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Global analysis of histone lysine acetylation and
proteomic changes in EC109 cells treated with
the histone deacetylase inhibitor FK228
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Abstract. FK228 is a selective inhibitor of histone deacety-
lases that exhibits marked antitumor activity in cancer cells
and xenograft models. However, the effect of FK228 on the
global profile of histone lysine acetylation and the proteome
of EC109 cells remains poorly understood. The present study
aimed at analyzing histone lysine acetylation and identifying
the proteomic changes in EC109 cells following treatment with
FK?228, using the stable isotope labelling by amino acids in cell
culture technique and a high-sensitivity mass spectrometer. In
total, 87 acetylation sites and 3,515 proteins revealed changes
in response to FK228 treatment. Of the 87 acetylation sites,
25 were quantifiable and 19 were quantified with ratio of >1.3.
Notably, no downregulated lysine acetylation (Kac) sites were
quantified in the present study and the 62 unquantified Kac sites
were only identified in the FK228-treated cells. Bioinformatic
analysis revealed that these quantifiable proteins were primarily
involved in multiple biological functions and metabolic path-
ways as well as in protein complexes. The results of the present
study revealed the extensive lysine acetylome and proteome in
EC109 cells and expanded upon the current understanding of
the anticancer mechanism of FK228 in EC109 cells.

Introduction

Esophageal cancer (EC) accounts for between 1 and 3% of
all incidences of cancer occurring in the USA, but exhibits a

Correspondence to: Mrs. Xiaohong Xu, Clinical Laboratory
Department, Zhejiang Cancer Hospital, 38 Banshan Road,
Hangzhou, Zhejiang 310022, P.R. China

E-mail: zjhzxxh@163.com

Abbreviations: ESCC, esophageal squamous cell carcinoma;
HATS, histone acetyltransferases; HDACs, histone deacetylases;
FBS, fetal bovine serum; KEGG, Kyoto Encyclopedia of Genes and
Genomes; GO, Gene Ontology

Key words: FK228, ECI09 cells, histone lysine acetylation,
proteome

higher incidence in Asia (1). In China, esophageal squamous
cell carcinoma (ESCC) is the predominant histological subtype
accounting for ~90% of all EC cases (2). Despite progress in
the application of combined chemotherapy and radiotherapy,
ESCC remains an intractable cancer. Thus, the development
of novel antitumor agents to improve the prognosis of patients
with ESCC is urgently required.

Histone acetylation status is controlled by histone acetyl-
transferases (HATSs) and histone deacetylases (HDACs), which
are associated with chromatin structure and influence gene
transcription (3-5). HATs direct the addition of acetyl groups
to lysine residues on histones and regulate gene expression.
HDACSs remove acetyl groups from histones, silencing the
transcription of several oncogenes and tumor suppressor genes.
HDAC inhibitors have been revealed to serve a therapeutic role
in numerous distinct human cancer cell lines (6). FK228, a novel
HDAC inhibitor, has been demonstrated to exhibit antitumor
activity in several cancer cells, alone or in combination with
other drugs or therapeutic methods (7,8) and was approved by
the US Food and Drug Administration in 2009 (9) for use in
patients with cutaneous T-cell lymphoma with a Phase II study
currently in progress in Italy (10). The molecular mechanisms
underlying the antitumor effects of FK228 including apoptosis,
growth arrest and angiogenesis inhibition have been reported,
and gene expression profiling has been performed to evaluate
the effects of FK228 (11-14). However, the effects of FK228
on the global levels of histone acetylation and the proteome of
EC1009 cells remain poorly understood.

The present study aimed at employing integrated approaches
including the stable isotope labeling by amino acids in cell
culture (SILAC) technique and mass spectrometry-based quan-
titative proteomics to quantify the dynamic changes in histone
lysine acetylation and in the proteome in one pair of EC109 cells.

