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Abstract

Actin cytoskeletal reorganization plays an important role in regulating smooth muscle contraction, 

which is essential for the modulation of various physiological functions including airway tone. 

The adapter protein Abi1 (Abelson interactor 1) participates in the control of smooth muscle 

contraction. The mechanisms by which Abi1 coordinates smooth muscle function are not fully 

understood. Here, we found that contractile stimulation elicited Abi1 acetylation in human 

airway smooth muscle (HASM) cells. Mutagenesis analysis identified lysine-416 (K416) as 

a major acetylation site. Replacement of K416 with Q (glutamine) enhanced the interaction 

of Abi1 with N-WASP (neuronal Wiskott - Aldrich syndrome Protein), an important actin-

regulatory protein. Moreover, the expression of K416Q Abi1 promoted actin polymerization and 

smooth muscle contraction without affecting myosin light chain phosphorylation at Ser-19 and 

vimentin phosphorylation at Ser-56. Furthermore, p300 is a lysine acetyltransferase that catalyzes 

acetylation of histone and non-histone proteins in various cell types. Here, we discovered that 

a portion of p300 was localized in the cytoplasm of HASM cells. Knockdown of p300 reduced 

the agonist-induced Abi1 acetylation in HASM cells and in mouse airway smooth muscle tissues. 

Smooth muscle conditional knockout of p300 inhibited actin polymerization and the contraction of 

airway smooth muscle tissues without affecting myosin light chain phosphorylation and vimentin 

phosphorylation. Together, our results suggest that contractile stimulation induces Abi1 acetylation 

via p300 in smooth muscle. Acetylation at K416 promotes the coupling of Abi1 with N-WASP, 

which facilitates actin polymerization and smooth muscle contraction. This is a novel acetylation-

dependent regulation of the actin cytoskeleton in smooth muscle.
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INTRODUCTION

Smooth muscle contractility plays a critical role in regulating a variety of physiological 

functions of human body including airway tone and blood pressure. Contractile activation 

leads to phosphorylation of 20-kDa myosin light chain (MLC20), which triggers 

crossbridge cycling and myofilament sliding. In addition, contractile stimulation elicits 

actin polymerization and reorganization, which facilitates smooth muscle contractility by 

promoting force transmission between the contractile units and the extracellular matrix 

(1–4), and enhancing the number of contractile units (3, 5, 6). Furthermore, contractile 

stimulation increases phosphorylation of the intermediate filament protein vimentin, which 

facilitates contractility of smooth muscle and endothelial cells (7–10). Despite a wealth 

of information available for myosin and vimentin regulation, the cellular and molecular 

mechanisms that control actin polymerization in smooth muscle are not fully elucidated.

The adapter protein Abi1 (Abelson interactor 1) participates in the regulation of actin 

polymerization (11), intercellular adhesion (12), cardiovascular development (13), and cell 

migration (14–16). In smooth muscle, knockdown of Abi1 reduces force development upon 

contractile stimulation (17). Abi1 complexes with N-WASP (neuronal Wiskott - Aldrich 

syndrome protein), which subsequently promotes actin filament branching and growth in 

smooth muscle (17), which facilitates smooth muscle contraction (1–4).

Molecular mapping suggests that the interaction of Abi1 with N-WASP is mediated by the 

SH3 domain of Abi1 and the proline-rich domain of N-WASP (3, 11, 18). The binding of 

Abi1 to N-WASP is sufficient to activate N-WASP and initiate actin polymerization in in 
vitro biochemical studies (11). The cellular mechanism that modulates the complexing of 

Abi1 with N-WASP is largely unknown.

Nε-lysine acetylation of nuclear proteins including histone regulates chromatin remodeling, 

DNA replication, gene transcription, and cell proliferation (19). Recent studies suggest 

that cellular proteins also undergo lysine acetylation/deacetylation in mammalian cells in 

response to intracellular and extracellular cues. For instance, the actin-binding protein 

cortactin undergoes deacetylation in cells, which affects its binding to F-actin and cell 

migration (20) and contraction (21).

p300 is a histone acetyltransferase that plays a role in regulating gene transcription and 

cell proliferation (22–24). p300 promotes histone acetylation, which induces chromatin 

unpacking and modulates gene expression (22). In addition, p300 induces acetylation of the 

non-histone protein Nrf in macrophages, which has been implicated in the pathogenesis of 

chronic obstructive pulmonary disease (24). The functional role of p300 in smooth muscle is 

largely unknown.

