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Autophagic degradation of KAT2A/GCN5 promotes directional migration of vascular
smooth muscle cells by reducing TUBA/α-tubulin acetylation
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ABSTRACT
Macroautophagy/autophagy, a fundamental process for degradation of macromolecules and organelles,
occurs constitutively at a basal level and is upregulated in response to stress. Whether autophagy regulates
protein acetylation and microtubule stability in vascular smooth muscle cells (VSMCs) migration, however,
remains unknown. Here, we demonstrate that the histone acetyltransferase KAT2A/GCN5 (lysine acetyl-
transferase 2) binds directly to the autophagosome protein MAP1LC3/LC3 (microtubule associated protein 1
light chain 3) via a conserved LC3-interacting region (LIR) domain. This interaction is required for KAT2A
sequestration in autophagosomes and degradation by lysosomal acid hydrolases. Suppression of autophagy
results in KAT2A accumulation. KAT2A functions as an acetyltransferase to increase TUBA/α-tubulin acetyla-
tion, promote microtubule polymerization and stability, ultimately inhibiting directional cell migration. Our
findings indicate that deacetylation of TUBA and perturbation of microtubule stability via selective autop-
hagic degradation of KAT2A are essential for autophagy-promoting VSMC migration.

Abbreviations: ACTB: actin beta; ATAT1: alpha tubulin acetyltransferase 1; ATG: autophagy-related;
BECN1: beclin 1; CQ: chloroquine; FBS: fetal bovine serum; GST: glutathione S-transferase; H4K16ac:
histone H4 lysine 16 acetylation; HASMCs: human aortic smooth muscle cells; HBSS: Hank’s buffered salt
solution; HDAC6: histone deacetylase 6; hMOF: human males absent on the first; IP: immunoprecipita-
tion; KAT2A/GCN5: lysine acetyltransferase 2A; Lacta: lactacystin; LIR: LC3-interaction region; MAP1LC3:
microtubule associated protein 1 light chain 3; MEFs: mouse embryonic fibroblasts; MTOC: microtubule-
organizing center; PE: phosphatidylethanolamine; PtdIns3K: class III phosphatidylinositol 3-kinase;
RUNX2: runt-related transcription factor 2; SIRT1: sirtuin 1; SIRT2: sirtuin 2; SQSTM1/p62: sequestosome
1; ULK1: unc-51 like autophagy activating kinase 1; VSMCs: vascular smooth muscle cells; WT: wild-type.

ARTICLE HISTORY
Received 2 May 2019
Revised 9 December 2019
Accepted 16 December 2019

KEYWORDS
Autophagy; KAT2A/GCN5;
microtubule; TUBA/α-
tubulin; VSMCs

Introduction

Cell migration is a central process in the development and main-
tenance of multicellular organisms. In an adult organism, cell
migration is involved in tissue renewal, immune response, and
wound repair, and aberrant cell migration is found in various
pathologies, including vascular disease, chronic inflammatory
diseases, and tumor metastasis. In the vasculature, migration of
vascular smooth muscle cells (VSMCs) from the media to intima
occurs during the development of intimal hyperplasia and ather-
osclerosis [1,2]. Microtubules are essential components of the
cytoskeleton and play a major role in cell migration [3]. These
polarized polymers are composed of α- and β-Tubulin.
Microtubules alternate between phases of growth and shrinkage
in a manner described as dynamic instability [4]. Maintaining the
balance between dynamically unstable and stable microtubules is
required for cell migration. Microtubule stability is regulated by
various microtubule-associated proteins and posttranslational
modifications, including acetylation, polyglutamylation, and
detyrosination. These modifications appear to fine-tune the prop-
erties of tubulin and microtubules to facilitate their diverse

functions. Acetylation of microtubules in mammalian cells is
positively regulated by a variety of acetyltransferases, including,
but not limited to, ATAT1 (alpha tubulin acetyltransferase 1) and
the elongator protein complex [5,6]. To date, the histone deace-
tylase (HDAC) family member HDAC6 (histone deacetylase 6)
and SIRT2 (sirtuin 2) are the only TUBA deacetylases to be
described [7,8]; however, the enzymes that are responsible for
regulating tubulin acetylation and deacetylation inVSMCs remain
unknown. Although acetylation of TUBA is always associated
with stable microtubules, the precise role of TUBA acetylation
in the regulation of microtubule dynamics and cell migration in
VSMCs has not been resolved.

Autophagy is a catabolic process that plays a pivotal role in
metabolism, cell death, and differentiation [9,10]. During
autophagy, cytoplasmic components, including long-lived
proteins and organelles, are engulfed by a double-membrane
structure and targeted for destruction in lysosomes [11].
Autophagy initiation requires the activation of ULK1 (unc-
51 like autophagy activating kinase 1) and the class III phos-
phatidylinositol 3-kinase (PtdIns3K)-BECN1 (beclin 1)
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complex. Once activated, the ULK1 complex drives initiation
of autophagosome formation. Elongation and maturation of
autophagosomes are regulated by two well-conserved conju-
gation systems, the conjugation of ATG12 to ATG5 with the
help of ATG7 and ATG10 and the conjugation of phosphati-
dylethanolamine (PE) to MAP1LC3/LC3/Atg8 (microtubule-
associated protein 1 light chain 3) by the sequential action of
ATG4, ATG7, and ATG3 [12]. The autophagosome then fuses
with the lysosome forming autolysosomes within which the
cargos are degraded by lysosomal acid hydrolases [11].

Recently, specific autophagic degradation of polyubiquiti-
nated protein aggregates was described, and this substrate-
specific autophagy also regulates the turnover of small molecules
and entire organelles within cells [13]. Many studies have shown
that autophagy can be regulated by protein acetylation [14], but
whether autophagy can regulate protein acetylation remains
unknown. Alterations in autophagy activity have been reported
in numerous vascular diseases including pulmonary hyperten-
sion [15], vascular aging [16], atherosclerosis [17], and restenosis
[18]. However, further investigation is required to delineate the
mechanism by which autophagy regulates microtubule stability
and cell migration and determine the roles of autophagy in
vascular diseases. In this study, we demonstrate that activation
of autophagy selectively degrades KAT2A, a histone acetyltrans-
ferase that acetylates TUBA in VSMCs, leading to microtubule
instability and promotion of VSMC migration.

Results

Suppression of autophagy increases TUBA acetylation

Starvation-induced autophagy in mouse embryonic fibroblasts
(MEFs) is coupled to reduction of histone H4 lysine 16
acetylation (H4K16ac) [19], prompting us to investigate
whether autophagy regulates protein acetylation. We first
analyzed the protein acetylation profile in wild-type (WT)
MEFs as well as in MEFs deficient for key autophagy genes
(atg5−/- and atg7−/- MEFs) [20,21]. Defective autophagy was
verified in atg5−/- and atg7−/- MEFs, as evidenced by both
reduced conversion of LC3-I to LC3-II (a phosphatidyletha-
nolamine derivative of LC3-I) and increased SQSTM1/p62
(sequestosome 1) (a receptor for cargo destined to be
degraded by autophagy) levels (Figure S1A). The suppression
of autophagy was associated with higher levels of acetylated
proteins (Figure 1A).

We further determined whether activation of autophagy
reduces protein acetylation by starvation of MEFs with Hank’s
buffered salt solution (HBSS) (Figure S1b), which is typically
used as a trigger of autophagy [22]. Starvation significantly
increased the conversion of LC3-I to LC3-II and reduced
SQSTM1 levels (Figure S1B), indicating activation of autop-
hagy. This increase in autophagy was accompanied by signifi-
cant reduction in acetylated protein levels (Figure 1B).

To determine whether autophagy regulates protein acetyla-
tion in non-MEF cells such as VSMCs, we examined protein
acetylation in human aortic smooth muscle cells (HASMCs).
In line with our findings in MEFs, gene silencing of either
ATG5 or ATG7 suppressed autophagy by reducing LC3-II
levels and increasing SQSTM1 levels (Figure S1C), while

concomitantly elevating levels of acetylated proteins (Figure
1C). Conversely, activation of autophagy by starvation (HBSS
treatment) increased conversion of LC3-I to LC3-II and
reduced SQSTM1 levels (Figure S1D), in concurrence with
significant reduction in acetylated protein levels (Figure 1D).

