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Deletion of Ulk1 inhibits neointima formation by enhancing KAT2A/GCN5-mediated 
acetylation of TUBA/α-tubulin in vivo
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ABSTRACT
ULK1 (unc-51 like autophagy activating kinase) has a central role in initiating macroautophagy/autopha-
gy, a process that contributes to atherosclerosis and neointima hyperplasia, or excessive tissue growth 
that leads to vessel dysfunction. However, the role of ULK1 in neointima formation remains unclear. We 
aimed to determine how Ulk1 deletion affected neointima formation and to investigate the underlying 
mechanisms. We measured autophagy activity, vascular smooth muscle cell (VSMC) migration and 
neointima hyperplasia in cultured VSMCs and ligation-injured mouse carotid arteries from male wild- 
type (WT, C57BL/6 J) and VSMC-specific ulk1 knockout (ulk1 KO) mice. Carotid artery ligation in WT mice 
increased ULK1 protein expression, and concurrently increased autophagic flux and neointima forma-
tion. Treating human aortic smooth muscle cells (HASMCs) with PDGF (platelet derived growth factor) 
increased ULK1 expression, activated autophagy, and promoted cell migration. Further, smooth muscle 
cell-specific deletion of Ulk1 suppressed autophagy, inhibited VSMC migration, and impeded neointima 
hyperplasia. Mechanistically, Ulk1 deletion inhibited autophagic degradation of histone acetyltransferase 
protein KAT2A/GCN5 (K[lysine] acetyltransferase 2A), resulting in accumulation of KAT2A that directly 
acetylated TUBA/α-tubulin and subsequently increased protein levels of acetylated TUBA. The acetyla-
tion of TUBA increased microtubule stability and inhibited VSMC directional migration and neointima 
formation. Finally, local transfection of Kat2a siRNA decreased TUBA acetylation and prevented the 
attenuation of vascular injury-induced neointima formation in ulk1 KO mice. These findings suggest that 
Ulk1 deletion inhibits neointima formation by reducing autophagic degradation of KAT2A and increasing 
TUBA acetylation in VSMCs.

Abbreviations: ACTA2/α-SMA: actin, alpha 2, smooth muscle, aorta; ACTB: actin beta; ATAT1: alpha 
tubulin acetyltransferase 1; ATG: autophagy related; BECN1: beclin 1; BP: blood pressure; CAL: carotid 
artery ligation; CQ: chloroquine diphosphate; EC: endothelial cells; EEL: external elastic layer; FBS: fetal 
bovine serum; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; HASMCs: human aortic smooth 
muscle cells; HAT1: histone acetyltransferase 1; HDAC: histone deacetylase; IEL: inner elastic layer; IP: 
immunoprecipitation; KAT2A/GCN5: K(lysine) acetyltransferase 2A; KAT8/hMOF: lysine acetyltransferase 
8; MAP1LC3: microtubule associated protein 1 light chain 3; MYH11: myosin heavy chain 11; PBS: 
phosphate-buffered saline; PDGF: platelet derived growth factor; PECAM1/CD31: platelet and endothelial 
cell adhesion molecule 1; RAC3: Rac family small GTPase 3; SIRT2: sirtuin 2; SPP1/OPN: secreted 
phosphoprotein 1; SQSTM1/p62: sequestosome 1; TAGLN/SM22: transgelin; TUBA: tubulin alpha; ULK1: 
unc-51 like autophagy activating kinase; VSMC: vascular smooth muscle cell; VVG: Verhoeff Van Gieson; 
WT: wild type.
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Introduction

Macroautophagy/autophagy is a catabolic process that 
maintains cellular homeostasis by turnover of damaged 
cytosolic material and is tightly regulated by more than 
30 ATG (autophagy related) proteins [1]. Although auto-
phagy has generally been considered to be nonspecific 
degradation, it also degrades specific cargo, such as orga-
nelles and proteins [2–4]. Basal autophagy is required for 
maintaining normal vascular function. Accumulating 

evidence suggests that dysregulated autophagy is impli-
cated in cardiovascular diseases, including atherosclerosis 
[5,6], restenosis [7], vascular aging [8], and angiogenesis 
[9]. However, it is still debated whether autophagy is 
a protective or harmful mechanism in vascular pathology. 
One possible reason for this discrepancy may be that the 
major results are obtained under either ATG5- or ATG7- 
deficient conditions, but mammalian autophagy occurs by 
at least two different pathways: a conventional ATG5- 
ATG7-dependent pathway and an alternative ATG5- 
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ATG7-independent pathway [10]. Thus, further investiga-
tion is required to determine the precise role of autophagy 
in vascular diseases using a mouse with vascular smooth 
muscle cell (VSMC)-specific deletion of Ulk1 (unc-51 like 
autophagy activating kinase), in which both ATG5-ATG7- 
dependent and -independent autophagy are inhibited. 
ULK1 is a serine/threonine kinase that activates both 
ATG5-ATG7-dependent and -independent autophagy 
pathways [10], participates in the initiation of autophagy 
[11], and regulates the maturation of autophagosomes 
[12]. ULK1 not only plays a role in the activation of 
autophagy, but also regulates many other important phy-
siological activities, including protein transportation, 
innate immune response, neuronal development, glucose 
and lipid metabolism [13]. However, it is unknown 
whether or not ULK1 is involved in the development of 
neointima hyperplasia.

VSMCs are a major component of vascular media, and 
are vital for maintaining vessel homeostasis [14]. VSMCs 
respond to vascular injury and pro-atherosclerotic factors 
by migrating to the intima, which is a key event in the 
development of many vascular diseases and a consequence 
of mechanical vascular injury. VSMC migration is initiated 
by multiple environmental cues that stimulate receptors on 
the cell surface, activating multiple signaling cascades that 
alter the cytoskeletal structure of the cell, increasing the 
migration capacity of VSMCs [15]. Microtubules, one of the 
major components of the eukaryotic cytoskeleton, are com-
posed of tubulin heterodimers made of TUBA/alpha- 
tubulin and TUBB/beta-tubulin. The TUBA is subjected to 
posttranslational modifications, including detyrosination, 
acetylation, and polyglutamylation, which affect the func-
tion and stability of microtubules [16,17]. Given that TUBA 
acetylation is an established marker of microtubule stability 
[18], reversible acetylation on the ε-amino group of TUBA 
Lys40 stabilizes microtubule structures and contributes to 
regulating cell motility [19]. Microtubule acetylation in 
mammalian cells is performed by ATAT1 (TUBA 
N-acetyltransferase 1) [20] and the elongator protein com-
plex [21] and removed by HDAC (histone deacetylase) 
family member HDAC6 and SIRT2 (sirtuin 2) [22,23]. 
KAT2A/GCN5 (K[lysine] acetyltransferase 2A) is 
a conserved histone acetyltransferase involved in a broad 
range of cellular processes, including gene transcription, 
differentiation, DNA repair, nucleosome assembly, and 
cell cycle regulation [24]. Our recent work showed that 
KAT2A contains a MAP1LC3/LC3 (microtubule associated 
protein 1 light chain 3)-interacting region (LIR) domain 
that binds to the autophagic effector protein MAP1LC3, 
mediating the degradation of KAT2A. Suppression of auto-
phagy results in the accumulation of KAT2A, which acet-
ylates TUBA and inhibits VSMC migration [25]. However, 
it is unclear whether KAT2A regulates neointima formation 
in vivo. In this study, we used VSMC-specific ulk1 knock-
out (ulk1 KO) mice to determine the role of autophagy in 
VSMC migration and neointima formation. We concluded 
that Ulk1 deletion in VSMCs suppresses autophagy, results 
in accumulation of KAT2A, and subsequently inhibits the 

VSMC migration and neointima formation that follow vas-
cular injury.