Here, we find that Abi1 undergoes acetylation in smooth muscle in response to 

contractile stimulation, which regulates actin cytoskeletal reorganization and smooth 

muscle contraction. These processes are regulated by p300 lysine acetyltransferase during 

contractile activation.
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MATERIALS AND METHODS

Cell Culture:

Human airway smooth muscle (HASM) cells were prepared from human bronchi and 

adjacent tracheas obtained from the International Institute for Advanced Medicine (17, 25–

28). Human tissues were non-transplantable, and informed consents were obtained from all 

subjects for research. This study was approved by the Albany Medical College Committee 

on Research Involving Human Subjects. Briefly, muscle tissues were incubated for 20 min 

with dissociation solution [130 mM NaCl, 5 mM KCl, 1.0 mM CaCl2, 1.0 mM MgCl2, 10 

mM Hepes, 0.25 mM EDTA, 10 mM D-glucose, 10 mM taurine, pH 7, 4.5 mg collagenase 

(type I), 10 mg papain (type IV), 1 mg/ml BSA and 1 mM dithiothreitol]. All enzymes 

were purchased from Sigma-Aldrich. The tissues were then washed with Hepes-buffered 

saline solution (composition in mM: 10 Hepes, 130 NaCl, 5 KCl, 10 glucose, 1 CaCl2, 

1 MgCl2, 0.25 EDTA, 10 taurine, pH 7). The cell suspension was mixed with Ham’s 

F12 medium supplemented with 10% (v/v) fetal bovine serum (FBS) and antibiotics (100 

units/ml penicillin, 100 μg/ml streptomycin). Cells were cultured at 37°C in the presence 

of 5% CO2 in the same medium. The medium was changed every 3–4 days until cells 

reached confluence, and confluent cells were passaged with trypsin/EDTA solution (25, 29). 

Smooth muscle cells within passage 5 were used for the studies (30). Smooth muscle cells 

were serum starved for 20 h before experiments. Cells from three donors were used for the 

experiments. In some cases, duplicated experiments were performed for cells from a donor 

(30, 31).

Immunoblot analysis and coimmunoprecipitation.

Western blotting of cell lysis and coimmunoprecipitation were performed using the 

experimental procedures as previously described (8, 26, 30, 32, 33). Antibodies used 

were anti-Abi1 (1:1500, Sigma #A5106–200UL, L/N 076M4842V), anti-GAPDH (1:1500, 

Ambion #AM4300, L/N 1311029) and anti α-actin (Sigma, A2647, #22190320, 1:3000), 

Anti phospho-myosin light chain (Ser-19, Santa Cruz Biotechnology, 1:500), Ac-lysine 

Antibody (Santa Cruz Biotechnology, S7F8, sc-81623), anti-N-WASP (Santa Cruz 

Biotechnology, #sc-10121, L/N G2211 1:500), anti-myosin light chain (1:1000, a gift of Dr. 

Gunst), anti-phospho-N-WASP (Y256) (EMD Millipore, #AB1966, L/N 2795491,2838736, 

1:1000), anti-vimentin (BD Biosciences, #550515, L/N 3214517, 1:10000). Phospho-

vimentin (Ser56) antibody (1:500) was produced as previously described (29, 34). The 

antibodies were validated by examining the molecular weight of target proteins. In addition, 

anti-Abi1 was validated by using Abi1 KD cells (17). Finally, vendors have provided 

datasheet to show that antibodies were validated by positive controls. The levels of proteins 

were quantified by scanning densitometry of immunoblots (Fuji Multi Gauge Software or 

GE IQTL software). The luminescent signals from all immunoblots were within the linear 

range.

Immunofluorescence microscopy.

Cells were plated in dishes containing coverslips followed by fixation and permeabilization 

(25, 29, 34, 35). These cells were immunofluorescently stained using primary antibody 

followed by appropriate secondary antibody conjugated to Alexa-488 or Alexa-555 
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(Invitrogen, ThermoFisher). The cellular localization of fluorescently labeled proteins was 

viewed by using a Leica DMI600 microscope or a Leica TCS SPE confocal microscope 

(Buffalo Grove, IL, United States). Image analysis for protein localization was performed 

using the previously-described method with minor modification (36). By using Leica DMI 

6000 software, the pixel intensity was quantified for minimal five line scans across the 

periphery of cells (nuclei excluded). Ratios of pixel intensity at the cell edge to pixel 

intensity at the cell interior were determined for each line scan as follows: ratios of the 

average maximal pixel intensity at the cell periphery to minimal pixel intensity in the cell 

interior. The ratios of pixel intensity at the cell border to that in the cell interior for all the 

line scans performed on a given cell were averaged to obtain a single value for the ratio of 

each cell.