Materials and methods

Cell culture. The ESCC cell line EC109 was acquired from
Shanghai Cell Bank (Shanghai, China) and was maintained
in Dulbecco's modified Eagle's medium (DMEM; Pierce;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco; Thermo
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Fisher Scientific, Inc.) at 37°C in a humidified atmosphere
containing 5% CO,.

(PC)Lysine labeling and FK228 treatment of ECI109 cells.
EC109 cells were grown to 80% confluence in high glucose
(4.5 g/l) DMEM (with glutamine and sodium pyruvate)
containing 10% FBS and 1% penicillin-streptomycin at 37°C
with 95% air and 5%CO,. The cells were subsequently labeled
with either ‘heavy isotopic lysine’ [(*C)lysine, (*C4,°N,)
arginine] or ‘light isotopic lysine’ [('*C)lysine] for >6
generations prior to being harvested to achieve >97% labeling
efficiency by using a SILAC Protein Quantitation kit (Pierce;
Thermo Fisher Scientific, Inc.), according to the manufactur-
er's protocol. Cells were further cultured in SILAC medium to
obtain the desired cell number (~5x10%) in 15,150-cm? flasks.

The ‘light’ labeled cells were treated with 43.5 ng/ml FK228,
and the ‘heavy’ labeled cells were treated with the equivalent
measure of dimethyl sulfoxide. Following treatment, the cells
were maintained in SILAC medium for 24 h before being
harvested and washed twice with ice-cold PBS supplemented
with 2 yM trichostatin A and 30 mM nicotinamide. Following
snap-freezing in liquid nitrogen, the cell pellets were obtained
and stored in a -80°C freezer for future use.

Histone extraction and trypsin digestion. The harvested
‘heavy’ and ‘light’ labeled cells were lysed using 2X NETN
buffer (200 mM NaCl, 2 mM EDTA, 100 mM Tris-HCI and
1.0% NP-40; pH7.2) supplemented with 0.5% Triton X-100
on ice for 30 min. The supernatants were retained following
centrifugation at 20,000 g for 10 min at 4°C. Next, equal
amounts of crude proteins were mixed in the supernatants
labeled ‘heavy’ or ‘light’, and the crude proteins were then
precipitated by adding trifluoroacetic acid (TFA) at a final
concentration of 15% (v/v) (soluble fraction). The protein
pellets were washed twice with 20°C acetone prior to being
dissolved in 100 mM NH,HCO; (pH 8.0) for trypsin digestion.
The remaining cell pellets were dissolved in 8 M urea to extract
the chromatin-binding proteins. The protein concentration was
measured using a bicinchoninic acid assay kit (Thermo Fisher
Scientific, Inc.) and equal amounts of chromatin-binding
proteins were added to the urea solution and the proteins were
precipitated by adding TFA at a final concentration of 15%
(v/v) (nuclear pellet fraction). The protein pellets were washed
twice with -20°C acetone prior to being dissolved in 100 mM
NH,HCO; for trypsin digestion.

Trypsin (Promega Corporation, Madison, WI, USA) was
added to the protein solution at a trypsin to protein ratio of 1:50
(w/w) for digestion at 37°C for 16 h. DTT was added to obtain
a final concentration of 5 mM prior to incubation at 50°C for
30 min. Iodoacetic acid was subsequently added to alkylate the
proteins and achieve a final concentration of 15 mM; this was
then followed by incubation at room temperature in the dark
for 30 min. The alkylation reaction was quenched by adding
30 mM cysteine (final concentration) at room temperature for
another 30 min. Trypsin was then added again at a trypsin to
protein ratio of 1:100 (w/w) for digestion at 37°C for 3 h to
complete the digestion cycle.