Results

ULK1 upregulation is associated with neointima 
hyperplasia in response to vascular injury

To determine the relationship between ULK1 expression and 
vascular remodeling, we performed carotid artery ligation in 
C57BL/6 J mice and measured endogenous ULK1 protein 
expression in carotid arteries 4 weeks after vascular injury. We 
found that ULK1 expression was more than double the immu-
nohistochemical staining score compared with that of sham 
group, shown by immunohistochemical staining (Figure 1A 
and Figure 1B) and immunofluorescence staining (Fig. S1A 
and S1B). Then we detected protein expression of SQSTM1/ 
p62 (sequestosome1), an autophagic flux marker. Results 
showed that SQSTM1 protein levels were significantly 
(P < 0.05) lower in the carotid artery ligation group than in the 
sham group (Figure 1C, Figure 1D, S1C and S1D), suggesting 
that carotid artery ligation increases autophagic flux.

ULK1 protein upregulation was associated with neointima 
hyperplasia, as shown by a decrease in the lumen:media ratio 
determined by Verhoeff Van Gieson (VVG) and hematoxylin 
and eosin (H&E) staining (Figure 1E and Figure 1F). To 
directly examine whether autophagy influenced VSMC migra-
tion during vascular remodeling, we performed en face stain-
ing [26,27] 5 d after ligation. The result showed that vascular 
injury resulted in greater positive ACTA2/α-SMA (actin 
alpha 2) staining in intimal cells than a sham operation 
(Figure 1G). Because ACTA2-positive cells observed in the 
neointima on the fifth day after injury are reported to be 
migrating rather than proliferating cells [28], these data sug-
gest that ULK1 protein upregulation may enhance VSMC 
migration and promote neointima hyperplasia in response to 
vascular injury.

ULK1 deficiency inhibits cell migration in cultured 
HASMCs

Because ULK1 is critical for inducing autophagy, we assessed 
the role of ULK1 in regulating autophagy and VSMC migration 
in cultured HASMCs. PDGF (platelet derived growth factor) is 
important for vascular remodeling in response to vascular 
injury [29]. We therefore treated HASMCs with PDGF-BB 
(20 ng/mL) and examined its effect on ULK1 expression and 
autophagy activity. PDGF-BB treatment increased ULK1 pro-
tein levels (Figure 2A and Figure 2B), promoted the conversion 
of nonlipidated LC3-I into phosphatidylethanolamine- 
conjugated LC3-II, and reduced SQSTM1 protein levels 
(Figure 2A, Figure 2C, and Figure 2D), suggesting autophagy 
activation.

To study the effects of PDGF-BB on autophagic flux, we 
treated HASMCs with PDGF-BB in the presence or absence of 
chloroquine (CQ), a lysosome and autophagosome fusion 
inhibitor [30]. In the absence of CQ, PDGF-BB treatment 
enhanced the number and distribution of GFP-LC3 punctate 
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structures. Addition of CQ further increased autophagosome 
formation in cells treated with PDGF-BB (Figure 2E and 2F). 
These results indicate that PDGF-BB acts by inducing auto-
phagosome formation rather than by disrupting maturation 
into autolysosomes.

We further studied whether autophagy suppression by 
gene silencing of ULK1 would inhibit VSMC migration in 
cultured HASMCs. ULK1 siRNA abolished ULK1 protein 
expression and concomitantly suppressed autophagic flux, as 
evidenced by both reduced conversion of LC3-I to LC3-II and 

Figure 1. ULK1 upregulation is associated with neointima formation in mice subjected to carotid artery ligation (CAL). (A-B) C57BL/6 J mice were subjected to CAL, 
ULK1 protein levels in carotid arteries were determined by immunohistochemistry 28 d after injury. Scale bar: 50 µm. (C-D) immunohistochemical staining for 
SQSTM1. Scale bar: 50 µm. (E) Representative images of Verhoeff Van Gieson (VVG) and hematoxylin and eosin (H&E) staining. White triangle indicates media area, 
black triangle indicates neointima area. Scale bar: 50 µm. IEL, internal elastic layer; EEL, external elastic layer. (F) Quantitative analysis of lumen area and lumen:media 
ratio in sham and CAL mice. **P< 0.01, n = 5 in each group. (G) Five days after injury, arteries were collected, opened longitudinally, spread onto an agar plate with 
the luminal surface facing upward, and immunostained for ACT2A/α-SMA (actin alpha 2), a specific marker of smooth muscle cells. Scale bar: 20 µm. n = 5 in each 
group.
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Figure 2. Gene silencing of ULK1 inhibits vascular smooth muscle cell migration in response to PDGF. (A-D) Human aortic smooth muscle cells (HASMCs) were treated 
with PDGF (platelet-derived growth factor BB, 20 ng/ml) for 12 and 24 h, and protein levels of ULK1, SQSTM1, and LC3 were measured by western blot and 
densitometry, *P< 0.05, n = 3–4. (E-F) GFP-LC3-expressing HASMCs were treated with PDGF, chloroquine (CQ, 3 µM), or PDGF + CQ for 24 h. (E), Representative 
images of GFP-LC3 staining. Scale bar: 20 µm. (F) Quantitation of autophagic vacuoles (AV) per cell. n = 3–4, *P< 0.05 vs. Ctrl (control); #P< 0.05 vs. PDGF or CQ. (G-J) 
Western blot analysis of ULK1, SQSTM1, and LC3 in HASMCs transfected with siCtrl (control siRNA) or siULK1 (ULK1 siRNA). n = 3–4, **P< 0.01, vs. siCtrl. (K-L) HASMCs 
were transfected with siCtrl or siULK1 for 48 h and treated with PDGF (20 ng/ml) for 24 h. (K) Cell migration was determined by transwell migration assays. Scale bar: 
20 µm. (L) Migrated cells were quantified. n = 3–4, *P< 0.05 vs. siCtrl. #P< 0.05 vs. PDGF/siCtrl.
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increased SQSTM1 levels (Figure 2G-J). The transwell assay 
indicated that PDGF-BB treatment significantly (P< 0.05) 
promoted cell migration. However, ULK1 knockdown inhib-
ited HASMC migration in both basal and PDGF-BB-treated 
conditions, as indicated by lower numbers of migrating cells 
(Figure 2K and Figure 2L). Collectively, these results demon-
strate that inhibiting autophagy by silencing ULK1 inhibits 
VSMC migration in cultured cells.

Ulk1 deletion inhibits neointima formation

To investigate the role of ULK1 in neointima formation 
in vivo, we developed VSMC ulk1 conditional knockout 
(ulk1 KO) mice and performed sham or carotid artery ligation 
surgery in these mice. As shown in Figure 3, ULK1 protein 
and mRNA expression were abolished in VSMCs isolated 
from ulk1 KO mouse aortas (Figure 3A and Figure 3B). 
However, Ulk1 gene deletion in VSMCs did not affect ULK1 
protein expression in endothelial cells (EC) isolated from ulk1 
KO mouse aortas (Figure 3A), indicating successful creation 
of VSMC ulk1 conditional knockout mice. To determine if 
Ulk1 gene deletion inhibited autophagy, we detected protein 
levels of SQSTM1 and LC3. In ulk1 KO mouse VSMCs, 
SQSTM1 protein levels were significantly (P< 0.05) increased 
whereas LC3-II levels were lower than in WT VSMCs (Figure 
3C and Figure 3D), indicating flux suppression. We further 
examined the effect of deletion of Ulk1 on autophagic flux by 
treating WT and ulk1 KO VSMCs with CQ, and found that 
administration of CQ in ulk1 KO VSMCs induced LC3-II 
accumulation and further increase in SQSTM1 levels, indicat-
ing that deletion of Ulk1 reduces autophagic flux by inhibiting 
autophagosome formation rather than by disrupting matura-
tion into autophagolysosomes (Fig. S1E-G).