We noted a band with a molecular weight of ~50 KD that was
significantly increased in autophagy-deficient cells (Figure 1A, C).
In contrast, this protein was reduced inMEFs andHASMCs upon
activation of autophagy (Figure 1B, D). Given that a 51-KDTUBA
species has been reported to be acetylated and associated with
microtubule stability and cell motility [8], we examined whether
inhibition of autophagy promotes the acetylation of TUBA. Using
an antibody against acetylated-TUBA (anti-TUBA [acetyl K40]
antibody [6-11B-1]), we observed that acetylation of TUBA sig-
nificantly increased in autophagy-deficient atg5−/- and atg7−/-

MEFs (Figure 1E). Similarly, suppression of autophagy in
HASMCs by gene silencing of either ATG5 or ATG7 also
enhanced the levels of acetylated TUBA (Figure 1G). On the
contrary, activation of autophagy by starvation reduced acetylated
TUBA levels in both MEFs and HASMCs (Figure 1F, H).

Since autophagy can occur through either the ATG5/
ATG7-dependent conventional pathway or the ATG5/ATG7-
independent alternative pathway [23], we further explored our
hypothesis that autophagy regulates acetylation following
inhibition of autophagy using siRNA against BECN1 and
ULK1, two proteins that are required for the activation of
autophagy through either ATG5/ATG7-dependent or ATG5/
ATG7-independent pathway [23]. Suppression of autophagy
by silencing either BECN1 or ULK1 (Figure S1E, F) also
increased acetylated TUBA levels (Figure 1I, J). Collectively,
these data indicate that autophagy negatively regulates TUBA
acetylation.

Inhibition of autophagy increases KAT2A protein
expression

To gain insight into the mechanisms by which autophagy
regulates TUBA acetylation, we examined whether autophagy
regulates the expression of acetyltransferases, KAT2A, KAT8/
hMOF (lysine acetyltransferase 8), EP300, ATAT1, and dea-
cetylases (HDAC6, SIRT1, and SIRT2) in HASMCs.
Transfection of HAMSCs with ATG5, ATG7, BECN1, or
ULK1 siRNA resulted in lower levels of ATG5, ATG7,
BECN1, or ULK1 respectively, inhibited the conversion of
LC3-I to LC3-II, and increased SQSTM1 protein level
(Figures S1C–F, S2A). Suppression of autophagy was asso-
ciated with an increase in KAT2A protein levels (Figures 2A–
C, S2A, B), but the suppression of autophagy by ULK1 siRNA
did not affect the expression of ATAT1, KAT8, EP300,
HDAC6, SIRT1 or SIRT2 (Figure S2B).

Next, we determined if autophagy activation by HBSS
treatment leads to changed expression of any HDACs includ-
ing ATAT1, KAT8, EP300, SIRT1 or SIRT2. Activation of
autophagy reduced KAT2A protein level but has no effects
on the expression of ATAT1, KAT8, EP300, SIRT1, and
SIRT2 (Figure S2C). We also examined the expression of
other HDACs, including HDAC4, HDAC5, HDAC6,
HDAC7, and HDAC9, in the autophagy activation (HBSS
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Figure 1. Autophagy regulates TUBA acetylation. (A) Western blot analysis of protein acetylation in wild-type (WT), atg5−/-, and atg7−/- mouse embryonic fibroblasts (MEFs).
n = 5, *P < 0.05 vs. WT. (B) WT MEFs were starved with Hank’s balanced salt solution (HBSS) for 3 h, and acetylated proteins were analyzed by western blotting. n = 5,
*P < 0.05 vs. control (con). (C) Human aortic smoothmuscle cells (HASMCs) were transfectedwith control siRNA (C-siRNA) or siRNA targeting ATG5 (ATG5-si) or ATG7 (ATG7-si)
for 48 h. Protein acetylation was measured by western blotting. n = 5, *P < 0.05 vs. C-siRNA. (D) HASMCs were starved with HBSS for 3 h. Protein acetylation was analyzed by
western blot. n = 5, *P < 0.05 vs. Con (E) Western blot analysis of acetylation of TUBA (Ac-TUBA) in WT, atg5−/-, and atg7−/- MEFs. n = 5, *P < 0.05 vs. WT. (F) Western blot
analysis of Ac-TUBA in MEFs subjected to starvation. n = 5, *P < 0.05 vs. Con. (G) Levels of Ac-TUBA were determined by western blot in HASMCs transfected with C-siRNA,
ATG5 siRNA, or ATG7 siRNA. n = 5, *P < 0.05 vs. C-siRNA. (H) Western blot analysis of Ac-TUBA in HASMCs subjected to starvation. n = 5, *P < 0.05 vs. Con. (I) Western blots
detected the indicated proteins in HASMCs transfected with C-siRNA or BECN1 siRNA (BECN1-si). n = 5, *P < 0.05 vs. C-siRNA. (J) Western blot analysis of Ac-TUBA in HASMCs
transfected with C-siRNA or ULK1 siRNA (ULK1-si). n = 5, *P < 0.05 vs. C-siRNA.
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treatment) condition. The activation of autophagy did not
alter the expression of these HDACs either (Figure S2D).

We further validated the effect of autophagy on KAT2A
expression in WT, atg5−/-, and atg7−/- MEFs and found that
deletion of either Atg5 or Atg7 significantly increased
KAT2A protein expression (Figure 2E–G). Notably, defective
autophagy had no effect on KAT2A mRNA expression
(Figure 2D, H), suggesting that autophagy regulates KAT2A
at the posttranslational level. Conversely, adenovirus over-
expression of either ATG5 or ATG7 increased conversion of
LC3-I to LC3-II (Figure 2I, K) and reduced SQSTM1 levels
(Figure S2E, H), in concurrence with significant reduction in
KAT2A protein levels (Figure 2I, J).

We further examined whether activation of autophagy by
starvation increases KAT2A degradation in WT and atg5−/-

MEFs. As expected, starvation (HBSS treatment) activated
autophagy as evidenced by increased LC3-II to LC3-I ratios
in WT MEFs (Figure 2L, M), and HBSS treatments failed to
activate autophagy in atg5−/- MEFs (Figure 2L, M). As autop-
hagy was activated in WT MEFs, KAT2A protein levels
declined gradually (Figure 2I, N). More specifically, KAT2A
was reduced by 50% in these cells after 24 h HBSS treatment
(Figure 2I, N). In contrast, in autophagy-defective atg5−/-

MEFs, HBSS treatment did not alter KAT2A levels compared
to levels in the vehicle-treated cells (Figure 2I, N), indicating
KAT2A protein degradation by autophagy was inhibited in
atg5−/- MEFs. Similarly, starvation also promoted the degra-
dation of exogenous KAT2A in HeLa cells, because following
transfection of HeLa cells with GFP or Flag-KAT2A plasmid
and subsequent starvation by incubation of the cells in HBSS,
KAT2A levels were decreased in a time-dependent manner
(Figure 2O). Taken together, autophagy activation promotes
KAT2A protein degradation.

To investigate whether the proteasome is involved in this
KAT2A degradation, we treated HASMCs with the lysosome
inhibitor chloroquine (CQ) [24] or the proteasome inhibitor
lactacystin (Lacta) [25]. CQ treatment resulted in increased
levels of LC3-II and SQSTM1 proteins (inhibition of autop-
hagic flux) in association with an increase in the KAT2A
protein level (Figure 2P), indicating that defective autophagy
reduces KAT2A protein degradation. Conversely, proteasome
inhibition with Lacta, which exerts no effect on autophagy
activity, increased protein level of RUNX2 (runt related tran-
scription factor 2), a well-known protein degraded by protea-
somal pathway [26], but failed to alter KAT2A protein levels
(Figure 2P). Taken together, these data suggest that KAT2A is
degraded through the autophagy-lysosomal pathway.

KAT2A binds to LC3 and co-localizes with
autophagosomes

To confirm our results that suggest autophagic degradation of
KAT2A, we examined the localization of KAT2A in autopha-
gosomes using immunostaining of KAT2A in HASMCs trans-
fected with GFP-LC3 adenovirus as a probe for detection of
autophagosome formation. Fluorescence microscopy analysis
revealed that KAT2A (red) was not only localized in the
nucleus but was also distributed in the cytoplasm.
Interestingly, some of the KAT2A protein in the cytoplasm

co-localized with GFP-LC3 puncta (Figure 3A). The co-
localization of KAT2A and LC3 suggests that these two pro-
teins may interact physiologically with each other.

To test this possibility, we first examined the interaction
between KAT2A and LC3 in HeLa cells transfected with EGFP
or EGFP–LC3 plasmid. Twenty-four h after transfection, cells
were collected for immunoprecipitation (IP) with anti-
KAT2A antibody and immunoblotting with GFP antibody.
A band representing GFP-LC3 was detected in the cells trans-
fected with EGFP-LC3 and immunoprecipitated with anti-
KAT2A but not in the cells transfected with GFP (Figure
3B). In addition, glutathione S-transferase (GST)-LC3 beads
pulled down recombinant full-length KAT2A in binding buf-
fer (Figure 3C), indicating that KAT2A physically associates
with LC3 in cells.