Site-directed mutagenesis.

Wild type Abi1 construct is a gift of Dr. Pendergast of Duke University. Different Abi1 

acetylation mimic mutants were generated by using Quick change II XL site-directed 

mutagenesis kit (Agilent Technologies) as previously described (37, 38). For K388Q mutant, 

the sequence of forward primer was 5’-CCA AGA ATT ATA TTG AGC AAG TTG TTG 

CAA TAT ATG-3’. The sequence of reverse primer was 5’-CAT ATA TTG CAA CAA CTT 

GCT CAA TAT AAT TCT TGG-3’. For K397Q mutant, the sequence of forward primer was 

5’-CAA TAT ATG ATT ATA CAC AAG ACA AGG ATG ATG AGC TG-3’. The sequence 

of reverse primer was 5’-CAG CTC ATC ATC CTT GTC TTG TGT ATA ATC ATA TAT 

TG-3’. For K399Q mutant, the sequence of forward primer was 5’-GAT TAT ACA AAA 

GAC CAG GAT GAT GAG CTG TC-3’. The sequence of reverse primer was 5’-GAC AGC 

TCA TCA TCC TGG TCT TTT GTA TAA TC-3’. For K415Q mutant, the sequence of 

forward primer was 5’-GCA ATC ATT TAT GTT ATA CAG AAG AAT GAT GAT GGC 

TGG-3”. The sequence of reverse primer was 5’-CCA GCC ATC ATC ATT CTT CTG TAT 

AAC ATA AAT GAT TGC-3’. For K416Q mutant, the sequence of forward primer was 

5’-CAT TTA TGT TAT AAA GCA GAA TGA TGA TGG CTG G-3’. The sequence of 

reverse primer was 5’-CCA GCC ATC ATC ATT CTG CTT TAT AAC ATA AAT G-3’. 

Plasmids were purified by using the QIAPrep Spin Miniprep kit (Qiagen, Germany). DNA 

sequencing was performed by Genewiz. For Abi1 overexpression experiment, Abi1 KD cells 

were transfected with WT Abi1 and various mutants using the Fugene HD transfection 

reagent kit (Promega) according to the manual of manufacture.

Precision cut lung slices (PCLS).

Human lungs were obtained from the International Institute for Advanced Medicine (17, 25–

28). Again, human tissues were non-transplantable, and informed consents were obtained 

from all subjects for research. This study was approved by the Albany Medical College 

Committee on Research Involving Human Subjects. Bronchi (Generation 2–3) were slowly 

filled with warm 2% low-melting-point agarose (type VII) prepared in Hank’s Balanced Salt 

Solution (HBSS). Once the lungs were filled with agarose, bronchi were clamped to prevent 

leakage. Lungs were rinsed with ice-cold HBSS supplemented with HEPES and placed at 

4°C overnight to allow the agarose to cool completely. Cubes (1 to 1.5-cm) of lung tissue 

were prepared and cut transversely at 300 μm in HBSS supplemented with HEPES using 

a Vibratome (LeicaVT1200S). The PCLS were placed in warm Dulbecco’s Modified Eagle 
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Medium (DMEM) supplemented with antibiotics and incubated at 37°C with 5% CO2. Prior 

to experiments, PCLS were placed in the modified physiological saline solution (PSS; 110 

mM NaCl, 3.4 mM KCl, 0.8 mM MgSO4, 4.8 mM CaCl2, 25 mM HEPES, 1 g/L dextrose, 

pH 7.4) for 30 min in an incubator and subsequently placed in a 35-mm glass bottom culture 

dish with the modified physiological saline solution. PCLS were treated with 100 μM ACh, 

and images of airway lumen were captured using a time-lapse microscopy (Leica DMI 6000, 

10x object, phase-contrast). Change in lumen area was examined relative to that induced by 

stimulation of PCLS with ACh.

Transfection.