As BECN1/Beclin 1 silencing inhibits autophagy and pro-
motes neointima formation [31], we checked whether VSMC- 
specific deletion of Ulk1 affected BECN1 expression in vas-
cular cells. We found that primary VSMCs and ECs in WT 
mice had similar BECN1 levels as in ulk1 KO mice (Fig. S1H- 
K). In primary ECs, the expression of SQSTM1 and LC3-II in 
WT mice was not different from that of ulk KO mice (Fig. 
S1L-N), suggesting that Ulk1 deletion in VSMCs did not affect 
autophagic flux in ECs. We also examined if deletion of Ulk1 
affected the expression of other ATG proteins, including 
ULK2, ATG5, and ATG7, and we did not find that deletion 
of Ulk1 affected the expression of these proteins (Fig. S1O 
and S1P).

We next evaluated the effects of VSMC-specific Ulk1 dele-
tion on vascular functions and found that ulk1 KO mice had 
lower blood pressure than WT mice (Fig. S2A-C). Resistant 
mesenteric arteries of WT and ulk1 KO had no difference in 
constriction induced by U46619, a TBXA2R (thromboxane 
A2 receptor) agonist (Fig. S2D). Endothelium-mediated 
mesenteric artery relaxation induced by acetylcholine (Ach) 
was similar between ulk1 KO mice and WT littermates (Fig. 
S2E). In the presence of L-NAME (NOS3 [nitric oxide 
synthase 3, endothelial cell] inhibitor), we found no difference 
in sodium nitroprusside (SNP)-induced vessel relaxation 
between ulk1 KO mice and WT mice (Fig. S2F).

We then tested whether Ulk1 gene deletion inhibited 
VSMC migration. Consistent with the previous findings in 
HASMCs, lack of ULK1 in mouse VSMCs significantly 
(P< 0.05) inhibited cell migration into the wound area with 
or without PDGF (Figure 3E and Figure 3F).

To determine the effects of Ulk1 deletion on in vivo vas-
cular remodeling, we analyzed neointima formation in ulk1 
KO mice. Ulk1 deletion did not visibly alter vessel structure. 
After injury, the lumen:media ratio significantly (P< 0.01) 
decreased in WT mice, indicating increased neointima forma-
tion. Whereas Ulk1 gene deletion significantly (P< 0.01) pre-
vented ligation-enhanced neointima area (Figure 3G and 
Figure 3H). Next, we immunostained vessel sections for 
ACTA2 (a VSMC marker), and found that VSMCs were the 
predominant cell type in the neointimas (Figure 3I).

Early luminal reendothelialization in response to mechan-
ical arterial injury is an important factor determining neoin-
tima size [32]. To evaluate the reendothelialization rate, we 
collected sham and ligated arteries 7 d after ligation and 
immunostained the vessel sections with an antibody against 
PECAM1/CD31 (platelet and endothelial cell adhesion mole-
cule 1). The results showed that the endothelial layer in 
ligated arteries completely recovered at this time point, com-
pared to arteries subjected to a sham operation. Specific dele-
tion of Ulk1 in VSMCs did not affect the reendothelialization 
rate (Figure 3J and Figure 3K) and cell apoptosis (Fig. S2G). 
Taken together, our data suggest that inhibiting autophagy by 
deleting Ulk1 in VSMCs postpones VSMC migration and 
neointima formation.

Ulk1 deletion inhibits VSMC migration ex vivo

We also examined the effects of Ulk1 deletion on ex vivo 
VSMC migration using an aortic ring assay, as previously 
described [28]. Firstly, we determined the identity of migrat-
ing cells using WT aortic rings. The identities of migrating 
cells in neovessel structures were determined by whole mount 
immunostaining with antibodies for PECAM1 (a marker of 
ECs) or ACTA2 (a marker of VSMC). PDGF-BB-treated 
aortic rings had more neovessel formation than control 
rings (Figure 4A). Whole mount staining for PECAM1 and 
ACTA2 in PDGF-BB-treated neovessels showed that neoves-
sel structures stained for ACTA2 but not PECAM1 (Figure 
4B), indicating that migrating cells were mainly VSMCs. 
Then we cultured WT and ulk1 KO aortic rings in Matrigel 
and measured the sprout distance and the area under the 
sprout on day 7. Compared with control WT rings, Ulk1 
deletion induced significant (P < 0.01) reductions in the 
sprout distance and the area under sprouts (Figure 4C-E). 
These results suggest that Ulk1 deletion inhibits ex vivo 
VSMC migration.

Ulk1 deletion increases TUBA acetylation and microtu-
bule stability, inhibiting the directional migration of VSMCs.

To gain insight into the mechanisms by which Ulk1 dele-
tion inhibited VSMC migration and neointima formation, we 
examined whether Ulk1 deletion increased TUBA acetylation. 
Because starvation-induced autophagy leads to reduction of 
histone H4 lysine 16 acetylation (H4K26ac) [33], acetylation 
of TUBA is associated with microtubule stability and cell 
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Figure 3. Deletion of Ulk1 in VSMCs inhibits autophagic flux and attenuates neointimal formation. (A) Western blot analysis of ULK1 levels in vascular smooth muscle 
cells (VSMCs) and endothelial cells (EC) from wild-type (WT) and ulk1 KO mouse aortas. (B) Messenger RNA expression in VSMCs isolated from WT and ulk1 KO mice 
was analyzed by RT-PCR. (C-D) Protein levels of SQSTM1 and LC3 in VSMCs from WT and ulk1 KO mouse aortas. n = 5, *P< 0.05 vs. WT. (E-F) WT and ulk1 KO VSMCs 
were treated with or without PDGF (20 ng/ml) for 24 h. Cell migration was measured by scratch wound assay. (E) Representative images of VSMC migration in scratch 
wound assay. Scale bar: 1 mm. (F) Quantification of wound closure of VSMCs. n = 5, *P< 0.05 vs. WT. #P< 0.05 vs. WT PDGF. (G-H) Carotid artery sections from WT and 
ulk1 KO mice subjected to sham or carotid artery ligation (CAL) were collected and stained with hematoxylin and eosin to evaluate neointima formation. (G) 
Representative images of WT and ulk1 KO mice subjected to sham operation and carotid artery ligation. The white triangle indicates vascular media area, the black 
triangle indicates neointima area. Scale bar: 50 µm. (H) Quantitative analysis of lumen:media ratio in WT and ulk1 KO mice. **P< 0.01, n = 5. ##P< 0.01 vs. WT CAL. (I), 
Representative images of immunostaining of ACTA2. (J-K) Seven days after CAL, carotid arteries were collected and immunostained to evaluate reendothelialization. 
(J) Representative immunostaining images for PECAM1 (red, EC marker) and ACTA2 (green, smooth muscle cell marker). Scale bar: 100 µm. (K) Reendothelialization 
was calculated as the ratio of the surface covered by PECAM1-positive cells to the total luminal surface, n = 5 in each group.
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motility [23]; and increased TUBA acetylation inhibits 
endothelial cell migration [34], we examined the acetylation 
of TUBA in WT and ulk1 KO VSMCs. As expected, TUBA 
acetylation significantly (P< 0.05) increased in ulk1 KO 
VSMCs, but Ulk1 deletion did not affect TUBA expression 
(Figure 5A and Figure 5B). We further verified the effect of 
ULK1 deficiency on TUBA acetylation using immunofluores-
cence staining in HASMCs transfected with ULK1 siRNA. 
Similar to the finding with ulk1 KO VSMCs, silencing of 
ULK1 significantly increased the abundance of acetylated 
TUBA (Fig. S3A and S3B) but had no effect on the expres-
sion of total TUBA.