We next determined whether SQSTM1 mediates the inter-
action between KAT2A and LC3. In HeLa cells, ectopically
overexpressed MYC-LC3 associated with endogenous KAT2A
(Figure 3D); however, overexpressed Flag-KAT2A did not
associate with SQSTM1 (Figure 3E). Importantly, gene silen-
cing of SQSTM1 did not disrupt the association between
KAT2A and LC3 in HeLa cells, (Figure S3), suggesting that
KAT2A physically interacts with LC3, and SQSTM1 is not
involved in the interaction between KAT2A and LC3.

The LC3 interaction region (LIR) domain of KAT2A
mediates the association of KAT2A with LC3 and is
essential for KAT2A degradation

Next, we investigated whether the LIR domain of KAT2A is
required for KAT2A degradation. Autophagy receptor proteins,
such as NBR1 (NBR1 autophagy cargo receptor), SQSTM1,
Atg32, and FUNDC1 (FUN14 domain containing 1), bind to
LC3 and LC3 homologues through an LIR domain that is typified
by the core consensus sequence W/F/YxxL/I/V (Figure S4A)
[27,28]. To determine whether KAT2A is an autophagy substrate,
we analyzed KAT2A protein sequence for predicted LIR domains
and found four candidate LIR domains in KAT2A at amino acids
661–664, 716–719, 734–737, and 826–829 (Figure S4B). To inves-
tigate whether one of these LIR domains mediates the interaction
betweenKAT2A and LC3 and to identify which one, we generated
a series of LIR domain deletion mutants (Figure S4C). These
mutants were overexpressed in HEK293 cells, and the interaction
between KAT2A and endogenous LC3 was determined by immu-
noprecipitation and western blotting. As depicted in Figure 3F,
themutant with deletion of amino acids 734–737, but notmutants
with deletion of the other candidate domains at amino acids
661–664, 716–719, and 826–829, completely disrupted the inter-
action between KAT2A and LC3. To further demonstrate that
KAT2A interacts with LC3 through the LIR (734–737), we
mutated Y734 and L737 to alanine and overexpressed this mutant
in HeLa cells. Immunoprecipitation and western blotting showed
that altering the sequence at the LIR also completely prevented the
interactions between KAT2A and LC3 (Figure 3G), indicating
that amino acids 734–737 comprise the LIR domain that mediates
the interaction between KAT2A and LC3.

To determine whether this KAT2A LIR domain is required
for KAT2A degradation by autophagy, we expressed WT
KAT2A or mutant KAT2A (734–737 deletion) in HEK293
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Figure 2. Autophagy inhibition increases KAT2A protein levels. (A-C) HASMCs were transfected with control siRNA (C-siRNA), ATG5 siRNA (ATG5-si), or ATG7 siRNA (ATG7-si) for 48 h.
Protein levels of KAT2A and LC3-I or LC3-II were analyzed bywestern blotting and densitometry. n = 3, *P< 0.05 vs. C-siRNA. (D) KAT2AmRNAwasmeasured by quantitative real-time
PCR. (E-G)Westernblot anddensitometry analysis of KAT2AandLC3-I or LC3-II protein levels inWT,atg5−/-, andatg7−/-MEFs. n=3, **P<0.01 vs.WT, ***P<0.001vs.WT. (H) Expression
of KAT2AmRNA inWT, atg5−/-, and atg7−/- MEFs. (I-K) HASMCswere transfected with Ad-GFP, Ad-ATG5, or Ad-ATG7 for 48 h. Protein levels of KAT2A and LC3-I or LC3-II were evaluated
bywestern blotting and densitometry. n = 3, *P< 0.05, **P<0.01, ***P< 0.001 vs. ad-GFP. (L)WT and atg5−/- MEFswere starvedwith HBSS for the indicated time points. Protein levels
of KAT2A, LC3-I or LC3-II, and ATG5were analyzed bywestern blotting. (M) The LC3-II to LC3-I ratio was analyzed by densitometry. n = 3, **P< 0.01 vs. control. (N) KAT2A degradation
was analyzed by densitometry. n = 3, *P < 0.05 vs. atg5−/- MEFs; #P < 0.05 vs. atg5−/- 0 h. (O) HeLa cells were transfected with plasmid encoding GFP or Flag-KAT2A for 48 h and then
starved with HBSS for the indicated time points. Expression of Flag-KAT2A was determined by western blotting. (P) HASMCs were treated with chloroquine (CQ, 10 µM) or lactacystin
(Lacta, 5 µM) for 24 h. Levels of KAT2A, SQSTM1, LC3-I or LC3-II and RUNX2 were analyzed by western blotting.
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cells. After transfection, the cells were subjected to starvation
with HBSS. As depicted in Figure 3H, I, activation of autop-
hagy reduced WT KAT2A protein levels. Deletion of the LIR
domain of KAT2A amino acids 734–737 abrogated this
KAT2A reduction induced by autophagy activation (Figure
3H, I). Thus, the LIR domain at amino acids 734–737 of
KAT2A is required for KAT2A autophagic degradation.

KAT2A induces TUBA acetylation

To investigate whether KAT2A acetylates TUBA, we first
examined whether KAT2A interacts with TUBA in WT and
atg5−/- MEFs. Immunoprecipitation and western blot analysis
demonstrated that KAT2A associated with TUBA in WT
MEFs, and this association was enhanced in autophagy-

Figure 3. KAT2A is degraded through the autophagic-lysosomal pathway. (A) HASMCs were transfected with an adenovirus encoding GFP-LC3 for 24 h and then
treated with chloroquine for 16 h. KAT2A was stained by immunocytochemistry, and the co-localization (yellow) of KAT2A (red) and GFP-LC3 puncta was evaluated
by immunofluorescence microscopy. Scale bar: 20 µm. (B) HeLa cells were transfected with EGFP or EGFP-LC3 plasmid for 24 h. The interaction between KAT2A and
LC3B was determined by immunoprecipitation (IP) of KAT2A and subsequent western blotting (WB) with GFP. (C) Recombinant full-length KAT2A was incubated with
GST- or GST-LC3-immobilized beads and then subjected to SDS-PAGE. KAT2A was detected with KAT2A antibody. Coomassie staining was used to visualize GST and
GST-LC3 proteins. (D) HeLa cells were transfected with plasmid encoding MYC-LC3 for 48 h, and the interaction between LC3 and SQSTM1 was determined by IP and
WB as indicated. (E) HeLa cells were transfected with plasmid encoding Flag-KAT2A for 48 h, and the interaction between KAT2A and SQSTM1 was determined by IP
and WB as indicated. (F) HeLa cells were transfected with the indicated KAT2A constructs for 24 h. Cell lysates were immunoprecipitated using IgG or KAT2A
antibody, and LC3B antibody was used for WB. (G) HeLa cells were transfected with plasmids encoding WT and KAT2AY734A, L737A mutant for 24 h. Cells were lysed
and immunoprecipitated using IgG or KAT2A antibody. The immunoprecipitated proteins were detected by western blotting with LC3B antibody. (H and I) HeLa cells
were transfected with WT or KAT2AY734A, L737A mutant for 48 h and then starved with incubation in HBSS for 3 h to activate autophagy. KAT2A protein levels were
analyzed by WB and densitometry. n = 3, ***P < 0.001 vs. KAT2A-HA/Medium; ###P < 0.001 vs. KAT2A-HA/HBSS.
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deficient atg5−/- MEFs, due to the accumulation of KAT2A in
the cells (Figure 4A), indicating that KAT2A specifically inter-
acts with TUBA. Next, we examined whether KAT2A directly
acetylates TUBA in a cell free system by incubating purified
porcine brain tubulin protein (>99% pure) with recombinant
KAT2A-catalytic domain protein in acetylation buffer, we

found that the KAT2A-catalytic domain alone was sufficient
to induce TUBA acetylation, as evidenced by increased acety-
lated TUBA in the purified porcine brain tubulin protein in
a dose-dependent manner (Figure 4B).

