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Paxillin inhibits HDAC6 to regulate microtubule
acetylation, Golgi structure, and polarized migration

Nicholas O. Deakin and Christopher E. Turner

Department of Cell and Developmental Biology, State University of New York Upstate Medical University, Syracuse, NY 13210

olarized cell migration is essential for normal

organism development and is also a critical

component of cancer cell invasion and disease
progression. Directional cell motility requires the coor-
dination of dynamic cell-extracellular matrix interactions
as well as repositioning of the Golgi apparatus, both of
which can be controlled by the microtubule (MT) cyto-
skeleton. In this paper, we have identified a new and
conserved role for the focal adhesion scaffold protein
paxillin in regulating the posttranslational modification

Introduction

Cell polarization and subsequent directional migration are of
fundamental importance to a variety of essential physiological
processes including embryogenesis, tissue repair, and immune
surveillance (Ridley et al., 2003). The migration machinery
is also used in a variety of diseases, such as metastatic cancer in
which enhanced cell motility and invasion is concomitant with
poor prognosis and decreased patient survival (Gupta and
Massagué, 2006; Steeg, 2006). A prerequisite for polarized cell
motility is the establishment of a distinct cell front and rear, char-
acterized in migratory cells by a leading edge of membrane pro-
trusion and a retracting tail. Indeed, for productive, directional
cell migration, both propulsive traction forces at the front and re-
traction of the rear must be tightly coupled (Ridley et al., 2003). In
the vast majority of migratory cells, the adhesive forces are gen-
erated by integrin-mediated structures known as focal adhesions
(FAs) or adhesion contacts, which form a physical link between
the cell and its surrounding ECM-rich microenvironment.
Paxillin is a key component of the cellular adhesome (Zaidel-
Bar et al., 2007) in which it primarily functions as a molecular
scaffold to spatiotemporally integrate diverse signaling networks
to transduce and coordinate dynamic, intracellular responses to a
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of the MT cytoskeleton through an inhibitory interaction
with the a-tubulin deacetylase HDAC6. We also deter-
mined that through HDACé-dependent regulation of the
MT cytoskeleton, paxillin regulates both Golgi organ-
elle integrity and polarized cell invasion and migration
in both three-dimensional and two-dimensional matrix
microenvironments. Importantly, these data reveal a fun-
damental role for paxillin in coordinating MT acetylation-
dependent cell polarization and migration in both normal
and transformed cells.

variety of stimuli (Brown and Turner, 2004; Deakin and Turner,
2008). For example, through its interactome, paxillin has been
shown to regulate FA growth, stabilization, and disassembly to
enable migration on 2D surfaces (Webb et al., 2004) as well as
invasion through 3D-ECM (Deakin and Turner, 2011), possibly
through Rho GTPase-driven changes in its molecular interactions
with proteins such as vinculin and actopaxin (a-parvin; Deakin
et al., 2012).

A further key element of cell polarization is the directed
trafficking of newly synthesized, promigratory factors to the ap-
propriate cellular locale (Bergmann et al., 1983; Schmoranzer
et al., 2003), such as the accumulation of active Cdc42 and its
effector B-PIX at the leading edge (Osmani et al., 2010) as well
as oS integrin to the cell rear to enable directionally persistent
migration (Theisen et al., 2012). In the majority of motile cells
examined on 2D ECM, polarized trafficking is achieved by re-
organization and posttranslational modification of the microtubule
(MT) cytoskeleton as well as through reorientation of a cohe-
sive Golgi apparatus to a position ahead of the nucleus in the direc-
tion of migration (Bisel et al., 2008; Miller et al., 2009). The
juxtanuclear positioning of the Golgi apparatus is regulated by
the MT cytoskeleton. Indeed, in the absence of MTs, the Golgi
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fragments and the constituent ministacks disperse, resulting in
perturbation of polarized secretion and migration (Skoufias
et al., 1990; Rodionov et al., 1993; Thyberg and Moskalewski,
1999). Furthermore, repeated stable MT targeting to FAs ac-
companies their disassembly (Ezratty et al., 2005), highlighting
cooperation between these complex structures. Hence, the sta-
bility of the MT network is essential for cell polarization and
directional migration.

It is widely accepted that acetylation of a-tubulin at ly-
sine 40 is a posttranslational modification that is associated with
more stable, long-lived, and less dynamic MTs (Maruta et al.,

1986; Cambray-Deakin and Burgoyne, 1987; Piperno et al.,
1987; Houliston and Maro, 1989; Webster and Borisy, 1989;
Thyberg and Moskalewski, 1993; Matsuyama et al., 2002; Tran
et al., 2007; Matov et al., 2010). Furthermore, acetylated MTs
are significantly enriched at the Golgi apparatus and have been
implicated in establishing a cohesive organelle (Thyberg and
Moskalewski, 1993; Burkhardt, 1998; Ryan et al., 2012). Impor-
tantly, acetylated MTs have been shown to exhibit a polarized
enrichment toward the leading edge during directional 3D migra-
tion (Doyle et al., 2009) and in response to 2D cell monolayer
wounding (Yadav et al., 2009). Acetylation of a-tubulin also



enhances kinesin-1-mediated anterograde trafficking (Reed
et al., 2006), indicating that this modification likely serves an
active role in promoting cell polarization as opposed to merely
being a marker of MT longevity or stability.

Acetylation of MTs in mammalian cells is positively regu-
lated by a variety of acetyltransferases, including, but not limited
to, a-TAT1 (a-tubulin N-acetyltransferase 1) and the Elongator
protein complex (Creppe et al., 2009; Akella et al., 2010). To
date, the histone deacetylase (HDAC) family member HDAC6
and sirtuin-2 (SIRT?2) are the only described a-tubulin deacety-
lases (Hubbert et al., 2002; North et al., 2003). HDACG6 is unique
among the HDAC family, as it contains two functional deacety-
lase domains (Valenzuela-Fernandez et al., 2008) and exhibits
direct interactions with a variety of diverse proteins, including
dynein and the protein phosphatase PP1 (Kawaguchi et al., 2003;
Chen et al., 2005). Moreover, HDAC6 has been shown to be up-
regulated in numerous cancers, in which it has been linked to in-
creased cell invasion and metastasis (Inoue et al., 2002; Sakuma
et al., 2006; Rey et al., 2011; Kanno et al., 2012; Zuo et al.,
2012). The mechanisms of HDACS6 activation have been exten-
sively studied and include phosphorylation by aurora A, PKC-c,
GRK?2, and GSK3-3 (Pugacheva et al., 2007; Chen et al., 2010;
Zhu et al., 2011; Lafarga et al., 2012). In contrast, the proteins
responsible for the inhibition of HDAC6 in both normal and
malignant cells remain elusive but are of paramount importance
for the development of effective targeted therapeutics for the
potential efficacious treatment of cancers (Aldana-Masangkay
and Sakamoto, 2011). Herein, we identify an entirely new and
ubiquitous role for paxillin as a regulator of cell polarization and
directional motility through its ability to regulate MT acetyla-
tion and Golgi structural integrity through its interaction with
and inhibition of HDAC6.