Since acetylation of TUBA is a well-established marker of 
more stable microtubules [18], we determined the effect of 
ULK1 deficiency on microtubule stability by examining the 
morphology of microtubules using immunofluorescence 
microscopy. We transfected HAMSCs with control or 
ULK1 siRNA, and then incubated the cells at 0°C for 5, 
10, or 15 min. We found that cold treatment led to the 
depolymerization of microtubules in a time-dependent 
manner. Microtubules were completely depolymerized at 
15 min after cold treatment in cells transfected with control 
siRNA. Conversely, microtubules were still present in cells 
transfected with ULK1 siRNA (Figure 5C and Figure 5D), 

Figure 4. Deletion of ULK1 inhibits VSMC migration ex vivo. (A) Aortic rings without adventitia and endothelial cells from wild-type (WT) mice were treated with 
PDGF (20 ng/ml) for 7 d, then VSMC migration was analyzed by microscopy. Red arrow indicates the sprout VSMC. Scale bar: 100 µm. (B) The identities of migration 
cells were determined by immunostaining with antibodies against ACTA2 or PECAM1. Scale bar: 50 µm. (C-D) The aortic rings from WT and ulk1 KO mice were 
embedded in Matrigel and incubated in DMEM/F-12 medium. Images were taken with a microscope equipped with a digital camera and cell migration was 
determined by measuring the distance between the rings and the leading front of migrating cells. (C) Representative images of aortic ring assay. Red arrow indicates 
the sprout VSMC. Scale bar: 100 µm. (D) Quantification of sprout distance. n = 4, **P< 0.01. (E) Quantification of the area under sprout. n = 4, ***P< 0.001.
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suggesting that deletion of ULK1 increased microtubule 
stability, which is required for directional cell migration 
[35]. We then examined the effect of ULK1 deficiency on 
cell polarity using the scratch wound healing assay and 
immunofluorescence staining. In control siRNA-treated 
HASMCs, the first two layers of leading cells were clearly 

polarized toward the leading edge. ULK1 silencing, however, 
dramatically increased the staining of acetylated TUBA in 
the first two layers of leading cells and resulted in a loss of 
orientation toward the leading edge in these cells (Figure 
5E). These data suggest that acetylation of TUBA increases 
microtubule stability, inhibits directional migration. It was 

Figure 5. Ulk1 deletion increases acetylated TUBA protein levels. (A-B) Western blot analysis of Ac-TUBA in WT and ulk1 KO mouse VSMCs. n = 6, *P < 0.05 vs. WT. (C) 
HASMCs transfected with siCtrl (control siRNA) or siULK1 (ULK1 siRNA) were incubated at 0°C for 0, 5, 10, or 15 min. The morphology of microtubules was examined 
by immunostaining of TUBA. (D) Quantitative analysis of microtubule intensity (n= 25/group, *P< 0.05, ***P< 0.001). (E) HASMCs were transfected with siCtrl or 
siULK1 and subjected to scratch wound assay. HASMCs stained with TUBA (green) and Ac-TUBA (red) antibodies were analyzed using a confocal microscope. Nuclei 
were stained with DAPI (blue). Scale bar: 50 µm. (F) WT or ulk1 KO mice were subjected to carotid artery ligation (CAL), and carotid artery sections were stained with 
Ac-TUBA antibody. Representative images of immunofluorescence staining of Ac-TUBA. Scale bar: 100 µm. (G) Quantification of immunostaining for Ac-TUBA. n = 5, 
*P< 0.05, **P< 0.01 vs. WT sham. #P< 0.05 vs. ulk1 KO sham.
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reported that posttranslational modifications of TUBA, 
including acetylation, detyrosination, and polyglutamyla-
tion, regulates the function and stability of microtubules 
[16,17], affecting cell motility. We also studied if deletion 
of ULK1 affected detyrosination and polyglutamylation of 
TUBA. As shown in Fig. S3C and S3D, silencing of ULK1 
did not influence detyrosination and polyglutamylation of 
TUBA, supporting that the increase in microtubule stability 
in ULK1-deficient conditions is due to the acetylation of 
TUBA.

We had shown that deletion of Ulk1 inhibited VSMC 
migration in cultured VSMCs (Figure 2) and aortic rings 
(Figure 3). To establish the relationship between acetylated 
TUBA and neoinitima formation, we evaluated how Ulk1 
deletion affected TUBA acetylation in mouse carotid arteries 
after ligation surgery. Immunostaining for acetylated TUBA 
was significantly (P< 0.05) lower in carotid arteries from WT 
mice subjected to carotid artery ligation than in the sham 
group (Figure 5F and Figure 5G). Consistent with results in 
cultured cells, ulk1 KO mouse carotid arteries had stronger 
staining for acetylated TUBA than WT mice, and Ulk1 dele-
tion prevented the decreased acetylated TUBA in ulk1 KO 
mice subjected to carotid artery ligation (Figure 5F and Figure 
5G). Taken together with the finding that Ulk1 deletion 
impeded neointima formation (Figure 3G and Figure 3H), 
our results indicate an inverse relationship between TUBA 
acetylation and neointima formation and suggest that TUBA 
acetylation inhibits VSMC migration and consequently 
reduces neointima formation.

Ulk1 deletion results in KAT2A accumulation that 
mediates TUBA acetylation

To further characterize how Ulk1 deletion increased the levels 
of acetylated TUBA protein, we measured mRNA levels of 17 
deacetylases and 20 acetyltransferases genes in WT and ulk1 
KO VSMCs by RT-PCR, we found that mRNA levels of 
Hdac2, Hdac4, Hdac6, and Hadc11 increased by approxi-
mately 2-fold, Tap1 increased by 1.55-fold, and Rac3 reduced 
by 0.25-fold in ulk1 KO VSMCs (Fig. S4). We further exam-
ined the protein levels of acetyltransferases and deacetylases 
that are reported to be related to TUBA acetylation, including 
KAT2A, KAT8/hMOF, (lysine acetyltransferase 8), EP300 
(E1A binding protein p300), ATAT1 (TUBA 
N-acetyltransferase 1), HDAC6 (histone deacetylase), SIRT1, 
and SIRT2. In mouse VSMCs, the absence of ULK1 did not 
affect protein expression of HDAC6, SIRT1, SIRT2, EP300, 
ATAT1, and KAT8 (Fig. S5A), but increased KAT2A protein 
levels (Figure 6A and S5B) without changing its mRNA levels 
(Fig. S5C), suggesting that Ulk1 deletion regulates KAT2A at 
the posttranslational level by reducing KAT2A autophagic 
degradation.

Our previous study showed that KAT2A has a LIR domain 
[25], we therefore examined if KAT2A localizes in autopha-
gosomes by immunostaining of KAT2A in HASMCs trans-
fected with GFP-LC3 adenovirus as a probe for detection of 
autophagosome formation. We found that KAT2A (red) was 

localized in both nucleus and cytoplasm. Notably, some of the 
KAT2A protein in the cytoplasm co-localized with GFP-LC3 
puncta (Figure 6B), suggesting that KAT2A may interact 
physiologically with LC3. We further examined the interac-
tion between KAT2A and LC3 in WT and ulk1 KO VSMCs by 
immunoprecipitation with anti-LC3 antibody and immuno-
blotting with KAT2A antibody. The result revealed that 
KAT2A associated with LC3 in WT VSMCs and the associa-
tion was increased in ulk1 KO VSMCs (Figure 6C), indicating 
that KAT2A physically associates with LC3 in VSMCs.

