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Abstract

Protein aggregates can form in the cytoplasm of the cell and are accumulated at aggresomes localized to the microtubule
organizing center (MTOC) where they are subsequently degraded by autophagy. In this process, aggregates are engulfed
into autophagosomes which subsequently fuse with lysosomes for protein degradation. A member of the class II histone
deacetylase family, histone deacetylase 6(HDAC6) has been shown to be involved in both aggresome formation and the
fusion of autophagosomes with lysosomes making it an attractive target to regulate protein aggregation. The scaffolding
protein sequestosome 1(SQSTM1)/p62 has also been shown to regulate accumulation and autophagic clearance of protein
aggregates. Recent studies have revealed colocalization of HDAC6 and p62 to ubiquitinated mitochondria, as well as,
ubiquitinated protein aggregates associated with the E3 ubiquitin ligase TRIM50. HDAC6 deacetylase activity is required for
aggresome formation and can be regulated by protein interaction with HDAC6. Due to their colocalization at ubiquitinated
protein aggregates, we sought to examine if p62 specifically interacted with HDAC6 and if so, if this interaction had any
effect on HDAC6 activity and/or the physiological function of cortactin-F-actin assembly. We succeeded in identifying and
mapping the direct interaction between HDAC6 and p62. We further show that this interaction regulates HDAC6
deacetylase activity. Data are presented demonstrating that the absence of p62 results in hyperactivation of HDAC6 and
deacetylation of a-tubulin and cortactin. Further, upon induction of protein misfolding we show that p62 is required for
perinuclear co-localization of cortactin-F-actin assemblies. Thus, our findings indicate that p62 plays a key role in regulating
the recruitment of F-actin network assemblies to the MTOC, a critical cellular function that is required for successful
autophagic clearance of protein aggregates.
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Introduction

Misfolded proteins are thought to be sequestered into aggregates

for the protection of cells as accumulation of mis-functional

proteins can be toxic [1]. This process was originally attributed to

ubiquitin tagging of defective proteins leading to their recruitment

into aggresomes that are degraded by autophagy(aggresome-

autophagy pathway) [2]. However, recent advancements have

shown that protein recruitment can also occur in an ubiquitin-

independent manner [3]. The Class II histone deacetylase

HDAC6has been associated with aggresome formation in both

ubiquitin dependent [4,5] and independent pathways [3]suggest-

ing HDAC6 may play a pivotal role in both protein accumulation

and cell protection. HDAC6 is predominantly localized to the

cytoplasm, a feature that distinguishes it from other HDAC family

members [6]. HDAC6 contains two catalytic domains, DD1 and

DD2 [7], as well as, a C-terminal ubiquitin binding domain BUZ/

ZnF-UBP [4,8,9]. Polyubiquitinated protein aggregates are

recruited to HDAC6 through this BUZ domain [4,10], while

deacetylase activity is regulated by one or both of the internal

catalytic domains [7,11]. It has been proposed that HDAC6

facilitates loading of aggregated proteins onto the dynein motor

protein complex by serving as an adaptor between ubiquitinated

protein aggregates and dynein [4].As such, a functional interaction

exists between HDAC6, the motor protein dynein, and poly-

ubiquitinated proteins in aggresome formation at the microtubule

organizing center (MTOC) [4].Knockdown of HDAC6 results in

impairment of polyubiquitinated proteins recruitment to dynein

and subsequent transport to the MTOC leading to an aggresome-

deficient phenotype [4].Interestingly, the role of HDAC6 in

aggresome-autophagy pathway is not solely that of an adaptor

protein as deacetylation of its substrate cortactin is required for

autophagosome-lysosome fusion [4,12]. Thus, both accumulation

of protein aggregates at aggresomes and their autophagic

clearance occur in an HDAC6-dependent fashion.

A number of proteins have been found to regulate the activity of

HDAC6. Both epidermal growth factor receptor(EGFR) [13] and

casein kinase 2 (CK2) [14] regulate HDAC6 activity by

phosphorylation, leading to changes in cellular acetylated tubulin

levels. Expression of a CK2 phosphorylation site mutant of

HDAC6(S458A) has been shown to abrogate recruitment of the
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HDAC6 substrate cortactin to aggresomes [14]. Failure of this

recruitment leads to inability of the associated F-actin assembly

network to organize properly which subsequently results in failure

to clear aggregated proteins [12]. Other proteins, such as dysferlin,

can also regulate HDAC6 deacetylation of tubulin by interfering

with the interaction between HDAC6 and tubulin itself [15]. In

addition, the HDAC6-interacting protein tau has been shown to

inhibit HDAC6 deacetylase activity with overexpression of tau

leading to inhibition of aggresome formation [16].

Interestingly, HDAC6 has recently been shown to also be

involved in mito-aggresome formation that is associated with

elimination of damaged mitochondria [17]. In this process, that

closely resembles aggresome formation, the atypical protein kinase

C (aPKC)-interacting protein sequestosome 1/p62 (hereafter

referred to as simply p62) has been reported to co-localize with

HDAC6 in ubiquitinated mito-aggresomes [17].p62 has been

found to have myriad roles in cellular mechanics, not the least of

which is a well-defined function in intracellular disposal pathways.

In this role, p62 is involved in transport of both misfolded proteins

and dysfunctional organelles to cellular degradation sites [18,19].

This transport is accomplished via the microtubule network where

the motor protein dynein ‘‘moves’’ cargoes along the microtubule

concentrating damaged proteins and organelles into aggresomes or

inclusion bodies [17,20,21]. Of particular importance in this role is

the presence in p62 of a C-terminal UBA domain for binding of

ubiquitin and ubiquitinated protein aggregates [18]. Recent

studies have shown p62 is involved in inclusion body formation

and selective autophagic clearance of ubiquitinated substrates

[22,23,24]. In association with mitochondrial clearance by

mitophagy, both p62 and HDAC6 are recruited to mitochondria

ubiquitinated by parkin [17]. Similarly, both proteins have also

been shown to interact with the E3 ubiquitin ligase TRIM50 [25]

localizing to aggregate formation sites where they promote the

sequestration and clearance of ubiquitinated proteins at aggre-

somes.