For p300 knockdown, control siRNA (SC-37007/Lot# K2320) and p300 siRNA 

(SC-29431/Lot # L1918) were purchased from Santa Cruz Biotechnology. HASM cells 

were transfected with siRNA according to the manual of the manufacture (Santa Cruz 

Biotechnology). For tissue transfection, PCLS were treated with plasmids encoding WT or 

mutant Abi1 premixed with the FuGene HD transfection reagent for 48 hrs according to the 

instruction of the manufacture (Promega).

Animals.

All animal protocols were reviewed and approved by the Institutional Animal Care and 

Usage Committee (IACUC) of Albany Medical College. All experiments were strictly 

performed in accordance with approved protocols and regulations of IACUC. Animals were 

bred in the specific pathogen free housing of the Animal Research Facility, Albany Medical 

College. Male and female mice were randomly assigned to the experimental or control 

groups.

To generate smooth muscle conditional p300 knockout mice (p300smko mice), p300−lox 

(B6.129P2Ep30/J) mice (from Jackson Laboratory; genetic background, C57BL/6) were 

crossed with B6.Cg-Tg (Myh11-cre,-EGFP) 2Mik/J mice (from Jackson Laboratory, genetic 

background, C57BL/6J). p300−lox and p300smko mice aging 12–16 weeks were used for the 

experiments.

Assessment of tracheal ring contraction.

Mice were euthanized by intraperitoneal injection of euthanasia solution (VEDCO, 0.1 ml/

25g). All experimental protocols were approved by the Institutional Animal Care and Usage 

Committee. A segment of tracheas (4–5 mm in length) was immediately removed and placed 

in physiological saline solution (PSS) containing 110 mM NaCl, 3.4 mM KCl, 2.4 mM 

CaCl2, 0.8 mM MgSO4, 25.8 mM NaHCO3, 1.2 mM KH2PO4, and 5.6 mM glucose. The 

solution was aerated with 95%O2-5%CO2 to maintain a pH of 7.4. Two stainless steel wires 

were passed through the lumen of tracheal rings. One of the wires was connected to the 

bottom of organ baths and the other was attached to a Grass force transducer that had been 

connected to a computer with A/D converter (Grass). Tracheal segments were then placed 

in PSS at 37°C. At the beginning of each experiment, 0.5 g passive tension was applied to 

tracheal rings. After 60 min equilibrium they were stimulated with 80 mM KCl repeatedly 

until contractile responses and passive tension reached a steady state. Contractile force in 

response to acetylcholine was then measured.
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Statistical Analysis.

All statistical analysis was performed using Prism software (GraphPad Software, San Diego, 

CA). Differences between pairs of groups were analyzed by Student’s t-test. A comparison 

among multiple groups was performed by one-way or two-way ANOVA followed by a post 

hoc test (Tukey’s multiple comparisons). Values of n refer to the number of experiments 

used to obtain each value. P < 0.05 was considered to be significant.

RESULTS

Contractile stimulation enhances Abi1 acetylation and the association of Abi1 with N-
WASP in smooth muscle cells.

Because the state of cortactin acetylation has been implicated in cell contraction and 

migration (20, 21), we evaluated whether contractile stimulation alters acetylation of Abi1 

in smooth muscle. We used anti-acetyl lysine antibody to blot extracts of smooth muscle 

cells treated with acetylcholine (ACh) for different time points. We found that Abi1 

acetylation was increased in response to ACh stimulation, which peaked at 10 min after 

stimulation (Figure 1A). In addition, we found that ACh-induced Abi1 acetylation was dose-

dependent (Figure 1B). Because there is no Abi1 acetylation specific antibody available, we 

immunoprecipated Abi1 from cell extracts, and immunoblotted with antibodies against Abi1 

and acetyl lysine. We verified that ACh stimulation enhanced Abi1 acetylation in smooth 

muscle cells (Figure 1C).

We also assessed whether ACh stimulation affects the interaction of Abi1 with N-WASP, 

one of the major targets for Abi1 (11, 17). Coimmunoprecipitation analysis showed that the 

amount of N-WASP in Abi1 precipitates was greater in ACh-stimulated cells as compared 

to control cells (Figure 2A). Furthermore, ACh stimulation induced the redistribution of 

Abi1 and pN-WASP (phospho-N-WASP (Y256), activated form) (39) from the myoplasm 

to the cell periphery (Figure 2B). Total N-WASP also translocated to the cell edge (Figure 

2C). These results suggest that contractile activation promotes Abi1 acetylation and the 

Abi1/N-WASP coupling and translocation.

