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Abstract: Objective: The current study aimed to explore differential expression levels of proteins and acetylation 
between esophageal squamous carcinoma cells (ESCCs) and cancer stem-like cells (CSCs) using proteomic analy-
sis. Materials and methods: Eca-109 cells were divided into the CSCs group and ESCCs group by serum-free and 
serum culturing. This study measured CD44 expression, cell proliferation, and plate cloning formation, aiming to 
identify characteristics of cancer stem cells. Furthermore, Tandem Mass Tags (TMT)-based quantitative proteomics 
and bioinformatic analysis were used to analyze proteomics. Results: Positive rates of CD44 and proliferation rates 
in the CSCs group were higher than those in the ESCCs group. Plate cloning formation showed that D0, Dq, N, and 
SF2 values were significantly higher in the CSCs group, with a radiation sensitization ratio of 1.556. Furthermore, a 
total of 5,262 proteins and 687 acetylated sites in 433 proteins were identified. In addition, 53 acetylated sites were 
increased, while 67 acetylated sites were decreased in CSCs group. The most conspicuous regulation in histones of 
ESCC was histone H3.3 and histone H1x, while the most in acetylated non-histones were histone-lysine N-methyl-
transferase NSD2 and transmembrane and TPR repeat-containing protein 3. Bioinformatic analysis further revealed 
that those acetylated sites were involved in DNA metabolism, cell adhesion, glycolysis and gluconeogenic pathways, 
carbon metabolism, and protein processing in the endoplasmic reticulum. Conclusion: The current study provides 
a comparative survey of proteins and lysine-acetylation in ESCCs and CSCs. Differentially-expressed proteins and 
acetylation could be a potential new target for esophageal squamous carcinoma treatment.
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Introduction

Worldwide, incidence rates of esophageal can-
cer rank eleventh for all cancers, while ranking 
ninth in mortality. Half of the cases of esopha-
geal cancer have occurred in China, with ESCC 
accounting for approximately 90% of the cases 
[1-3]. However, 5-year overall survival rates for 
ESCCs treated with a combination of surgery, 
radiotherapy, and chemotherapy remain less 
than 20% [4]. 

CSCs are a subgroup of tumor cells. They are 
resistant to many conventional therapies 
through self-renewal and proliferation [5-9]. It 
has been shown that CSCs contribute to occur-
rence, development, recurrence, metastasis, 
and the failure of conventional cancer thera-
pies [10, 11]. CD44 is a marker for esophageal 
cancer stem cells, used to screen for esopha-

geal cancer stem cells [12]. Acetylation is 
involved in various stemness-related signal 
pathways, influencing their functional roles in 
sustaining CSCs properties [13]. Moreover, H3 
hypoacetylation had been found to correlate 
with the severity and histological differentiation 
of ESCC, suggesting that aberrant histone acet-
ylation might play a large role in the develop-
ment and progression of ESCC [14]. Currently, 
there are no effective targeted therapy mea-
sures for esophageal cancer. Therefore, with 
the goal of developing new targets for CSCs, 
investigators are currently studying several pro-
teins and modification sites intended to target 
CSCs [15-17]. However, there is no comprehen-
sive information on proteins and acetylation in 
CSCs of ESCC. The most critical issue is that 
key acetylated proteins and sites between 
ESCCs and CSCs remain unclear. Studying the 
acetylation-related biological regulation of 
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ESCCs and CSCs might provide new insight, 
leading to better treatment methods for ESCC.

Tandem Mass Tags (TMT)-based quantitative 
proteomics relies heavily on mass spectrome-
try, with high sensitivity, high-throughput, and 
high automation. It has been widely used in 
drug targeting and disease resistance research 
[18, 19]. The current study used a combination 
of TMT labeling and liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) synthesis 
to quantify changes in protein acetylation, 
including histone or non-histone proteins of 
ESCCs and CSCs. Bioinformatic analysis was 
further used to analyze quantifiable proteins 
and acetylation, aiming to reveal the biological 
characteristics of ESCCs and CSCs, providing 
new insight for targeted therapy measures for 
ESCC at the molecular level.