Results

Paxillin regulates MT acetylation
through inhibition of the «-tubulin
deacetylase HDACGE
It has previously been shown that paxillin is capable of influenc-
ing the dynamics of MTs at FAs through an as-yet-undetermined
mechanism (Efimov et al., 2008). Moreover, paxillin is also nec-
essary for coupling front protrusion and rear retraction during
3D invasive migration (Deakin and Turner, 2011) as well as lo-
calized activation of Cdc4?2 (Deakin et al., 2009) and accumula-
tion of key polarity proteins (Yu et al., 2009) at the leading edge
of migrating cells. Importantly, each of these aforementioned
processes can be regulated by dynamic changes in the MT cyto-
skeleton, through maintaining and repositioning an integral Golgi
apparatus (Nagasaki and Gundersen, 1996; de Forges et al., 2012).
Therefore, we sought to determine whether paxillin is able to reg-
ulate the cell polarization and migration machinery through influ-
encing the organization and/or function of the MT cytoskeleton.
Despite the previously described interaction between pax-
illin and a-tubulin (Brown and Turner, 2002), we observed no
gross disruption in the architecture of the MT cytoskeleton in
either malignant cells or fibroblasts lacking paxillin expression
(Fig. 1, A, C, and E). However, RNAi-mediated depletion of

paxillin in the highly invasive MDA-MB-231 breast adenocar-
cinoma cell line resulted in a significant decrease in a-tubulin
acetylation at lysine 40 (Fig. 1, A and B). In contrast to paxillin-
depleted cells, RNAi of Hic-5, a closely related paxillin family
member, had no effect on the global levels of acetylated a-tubulin
(Fig. 1 B). Importantly, depletion of paxillin in other malignant
(Hs578T breast carcinoma) and normal (human foreskin fibro-
blast [HFF] and NIH-3T3) cell types also resulted in a reduction
of a-tubulin acetylation (Fig. 1 D; Fig. S1, A and D; and not
depicted). Furthermore, paxillin-null mouse embryonic fibro-
blasts (MEFs) also exhibited a lack of MT acetylation, which
could be rescued by reexpression of GFP-tagged paxillin (Fig. 1,
E and F). Collectively, these data identify a novel and funda-
mentally conserved role for paxillin in the regulation of MT
acetylation in both transformed and normal cells.

The acetylation of polymerized o-tubulin at Lys40 is tightly
controlled by the enzymatic activity of multiple acetyltransfer-
ases and negatively regulated through the activity of deacety-
lases HDAC6 (Hubbert et al., 2002) and to a lesser extent, SIRT2
(North et al., 2003). Therefore, we hypothesized that paxillin
may be acting to promote MT acetylation through either en-
hancing the activation of acetyltransferases or through inhibition
of the predominant tubulin deacetylase. Consistent with previous
results (Haggarty et al., 2003; Tran et al., 2007; Zuo et al., 2012),
suppression of HDACG6 activity by the specific inhibitor tubacin
resulted in an enhancement of MT acetylation in control RNAi-
treated MDA-MB-231 cells. A similar result was observed after
RNAIi of HDACG (Fig. 2 A and Fig. S2). Either pharmacologic
inhibition of HDAC6 or RNAi-mediated HDAC6 depletion was
able to efficiently rescue a-tubulin acetylation in cells lacking
paxillin (Fig. 2 A), suggesting that cells lacking paxillin likely
have enhanced HDAC6 activation rather than dysfunctional
acetyltransferases. In addition, no significant change in HDAC6
protein expression was observed after paxillin RNAi (Fig. 2,
A and F). In contrast to a previous study (North et al., 2003),
but consistent with studies using fibroblasts and tissues isolated
from SIRT2-null mice (Zhang et al., 2008; Bobrowska et al.,
2012) RNAi-mediated depletion of SIRT?2, the only other iden-
tified MT deacetylase, had no significant effect on a-tubulin
acetylation at Lys40 (Fig. 2 B). Similarly, MT acetylation was
also rescued in paxillin-depleted HFF and Hs578T cells upon
treatment with tubacin or after HDAC6 depletion using RNAi
(Fig. S1, A and D). These data therefore identify HDAC®6 as the
predominant a-tubulin deacetylase and demonstrate an impor-
tant role for paxillin in the regulation of its activity.

The fundamental mechanisms of HDAC6 inactivation, in
either malignant or normal cells, have yet to be determined. To
assess HDACG activity regulated by paxillin, cells were treated
with tubacin for 16 h to ensure maximal MT acetylation (Fig. 2,
C and E). Subsequently, the inhibitor was removed, and the rate
of a-tubulin deacetylation was assessed both biochemically and
through immunofluorescence microscopy. The initial rate of
deacetylation of a-tubulin in paxillin-depleted cells was signifi-
cantly enhanced relative to control cells (Fig. 2 D), with maximal
a-tubulin deacetylation being achieved after 120 min (Fig. 2,
C and E). Importantly, no gross defect in the MT cytoskeleton
was observed. However, it is worth noting that analysis of the
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immunofluorescence images after tubacin washout indicated that,
in control cells, deacetylation of MTs appeared to be initially re-
stricted to the leading edge of cell protrusion (Fig. 2 E). In con-
trast, the acetylated a-tubulin staining was robustly lost throughout
the paxillin-depleted cells early after tubacin removal (Fig. 2 E
and not depicted). To confirm the requirement for HDACG6 in
paxillin-mediated MT deacetylation, paxillin-depleted cells were
also treated with HDAC6 RNAI, which significantly attenuated
the deacetylation observed in cells lacking paxillin alone (Fig. 2,
C and D). We suspect that the small decrease in a-tubulin
deacetylation observed in cells lacking paxillin and HDAC6
after tubacin washout (Fig. 2, C and D) is most likely caused by
incomplete HDAC6 knockdown (Fig. 2 C), which was deter-
mined to be routinely >85%. Importantly, no significant differ-
ence in acetyltransferase activity was observed between control
and paxillin RNAi-treated cells, as determined by measuring
the rate of a-tubulin acetylation upon HDAC®6 inhibition with
tubacin (Fig. 2, F and G).

Paxillin interacts with HDACGE in normal
and transformed cells

Paxillin functions primarily as a protein scaffold (Brown and
Turner, 2004; Deakin and Turner, 2008). Therefore, we hypothe-
sized that it may be inhibiting HDAC6 activity through a molecular
interaction. A possible association between the two endogenous
proteins was initially examined using an in situ proximity liga-
tion assay (PLA). Consistent with an interaction between paxil-
lin and HDACG6, numerous PLA-positive spots were observed
throughout both MDA-MB-231 (Fig. 3, A and B) and HFF cells
(not depicted) that were not observed using control antibodies
(Fig. 3, A and B). A robust association between endogenous
paxillin and HDACG6 was also confirmed by coimmunoprecipi-
tation (co-IP; Fig. 3, C and D).