We then tested how manipulating autophagic activity in 
cultured HASMCs affected KAT2A protein levels. First, we 
verified whether autophagy inhibition increased KAT2A pro-
tein levels in HASMCs. Transfecting HAMSCs with ULK1 
siRNA reduced ULK1 levels (Figure 6D and S5D), inhibited 
the conversion of LC3-I to LC3-II, and increased SQSTM1 
protein levels (Figure 2G-J). The suppression of autophagy 
increased KAT2A protein levels (Figure 6D and S5E) and 
concomitantly increased TUBA acetylation (Figure 6D and 
S5F). Then, we investigated if autophagy activation affected 
KAT2A protein regulation. We induced autophagy by starva-
tion with Hank’s buffered salt solution (HBSS), which is 
typically used as an autophagy trigger [36]. We found that 
this starvation significantly (P< 0.05) increased the conversion 
of LC3-I to LC3-II and reduced SQSTM1 levels (Figure 6E- 
G), indicating autophagy activation. The activation of auto-
phagy by starvation significantly (P< 0.05) reduced levels of 
KAT2A and acetylated TUBA protein (Figure 6H-J).

To investigate whether KAT2A directly acetylated TUBA, 
we incubated purified porcine brain TUBA protein (>99% 
pure) with recombinant KAT2A-catalytic domain protein in 
acetylation buffer. We found that the KAT2A catalytic 
domain alone increased acetylated TUBA in the purified 
porcine brain TUBA protein in a dose-dependent manner 
(Figure 6D). To address whether KAT2A accumulation 
mediated TUBA acetylation in ULK1-deficient VSMCs, we 
transfected WT and ulk1 KO mouse VSMCs with control or 
Kat2a siRNA and then measured the levels of acetylated 
TUBA protein. As shown in Figure 6L and Figure 6M, Ulk1 
deletion increased KAT2A protein levels in cells transfected 
with control siRNA compared to WT VSMCs. Consistent 
with the change in KAT2A expression, we saw that acetylated 
TUBA levels also increased. But in cells transfected with 
Kat2a siRNA, there was a dramatic inhibition in the ulk1 KO- 
induced increase in acetylated TUBA, supporting the notion 
that KAT2A mediates TUBA acetylation in ULK1-deficient 
VSMCs.

Local transfection of Kat2a increases neointima 
formation in ulk1 KO mice subjected to carotid artery 
ligation.

Given that KAT2A mediated TUBA acetylation in ULK1- 
deficient VSMCs, and TUBA acetylation is negatively asso-
ciated with neointima formation, we investigated whether 
silencing the Kat2a gene could prevent the attenuation of 
neointima formation in ulk1 KO mice. To this end, we 
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Figure 6. Ulk1 deletion leads to KAT2A accumulation that mediates the acetylation of TUBA. (A) Western blot analysis of the expression of KAT2A, TUBA, and Ac- 
TUBA in WT and ulk1 KO VSMCs, n= 6. (B) HASMCs were transfected with an adenovirus encoding GFP-LC3 for 24 h and then treated with chloroquine (CQ, 5 µM) 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: 10 µm. (C) VSMCs isolated from WT or ulk1 KO mice were treated with CQ (5 µM) for 24 h and the interaction of KAT2A and LC3 were analyzed 
by immunoprecipitation (IP) and western blot (WB). (D) HASMCs were transfected with siCtrl (control siRNA) or siULK1 (ULK1 siRNA), and levels of ULK1, KAT2A, TUBA, 
and Ac-TUBA were measured by western blot. n = 6. (E-G) HASMCs were starved with Hank’s balanced salt solution (HBSS) for 3 h, and protein levels of SQSTM1 
and LC3 were analyzed by western blot. n = 3, *P< 0.01 vs. Ctrl. (H-J) Levels of KAT2A, TUBA, and Ac-TUBA were measured using western blot. *P < 0.01, n = 3. (K) 
Purified porcine brain TUBA protein was incubated with recombinant KAT2A-catalytic domain protein in acetylation buffer at 37°C for 1 h. The acetylation of TUBA 
was assessed by western blot (n= 3, *P< 0.05, **P< 0.01). (L-M) WT and ulk1 KO VSMCs were transfected with siCtrl (control siRNA) or siKat2a (Kat2a siRNA) for 72 h, 
and protein levels of ULK1, KAT2A, TUBA, and Ac-TUBA were detected by western blot. * P< 0.05 vs. WT siCtrl, #P< 0.05 vs. ulk1 KO siCtrl, n = 4.
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Figure 7. Silencing Kat2a increases neointima formation in ulk1 KO mice subjected to carotid artery ligation. Left carotid arteries of WT and ulk1 KO mice were ligated 
and right carotid arteries were collected as sham controls. Both left and right arteries were treated with siCtrl (control siRNA) or siKat2a (Kat2a siRNA) after the 
surgery. Four weeks after ligation, hematoxylin and eosin staining was performed on the paraffin sections of carotid arteries to detect neointimal formation, and 
immunofluorescence staining was used to detect protein levels of KAT2A and acetylation of TUBA (Ac-TUBA). (A) Representative images of immunofluorescence 
staining of KAT2A. Scale bar: 50 µm. (B) Quantification of immunofluorescence staining for KAT2A. *P< 0.05, **P< 0.01, n = 5. (C) Representative images of
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performed siRNA transfection. In mice transfected with 
control siRNA, Ulk1 deletion prevented the decrease in 
staining for KAT2A (Figure 7A, Figure 7B, S6A and S6B) 
and acetylated TUBA (Figure 7C, Figure 7D, S6C and 
S6D). However, local transfection of Kat2a siRNA blocked 
the effect of Ulk1 deletion.

H&E staining of carotid artery cross-sections indicated that 
carotid artery ligation significantly (P< 0.01) increased the 
intima area in the control siRNA group compared to sham- 
operated WT mice, and the increase was significantly 
(P< 0.01) attenuated in ulk1 KO mice (Figure 7E and Figure 
7F). After Kat2a silencing in WT mice, we found that carotid 
artery ligation still induced neointima formation to an extent 
similar to that observed in WT mice without Kat2a silencing. 
However, Kat2a silencing in ulk1 KO mice dramatically 
increased the intima area compared to observations of ulk1 
KO mice without Kat2a silencing. Further, in WT and ulk1 
KO mice subjected to carotid artery ligation, Kat2a siRNA 
treatment did not affect reedothelialization rate, an important 
factor determining neointima size in response to vascular 
injury [32] (Fig. S6E and S6F). Taken together, these data 
suggest that Ulk1 deletion inhibits neointima formation via 
a KAT2A-dependent pathway.

ULK1 deficiency does not influence VSMC phonotypic 
switching and foam cell formation in cultured VSMCs

We also studied if deletion of ULK1 affected foam cell forma-
tion and VSMC phenotypic switching, two important pro-
cesses in the development of atherosclerosis in culture 
VSMCs. Smooth muscle cells are the most abundant cells in 
human atherosclerotic lesions and are suggested to contribute 
at least 50% of atheroma foam cells. Smooth muscle cells 
within the arterial wall develop into foam cells by taking up 
oxidized low-density lipoprotein (ox-LDL) via scavenger 
receptors, which is one of the hallmarks of atherosclerotic 
plaques [37]. We checked the morphological change of cells 
after incubation of WT and ulk1 KO VSMCs with 80 mg/L 
ox-LDL for 72 h and found that lipid staining became positive 
compared with the control group. However, the lipid staining 
was comparable between WT and ulk1 KO VSMCs treated 
with ox-LDL (Fig. S7A). Phenotypic switching of VSMCs 
plays a key role in atherosclerosis [38]. To study if Ulk1 
deletion affected VSMC phenotypic switching, we detected 
markers of contractile and synthetic VSMC phenotypes by 
western blot. As shown in Fig. S7A, ACTA2, MYH11 (myosin 
heavy chain 11), and CNN (calponin), which are three cano-
nical contractile markers of VSMC, were not significantly 
changed in ulk1 KO VSMC compared to those from WT. 
Similarly, the protein levels of SPP1/OPN (secreted phospho-
protein 1), and VIM (vimentin), two well-characterized mar-
kers for synthetic VSMCs, were comparable between WT and 
ulk1 KO VSMCs (Fig. S7B and S7C). These results suggest 

that lack of ULK1 does not influence VSMC phonotypic 
switching and foam cell formation in cultured VSMCs.