Western blot. Total proteins (30 ug) were isolated from FK228
treated EC109 cells and were separated using SDS-PAGE

PAN et al: LYSINE ACETYLOME AND PROTEOME IN EC109 CELLS FOLLOWING FK228 TREATMENT

(15% gel), and then transferred to nitrocellulose membranes.
After being blocked for 1 h with the Tris/NaCl containing 5%
milk powder, the membranes were probed using an acetylated
lysine antibody in a 1:1,000 dilution overnight at 4°C (cat.
no., ab80178; PTM Biolabs, Hangzhou, China). Secondary
horseradish peroxidase-labeled anti-goat/rabbit immuno-
globulin G (cat. no., 111-035-006; Zhongshan Corp., Beijing,
China) was used in a 1:10,000 dilution for 2 h at room tempera-
ture. The protein expression of each sample was normalized
by that of GAPDH with Quantity One software (version 4.6.9;
Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Affinity enrichment of histone lysine-acetylated peptides.
Affinity enrichment was performed for the histone peptides.
To enrich the lysine-acetylated peptides, the tryptic peptides
were divided into three groups and dissolved in NETN buffer
(100 mM NaCl, 1 mM EDTA, 50 mM Tris-HCI and 0.5%
NP-40, pH 8.0) separately. The peptides were then incubated
with pre-washed antibody beads (PTM Biolabs, Hangzhou,
China) at 4°C overnight with gentle shaking. Next, the beads
were washed four times with NETN buffer and twice with
double-distilled water. The bound peptides were eluted from the
beads using 0.1% TFA and the eluted fractions were combined
and vacuum-dried. The resulting peptides were cleaned using
CsZipTips (EMD Millipore, Billerica, MA, USA), according
to the manufacturer's protocol, prior to liquid chromatography
tandem-mass spectrometry (LC-MS/MS) analysis.

LC-MS/MS analysis. The peptides were dissolvedin(.1% formic
acid and loaded directly onto a reversed-phase pre-column
(Acclaim PepMap 100; Thermo Fisher Scientific, Inc.). Peptide
separation was performed using a reversed-phase analytical
column (Acclaim PepMap RSLC; Thermo Fisher Scientific,
Inc.) with a linear gradient of 5-35% solvent B (0.1% TFA in
98% acetonitrile) for 30 min and 35-80% solvent B for 10 min
at a constant flow rate of 300 nl/min on an EASY-nLC 1000
UPLC system (Thermo Fisher Scientific, Inc.). The resulting
peptides were analyzed using a Q Exactive™ Plus mass
spectrometer (Thermo Fisher Scientific, Inc.). Subsequently,
the peptides were subjected to a nanospray ionization source,
followed by tandem mass spectrometry (MS/MS) in Q Exactive
(Thermo Fisher Scientific, Inc.) coupled online to the UPLC.
Intact peptides were detected in the Orbitrap at a resolution
of 70,000. The peptides were selected for MS/MS using 27%
normalized collision energy (NCE) with 12% stepped NCE;
ion fragments were detected in the Orbitrap at a resolution of
17,500. A data-dependent procedure that alternated between
one MS scan followed by 20 MS/MS scans was applied for the
top 20 precursor ions above a threshold ion count of 3x10* in
the MS survey scan with 15.0 sec dynamic exclusion. The elec-
trospray voltage applied was 1.8 kV. Automatic gain control
was used to prevent overfilling of the ion trap; 1x10° ions were
accumulated for generation of the MS/MS spectra. For the MS
scans, the m/z scan range was between 350 and 1,600 Da.

Database search. The resulting MS/MS data were processed
using MaxQuant with integrated Andromeda search engine
(version 1.4.1.2; www.maxquant.org). Tandem mass spectra
were searched against the UniProt/Swiss-Protdatabase
concatenated with a reverse decoy database. Trypsin/P was
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specified as the cleavage enzyme, allowing up to two missing
cleavages, four modifications per peptide and five charges. The
mass error was set to 10 ppm for precursor ions and 0.02 Da
for fragment ions. Carbamidomethylation on cysteine residues
was specified as a fixed modification, and oxidation on methio-
nine residues and acetylation on the N-termini of the proteins
were specified as variable modifications. False discovery rate
thresholds for the protein, peptide and modification site were
specified at 1%. The minimum peptide length was set at 6. All
the other parameters in MaxQuant were set to default values.