Materials and methods

Cell sphere-forming culture

Human esophageal squamous carcinoma Eca-
109 cell lines (ESCCs) were purchased from 
Shanghai Biological Cell Bank (Shanghai, Ch- 
ina). The cells were cultured in serum-supple-
mented medium (SSM) containing RPMI-1640 
medium (Gibco, United States), 10% fetal calf 
serum (FBS) supplemented with 100 U/mL 
penicillin, and 100 μg/mL streptomycin. It was 
incubated at 37°C in a 5% CO2 humidity incuba-
tor. Cells were passaged every 2 days. Cells in 
the logarithmic phase were chosen for experi-
mentation. The serum free medium (SFM) con-
sisted of RPMI-1640 (1:1), B27 (1:50) (Gibco, 
United States), epidermal growth factor (20 ng/
mL), basic fibroblast growth factor (20 ng/mL), 
insulin 5 μg/mL, transferrin 10 μg/mL, and 
0.5% bovine serum albumin. The cells were 
resuspended in SFM and plated in low adhe-
sion 6-well culture plates (Corning, United 
States) at 1×105 cells/well. They were then 
incubated at a constant temperature with a 
humidity incubator (37°C, 5% CO2). Fresh SFM 
(1 mL) was added every other day to replenish 
the old medium.

Self-renewal and induced differentiation of cell 
spheres

Logarithmic phase Eca-109 cells were collect-
ed. Moreover, 0.25% pancreatin containing 
0.02% EDTA was used to digest monolayer 

adherent cultured Eca-109 cells. The superna-
tant was discarded after centrifugation and 
SFM was added for blowing to mix fully into a 
single cell suspension. The cells were then plat-
ed in low adhesion 6-well culture plates at 
1×105 cells/mL, with 2 mL/well. Every other 
day, Fresh SFM (1 mL) was added to replenish 
the old medium. Cell spheres were collected 
6-8 days after routine culturing, then mechani-
cally dispersed to form a single cell suspension. 
Next, after centrifugation and 0.01M PBS 
washing 1 time, the cells were resuspended in 
the SFM. They were then incubated at constant 
temperature with a humidity incubator (37°C, 
5% CO2). After 6 to 8 days of culturing, the cells 
were passaged at a proportion of 1:2. Cell 
spheres formed 10 days after culturing in SFM. 
They were placed in SSM again and differenti-
ated. Morphological changes were observed 
under an inverted microscope.

Cell proliferation assay

Eca-109 cells and cell spheres (CSs) were, 
respectively, made into two single cell suspen-
sions. They were placed in 96-well plates at a 
density of 1×104 cells/well in a volume of 100 
μL/well. Cell Counting Kit-8 (CCK-8) was used 
to determine cell proliferation of the two groups 
for 0, 24, 48, and 72 hours, respectively, with 6 
wells per time period. Next, the mixture was 
added with 100 μl/well of fresh medium, con-
taining 10% CCK-8. After the cells were incu-
bated at 37°C for 2 hours, absorbance values 
were detected at 450 nm on a microplate read-
er. A cell growth curve was plotted with A450 
on the Y axis and time on the X axis. Growth 
curves of two group cells are shown for each 
treatment at 0, 24, 48, and 72 hours.