Discussion

In this study, we demonstrated that loss of ULK1, 
a protein required for both ATG5-ATG7-dependent and - 
independent autophagy, inhibited VSMC migration and 
vascular injury-induced neointima formation. 
Mechanistically, autophagy suppression by Ulk1 deletion 
led to KAT2A accumulation, which increased TUBA acet-
ylation and subsequently inhibited VSMC migration and 
neointima formation. Our findings suggest that accumu-
lation of TUBA acetylation mediated by KAT2A is an 
important mechanism to explain how Ulk1 deletion inhi-
bits VSMC motility.

The proposed model implies that enhanced autophagic 
clearance can be initially protective, but that overactive 
autophagy over time may promote cardiovascular disease. 
However, the role of autophagy in the development of 
vascular diseases remains controversial. Reportedly, auto-
phagy activation by growth factors and oxidized lipids 
inhibits the expression of contractile proteins and upre-
gulates the expression of synthetic smooth muscle cell 
markers, which is concurrent with enhanced migration 
and proliferation of VSMCs [39–41]. In addition, auto-
phagy activated by SHH (sonic hedgehog) protein secre-
tion increases VSMC proliferation and critically 
contributes to the pathogenesis of proliferative vascular 
disease, such as restenosis [42]. However, VSMC-specific 
deletion of Atg7 leads to VSMC senescence, enhances cell 
migration, and promotes ligation-induced neointima for-
mation and diet-induced atherogenesis [7]. The explana-
tion for this discrepancy may be that ATG7 can directly 
regulate TRP53/p53-dependent cell cycle and death path-
ways [43], thus affecting cell survival and proliferation. In 
addition, autophagy can also occur in the absence of 
ATG7 through unconventional biogenesis of canonical 
autophagosomes. In this study, we found that VSMC- 
specific deletion of Ulk1 inhibited cell migration in cul-
tured HASMCs, reduced sprout distance in an aortic ring 
assay, and prevented vascular injury-induced neointima 
hyperplasia. Taken together, our findings indicate that 
autophagy suppression inhibits VSMC migration and 
neointima hyperplasia.

Autophagy defects induced by BECN1 deficiency promote 
neointima formation after vascular injury [31], which contra-
dicts our finding that neointima formation was inhibited by 
autophagy suppression induced by VSMC-specific ulk1 KO. 
However, the BECN1 deficiency study using a carotid artery 
injury model of endothelial denudation suggests that the 
increase in neointima formation is mainly due to inhibited 
reendothelialization [31]. In contrast, our study induced 

immunofluorescence staining of Ac-TUBA. Scale bar: 50 µm. (D) Quantification of immunofluorescence staining for Ac-TUBA, *P< 0.05, **P< 0.01, n = 5. (E) 
Representative H&E staining to show neointima formation. Scale bar: 100 µm. (F) Quantitative analysis of lumen:media ratio in WT and ulk1 KO mice. n = 5. **P< 0.01 
vs. WT sham, ##P< 0.01 vs. WT CAL.
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vascular injury by carotid artery ligation. Moreover, we saw 
that the lack of ULK1 in VSMCs did not inhibit reendothe-
lialization, but inhibited VSMC migration and consequently 
reduced neointima formation. One possible reason for this 
discrepancy is that BECN1 not only mediates autophagy, but 
also links autophagy and apoptosis because BECN1 defi-
ciency in vessels induces endothelial apoptosis [31].

VSMCs and ECs are important for both initiation and 
development of neointima hyperplasia, and both cells express 
autophagy markers. In most cases, autophagy is an impor-
tant process by which VSMCs remove damaged protein and 
organelles to prevent cell death and promote VSMC devel-
opment into a highly proliferative and migratory phenotype 
[40,42,44]. In ECs, however, impaired autophagy is asso-
ciated with endothelial dysfunction and apoptotic cell death 
that may lead to neointima hyperplasia. Although autophagy 
dysregulation could cause neointima hyperplasia, it is impor-
tant to consider that autophagic players may have different 
roles in different cell types and at different stages of vascular 
disease.

Autophagy has been considered a nonselective degradation 
mechanism; however, recent findings indicate that autophagy 
can selectively degrade mitochondria and other specific orga-
nelles, bacteria, and protein aggregates [2]. We have shown 
that KAT2A contains an LIR motif [25]. In this study, we 
found that KAT2A associated with LC3 and localized in 
autophagosomes. Suppressing autophagy by deleting Ulk1 
increased KAT2A protein levels but did not affect Kat2a 
mRNA expression. In contrast, starvation-activated autophagy 
reduced KAT2A protein expression, suggesting that KAT2A 
was selectively degraded by an autophagy-lysosomal pathway 
in VSMCs.

Increased TUBA acetylation reportedly inhibits 
endothelial cell migration, but little is known about the 
enzyme responsible for this reaction [34]. Although 
ATAT1 was identified as a critical player in TUBA acet-
ylation in neurons [20], ATAT1 may not be involved in 
TUBA acetylation in ULK1-deficient conditions because 
Ulk1 deletion did not alter ATAT1 expression. Our results 
suggest that KAT2A is the enzyme mediating TUBA acet-
ylation in VSMCs because 1) in a cell-free system, 
KAT2A catalytic domain alone increased acetylated 
TUBA in a dose-dependent manner; 2) Increased 
KAT2A protein levels were associated with higher acety-
lated TUBA levels, whereas starvation-activated autophagy 
reduced protein levels of KAT2A and acetylated TUBA; 
and 3) Silencing Kat2a in ulk1 KO cells decreased TUBA 
acetylation. TUBA can be deacetylated by both HDAC6 
and SIRT2 [22,23]. However, in our study, Ulk1 deletion 
did not alter HDAC6 or SIRT2 expression, suggesting that 
the increased acetylation of TUBA in ULK1-deficient con-
ditions is not mediated by these deacetylases.

Because acetylation is essential for stable microtubule 
populations, altering TUBA acetylation levels may regu-
late cell migration. However, TUBA acetylation has dif-
ferent effects on cell behavior in different cell types. For 
example, decreased TUBA acetylation impairs migration 
of neuronal [21,45] and breast cancer cells [46]. By 

contrast, increased TUBA acetylation by HDAC6 inhibi-
tors reduces cell migration in estrogen receptor-positive 
breast cancer [47]. Moreover, hyperacetylation of TUBA 
suppresses endothelial cell migration [34]. In our study of 
cultured VSMCs, we found that high levels of acetylated 
TUBA were associated with increased microtubule stabi-
lity, inhibited VSMC directional migration, and reduced 
neointima formation. Importantly, Kat2a silencing 
decreased TUBA acetylation and inhibited the attenuation 
of neointima formation in ulk1 KO mice.

In summary, ULK1 upregulation was associated with 
neointima hyperplasia in response to vascular injury. Ulk1 
deletion reduced autophagic flux, inhibited VSMC migra-
tion, and attenuated vascular injury-induced neointima 
hyperplasia. Gene silencing of Kat2a reduced TUBA acet-
ylation and prevented the attenuation of neointima for-
mation in ulk1 KO mice. Therefore, we propose that 
increased KAT2A-mediated acetylation of TUBA is an 
essential mechanism by which autophagy suppression 
inhibits VSMC migration and neointima formation 
(Figure 8). Our work suggests that suppressing autophagy 
by inhibiting ULK1 is a valid strategy to develop treat-
ments for neointima hyperplasia.