Functional enrichment analysis. To further explore the effect
of the differentially expressed proteins on the physiological
processes in the cells and to identify the internal associations
between the differentially expressed proteins, the functions
of the differentially expressed proteins were classified and
the significance of functional enrichment of Gene Ontology
(GO) terms (biological process, cellular component, molecular
function), domains and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway were analyzed.

Protein annotation, classification and subcellular location
prediction. The GO annotation proteome was derived from the
UniProt-GOA database (www.ebi.ac.uk/GOA). First, the iden-
tifier (ID) of the identified protein was converted into a UniProt
ID and then mapped to GO IDs by the protein ID. If identified
proteins were not annotated by the UniProt-GOA database,
InterProScansoft would be used to annotate the protein's GO
function using the protein sequence alignment method. The
proteins were then classified by their GO annotation based on
three categories: Biological process, cellular component and
molecular function. The KEGG database was used to annotate
the protein pathways. First, the KEGG online service tool,
KAAS, was used to annotate the protein's KEGG database
description. The annotation result was then mapped on the
KEGG pathway database using the KEGG online service
tool, KEGG mapper. Next, WoLFPSORT (https:/wolfpsort.
hgc.jp/), a subcellular localization predication software, was
used to predict the subcellular localization of the proteins. A
two-tailed Fisher's exact test was used to statistically analyze
the difference among members of protein clusters in specific
annotation terms. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results and Discussion

FK228 increased global histone lysine acetylation in the
EC109 cells. The viability of the EC109 cells decreased upon
treatment with increasing doses of FK228. The cells were
maintained in SILAC medium for 24 h for the lysine acetyla-
tion experiments. The global lysine acetylome was detected
using western blotting (data not shown).

Next, site-specific identification of histone lysine acetylation
in the EC109 cells was carried out. SILAC-based quantitative
proteomics was carried out to profile histone lysine acetylation
with or without FK228 treatment. A total of 87 lysine acetyla-
tion (Kac) sites from the histones and HATs were identified in
the present study, of which 25 sites were quantifiable and 19
were quantified with a ratio of >1.3 (Fig. 1A). The representa-
tive spectra of the histone lysine-acetylated peptides are shown
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Table I. Summary of the identified lysine acetylation sites
and the quantifiable changes in the EC109 cells treated with
FK228.

Modified sequence Quantifiable

Modified site of peptide fold change
H1K17ac _APAEK(ac)TP_ 292
H2AK96ac _EELNK(ac)LLG_ 1.36
H2AK285ac _WGADK(ac)CEE_ 1.39
H2BK12ac _PAPK(ac)K(ac)GS_ 130.67
H2BK13ac _PAPK(ac)K(ac)GS_ 130.67
H2BK16ac _GSK(ac)K(ac)AVTK _ 130.67
H2BK17ac _GSK(ac)K(ac)AVTK _ 130.67
H2BK18ac _K(ac)GSK(ac)K(ac)AV_ 130.67
H2BK21ac _ K(ac)K(ac)AVTK(ac) _ 130.67
H2BK?22ac _K(ac)K(ac)AVTK((ac) _ 130.67
H2BK44ac _YSVYVYK(ac)VLK_ 1.51
H2BK109ac _GELAK(ac)HAVS _ 1.39
H3K?24ac _QLATK(ac)AAR _ 594
H3K57ac _QK(ac)STELLIR _ 1.49
H3K80ac _AQDFK(ac)TDR _ 1.14
H3K123ac _PK(ac)DIQLAR_ 1.4
H4K32ac _IQGITK(ac)PAIR _ 1.23
H4K60ac _GVLK(ac)VFLEN_ 1.19
H4K80ac _K(ac)TVTAMD_ 1.59
H4K92ac _MDVVYALK(ac)R_ 1.18

H, histone; K, lysine; ac, acetylation.

in Fig. 1B-F, including the spectra for the H3K24ac, H2K 14ac,
H2K17ac and H2K22ac peptides. Notably, no downregulated
Kac sites were quantified in the present study. Furthermore,
the 62 unquantified Kac sites were only identified in the
FK228-treated cells. The distinct profiles of histone lysine
acetylation following FK228 treatment revealed the effects of
FK?228 on the EC109 cells. The sequences of the identified
lysine-acetylated peptides in the core histones and the corre-
sponding quantitative changes in the Kac profiles in response
to FK228 treatment are summarized in Table I.