Paxillin is enriched in integrin-mediated FAs but is also
membrane associated and cytosolic (Deakin and Turner, 2008;
Deakin et al., 2012), whereas HDAC6 appears diffuse and gen-
erally cytosolic (Hubbert et al., 2002). To further examine the
subcellular localization of the paxillin and HDACS6 interaction,
we used acceptor photobleaching fluorescence resonance en-
ergy transfer (FRET; apFRET). This is a technique we have pre-
viously used to spatiotemporally resolve paxillin interactions
with both vinculin and actopaxin (Deakin et al., 2012). Consistent
with previous studies (Valenzuela-Ferndndez et al., 2005; Liu
et al., 2012), GFP-tagged HDACG6 was predominantly cytosolic
(Fig. 3 E). Interestingly, the apFRET analyses indicated a close
proximity between the two proteins throughout the cell but also
some localized enrichment of the complex coincident with and
juxtaposed to large FAs (Fig. 3, E-G). To further assess the ex-
istence of paxillin—-HDAC6 complexes at FAs, we repeated the
PLA analyses using MDA-MB-231 cells in which adhesion struc-
tures were demarcated through the expression of GFP-tagged
talin. Quantitative image analysis revealed that, consistent with

the apFRET (Fig. 3 E), a small fraction of the observed PLA
spots were indeed at least partially colocalized with talin-GFP-
positive adhesion structures (Fig. 3 H, insets). For comparison,
analysis of paxillin’s interaction with FAK, using the same ap-
proach, indicated that almost 60% of the paxillin-FAK PLA
spots colocalized with talin-GFP (Fig. 3 H). Costes’ randomiza-
tion method for measurement of colocalization (Costes et al., 2004)
was used to confirm, with >95% certainty, that the colocaliza-
tion observed between the paxillin and HDAC6 PLA spots and
FAs was not caused by chance coincidence. Collectively with the
FRET analysis, these data suggest that paxillin interacts with
HDACG6 predominantly in the cytosol to suppress its activity and
control global MT acetylation, whereas the presence of a small
population of paxillin-HDAC6 complexes at or around FAs
may be more important for regulating localized MT function.

The proline-rich region of paxillin is

required for the association with

HDACG6 to regulate MT acetylation

Paxillin has a well-defined domain structure, with the major-
ity of its interactions mediated by its N-terminal LD motifs, in
particular LD1, LD2, and LD4 (Fig. 4 A; Brown and Turner,
2004). Rather surprisingly, as with GFP-paxillin, expression
of GFP-paxillin mutants lacking either the LD1, LD2, or LD4
motifs rescued MT acetylation in paxillin-null MEFs (Fig. 4 B
and not depicted). However, despite targeting efficiently to FAs,
a GFP-paxillin mutant lacking the proline-rich region (GFP-
paxillinAPro) was unable to significantly increase MT acetyla-
tion above levels observed in GFP-expressing or neighboring
untransfected controls (Fig. 4, B and C). This lack of rescue
indicates that the proline-rich region is required to promote MT
acetylation. Furthermore, both co-IP (Fig. 4 D) and PLA analy-
ses (Fig. 4, E and F) demonstrate that the proline-rich region of
paxillin is essential for its association with HDAC6.

Paxillin regulates HDACG-mediated

MT acetylation to control directional
invasive migration

We have previously identified paxillin as a critical component
of the migration machinery in both 2D and 3D microenviron-
ments, in which it serves to control adhesion dynamics and phe-
notypic plasticity to modulate breast cancer cell invasion and
metastasis (Deakin and Turner, 2011). HDACG6 activity and its
concomitant effects on MT acetylation levels have also been
shown to influence adhesion stability, invasion, and directional
cell motility (Hubbert et al., 2002; Cabrero et al., 2006; Tran
et al., 2007; Zhang et al., 2007). Therefore, we sought to deter-
mine whether the elevated HDAC6 activity observed in paxillin-
depleted cells contributed to the inability of MDA-MB-231
cells to exhibit polarized 3D migration/invasion. As previously
reported for this cell type, paxillin RNAI significantly inhib-
ited cell invasion into a 3D collagen and fibronectin-rich ECM

tubacin washout. Boxed regions indicate the area used for the respective zoomed images. LUT, lookup table. (F and G) Western blots (F) and quantita-
tion (G) of the time course of a-tubulin acetylation after the addition of 2 pM tubacin. Data are represented as the mean = SEM. *, P < 0.05 from n = 3

individual experiments.
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(Fig. 5, A and B). Furthermore, consistent with work by others
in fibroblasts and cancer cell lines (Tran et al., 2007; Zhang
et al., 2007), HDACS6 inhibition by treatment with tubacin or
HDACSG6 depletion, using RNAI, significantly perturbed cell in-
vasion (Fig. 5, A and B). Interestingly, HDAC6 inhibition or
ablation in cells lacking paxillin resulted in a significant rescue
of cell invasion (Fig. 5, A and B). These data suggest that the
increase in HDAC®6 activity and associated hypoacetylation of
MTs in paxillin-depleted cells is, at least in part, responsible
for the decrease in their invasive capacity. Importantly, the res-
cue was comparable to the level of invasion observed in control
RNAi-treated cells lacking HDAC6 activity (Fig. 5 B), indicat-
ing that optimal 3D motility likely requires tight regulation of
both MT acetylation and deacetylation.

To visualize changes in polarized 3D migration, we per-
formed motility analyses in cell-derived matrices (CDMs). The
matrix organization observed in these CDMs (Cukierman et al.,
2001; Deakin and Turner, 2011) is reminiscent of the ECM ar-
chitecture at the tumor—stroma boundary in vivo, where paral-
lel fibrous ECM protein arrays have been observed (Provenzano
etal., 2006). As a result of the aligned ECM fibers characteristic of
HFF-derived CDMs, control RNAi-treated MDA-MB-231 cells
use a persistent, polarized mode of motility (Fig. 5, C, E, and G).
In contrast, cells lacking paxillin adopt an elongated nonmotile
phenotype (Fig. 5, G and H) with a significant reduction in both
cell migration velocity and directionality (Fig. 5, D and E) as pre-
viously described (Deakin and Turner, 2011). Similarly, pharma-
cologic inhibition of HDAC6 in control RNAI cells significantly
decreased both migration velocity and directionality (Fig. 5,
C-E). In contrast, HDAC6 inhibition with tubacin in cells lacking
paxillin resulted in a significant rescue in MT acetylation (Fig. 5,
F and G) as well as polarized cell motility (Fig. 5, C-E), consistent
with the increase in 3D invasion (Fig. 5, A and B). Comparable
results to the tubacin-mediated rescue of migration in cells lack-
ing paxillin were also obtained when cells were treated with
both paxillin and HDAC6 RNAIi (unpublished data).

Consistent with a previous study of fibroblasts migrating
through 3D CDMs (Doyle et al., 2009), there was a robust enrich-
ment of acetylated MTs directed toward the leading edge in con-
trol RNAi-treated cells (Fig. 5 G). In contrast, paxillin-depleted
cells exhibited a nonpolarized morphology with no distinct
front or rear as well as a significant decrease in MT acetylation
(Fig. 5, F and G). Importantly, suppression of HDACG6 activ-
ity by addition of tubacin as well as RNAi-mediated HDAC6
depletion resulted in an increase in polarized MT acetylation
in both control and paxillin RNAi-treated cells (Fig. 5, F and G;
and not depicted). Furthermore, cells lacking paxillin expres-
sion also reestablished a polarized morphology shortly after
tubacin addition with the formation of a distinct cell front and
rear, before commencing directional migration (Fig. 5 H). This
effect was not restricted to invasive MDA-MB-231 cells or 3D

migration because polarized 2D cell motility, as determined
using a wound-healing assay, was also rescued in paxillin-
depleted Hs578T cells and HFFs treated with tubacin or HDAC6
RNAI (Fig. S1). Collectively, these data identify paxillin as a
key modulator of HDACS6 activity in the regulation of polarized
migration in both 3D and 2D microenvironments.