Acetylation of Abi1 at K416 regulates its interaction with N-WASP.

Previous studies demonstrate that the SH3 domain of Abi1 is a key motif that interacts 

with the proline domain of N-WASP (11). Because the acetylation of cortactin (an actin-

regulatory protein) regulates its binding to F-actin (20), we speculated that acetylation of 

the Abi1 SH3 domain may affect its interaction with N-WASP. We analyzed the amino acid 

sequence of Abi1 SH3 domain (NP_001171592.1) and found that there are five potential 

acetyl-lysine sites: K388, K397, K399, K415, and K416 (Figure 3A). To assess which lysine 

is the most important for its interaction with N-WASP, we used glutamine (Q) to replace 

lysine at these five sites and generated the acetylation mimic mutants K388Q, K397Q, 

K399Q, K415Q, and K416Q. Coimmunoprecipitation analysis showed that the expression 

of K416Q, but not other mutants, enhanced its interaction with N-WASP (Figure 3B). In 

addition, we assessed the effects of various Abi1 mutants on N-WASP phosphorylation 

at Y256. The expression of K416Q enhanced N-WASP phosphorylation at this residue 
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in smooth muscle cells (Figure 3C). These results suggest that Abi1 acetylation at K416 

modulates its interaction with N-WASP and N-WASP activation.

Abi1 acetylation at K416 regulates its translocation and actin polymerization in smooth 
muscle cells.

It has been shown that actin-regulatory proteins translocate to the membrane, which 

facilitates cortical actin polymerization (3, 40). Thus, we used immunofluorescence 

microscopy to assess the cellular localization of K416Q. As shown in Figure 4A, WT Abi1 

was largely distributed in the cytoplasm whereas K416Q was localized at the cell periphery. 

In addition, pN-WASP was largely positioned at the cytoplasm of cells expressing WT Abi1. 

In contrast, pN-WASP was predominantly localized at the edge of cells expressing K416Q. 

Furthermore, we also found that the expression of K416Q was sufficient to increase F/G-

actin ratios in smooth muscle cells (Figure 4B). These results suggest that Abi1 acetylation 

at K416 modulates the translocation of Abi1, activated N-WASP, and actin polymerization.

Abi1 acetylation at K416 modulates smooth muscle contraction without affecting myosin 
light chain phosphorylation and vimentin phosphorylation.

To determine the functional consequence of Abi1 acetylation, we evaluated the effects of 

K416Q on smooth muscle contraction. Immunoblot analysis verified similar expression 

of WT and K416Q Abi1 in smooth muscle (Figure 5A). The expression of K416Q 

enhanced the contraction of human airways (Figure 5B). Since phosphorylation of myosin 

light chain and vimentin participates in the regulation of smooth muscle contraction (8, 

9), we also assessed the effects of K416Q expression on these cellular processes. MLC 

phosphorylation at Ser-19 and vimentin phosphorylation at Ser-56 were not different 

between cells expressing WT and K416Q Abi1 (Figure 5, C and D). These findings 

suggest that Abi1 acetylation at this residue does not modulate the activation of myosin 

and vimentin.

p300 regulates Abi1 acetylation and contraction in smooth muscle.

Because p300 has a role in regulating acetylation of histone and non-histone proteins, we 

sought to understand whether p300 regulates Abi1 acetylation in smooth muscle. First, 

we found that p300 was localized both in the nucleus and in the myoplasm as evidenced 

by immunofluorescence microscopy (Figure 6A). Second, p300 knockdown reduced the 

agonist-induced Abi1 acetylation in HASM cells (Figure 6B). To further assess the role of 

p300 in smooth muscle, we generated p300 smooth muscle conditional knockout (p300smko) 

mice and assessed the acetylation of Abi1 ex vivo. ACh-induced Abi1 acetylation was 

significantly reduced in tracheal rings from p300smko mice as compared to p300flox mice 

(p300-flox mice, control) (Figure 6C). More importantly, contractile response to ACh 

stimulation was diminished in tracheal rings from p300smko mice (Figure 6D). These results 

suggest that p300 modulates Abi1 acetylation and smooth muscle contraction.
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p300 modulates actin polymerization without affecting myosin light chain phosphorylation 
and vimentin phosphorylation.