Colony forming ability and clone formation 
assay

Adherent culture cells and cell spheres were 
digested and evenly inoculated into 6-well 
plates at different densities. They were then 
subjected to different irradiation doses (0, 2, 4, 
6, and 8 Gy). Three samples were used in each 
group and each irradiation dose. The cells were 
then cultured for 10-14 days after irradiation. 
Next, the cells were fixed in methanol and 
stained with crystal violet. Cell colonies were 
observed and counted. The size and number of 
cell colonies were further compared. Cell colo-
nies with more than 50 cells were counted 
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under microscopy. A medical linear accelerator 
(Varian, United States) was then employed for 
radiation, with a 6 MV X-ray, 30 cm×30 cm 
beam size, and 1 Gy/min dosage rate, as well 
as a radiation source at a distance of 100 cm 
from the cell growth surface. Planting efficie- 
ncy in different experimental conditions was 
calculated. Planting efficiency: PE (%) = colony 
number/inoculated cells×100% and survival 
fraction; SF = colony number in one irradia- 
tion dose group/(inoculated cells in the gr- 
oup×PE in the non-irradiation group). A cell sur-
vival curve was fitted using a multi-target sin-
gle-hit model S = 1 - (1-e-D/Do) N using 
GraphPad Prism 5 Demo software. Radio- 
biological parameters, D0, Dq, and SF2, were 
assayed and calculated. Independent experi-
ments were repeated 3 times.

Detection of cell surface markers CD44+

Suspended cultured esophageal cancer cell 
spheres, passaged after 3 generations, and 
cultured adherent cancer cells were collected. 
The cells were digested or mechanically dis-
persed into single cell suspensions 24 hours 
after irradiation. Cells at a density of 1×105/100 
μL were incubated with rat against human 
CD44-FITC (Abcam, United States). No antibod-
ies were added to the control group. Cells were 
then incubated for 30 minutes at 4°C in the 
dark. They were rinsed twice in PBS, followed 
by detection using flow cytometry. All experi-
ments were carried out in triplicate within 1 
hour of staining. All experiments were repeated 
three times. CD44+ esophageal squamous cell 
lines were separated from tumor cells using 
flow separation technology. They were defined 
as CSCs, while CD44-esophageal squamous 
cell lines separated from adherent cells were 
defined as ESCCs.

TMT and proteomic quantification

Next, TMT and mass spectrometry (MS) data 
acquisition was conducfted. Briefly, CSCs and 
ESCCs were used to quantify dynamic changes 
of lysine acetylation through an integrated 
approach, involving TMT coupled with MS-based 
quantitative proteomics. First, CSCs and ESCCs 
cells were labeled with the 4-plex TMT kit. 
Briefly, one unit of TMT reagent (Thermo, USA) 
was defined as the amount of reagent required 
to label 1 mg of protein. The two cell lines exhib-
ited > 97% labeling efficiency. They were har-

vested and lysed for protein extraction. After 
digestion with trypsin, the resulting peptides 
were immuno-precipitated with anti-Kac pan-
antibodies (1:200; PTM Biolab, Zhejiang, China) 
to enrich for acetylated lysine peptides. Finally, 
the enriched Kac-containing peptides from 
each cell line were subjected to HPLC-MS/MS 
analysis. HPLC-MS/MS was performed using 
an LTQ Orbitrap Velos mass spectrometer 
(Thermo Scientific, MA, USA), coupled with an 
Eksigent nanoLC-1D plus pump (Eksigent 
Technologies, CA, USA). Mass spectra were 
generated by Fourier Transform mass spec-
trometry (FTMS) using the Orbitrap™ analyzer 
at 70,000 resolution and 100 m/z. This was fol-
lowed by collision-induced dissociation (CID) in 
the Velos™ dual cell linear trap at 35% normal-
ized collision energy. MS/MS data were pro-
cessed using MaxQuant integrated with the 
Andromeda search engine (v.1.5.2.8). Tandem 
mass spectra were searched against the 
SwissProt human database (20,130 protein 
sequences).

Protein-protein interaction analysis

Kac protein identification was searched against 
the STRING (http://string-db.org/) database 
version 10.0 for protein-protein interactions. 
Only interactions between the proteins con-
tained in the searched data set were selected. 
STRING defines a metric called “confidence 
score” to define interaction confidence. In- 
teractions are fetched when a confidence score 
is ≥ 0.7 (high confidence). The interaction net-
work from STRING was visualized using 
Cytoscape (http://www.cytoscape.org/v.3.2.1).