Paxillin is required for MT acetylation-
mediated Golgi cohesion and positioning

in 2D and 3D ECM

A fundamental requirement in the establishment of polarization
in mammalian cells during cell migration is the repositioning
of the condensed Golgi apparatus ahead of the nucleus as well as
the directed stabilization of the MT cytoskeleton. A polarized
Golgi is thought to be necessary for targeting the trafficking of pro-
migratory factors to the leading edge (Nagasaki and Gundersen,
1996; de Forges et al., 2012; Stehbens and Wittmann, 2012).
The intimate relationship between the Golgi apparatus and the
MT cytoskeleton has been well documented in 2D systems. In-
deed, it has been suggested that acetylated MTs are enriched at
and required for establishment of the Golgi as a cohesive inter-
connected organelle (Thyberg and Moskalewski, 1993). In ac-
cordance with these previous observations, control RNAi-treated
MDA-MB-231 cells plated on a 2D substrate exhibited an en-
richment of acetylated MTs toward the apparent direction of
motility and also at the Golgi apparatus (Fig. 6 A). Furthermore,
the Golgi was characteristically compact (Fig. 6 A). In contrast,
paxillin depletion with RNAI resulted in an overt fragmentation
of the Golgi apparatus in >80% of cells, with numerous disparate
giantin-positive Golgi objects observed (Fig. 6, A and B). Quan-
titation of the fragmentation phenotype confirmed a significant
increase in the number of discrete, smaller Golgi objects in cells
lacking paxillin (Fig. 6, C and D). Furthermore, analysis of
Golgi morphology in paxillin-depleted Hs578T cells and HFFs
also revealed striking fragmentation (Fig. S3), consistent with
a fundamental role for paxillin in maintaining MT acetylation-
dependent Golgi integrity. It is unlikely that the increase in Golgi
objects was caused by a change in Golgi protein expression as no
significant increase in giantin (Fig. 6 E) or GM130 (see Fig. 9 A)
levels was seen in the paxillin-depleted cells.

To assess the link between paxillin and Golgi cohesion in
an inherently polarized system, cells were placed in 3D CDMs,
and Golgi morphology as well as associated cell phenotype and
MT acetylation were examined. Similar to 2D systems, paxillin-
depleted cells exhibited a highly disorganized, fragmented Golgi
apparatus, a lack of MT acetylation and a nonpolarized morphol-
ogy (Fig. 6, F and G). Importantly, treatment with tubacin (Fig. 6 F)
or HDAC6 RNAI (Fig. S4) resulted in a rescue of Golgi compac-
tion in paxillin-depleted cells, as demonstrated by a significant
reduction in the number of discrete Golgi objects (Fig. 6 G) and
an increase in average Golgi object area (Fig. 6 H).

experiments was used for 3D migration analyses. (F and G) Western blots (F) and images (G) showing a rescue of a-tubulin acetylation in cells treated with
paxillin RNAi and 2 pM tubacin during 4 h of 3D migration. Arrows indicate direction of migration, and boxed regions indicate the cropped region used
for the pseudocolored acetylated (Ac) a-tubulin lookup table (LUT) image. (H) Representative kymographs from 3D CDM migration time-lapse videos of
paxillin-depleted MDA-MB-231 cells treated with vehicle or 2 pM tubacin at t = 0. Data are represented as the mean £ SEM. *, P < 0.05; **, P < 0.005;

*** P <0.0005.

Paxillin controls polarized motility through HDACB. ¢« Deakin and Turner
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Having previously shown that paxillin regulates HDAC6
function through its proline-rich region (Fig. 4), we sought to
determine whether this region of the protein was also essen-
tial for maintaining Golgi integrity. To test this requirement,
paxillin-depleted MDA-MB-231 cells were transfected with
RNAi-resistant GFP-tagged paxillin constructs. Reexpression
of GFP-paxillin rescued Golgi cohesion in both 2D and 3D
microenvironments (Fig. 7, A and B). Furthermore, GFP-
paxillin expression also promoted rescue of the characteristic
motile and polarized 3D phenotype of MDA-MB-231 cells
(Fig. 7 B), rather than the hypermesenchymal, elongated mor-
phology observed in untransfected paxillin RNAi-treated cells
or cells expressing the GFP vector (Fig. 7 B), as described pre-
viously (Deakin and Turner, 2011). In contrast, reexpression of
GFP-paxillinAPro was unable to rescue either Golgi fragmen-
tation or the nonmotile 3D cell morphology (Fig. 7, A and B).
These data identify a novel role for the proline-rich region of
paxillin in coordinating the cell polarization machinery, likely
through its regulation of HDAC6-mediated MT acetylation-
driven Golgi cohesion and positioning.

The requirement for MT acetylation in maintaining Golgi
cohesion was confirmed by expression of a nonacetylatable
K40R mutant of a-tubulin in parental MDA-MB-231 cells. Expres-
sion of this mutant, in contrast to wild-type GFP—a-tubulin,
was sufficient to induce fragmentation of the Golgi apparatus in
both 2D and 3D microenvironments (Fig. 8, A and B). Neither
GFP-a-tubulin nor the K40R mutant caused any gross defects
in the MT network (Fig. 8 C). In addition, expression of the
a-tubulinK40R mutant, but not wild-type a-tubulin, promoted
a more hyperelongated, bipolar morphology in cells migrat-
ing through 3D CDMs (Fig. 8, A and D). Importantly, both
the 3D morphology and Golgi fragmentation observed in cells
expressing a-tubulinK40R (Fig. 8, A and D) are also charac-
teristic hallmarks of paxillin-depleted cells invading 3D ECM
(Fig. 5 G and Fig. 6 F). In addition to a-tubulin, HDAC6 has
other migration-relevant substrates, including cortactin and
Hsp90 (Kovacs et al., 2005; Zhang et al., 2007), that may also
be affected by paxillin regulation of HDAC6 activity. How-
ever, although these other HDACG6 substrates may play a role
in cellular function, the GFP-—a-tubulinK40R mutant data

area (D) of discrete Golgi objects per cell. (E) Western blots indicating no significant change in expression of the Golgi protein giantin in cells treated with
paxillin RNAi. (F-H) Images (F) and quantitation of Golgi object number (G) and area in cells treated with RNAi (H) as stated. Where applicable, cells
were treated with 2 pM tubacin 4 h before fixation. Data are represented as the mean = SEM. **, P < 0.005; ***, P < 0.0005.

Paxillin controls polarized motility through HDACGEG.
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suggest that paxillin regulation of MT acetylation, via HDACS,
represents a critical signaling axis in the control of the cell
polarization machinery.

To investigate whether there is a causal relationship
between Golgi integrity and reorganization in the rescue of
polarized motility in cells lacking paxillin, we performed
RNAi-mediated knockdown of the Golgi membrane protein
GM130 to block Golgi coalescence. Consistent with work by
others (Puthenveedu et al., 2006), GM130 ablation (Fig. 9 A)
resulted in Golgi fragmentation (Fig. 9, B and E). Impor-
tantly, depletion of GM130 in cells lacking paxillin prevented the
tubacin-mediated rescue of polarized motility (Fig. 9, C and D;
and see Fig. 5, D and E), suggesting that reorganization and

cohesion of the Golgi is an absolute requirement for this pro-
cess. Furthermore, despite the presence of acetylated MTs,
GM130 depletion in control cells promoted a paxillin RNAi-
like unpolarized, elongated 3D morphology (Fig. 9 E), high-
lighting the link between Golgi cohesion and the adoption
of a polarized motile phenotype. As with polarized motility,
HDACS6 inhibition with tubacin was unable to rescue either
the polarized morphology or Golgi fragmentation in cells
lacking both paxillin and GM130 (Fig. 9 E). These data there-
fore identify a fundamental role for paxillin as a key regulator
of HDACS6 activity during the establishment and maintenance
of a cohesive Golgi apparatus to enable polarized cell invasion
and migration.