We have documented in previous work in our laboratory that

loss of p62 abrogates movement of protein aggregates and

organelles [18,26]. Because both p62 and HDAC6 are known to

be closely associated with aggregate clearance and both proteins

show co-localization, we reasoned that p62 might directly or

indirectly affect the activity of HDAC6.To test this hypothesis, we

examined tubulin acetylation in a p62 knock-out model. Our goal

was to determine what, if any, effect the presence of p62 has on the

deacetylase activity of HDAC6 and how this might relate to our

previous observation of impaired motor transport. In the results

reported here, we identify a specific binding domain of p62 which

does interacts with a catalytic domain of HDAC6 resulting in

modulation of HDAC6 deacetylase activity. We show that lack of

p62 hyper-activates HDAC6 resulting in elevated de-acetylation of

the HDAC6 specific substrates a-tubulin and cortactin. We also

reveal that elevation of HDAC6 activity by loss of p62 leads to an

increased association of F-actin network assemblies with aggre-

gates containing HDAC6 which are unable to move to the MTOC

for autophagic degradation.

Materials and Methods

Cell Culture and Transfection
Human embryonic kidney (HEK) 293 cells from the American

Type Culture Collection were grown as described previously [27].

Transfection was achieved using the Mammalian Cell Transfec-

tion Kit (EMD-Millipore, Billerica, MA). Wild Type (WT) and

p62 knock-out (p62KO) mouse embryonic fibroblasts (MEF) were

derived from E13.5 mouse embryos [28] and grown in DMEM

supplemented with 10% Fetal Calf Serum and antibiotics at 37uC
with high humidity and 5%CO2. Transfection of MEF cells was

carried out using Lipofectamine 2000 (Life Technologies, Grand

Island, NY).

Antibodies and Reagents
Monoclonal antibodies for a-tubulin, acetylated a-tubulin and

FLAG-tag were obtained from Sigma Chemical (St. Louis, MO).

p62 monoclonal antibody was purchased from Abcam (Cam-

bridge, MA). All other antibodies were purchased from Santa

Cruz Biotechnology (Dallas, TX). All reagents were purchased

from Sigma Chemical (St. Louis, MO). Tubacin and nil-Tubacin

were a generous gift from Dr. Stuart Schreiber, Harvard

University.

Immunoprecipitation and Western Blot
Either HEK or MEF cells were lysed on ice using Triton Lysis

Buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl2, 10 mM NaF,

0.5% TX-100, 1 mM Na3VO4, 1 mM PMSF, 2 mg/ml aprotinin

and leupeptin). Protein concentration was determined by Bradford

Assay (Bio-Rad, Hercules, CA) prior to immunoprecipitation.

Lysates were rotated overnight at 4uC with primary antibody

followed by 3 hours with anti-IgG-agarose beads. Precipitates

were washed with Triton Lysis Buffer a total of 3 times prior to the

addition of 1X Sample Buffer. Samples were separated by SDS-

PAGE and transferred to nitrocellulose for Western blotting.

GST-Pulldown Assay
E. coli cells expressing GST-p62 were grown in 2xYT media

(16 g tryptone, 10 g yeast extract, 5 g NaCl, 0.49 g sodium citrate,

6.27 g K2HPO4, 1.63 g KH2PO4per 1 liter, pH 7.6 supplemented

with 100 mM MgSO4 and antibiotic) for 12 hours. Expression

was induced with 1 mM IPTG for 4 hrs. Bacterial cells were lysed

with NETN buffer (20 mM Tris, pH 8.0, 100 mM NaCl2, 1 mM

EDTA, 0.1% NP40, 2 mg/ml leupeptin, 1 mM PMSF). GST-p62

was purified from bacterial lysates by binding to glutathione-

agarose beads overnight at 4uC. Bound beads were then washed 5

times with NETN followed by resuspension in NETN. Protein

concentration was determined by Bradford Assay.

HEK cell lysates expressing HA-HDAC6 were added to 10 mg

GST-p62 beads and allowed to bind overnight at 4uC. Following

incubation, beads were washed 3 times with NETN buffer and 1X

Sample Buffer added. Pulldown samples were separated on SDS-

PAGE followed by Western blot.

HDAC6 Activity Assay
HDAC6 was purified from WT and p62KO MEF cells by

immunoprecipitation. HDAC activity was then measured using

the HDAC Colorimetric Activity Assay kit (Biovision, Milpitas,

CA). Briefly, HDAC6 immunoprecipitates were incubated with a

HDAC colorimetric substrate consisting of polypeptide chains

with acetylated lysine side chains. Following incubation per the

manufacturer’s instructions, the reaction was stopped by incuba-

tion with developer. Colorimetric detection was determined at

405 nm.

Immunofluorescence Microscopy
WT and p62KO MEF cells were fixed in 4% paraformaldehyde

for 1 hour. Cells were then washed with PBS prior to

permeabilization with0.1% TX-100/PBS for 10 minutes. After

permeabilization, cells were blocked in 3% milk/PBS at room

temperature for 4 hours before adding primary antibodies in

blocking solution. Fluorescently tagged secondary antibodies (Life
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Technologies, Grand Island, NY) were added in block for 2 hours

at room temperature. Actin was stained using AF350-phalloidin

(Life Technologies, Grand Island, NY). Colocalization of proteins

was visualized using a Nikon A1/T1 confocal microscope and the

Nikon Elements software.

Statistical Analysis
Means, standard errors, Student’s t tests and Chi-squared tests

were calculated manually [29]. Chi-squared statistical were

calculated under the assumption of unequal group variances with

one-tailed p-values. P-values less than 0.05 were considered

significant.

Results

p62 affects acetylated tubulin levels in mouse embryonic
fibroblasts

Our first objective was to determine the activity level of HDAC6

in the absence of p62. For this experiment, we sought to examine

tubulin acetylation levels in WT and p62KO MEF cells via

Western blot with acetyl-tubulin specific antibody. While a-tubulin

levels remained relatively constant between WT and p62KO cells,

we observed a significant decrease in acetylation of tubulin in the

absence of p62 (WT vs. p62KO: t(4) = 29.03, p = 4.19E-6) (Fig.