Statistical analysis

MS/MS data were processed using MaxQuant 
integrated with the Andromeda search engine 
(v.1.5.2.8). Tandem mass spectra were se- 
arched against the SwissProt human database. 
Expression changes of more than 1.5-fold were 
set as the differentially quantified threshold. 
Data are expressed as the mean ± SD of  
at least three independent experiments. Pr- 
oliferation of Eca-109 adherent cells and Eca-
109 spheres, as well as clonal formation of 
adherent cells and CSs, were compared using 
Student’s t-tests. Optical densities of the Eca-
109 adherent cells and Eca-109 spheres for 0, 
24, 48, and 72 hours, as well as the SF of the 
Eca-109 CSs and Eca-109 cells for 0, 2, 4, 6, 
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and 8 Gy, were analyzed for variance using 
ANOVA. All analyses used GraphPad Prism  
5.0 software. P < 0.05 indicates statistical 
significance.

Results

Culture and multiplication capacity of CSCs

Cell spheres (CSs) have characteristics of 
CSCs. They were isolated from Eca-109 cells 
with 1 x 105 cell /mL density in a serum-free 

groups visible to the naked eye were photo-
graphed and counted. Sizes and numbers of 
clonal groups were compared, respectively 
(Figures 3, 4). The ability of clonal formation of 
adherent cells and CSs was compared. The 
clonal formation rate of adherent cells was 
32.5 ± 4.203%, while that of CSs was 63.75 ± 
6.652%, with statistically significant differenc-
es (P < 0.05, Figure 3). After irradiation, the  
formation rate of CSs increased gradually  
with doses of 2, 4, and 6 Gy (P < 0.05, Figure 
5). Results showed that irradiation improved 
the formation rate of CSs in Eca-109 lines  
in vitro. Eca-109 CSs and Eca-109 cells D0 
were 3.103 and 1.981. Eca-109 CSs and  
Eca-109 cells Dq were 3.33 and 0.872. Eca-
109 CSs and Eca-109 cells N were 1.553  
and 2.927. Eca-109 CSs and Eca-109 cells 
SF2Gy were 0.507 and 0.890 (P < 0.05). 
Results showed that Eca-109 CSs had stronger 
radiation resistance than Eca-109 cells. The 
sensitization ratio was 1.556 (Figure 6, Table 
2). Results also showed that expression of 
CD44+ in CSs was 66.74%, markedly higher 
than that in Eca-109 cells (Figure 7). CD44+ 
esophageal squamous cell lines were CSCs, 
while CD44-esophageal squamous cell lines 
were ESCCs.

Figure 1. Observation under an inverted phase contrast microscope indi-
cates most cell spheres adhered after 1, 3, 5, and 7 days (×200, 1×105 
cells/mL).

Figure 2. Cell growth was determined by CCK-8 as-
says. The multiplication capacity of Eca-109 cell 
spheres was significantly higher than that of normal 
adherent cells.

suspension culture. The cells 
were visualized with an invert-
ed phase contrast micro-
scope. Cell clusters of differ-
ent sizes were suspended in 
SFM. After a time period, the 
tumor spheres were gradually 
enlarged and rounded (Figure 
1). CCK-8 was used to mea-
sure optical densities of the 
two group cells for 0, 24, 48, 
and 72 hours, respectively. 
Results showed that the pr- 
oliferative capacity of tumor 
spheres was significantly high-
er than that of adherent cells 
(P < 0.05, Figure 2 and Table 
1). 

Colony forming ability, colony 
forming efficiency (CFE), and 
flow cytometry

The clonal formation ability of 
adherent cells was compared 
with that of the CSs. After 
crystal violet staining, clonal 
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Quantification overview of proteins and acety-
lated sites

Present results indicated that a total of 5,262 
proteins were identified in the two groups. 
Upregulation of 187 proteins and downregula-
tion of 83 proteins were detected in the CSCs 
group, compared to the ESCCs group (> 1.5 
times). In addition, 53 acetylated sites on 46 
proteins were increased, while 67 acetylated 
sites on 60 proteins were decreased in the 
CSCs group (> 1.5 times) (Figure 8). Scatter 
diagrams were used to verify that there were 
no significant differences concerning differen-
tial expression levels of acetylated proteins in 
2 paired cells (y = 0.8671x-0.7361, R2 = 
0.4013).