Paxillin controls polarized motility through HDACGEG.
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Discussion

MT acetylation is observed throughout organism development
(Schatten et al., 1988) and is essential for a variety of fundamen-
tal cellular functions, including endocytosis (Montagnac et al.,
2013), ciliogenesis (Pugacheva et al., 2007), and the migration of
diverse cell types, such as neurons and endothelial cells (Creppe
etal., 2009; Wang et al., 2010; Li et al., 2012). Additionally, en-
hanced MT acetylation in cancers results in cell cycle arrest, in-
creased drug-induced apoptosis, and decreased tumor growth
(Blagosklonny et al., 2002; Dowdy et al., 2006; Catalano et al.,
2007) and as such is regarded as a positive prognostic factor.
Therefore, understanding the mechanisms responsible for HDAC6
inhibition, which results in enhanced MT acetylation, is of para-
mount importance to cancer therapeutics. Data presented herein
have identified a new and conserved role for paxillin as a key
regulator of MT acetylation (Fig. 1). We have shown that paxil-
lin depletion results in MT hypoacetylation (Fig. 1), indicating
that paxillin functions to promote MT acetylation. Furthermore,
this appears to be a nonredundant role for paxillin, as despite
extensive functional cross talk, structural homology, and shared
interacting proteins (Brown and Turner, 2004), RNAi-mediated
depletion of the paxillin family member Hic-5 had no signifi-
cant effect on MT acetylation (Fig. 1 B).

Historically, paxillin has been shown to elicit its effects
on cell adhesion and migration through its ability to localize to
sites of integrin-mediated cell attachment to the ECM in both
2D and 3D matrix microenvironments (Brown and Turner, 2004;
Deakin and Turner, 2008, 2011). However, HDACS6 is not strongly
enriched in FAs and instead is widely distributed throughout the
cytosol (Fig. 3 E), with some reported enrichment on MTs and
at the leading edge of migrating cells (Hubbert et al., 2002).
Moreover, HDAC6 has also been shown to have potent deacety-
lase activity toward assembled MTs rather than soluble a-tubulin
(Hubbert et al., 2002). However, the precise spatiotemporal acti-
vation of HDACG6 and thus MT deacetylation remains enigmatic.
Interestingly, we found that after washout of the HDAC6 inhibi-
tor tubacin, the resulting deacetylation of MTs was largely re-
stricted to the leading edge of membrane protrusion in control
cells (Fig. 2 E). In stark contrast, cells lacking paxillin displayed
a significantly enhanced rate of HDAC6-dependent global MT
deacetylation (Fig. 2, C-E), with no apparent effect on total acetyl-
transferase activity (Fig. 2, F and G). Using PLA, apFRET, and
co-IP, we determined that HDACG6 and paxillin exist in a com-
plex, which is distributed throughout the cell (Fig. 3) and is de-
pendent on the proline-rich region of paxillin (Fig. 4, D-F). Our
analyses also revealed that a small percentage of the paxillin—
HDACG6 complex was consistently observed juxtaposed to and
coincident with larger FAs (Fig. 3, E and H). It is interesting to
speculate that the paxillin-HDAC6 complexes located through-
out the cell may be necessary for the global regulation of MT
acetylation and thus may impact trafficking from the Golgi to
the plasma membrane. In contrast, those paxillin-HDAC6 com-
plexes observed in the vicinity of FAs may be required for the
localized regulation of MT stability and/or adhesion targeting
and thereby may be more important in regulating the dynamics
of FAs. Indeed, it has been previously shown that displacement
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of paxillin from adhesion structures to the cytosol, through over-
expression of paxillin LIM2-LIM3 domains, results in an in-
crease in MT stability at FAs (Efimov et al., 2008). It will be of
interest in future studies to dissect the respective roles of these
potentially distinct pools of paxillin~-HDAC6 complexes.

It is of note that we frequently observed the most robust
PLA signal between paxillin and HDAC6 in cells with large
stress fibers (Fig. 3 A, cells with asterisks). Both the formation
of stress fibers and large adhesions are linked to and induced by
the activation of RhoA (Chrzanowska-Wodnicka and Burridge,
1996). Therefore, it is plausible that RhoA activation may pro-
mote the association of paxillin and HDAC6 and thus result in
HDACS6 inhibition and concomitant enhanced MT acetylation.
Indeed, we have previously shown that activation of RhoA can
dictate the spatial distribution of paxillin’s interactome (Deakin
et al., 2012). For example, RhoA activation leads to an increase
in paxillin association with inactive vinculin in the cell cytosol/
membrane and enhances its association with actopaxin in adhe-
sions (Deakin et al., 2012). Furthermore, FAK-mediated acti-
vation of RhoA has been shown to stimulate MT acetylation
(Palazzo et al., 2004), consistent with a role for this signaling
axis in HDACG6 inhibition. Whether paxillin activates RhoA,
via its association with FAK to stimulate its interaction with
HDACS6, or alternatively, whether the association of paxillin and
HDACS6 leads to FAK and RhoA activation remains to be deter-
mined. However, it is noteworthy that paxillin depletion results
in decreases in both active FAK and RhoA levels (Deakin and
Turner, 2011) as well as enhanced HDACG6 activation (Fig. 2),
which suggests that these signaling axes may be integrated by
paxillin to spatiotemporally coordinate both the MT and the
actin cytoskeleton.

Although our interaction data are indicative (Fig. 3), it re-
mains to be determined whether paxillin interacts directly with
HDACS6. Nevertheless, our domain mapping analysis identified
a clear role for the proline-rich region of paxillin in mediat-
ing the paxillin-HDAC6 association (Fig. 4, D-F) as well as
HDACG6 inactivation to regulate MT acetylation (Fig. 4, B and C)
and Golgi cohesion (Fig. 7). It is of interest that other class II
HDAC family members can be also regulated by their interac-
tion with proline-rich regions of proteins. For example, both
HDAC?7 and 9 have been shown to interact with the proline-rich
region of the FOXP3 to activate its activity as a transcriptional
repressor (Li et al., 2007).

Tumor cell invasion and associated metastasis is consid-
ered the single worst prognostic factor in cancer progression.
Overexpression and activation of HDAC6 promotes both cell
transformation and invasion through inducing MT hypoacety-
lation (Hubbert et al., 2002; Tran et al., 2007; Lee et al., 2008;
Williams et al., 2013). Consistent with a previous study (Rey
et al., 2011), HDACG6 inhibition by tubacin or through RNAi-
mediated protein depletion inhibited MDA-MB-231 cell invasion
(Fig. 5, A and B) as well as HFF and Hs578T wound closure
(Fig. S1). In contrast, the inhibition of HDAC6 in paxillin-
depleted cells resulted in enhanced invasive capacity of MDA-
MB-231 cells (Fig. 5) and an increase in directional migration of
HFF and Hs578T cells (Fig. S1) to a level comparable to HDAC6-
inhibited control cells. These data suggest that the hypoacetylation



observed in paxillin-depleted cells, resulting from HDACG6 acti-
vation, is at least in part responsible for their decreased motility.
Similar results have also been observed in the developing cere-
bral cortex after silencing the Elongator acetyltransferase complex,
in which rescuing MT hypoacetylation with tubacin promoted
cortical neuron migration (Creppe et al., 2009). The data pre-
sented herein suggest that, although a balance of MT acetyla-
tion and deacetylation results in optimal invasion, a-tubulin
acetylation is able to rescue the cell motility machinery in paxillin-
depleted cells.

