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Abstract
Background: Fascin is crucial for cancer cell filopodium formation and tumor
metastasis, and is functionally regulated by post-translational modifications.
However, whether and how Fascin is regulated by acetylation remains unclear.
This study explored the regulation of Fascin acetylation and its corresponding
roles in filopodium formation and tumor metastasis.

Abbreviations: Ac-K, acetylate-lysine; AcK471-Fascin, Fascin-K471 acetylation; ATCC, American Type Culture Collection; CBBCBB, CBBCoomassie
brilliant blue; CDS, coding sequence; CK, cytokeratin; CoA, coenzyme A; DAPI, 4’,6-diamidino-2-phenylindole; DFS, disease-free survival; DMEM,
Dulbecco’s modified Eagle’s medium; ESCC, esophageal squamous cell carcinoma; FascinK471Q, a mimic of hyperacetylated Fascin; FascinK471R, a
mimic of acetylation-defective Fascin; FBS, fetal bovine serum; FRAP, Fluorescence recovery after photobleaching; G/F-actin ratio, ratio of G-actin to
F-actin; GFP, Green fluorescent protein; GST, glutathione-S-transferase; HA, Hemagglutinin tag; H&E, hematoxylin and eosin; HAT, histone
acetyltransferase; IB, immunoblot; IHC, immunohistochemistry; IP, immunoprecipitation; K471, lysine 471; MS, mass spectrometry; NC, negative
control; OS, Overall survival; P, pellet; PBST, PBS containing 0.1% Tween 20; PCAF, P300/CBP-associated factor; Q, glutamine; R, arginine; RFP, Red
Fluorescent Protein; S, supernatant; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SHEEC, Shantou Human Embryonic
Esophageal Carcinoma; siRNAs, Small interfering RNAs; TMAs, Tissue microarrays; WT, wild type
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Methods: Immunoprecipitation and glutathione-S-transferase pull-downassays
were performed to examine the interaction between Fascin and acetyltrans-
ferase P300/CBP-associated factor (PCAF), and immunofluorescence was used
to investigate their colocalization. An in vitro acetylation assay was performed to
identify Fascin acetylation sites by using mass spectrometry. A specific antibody
against acetylated Fascin was generated and used to detect the PCAF-mediated
Fascin acetylation in esophageal squamous cell carcinoma (ESCC) cells using
Western blotting by overexpressing and knocking down PCAF expression. An
in vitro cell migration assay was performed, and a xenograft model was estab-
lished to study in vivo tumor metastasis. Live-cell imaging and fluorescence
recovery after photobleaching were used to evaluate the function and dynamics
of acetylated Fascin in filopodium formation. The clinical significance of acety-
lated Fascin and PCAF in ESCC was evaluated using immunohistochemistry.
Results: Fascin directly interacted and colocalized with PCAF in the cyto-
plasm and was acetylated at lysine 471 (K471) by PCAF. Using the specific anti-
AcK471-Fascin antibody, Fascin was found to be acetylated in ESCC cells, and
the acetylation level was consequently increased after PCAF overexpression
and decreased after PCAF knockdown. Functionally, Fascin-K471 acetylation
markedly suppressed in vitro ESCC cell migration and in vivo tumor metasta-
sis, whereas Fascin-K471 deacetylation exhibited a potent oncogenic function.
Moreover, Fascin-K471 acetylation reduced filopodial length and density, and
lifespan of ESCC cells, while its deacetylation produced the opposite effect. In
the filipodium shaft, K471-acetylated Fascin displayed rapid dynamic exchange,
suggesting that it remained in its monomeric form owing to its weakened actin-
bundling activity. Clinically, high levels of AcK471-Fascin in ESCC tissues were
strongly associated with prolonged overall survival and disease-free survival of
ESCC patients.
Conclusions: Fascin interacts directly with PCAF and is acetylated at lysine
471 in ESCC cells. Fascin-K471 acetylation suppressed ESCC cell migration and
tumor metastasis by reducing filopodium formation through the impairment of
its actin-bundling activity.

KEYWORDS
acetylation, actin-bundling, esophageal cancer, fascin, filopodium formation, P300/CBP-
associated factor (PCAF), tumor metastasis

1 BACKGROUND

Filopodia are thin, spike-like, cytoplasmic protrusions in
migratory cells, composed of parallel and bundled actin
filaments, and function as antenna during cell motility
to probe their environment [1]. One of the most widely
studied proteins critical for filopodium formation is the
actin-bundling protein Fascin [2, 3], which is amonomeric
protein comprised of four structurally homologous tan-
dem β-trefoil folds. It is necessary for maximally cross-

linking the actin filaments into straight, compact, and
rigid bundles to maintain the stiffness of filopodia [4, 5].
Fascin is thought to interact with actin through two actin-
binding sites, actin-binding site 1 formed by the N- and
C-terminal of Fascin, including residues of β-trefoil folds
1 and 4, and actin-binding site 2, including residues of β-
trefoil folds 1 and 2 [6]. Fluorescence recovery after pho-
tobleaching (FRAP) analysis revealed that the dynamic
life cycle of filopodia, which includes protrusion, retrac-
tion, and stationary stages, largely depends on the rapid
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association/disassociation cycles of Fascin from filopodial
actin filaments [5, 7]. To date, Fascin has been found to be
abnormally upregulated in all studied forms of human car-
cinoma, including colon, pancreatic, breast, lung, gastric,
ovarian, cervical, tongue, brain, and esophageal cancers [8,
9], and associated with clinically aggressive phenotypes,
poor prognosis, and short survival [10]. Thus, Fascin has
emerged as a potential biomarker for cancer diagnosis and
prognosis [10–12], as well as a promising molecular target
for future cancer therapy [13].
As filopodia play an essential role in cell adhesion,

migration, and invasion [14, 15], Fascin is strongly associ-
ated with cancer metastasis [16, 17]. Studies have shown
that the rapid dynamic exchange of Fascin in filopodia
is regulated by post-translational modifications, such as
phosphorylation and ubiquitination, which result in the
inhibition of the actin-bundling activity of Fascin and
filopodium formation and a subsequent decrease in cell
proliferation, migration, and invasion [5, 7, 18–23]. Lysine
acetylation, which is a reversible post-translational mod-
ification of histone and non-histone proteins catalyzed
by acetyltransferases and deacetylases, plays important
roles in many biological processes [24], and its dysreg-
ulation has been implicated in various human diseases,
such as metabolic disorders and cancer [25]. To date,
several potential post-translational modifications, includ-
ing acetylation within Fascin, have been predicted by
using mass spectrometry (MS) (http://www.phosphosite.
org) in several cancer cell lines [24, 26]. The acetyltrans-
ferase KAT2 (lysine acetyltransferase 2) family, one of
the three major families of acetyltransferases [27], con-
sists of two acyltransferases, namely KAT2A and KAT2B/
PCAF (P300/CBP-associated factor). It is considered to be
involved in many cellular processes, including DNA repli-
cation and repair, cell cycle and death, and actin-mediated
cell contraction, according to a large-scale MS-based pro-
teomics study exploring the acetylome in KAT2A/2B-
knockdown HeLa cells [28]. However, the mechanism
by which Fascin is acetylated and its potential clini-
cal significance in cancer progression remain unclear. In
this study, we explored the acetyltransferase of Fascin,
evaluated the acetylation mechanism by which Fascin
is regulated, and determined the clinical significance of
Fascin acetylation in esophageal squamous cell carcinoma
(ESCC).