Protein annotation

For histone acetylation differentially-expressed 
by CSCs and ESCCs, histone H1x was noted  
for the largest changes of downregulation. 
Histone H3.3 showed the greatest degree  
of upregulation in ESCCs. Additionally, trans-
membrane and TPR repeat-containing protein 
3 was the acetylated non-histone with the  
most upregulation, while histone-lysine N- 
methyltransferase NSD2 showed the most 
downregulation.

increased around Kac sites. The different pre-
ferred amino acids surrounding Kac reflected 
the special recognition of the enzymes that 
catalyzed acetylation in each group. Further 
investigation is necessary to explore the activi-
ty of different enzymes in these sites.

Functional annotation of the Lys acetylome in 
ESCC

GO annotation analysis was used to further rec-
ognize characteristics of the identified acety-
lated proteins (Figure 10). According to GO 
annotation, the functions of acetylated proteins 
were divided into cell component, molecular 
function, and biological process.

Results of cell component revealed that upreg-
ulated and downregulated acetylated proteins 
were mainly distributed in cells (21% and 22%), 
organelles (21% and 21%), membrane-enclosed 
lumen (14% and 15%), extracellular region (14% 
and 11%), membranes (11% and 12%), and 
macromolecular complex (11% and 19%). 
Regarding biological processes, overexpres-
sion or low-expression of acetylated proteins in 
CSCs were involved in the cellular process (15% 
and 15.3%), metabolic process (11% and 
13.0%), single-organism process (13% and 
12.3%), and biological regulation (10% and 

Table 1. Comparison of proliferation of Eca-109 adherent cells and Eca-109 spheres
Group 0 24 h 48 h 72 h
Eca-109 cells cell 0.1751 ± 0.01382 0.4358 ± 0.01831 0.7686 ± 0.06916 1.460 ± 0.08790
Eca-109 spheres 0.1430 ± 0.01744 0.5703 ± 0.04437 1.096 ± 0.05481 1.698 ± 0.01619
P value 0.0271 0.0008 0.0005 0.0041

Figure 3. Eca-109 spheres and Eca-109 cells were cultured for 13 to 15 
days and stained with crystal violet.

Motif analysis of acetylation

In the CSCs, 4 acetylation site 
motifs (10 amino acids, both 
upstream and downstream  
of the acetylation lysine site 
(Kac)) were identified, based 
on 682 unique acetylated 
sites using the Motif-X pro-
gram. KacK, KacR, Kac.K, and 
Kac.K, were enriched and con-
served. A motifs enrichment 
heat map (Figure 9) showed 
the abundance or loss of  
special amino acids adjacent 
to Kac sites. Lysine (K), Al- 
anine (A), arginine (R), and  
glycine (G) were significantly 
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11%). Based on molecular function classifica-
tion, under-expressed or over-expressed acety-
lated proteins mainly associated with binding 

(51% and 55%) and catalytic activity (29% and 
19%). Analysis of subcellular localization eluci-
dated the proteins function. Present data 
showed that upregulated acetylated proteins 
were widely localized in the cytoplasm (44%), 
mitochondria (24%) and nucleus (22%). How- 
ever, downregulated acetylated proteins were 
found in the nucleus (43%), cytoplasm (25%), 
and mitochondria (10%) (Figure 10).

Enrichment and clustering analysis of acetyla-
tion data sets

To further elucidate cellular functions involving 
acetylation in ESCC, acetylated proteins were 
divided into three categories, including biologi-
cal process, cell component, and molecular 
function, by GO annotation. 