The abundance of the identified Kac sites in the EC109
cells was compared. The relative abundance was calculated
based on the ratio of the peak areas of the same parent ions
labeled by the light and heavy isotopes in the MS spectra.
Among these Kac sites, H2BK12ac, H2BK13ac, H2BK16ac,
H2BK17ac, H2BK18ac H2BK?21ac and H2BK?22ac exhibited
significant differential abundance sites, with a 130-fold differ-
ence between the FK228-treated and -untreated cells. To the
best of our knowledge, the present study is the first to identify
these Kac sites in EC109 cells and their functions require
further investigation in future studies. In the acetylation
site of H3K 24, its abundance in the EC109 cells exposed to
FK?228 was increased 5.9-fold compared with that observed
in the EC109 cells that were not treated with FK228. The
acetylation level in H1K17ac was also increased 2.92-fold in
the EC109 cells following FK228 treatment. These results
provide a comprehensive identification of sites of histone
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Figure 1. Identification and quantification of Kac sites in EC109 cells. (A) Illustration of the identified Kac sites in EC109 cells treated with FK228. The
identified sites are numbered and highlighted. Tandem mass spectrometry spectra of tryptic peptide on: (B) H2BK13-ac peptide_SAPAPK (ac)K(ac)GS;
(C) H2BK17-ac peptide_GSK(ac)K(ac)AVTK; (D) H3K24-ac peptide_QLATK(ac)AAR; (E) H4K13-ac peptide_GK(ac)GGK(ac)GLGK(ac)GGAK(ac)R;
(F) H1K17-ac peptide_ PAPAEK (ac)TPVK; (G) HIK63-acpeptide_ SGVSLAALK(ac)K.H, histone; K, lysine; ac, acetylated.

lysine acetylation and reveal the potential epigenetic mecha-
nism underlying the effects of FK228 in the EC109 cells. The
results of the present study suggest that FK228-based therapy
may have potential for use in treating ESCC.

FK?228, one of the powerful HDAC inhibitors, inhibits
class  HDAC enzymes more than class II HDAC enzymes. It
inhibits the removal of acetyl groups from the lysine residues
of N-terminal histone tails (15) and also alters the acetylation
of other nuclear and cytoplasmic proteins including heat-shock
protein 90 chaperone proteins (11). Histone acetylation states are
crucial to a number of cellular processes; for example, the cycles

of acetylation and deacetylation may prepare the genes including
oncogenes and tumor suppressor genes for future activation. The
present study observed the distinct effects of FK228 on histone
lysine acetylation in the EC109 cells. Almost all the quantifiable
lysine-acetylated sites were in the N-termini of core histones,
suggesting the profound epigenetic modulation mechanism
underlying the effect FK228 in the EC109 cells. Among the quan-
tifiable lysine-acetylated sites, 22 sites were novel acetylated sites
and seven sites significantly increased their acetylation level in
response to FK228 exposure. Further studies should focus on the
lysine-acetylated sites that demonstrated significant alterations
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Figure 2. Gene Ontology-based enrichment in the upregulated proteins, as determined by functional enrichment analysis.

in histones to explore the epigenetic mechanism underlying the
effect of FK228 in the EC109 cells.

Proteome profile of the ECI109 cells treated with FK228.
HATS, which acetylate the lysine residues of histone proteins,
facilitate the access of numerous transcriptional factors to the
DNA and consequently activate the expression of the target
genes. Therefore, the increased or decreased level of histone
lysine acetylation may correspondingly alter the proteome of
the EC109 cells. To confirm this, quantitative proteomics was
performed to profile the proteome of the EC109 cells with
or without FK228 exposure. A total of 5,279 proteins were
identified in the EC109 cells, of which 3,515 proteins were
quantified. Of these 3,515 quantifiable proteins, 675 proteins
demonstrated increased histone lysine acetylation levels and
186 proteins demonstrated decreased levels, which suggested
that the distinct profiles of histone lysine acetylation induced
by FK228 treatment may lead to distinct proteomic profiles.