2 MATERIALS ANDMETHODS

2.1 Cell culture

The human ESCC cell lines KYSE140, KYSE150, KYSE180,
KYSE450, and KYSE510 were established by Dr. Shimada

Yutaka (Faculty of Medicine, Kyoto University, Kyoto,
Japan) [29] and cultured in RPMI-1640 medium (Thermo
ScientificHyClone, Grand Island, NY,USA) supplemented
with 10% fetal bovine serum (FBS; Life Technologies,
Carlsbad, CA, USA). The human ESCC Shantou Human
Embryonic Esophageal Carcinoma (SHEEC) cell line was
previously established by our lab [30] and cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Thermo Fisher
Scientific Gibco, Carlsbad, CA, USA)/F12 medium (Life
Technologies) supplemented with 10% newborn bovine
serum (Excell Biology Inc., Shanghai, China). HEK293T
cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in
DMEM supplemented with 10% FBS. All cell lines were
tested for mycoplasma free and STR analysis (IGEbio,
Guangzhou, China), and were cultured in a 5% CO2 atmo-
sphere at 37◦C.

2.2 Plasmids

Human full-length Flag-Fascin was generated by cloning
the FSCN1-coding sequence (CDS) to pcDNA3.1-Flag vec-
tor for transient transfection. To construct the glutathione-
S-transferase (GST)-fused and His-fused Fascin vectors for
in vitro protein expression, the full-length CDS sequence
of FSCN1 (or the truncated FSCN1-Δβ1, FSCN1-Δβ1β2,
FSCN1-Δβ1β2β3, FSCN1-Δβ4, FSCN1-Δβ3β4, and FSCN1-
Δβ2β3β4) and PCAFwere cloned into pGEX-6P-1 and pET-
32a vectors (MiaoLing Plasmid Sharing Platform, Wuhan,
Hubei, China), respectively. The GST-fused N-terminal (1-
492), histone acetyltransferase (HAT) (493-658), and C-
terminal BROMO (659-832) domains of PCAF constructs
were provided by Dr. Hongquan Zhang (Peking University
Health Science Center, Beijing, China). The human full-
length HA-PCAF, HA-KAT2A, and HA-KAT5 were gener-
ous gifts fromDr.DamingGao (Shanghai Institutes for Bio-
logical Sciences, Chinese Academy of Sciences, Shanghai,
China).
Small interfering RNAs (siRNAs) against FSCN1

(siFSCN1-#1: 5′-GCGAGTCTGGCACCTCTTT-3′,
siFSCN1-#2: 5′-GAGCCTTATTTCTCTGGAA-3′) and
PCAF (siPCAF-#1: 5′-CCGCAUCAACUAUUGGCAUTT-
3′, siPCAF-#2: 5′-GCGACAACUCCUGGAACAATT-3′)
were used for Fascin and PCAF knockdown, respec-
tively. All siRNAs were purchased from GenePharma
(Shanghai, China) and transfected into cells using
Lipofectamine R© RNAiMAX Transfection Reagent (Life
Technologies) following the manufacturer’s instructions.
The target short hairpin RNAs (shRNAs) of Fascin
(shFSCN1-#1: 5′-CCCTTGCCTTTCAAACTGGAA-3′
located in the 3′-untranslated region, shFSCN1-#2:
5′-CGACTATAACAAGGTGGCCAT-3′ located in the
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CDS region) (Hanbio, Shanghai, China) and the nega-
tive control (NC) sequences were cloned between the
BamH I and EcoR I restriction sites in the pHBLV-U6-
Luc-T2A-Puro vector (Hanbio). Since the shFSCN1-#1
sequence is located in the 3′-untranslated regions of
FSCN1, its silencing effect on exogenous transfected
FSCN1 gene (CDS sequence) could be avoided when
re-expressing Fascin in stable shFSCN1-#1-transfected
cells. The coding region of Fascin was amplified and
cloned into the Hind III and BamH I sites of pEGFP-N1
to generate the Fascin-GFP (green fluorescent pro-
tein) expression vector. A Fast Mutagenesis System kit
(TransGen Biotech, Beijing, China) was used to generate
site-specific mutations at lysine 471 according to the
manufacturer’s instructions. The primers used for muta-
genesis are as follows: 5′-TACCTGAGGGGCGACCAC-
3′ and 5′-CGTGGTCGCCCCTCAGGT-3′ (K471R)
and 5′-TACCTGCAGGGCGACCAC-3′ and 5′-
CGTGGTCGCCCTGCAGGT-3′ (K471Q). LifeAct-RFP
(red fluorescent protein) construct was a gift from Brian
Stramer (King’s College London, England, UK). Wild-type
Fascin and FascinK471R sequences were subcloned into
pBOBI-3 × Flag-N to construct stable expression cell lines
for Flag immunoprecipitation (IP) assays by using anti-
Flag magnetic beads (36797; Thermo Fisher, Waltham,
MA, USA) to detect anti-AcK471-Fascin antibody speci-
ficity.

2.3 Establishment of stable cell lines

KYSE150 cells and SHEEC cells were plated into 24-
well plates at 5 × 104 cells per well. After 24 h, the
cells were infected with lentiviral particles containing
shFSCN1-#1 or NC sequences. After 48 h of transfec-
tion, the cells were selected in a growth medium contain-
ing 500 ng/mL puromycin (J593; Amresco, Houston, TX,
USA). Stable puromycin-resistant clones were obtained
after 14-16 days. The expanded cells were then used for
further experiments. Knockdown of FSCN1 was evalu-
ated by Western blotting. The stable FSCN1-knockdown
cells were transfected with the Fascin-GFP, FascinK471R-
GFP, or FascinK471Q-GFP constructs, using Lipofectamine
3000 reagent (Life Technologies) according to the man-
ufacturer’s instructions. After 24 h of transfection, the
cells were selected in a culture medium containing 500
μg/mL G418 (Calbiochem, San Diego, CA, USA), and sta-
ble G418-resistant clones were obtained after 14-16 days.
The expanded cells were used for xenograft assays in
nude mice. The stable FSCN1-knockdown cells were also
transiently co-transfected with Fascin-GFP or its mutated
constructs along with the LifeAct-RFP construct using
Lipofectamine 3000. After 24 h of transfection, the cells

were plated on 10 μg/mL fibronectin-coated chambers and
visualized using Zeiss LSM880 confocal microscope (Carl
Zeiss, Jena, Germany) for live-cell imaging. To construct
stable FSCN1-Flag- and FSCN1K471R-Flag-expressing cells
using pBOB-FSCN1-3 × Flag and pBOB-FSCN1K471R-3 ×
Flag, the infected cells were detected by Western blotting
and immunofluorescence to evaluate the infection effi-
ciency before using it for IP assays.

2.4 Immunoprecipitation andWestern
blotting

To determine the interaction of endogenous Fascin and
PCAF, HEK293T and KYSE140 cells were lysed using IP
buffer (50 mmol/L Tris pH 7.5, 150 mmol/L NaCl, and
0.5%NP-40) supplementedwith Protease and Phosphatase
Inhibitor Cocktail (78445; Thermo Scientific). The protein
concentration of the cell lysates was measured using the
Pierce BCA protein assay kit (23225; Thermo Scientific).
After pre-clearing with isotype IgG and protein A/G mag-
netic beads, equal amounts of total protein (1 mg) of the
cell lysates were immunoprecipitated by incubating with
protein A/G magnetic beads (HY-K0202; MCE, Shanghai,
China) and PCAF (sc-13124; Santa Cruz, Dallas, TX, USA)
or Fascin antibodies (sc-46675; Santa Cruz) or the control
normal mouse IgG (sc-2025; Santa Cruz) at 4◦C overnight
with gentle rocking. The immunoprecipitated proteins
were washed five times with cold IP buffer and then dena-
tured with 1 × SDS sample buffer. The denatured proteins
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) followed by Western blot-
tingwith anti-Fascin rabbit polyclonal antibody (PA513696;
Life Technologies). Flag-tagged protein IP was performed
using anti-Flag magnetic beads (36797; Thermo Fisher).
Primary antibodies, including monoclonal mouse anti-
human Fascin (M356701; Dako, Glostrup, Denmark), poly-
clonal rabbit anti-Fascin (PA513696; Life Technologies),
Flag (F3165; Sigma Aldrich, St. Louis, MO, USA), GFP
(sc-9996; Santa Cruz), GAPDH (sc-32233; Santa Cruz), β-
Actin antibody (sc-47778; Santa Cruz), and HA antibod-
ies (3724; Cell Signaling Technology, Danvers, MA, USA)
were used as indicated, followed by secondary antibod-
ies, IRDye 680RD goat anti-mouse IgG (926-68070; LI-
COR Biosciences, Lincoln, NE, USA) and IRDye 800CW
goat anti-mouse IgG antibodies (926-32211; LI-COR Bio-
sciences) for immunofluorescent blotting using Odyssey
Sa Infrared Imaging System (LI-COR Biosciences) or
by secondary antibodies goat anti-mouse IgG-HRP (sc-
2005; Santa Cruz) and goat anti-rabbit IgG-HRP antibod-
ies (sc-2030; Santa Cruz) for chemiluminescence using
ChemiDoc™MP Imaging System (Bio-Rad, Hercules, CA,
USA).
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2.5 Recombinant protein expression
and purification