Previous studies have shown that paxillin is necessary for
cancer cell invasion through its regulation of invadopodia, 3D
adhesion dynamics, and the ability of cancer cells to switch be-
tween amoeboid and mesenchymal modes of motility (Bowden
et al., 1999; Deakin and Turner, 2011). Importantly, all of these
processes also involve dynamic regulation and acetylation of
the MT cytoskeleton. In the case of adhesion dynamics, the tar-
geting of MTs to integrin-mediated adhesions is necessary for
their disassembly (Kaverina et al., 1999), and this can be regu-
lated by paxillin (Efimov et al., 2008). Tightly controlled adhe-
sion assembly, stabilization, and disassembly are an absolute
requirement for efficient and productive mesenchymal cell mi-
gration (Kaverina et al., 2002). Therefore, the rescue of motility
in tubacin-treated paxillin-depleted cells suggests that HDAC6
regulation by paxillin contributes to the control of adhesion dy-
namics. We have previously shown that paxillin depletion pro-
motes a nonmotile hypermesenchymal phenotype of breast cancer
cells seeded in 3D ECMs and prevents their transition to an
amoeboid mode of motility (Deakin and Turner, 2011). Thus, the
inability of cells to exhibit productive mesenchymal motility
upon paxillin depletion may be caused by their lack of stable
acetylated MTs, which has been shown to facilitate this mode of
migration (Belletti et al., 2008).

A further consequence of paxillin depletion is the loss of
cell polarization, which in 3D ECMs is characterized by a loss
of correlation between cell front protrusion and rear retraction
(Deakin and Turner, 2011) and a decrease in persistent migra-
tion (Fig. 5, C and E). Herein, we observed that this loss of
polarized motility and fragmentation of the Golgi in paxillin-
depleted cells can both be rescued by HDACG inhibition (Fig. 6).
Several substrates of HDAC®6, including cortactin and Hsp90
(Kovacs et al., 2005; Zhang et al., 2007) influence cell migra-
tion, and thus, their hypoacetylation may be involved in the
nonmotile phenotype of cells lacking paxillin. However, simi-
lar to paxillin depletion, expression of a nonacetylatable K40R
mutant of a-tubulin was sufficient to induce Golgi dispersion and
anonmotile phenotype (Fig. 8), which suggests a causal role for
MT acetylation in these processes. Importantly, overexpression
of the a-tubulinK40R in other cell types has also been shown
to perturb directional motility (Li et al., 2012), in part through
inhibition of polarized kinesin-1-mediated trafficking (Reed
et al., 2006). Interestingly, kinesin-1 binding and trafficking is en-
hanced upon MT acetylation (Reed et al., 2006), and this motor
protein is essential for both the delivery of polarity proteins to
the correct locale (Hurd and Saxton, 1996; Ling et al., 2004;
League and Nam, 2011) as well as the MT-mediated dissolution
of FAs (Krylyshkina et al., 2002). Given the loss of MT acetylation

in cells lacking paxillin, it is possible that the observed defects
in cell polarization and migration may be caused in part by dys-
function of kinesin-1—driven processes.

Fragmentation of the Golgi after GM 130 RNA!i also pro-
moted a nonmotile paxillin RNAi-like morphology, which could
not be rescued by HDACG6 inhibition irrespective of paxillin ex-
pression (Fig. 9, C-E). Importantly, GM 130 depletion does not
influence MT acetylation (unpublished data). Collectively, we
conclude that paxillin-mediated control of MT acetylation is re-
quired to regulate Golgi cohesion, which in turn is an absolute
requirement for 3D cell morphology as well as polarized migra-
tion. Despite the previously observed enrichment of acetylated
MTs at the Golgi apparatus (Thyberg and Moskalewski, 1993),
we believe that this is the first direct evidence that MT acetylation
is required for and indeed drives Golgi cohesion and mainte-
nance (Fig. 6 and Fig. 8). Furthermore, we have shown that paxillin-
mediated inhibition of HDACS6 is essential for the maintenance
of Golgi integrity in both normal and malignant cell types (Fig. 6
and Fig. S3). Whether enhanced MT acetylation regulates Golgi
structure through providing a stable scaffold as a result of their
increased longevity or whether the enhanced kinesin-1-mediated
motor activity is the driving force behind Golgi stack integra-
tion remains to be determined. It is noteworthy, however, that MT
destabilization and dissolution is a prerequisite for Golgi fragmen-
tation during mitosis (Thyberg and Moskalewski, 1999), and
kinesin-1 both localizes to and is essential for Golgi maintenance
(Lippincott-Schwartz et al., 1995). Further research is necessary,
but it is likely that both MT stability and kinesin motor function
combine to facilitate Golgi structure and function.

In conclusion, the data presented herein identify a new
role for paxillin as a fundamental regulator of MT acetylation
via an inhibitory interaction with HDAC6. Furthermore, we have
shown that paxillin-mediated inhibition of HDACS is required
to regulate the integrity of the Golgi apparatus as well as polar-
ized cell motility in both 2D and 3D microenvironments.

Materials and methods

Cell lines, reagents, and antibodies
The paxillin-null (paxillin~~) MEFs were a gift from S. Thomas (Harvard
Medical School, Cambridge, MA) and have been described previously.
The constitutive paxillin knockout was achieved by replacing the 1.6-kb
genomic sequence encoding exons 2 and 3 of mouse paxillin with a pro-
moterless B-galactosidase-neomycin cassefte (Hagel et al., 2002). MDA-
MB-231, Hs578T, HFF, and NIH-3T3 cell lines were purchased from the
ATCC and maintained in complete growth media. The NIH-3T3 cells were
cultured in DMEM containing 10% (vol/vol) calf serum supplemented with
2 mM -glutamine, 1 mM sodium pyruvate, and 1% (vol/vol) penicillin and
streptomycin. All other cell lines were cultured in DMEM supplemented as
stated here containing 10% (vol/vol) fetal bovine serum and were main-
tained in a 37°C humidified chamber with 5% CO,.

Antibodies used in this study include mouse anti-paxillin (clones
349 and 165 for Western blotting and immunofluorescence, respectively),
mouse anti-GM130, mouse anti-fibronectin (BD), mouse anti-acetylated
artubulin (clone 6-11B-1), mouse anti—a-tubulin (clone DM1A), mouse anti—
a-actinin, rabbit antifibronectin, rabbit anti-HDACé (Sigma-Aldrich), rab-
bit anti-paxillin, normal mouse IgG (Santa Cruz Biotechnology, Inc.), rabbit
antitubulin, rabbit anti-HDACé (Abcam), mouse anti-SIRT2 (Cell Signaling
Technology), mouse anti-actin (EMD Millipore), and rabbit anti-giantin (Co-
vance). Rhodamine- and Alexa Fluor 488-conjugated phalloidin (Life Tech-
nologies) and DAPI (Sigma-Aldrich) were used for fluorescent detection of
Faactin and the cell nucleus, respectively. Anti-mouse and anti-rabbit Dylight
488- and 633-conjugated antibodies were used for all immunofluorescence
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experiments (Thermo Fisher Scientific). Tubacin was purchased from Sigma-
Aldrich and was used at a concentration of 2 pM, with cells treated for
4 h before fixation unless otherwise stated.