1A). Deacetylation of tubulin can be accomplished by the HDAC

family of deacetylases [30,31]. Upon treatment with the general

class I and II HDAC inhibitor Trichostatin A (TSA), deacetylation

of tubulin was inhibited while treatment with nicotinamide, a class

III NAD+- dependent SIRT family inhibitor, did not inhibit

deacetylation of tubulin. a-Tubulin is a specific substrate of

HDAC6 [31,32,33]. In WT or p62KO cells, treated with the

HDAC6 specific inhibitor tubacin, deacetylation of tubulin was

inhibited while treatment with the inactive analog, nil-tubacin

produced no evidence of deacetylation inhibition. Examination of

the ultra-structure of tubulin filaments using immunofluorescence-

based microscopy showed characteristic acetylated tubulin staining

along filaments in WT cells but disorganized and diffuse acetyl-

tubulin staining in cells lacking p62 (Fig. 1B). We concluded from

these results that p62 could play a regulatory role in the

deacetylase activity of the HDAC family member HDAC6.

p62 interacts with the HDAC family member HDAC6
In general, regulatory proteins interact directly with their

substrates. To date, a number of proteins have been identified that

regulate HDAC6 activity through physical interaction [15,16,34].

Thus, we hypothesized that the regulatory effect of p62 on the

deacetylation activity of HDAC6 could be accomplished by direct

interaction between p62 and HDAC6. Using bacterially expressed

GST-tagged p62, a pulldown experiment incorporating exogenous

HA-tagged HDAC6 protein was performed. Results from this

experiment provided strong evidence of a direct interaction

between p62 and HDAC6 in an in vitro environment (Fig. 2A).

Interaction between the two proteins was further confirmed by co-

precipitation using exogenously expressed constructs (Fig. 2B), as

well as, endogenously expressed proteins (Fig. 2C) indicating

interaction between p62 and HDAC6 occurred in vivo as well as in

vitro. Evidence of endogenous p62 and HDAC6 co-localization was

Figure 1. Absence of p62 leads to decreased acetylated-tubulin in mouse fibroblasts. (A) WT and p62KO MEF were treated with 2 mM TSA,
10 mM tubacin, 10 mM niltubacin, or 10 mM nicotinamide for 4 hours. Whole cell lysates were subjected to Western blot with anti-acetylated-a-
tubulin and anti-a-tubulin antibodies. Blots were quantitated and relative expression values determined and analyzed for significance using Student’s
t-tests. [WT vs. p62KO Untreated: t(4) = 29.03, p = 4.19E-6; WT vs. p62KO TSA: t(4) = 0.27, p = 0.401; WT vs. p62KO Tubacin: t(4) = 0.49, p = 0.325; WT vs.
p62KO Nil-tubacin: t(4) = 0.71, p = 0.259; WT vs. p62KO Nicotinimide: t(4) = 0.32, p = 0.382] (B) WT and p62KO MEF cells analyzed for acetylated a-
tubulin by immunofluorescence.
doi:10.1371/journal.pone.0076016.g001
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also observed when WT MEF cells were examined by immuno-

fluorescence staining and confocal microscopy (Fig. 2D).

Mapping the interaction sites between p62 and HDAC6
As a highly specific interaction was observed between p62 and

HDAC6 (Fig. 2A-D), we next sought to determine the interaction

domains of both proteins using deletion constructs. A full length

tagged-p62 construct along with various internal domain deletions

(Fig. 3A) were expressed in HEK cells with FLAG-HDAC6. Co-

immunoprecipitation was performed using a FLAG-antibody for

HDAC6 and Western blots were generated to the tagged-p62

deletion constructs. p62 interaction was seen for all constructs with

the exception of the p62 (D1-229) which encompassed only the

carboxyl terminal half of the protein (Fig. 3B). When alignment of

all constructs was performed, the HDAC6 binding region was

localized to residues 164–225, the undefined region between p62’s

ZZ domain and the identified TRAF6 binding region (shaded area

of Fig. 3A).

To map the region of HDAC6 interacting with p62, tagged

HDAC6 truncation constructs (Fig 4A) were expressed in HEK

cells along with myc-tagged full length p62 and co-immunopre-

cipitation performed as above. HDAC6’s catalytic domains DD1

and DD2 have been shown to play critical roles in the protein’s

catalytic activity [11]. In particular, DD2 was indicated to

specifically regulate the deacetylase activity of HDAC6 and to

possess a catalytic site inhibited by tubacin [33]. Of the truncated

HDAC6 constructs examined, only those containing the DD2

domain showed interaction with p62 (Fig.4B). When alignment of

the constructs was performed, the p62 binding domain was

localized to residues 429–824 which encompass the entirety of the

DD2 domain (shaded area of Fig. 4A). Collectively, these

experiments confirm the direct interaction between p62 and

HDAC6 and map specific interaction domain within both

proteins.

p62 inhibits the deacetylase activity of HDAC6
We have shown evidence for a specific interaction between p62

and HDAC6 that correlates with increased HDAC6 specific

deacetylation of an in vivo substrate, a-tubulin, in the absence of

p62. Based on these results, we next sought to examine if the

increase in HDAC6 activity was specific to a-tubulin or a

generalized catalytic increase caused by p62 driven deregulation.

HDAC6 was immunoprecipitated from WT and p62KO MEF

cells and activity of the immune complex was determined by in vitro

deacetylation of a commercial acetylated substrate (Fig. 5A).

HDAC6 immunoprecipitated from p62KO cells showed signifi-

cantly increased deacetylase activity using this in vitro substrate. As

p62 does appear to regulate HDAC6 deacetylase activity on both

in vivo and in vitro substrates, we reasoned that return of p62 to the

p62KO null background would reestablish control of HDAC6

activity. Exogenous p62 was transfected into p62KO MEF cells

and tubulin acetylation examined by Western blot (Fig. 5B).

Acetylated tubulin levels were increased in transfected cells and,

while not completely reaching WT acetylation thresholds,

reestablishment of p62 regulated the specific HDAC6 deacetyla-

tion of tubulin.