We further examined whether KAT2A induces TUBA acet-
ylation in HASMCs using gain-of- and loss-of-function

Figure 4. KAT2A acetylates TUBA. (A) The interaction of KAT2A and TUBA in atg5−/- MEFs was determined by immunoprecipitation and western blotting. (B) Purified
porcine brain tubulin protein was incubated with recombinant KAT2A-catalytic domain protein in acetylation buffer at 37°C for 1 h. The acetylation of TUBA (Ac-
tubulin) was assessed by western blotting. n = 3, ***P < 0.001. (C-E) HASMCs were transfected with control siRNA (C-siRNA) or KAT2A siRNA (KAT2A-si). Expression of
KAT2A and acetylation of TUBA were examined by western blot and densitometry. n = 3, **P < 0.01. (F-H) HASMCs were transfected with control siRNA (C-siRNA) or
KAT2A siRNA (KAT2A-si). Acetylation of TUBA was analyzed by immunofluorescence. Scale bar: 50 µm. n = 3, ***P < 0.001. (I and J) HEK 293 cells were transfected
with a plasmid encoding Flag-KAT2A for 48 h. Acetylation of TUBA was assayed by western blotting and densitometry. n = 3, *P < 0.01. (K) HEK293 cells were co-
transfected with plasmid encoding LacZ, KAT2A, EGFP-WT-TUBA, or EGFP-TUBAK40R for 48 h. Acetylation of TUBA was examined by western blotting.
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approaches. As depicted in Figure 4C–E, the transfection of
KAT2A siRNA dramatically reduced KAT2A protein levels as
well as levels of TUBA acetylation (Figure 4C–E).
Immunofluorescence analysis confirmed that KAT2A gene
silencing reduced the levels of acetylated TUBA (Figure 4F–
H). In contrast, ectopic expression of KAT2A in HEK 293 cells
resulted in increased levels of acetylated TUBA (Figure 4I, J).

To date, the most-studied modification of tubulin is acet-
ylation of Lys40 (K40) of TUBA [29]. Therefore, we examined
whether KAT2A induces acetylation of TUBA specifically at
Lys40. We co-transfected HEK293 cells with KAT2A adeno-
virus and WT EGFP-TUBA plasmid, and acetylation-defective
TUBA plasmid (EGFP-TUBAK40R) [30]. Overexpression of
KAT2A increased the acetylation of TUBA in the cells trans-
fected with EGFP-WT-TUBA but not in the cells transfected

with mutant EGFP-TUBAK40R (Figure 4K), supporting the
notion that KAT2A acetylates Lys40 of TUBA.

Autophagy deficiency increases microtubule stability

Acetylation of TUBA is a well-established marker of more
stable microtubules in cells [31]. We observed that autophagy
regulated acetylated TUBA levels (Figure 1) and that suppres-
sion of autophagy by genetic deletion (atg5−/- and atg7−/-

MEFs) or gene silencing (ATG5-, ATG7-, BECN1-, and ULK1-
transfected HASMCs) increased the amount of acetylated
TUBA (Figure 1E, G, I, and J). On the contrary, activation
of autophagy by starvation with HBSS decreased TUBA acet-
ylation (Figure 1F, H). We verified the effect of autophagy on
acetylation of TUBA using immunofluorescence staining of

Figure 5. Autophagy deficiency increases microtubule stability. (A) HASMCs were transfected with control siRNA (C-siRNA) or ATG7 siRNA (ATG7-si) for 48 h. TUBA and
Ac-TUBA was stained by immunocytochemistry. Scale bar: 20 µm. (B) Quantitative analysis of TUBA and Ac-TUBA intensity. n = 3, ***P < 0.001. (C) HASMCs
transfected with C-siRNA or ATG7-si were incubated at 0ºC for 0, 5, 10, 15, or 30 min. The morphology of microtubules was examined using immunostaining of TUBA
and confocal microscope. Scale bar: 20 µm. (D) Quantitative analysis of microtubule intensity. n = 25/group, ***P < 0.001. (E) WT and atg5−/- MEFs were treated with
nocodazole for 30 min, and then the drug was washed out to allow the microtubules to repolymerize for the indicated times. Acetylation of TUBA (Ac-TUBA) in cell
lysates were analyzed by western blot. St, steady-state situation without nocodazole treatment. (F) Densitometry analysis of acetylation of TUBA levels. n = 3,
*P < 0.05, **P < 0.01, ***P < 0.001.

1760 C. OUYANG ET AL.



acetylated TUBA in HASMCs transfected with ATG7 siRNA
(Figure 5A, B), compared with control siRNA treatment,
ATG7 siRNA transfection significantly increased the abun-
dance of acetylation of TUBA (Figure 5A, B) but had no effect
on the abundance of total TUBA. These effects on TUBA
acetylation, therefore, suggest that autophagy negatively reg-
ulates microtubule stability.

We further determined the effect of autophagy on micro-
tubule stability by examining the morphology of microtubules
using immunofluorescence microscopy. HAMSCs were trans-
fected with control or ATG7 siRNA and then incubated the
cells at 0°C for 5, 10, 15 or 30 min. As shown in Figure 5C, D,
cold treatment resulted in the depolymerization of microtu-
bules in a time-dependent manner and microtubules were
completely depolymerized after 30 min of cold treatment. In
contrast, microtubules were still present in cells transfected
with ATG7 siRNA (Figure 5C, D). These data suggest that
inhibition of autophagy increased microtubule stability.

To investigate whether autophagy deficiency affects micro-
tubule assembly, we treated both WT and atg5−/- MEFs with
nocodazole (0.5 µM) for 30 min to depolymerize microtu-
bules, the drug was then washed out to allow re-
polymerization of microtubules. Western blot analysis
revealed that K40-acetylated TUBA was barely detectable in
WT and atg5−/- MEFs following nocodazole treatment com-
pared to levels in untreated MEFs; however, the acetylated
TUBA levels recovered more quickly in atg5−/- MEFs than in
WT cells (Figure 5E, F), suggesting that autophagy deficiency
promotes microtubule reassembly after nocodazole washout.

KAT2A-mediated acetylation of TUBA increases
microtubule reassembly

Since defective autophagy resulted in KAT2A accumulation
and KAT2A induced TUBA acetylation, a marker of micro-
tubule stabilization, we assessed whether KAT2A regulates
microtubule reassembly. To this end, we transfected
HASMCs with adenovirus encoding Flag-KAT2A or GFP for
48 h and then treated the cells with nocodazole for 30 min to
depolymerize microtubules. Tubulin acetylation was assessed
by western blot and immunofluorescence microscopy after
removal of nocodazole. The results showed that autophagy
deficiency results in KAT2A accumulation (Figure 6A, B),
overexpression of KAT2A in HASMCs promoted the recovery
of acetylated TUBA protein levels following nocodazole wash-
out (Figure 6A, B). Consistently, immunofluorescence analy-
sis indicated a substantial amount of acetylated TUBA in
HASMCs overexpressed KAT2A (Figure 6C, D). On the con-
trary, KAT2A silencing reduced acetylated TUBA protein
levels under basal conditions and delayed the recovery of
acetylated TUBA protein levels after nocodazole washout
(Figure 6E, F). Collectively, KAT2A-induced TUBA acetyla-
tion increases microtubule reassembly under autophagy-
deficient conditions.

Autophagy controls the directional migration of VSMCs

As autophagy dynamically modulates microtubule stability,
which is an essential requirement for directional cell migration

[32], we examined the role of the autophagy-KAT2A-TUBA
acetylation axis in cell polarization and subsequent cell migra-
tion. We first examined the effect of autophagy inhibition on
cell polarity using the scratch wound healing assay. We found
that inhibition of autophagy by ATG7 siRNA interfered with
microtubule-organizing center (MTOC) reorientation in the
leading cells (Figure 7A, B), as evidenced by larger angles (θ)
inATG7 siRNA-treated cells relative to those of control siRNA-
treated cells. In addition, in control siRNA-treated HASMCs,
the first two layers of leading cells were clearly polarized toward
the leading edge, as shown via staining of the stabilized micro-
tubules with acetylated-TUBA antibody. Inhibition of autop-
hagy by ATG7 silencing, however, dramatically increased the
level of stable microtubules in the first two layers of leading
cells and resulted in a loss of orientation toward the leading
edge in these cells (Figure 7C).

Finally, we tested the effect of autophagy on HASMC
migration. In the scratch wound healing assay, control
siRNA-treated cells migrated into the wound area and orga-
nized a dense cellular network, resulting in nearly complete
wound recovery after 48 h, while siRNA silencing of either
ATG7 or BECN1 significantly inhibited cell migration into the
wound area (Figure 7D, E). The transwell assay also showed
that transfection of HASMCs with ATG7 or BECN1 siRNA
drastically reduced cell migration through the filter mem-
brane (Figure 7F, G). Conversely, adenoviral overexpression
of ATG5 or ATG7 significantly promoted cell migration into
the wound areas (Figure 7H, I) and significantly increased the
numbers of HASMCs that migrated through the filter mem-
brane (Figure 7J, K). These data suggest that autophagy is
required to establish front-rear polarity and proper cell migra-
tion, presumably through the regulation of microtubule acet-
ylation and stabilization.