In the cellular component category, the upregu-
lated protein cluster was mainly distributed in 
the extracellular component (exosome, vesicle, 
organelle), supramolecular component (fiber, 
complex, polymer), and chaperone complex 
(chaperonin-containing T-complex). The down-
regulated protein cluster was distributed in cell-
substrate adherens junction, nucleolus, and 
complex (SWI/SNF, BAF-type, nBAF). In agree-
ment with the observation above, evaluation of 
biological processes showed that acetylated 
proteins were significantly involved in DNA  
metabolic processes and chaperone-mediated 
protein folding in the upregulated proteins. 
Response to virus, other organisms, external 
biotic stimulus and biotic stimulus, and multi-
organism cellular process were involved in the 
downregulated ones. Furthermore, molecular 
function analysis revealed that proteins related 

Figure 4. Comparison of sizes of Eca-109 spheres and Eca-109 cells clones.

Figure 5. Comparison of clone formation rates be-
tween Eca-109 spheres and Eca-109 cells. Error 
bars represent mean ± SD. ***P < 0.001 versus Eca-
109 spheres group.

Figure 6. Differences in sensitivity to radiation be-
tween cell spheres and adherent cells, compared in 
a clone formation assay. Cell spheres were also more 
radioresistant than parent cells (P < 0.05).
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to mRNA binding, oxidoreductase activity, pyru-
vate dehydrogenase (acetyl-transferring), DNA-
(apurinic or apyrimidinic site) lyase activity, and 
activity (protein serine, threonine kinase inhibi-
tor, protein kinase C inhibitor) were enriched in 
over-expression protein clusters (Figure 11).

To further understand cellular pathways involv-
ing acetylation in ESCC, KEGG pathways were 
evaluated. Results showed that upstream sig-
naling pathways in ESCC were mainly associat-
ed with biosynthesis of amino acids [-log10 (p 
value) 1.85], pentose phosphate pathway, 
phagosome [-log10 (p value) 1.82], metabolic 
pathways [-log10 (p value) 1.41], PPAR signal-
ing pathways [-log10 (p value) 1.38], carbon 
metabolism [-log10 (p value) 1.36], and HIF-1 
signaling pathways [-log10 (p value) 1.31], 
while downstream signaling pathways were 
central to carbon metabolism in cancer [-log10 
(p value) 1.82], spliceosome [-log10 (p value) 
1.82], MAPK [-log10 (p value) 1.56] and gluca-
gon [-log10 (p value) 1.36] signaling pathways 
(Figure 12).

Protein function is largely dependent on specif-
ic domain structures in the sequence. To 
assess the domain structures most regulated 
in ESCC, domain enrichment analysis was con-
ducted. Protein domains involved in the GroEL-
like apical domain were enriched with increased 
acetylation in CSCs, while the Winged helix-
turn-helix DNA-binding domain was enriched 
mostly in decreased proteins (Figure 13).

Protein interaction networks of Lys acetylation 
proteome

The current study visualized protein-protein 
interaction networks of 433 Lys acetylated pro-
teins based on the STRING database. A com-
plete network of acetylated proteins was creat-
ed. The current data set offers an insight into 
the probability of interactions of acetylated  
proteins in ESCC. Using the MCODE tool [20], 
this study identified some highly connected  
sub-networks among Lys-acetylated proteins, 
including carbon metabolism and protein pro-

cessing in the endoplasmic reticulum. The first 
protein networks were localized to mitochon-
dria, while the others were mainly cytosolic 
(Figure 14).

Discussion

CSCs are the causes of tumorigenesis, inva-
sion, metastasis, and treatment failure. They 
have strong proliferative capacities, self-renew-
al abilities, and some special CD markers [10, 
21, 22]. Studies have shown that the expres-
sion rate of CD44 in esophageal cancer stem 
cells was much higher than that of parental 
cells [12]. In this study, tumor spheres obtained 
from the serum-free suspension culture were 
taken to clarify that esophageal cancer stem 
cells have strong proliferation ability and colony 
forming ability. They were then shown to have 
certain radio-resistance, according to colony 
formation tests. Finally, CD44-positive tumor 
cells were screened by flow cytometry as 
ECSCs.