Figure 2. p62 specifically interacts with HDAC6. (A) Lysates of HEK cells transfected or not with HA-HDAC6 were subjected to GST-p62
pulldown assay. Tagged constructs were captured on glutathione sepharose beads and analyzed by Western blot with anti-HA and anti-GST
antibodies. (B) HEK cells were transfected with FLAG-HDAC6 and myc-p62 constructs. HDAC6 was immunoprecipitated with FLAG-tag antibody and
presence of co-precipitating myc-p62 (included in highlighted box) analyzed by Western blot with anti-myc antibody. Presence of transfected
constructs were confirmed in the whole cell lysate. (C) Endogenously expressed p62 and HDAC6 was examined in WT MEF cells by
immunoprecipitation with p62 or HDAC6 antibodies and analyzed by Western blot with corresponding antibodies. (D) Endogenous HDAC6 and p62
localization was examined by immunofluorescence in WT MEF cells.
doi:10.1371/journal.pone.0076016.g002
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p62 is required for the physiological function of the
cortactin-F-Actin assembly

As p62 was found to regulate HDAC6 activity on both in vitro

and in vivo substrates, we next sought to examine its effect on

HDAC6 activity in a physiological process. HDAC6 has been

shown to be integral for the recruitment of cortactin [35], along

with F-actin assemblies to perinuclear protein aggregates [12].

Once recruited, cortactin is deacetylated by active HDAC6

leading to autophagosome-lysosome fusion and protein aggregate

clearance [12]. We reasoned that if HDAC6 activity is negatively

regulated by the presence p62, cortactin acetylation levels in

p62KO cells could be decreased. When cortactin was immuno-

precipitated from either WT or p62KO MEF cells, acetylated

cortactin levels were significantly decreased in the absence of p62

(Fig. 5C) further supporting a regulatory role for p62 in the activity

of HDAC6.

F-actin remodeling is required for quality control (QC)

autophagy-dependent degradation of protein aggregates and

deacetylation of cortactin is critical to this process [12]. In

HDAC6 KO MEF cells, loss of HDAC6 prevents the co-

localization of cortactin/F-actin with protein aggregates in an

activity dependent fashion [12]. As we have shown that p62 plays

a role in regulating HDAC6 activity on cortactin deacetylation, we

sought to determine what role, if any, p62 plays in cortactin/F-

actin assembly. We examined cortactin/HDAC6 colocalization at

sites of F-actin assemblies in WT and p62KO MEF cells by

immunofluorescence (Fig. 6) and quantitatively estimated Man-

der’s Overlap Coefficient values of colocalization [36] using the

NIS Elements software (Nikon). Evidence of recruitment of

cortactin to F-actin was seen in WT and p62KO cells as noted

by colocalization of actin and cortactin (Fig.6A d – Mander’s

= 0.877; Fig. 6B d – Mander’s = 0.729). However, co-localization

of HDAC6 and cortactin was more evident in p62KO MEFS (Fig.

6B f – Mander’s = 0.968) compared to WT (Fig. 6A f – Mander’s

= 0.864) as would be expected if HDAC6 activity is deregulated by

the absence of p62. If this is indeed the case, increased HDAC6

activity would cause deacetylation of cortactin leading to increased

cortactin/F-actin association with aggregates (Fig. 6A vs Fig. 6B

merge for non-treated cells).

To induce QC-autophagy, cells were treated with MG132 to

promote protein misfolding. We observed an overall increase in

HDAC6-cortactin co-localization in the induced samples for WT

(Fig. 6A f – Mander’s = 0.864 vs. Fig. 6A l – Mander’s = 0.987).

However, untreated p62KO cells showed high levels of co-

localization between HDAC6 and cortactin that were unrespon-

sive to MG132 treatment (Fig. 6B f – Mander’s = 0.968 vs. Fig. 6B

l – Mander’s = 0.971). This result is indicative of higher in vivo

Figure 3. Mapping the interaction region on p62. (A) Schematic diagram of HA-tagged p62 deletion constructs. (B) HEK cells were transfected
with full length FLAG-HDAC6 and HA-tagged p62 deletion mutants constructs. Full length p62 was myc-tagged. HDAC6 was captured with anti-FLAG
antibody and co-precipitating myc-tagged full length p62 or HA-tagged p62 deletion constructs analyzed by Western blot with anti-HA antibody.
doi:10.1371/journal.pone.0076016.g003
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stress levels due to the lack of p62 in these cells [37]. Importantly,

induced HDAC6-cortactin/F-actin assemblies in WT cells were

predominately found in the perinuclear region of the cell as would

be expected in a normally functioning cell. Conversely, these

assemblies remained localized in the cytosol in the absence of p62

(Fig. 6A vs 6B, merge for MG132-treated cells). Therefore, we

concluded that while recruitment of cortactin to F-actin is

unaffected in the absence of p62 (Fig. 6A k; Fig. 6B k), F-actin

remodeling is abrogated by the lack of p62 (Fig. 6B merge for

MG132-treated cells).

Discussion

HDAC6 is one of the most extensively studied members of the

histone deacetylase family of proteins [38]. HDAC6 is exclusively

localized in the cell cytoplasm and has a number of cytoplasmic

substrates including a-tubulin [7], cortactin[35], HSP90 [39] and

peroxiredoxin [40]. Cytoplasmic localization and the functions of

its substrates implicate HDAC6 in a number of cellular regulatory

processes. Because of its involvement in multiple activities, how

HDAC6 is regulated has become an area of intense interest.

As is true for many essential proteins, HDAC6 appears to be

regulated at multiple levels. One observed mode of HDAC6

regulation is specifically associated with a change in its localization

within the cytoplasm. HDAC6 can be translocated by association

with its substrate HSP90, along with Rac1, to membrane ruffles

after PDGF stimulation where it can influence actin dynamics [41]

resulting in cell migration. Another mode of HDAC6 activity

regulation is via post translational modification such as phosphor-

ylation. HDAC6 is phosphorylated by the EGFR after ligand-

induced receptor binding leading to increased acetylated tubulin

and delivery of endocytosed EFGR to the lysosome for degrada-

tion [13]. GSK3b-dependent phosphorylation may also enhance

the activity of HDAC6 leading to decreased tubulin acetylation

and an inhibition in mitochondrial motility [42].