Recombinant GST-tagged and His-tagged Fascin,
PCAF, and their truncated forms were transformed
into Escherichia coli BL21 (DE3) strain, and protein
expression was induced using 0.5 mmol/L isopropyl
β-D-1-thiogalactopyranoside (0487; Amresco) at 25◦C
for 6 h. Bacterial cultures were centrifuged at 5,000 ×

g for 10 min, and pellets were resuspended and lysed
by sonification in GST lysis buffer (PBS containing 0.1%
Triton X-100) or His lysis buffer (50 mmol/L sodium
phosphate, 300 mmol/L NaCl, and 10 mmol/L imidazole)
followed by incubation with GST-binding resin (70541-3;
Millipore, Billerica, MA, USA) or Ni-NTA His-bind resin
(70666-3; Millipore) at 4◦C for 3 h. The GST-resin and
His-resin were then washed four times using GST lysis
and His wash buffer (50 mmol/L sodium phosphate, 300
mmol/L NaCl, and 20 mmol/L imidazole), respectively. To
obtain non-tagged Fascin, the GST-Fascin binding resin
was resuspended in 0.5 mL PreScission Buffer (P2303-2;
Beyotime Biotechnology, Shanghai, China). Non-tagged
Fascin was released from the beads by incubation with 20
units of PreScission Protease (P2303-1; Beyotime Biotech-
nology) overnight at 4 ◦C to remove the GST tag. To obtain
GST-tag or His-tag fused protein, the resin was eluted
using GST (50 mmol/L Tris-HCl pH 8.0, and 50 mmol/L
reduced form of glutathione) or His elution buffer (50
mmol/L sodium phosphate, 300 mmol/L NaCl, and 200
mmol/L imidazole).

2.6 In vitro F-Actin-bundling Assay

The in vitro F-actin bundling assays were performed as
previously described [6]. Briefly,monomeric rabbit G-actin
(1 μmol/L) was polymerized in F-actin buffer (20 mmol/L
Tris-HCl, pH 8.0, 1 mmol/L ATP, 1 mmol/L DTT, 2mmol/L
MgCl2, and 100 mmol/L KCl) at room temperature. Dif-
ferent forms (wild-type or mutant) of purified fascin pro-
teins (0.25 μmol/L) were incubated with F-actin for 1 h at
room temperature. Samples were centrifuged for 30min at
10,000× g. Both pellets and supernatants were dissolved in
an equivalent volume of loading sample buffer, and equal
volumes of pellet and supernatant were analyzed by using
Coomassie bright blue staining.

2.7 n vitro acetylation assays

n vitro acetylation assays were performed as previously
described [31] with modifications. Briefly, HA-PCAF pro-

tein was immunoprecipitated from HEK293T cells using
monoclonal anti-HA-agarose (A2095; Sigma Aldrich) after
48 h of transfection. The agarose was washed thrice in
PBS containing 0.1% Tween 20 (PBST) buffer and once
in acetylation buffer. Thereafter, the agarose was incu-
bated with His-Fascin in acetylation buffer with or with-
out acetyl coenzyme A (CoA) at 30◦C for 2 h. After
the acetylation assays, the proteins were separated by
SDS-PAGE for Western blotting with acetylated lysine
(anti-Ac-K, ICP0380; Immunechem, Columbia, Canada),
HA (SC-7392; Santa Cruz), and His antibodies (HT601-
01; Transgene, Beijing, China) using Odyssey Sa Infrared
Imaging System (LI-COR Biosciences). For acetylation
site identification, the separated proteins were stained
using Coomassie brilliant blue (24615; Thermo Fisher
Scientific), and the protein bands were excised for MS
analysis.

2.8 Identification of Fascin acetylation
sites by mass spectrometry

Briefly, the bands of interest were excised from the gel
and subjected to in-gel tryptic digestion. The resulting pep-
tides were separated by nano-liquid chromatography on
an easy-nLC 1200 system (Thermo Fisher Scientific) and
directly sprayed into a Q-Exactive Plus mass spectrome-
ter (Thermo Fisher Scientific). The MS analysis was car-
ried out in data-dependentmodewith an automatic switch
between a full MS and a tandem MS (MS/MS) scan in the
Orbitrap. For full MS survey scan, the automatic gain con-
trol target was set to 3e6, and the scan range was from 330
to 1600 with a resolution of 70,000. The 10 most intense
peaks with charge state ≥ 2 were selected for fragmen-
tation by higher energy collision dissociation with nor-
malized collision energy of 27%. The MS2 spectra were
acquiredwith a resolution of 17,500, and the exclusionwin-
dow was set at ± 2.2 Da. All MS/MS spectra were searched
against the Uniport-Human protein sequence database by
using the PD search engine (v 2.1.0; Thermo Fisher Scien-
tific) with an overall false discovery rate (FDR) for peptides
of less than 1%. Peptide sequences were searched using
trypsin specificity allowing a maximum of two missed
cleavages. Carbamidomethylation on Cys was specified as
a fixed modification. Acetylation on lysine and peptide N-
terminal and oxidation of methionine were specified as
variable modifications. Mass tolerances for precursor ions
were set at ± 10 ppm for precursor ions and ± 0.02 Da for
MS/MS. TheMS/MS spectra of interest weremanually ver-
ified. The amino acid sequence alignment of Fascin was
performed between humans and other species by DNA-
MAN software.
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2.9 GST pull-down assays

The control GST and purified GST-tagged full-length and
truncated forms of Fascin and PCAF proteins were bound
with GST resin in PBS binding buffer at 4◦C for 3 h. After
washing three times with PBST buffer, an equal amount
of His-tagged PCAF or Fascin proteins was added and
rebound at 4◦C overnight. The rebound GST resins were
washed five timeswith PBSTbuffer and boiled in SDS load-
ing buffer to release the bound proteins for SDS-PAGE sep-
aration and Western blotting with anti-His antibody.

2.10 Immunofluorescence staining

To determine the cellular localization of Fascin and PCAF,
immunofluorescence assays were performed. Briefly,
KYSE150 cells were stained with anti-Fascin (PA513696;
Life Technologies) and anti-PCAF antibodies (sc-13124;
Santa Cruz) and with secondary antibodies Alexa Fluor
488 AffiniPure donkey anti-rabbit IgG (711-545-152; Jack-
son ImmunoResearch, West Grove, PA, USA), and Alexa
Fluor 647 AffiniPure donkey anti-mouse IgG (715-605-
150; Jackson ImmunoResearch), respectively, followed
by counterstaining with 4ť,6-diamidino-2-phenylindole
(D9564; Sigma Aldrich). Confocal imaging was carried
out using a laser scanning confocal microscope (LSM800;
Carl Zeiss).