RNAi and transfections

Where indicated, cells were transfected with siRNAs for 72 h, unless stated
otherwise, using Oligofectamine (Life Technologies) following the manu-
facturer’s instructions and using a concentration of 0.1 pM for each oligo-
nucleotide (oligo). The paxillin RNAi(1) was purchased from Thermo Fisher
Scientific (catalog number Custom0008), and all other siRNA oligos used
were purchased from Life Technologies (catalog number AM16106) with-
out modifications. The human siRNA sequences were as follows: paxillin
RNAI(1), 5-CCCUGACGAAAGAGAAGCCUA-3" and 5'-UAGGCUUCUC-
UUUCGUCAGGG-3’; paxillin RNAI(2), 5-GUGUGGAGCCUUCUUUGGU-3'
and 5-ACCAAAGAAGGCUCCACAC-3’; Hic-5 RNAi, 5'-GGACCAGUC-
UGAAGAUAAG-3’ ([Deakin and Turner, 201 1); HDAC6 RNAI, 5'-CAUCCAA-
GUCCAUCGCAGAUU-3" and 5-UCUGCGAUGGACUUGGAUGUU-3’
(Kaluza et al., 2011); GM130 RNA|, 5-GUUAGAGAUGACGGAACUCTT-3’
and 5-GAGUUCCGUCAUCUCUCUAACTT-3" (Puthenveedu et al., 2006);
SIRT2 RNAi, 5-GGAGCUGGAAUCUCCACAUTT3" and 5-AUGUG-
GAGAUUCCAGCUCCTT-3’; and control RNAi, 5'-ACUCUAUCUGCAC-
GCUGACUU-3’ and 5'-GUCAGCGUGCAGAUAGAGUUU-3". The control
nonspecific siRNA was used in all experiments as indicated. The efficiency
of paxillin knockdown was routinely assessed by Western blotting and was
92.6 + 0.96% and 93.2 + 1.2% for RNAJ oligos 1 and 2, respectively.
Depletion of Hic-5, a paxillin family member, had no significant effect on
a-tubulin acetylation.

Cells were transiently transfected with EGFP, EGFP-paxillin, EGFP-
paxillin mutants, and EGFP-a-tubulinK40R using Lipofectamine LTX (Life
Technologies) following the manufacturer’s standard instructions. For knock-
down and reexpression experiments, cells were treated with paxillin RNAi(2)
as in the previous paragraph for 48 h before transfection with cDNA as
stated using a transfection system (TransITX2 Dynamic Delivery System;
Mirus Bio LLC) following the standard manufacturer’s instructions. Cells
were left for 24 h after transfection before cell spreading and fixation.

Immunofluorescence microscopy

Glass coverslips were coated with fibronectin at 10 pg/ml for 16 h at 4°C
in PBS confaining magnesium, and calcium or 3D CDMs were grown on
12-mm glass coverslips as described for 3D analyses. Coverslips (both 2D
and 3D) were blocked with heat-denatured BSA at 10 mg/ml. MDA-MB-231
cells, in complete growth medium at 5 x 10* cells/ml, were incubated on
2D or 3D coverslips for 16 h at 37°C, unless otherwise stated. Cells were
washed once in PBS, fixed, and permeabilized simultaneously using 1%
glutaraldehyde with 1% (vol/vol) Triton X-100 in PBS, quenched with 1%
(wt/vol) NaBH, in PBS, and then blocked overnight at 4°C with 3% (wt/vol)
BSA. Fixed cells were stained with primary antibodies as indicated. PBS
with 0.05% Tween 20 was used for subsequent washes. Cells were im-
aged using a scanning confocal microscope (SP5; Leica) with a HCX Plan
Apochromat 63x/1.40-0.60 NA oil \ blue objective and associated hybrid
and standard photomultiplier tube defectors. Images were acquired using the
LAS AF (Leica Application Suite Advanced Fluorescence) software (Leica).

PLAs

PLAs were performed following the manufacturer’s instructions using the
Duolink anti-Mouse MINUS and anti-Rabbit PLUS In Situ PLA probes and
the Duolink In Situ Defection Reagents Red (Olink Bioscience). Cells were
counterstained with Alexa Fluor 488—conjugated phalloidin and DAPI and
imaged using the scanning confocal (SP5) with a HCX Plan Apochromat
63x/1.40-0.60 NA oil \ blue objective. To determine PLA proximity to
adhesion contacts, cells were infected with talin-GFP baculovirus (CellLight;
Life Technologies) 24 h before fixation, and PLA was infected with the indi-
cated antibody pairs.

apFRET

apFRET experiments were performed and quantified as previously de-
scribed (Deakin et al., 2009, 2012). Paxillin-null MEFs were transfected
with a cDNA ratio of 2:1 donor to acceptor. 16 h after transfection, cells
were plated on 10 pg/ml fibronectincoated 35-mm glass-bottomed, poly--
lysine dishes (MatTek Corporation), which had been blocked with 10 mg/ml
heat-denatured BSA for 30 min. Forty thousand cells were added to each
well and allowed to attach and spread overnight at 37°C with 5% (vol/vol)
CO,. The spread cells were then fixed for 15 min at room temperature
with 4% (wt/vol) paraformaldehyde in PBS, washed with PBS, and then
quenched with 0.1 M glycine in PBS for 15 min at room temperature be-
fore storage in distilled H,0 for imaging. Fixed cells were imaged in the
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GFP and RFP channel on a deconvolution microscope (AF6000 LX; Leica)
and LAS AF software using a 100x/1.40-0.70 NA HCX Plan Apochro-
mat objective (Leica) and electron-multiplying charge-coupled device cam-
era (Luca R; Andor Technology). A GFP image (donor) was captured before
and after photobleaching the mRFP (acceptor). To control for pixel shift ab-
errations and edge artifacts, the GFP images taken before and after photo-
bleaching were merged, and pixel alignment fidelity was assessed and
corrected. After image-specific background subtraction, the percentage of
FRET efficiency was calculated on a pixel-by-pixel basis as 100 x [1 —
(donor intensity before photobleaching/donor intensity after photobleach-
ing)] using Image) software (National Institutes of Health). FRET images
were smoothed and displayed as a color intensity scale.

Co-IP assays and immunoblots

For each co-IP, 1.6 x 10° cells were plated overnight in serum on 10 pg/ml
fibronectin-coated 10-cm dishes, and then after a brief PBS wash at 4°C,
lysates were prepared using 400 pl of icecold exiraction buffer contain-
ing 50 mM Hepes, pH 7.4, 150 mM NaCl, 1% (vol/vol) Triton X-100,
1% (wt/vol) sodium deoxycholate, 0.1% (wt/vol) SDS, and 10% (vol/vol)
glycerol supplemented with inhibitor cocktail (1 mM PMSF, 20 pg/ml leu-
peptin, 5 pM cytochalasin D, and 5 pM latrunculin A). After 10 min of cell
lysis on ice in the extraction buffer, samples were collected and centrifuged
at 6,000 g for 10 min at 4°C. Supernatants were then diluted twofold in
ice-cold HNTG buffer containing 50 mM Hepes, pH 7.4, 150 mM NaCl,
0.1% (vol/vol) Triton X-100, and 10% (vol/vol) glycerol supplemented with
inhibitor cocktail. Samples were then incubated rotating at 4°C with 1 pg of
antibody as indicated for 1 h before the addition of protein A/G beads for
a further 30 min. The beads were collected and washed twice with 500 pl
ice-cold HNTG buffer before SDS-PAGE analysis. Western blots were visu-
alized using enhanced chemiluminescence substrate (SuperSignal West;
Thermo Fisher Scientific) and an imaging system (ChemiDoc MP; Bio-Rad
Laboratories). Knockdown efficiency was assessed routinely with protein-
specific antibodies for each experiment. Where stated, band intensity was
quantified using Imagelab software (Bio-Rad Laboratories).