Figure 4. Mapping the interaction region on HDAC6. (A) Schematic diagram of HA-tagged HDAC6 truncation constructs. (B) HEK cells were
transfected with full length myc-p62 and HA-tagged HDAC6 deletion constructs. p62 was captured with anti-myc antibody and co-precipitating HA-
tagged HDAC6 constructs analyzed by Western blot with anti-HA antibody.
doi:10.1371/journal.pone.0076016.g004
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Yet a third method of HDAC6 regulation is the direct or

indirect binding of various partners to HDAC6 itself. A complex

composed of HDAC6, farnesyltransferase and microtubules can

be essential for HDAC6 activity. Disruption of this complex by

inhibition of the transferase activity results in increased tubulin

acetylation [43]. Similarly, by direct binding to tau, the

deacetylase activity of HDAC6 is inhibited resulting in increased

tubulin acetylation [16]. An excess of tau protein may act as an

HDAC6 inhibitor preventing autophagy induced by proteasome

inhibition. Thus, tau has been shown to not only directly inhibit

the deacetylase activity of HDAC6, but also impair HDAC6-

dependent autophagy [16].

We have shown here that the scaffolding protein p62 can

directly bind to one of the two catalytic domains of HDAC6 and

that p62 can regulate the deacetylase activity of HDAC6. As the

binding site for direct p62 interaction with HDAC6 is located in

the catalytic DD2 domain, it is possible that this direct interaction

is responsible for HDAC6 inhibition. As HDAC6 requires both

DD1 and DD2 catalytic domains to function [11], physical

interaction of p62 with one of these domains could inhibit

HDAC6 deacetylase activity. However, p62 was first recognized as

an aPKC-interacting protein where it supports the phosphoryla-

tion activity of aPKC [44]. It is therefore possible that the

interaction of p62 with HDAC6 provides a scaffold for the

recruitment of aPKC. As discussed above, phosphorylation can

lead to change of HDAC6 activity [13,42]. Once present, aPKC

could phosphorylate and alter HDAC6 activity. In fact, we have

shown that HDAC6, p62 and aPKC do exist in a ternary complex

(data not shown). However, the physiological role of aPKC on

HDAC6 phosphorylation and subsequent activation has not been

elucidated. Our data did clearly show that a specific and direct

interaction between p62 and HDAC6 regulates the deacetylase

activity of HDAC6 towards its substrates.

a-tubulin together with b-tubulin form the heterodimeric

building blocks of microtubules [45]. Acetylation of a-tubulin at

Lys40 is thought to stabilize microtubules in the cell [46,47]. This

line of thought is somewhat controversial as to whether acetylation

is the cause or consequence of stabilization [48]. Regardless,

acetylation of a-tubulin is a characteristic of stable microtubules

[49,50] along with tau interaction [51]. Destabilization of

microtubules by deacetylation or drug treatment has been linked

to neurodegenerative diseases [52]. We have previously shown

that p62KO mice display characteristics biochemically and

behaviorally similar to an Alzheimer’s disease mouse model [37].

Thus, dysregulation of HDAC6 activity by loss of p62 could affect

the stability of microtubules leading to neurodegenerative disease.

In addition to its role in stabilization of microtubules, tubulin

acetylation also plays a role in enhancing protein trafficking along

microtubules in polarized cells [53]. Tubulin acetylation enhances

recruitment of the molecular motors kinesin and dynein to

microtubules to promote vesicular transport [53,54]. In fact,

kinesin binding and transport of the cargo protein Jip-1 [53], as

well as kinesin bound mitochondria in neurons [42],are enhanced

by tubulin acetylation. Increased HDAC6 activity could disrupt

trafficking in the cell by removing acetyl groups from a-tubulin

implicating p62 not only in the formation of protein aggregates but

also in the regulation of their transport to the processing centers of

the cell.

HDAC6 has emerged as an important player in the regulation

of cellular protein aggregates due to its cytoplasmic localization, its

association with the microtubule transport network and its ability

to associate with ubiquitinated substrates via its C-terminal BUZ/

ZnF-UBP domain [4,8,9]. HDAC6 has been recognized as a main

regulatory component of the aggresome, the MTOC localized

inclusion body where excess protein aggregates are trafficked and

disposed [4]. HDAC6 has also been implicated in removal of

aggresomes by QC-autophagy linking HDAC6 to this cellular

clearance process as well [5,12,55]. HDAC6 is part of the F-actin

remodeling machinery where it facilitates the fusion of autophago-

somes with lysosomes leading to autophagic clearance [12].

HDAC6 deacetylates cortactin as part of this complex, promoting

Figure 5. Absence of p62 enhances HDAC6 deacetylase
activity. (A) Endogenous HDAC6 was immunoprecipitated with anti-
HDAC6 antibody from WT and p62KO MEF cell lysates. HDAC6 immune
complexes were incubated with acetylated lysine substrate. HDAC6
specific activity was measured colorimetrically with a spectrophotom-
eter. Relative HDAC6 deacetylation activity is presented from three
separate experiments (one-tailed t = 4.47; p,0.01). (B) myc-tagged full
length p62 construct was transfected or not into p62KO MEF cells.
Whole cell lysates were subjected to Western blot with anti-acetylated
(AC)-a-tubulin, anti-a-tubulin, and anti-p62 antibodies. WT MEF cell
lysates were loaded as control expression levels. Actin immuno-
reactivity was included as a loading control and exogenous (exo) and
endogenous (endo) bands of p62 are indicated. (C) Endogenous
cortactin was immunoprecipitated from WT and p62KO MEF cells using
anti-cortactin antibody and subjected to Western blot with anti-
acetylated-cortactin. Relative acetylated cortactin intensity in WT and
p62KO cells was calculated by normalizing acetylated cortactin over
total cortactin on immunoprecipitates. Results are representative of
three separate experiments (one-tailed t = 6.80; p,0.05).
doi:10.1371/journal.pone.0076016.g005
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F-actin remodeling leading to fusion of the autophagosome to

lysosomes and protein aggregate clearance at the aggresome [12].

p62 is also implicated in aggregate clearance by its ability to

bind to both the autophagic marker protein LC3 and ubiquiti-

nated substrates via its C-terminal UBA domain leading to protein

aggregate clearance [22,23]. p62 has been suggested as a shuttle

protein to transport ubiquitinated substrates directly to the

autophagosome [22]. Recently, p62 has also been implicated in

the autophagic clearance of non-ubiquitinated STAT5A_DE18 as

well [3]. In this study, knockdown of p62 inhibited LC3 lipidation

and autophagosome formation, however accumulation of non-

ubiquitinated STAT5A_DE18 was not observed suggesting

incomplete inhibition of autophagy in p62 knockdown cells.