Materials and Methods

Reagents

Antibodies and reagents were from the following companies: 
SQSTM1 (Abcam, ab56416), acetyl TUBA (Cell Signaling 
Technology, 5335), TUBA (Cell Signaling Technology, 
3873), LC3B (Cell Signaling Technology, 4108; Santa Cruz 
Biotechnology, sc-398822), ULK1 (Cell Signaling 
Technology, 8054; GeneTex, GTX80551), KAT2A/GCN5 
(Cell Signaling Technology, 3305; Abcam, ab137515), 
HDAC6 (Cell Signaling Technology, 7612), SIRT1 (Cell 
Signaling Technology, 9475), SIRT2 (Santa Cruz 
Biotechnology, sc-28298), PECAM1/CD31 (Cell Signaling 
Technology, 77699), ACTB (Santa Cruz Biotechnology, sc- 
1616 HRP), EP300/p300 (Santa Cruz Biotechnology, sc- 
48343), GAPDH (glyceraldehyde-3-phosphate dehydrogenase, 
Santa Cruz Biotechnology, sc-32233), ULK1 siRNA (Santa 
Cruz Biotechnology, 44849), siRNA delivery reagent 
Lipofectamine RNAiMAX (Life Technologies, 13778150), 
chloroquine (Sigma-Aldrich, 6628), EnVision® + Dual Link 
System-512 HRP (DAB+) (Dako Cytomation, 3468), and 
elastic Stain Kit (Sigma-Aldrich, HT25A-1KT).

Mouse model of carotid artery ligation injury

Ulk1flox/flox and Tagln/Sm22-cre mice were purchased from The 
Jackson Laboratory (Bar Harbor, ME). We generated ulk1-SMC- 
specific knockout mice (ulk1 KO, ulk1flox/flox/Tagln-Cre+) by mat-
ing female Ulk1flox/flox mice with male Tagln-Cre mice to generate 
hemizygous mice (ulk1/f/wt:Cre/wt mice). Next, we assigned 
hemizygous breeding pairs to obtain homozygous mice. We 
PCR genotyped offspring using DNA from tail-snip biopsies. 
We selected two groups of mice for this study: (a) VSMC ulk1 
KO (ulk1 KO) mice with genotype ulk1flox/flox/Tagln-Cre+ and (b) 
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littermate control mice (WT) with genotype Ulk1flox/flox/Tagln- 
Cre−/-. We used 8 to 10-week-old male mice for the experiment. 
Mice were housed in temperature-controlled cages under a 12-h 
light-dark cycle and given free access to water and normal chow.

The carotid artery ligation (CAL) was performed as in our 
previous study [48]. Briefly, male WT and ulk1 KO mice were 
anesthetized with an intraperitoneal injection of 100 mg/kg 
ketamine-HCl and 10 mg/kg xylazine-HCl. Both left and right 
carotid arteries were isolated. Ligation was performed in the 
left common carotid artery proximal to the bifurcation, and 
the right artery was treated as a sham control. For in vivo 
siRNA transfection, 15 μg scrambled Stealth RNAi siRNA 
(Invitrogen, 12,935–112) or Kat2a siRNA (Santa Cruz 
Biotechnology, sc-37,947) dissolved in 30% pluronic gel solu-
tion (Sigma-Aldrich, P2443) was peri-vascularly delivered to 
the common carotid arteries immediately after ligation. Four 
weeks after surgery, we harvested carotid arteries for histolo-
gical and molecular biological analyses. For morphometric 
measurement, we fixed the carotid arteries in 10% formalde-
hyde and embedded them in paraffin. Sections were obtained 
at 3–4 mm proximal to the ligation site from each animal and 
stained with hematoxylin and eosin. In addition, the sections 
were subjected to Verhoeff Van Gieson staining (Sigma, 
HT25A) to delineate elastin layers. We measured the cross- 
sectional areas of the media and neointima using a Bioquant 

analysis system (Bioquant, Nashville, TN) and calculated the 
ratio between lumen and media area [49]. All animal proto-
cols were performed in accordance with institutional guide-
lines and approved by the Institutional Animal Care and Use 
Committee of Georgia State University.

Vascular functional assay

Arterial blood pressure (BP) was determined via carotid 
artery catheterization under the anesthesia of ketamine 
(50 mg/kg) and xylazine (10 mg/kg). After BP was 
recorded, the mesenteric arteries were collected and cut 
into 5-mm rings. The mesenteric arterial rings were 
mounted onto a wire myography chambers (DMT 620 M, 
Denmark) and equilibrated in oxygenated Krebs-buffer 
(118.3 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM 
KH2PO4, 2.5 mM CaCl2, 25 mM NaHCO3, pH 7.0, 
0.026 mM EDTA, 11 mM glucose (Sigma-Aldrich, 
G7021)) for 1 h under a resting tension of 3 mN. The 
mesenteric arterial rings were pre-contracted with 40 nM 
of U46619, and the contraction force was recorded. At the 
plateau of contraction, endothelium-dependent and – inde-
pendent vasodilation responses were determined in the 
presence of acetylcholine (Ach, 10−9 to 10−5 M) and sodium 
nitroprusside (SNP, 10−10 to 10−6 M), respectively.

Figure 8. Proposed scheme for the role of ULK1 in neointima formation following vascular injury. Deletion of Ulk1 in VSMCs results in KAT2A accumulation and thus 
increases TUBA acetylation, which inhibits VSMC migration and neointima formation through modulating microtubule stability and cell motility.
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In vivo vascular smooth muscle cell migration assay

We performed the in vivo VSMC migration assay as described 
previously [26,27]. Briefly, 5 d after ligation, we fixed carotid 
arteries with 10% formalin, and cut 0.5 cm of the common 
carotid artery near its bifurcation, and fixed in cold acetone 
for 10 min. Arteries were then opened longitudinally and 
spread onto an agar plate with the luminal surface facing 
upward. Arteries were washed in phosphate-buffered saline 
(PBS; Sigma-Aldrich, P3813) and incubated in 0.3% hydrogen 
peroxide (VWR, BDH7690-1) for 1 h to block endogenous 
peroxidase activity. After blocking with 3% normal goat 
serum (BioGenex, HK112-9 K), we incubated arteries with 
smooth muscle ACTA2 antibody (abcam, 7817) overnight at 
4°C, followed by incubation with secondary antibody at room 
temperature for 1 h. Antibody signal was visualized using the 
Liquid DAB+ Substrate Chromogen System (Dako, K3468). 
We detected the intimal surface of vessels using a microscope 
and measured smooth muscle ACTA2 staining areas.

Ex vivo aortic explant migration

Ex vivo smooth muscle cell migration was determined using 
an aortic ring assay as previously described [28]. We anesthe-
tized C57BL/6 mice (8 weeks) with ketamine and xylazine, 
then isolated thoracic aortas. After removing the connective 
tissues surrounding the aorta, we rinsed aorta fragments in 
PBS, stripped the adventitia by collagenase type II 
(Worthington, LS004176) digestion (2 mg/mL), and removed 
the endothelium mechanically. The vessels were cut into 
1 mm rings and then embedded in 48-well plates coated 
with Matrigel (Life Sciences, 354,248). We incubated 
embedded rings in DMEM/F-12 (Corning, 10–092-CV) med-
ium supplemented with 20 ng/mL PDGF-BB (RD System, 
220-BB) for 7 d. To determine whether Ulk1 deletion inhib-
ited VSMC migration ex vivo, we cultured WT and ulk1 KO 
aortic rings. Images were taken using a microscope (IX71, 
Olympus) equipped with a digital camera. We determined 
cell migration by measuring the sprout distance and the area 
under sprout and determined the identity of migrating cells in 
neovessel structure by whole mount immunostaining. Briefly, 
aortic ring explants were formalin-fixed, blocked with 1% BSA 
(RPI, A30075-100.0) and 5% normal goat serum, and permea-
bilized with 0.5% Triton X-100 (Sigma, T8787). We detected 
endothelial cells using a PECAM1-specific antibody and iden-
tified VSMCs by reactivity with an antibody against ACTA2. 
Tissues were mounted and imaged using an Olympus BX-51 
fluorescence microscope (Olympus, Genter Valley, PA).