2.11 Patients and specimens

A total of 265 tumor tissues from ESCC patients and
146 paired adjacent normal tissues were used for Fascin
and AcK471-Fascin immunohistochemistry (IHC), while
268 tumor tissues were used for PCAF. The median age
of patients with ESCC was 59 years, with ages ranging
from 39 to 88 years. The information on age, gender, and
histopathological factors was collected from the medi-
cal records and is shown in Supplementary Table S1. All
patients underwent curative resection, and none had dis-
tant metastasis. The tissue sections were histologically
evaluated with hematoxylin and eosin (H&E) staining.
All tumors were diagnosed with ESCC by pathologists in
the Clinical Pathology Department of the Shantou Cen-
tral Hospital between November 2007 and January 2010
and classified according to the 7th edition of TNM classi-
fication system of the International Union against Can-
cer. The follow-up was terminated in September 2020,
while patients with other malignant tumors and did not
die of ESCC (such as postoperative complications) were
excluded. Overall survival (OS) was defined as the interval

between surgery and death from tumor at the last obser-
vation, while disease-free survival (DFS) was defined as
the interval between surgery and diagnosis of relapse. Eth-
ical approval was obtained from the ethical committees
of the Shantou Central Hospital and the Shantou Univer-
sity Medical College. Only resected samples from surgical
patients who gave written informed consent were included
for use in research.

2.12 Tissue microarrays and IHC

Tissue microarrays (TMAs) were constructed based on
standard techniques, and IHC was performed using the
PV-9000 2-step Polymer Detection System (ZSGB-Bio, Bei-
jing, China) and Liquid DAB Substrate Kit (Invitrogen,
San Francisco, CA, USA) according to the manufacturer’s
instructions as previously described [32]. The primary
antibodies, including anti-human Fascin-K471 acetylation
(AcK471-Fascin; rabbit polyclonal, 1:5000), anti-Fascin
(M3567; Dako), and anti-PCAF antibodies (sc-13124; Santa
Cruz), were used in this study.We recorded protein expres-
sion using an automated quantitative pathology imaging
system (Perkin Elmer, Waltham, MA, USA). Briefly, the
automatically acquired color images were obtained using
Vectra 2.0.8 software. Subsequently, the spectral libraries
were constructed using Nuance 3.0 software, and the color
images were evaluated by Inform 1.2 software as follows:
1) segmentation of the tumor region from the tissue com-
partments; 2) segmentation of one tumor region from the
other; 3) calculation of the H score based on the optical
density, which then produced a protein expression value
in the range of 0 to 300.

2.13 Cell migration and invasion assays

Cellmigration bywound-healing assay and cell invasion in
Matrigel invasion chambers (Corning, Bedford, MA, USA)
were performed as described previously [33]. For real-time
monitoring of cell migration, experiments were carried out
using the xCELLigence Real-TimeCell Analysis DP instru-
ment (Roche Applied Science, Mannheim, Germany), and
2 × 105 cells were washed once in serum-free medium and
inoculated into the upper chamber, which was placed in a
humidified incubator at 37◦C and 5% CO2. Cell impedance
was monitored every 30 min for approximately 48 h. The
slope indicated the increase in cell impedance per unit
time (slope = impedance / time). Median values and stan-
dard deviations were calculated from individual triplicate
wells. Experiments were repeated three times with similar
results.
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2.14 Establishment of footpad lymph
node metastasis mouse model

Five-week-old male BALB/c nu/nu Mice were purchased
from Weitonglihua Experimental Animal Technical Co.,
LTD (Beijing, China). The metastasis experiment in nude
mice was performed as previously described [34, 35]
with modifications. We previously reported that KYSE150
cells demonstrated good tumorigenicity in nude mice
[36]. Therefore, KYSE150 cells were used to establish
footpad lymph node metastasis mouse model. Specif-
ically, KYSE150 cells transfected with pHBLV-U6-Luc-
T2A-Puro vector (KYSE150-shNC) or pHBLV-U6-Luc-T2A-
Puro-FSCN1 vector (KYSE150-shFSCN1-#1) and KYSE150-
shFSCN1-#1 cells stably transfected with GFP-Vector,
Fascin-GFP WT, FascinK471R-GFP, or FascinK471Q-GFP at
1 × 106 cells/inoculation were suspended in 100 μL PBS
and injected into the left footpad of mice (8 mice per
group of GFP-Vector, Fascin-GFP WT, FascinK471R-GFP,
and FascinK471Q-GFP and 7 mice per group of KYSE150-
shNC and KYSE150-shFSCN1-#1). Mice were palpated
every two days for tumors, and each mouse was imaged
twice a week using an IVIS-100 Imaging System (Caliper
Life Sciences, Waltham, MA, USA) after intraperitoneal
injection of Dc-luciferin (150 mg/kg in PBS) under anes-
thesia for 5 min, 2 min, and 30 s exposure. The mice
in KYSE150-shNC and KYSE150-shFSCN1-#1 groups were
euthanized 25 days after injection, and the other groups
were euthanized 32 days after injection. The tumor from
the footpad regionwas defined as the “primary tumor”, and
tumor from the footpad to the ankle joint was defined as
the “invaded tumor” (local tumor invasion). All inguinal
lymph nodes and footpad tumors were resected and fixed
in 10% formaldehyde/PBS for histological analysis. Lymph
nodes and footpad tumors were subjected to H&E and
IHC staining. IHC staining was performed as described
previously [32] using mouse anti-pan-cytokeratin (CK)
AE1/AE3 (ZM-0069; ZSGB-Bio) and mouse anti-GFP anti-
bodies (sc-9996; Santa Cruz). All animal experiments were
conducted after approval from the Institutional Animal
Care and Use Committee of Shantou University.

2.15 Live-cell imaging and FRAP

The behavior of GFP- and RFP-tagged proteins in cell
filopodia was visualized using a confocal microscope
with an incubator (37◦C and 5% CO2, LSM880; Carl
Zeiss MicroImaging, Inc.) with a 40 ×, 1.43 numeri-
cal aperture (NA), Plan-Apochromat oil objective (Carl
Zeiss MicroImaging, Inc.). The number, length, and life-
time of filopodia were measured from three independent
experiments using ZEN software (blue edition; Carl Zeiss

MicroImaging, Inc.). FRAP experiments were performed
as previously reported [5, 7] with modifications. GFP- and
RFP-tagged proteins at the base of protruding filopodia
were bleached in a rectangular region with an area rang-
ing from 1 to 3 μm2 for ∼0.5 s using the 488 nm and
543 nm laser lines at 100% laser power. Thereafter, fluo-
rescence recovery within the bleached region was moni-
tored every 4-5 s over a period of 60-100 s. The first frame
post-photobleaching corresponds to 0 s. FRAP data were
analyzed in the FRAP module by ZEN software follow-
ing the manufacturer’s instructions. The average intensity
over the time course in the bleached zone was measured
and corrected for photobleaching by multiplying a correc-
tion factor. The recovery curve was fitted with a double-
exponential function as follows: I = IE - I1 × exp (-t/T1) –
I2 × exp (-t/T2), where I represents the average intensity of
the bleached region at a given time t (s), IE is the final sig-
nal intensity in the analyzed bleach region following recov-
ery, I1 is the amplitude of the fitted curve of a fast, I2 is the
amplitude of a slowly recovering population of molecules,
T1 is a constant that is associated with the rate of recov-
ery of the fast fraction, and T2 is a constant associated with
the recovery of a slow fraction. The half-time of the recov-
ery was calculated using the following formula: -thalf =
(ln 0.5) × T1, where thalf is the halftime of recovery. The
rate constant K (per second) for the exchange of molecules
between the bleached region and the surrounding areawas
calculated using the formula: d[F1]/dt = −k1[F1] + k2[F2],
where k1 is a disassociation constant, [F1] is the number of
molecules in the cluster, k2 is an association constant, and
[F2] is the number of molecules in the surrounding envi-
ronment.