We also assessed the effects of p300 KO on actin polymerization, myosin light chain 

phosphorylation, and vimentin phosphorylation. The ACh-induced increases in F/G-actin 

ratios were reduced in tissues from p300smko mice as compared to p300flox mice (Figure 

7A). However, p300 KO did not affect myosin light chain phosphorylation at Ser-19 and 

vimentin phosphorylation at Ser-56 in the tissues (Figure 7, B and C).

DISCUSSION

The adapter protein Abi1 plays a role in regulating smooth muscle contraction and cell 

migration. However, the mechanisms by which Abi1 modulates the cellular processes are 

incompletely elucidated. In this study, we discovered that Abi1 underwent acetylation 

at lysines in smooth muscle cells. In addition, contractile stimulation increased the Abi1/

N-WASP coupling, which is consistent with our previous finding (17). Moreover, Abi1 

and N-WASP translocated to the cell periphery upon contractile activation. Cortical actin 

polymerization is important for force transmission between the contractile units and the 

extracellular matrix (3, 40). To the best of our knowledge, this is the first evidence to 

demonstrate that Abi1 undergoes acetylation in smooth muscle during contractile activation. 

Abi1 acetylation may regulate its interaction with N-WASP, which facilitates juxamembrane 

actin polymerization and smooth muscle contraction (3, 4, 17).

In this report, we used cultured HASM cells as primary experimental model. The cell 

model retains cytoskeletal and contractile signaling, and is excellent to investigate the 

spatial distribution of proteins (3, 8, 17, 26, 27, 41–43). The cell model also avoids 

potential interactions of smooth muscle cells with other cell types (e.g., epithelial cells 

and fibroblasts) that occur in bronchial tissues and limited availability of fresh bronchial 

tissues from donors. Although actin polymerization, myosin light chain phosphorylation, 

and vimentin phosphorylation are indications of contractile state of smooth muscle, we 

used human lung slices and mouse tracheal tissues to verify the roles of Abi1 and p300 in 

contractile responses. The combination of cell model and tissue model provides a unique 

opportunity to enable us to investigate the role of Abi1 and p300 at gene, cell, and tissue 

level.

Using mutagenesis, we further identify that K416 is a major acetylation residue on Abi1. 

K416Q Abi1 increased its binding to N-WASP. K416 is localized in the SH3 domain of 

Abi1, which is responsible for the binding to the proline-rich domain of N-WASP. Lysine is 

a basic amino acid, which is polar and positively charged. The transfer of an acetyl group 

from acetyl-coenzyme A to the primary amine in the ε-position of the lysine side chain leads 

to neutralization of the position’s positive electrostatic charge (22). Therefore, acetylation at 

K416 may neutralize the position’s positive charge, which leads to conformation changes of 

Abi1 and increases its interaction with N-WASP.

In this report, the acetylation mimic mutant K416Q Abi1 was positioned on the cell 

edge whereas wild type Abi1 was localized in the myoplasm. These findings suggest that 

acetylation at K416 regulates the spatial distribution of Abi1 in cells. Lysine acetylation 
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has been reported to regulate the spatial distribution of PD-L1 in a breast cancer cell line 

(44). Moreover, N-WASP activation, actin polymerization, and contraction were enhanced 

in smooth muscle expressing K416Q Abi1. However, myosin light chain phosphorylation 

and vimentin phosphorylation were not affected by K416Q Abi1. Thus, it is likely that 

the acetylation of Abi1 enhances binding to N-WASP, which activates N-WASP, actin 

polymerization, and smooth muscle contraction.

The tyrosine phosphorylation of N-WASP is catalyzed by several tyrosine kinases including 

c-Abl (Abelson tyrosine kinase) (45). c-Abl is activated in smooth muscle during contractile 

stimulation (17, 46). N-WASP phosphorylation promotes actin comet tail elongation in 

Shigella (45). In smooth muscle, N-WASP phosphorylation and activation promotes the 

Arp2/3- mediated actin network branching and polymerization (2, 3). Therefore, c-Abl may 

mediate N-WASP tyrosine phosphorylation and promote actin polymerization in smooth 

muscle in response to contractile stimulation.