Lysine acetylation plays an important role in 
chromatin structure and transcription regula-
tion [20, 23]. Acetylation is involved in various 
signaling pathways of stem cells, as well as 
regulated self-renewal and differentiation in 
normal development. Acetylation further influ-
ences cell proliferation, differentiation, and 
migration by regulating gene expression. 
Through the above regulating mechanisms, 
acetylation maintains the “stemness” of CSCs 
and affects occurrence of tumors [24]. 
Moreover, many studies have confirmed that 
protein acetylation can be used as a therapeu-
tic target or biomarker for cancer [16, 20, 25]. 
TMT technology is a relatively new technology 
of proteomics, based on stable isotope labeling 
peptides in vitro marker technology and tan-
dem mass spectrometry analysis [18, 19, 26].

The current study used TMT and LC-MS/MS 
analysis of quantitative acetylated proteomics, 
achieving the profile of protein expression spec-
trum and acetylated modification spectrum 
analysis in ESCCs and CSCs. A total of 5,262 
proteins were identified. Upregulation of 187 
proteins and downregulation of 83 proteins 
was detected in the CSCs group (> 1.5 times). 
In addition, 687 acetylated sites in 433 pro-
teins were quantificationally identified in ESCCs 
in total. Moreover, 53 acetylated sites in 46 
proteins were increased, while 67 acetylated 
sites in 60 proteins were decreased in the 

Table 2. Differences in radiobiological parame-
ters between Eca-109 cell spheres and adherent 
cells compared in a clone formation assay
Groups D0 Dq N SF2 SER
Eca-109 cells 1.981 0.872 1.553 0.507 1.566
Eca-109 spheres 3.103 3.33 2.927 0.890
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Figure 7. Proportion changes of CD44+ cells in parental cells and stem-like 
spheres with different doses of radiation. Expression of CD44+ cells was 
detected using flow cytometry.

Figure 8. A. Different expression levels in proteins; B. Different expression 
levels in acetylation sites.

CSCs group (> 1.5 times). This 
study revealed a worldwide 
view of proteins and acetyla-
tion involved in ESCCs for the 
first time. 

To further study the properties 
of quantitatively identified 
acetylated proteins, GO an- 
notation was used to analyze 
and exploit biological func-
tions of the acetylation. Re- 
sults showed that acetylation 
of the ESCC was mainly dis-
tributed in cells, organelles, 
and membrane-enclosed lu- 
men and membranes. They 
were mainly involved in cellu-
lar process, single-organism 
processes, and metabolic pro-
cesses. They mainly func-
tioned in the molecular bind-
ing and catalytic activity. In 
addition, through KEGG path-
way analysis, this study found 
that the biosynthesis of am- 
ino acids, pentose phosphate 
pathways, and central carbon 
metabolism in cancer are am- 
ong the most famous path-
ways of CSCs. Carbon metab-
olism and protein processing 
in the endoplasmic reticulum 
were found in the protei- 
n-interaction networks. They 
may be crucial in influencing 
characteristics of CSCs. The 
general case of acetylation 
may greatly promote new cog-
nition of the roles of acetyla-
tion in ESCC CSCs.

Histone acetylation uniquely 
inhibited RNA synthesis, medi-
ated on gene expression and 
coupled to cellular metabo-
lism [27, 28]. Previous studies 
have found that hypoacety-
lation of H3 was related to 
tumor staging and histological 
differentiation in ESCC tis-
sues, indicating that this epi-
genetic phenomenon was re- 
lated to the invasive nature of 

Figure 9. Heat maps showing the frequency of the amino acids present sur-
rounding acetylated sites. The colors represent enrichment (red) or deple-
tion (green) of amino acids at the specific positions.
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ESCC. Hypoacetylation of histone H4 is more 
common in patients with a history of drinking. 
Results indicated that changes in the protein-
modifying patterns of the study group might 
have potential application in the diagnosis and 
prognosis evaluation of ESCC [14, 29]. 
Functional studies have shown that p300/CBP-
associated factor (PCAF) can inhibit ESCC  
cell tumorigenicity in formation of lesions and 

the formation of tumors in nude mice [30]. 
Concerning acetylated histone proteins ex- 
pressed in ESCC CSCs, histone H1x was noted 
for the largest changes of downregulation, 
while histone-lysine histone H3.3 showed the 
greatest degree of upregulation in CSCs.