Cell culture and transfection

We purchased human aortic smooth muscle cells (HASMCs) 
from Invitrogen (Life Technologies, C0075 C) and maintained 
them in Medium 231 (Gibco, M-231-500) supplemented with 
5% smooth muscle cell growth supplements (Invitrogen, 
M231500). Mouse aortic smooth muscle cells (MASMCs) 
were isolated from thoracic aortas of WT and ulk1 KO mice 
as described previously, and were grown in DMEM/F12 med-
ium supplemented with 5% fetal bovine serum (FBS, Gibco, 

16–000-044) and smooth muscle growth supplements [50]. 
During the migration experiment, HASMCs were cultured in 
complete DMEM medium. All culture media were supplemen-
ted with penicillin (100 units/mL) and streptomycin (100 µg/ 
mL) (Thermo Fisher, 15,140,148). Cultured cells were incu-
bated in a humidified atmosphere of 5% CO2 at 37°C.

We obtained ULK1 and KAT2A siRNA from Cell 
Signaling Technology. For siRNA knockdown, we plated 
HASMCs or mouse VSMCs in 6-well plates. After 70% 
confluence, cells were treated with the indicated siRNA at 
a final concentration of 50 nM using Lipofectamine 
RNAiMAX reagent in serum-free media. After 6 h, we 
removed the media and replaced with fresh media contain-
ing 10% FBS, and cells were incubated in fresh media for 
48 h. We measured protein expression by immunoblotting 
with specific antibodies.

Autophagy analysis

Cultured cells were treated with chloroquine, transfected with 
adenovirus or siRNA, or subjected to starvation by incubation 
in Hanks’ balanced salt solution (HBSS; Invitrogen, 14,025). 
We assessed autophagy activity by measuring GFP-LC3 
puncta formation, LC3 cleavage, and SQSTM1 degradation. 
To determine autophagosome formation, we cultured the cells 
on glass coverslips and allowed them to adhere to the cover-
slip overnight. The cells were transfected with GFP-LC3 ade-
novirus for 24 h followed by incubation with 5 μM 
chloroquine diphosphate (CQ) for another 24 h. After treat-
ment, we fixed cells and obtained fluorescence images using 
a fluorescent microscope (Olympus, Genter Valley, PA). 
Autophagy was measured by quantifying the average number 
of autophagosomes per cell for each sample. We counted 
a minimum of 100 cells per sample.

Real-time PCR analysis

Total RNA was extracted from cultured cells using an RNeasy 
Mini Kit (Qiagen, 74,104). For reverse transcription, 1 µg total 
mRNA was converted to first strand complementary DNA in 
20 µL reactions using iScript cDNA synthesis kit (Bio-Rad 
Laboratories, 1,708,890). Primers used for gene amplification 
were as follows: Kat2a/Gcn5 (mouse) 5ʹ- 
CGAGTTGTGCCGTAGCTGTGA-3ʹ (forward) and 5ʹ- 
ACCATTCCCAAGAGCCGGTTA-3ʹ (reverse); Gapdh 
(mouse) 5ʹ-CCACTCCTCCACCTTTGAC-3ʹ (forward) and 5ʹ- 
ACCCTGTTGCTGTAGCCA-3ʹ (reverse). Quantitative RT- 
PCR reactions were performed using aiQ™ SYBRGreen 
Supermix Kit (Bio-Rad Laboratories, 1,708,880) and a CFX96 
real-time PCR detection system (Applied Biosystems), as 
described previously [51,52]. We quantified results using the 
2-∆∆Ct method with Gapdh as an internal control [53].

Western blot

We lysed cells and carotid arteries in radioimmunoprecipita-
tion assay buffer (Santa Cruz Biotechnology, sc-24,948) and 
measured protein concentration with a bicinchoninic acid 
protein assay (Pierce, 23,225). Cell lysates were analyzed by 
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western blotting. Briefly, proteins were separated by SDS- 
PAGE, transferred to nitrocellulose membranes (Bio-rad, 
1,620,112), and probed with specific antibodies. We detected 
antibody signal using enhanced chemiluminescence (Thermo 
Fisher Scientific, 34,578), then stripped the membranes and 
probed with total protein and/or ACTB or GAPDH to verify 
equal loading [54].

Scratch wound assay

We performed monolayer smooth muscle cell migration 
according to a previously described method [55]. Briefly, 
HASMCs or mouse VSMCs were plated onto glass coverslips 
or 6-well plates at 2.5 × 105 cells/well and transfected with either 
siRNA or adenovirus. After 48 h, we gently made a linear 
wound in the center of the confluent cell monolayer with 
a 200-μL pipette tip, then washed with fresh media to remove 
cellular debris. Repeated observations of the edge of the same 
scratched lesion were performed. After 10 h, we captured 
images using a microscope (IX71, Olympus) equipped with 
a digital camera. We calculated the distance of gap closure as 
the total distance of the gap closed over the migration time.

Transwell migration assay

We measured cell migration using transwells fitted with 
a polycarbonate membrane (8-μm pore size; Corning Inc., 
CLS3464). Briefly, growth-arrested HASMCs were trypsi-
nized and resuspended at 1 × 106 cells/mL in DMEM sup-
plemented with 0.5% FBS. We placed the HASMC 
suspension (100 μL) in the upper chamber and 500 μL 
DMEM containing 10% FBS in the lower chamber. Cells 
were allowed to migrate through membrane pores for 6 h 
at 37°C and 5% CO2. We then removed the filters and fixed 
filter membranes in 4% paraformaldehyde. The cells on the 
upper side of the filter were scraped off with cotton swabs, 
and the cells that migrated to the lower surface of the filter 
were stained with 0.2% crystal violet in 10% methanol for 
30 min. We washed the chambers thoroughly with water and 
counted cells on the lower surface of filters using a light 
microscope. Experiments were performed at least three 
times for each group, and cell motility is presented as the 
number of migrated cells/field.

Immunohistochemistry and immunofluorescence staining

For immunohistochemical staining, carotid arteries were fixed 
in 4% paraformaldehyde, embedded in paraffin, and cut into 
sections. We deparaffinized sections and stained with indicated 
antibodies as previously described [56,57]. The signal was 
visualized using the Liquid DAB+ Substrate Chromogen 
System and slides were analyzed with an Olympus microscope 
or LSM 510 Zeiss confocal microscope. 
Immunohistochemically staining density of ULK1 and 
SQSTM1 were assessed with a Histoscore system (H-score) 
[58]. Briefly, we estimated the extent of positively stained cells 
and classified staining on a four-point scale (0%, no staining; 1, 
1–10%; 2, 11–50%; 3, 51–80%; and 4, 81–100%). The intensity 
of the immuno-expression was categorized into three groups: 

weak (+1), moderate (+2), and strong (+3). A final IHScore was 
obtained by multiplying the score for extent and the score for 
intensity. For immunofluorescence staining, we permeabilized 
sections by incubating in 1% Triton X-100 in phosphate- 
buffered solution at 25°C for 15 min. After blocking with goat 
serum for 1 h at room temperature, we incubated slides with 
primary antibodies overnight in a humidity chamber. We 
diluted the ACTA2 antibody 1:400, PECAM1 antibody 1:200, 
and all other antibodies 1:50 in blocking buffer (BioGenex, 
HK112-9 K). The isotype controls were used as negative con-
trols. To evaluate reendothelialization, we collected carotid 
arteries 7 d after ligation and performed IHC staining with 
a PECAM1 antibody. The intensity of immunofluorescence 
staining was assessed using ImageJ software (NIH). Values 
represent mean protein intensity, which was calculated by the 
ratio of total protein intensity to total area in each sample.

Statistical analysis

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