KAT2A is required for autophagy regulation of VSMC
migration

To determine whether KAT2A-acetylated TUBA mediated
autophagy-regulated cell migration, we first examined whether
KAT2A regulates cell migration. We transfected HASMCs with
control or KAT2A siRNA and found that KAT2A silencing
(Figure 8A) promoted cell migration into the wound areas in
the scratch wound healing assay (Figure 8B, C). Conversely,
adenoviral overexpression of KAT2A inhibited cell migration
through the membrane in the transwell assay (Figure 8D–F). We
then co-transfected HASMCs with ATG7 and KAT2A siRNA
and examined cell migration. Transfection of ATG7 siRNA
reduced ATG7 protein expression and concomitantly increased
protein levels of KAT2A and acetylated TUBA. Administration
of KAT2A siRNA prevented ATG7 siRNA-enhanced acetylation
of TUBA (Figure 8G). Notably, ATG7 silencing inhibited
VSMCs migration into the wound area, while KAT2A silencing
promoted this VSMC migration. The observed inhibition of
VSMCs migration attained by ATG7 silencing was attenuated
by silencing of KAT2A (Figure 8H, I).

To establish links between KAT2A, TUBA acetylation, and
VSMCs migration, we co-transfected HASMCs with KAT2A
adenovirus and WT TUBA plasmid or with KAT2A adeno-
virus and a dominant negative Lys40 acetylation-defective
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TUBA plasmid (TUBAK40R) [30]. In the cells transfected with
WT TUBA, overexpression of KAT2A reduced the numbers
of cells that migrated through the membrane compared with
overexpression of GFP. Transfection of cells with the
TUBAK40R mutant, however, significantly prevented KAT2A-
induced reduction in VSMCs migration (Figure 8J, K).
Together, these findings indicate that KAT2A-mediated acet-
ylation of TUBA is required for defective autophagy inhibi-
tion of VSMC migration.

Discussion

In this study, we showed that selective autophagic degradation of
histone acetyltransferase KAT2A controls cell migration by

regulating microtubule stability. KAT2A binds directly to the
autophagic effector protein LC3 via an LIR motif, which mediates
autophagic degradation of KAT2A. Suppression of autophagy
resulted in KAT2A accumulation, and KAT2A-induced TUBA
acetylation increased microtubule stability, leading to an inhibition
of cell migration. Together, our results demonstrate that autophagy
controls microtubule stability by regulating KAT2A protein
expression.

Although autophagy has been considered a nonspecific
degradation process, recent studies demonstrated that autop-
hagy is also critical for the degradation of specific cargo, such
as organelles and proteins [13,33,34]. In agreement with these
findings, we observed that inhibition of autophagy led to an
increase in KAT2A protein levels but had no effect on KAT2A

Figure 6. KAT2A-mediated acetylation of TUBA increases microtubule reassembly. (A) HASMCs were transfected with adenovirus encoding GFP and KAT2A. Cells were
treated with nocodazole for 30 min, and then the drug was washed out to allow the microtubules to repolymerize for the indicated times. Cell lysates were analyzed
by western blot. St, steady-state situation without nocodazole treatment. (B) Densitometry analysis of acetylated TUBA level. n = 3, *P < 0.05. (C) HASMCs were
transfected with adenovirus encoding β-gal or KAT2A for 48 h, and acetylation of TUBA was measure using immunofluorescence. Scale bar: 20 µm. (D) Quantitative
analysis of TUBA and Ac-TUBA intensity. n = 3, ***P < 0.001. (E) HASMCs were transfected with control siRNA (C-siRNA) or KAT2A-siRNA (KAT2A-si), and cells were
subjected to the nocodazole-washout assay as described. (F) Densitometry analysis of acetylated TUBA levels. n = 3, *P < 0.05.
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Figure 7. Autophagy is required for polarization and directional migration of VMSCs in vitro. (A) Representative images of HASMCs stained with TUBG antibody in cells subjected to
a scratch wound assay. The cells were treated with control siRNA or ATG7 siRNA for 48 h, and the images were captured 6 h after the scratch. Scale bar: 20 µm. The cell polarization was
assessed by the angles (θ) between the lines of TUBG and the scratched line at the center of each nucleus as a marker for microtubule-organizing center (MTOC) reorientation. (B)
Quantitation of the angles (θ). n = 100, *P< 0.01 vs. C-siRNA. (C) Images of HASMC stainedwith TUBA (green) and Ac-TUBA (red) antibodies in cells subjected to the scratch wound assay.
Nucleiwere stainedwithDAPI (blue). Thecellswere transfectedwith control siRNAorATG7 siRNA. Scalebar: 50µm. (D-G)HASMCswere transfectedwith control siRNA (C-siRNA),ATG7 siRNA
(ATG7-si), or BECN1 siRNA (BECN1-si) for 48 h. (D) Representative images of HASMC migration in the scratch wound assay. Scale bar: 1 mm. (E) Migration distances of HASMCs. n = 4,
**P< 0.01 vs. C-siRNA. (F) Cell migration was determined by transwell migration assays. Scale bar: 1mm. (G) Migrated cells were quantified. n = 5, ***P< 0.001 vs. C-siRNA. (H-K) HASMCs
were transfectedwith adenovirus encodingGFP, ATG5, orATG7 for 48h. (H) Representative images ofHASMCmigration in the scratchwoundassay. Scale bar: 1mm. (I)Migrationdistances
of HASMCs. n = 4, *P < 0.05 vs. C-siRNA. (J) Cell migration was determined by transwell migration assays. Scale bar: 1 mm. (K) Migrated cells were quantified. n = 4, *P < 0.05 vs. C-siRNA.
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mRNA expression, whereas activation of autophagy reduced
KAT2A protein expression and administration of
a proteasome inhibitor had no effect on KAT2A protein
expression. In addition, KAT2A contains an LIR motif,
which mediates the association between KAT2A and LC3,
recruiting KAT2A to autophagosomes. Deletion of the LIR
motif prevented the degradation of KAT2A by starvation-
induced autophagy. These data indicate that KAT2A is selec-
tively degraded through the autophagy-lysosomal pathway
and that the interaction between KAT2A and LC3 via the
LIR motif is required for degradation of KAT2A by
autophagy.

SQSTM1 has been proposed to contribute to selective
autophagy of protein aggregates and depolarized mitochon-
dria [35]. Thus, we investigated whether SQSTM1 is required
for KAT2A degradation by autophagy. Although LC3 bound
to SQSTM1 and KAT2A separately, KAT2A was not asso-
ciated with SQSTM1. Importantly, gene silencing of SQSTM1
did not disrupt the association between KAT2A and LC3,
indicating that SQSTM1 is not involved in the interaction
between KAT2A and LC3 and that direct binding between
KAT2A and LC3 mediates autophagic degradation of KAT2A.

Tubulin acetylation was first described 20 years ago, but
little is known about the enzymes that catalyze this reaction.

Figure 8. KAT2A inhibits VSMC migration by acetylating TUBA. (A-C) HASMCs were transfected with control siRNA (C-siRNA) or KAT2A-siRNA (KAT2A-si) for 48 h. (A)
KAT2A levels were analyzed by western blot. (B) Representative images of HASMC migration in the scratch wound assay. Scale bar: 1 mm. (C) Migration distances of
HASMCs. n = 4, * P < 0.05 vs. C-siRNA. (D-F) HASMCs were transfected with Ad-GFP or Ad-KAT2A for 48 h. (D) Levels of KAT2A were analyzed by western blotting. (E)
Cell migration was determined by transwell migration assays. Scale bar: 1 mm. (F) Migrated cells were quantified. n = 5, *P < 0.05 vs. C-siRNA. (G-I) HASMCs were
transfected with control siRNA (C-siRNA), ATG7 siRNA, or ATG7 and KAT2A siRNA for 48 h. (G) Levels of acetylated TUBA (Ac-TUBA), KAT2A, and ATG7 in cell lysates
were measured by western blotting. (H) Representative images of HASMC migration in the scratch wound assay. Scale bar: 1 mm. (I) Migration distances of HASMCs.
n = 3, *P < 0.05 vs. C-siRNA. #P < 0.05 vs. ATG7-siRNA. (J) HASMCs were co-transfected with Ad-GFP/WT TUBA, Ad-KAT2A/WT TUBA, or Ad-KAT2A/TUBAK40R mutant for
48 h. Cell migration was determined by transwell migration assays. Scale bar: 1 mm. (K) Migrated cells were quantified. n = 5, ***P < 0.001 vs. Ad-GFP/WT TUBA;
###P < 0.001 vs. Ad-KAT2A/WT TUBA.
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Recent evidence suggests that Atat1/atat-2 may function as
the major TUBA acetyltransferase in C. elegans [36] and mice
[37]. In C. elegans, loss of atat-2 leads to disruption of
microtubule structural integrity and axonal morphologic
defects in touch receptor neurons [38]. In mice, ATAT1 is
highly expressed in testis, kidney, and brain [37], the loss of
ATAT1 results in brain abnormalities [37] and abnormal
sperm morphology and motility [39]. Because neither activa-
tion nor suppression of autophagy alters ATAT1 expression, it
is unlikely that autophagy via ATAT1 regulates TUBA acet-
ylation in our system.