2.16 Analysis of G/F-actin ratio

The ratio of G-actin to F-actin (G/F-actin ratio) was deter-
mined using the G/F-actin in vivo assay kit (Cytoskeleton,
Inc., Denver, CO, USA) according to the manufacturer’s
instructions. Briefly, the KYSE150-shNC, KYSE150-
shFSCN1-#1 cells, and KYSE150-shFSCN1-#1 cells
stably transfected with GFP-vector, Fascin-GFP (WT),
FascinK471R-GFP, or FascinK471Q-GFP were homoge-
nized in lysis and F-actin stabilization buffers followed
by centrifugation for 1 h at 100,000 × g at 37◦C for F-
actin separation. The supernatants containing G-actin
were collected, and the pellets containing F-actin were
resuspended in F-actin depolymerizing solution. Equal
amounts of both the supernatant (G-actin) and resus-
pended pellet (F-actin) were subjected to Western blotting
and probed with an anti-actin antibody. The G/F-actin
ratio was determined by densitometry using the ImageJ
software (National Institutes of Health, Bethesda, MD,
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USA). Experiments were repeated twice with similar
results.

2.17 Generation of polyclonal rabbit
anti-human AcK471-Fascin antibody

The polyclonal rabbit anti-human AcK471-Fascin anti-
body was produced by PTM Biolabs (Hangzhou, Zhejiang,
China) and raised against two synthetic peptides with
Fascin lysine 471 acetylated [CGGRYL-(acetyl)K-GDHAG
and KVGGRYL-(acetyl)K-GDHAGC]. The peptides,
including a non-acetylated peptide (CGGRYLKGDHAG),
were synthesized and examined by MS analysis. The
acetylated peptides were conjugated to the carrier protein
keyhole limpet hemocyanin and used to generate immune
responses in pathogen-free, barrier-raised New Zealand
White rabbits (PTM Biolab LLC). After immunization,
sera were collected for enzyme-linked immunosorbent
assay and dot blotting assay. After sequential affinity
chromatography using protein A and the corresponding
acetyl-peptide, the eluent was purified using correspond-
ing non-acetylated peptide (CGGRYLKGDHAG).

2.18 Statistical analysis

The SPSS v13.0 program (SPSS Inc., Chicago, IL, USA) was
used for data analysis. Data are presented as the mean ±
standard deviation or mean ± standard error of the mean
as indicated in the figure legends. The Student’s t-test was
used for unpaired, two-tailed comparison. P < 0.05 was
considered significant. Kaplan-Meier survival analysis was
used for patientOS andDFS, and the log-rank testwas used
for survival comparison.

3 RESULTS

3.1 Fascin interacted with PCAF
directly

To identify which acetyltransferase that interacted with
Fascin, we co-expressed Flag-Fascin with several acetyl-
transferases, including PCAF, KAT2A, and KAT5, in
HEK293T cells and tested their interactions via co-IP. The
results showed that PCAF and KAT2A, but not KAT5,
were co-immunoprecipitated by Flag-Fascin (Supplemen-
tary Figure S1). As PCAF and KAT2A are homologs, we
chose PCAF for subsequent analysis. To further verify
the interaction between Fascin and PCAF, we performed
IP assay in HEK293T and KYSE140 cells. The interac-
tion of Fascin with PCAF was validated by the IP of

endogenous Fascin and PCAF proteins (Figure 1A). More-
over, immunofluorescence staining showed that Fascin
and PCAF colocalized in the cytoplasm (Figure 1B), indi-
cating that they had the same distribution region in cells
which is necessary for their direct cellular interaction. Fur-
thermore, to examine whether Fascin and PCAF inter-
act directly, we expressed GST- or His-fused Fascin and
PCAF in Escherichia coli and purified them for GST-
pull down assays. The results showed that His-Fascin
was pulled down by GST-PCAF, and reciprocally, His-
PCAFwas pulled downbyGST-Fascin (Figure 1C), indicat-
ing that Fascin interacted directly with PCAF. To further
elucidate the interaction between Fascin and PCAF, the
GST fusion proteins containing different PCAF domains,
including the N-terminal, HAT, and C-terminal BROMO
domains, were purified for GST-pull down assayswithHis-
Fascin in vitro. Similar to the-full length PCAF, the indi-
vidual N- and C-terminal of PCAF interacted with Fascin;
however, when both the N- and C-terminal domains were
removed, only the HAT domain of PCAF was left, and the
interaction between Fascin and PCAF was abrogated (Fig-
ure 1D). This result indicates that PCAF bounded directly
to Fascin through its N- and C-terminal domains but not
the HAT domain. Reciprocally, different truncated Fascin
forms (each β-trefoil fold from the N- or C-terminal indi-
vidually removed) were fused to GST and purified for
GST-pull down assay. The results showed that removal
of any β-trefoil fold from either the N- or C-terminal
of Fascin markedly attenuated its interaction with PCAF
(Figure 1E), indicating that all four β-trefoil folds of Fascin
were required for the interaction with PCAF. We deduced
that an integrated structure of Fascin was required for its
interaction with PCAF, and Fascin may be tightly packed
with a unique protein configuration to form a substantial
interdomain that interacts with PCAF. Removal of any of
these domains will most likely disrupt protein configura-
tion, leading to a loss of interaction between PCAF and
these truncation mutants. Taken together, these findings
demonstrate that full-length Fascin interacts with PCAF
directly via the N- and C-terminal domains of PCAF.

3.2 Fascin was acetylated at lysine 471
by PCAF

We performed in vitro acetylation assays using immuno-
precipitated HA-PCAF from cells and in vitro purified His-
Fascin and found that Fascin was acetylated by PCAF
(Supplementary Figure S2A). Using MS, we further iden-
tified that Fascin was acetylated at lysine 471 (K471) by
PCAF (Figure 2A). The function of Fascin is conserved
across organisms. Thus, to investigate the conservation
of Fascin-K471, we performed an amino acid sequence
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F IGURE 1 Fascin interacts with PCAF in ESCC cells. A, The interaction between Fascin and PCAF was investigated by
immunoprecipitation assay using anti-Fascin and anti-PCAF antibodies in HEK293T and KYSE140 cells, respectively. B, Immunofluorescence
analysis of the localization of endogenous Fascin and PCAF in ESCC KYSE150 cells. Endogenous Fascin (green) and PCAF (red) were stained
with specific antibodies, and nuclei were stained with DAPI (blue). C, Fascin directly interacted with PCAF in in vitro GST-pull down assays
using GST-PCAF and GST-Fascin. D, The N-terminal domain, acyltransferase domain (HAT), and C-terminal BROMO domains of PCAF
were fused to GST and purified for GST-pull down assays with His-fused Fascin (His-Fascin). E, The GST-fused truncated forms of Fascin
were purified for GST-pull down assays with His-fused PCAF (His-PCAF). The purified GST fusion proteins were examined with Coomassie
brilliant blue staining, and the pulled-down His proteins were examined by Western blotting. Arrows indicate proteins with correct molecular
weights. Abbreviations: PCAF: P300/CBP-associated factor; ESCC: esophageal squamous cell carcinoma; IP: immunoprecipitation; IB:
immunoblot; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; DAPI: 4’,6-diamidino-2-phenylindole; CBB: Coomassie brilliant blue;
GST: Glutathione S-transferase; HAT: Histone acyltransferase; BROMO: bromodomain
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F IGURE 2 Fascin is acetylated at lysine 471 by PCAF. A, Mass spectrometry analysis showed that K471 was acetylated at the peptide
469-YLKGDHAGVLK-479. B, Sequence alignment of Fascin in human and other species for amino acid residues adjacent to human
Fascin-K471. C, The endogenous Fascin-K471 acetylation was examined by specific AcK471-Fascin antibody and AcK471-Fascin antibody
blocked by K471-acetyl peptide or unmodified peptide. D, Endogenous Fascin-K471 acetylation was examined in KYSE150 and KYSE510 cells
overexpressing PCAF by Western blotting. E, The endogenous Fascin-K471 acetylation was investigated under PCAF knockdown by siRNA in
KYSE150 and KYSE510 cells. After 48 h of transfection, cells were collected and lysed, and lysates were used for Western blotting. GAPDH was
used as a loading control. Abbreviations: PCAF: P300/CBP-associated factor; GAPDH: glyceraldehyde-3-phosphate dehydrogenase. si: small
interfering; NC: negative control; HA: Hemagglutinin