p300 predominantly resides in the nucleus, and catalyzes acetylation of histone and 

non-histone proteins in various cell types, which regulates gene transcription and cell 

proliferation (22–24). In this report, we discovered that p300 was positioned in the 

nucleus of human smooth muscle cells, which supports the concept that p300 regulates 

the acetylation of histone and transcription factors in nuclei. Furthermore, we noticed that 

p300 was also found in the cytoplasm of human smooth muscle cells. Our novel finding was 

supported by a previous study, in which p300 was found in the cytoplasm of breast cancer 

cells (47). This raised the possibility that p300 may mediate Abi1 acetylation in smooth 

muscle. Our studies on human smooth muscle cells and p300 smooth muscle conditional 

knockout mice confirm this possibility. Thus, p300 regulates Abi1 acetylation and actin 

polymerization in smooth muscle during contractile stimulation. It is currently unknown 

how contractile stimulation activates p300 in smooth muscle. p300 is phosphorylated by 

p38 MAPK in skeletal muscle upon cancer-induced activation of Toll-like receptor 4 (48). 

It is possible that contractile stimulation induces phosphorylation and activation of p300 in 

smooth muscle. Future studies are required to test the possibility.

Our previous studies show that contractile stimulation induces cortactin deacetylation in 

smooth muscle, which is mediated by histone deacetylase 8 (21). Deacetylated cortactin 

enhances its binding to F-actin and promotes actin polymerization (20). In this report, we 

uncover the role of p300/Abi1 in smooth muscle. It is likely that these two pathways occur 

in parallel to regulate actin polymerization upon contractile stimulation.

In summary, we unveil a novel mechanism for the regulation of smooth muscle contraction. 

Contractile stimulation induces Abi1 acetylation via p300 in smooth muscle. Acetylation at 

K416 promotes the coupling of Abi1 with N-WASP, which facilitates actin polymerization 

and smooth muscle contraction (Figure 8).
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Abbreviations

Abi1 Abelson interactor 1

Ach Acetylcholine

GAPDH glyceraldehyde 3-phosphate dehydrogenase

HASM human airway smooth muscle

KD knockdown

MLC myosin light chain

N-WASP neuronal Wiskott-Aldrich Syndrome Protein

siRNA small interfering RNA

WT wild type
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Figure 1. Contractile stimulation induces Abi1 acetylation in smooth muscle cells.
A. Human airway smooth muscle (HASM) cells were stimulated with 10−4 M acetylcholine 

(ACh) for different time points. Abi1 acetylation was evaluated by immunoblot analysis 

using acetyl lysine (Ac-lysine) antibody and Abi1 antibody. Data are mean values of 

experiments from 6 batches of cell culture. Error bars indicate SE. B. HASM cells were 

treated with different doses of ACh for 10 min followed by immunoblotting with antibodies 

against acetyl lysine and Abi1. Data are mean values of experiments from 4 batches of 

cell culture. Error bars indicate SE. C. Extracts of cells treated with 10−4 M ACh were 

immunoprecipitated with Abi1 antibody and blotted with antibodies against acetyl lysine 

and Abi1. Data are mean values of experiments from 3 batches of cell culture. Error bars 

indicate SE. ** p < 0.01 compared to ACh, 0 min or 0 dose.
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Figure 2. Contractile stimulation promotes Abi1/N-WASP coupling and translocation.
A. Input or Abi1 precipitates of untreated (UT) or ACh-treated HASM cells were 

immunoblotted with antibodies against Abi1 or N-WASP. ACh treatment increases the ratios 

of N-WASP/Abi1 immunoprecipitates in cells. Data are mean values of experiments from 

4 batches of cell culture. Error bars indicate SE. B and C. Representative micrographs 

illustrating the effects of ACh (10−4 M, 5 min) on the spatial localization of Abi1 and 

pN-WASP or N-WASP in HASM cells. The arrows indicate a single line scan to quantify the 

fluorescent signals in cells. The line scan graphs show relative fluorescent intensity. Black/

white images show the shape and edge of these cells. Image analysis for protein localization 

was described in the section of Methods. Scale bar, 10 μm. Protein distribution in cells are 

expressed a ratio of the intensity at the cell periphery to cell interior. Data are mean values of 

experiments from 3 batches of cell culture. Error bars indicate SE. ** p < 0.01.
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Figure 3. Acetylation of K416 increases the interaction of Abi1 with N-WASP and N-WASP 
phosphorylation in smooth muscle cells.
A. Schematic diagram of Abi1 structural domains. Abi1 consists of several domains 

including WAB (WAVE binding domain), SNARE (SNARE binding domain), HHR 

(homeodomain homologous region), PRO (proline-rich domain) and SH3 (Src homology 3). 