In the current study, we demonstrated that KAT2A is the
enzyme that mediates acetylation of TUBA in VSMCs, The
following lines of evidence support this conclusion: co-
immunoprecipitation indicated that KAT2A physically associ-
ates with TUBA, immunofluorescence analysis revealed that
endogenous KAT2A colocalized with acetylated TUBA, and
an in vitro tubulin acetylation assay showed that full-length
recombinant KAT2A induces acetylation of TUBA.
Furthermore, KAT2A silencing decreased TUBA acetylation,
while overexpression of KAT2A increased TUBA acetylation.
Importantly, overexpression of KAT2A increased acetylation
of WT-TUBA but failed to induce acetylation of TUBAK40R

mutant, in which Lys40 was substituted with arginine [30].
Thus, KAT2A represents a newly described acetyltransferase
that targets TUBA. KAT2A, which is first identified as
a global coactivator, and transcription-related histone acetyl
transferase [40], has been reported to be involved in a broad
range of cellular processes including gene transcription, dif-
ferentiation, DNA repair, nucleosome assembly, and cell cycle
regulation [41]. Although our results strongly indicate sug-
gests that KAT2A directly acetylates TUBA, we cannot
exclude that it can indirectly regulates TUBA acetylation via
other molecules. Deacetylation of TUBA is mediated by both
HDAC6 and SIRT2 [7,8]; however, the increased acetylation
of TUBA in autophagy-deficient conditions may not be
mediated by either of these deacetylases because neither acti-
vation nor suppression of autophagy alters the expression of
HDAC6 or SIRT2.

The extent and duration of autophagy are crucial for cell
heath, and acute and chronic manipulations of autophagy
have led to, in several instances, controversial conclusion.
Our results are consistent with the findings that induction of
autophagy is coupled to reduction of H4K16ac [19], and α-
lipoic acid inhibits cellular autophagic flux and promotes the
rapid hyperacetylation of TUBA [42]. However, other groups
also showed that nutritional stress triggers hyperacetylation of
tubulin in HeLa cells by an unidentified mechanism [43], and
voluntary exercise increases acetylated tubulin levels, asso-
ciated with activation of autophagy in mutated CRYABR120G

(CryABR120G) transgenic mouse hearts [44].
Accumulating evidence suggests that microtubules regulate

autophagosome formation and transportation in axon [45,46].
Whether autophagy in turn modulates microtubule stability in
VSMCs is not known. In the present study we found that
suppression of autophagy resulted in KAT2A accumulation,
and KAT2A-induced TUBA acetylation increased microtu-
bule stability, leading to an inhibition of cell migration. This
finding is consistent with the report that inhibition of the

HDAC6 by siRNA or tributyrin increased tubulin acetylation
and inhibited endothelial cell migration [47]. However the
role of autophagy on microtubule stability seems to be differ-
ent in different cell types, because a recent study showed that
activation of autophagy increases microtubule stability
through the degradation of STMN2 (stathmin 2),
a microtubule destabilization protein, and promotes axon
regeneration after spinal cord injury [48]. STMN2 is
a neuron-specific, membrane-associated protein that is highly
concentrated in growth cones of developing neurons. Thus,
further investigations are warranted to determine the role of
autophagy on microtubule stability in different cell types.

Microtubule stability plays important roles in autophagy.
Treatment of cells with nocodazole leads to complete depoly-
merization of both labile and stable microtubules and fully
inhibits autophagic flux. Autophagosome formation is also
inhibited by treatment with taxol, a drug that stabilizes micro-
tubules and interferes with the dynamic turnover of the
microtubule network [49]. It is now clear that microtubules
are involved in autophagosome formation [50]. First, micro-
tubules interact with ATG proteins, including LC3, ULK1,
BECN1, ATG5, and ATG12, supporting the assembly of pre-
autophagosomal structure [51]. Second, microtubules regulate
two major complexes (MTORC1 and PtdIns3K complex) [51]
involved in the initiation of autophagy. In VSMCs, activation
of autophagy results in destabilization of microtubules, which
may inhibit the interaction between microtubules and ATG
proteins and prevent the formation of initiation complexes,
MTORC1 and PtdIns3K complex, therefore tuning down
autophagy.

The role of TUBA acetylation on microtubule stability has
been controversial. Early studies indicated that TUBA acet-
ylation had no effect on microtubule polymerization [52];
however, more recent studies reported that increased acety-
lation of TUBA by HDAC6 inhibition increases microtubule
stability and inhibits cell motility [53,54]. Since HDAC6 may
regulate many other proteins in addition to TUBA, it has
been difficult to determine whether these results are direct
effects of HDAC6-mediated deacetylation of microtubules or
indirect effects via other molecules. In our study, we found
that KAT2A induced TUBA acetylation and dose-
dependently increased microtubule polymerization.
Overexpression of KAT2A protected microtubules from
nocodazole-induced depolymerization, supporting the notion
that acetylation of TUBA stabilizes microtubules. We also
observed that KAT2A silencing increased cell migration into
the wound area in a scratch wound healing assay.
Overexpression of KAT2A inhibited cell migration in cells
transfected with WT TUBA, but transfection of cells with the
TUBAK40R mutant significantly attenuated this KAT2A-
induced inhibition of VSMC migration, suggesting that
KAT2A-mediated acetylation of TUBA inhibits cell migra-
tion. However, the role of stabilized microtubules in migra-
tion is greatly understudied. It has been reported that
reduced TUBA acetylation impairs migration in neuronal
cell lines [5,55], and in breast cancer cells [56]. Conflicting
reports have suggested that HDAC inhibitors, specifically
targeting HDAC6’s tubulin deacetylase activity, reduces can-
cer migration by increasing TUBA acetylation in estrogen
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receptor-positive breast cancer [57], in addition, enhanced
acetylated TUBA decreased cell motility in a human non-
small cell lung carcinoma cell line (H1299) and NIH 3T3
fibroblasts [8,58]. Moreover, hyperacetylation of tubulin sup-
pressed cell migration in endothelial cells [47]. Our results
suggest that acetylation of TUBA increases microtubule sta-
bility and inhibits cell motility in VSMCs.

Recent studies have clearly demonstrated that autophagy
has a greater variety of physiological and pathophysiological
roles, including starvation adaptation, intracellular protein
and organelle clearance, elimination of microorganisms,
and antigen presentation [34,59,60]. We further demon-
strated that autophagy regulates microtubule dynamics and
cell motility through modulating TUBA acetylation. The role
of autophagy in regulation of VSMC migration remains
a subject of debate in the literature. Consistent with our
findings, both PDGF-BB and 1-palmitoyl-2-(5-oxovaleroyl)-
sn-glycero-3-phosphocholine (POVPC) induce autophagy
and concomitantly promote the loss of contractile gene
expression and increase cell proliferation and migration
[61,62]. By contrast, administration of the autophagy inducer
rapamycin inhibits cell proliferation and prevents restenosis
after angioplasty [63,64]. These effects of rapamycin are
unlikely due to its activation of autophagy [62]. Rather, the
drugs appear to prevent proliferation and migration by inhi-
biting RPS6KB1/S6K1 (ribosomal protein S6 kinase, polypep-
tide 1) [65,66] and regulating the expression of key cell cycle
protein CDKN1B/p27Kip1 [67]. Intriguingly, rapamycin pro-
motes Schwann cell migration via unidentified mechanisms
[68]. Another study demonstrated that VSMC-specific dele-
tion of ATG7 accelerates senescence and promotes neointi-
mal formation and atherogenesis [18]. One explanation for
this discrepancy is that autophagy can also occur in the
absence of some key autophagy proteins, such as ATG5
and ATG7, through unconventional biogenesis of canonical
autophagosomes [23]. In addition, ATG7 has been reported
to regulate TRP53/p53-dependent cell cycle and cell death
pathways independent of autophagy during metabolic stress
[69]. Thus, further investigation is necessary to determine
the role of autophagy in regulating VSMC migration.
A mouse with VSMC-specific deletion of ULK1, a protein
essential for regulating both ATG5/ATG7-dependent and
ATG5/ATG7-independent autophagy [23], may be useful
for these investigations.