alignment of Fascin between humans and seven other
species. Interestingly, we found that Fascin-K471 was
highly conserved in multiple species (Figure 2B), suggest-
ing that it is an important acetylation site across organ-
isms. To further characterize the K471 acetylation site, we
generated an antibody (AcK471-Fascin) that only recog-
nizes acetylated Fascin. Antibody specificity was exam-
ined by dot blotting (Supplementary Figure S2B) and

confirmed by Western blotting using proteins extracted
from the KYSE140, KYSE150, KYSE180, KYSE450, and
KYSE510 cells (Figure 2C), because the signal tested
by AcK471-Fascin antibody was significantly blocked by
acetyl-peptide but not by the unmodified-Fascin pep-
tide. Moreover, an acetylated K471 signal was detected in
both endogenously (Figure 2D) and ectopically expressed
Fascin (Supplementary Figure S2C) in ESCC cells; and
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when PCAF was overexpressed, the acetylated K471 sig-
nal was enhanced (Figure 2D) but was not detected in cells
with FascinK471R mutant (K471R, a mimic of acetylation-
defective Fascin) (Supplementary Figure S2C). Further-
more, the siRNA-mediated knockdown of endogenous
PCAF decreased the K471 acetylation level of endogenous
Fascin (Figure 2E). These results indicate that Fascin-K471
is acetylated by PCAF.

3.3 Acetylation of Fascin-K471 by PCAF
inhibited cancer cell migration and tumor
metastasis

To further explore the physiological function of Fascin-
K471 acetylation in cancer cell migration, we first knocked
down endogenous Fascin expression in KYSE150 and
SHEEC cells via transient small RNA interference or stable
short hairpin RNA silencing through lentivirus transfec-
tion. Knockdown of endogenous Fascin expression signif-
icantly inhibited the migration and invasion of ESCC cells
(Supplementary Figure S3A-C). We restored Fascin-WT,
FascinK471R, and FascinK471Q (K471Q, a mimic of hyper-
acetylated Fascin) in stable Fascin-knockdown ESCC cells
(Figure 3A). The restoration of Fascin-WT recovered cell
migration, restoration of K471R resulted in higher onco-
genic abilities compared to Fascin-WT, whereas restora-
tion of FascinK471Q demonstrated the opposite, further sup-
pressing cell migration in Fascin-knockdown cells (Fig-
ures 3B and 3C). These results indicate that Fascin-K471
acetylation plays a strong inhibitory role in cancer cell
migration in vitro.
Next, we utilized in vivo xenograft assays to examine

the effect of Fascin-K471 acetylation on tumor progres-
sion. The stable KYSE150 cells with endogenous Fascin
knockdown, restoration of Fascin-WT, FascinK471R, or
FascinK471Q, or the control vector were transplanted into
the left footpads of nude mice. Consistent with the results
of a previous study [19], our results showed that deple-
tion of endogenous Fascin strongly inhibited tumor growth
and metastasis (Supplementary Figure S3D), with fewer
mice (50%, 3/6) exhibiting lymph node metastasis (inva-
sion to inguinal lymph nodes) compared to control mice
(100%, 7/7) based on histopathological assessment (Sup-
plementary Figure S3E-F). Furthermore, the implantation
assay showed that the recovery of Fascin-WT significantly
enhanced bioluminescence intensity, mean primary and
invaded tumor weight, and lymph node metastasis rate
compared to the vector control (Figure 3D-G). In con-
trast to the restoration of Fascin-WT, the invaded tumor
weight was significantly higher after restoration of the
acetyl-defective form FascinK471R, although there was no
significant difference in primary tumor weight and lymph

node metastasis rate (Figure 3D-G). Meanwhile, restora-
tion of the acetylation-mimicking formFascinK471Q signifi-
cantly reduced the primary tumor weight and lymph node
metastasis rate (Figure 3D-G) compared to that of Fascin-
WT. These results indicate that acetylation of Fascin-K471
inhibited tumor metastasis in vivo and the malignant phe-
notypes of ESCC cells both in vitro and in vivo.

3.4 Fascin-K471 acetylation regulated
filopodia dynamics by modulating its
bundling to F-actin

The biochemical function of Fascin-K471 acetylation at
the cellular level during filopodium formation was also
investigated. Consistent with previous observations [5],
live-cell imaging assays revealed that the depletion of
endogenous Fascin level significantly inhibited the den-
sity and length of filopodia in KYSE150 cells (Figure 4A
and Supplementary Movie S1). Notably, the restoration of
FascinK471Q and FascinK471R achieved opposite effects in
terms of filopodium formation. Compared to the restora-
tion of Fascin-WT, that of FascinK471Q led to shorter and
fewer filopodia extending from the cell edges, whereas
that of FascinK471R promoted filopodium formation with
longer and more filopodia protruding from the cell edges
(Figure 4B and Supplementary Movie S2). Similar effects
of restoration of Fascin-WT, FascinK471R, and FascinK471Q
in filopodium formation were also observed in SHEEC
cells (Supplementary Figure S4A-B and Supplementary
Movie S3). These observations demonstrate that the acety-
lation of Fascin-K471 suppresses filopodium formation.
To further investigate the function of Fascin-K471 acety-
lation in filopodia dynamics, we analyzed the filopodial
lifetime during the extension-retraction cycle. Live-cell
time-lapse imaging showed that FascinK471Q significantly
shortened both the lifetime and length of filopodia during
the extension-retraction cycle, although cells re-expressing
either Fascin-WTorFascinK471R displayed similar filopodia
lifetimes (Figures 4C and 4D, and Supplementary Movie
S4). Taken together, these findings indicate that Fascin-
K471 acetylation regulates filopodial dynamics by reducing
the length, density, and lifetime of filopodia.
Next, we sought to directly investigate whether the

incorporation of Fascin in filopodia shafts was regulated
by Fascin-K471 acetylation. FRAP was performed with
GFP-tagged WT and mutant Fascin, along with RFP-
tagged actin, to measure the in vivo interaction between
Fascin and F-actin at the base of the filopodium (where
filopodium connects to the cell). We used the rate con-
stant K to quantify the exchange of molecules between
the bleached region and the surrounding area (a per
second unit) in order to assess protein dynamics and
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F IGURE 3 Acetylation of Fascin-K471 by PCAF impairs cancer cell migration and tumor metastasis. A, Western blotting after
restoration of GFP-vector (Vector), Fascin-GFP (WT), FascinK471R-GFP (K471R), and FascinK471Q-GFP (K471Q) expression in stable
Fascin-knockdown KYSE150 and SHEEC cells. Endogenous Fascin and Fascin-GFP were detected using anti-Fascin and GFP-tag antibodies,
respectively. β-actin was used as a loading control. B and C, The migration of Fascin-knockdown KYSE150 (B) and SHEEC (C) cells restored
GFP-vector (Vector), Fascin-GFP (WT), FascinK471R-GFP (K471R), and FascinK471Q-GFP (K471Q) was investigated by using the xCELLigence
Real-Time Cell Analysis DP instrument. Left panel, real-time detection of impedance response/cell index curves determined over 42 h (B) and
49 h (C). Right panel, the slope of the cell profiles. The experiments were performed independently in triplicate. Data are presented as the
mean ± standard deviation (SD). The Student’s t-test was used for statistical analysis. D, Representative mice inoculated with cells in (B)
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interactions with other cellular components [37]. In this
study, the inflow and the outflow K values of Fascin-GFP
denote the association and dissociation rates of Fascin
from F-actin, respectively. By measuring the recovery
of GFP fluorescence, we found no significant difference
in either the inflow or the outflow K values between
FascinK471R and WT Fascin (Figures 4E and 4F and Sup-
plementary Figure S4C), suggesting that FascinK471R also
underwent rapid association/dissociation cycles similar
to Fascin. However, although the inflow K values of
FascinK471Q did not show any changes, its outflow K val-
ues significantly increased compared to that of Fascin-
WT (Figures 4E and 4F, and Supplementary Figure S4C),
implying that K471-acetylated Fascin had even faster
dynamic changes, as shown by its similar association
rate, but had a faster dissociation rate than Fascin, which
may be explained by the decreased binding affinity to F-
actin. Measuring the recovery of LifeAct-RFP fluorescence
demonstrated that there was no significant difference in
the inflow and outflow K values of F-actin between cells
expressing WT Fascin and either mutant form (K471R or
K471Q), suggesting that K471 acetylation had no effect on
F-actin dynamics (Figures 4E and 4F, and Supplementary
Figure S4C).
Finally, to determine whether Fascin-K471 acetyla-