Adapter proteins, such as Nbr1, have been shown to be recruited

to ubiquitin aggregates where they are thought to play a role in

autophagy similar to p62 to shuttle tagged proteins for autophagic

clearance [56]. Thus, even with knockdown of p62, some level of

autophagy persists.

Figure 6. p62 regulates physiological function of cortactin-F-actin assembly. (A) WT MEF cells, either untreated (a-f) or treated (g-l),with
5 mM MG132 for 6 hours were fixed with paraformaldehyde. F-actin was stained with phalloidin-AF350. Endogenous cortactin was immuno-stained
with Texas Red secondary antibody and endogenous HDAC6 immuno-stained with Oregon Green secondary antibody. Cells were analyzed with
confocal microscopy. Panel identification is as follows: a and g – actin; b and h – cortactin; c and i – HDAC6; d and j – actin/cortactin; e and k – actin/
HDAC6; f and l – cortactin/HDAC6. A fully merged image is shown to the right of each set of panels. (B) p62KO MEF cells, either untreated (a-f) or
treated (g-l), with 5 mM MG132 for 6 hours, were subjected to the same immunofluorescence procedure as described above.
doi:10.1371/journal.pone.0076016.g006
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Our data expands on the model where hyperactivated HDAC6

results in hypoacetylation of cortactin leading to a dramatic

increase in recruitment of cortactin to F-actin (Fig. 6A e vs. Fig. 6B

e). Interestingly, our data demonstrated that absence of p62

resulted in increased colocalization of cortactin-F-actin assemblies

with aggregates containing HDAC6 during QC-autophagy (Fig.

6A vs. Fig. 6B merge for MG132-treated cells). However,

perinuclear aggresome-like aggregates containing HDAC6 were

seen to colocalize with cortactin/F-actin assemblies in WT cells

while they accumulate in the cytoplasm of p62KO cells. It is

possible that under basal conditions, the level of compensatory

clearance pathways, such as Nbr1, did not show sufficient

clearance of aggregates by our detection methods. However,

when QC-autophagy was stimulated by protein misfolding, we

would expect to see some clearance of aggregated proteins to the

MTOC even in the absence of p62. This was not the case as the

localization of cortactin-F-actin assemblies remained localized to

the cytoplasm in p62KO cells (Fig. 6B j).

Both HDAC6 and p62 are suggested to play independent roles

in aggregate clearance [2]. p62 is thought to be responsible for

transporting aggregated proteins to the autophagosome [22] while

HDAC6 is shown to be responsible for autophagosome-lysosome

fusion [12]. Both proteins are implicated in transport of

aggregated proteins to the aggresome for disposal [2]. Based on

our observation of direct interaction between the two proteins, we

propose that p62 likely plays a dual role in autophagy, not only in

the formation of the autophagosome, but also in the regulation of

HDAC6 activity which is responsible for autophagosome-lysosome

fusion. At basal levels, the ratio of p62 and HDAC6 maintain

homeostasis of the autophagic process. However, absence of p62

leaves HDAC6 in a hyperactive state, resulting in excessive

cortactin deacetylation and F-actin network assembly around

aggregates (Fig. 6B e; Fig 6B k).

It is interesting to also postulate on the effects of hypoacetylation

on a-tubulin. Acetylation of microtubules, comprised of both a
and b-tubulin, is suggested to alter the structure and dynamics of

microtubules [57,58]. Our data show that F-actin assemblies

surrounding proteins aggregates remained in the cytoplasm in the

absence of p62. While this could be due to a requirement for p62

for a direct attachment to motor proteins along the microtubule

for retrograde transport to the MTOC, no such interaction

between p62 and dynein has been shown. It is intriguing to suggest

the deacetylase activity of HDAC6 affects the movement of motor

proteins along the microtubule. Under the control of p62

associating with HDAC6, tubulin acetylation could be regulated.

However, if unregulated by the absence of p62, motor protein

transport could be compromised which would prevent aggregate

movement and aggresome formation. This is indeed the case for

what is seen in the absence of p62 with cytoplasmic localization of

cortactin-F-actin assemblies upon induction of protein misfolding.

More investigation into the role of acetylation on microtubule

dynamics is warranted to shed further light on this process.

Reversible protein acetylation is being recognized in a wide

range of cellular processes as a regulatory mechanism. The

functional significance of acetylation/deacetylation has in the past

been relegated to our understanding of transcriptional control

process in the nucleus of the cell [38]. However, cytoplasmic

acetylation/deacetylation of proteins is becoming more recognized

as a regulatory event and HDAC6 is at the crux of cytoplasmic

deacetylation. Our results support a central role for p62 in the

regulation of HDAC6 deacetylase activity.

Acknowledgments

We thank Dr. Stuart Schreiber for the generous gift of tubacin and nil-

tubacin.

Author Contributions

Conceived and designed the experiments: JY MLS LCB MWW MCW.

Performed the experiments: JY MLS JJ. Analyzed the data: JY MLS.

Contributed reagents/materials/analysis tools: MTDM JM. Wrote the

paper: JY MLS MCW.

References

1. Goldberg AL (2003) Protein degradation and protection against misfolded or

damaged proteins. Nature 426: 895–899.

2. Yao TP (2010) The role of ubiquitin in autophagy-dependent protein aggregate

processing. Genes Cancer 1: 779–786.

3. Watanabe Y, Tanaka M (2011) p62/SQSTM1 in autophagic clearance of a

non-ubiquitylated substrate. J Cell Sci 124: 2692–2701.

4. Kawaguchi Y, Kovacs JJ, McLaurin A, Vance JM, Ito A, et al. (2003) The

deacetylase HDAC6 regulates aggresome formation and cell viability in response

to misfolded protein stress. Cell 115: 727–738.