HDAC6 activation and acetyliransferase activity assays

To quantify HDAC6 activity, MDA-MB-231 cells were treated with 2 yM
tubacin for 16 h in complete growth medium to ensure maximal MT acetyl-
ation, which was confirmed through both Western blotting and immuno-
fluorescence. The medium containing the inhibitor was then removed and
replaced with complete growth medium. Total cell lysates were prepared
at the time points stated by addition of hot reducing sample buffer and
analyzed by Western blotting and band densitometry. The rate of a-tubulin
deacetylation was determined by quantitation of the acetylated a-tubulin
band infensity versus time relative to the a-tubulin and a-actinin loading
controls, which was analyzed using Excel (Microsoft). In order to assess
acetyltransferase activity, cell lysates were created at the stated time point
after tubacin addition, and a-tubulin acetylation was determined by West-
ern blotting.

Inverted invasion assay

The inverted collagen and fibronectin invasion assay was performed as
described previously (Deakin and Turner, 2011). In brief, collagen I (Pure-
Col; Advanced BioMatrix), mixed 5:1 with 10x MEM, supplemented with
25 pg/ml fibronectin, was allowed to polymerize in 8-pm pore size tran-
swell inserts (Corning) for 1 h at 37°C in the absence of CO,. MDA-MB-
231 cells treated with siRNA oligos as stated for 24 h were resuspended
in serum-free medium and 10° cells/ml and were seeded on the inverted
transwell, on the filter surface. Cells were allowed to adhere for 1 h at
37°C in the presence of CO,. Transwells were then placed in 1 ml serum-
free medium, with the addition of 2 pM tubacin where stated. To establish
a chemotactic gradient, medium supplemented with 10% fetal bovine
serum and inhibitors where stated was placed in the upper chamber of the
transwell. 4 d after seeding, cells were stained with Calcein AM (Life Tech-
nologies) and visualized using the HC Plan Apochromat 20x/0.70 NA
immersion correction collar \ blue objective (Leica) and laser-scanning con-
focal microscopy (SP5). Images were acquired in 10-pm intervals up to
150 pm from the transwell surface as determined by phase-contrast imag-
ing. Total cells in all images of the confocal series were quantified using
Image), and the relative percentage of cells invading 240 pm into the col-
lagen and fibronectin plug was determined.

3D CDM generation and 3D migration analysis

3D CDMs were generated as previously described (Deakin and Turner,
2011). In brief, 6-well plates (CELLTREAT Scientific Products), glass-bottom
dishes (MatTek Corporation), and glass coverslips were coated with 0.2%



sterile gelatin for 30 min at 37°C. Glass-bottom dishes and glass coverslips
were subsequently treated with 1% glutaraldehyde (vol/vol) to crosslink
the gelatin and then quenched with 1 M glycine. After incubation with
complete growth medium, 10° cells/ml of primary HFFs were seeded onto
each dish and cultured for 10-14 d. Cell growth medium was changed
every 2 d and supplemented with 50 pg/ml ascorbic acid to stabilize the
collagen matrix. The matrices were denuded of cells by treating the cell
monolayers with 20 mM NH,OH, 0.5% Triton X-100 (vol/vol), and PBS for
2 min at 37°C. CDMs were then washed repeatedly and stored in cold
PBS containing magnesium and calcium.

Parental or siRNA-treated MDA-MB-231 cells as indicated were al-
lowed to spread on CDMs for 4 h in the presence of serum (with or without
vehicle or inhibitors as indicated) before imaging. Time-lapse imaging was
performed on a microscope (TE2000; Nikon) equipped with an environ-
mental chamber with images acquired every 10 min for 16 h using a HCX
Plan Fluotar 10x/0.30 NA objective and Elements software (Nikon). Im-
age) software was used to track cell centroid movement and to calculate
migration velocity and directionality of all cells present in the field through-
out the time course. The persistence was calculated as previously described
(Pankov et al., 2005; Deakin and Turner, 201 1) using the manual tracking
and chemotaxis tool plugins for Imagel. Tracks were derived from raw
data points and were plotted in Excel.

Wound-healing assay

Hs578T or HFF cells were treated with siRNA for 24 h before seeding at
high density in 6-well plates (5 x 10° cells/well). Cells were left to spread
and reach confluence for 24 h before wounding. Monolayers were scraped
using a pipette tip and washed four times with prewarmed complete growth
medium. The wounded monolayer was treated with vehicle or 2 yM tuba-
cin as indicated and was then imaged using a microscope (TE2000)
equipped with a 10x objective, and images were taken every 10 min for
24 h. Nuclei of cells at the wound edge were tracked manually, and direc-
tionality was measured using the manual tracking and chemotaxis tool
plugins in Image).

Image quantitation and Golgi morphometric analyses

To determine mean fluorescence intensity (MFI), representative images
were background subtracted and thresholded for particles with values be-
tween 20 and 256 before quantitation using the analyze particles plugin
in Image). Values were made relative to the GFP control. MFI was mea-
sured from a minimum of 20 cells from three independent experiments.
Costes’ randomization was quantified for 12 representative background-
subtracted images of talin-GFP and PLA spots using 200 iterations using
the JACoP (Just Another Colocalization Plugin) plugin for Image).
A value of >95% indicated a positive correlation between the channels
(Costes et al., 2004). For Golgi morphometric analyses, representative im-
ages were background subtracted, and Golgi area, object number, and
object area were quantified using the analyze particles plugin in Image).

Statistical analyses

Two-ailed unpaired Student's  tests were used for all statistical analyses be-
tween two groups using Excel. Statistical analyses between multiple groups
were assessed using a one-way analysis of variance followed by a Dunnett's
post hoc test and performed using Prism software (GraphPad Software).

Online supplemental material

Fig. S1 demonstrates that polarized motility and MT acetylation is decreased
in both Hs578T cells and HFFs lacking paxillin expression, as assessed
using a wound-healing assay (Fig. 1, Fig. 2, and Fig. 5). The immunofluor-
escence images displayed in Fig. S2 indicate that the loss of MT acetylation
in paxillin-depleted MDA-MB-231 cells can be rescued by HDAC6 inhibition
or protein depletion (Fig. 2). Fig. S3 displays representative images of the
Golgi fragmentation phenotype observed in both normal and transformed
cells treated with paxillin RNAI (Fig. 6). Fig. S4 demonstrates that the Golgi
fragmentation induced by paxillin RNAi can be rescued by both HDACé
RNAi as well as treatment with the HDACé-specific inhibitor tubacin (Fig. 6).
Online supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.201403039/DC1. Additional data are available in the
JCB DataViewer at http://dx.doi.org/10.1083/jcb.201403039.dv.
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