tion affects actin-bundling activity, we performed in-cell
actin-bundling assays and found that the depletion of
endogenous Fascin in KYSE150 and SHEEC cells signif-
icantly decreased F-actin levels, leading to an increased
G/F-actin ratio (Figure 4G and Supplementary Figure
S4D). Additionally, re-expression of either WT or de-
acetylated FascinK471R restored F-actin levels and reduced
the G/F-actin ratio, whereas the restoration of acety-
lated FascinK471Q significantly decreased F-actin levels
and resulted in a higher G/F-actin ratio (Figure 4H and
Supplementary Figure S4D). In addition, we performed
a sedimentation (pelleting) assay at low-speed centrifu-
gation to determine the in vitro F-actin bundling activ-
ity of Fascin and its mutants, as reported previously [6,
38]. We found that the K471Q mutation showed slightly
reduced bundling activity, while the K471R mutation
showed enhanced bundling activity (Supplementary Fig-
ure S4E). In general, these results provide both cellular and

biochemical evidence that the K471 acetylation of Fascin
inhibited its F-actin-bundling activity.

3.5 Acetylation of Fascin-K471 by PCAF
predicted favorable survival of ESCC
patients

Fascin is highly expressed in several types of cancer,
including esophageal cancer, and serves as a predictor of
poor survival in patients [12, 35]. To evaluate the clinical
significance of Fascin-K471 acetylation, after testing the
specificity of the AcK471-Fascin antibody using IHC stain-
ing (Supplementary Figure S5), we examined the AcK471-
Fascin level in a cohort of 146 paired ESCC tissues and
corresponding adjacent normal tissues using IHC staining.
Interestingly, we found that AcK471-Fascinwas detected in
both ESCC and adjacent normal tissues (Figure 5A). Quan-
tification analysis showed that the protein level of AcK471-
Fascin in tumor tissues was significantly lower than that
in the adjacent normal tissues (P = 0.006, Figure 5A).
Remarkably, in contrast to our previous result that the high
expression of Fascin was associated with poor outcome in
patients with ESCC [12, 30], high levels of AcK471-Fascin
were strongly associated with increased OS (P = 0.004)
and DFS (P = 0.007) (Figure 5B). As AcK471-Fascin and
total Fascin display prominent contrary prognostic values,
we further performed combinatory analysis with AcK471-
Fascin and total Fascin in the same cohort which was
analyzed previously [12]. As a result, low levels of total
Fascin concomitant with high levels of AcK471-Fascin in
tumor tissues predicted favorable OS and DFS and was
associated with the longest survival, whereas high levels
of total Fascin together with low levels of AcK471-Fascin
were associated with the shortest survival (Figure 5C). In
addition, we also evaluated the expression of PCAF in
ESCC tissues by IHC to determine whether PCAF func-
tion is consistent with that of AcK471-Fascin in predict-
ing patient survival. Consistently, the clinical outcomes
demonstrated that a high level of PCAF predicted favor-
able OS in patients with ESCC (Figure 5D). Collectively,
the Fascin-K471 acetylation levels in ESCC tissues were
reduced and associated with patient survival, consistent

(upper images), and bioluminescent images (lower images) at 32 days after injection in the left footpad. The invasion sites on the thigh are
magnified. E, Representative excised primary tumors (from the footpad to the heel of the foot; upper images) and invaded tumors (from the
heel of the foot to the inguinal lymph node; lower images) of mice in (D). Primary and invaded tumor weights were compared among the four
groups. Data are presented as the mean ± SD of 8 mice in each group. The Student’s t-test was used for statistical analysis. F, Representative
H&E and IHC staining for GFP was used to detect the primary tumor (upper images) and representative IHC staining of cytokeratin (CK) in
the inguinal lymph nodes (lower images). G, Number of mice with and without lymph node metastases after 32 days of inoculation. *P < 0.05.
Abbreviations: PCAF: P300/CBP-associated factor; GFP: Green fluorescent protein; sh: short hairpin; NC: negative control; HE:
hematoxylin-eosin; IHC: immunohistochemistry; LN: lymph node; CK: cytokeratin; SD: standard deviation
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with the association between PCAF expression and ESCC
patient survival.

4 DISCUSSION

In this study, we identified that Fascin K471 was acetylated
by PCAF, which suppressed the actin-bundling activity of
Fascin, thereby inhibiting cancer cell filopodium forma-
tion and subsequent cancer migration and tumor metasta-
sis. Therefore, we proposed a model in which Fascin may
exist in two states through an acetylation-deacetylation
cycle mediated by the acetyltransferase PCAF and the
unidentified deacetylases to regulate F-actin bundling and
further cell filopodium formation (Figure 6). In this con-
text, PCAF functions as a tumor suppressor in ESCC,
and when its levels are suppressed, Fascin remains in an
unacetylated form with strong F-actin-bundling activity to
promote filopodium formation, leading to cell migration
and tumormetastasis. In contrast, high levels of PCAFmay
result in increased levels of Fascin-K471 acetylation, which
further weakens the bundling activity of Fascin to F-actin,
consequently inhibiting filopodium formation and tumor
metastasis.
Fascin interacted directly with PCAF, and the specific

dependence on the N- and C-terminal BROMO domains
of PCAF was reconfirmed by the interaction of Fascin
with PCAF homolog KAT2A, which has a similar struc-
ture to PCAF but not KAT5 (Supplementary Figure S1A).
Both KAT2A and PCAF/KAT2B have been reported to be
incorporated into large protein complexes [39], defined as
ATAC and SAGA complexes, to carry out acetylation. Fur-
thermore, all four subunits of the SAGA or ATAC HAT
modules are needed for full and specific acetylation activ-
ity [40]. Therefore, in this study, we immunoprecipitated
PCAF from cells and used it for in vitro acetylation assays
to identify the acetylation residues of Fascin. We identified