5. Iwata A, Riley BE, Johnston JA, Kopito RR (2005) HDAC6 and microtubules

are required for autophagic degradation of aggregated huntingtin. J Biol Chem

280: 40282–40292.

6. Verdel A, Curtet S, Brocard MP, Rousseaux S, Lemercier C, et al. (2000) Active

maintenance of mHDA2/mHDAC6 histone-deacetylase in the cytoplasm. Curr

Biol 10: 747–749.

7. Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, et al. (2002) HDAC6 is a

microtubule-associated deacetylase. Nature 417: 455–458.

8. Seigneurin-Berny D, Verdel A, Curtet S, Lemercier C, Garin J, et al. (2001)

Identification of components of the murine histone deacetylase 6 complex: link

between acetylation and ubiquitination signaling pathways. Mol Cell Biol 21:

8035–8044.

9. Boyault C, Gilquin B, Zhang Y, Rybin V, Garman E, et al. (2006) HDAC6-

p97/VCP controlled polyubiquitin chain turnover. EMBO J 25: 3357–3366.

10. Olzmann JA, Li L, Chudaev MV, Chen J, Perez FA, et al. (2007) Parkin-

mediated K63-linked polyubiquitination targets misfolded DJ-1 to aggresomes

via binding to HDAC6. J Cell Biol 178: 1025–1038.

11. Zhang Y, Gilquin B, Khochbin S, Matthias P (2006) Two catalytic domains are

required for protein deacetylation. J Biol Chem 281: 2401–2404.

12. Lee JY, Koga H, Kawaguchi Y, Tang W, Wong E, et al. (2010) HDAC6

controls autophagosome maturation essential for ubiquitin-selective quality-

control autophagy. EMBO J 29: 969–980.

13. Deribe YL, Wild P, Chandrashaker A, Curak J, Schmidt MH, et al. (2009)

Regulation of epidermal growth factor receptor trafficking by lysine deacetylase

HDAC6. Sci Signal 2: ra84.

14. Watabe M, Nakaki T (2011) Protein kinase CK2 regulates the formation and

clearance of aggresomes in response to stress. J Cell Sci 124: 1519–1532.

15. Di Fulvio S, Azakir BA, Therrien C, Sinnreich M (2011) Dysferlin interacts with

histone deacetylase 6 and increases alpha-tubulin acetylation. PLoS One 6:

e28563.

16. Perez M, Santa-Maria I, Gomez de Barreda E, Zhu X, Cuadros R, et al. (2009)

Tau—an inhibitor of deacetylase HDAC6 function. J Neurochem 109: 1756–

1766.

17. Lee JY, Nagano Y, Taylor JP, Lim KL, Yao TP (2010) Disease-causing

mutations in parkin impair mitochondrial ubiquitination, aggregation, and

HDAC6-dependent mitophagy. J Cell Biol 189: 671–679.

18. Seibenhener ML, Babu JR, Geetha T, Wong HC, Krishna NR, et al. (2004)

Sequestosome 1/p62 is a polyubiquitin chain binding protein involved in

ubiquitin proteasome degradation. Mol Cell Biol 24: 8055–8068.

19. Okatsu K, Saisho K, Shimanuki M, Nakada K, Shitara H, et al. (2010) p62/

SQSTM1 cooperates with Parkin for perinuclear clustering of depolarized

mitochondria. Genes Cells 15: 887–900.

20. Johnston JA, Ward CL, Kopito RR (1998) Aggresomes: a cellular response to

misfolded proteins. J Cell Biol 143: 1883–1898.

21. Kopito RR (2000) Aggresomes, inclusion bodies and protein aggregation.

Trends Cell Biol 10: 524–530.

22. Pankiv S, Clausen TH, Lamark T, Brech A, Bruun JA, et al. (2007) p62/

SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated

protein aggregates by autophagy. J Biol Chem 282: 24131–24145.

23. Bjorkoy G, Lamark T, Brech A, Outzen H, Perander M, et al. (2005) p62/

SQSTM1 forms protein aggregates degraded by autophagy and has a protective

effect on huntingtin-induced cell death. J Cell Biol 171: 603–614.

24. Ichimura Y, Kumanomidou T, Sou YS, Mizushima T, Ezaki J, et al. (2008)

Structural basis for sorting mechanism of p62 in selective autophagy. J Biol

Chem 283: 22847–22857.

SQSTM1/p62 Regulates HDAC6 Activity

PLOS ONE | www.plosone.org 9 September 2013 | Volume 8 | Issue 9 | e76016



25. Fusco C, Micale L, Egorov M, Monti M, D’Addetta EV, et al. (2012) The E3-

ubiquitin ligase TRIM50 interacts with HDAC6 and p62, and promotes the
sequestration and clearance of ubiquitinated proteins into the aggresome. PLoS

One 7: e40440.

26. Seibenhener ML, Du Y, Diaz-Meco MT, Moscat J, Wooten MC, et al. (2013) A
role for sequestosome 1/p62 in mitochondrial dynamics, import and genome

integrity. Biochim Biophys Acta 1833: 452–459.
27. Wooten MW, Geetha T, Seibenhener ML, Babu JR, Diaz-Meco MT, et al.

(2005) The p62 scaffold regulates nerve growth factor-induced NF-kappaB

activation by influencing TRAF6 polyubiquitination. J Biol Chem 280: 35625–
35629.

28. Duran A, Serrano M, Leitges M, Flores JM, Picard S, et al. (2004) The atypical
PKC-interacting protein p62 is an important mediator of RANK-activated

osteoclastogenesis. Dev Cell 6: 303–309.
29. Sokal RR, Rohlf FJ (2012) Biometry: WH Freeman New York. 935p.

30. North BJ, Marshall BL, Borra MT, Denu JM, Verdin E (2003) The human Sir2

ortholog, SIRT2, is an NAD+-dependent tubulin deacetylase. Mol Cell 11: 437–
444.

31. Zhang Y, Li N, Caron C, Matthias G, Hess D, et al. (2003) HDAC-6 interacts
with and deacetylates tubulin and microtubules in vivo. EMBO J 22: 1168–

1179.