There are five lysines in the SH3 domain. PxxP, proline. B. Abi1 KD cells were transfected 

with wild type (WT) or various Abi1 mutants, and cell extracts were immunoprecipitated 

with Abi1 antibody and blotted with antibodies against Abi1 and N-WASP. Data are mean 

values of 3 batches of cell culture. Error bars indicate SE. C. Extracts of cells expressing 

wild type (WT) or various mutants were blotted with antibodies against pN-WASP (Y256) 

and total N-WASP. Data are mean values of 3 batches of cell culture. Error bars indicate SE. 

*p < 0.01.
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Figure 4. Acetylation of K416 enhances the translocation of Abi1 and pN-WASP and actin 
polymerization.
A. Cells expressing WT or K416Q Abi1 were immunostained for Abi1 and pN-WASP. 

Data are mean values of 3 batches of cell culture. The arrows indicate a single line scan 

to quantify the fluorescent signals in cells. The line scan graphs show relative fluorescent 

intensity. Image analysis for protein localization was described in the section of Methods. 

Black/white images show the shape and edge of these cells. Scale bar, 10 μm. Error bars 

indicate SE. B. F/G-actin ratios of cells expressing WT or K416Q Abi1 were evaluated 

using the immunoblot analysis. Data are mean values of 4 batches of cell culture. Error bars 

indicate SE. ** p < 0.01.
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Figure 5. Acetylation of K416 regulates airway constriction without affecting myosin light chain 
phosphorylation at Ser-19 and vimentin phosphorylation at Ser-56.
A. Human lung slices were treated with constructs for WT or K416Q Abi1 for 2 days. 

Immunoblot analysis showed similar protein expression in these tissues. Data are mean 

values of 4 lung slices. Error bars indicate SE. B. Airway constriction of lung slices 

expressing K416Q is greater than WT Abi1 in response to ACh treatment. Data are mean 

values of 4 lung slices. Error bars indicate SE. C and D. Myosin light chain (MLC) 

phosphorylation and vimentin phosphorylation are similar in cells expressing WT or K416Q 

Abi1. Data are mean values of 4 batches of cell culture. ** p < 0.01.
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Figure 6. p300 mediates Abi1 acetylation and smooth muscle contraction.
A. p300 localizes both in the myoplasm and the nucleus. HASM cells were 

immunofluorescently stained for p300 and the nucleus visualized by DAPI. Scare bar. 10 

μm. B. p300 knockdown (KD) inhibits Abi1 acetylation in HASM cells. Left panel, p300 

knockdown in HASM cells treated with p300 siRNA. Data are mean values of 4 batches 

of cell culture. Error bars indicate SE. Right panel, the ACh-induced Abi1 acetylation is 

reduced in p300 KD cells. Data are mean values of 4 batches of cell culture. Error bars 

indicate SE. C. Smooth muscle conditional p300 knockout reduces ACh-induced Abi1 

acetylation in airway tissues. Tracheal rings were stimulated with 10−4 M ACh for 5 

min. Abi1 acetylation was evaluated using immunoblot analysis. Data are mean values of 

4 tracheal tissues. D. Smooth muscle conditional p300 knockout reduces airway smooth 

muscle contraction. Data are mean values of 5 tracheal tissues. ** p < 0.01. * p < 0.05.
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Figure 7. p300 mediates actin polymerization in airway smooth muscle without affecting 
phosphorylation of myosin light chain and vimentin.
A. Smooth muscle conditional p300 knockout inhibits ACh-elicited F/G-actin ratios in 

airway smooth muscle. Data are mean values of 4 tracheal tissues. B. Myosin light chain 

(MLC) phosphorylation at Ser-19 is not affected by smooth muscle conditional p300 

knockout. Data are mean values of 4 tracheal tissues. C. Vimentin phosphorylation at Ser-56 

is not modulated by smooth muscle p300. Data are mean values of 4 tracheal tissues.

Wang et al. Page 20

FASEB J. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Proposed mechanism.
Contractile stimulation elicits Abi1 acetylation in smooth muscle via p300, which enhances 

the coupling and translocation of Abi1 and N-WASP promoting actin polymerization and 

contraction.
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