PCAF-acetylated Fascin at the K471 residue, and this was
verified using a specific antibody in ESCC cells by overex-
pressing and knocking downPCAF expression (Figures 2D
and 2E).
Lysine 471 of Fascin is a conserved residue located at

the C-terminus of Fascin within β-trefoil fold 4. Previ-
ous reports have demonstrated that a mutation at K471
(K471A) decreased the in vitro F-actin-bundling activity
of Fascin [6] largely because K471 is located within a
key actin-binding site of Fascin, wherein the binding of
Fascin to actin filaments interferes with the binding of
a potential tumor metastasis inhibitor, macroketone [13].
The lysine acetylome analysis of epithelia-originated A549
cells treated with the lysine deacetylase inhibitor MS275
[24] and HeLa cells treated with nicotinamide [26] by
MS showed that many lysine residues of Fascin, includ-
ing K471, were acetylated. In terms of the mechanism
of protein lysine residue acetylation, the lysine ε-amino
group is activated for nucleophilic attack on the car-
bonyl group of acetyl CoA to form a tetrahedral inter-
mediate, which then collapses with the loss of CoA to
generate acetyl-lysine. Lysine acetylation, catalyzed by
acetyltransferases, neutralizes the positive charge on lysine
residues. In this study, after identifying the acetylation
of Fascin-K471, we investigated how Fascin function is
regulated by acetylation in ESCC. To this end, we used
amino acid substitution of lysine to glutamine (Q), a polar
uncharged amino acid, to mimic the acetylated lysine,
and to arginine (R), another positively charged amino
acid with a structure similar to lysine, to mimic the
unacetylated lysine. The results of both in vivo and in
vitro studies (Figure 3) indicated that Fascin-K471 acety-
lation plays an important role in F-actin bundling. Our
FRAP experiments revealed that K471 acetylation inhib-
ited Fascin binding to actin, leading to the fast dissocia-
tion of Fascin molecules from F-actin in the filopodium
shaft. These dissociated acetylated molecules mimicked

F IGURE 4 Fascin-K471 acetylation regulates filopodia dynamics by modulating its bundling to F-actin. A, The distribution of actin and
the mean filopodial length and density (filopodium numbers per μm of cell perimeter; at least 50 cells were measured) were analyzed in
KYSE150-shNC and KYSE150-shFSCN1 cells expressing LifeAct-RFP. B, Fascin and F-actin distribution and the mean filopodial length and
density in KYSE150-shFSCN1-#1 cells that co-expressed different types of Fascin-GFP (WT, K471R, or K471Q) along with LifeAct-RFP (at least
50 cells were measured). GFP and RFP fluorescence signals are shown in green and magenta, respectively. C and D, Representative confocal
images of cell filopodia (arrowheads) during their lifetime (right; C). The lifetime of filopodia during one extension and retraction cycle was
quantified (D; n ≥ 100 filopodia in at least 20 cells). E and F, FRAP assays were used to analyze the diffusion of different types of Fascin-GFP
(WT, K471R, or K471Q) and LifeAct-RFP at the filopodia base of cells. GFP (green) and RFP (magenta) fluorescence signals of cell filopodia
were obtained for an overview (left) with time-lapse sequence images of the boxed region in one filopodium before and after photo-bleaching
(right; E). The recovery profile is curve-fit by a double exponential function with recovery constant Kinflow and Koutflow for intra-filopodia
exchange and filopodia-cytoplasmic exchange, respectively (F; n = 30). G and H, F-actin bundling activity of Fascin and its mutant forms was
analyzed by Western blotting. The pellet (P) and supernatant (S) represent F-actin and G-actin, respectively. Bar charts show the
densitometric G-actin/F-actin ratio. Data were obtained from three independent experiments and are presented as the mean ± standard error
of the mean (SEM). Student’s t-test was used for statistical analysis (*P < 0.05; **P < 0.01). Abbreviations: GFP: Green fluorescent protein;
RFP: Red fluorescent protein; sh: short hairpin; NC: negative control; FRAP: fluorescence recovery after photobleaching; P: pellet; S:
supernatant; SEM: standard error of the mean
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F IGURE 5 Fascin-K471 acetylation is associated with ESCC patient survival. A, Representative IHC staining images of AcK471-Fascin in
paired ESCC tissues and adjacent normal tissues (n = 146). The staining scores are shown in the scatter diagram. Data are presented as mean
± SEM. The Student’s t-test was used for statistical analysis. B and C, Kaplan-Meier survival analysis of ESCC patients with different
expression levels of AcK471-Fascin alone (B) or in combination with total Fascin (C). High expression of AcK471-Fascin with concomitant low
expression of total Fascin was significantly associated with the prolonged overall survival (OS) and disease-free survival (DFS) of patients with
ESCC. “Others” indicate patients concurrently expressing high or low levels of Fascin and AcK471-Fascin. D, Representative IHC staining
images of PCAF in ESCC tissues and Kaplan-Meier analysis of OS and DFS of 268 patients with ESCC according to PCAF expression.
Log-rank test was used for survival analysis. Abbreviations: ESCC: esophageal squamous cell carcinoma; SEM: standard error of the mean;
PCAF: P300/CBP-associated factor; IHC: immunohistochemistry; OS: overall survival; DFS: disease-free survival

by FascinK471Q mutants showed weaker interactions
with F-actin and moved more rapidly than deacetylated
Fascin (K471R), leading to rapid and transient interac-
tions with F-actin. In addition, FRAP analysis showed that
Fascin-K471 acetylation had no effect on F-actin kinetics,
suggesting that at the base of the filopodium the mobile
rate of monomers actin is not affected by Fascin-K471
acetylation. According to the results that the G-/F-actin
ratio was affected by the Fascin-K471 acetylation, we spec-

ulated that acetylation of Fascin-K471 results in a fail-
ure of the filopodium elongation, then reducing the con-
tent of F-actin, while the filopodia initiation is indepen-
dent of Fascin-K471 acetylation, which is consistent with
a previous report that Fascin did not participate in filopo-
dia nucleation/initiation but only in elongation/retraction
[41]. Interestingly, considering the similar effects of S39
phosphorylation and K471 acetylation in regulating Fascin
bundling to F-actin and their colocalization in the same
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F IGURE 6 Working model of the PCAF-mediated acetylation
of Fascin at lysine 471 to inhibit tumor cell filopodium formation by
impairing its bundling to F-actin. PCAF functions as a tumor
suppressor in ESCC. When the PCAF level is suppressed, Fascin
remains in an unacetylated form with strong actin-bundling activity
to promote filopodium formation, leading to cell migration and
tumor metastasis. In contrast, increased PCAF levels may result in
increased levels of Fascin-K471 acetylation, further weakening the
bundling activity of Fascin to F-actin and inhibiting filopodium
formation and tumor metastasis. Abbreviations: ESCC: esophageal
squamous cell carcinoma; PCAF: P300/CBP-associated factor

actin-binding site, further studies should be performed to
elucidate whether crosstalk occurs between Fascin phos-
phorylation and acetylation and how they affect each
other.
PCAF was found to acetylate Fascin-K471, and although

the level of Fascin-K471 acetylationwas decreased in ESCC
cancer tissues compared to adjacent normal tissues, the
high level of PCAF in ESCC tissues was associatedwith the
favorable survival of patientswithESCC. There is currently
a lack of consensus regarding the use of PCAF as a tumori-
genic protein or suppressor in different cancers. However,
based on our findings and previous studies, which demon-
strated that PCAF was downregulated in ESCC tissues
compared to adjacent normal tissues [42, 43], we deduced
that PCAF plays an antitumorigenic role in ESCC. We
proposed that the acetylation-deacetylation cycle is crit-
ical for Fascin and, in this study, identified the acetyla-
tion writer PCAF. However, the deacetylases of Fascin and
how they catalyze Fascin deacetylation need to be stud-
ied in the future. Interestingly, recent studies have revealed
that PCAF is also a ubiquitination factor with intrinsic E3
ligase activity [44–46]. Considering that Fascin has also
been found to be ubiquitinated at K471 under DNA dam-
age conditions by MS analysis [47], it would be interest-
ing to investigate whether PCAF ubiquitinates Fascin and

how Fascin acetylation and ubiquitination coordinate in
response to cancer progression and DNA damage in future
studies.

5 CONCLUSIONS

Fascin was acetylated by PCAF at K471, and K471 acety-
lation inhibited the oncogenic function of Fascin in can-
cer progression. This study provides insights into the reg-
ulatory mechanism of acetylation on Fascin function and
highlights the potential therapeutic value of mediating
Fascin-K471 acetylation against tumor metastasis.
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