32. Matsuyama A, Shimazu T, Sumida Y, Saito A, Yoshimatsu Y, et al. (2002) In
vivo destabilization of dynamic microtubules by HDAC6-mediated deacetyla-

tion. EMBO J 21: 6820–6831.
33. Haggarty SJ, Koeller KM, Wong JC, Grozinger CM, Schreiber SL (2003)

Domain-selective small-molecule inhibitor of histone deacetylase 6 (HDAC6)-
mediated tubulin deacetylation. Proc Natl Acad Sci U S A 100: 4389–4394.

34. Wickstrom SA, Masoumi KC, Khochbin S, Fassler R, Massoumi R (2010)

CYLD negatively regulates cell-cycle progression by inactivating HDAC6 and
increasing the levels of acetylated tubulin. EMBO J 29: 131–144.

35. Zhang X, Yuan Z, Zhang Y, Yong S, Salas-Burgos A, et al. (2007) HDAC6
modulates cell motility by altering the acetylation level of cortactin. Mol Cell 27:

197–213.

36. Zinchuk V, Zinchuk O, Okada T (2007) Quantitative colocalization analysis of
multicolor confocal immunofluorescence microscopy images: pushing pixels to

explore biological phenomena. Acta Histochem Cytochem 40: 101–111.
37. Ramesh Babu J, Lamar Seibenhener M, Peng J, Strom AL, Kemppainen R,

et al. (2008) Genetic inactivation of p62 leads to accumulation of hyperpho-
sphorylated tau and neurodegeneration. J Neurochem 106: 107–120.

38. Sadoul K, Wang J, Diagouraga B, Khochbin S (2011) The tale of protein lysine

acetylation in the cytoplasm. J Biomed Biotechnol 2011: 970382.
39. Kovacs JJ, Murphy PJ, Gaillard S, Zhao X, Wu JT, et al. (2005) HDAC6

regulates Hsp90 acetylation and chaperone-dependent activation of glucocor-
ticoid receptor. Mol Cell 18: 601–607.

40. Parmigiani RB, Xu WS, Venta-Perez G, Erdjument-Bromage H, Yaneva M,

et al. (2008) HDAC6 is a specific deacetylase of peroxiredoxins and is involved in
redox regulation. Proc Natl Acad Sci U S A 105: 9633–9638.

41. Gao YS, Hubbert CC, Lu J, Lee YS, Lee JY, et al. (2007) Histone deacetylase 6

regulates growth factor-induced actin remodeling and endocytosis. Mol Cell Biol

27: 8637–8647.

42. Chen S, Owens GC, Makarenkova H, Edelman DB (2010) HDAC6 regulates

mitochondrial transport in hippocampal neurons. PLoS One 5: e10848.

43. Zhou J, Vos CC, Gjyrezi A, Yoshida M, Khuri FR, et al. (2009) The protein

farnesyltransferase regulates HDAC6 activity in a microtubule-dependent

manner. J Biol Chem 284: 9648–9655.

44. Puls A, Schmidt S, Grawe F, Stabel S (1997) Interaction of protein kinase C zeta

with ZIP, a novel protein kinase C-binding protein. Proc Natl Acad Sci U S A

94: 6191–6196.

45. MacRae TH (1992) Towards an understanding of microtubule function and cell

organization: an overview. Biochem Cell Biol 70: 835–841.

46. Piperno G, LeDizet M, Chang XJ (1987) Microtubules containing acetylated

alpha-tubulin in mammalian cells in culture. J Cell Biol 104: 289–302.

47. LeDizet M, Piperno G (1987) Identification of an acetylation site of

Chlamydomonas alpha-tubulin. Proc Natl Acad Sci U S A 84: 5720–5724.

48. Zhou J, Liu M, Aneja R, Chandra R, Joshi HC (2004) Enhancement of

paclitaxel-induced microtubule stabilization, mitotic arrest, and apoptosis by the

microtubule-targeting agent EM012. Biochem Pharmacol 68: 2435–2441.

49. Rosenbaum J (2000) Cytoskeleton: functions for tubulin modifications at last.

Curr Biol 10: R801–803.

50. Westermann S, Weber K (2003) Post-translational modifications regulate

microtubule function. Nat Rev Mol Cell Biol 4: 938–947.

51. Lee G, Rook SL (1992) Expression of tau protein in non-neuronal cells:

microtubule binding and stabilization. J Cell Sci 102 (Pt 2): 227–237.

52. Li G, Jiang H, Chang M, Xie H, Hu L (2011) HDAC6 alpha-tubulin

deacetylase: a potential therapeutic target in neurodegenerative diseases.

J Neurol Sci 304: 1–8.

53. Reed NA, Cai D, Blasius TL, Jih GT, Meyhofer E, et al. (2006) Microtubule

acetylation promotes kinesin-1 binding and transport. Curr Biol 16: 2166–2172.

54. Dompierre JP, Godin JD, Charrin BC, Cordelieres FP, King SJ, et al. (2007)

Histone deacetylase 6 inhibition compensates for the transport deficit in

Huntington’s disease by increasing tubulin acetylation. J Neurosci 27: 3571–

3583.

55. Pandey UB, Nie Z, Batlevi Y, McCray BA, Ritson GP, et al. (2007) HDAC6

rescues neurodegeneration and provides an essential link between autophagy

and the UPS. Nature 447: 859–863.

56. Kirkin V, Lamark T, Johansen T, Dikic I (2009) NBR1 cooperates with p62 in

selective autophagy of ubiquitinated targets. Autophagy 5: 732–733.

57. Zilberman Y, Ballestrem C, Carramusa L, Mazitschek R, Khochbin S, et al.

(2009) Regulation of microtubule dynamics by inhibition of the tubulin

deacetylase HDAC6. J Cell Sci 122: 3531–3541.

58. Tran AD, Marmo TP, Salam AA, Che S, Finkelstein E, et al. (2007) HDAC6

deacetylation of tubulin modulates dynamics of cellular adhesions. J Cell Sci 120:

1469–1479.

SQSTM1/p62 Regulates HDAC6 Activity

PLOS ONE | www.plosone.org 10 September 2013 | Volume 8 | Issue 9 | e76016