In conclusion, KAT2A is the acetyltransferase responsible
for acetylation of TUBA and is selectively degraded by the
autophagy-lysosomal pathway. Stabilization of microtubules
by KAT2A-mediated acetylation of TUBA is an important
mechanism by which defective autophagy inhibits VSMC
migration. Our findings suggest that autophagy suppression
in VSMCs may be an important therapeutic target for athero-
sclerosis and intimal hyperplasia.

Materials and methods

Reagents

Antibodies and reagents are from the following companies: ATG5
(Cell Signaling Technology, 8540), ATG7 (Cell Signaling

Technology, 8588), SQSTM1/p62 (abcam, 56416), BECN1 (Cell
Signaling Technology, 3738), TUBA/α-Tubulin (Cell Signaling
Technology, 3873), MAP1LC3A/B (Cell Signaling Technology,
4108), ULK1 (Cell Signaling Technology, 8054), KAT2A/GCN5
(abcam, 137515), acetylated-lysine (Cell Signaling Technology,
9441), MYC-tag (Cell Signaling Technology, 2276), HDAC6 (Cell
Signaling Technology, 7612), SIRT1 (Cell Signaling Technology,
9475), mouse secondary antibody (Cell Signaling Technology,
7076), rabbit secondary antibody (Cell Signaling Technology,
7074), ACTB/β-actin (Santa Cruz Biotechnology, 47778), EP300
(Santa Cruz Biotechnology, 48343), GAPDH (Santa Cruz
Biotechnology, 32233), Flag (Sigma-Aldrich, 7425), GFP (Sigma-
Aldrich, 1544), goat anti-mouse IgG conjugated to Alexa Fluor 594
red (ThermoFisher Scientific, 11032), goat anti-rabbit IgG conju-
gated to Alexa Fluor 555 red (ThermoFisher Scientific, 21434),
anti-TUBA (Acetyl K40) antibody [6-11B-1] (abcam, 24610).
EnVision® + Dual Link System-HRP (DAB+) (Dako Cytomation,
3468). The recombinant KAT2A/GCN5-catalytic domain (362–-
837) protein (Active Motif, 31204). Purified porcine brain tubulin
protein (>99% pure) (Cytoskeleton Inc., T240). Recombinant
human GST-LC3 protein and GST protein (Enzo Life Sciences,
BML-UW1195-0500). KAT2A/GCN5 siRNA (Santa Cruz
Biotechnology, 37946), ULK1 siRNA (Santa Cruz Biotechnology,
44849), ATG7 siRNA (Cell Signaling Technology, 6604), ATG5
siRNA (Cell Signaling Technology, 6345), SQSTM1 siRNA (Cell
Signaling Technology, 6399). The siRNA delivery reagent
Lipofectamine RNAiMAX (Life Technologies, 13778150),
Lipofectamine® 2000 (Life Technologies, 11668019). Nocodazole
(Sigma-Aldrich, 31430), chloroquine (Sigma-Aldrich, 6628), lacta-
cystin (Sigma-Aldrich, 6785).

Plasmids and construction

Plasmids were obtained from Addgene: EGFP-TUBA WT
(30487, Tso-Pang Yao’s lab), EGFP-TUBAK40R (64059,
Weiping Han’s lab), MYC-LC3 (24919, Toren Finkel’s lab),
EGFP-LC3 (11546, Karla Kirkegaard’s lab). Flag-KAT2A plas-
mid was a gift from Dr. Ezra Burstein (Internal Medicine, UT
Southwestern Medical Center). To identify the interaction
between LC3 and KAT2A, a series of KAT2A deletion was
constructed by site-directed mutagenesis using a QuikChange
II Kit (Stratagene, La Jolla, CA) according to the manufac-
turer’s protocol. The primers used for the deletions were as
follows: KAT2AΔ1 (deletion of 661 bp–664 bp) forward 5ʹ-
gcatcccctcccacatcatca -3ʹ, reverse 5ʹ- gcatcccctcccacatcatca -3ʹ;
KAT2AΔ2 (deletion of 716 bp–719 bp) forward 5ʹ- agaga-
caggcgggaaggagaagggga -3ʹ, reverse 5ʹ- tcccgcctgtctctcgaatgc-
cag -3ʹ; KAT2AΔ3 (deletion of 734 bp–737 bp) forward 5ʹ-
cgaccagctcaaaaacctgctg -3ʹ, reverse 5ʹ- gtttttgagctggtcggggtcctt-
cagc -3ʹ; KAT2AΔ4 (deletion of 826 bp–829 bp) forward 5ʹ-
agttcttcaaggagggaggcctcat -3ʹ, reverse 5ʹ- ccctccttgaagaacttctc-
cagggcgctg -3ʹ. In addition, a double-site-mutant (Y734A,
L737A) was constructed by multiple site-directed mutagenesis
using QuikChange Multi Site-Directed Mutagenesis Kit
(#200514. Agilent Technologies) according to the manufac-
turer’s protocol with the following primers: 5ʹ- cagctcgcca-
caaccgccaaaaacctg-3ʹ and 5ʹ- gtttttggcggttgtggcgagctggtcg-3ʹ.
All plasmids were confirmed by sequencing.
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Cell culture and transfection

The atg5−/- and atg7−/- mouse embryonic fibroblasts (MEFs)
were a kind gift from Dr. Masaaki Komatsu (The Tokyo
Metropolitan Institute Medical Science, Tokyo, Japan).
MEFs, HEK293 (ATCC, CRL-1573), and HeLa (ATCC,
CCL-2) cells were maintained in Dulbecco’s Modified
Eagle’s Media (DMEM) (Corning, 10-017-CV), supplemented
with 10% fetal bovine serum (FBS) (Sigma, F0926). Human
aortic smooth muscle cells (HASMCs) was purchased from
Invitrogen (Life Technologies, C-007-5C)) and maintained in
Medium 231 (ThermoFisher Scientific, M231500) supplemen-
ted with 5% smooth muscle cell growth supplements
(Sciencell, 1152). During the migration experiment,
HASMCs were cultured in complete DMEM medium. All
culture media were supplemented with penicillin (100 U/ml)
and streptomycin (100 µg/ml) (ThermoFisher Scientific,
15140163). Cultured cells were incubated in a humidified
atmosphere of 5% CO2 and 95% ambient air at 37°C.

ATG5, ATG7, and BECN1 siRNA were obtained from Cell
Signaling. For siRNA depletion, HASMCs orMEFs were plated in
6-well plates. After reaching 70% confluence, the cells were treated
with the indicated siRNA at a final concentration of 50 nM using
Lipofectamine RNAiMAX reagent (Life Technologies, 13778150)
in serum-free medium. After 6 h, the medium was removed and
replaced with fresh medium containing 10% FBS. The cells were
incubated in the fresh medium for 48 h. HeLa and HEK 293 cells
were transfected with 2.5 μg plasmids using Lipofectamine 2000
(Life Technologies, 11668019). HASMCs and MEFs were electro-
porated with 2.5 μg plasmids using the 4D-NucleofectorTM

System (Lonza, Frazer, PA, USA) according to the manufacturer’s
instructions. ATG5 adenovirus was purchased from SignaGen
Laboratories (Rockville, MD, USA). ATG7 adenovirus was a gift
from Dr. Jeffrey Robbins (Department of Pediatrics, The
Cincinnati Children’s Hospital Medical Center, Cincinnati, OH,
USA). The adenoviruses encoding short hairpin KAT2A RNA
(sh-KAT2A) or KAT2A were a gift from Dr. Pere Puigserver
(Department of Cell Biology, Harvard Medical School, Boston,
MA, USA). The adenoviruses were amplified in HEK293 cells and
purified by CsCl2 density gradient ultracentrifugation. Cells were
infected with adenovirus at a multiplicity of infection of 100 for
2 h, and then medium was replaced with fresh normal medium.
Protein expression was detected 48 h after transfection via immu-
noblotting analysis with specific antibodies.

Autophagy analysis

Autophagy activity was assessed by measuring GFP-LC3 puncta
formation, LC3 cleavage, and SQSTM1 degradation. To deter-
mine autophagosome formation, cells were cultured on glass
coverslips and allowed to adhere overnight. The cells were trans-
fected with GFP-LC3 adenovirus for 24 h and then incubated with
5 μM chloroquine diphosphate (CQ) for another 24 h. After
treatment, cells were fixed, and fluorescence images were obtained
using a fluorescent microscope. Autophagy was measured by
enumerating the average number of autophagosomes per cell for
each sample. At least 100 cells per sample were counted.