Biological functions of the quantified proteins in the EC109
cells treated with FK228. To gain a better understanding of
the function and characteristics of the quantified proteins,
the functions or features of the proteins from several distinct
categories, including GO terms, domains, pathways and
subcellular localization were noted. The proteins were clas-
sified by GO annotation on the basis of three categories:
Biological process, cellular component and molecular func-
tion. In the biological process category (Fig. 2), the proteins
associated with the regulation of biological processes, biolog-
ical regulation, regulation of the type I interferon-mediated
signaling pathway, regulation of protein stability, regulation of

cellular processes and negative regulation of signal transduc-
tion were upregulated, whereas those associated with cellular
hormone metabolism, hormone metabolism, carboxylic acid
metabolism, lipid metabolism, oxoacid metabolism, steroid
metabolism, hormone biosynthesis and organic acid metabo-
lism were downregulated (Fig. 3). These results implied that
FK?228 treatment affected biological regulation and hormone
metabolism in the EC109 cells.

Enrichment analysis of the molecular functions revealed
that proteins associated with protein binding, actin binding,
metal ion binding and cation binding were upregulated
(Fig. 2), whereas those associated with oxidoreductase activity
and aldo-ketoreductase (nicotinamide-adenine dinucleotide
phosphate) activity were downregulated (Fig. 3). These results
suggested that the proteins involved in binding functions,
which may regulate enzyme activity, were enriched following
FK228 exposure. Analysis by cellular component revealed
that the endoplasmic reticulum lumen was the major cellular
component in the EC109 cells that responded to the acetyla-
tion changes. Therefore, the GO analysis suggested that the
enriched biological functions were associated with lysine
acetylation, implying an HDAC-inhibiting role of FK228 in
the EC109 cells.

Domain structure is a major functional element in proteins.
To investigate the domain features of the enriched proteins,
the proteins that were enriched upon FK228 treatment were
analyzed using Interpro domain enrichment analysis. The
results revealed that protein domains including the PDZ
domain, zinc finger domain and EF hand domain were
enriched following FK228 treatment (Fig. 4).
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Next, pathway clustering analysis of the FK228-responsive
proteome from the KEGG database was performed to examine
the cellular pathways affected by FK228 treatment (Fig. 5).
The results revealed that protein processing in the endoplasmic
reticulum, Vibrio cholerae infection, epithelial cell signaling
in Helicobacter pylori infection and toxoplasmosis were the
most distinct signaling pathways exhibiting increased protein
levels in the FK228-treated cells. This suggested a role for
FK?228 in these signaling pathways. However, the protein level
in the signaling pathway of ovarian steroidogenesis and steroid
hormone biosynthesis was decreased in the FK228-treated
cells. These results were in agreement with those observed in
biological process regulation, where the hormone metabolism
signaling pathway and others were downregulated.

In the present study, quantitative proteomics and bioin-
formatic analysis were used to characterize the global profile
of histone lysine acetylation and the quantitative proteomic
changes in EC109 cells treated with FK228. A number of
Kac sites including novel acetylation sites were identified in
the EC109 cells. As histone lysine acetylation regulates the
activation of gene transcription by regulating the binding
of histone proteins to DNA, the different levels of histone
lysine acetylation observed in the present study may affect
the expression profile of the proteome. Bioinformatic analysis
further revealed that FK228 regulates protein expression by
affecting multiple biological signaling pathways and protein
complexes in the EC109 cells. The results of the present study
improve current knowledge of the therapeutic properties and
the molecular mechanism underlying the effects of FK228 as
an HDAC inhibitor in EC109 cells.
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