perpendicular diagonal lines were 
drawn through the nucleus (Figure 1E). In the case of the lines, one 
vertical line was drawn dividing the nucleus into two equal parts 
(Figure 1G). We classified the Golgi on both crossbows and lines 
as “Front” and polarized when the Golgi structure was mostly lo-
calized in front of the nucleus toward the wider end, and a second 
group was referred to as “Rear” when the majority of Golgi frag-
ments were positioned toward the narrower end, behind nucleus. 
The third group was classified as “Middle” when the Golgi frag-
ments were mostly dispersed and could not be classified as having 

the manufacturer’s instructions and analyzed 72 h after treatment. 
The following siRNA duplex oligonucleotides were used: paxillin, 
5′-CCCUG ACG AAAGAGAAGCCUA-3′ and 5′-UAGGCUUCUCU-
UUCGUCA GGG-3 from Thermo Fisher Scientific (Rockford, IL); 
HDAC6, 5′-CAUCC AAGUCCAUCGCAGAUU-3′ and 5′-UCUGCGA-
UGGAC UUGGA UGUU-3′ (Kaluza et al., 2011); and nontargeting 
control RNAi, 5′-ACUCUAUCUGCACGCUGACUU-3′ and 5′-GUC-
AGCG UGCAG AUAGAGUUU-3′ from Life Technologies (Grand 
Island, NY). Transient transfections with plasmids encoding wild-
type and mutant paxillin, as well as FAK and HDAC6, were per-
formed using Lipofectamine LTX (Invitrogen, Carlsbad, CA) follow-
ing the manufacturer’s instructions and as described in our previous 
studies (Brown et al., 2005; Deakin and Turner, 2014). After transfec-
tion, cells were left for 24 h before fixation. To determine Golgi po-
sitioning relative to the nucleus, cells were infected with CFP-nu-
cleus and RFP-Golgi (CellLight; Life Technologies, Grand Island, NY) 
containing baculovirus (2 μl per 10,000 cells) and incubated over-
night at 37°C before live-cell imaging.

For HDAC6 inhibition, tubacin (Sigma Aldrich, St. Louis, MO) was 
used at a concentration of 2 μM for 4 h as described (Deakin and 
Turner, 2014). To inhibit FAK activity, PF573228 (Tocris Bioscience, 
Ellisville, MO) was added at a concentration of 10 μM as previously 
reported (Deakin and Turner, 2011). Synchronization of cells at the 
G1/S phase was accomplished by a double thymidine block. Cells 
were treated with 2 mM thymidine (Sigma Aldrich, St. Louis, MO) for 
16 h, released into fresh media for 8 h, and again incubated with 
2 mM thymidine for another 16 h before analysis.

Antibodies and immunofluorescence staining
The antibodies used in this study were as follows: mouse anti-
paxillin (clones 165), mouse anti-acetylated tubulin (clone 6-11B-
1), mouse anti–α-tubulin (clone DM1A), mouse anti–α-actinin 
(clone BM-75.2), mouse anti–γ-tubulin (clone GTU-88), mouse 
anti-vinculin (clone VIN-11-5), rabbit anti-fibronectin (F3648; 
Sigma Aldrich, St. Louis, MO), rabbit anti-paxillin (H-114), rabbit 
anti-GFP (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit 
anti–p-FAK (Tyr397), rabbit anti–β-COP (Thermo Fisher, Rock-
ford, IL), rabbit anti-pericentrin, mouse anti-HA.11 (clone 16B12; 
BioLegend, San Diego, CA), rabbit anti-BiP, mouse anti-actin 
(clone C4; EMD Millipore, Billerica, MA), rabbit anti-giantin (Co-
vance, Princeton, NJ), mouse anti-GM130 (BD Biosciences, 
Franklin Lakes, NJ), rabbit anti-HDAC6 (Abcam), and rabbit anti–
acetyl-α-tubulin (Cell Signaling Technology, Danvers, MA). Rho-
damine- and Alexa Fluor 488–conjugated phalloidin (Life Tech-
nologies, Grand Island, NY) and 4′,6-diamidino-2-phenylindole 
(DAPI; Sigma Aldrich, St. Louis, MO) were used for visualization 
of F-actin and the cell nucleus, respectively.

Cells were cultured on fibronectin-coated coverslips (10 μg/ml) 
and were fixed with 4% paraformaldehyde for 20 min at room 
temperature or with ice-cold methanol for 10 min at –20°C to pre-
serve actin filaments or MTs, respectively. Cells were fixed and 
permeabilized either simultaneously or sequentially with 0.1% Tri-
ton X-100 for 10 min. After extensive washes with phosphate-buff-
ered saline (PBS), cells were blocked overnight with 3% bovine 
serum albumin and then stained with primary antibodies and 
counterstained with appropriate Alexa Fluor 488-, 550-, and 
633-conjugated secondary antibodies (Thermo Fisher Scientific, 
Rockford, IL) and mounted in Gelvatol. For PLL coating, following 
manufacturer’s instructions, the coverslips were soaked for 10 min 
in 0.01% (wt/vol) solution (70–150 kDa; Sigma Aldrich, St. Louis, 
MO) and then dried at room temperature for at least for 1 h before 
cell seeding.
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TsVSVG fused to GFP, pEGFPN1-VSVG, was purchased from Add-
gene (11912; Cambridge, MA) and has been described previously 
(Presley et al., 1997). MDA-MB-231 or paxillin–/– MEFs plated on 
glass coverslips were infected with the adenovirus overnight in a 
40°C incubator. Cells were subsequently transferred to 32°C to re-
lease VSVG from the ER for various time periods, as indicated, be-
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jected to live-cell imaging.
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