Real-time PCR analysis

Total RNA was extracted from cultured cells using RNeasy
Mini Kit (Qiagen, Valencia, CA). For reverse transcription,
1 µg of the total mRNA was converted to first-strand com-
plementary DNA in 20 µL reactions using the iScript cDNA
synthesis kit (Bio-Rad Laboratories, Hercules, CA). The pri-
mers used for amplification of genes were as follows: KAT2A
(mouse) 5ʹ- CGAGTTGTGCCGTAGCTGTGA-3ʹ (forward)
and 5ʹ- ACCATTCCCAAGAGCCGGTTA -3ʹ (reverse) and
GAPDH (mouse) 5ʹ-CCACTCCTCCACCTTTGAC-3ʹ (for-
ward) and 5ʹ-ACCCTGTTGCTGTAGCCA-3ʹ (reverse).
Quantitative RT-PCR reactions were performed using aiQ™
SYBRGreen SupermixKit and a CFX96 real-time PCR detec-
tion system (Applied Biosystems, Foster City, CA) as
described previously [70]. Calculations were performed
using the comparative method (2-ΔΔCt) with GAPDH as an
internal control [71].

Immunoprecipitation and immunoblotting

Immunoprecipitation (IP) was performed as described pre-
viously [72,73]. Briefly, cells were collected and lysed in
RIPA buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA,
140 mM NaCl, 0.1% SDS, 0.1% sodium deoxycholate, 1%
Triton X-100; Sigma, R0278) containing a protease inhibitor
cocktail (PI; Roche). Protein concentrations were measured
with PierceTM BCA Protein Assay Kit (ThermoFisher
Scientific, 23225). After preclearing with protein A agarose
beads (GE Healthcare, 17-0780-01) for 30 min at 4°C, whole-
cell lysates were subjected to IP with the specific antibodies.
Generally, 1 µg of antibody was added to 500 µg of cell lysate
and incubated overnight at 4°C. After incubation with pro-
tein A agarose beads for 6 h, immunoprecipitates were eluted
with SDS loading buffer by boiling for 10 min. The immu-
noprecipitated proteins were subjected to immunoblotting
analysis.

For immunoblotting, cells were lysed in RIPA buffer con-
taining a protease inhibitor cocktail as described previously
[74,75]. Protein concentrations were measured with PierceTM

BCA Protein Assay Kit and lysates containing equal amounts
of proteins were separated by SDS-PAGE and then transferred
to nitrocellulose membranes. The membranes were blocked
with 5% nonfat dry milk (LabScientific, M0841) and incu-
bated with specific primary antibodies overnight at 4°C fol-
lowed by secondary antibodies. All antibodies were used at the
manufacturers’ recommended dilutions. Immunoreactive
bands were visualized by Super SignalTM West Pico PLUS
chemiluminescent substrate (ThermoFisher, 34580) using an
Odyssey scanner (LI-COR Biosciences, Bad Homburg,
Germany) and Photoshop software. For quantification, the
protein band intensities of the western blotting images were
quantified with Alpha view software (ProteinSimple, San Jose,
CA). Data are represented as mean intensity of bands from at
least three independent experiments. The membranes were
then stripped and probed for total protein and/or ACTB/β-
actin to verify equal loading [74,75].
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In vitro affinity-isolation assay

Glutathione S-transferase (GST) fusion proteins were immo-
bilized on glutathione Sepharose 4 Fast Flow beads (GE
Healthcare, 1707560) for 30 min at 4°C. For GST affinity
isolation with purified His-tagged KAT2A protein, 4 μg of
GST-LC3 protein was incubated with 1 μg of KAT2A protein
in 500 μl of binding buffer (50 mM Tris-HCl, pH 8.0; 250 mM
NaCl) for 120 min at 4°C and then washed 5 times with 1 ml
of binding buffer. For GST affinity isolation in HeLa cell
lysates, 4 μg of GST fusion proteins were incubated with
1,000 μg of HeLa cell lysate for 2 h at 4°C and then washed
5 times with 1 ml of lysis buffer. The precipitate complex was
boiled with 2x Laemmli Sample Buffer (Bio-Rad) containing
1% SDS for 5 min at 95°C [76] and subjected to SDS-PAGE.
After transfer to nitrocellulose membranes (Bio-Rad,
1620112), proteins were stained with Ponceau S (Sigma,
P3504), followed by immunoblotting with the indicated
antibodies.

In vitro tubulin acetylation assay

Purified porcine brain tubulin protein (>99% pure) was
incubated with recombinant KAT2A-catalytic domain pro-
tein (362–837) protein in acetylation buffer (50 mM Tris, pH
8.0; 50 mM EDTA (Sigma, ED4SS); 10% glycerol; 20 μM
acetyl CoA; 10 mM sodium butyrate (Sigma, B5887); 10 mM
TSA (SELLECKCHEM, S1045); 1 mM GTP) at 37°C for 1 h.
The acetylation of TUBA was assessed by western blotting.

Immunofluorescence

Cells were grown on glass coverslips, fixed with 4% parafor-
maldehyde for 15 min, and permeabilized with 0.2% Triton
X-100 (Sigma, T8787) for 15 min. After blocking with goat
serum, the cells were incubated with TUBA antibody (1:2000
dilution) and acetyl-TUBA antibody (1:300 dilution), followed
by incubation with fluorescein conjugated secondary antibo-
dies. Slides were mounted with Prolong Gold containing
DAPI (Invitrogen) and analyzed with an Olympus microscope
or LSM 510 Zeiss confocal microscope.

Microtubule depolymerization

The microtubule depolymerization experiments were per-
formed as described previously [77]. Briefly, cells were incu-
bated at 0°C for 5, 10, 15 or 30 min. The morphology of
microtubules was then examined by immunostaining of
TUBA and confocal microscope.

Nocodazole washout assay

To analyze nocodazole-induced microtubule depolymeriza-
tion, cells were treated with 10 μM nocodazole for 30 min,
and then the cells were washed with pre-warmed PBS (Sigma,
D5652) and pre-warmed media and incubated in pre-warmed
media without nocodazole for the indicated times. Cell lysates
were analyzed by western blot using the indicated antibodies.
In addition, cells grown on glass coverslips were incubated in

growth media with 10 µM nocodazole for 30 min, and then
the drug was washed out to allow the microtubules to repo-
lymerize for the indicated times. The cells were fixed by
immersion in ice-cold methanol and processed for immuno-
fluorescence analysis.

Scratch wound healing assay

Monolayer smooth muscle cell migration was performed as
described previously [78]. Briefly, HASMCs were plated on
glass coverslips in 6-well plates at a concentration of 2.5 × 105

cells/well and transfected with either siRNA or adenovirus.
Forty-eight hours later, a linear wound was gently made in the
center of the confluent cell monolayer with a 200-μl pipette
tip. The cells were then washed with fresh medium to remove
the cellular debris. Repeated observations of the edge of the
same scratched lesion were performed. After 10 h, images
were captured using a microscope (IX71, Olympus) equipped
with a digital camera. The distance of the gap closure was
calculated as the total distance of the gap closed over the
migration time. For analysis of cell polarity, the cells were
fixed and immunostained with a TUBG/γ-tubulin antibody.
The angles (θ) of each cell to the scratched line were measured
as described by Nakano [76]. Briefly, line A was drawn from
the point stained with a TUBG antibody to the center of the
nucleus, line B was drawn from the center of the nucleus to
the scratched line, and the angles (θ) between lines A and
B were measured.

Transwell migration assay

Cell migration was examined using a transwell fitted with poly-
carbonatemembrane (8-μmpore size, Corning Inc., Corning, NY).
Briefly, growth-arrested HASMCs were trypsinized and resus-
pended at a concentration of 1 × 106 cells/ml in DMEM supple-
mented with 0.5% FBS. HASMC suspension (100 μl) was placed in
the upper chamber, and 500 μl of DMEM containing 10% FBS was
placed in the lower chamber. Cells were allowed tomigrate through
the pores of the membrane for 6 h at 37°C in the presence of 5%
CO2. The filter was then removed and fixed in 4% paraformalde-
hyde. The cells on the upper side of the filter were scraped off with
a cotton swab, and the cells thatmigrated to the lower surface of the
filter were stained with 0.2% Crystal violet (ThermoFisher
Scientific, C581-100) in 10% methanol for 30 min. The chambers
were washed thoroughly with water, and the cells on the lower
surface of filters were counted using a light microscope. The
experiments were performed at least three times in each group,
and cell motility is presented as the number of migrated cells/field.

Statistical analysis

Data are presented as mean ± SEM. The differences between
two groups were analyzed using the Student’s t-test.
Comparisons between multiple groups were performed using
one-way analysis of variance (ANOVA) followed by
Bonferroni post-hoc analysis. A value of P < 0.05 was con-
sidered statistically significant.
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