In addition to histone acetylation, biological 
functions of lysine-acetylation have also made 

Figure 10. Classification of acetylated proteins based on GO (cellular component, biological process, and molecular 
function) and subcellular location. (A) Classification of upregulated acetylated proteins in CSCs; (B) Classification of 
downregulated acetylated proteins in CSCs.
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progress in non-histones, including many as- 
pects [31-33]. Previous studies have found that 
acetylation is involved in the endoplasmic retic-
ulum, as a folding control mechanism [34]. Lys 
acetylation affects the mitochondria and 
metabolism. A lot of mitochondrial proteins of 
acetylation could regulate metabolism [35]. 
Some studies also found that acetylation of 
p53 impacts DNA-binding affinity and interac-

reports concerning what and how non-histone 
acetylation influences ESCCs and CSCs of 
ESCC, respectively. The current study first 
showed all acetylated non-histones at different 
expression levels between CSCs and ESCCs. 
The greatest increased protein was transmem-
brane and TPR repeat-containing protein 3. In 
contrast, the most obvious decreased protein 
was N-methyltransferase NSD2. These two 

Figure 11. Differentially-expressed lysine acetylated proteins between Eca-109 CSCs and Eca-109 cells were classi-
fied by GO annotation based on the following three categories: cellular component, molecular function, and biologi-
cal process. (A) Enrichment of upregulated acetylated proteins in CSCs; (B) Enrichment of downregulated acetylated 
proteins in CSCs.

Figure 12. Differentially-expressed lysine acetylated proteins between Eca-
109 CSCs and Eca-109 cells were annotated based on the KEGG pathway 
database. (A) Enrichment of upregulated acetylated proteins in CSCs; (B) 
Enrichment of downregulated acetylated proteins in CSCs.

tions with other proteins [36, 
37]. Recently, non-histone 
proteins targeted by acetyla-
tion have been thought to be 
relevant for human cancers, 
such as tumorigenesis, can-
cer cell proliferation, and 
immune function. In 2015, it 
was reported that KAT2B 
acetylation of EZH2 increases 
the invasive potential of these 
cancer cells in H1299 cells 
(NSCLC) [38]. Another study 
uncovered that amplified in 
breast cancer1 (AIB1) acety-
lated by MOF enhanced its 
function in accelerating breast 
cancer cell proliferation [39]. 
Thus far, there have been no 
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most prominent non-histone acetylation fac-
tors may be pivotal regulators in CSCs of ESCC.

diation Oncology, Fujian Medical University Cancer 
Hospital, Fujian Cancer Hospital, No.420, Fuma 

Figure 13. Differentially-expressed lysine acetylated proteins between Eca-
109 CSCs and Eca-109 cells were annotated based on the domain struc-
tures database. (A) Domain enrichment of upregulated acetylated proteins 
in CSCs; (B) Domain enrichment of downregulated acetylated proteins in 
CSCs.

Figure 14. Representative protein-protein interaction network of Lys acetyla-
tion proteomes. Interaction networks were analyzed based on the STRING 
database. Some highly connected subnetworks among Lys-acetylated pro-
teins were identified using the MCODE tool.

Conclusion

In summary, current results 
provide new insight about 
ESCC, revealing many biologi-
cal features and differences 
between CSCs and ESCCs, 
based on whole-cell proteome 
and acetylome analyses. A 
total of 5,262 proteins and 
687 acetylated sites in 433 
proteins were quantification-
ally identified in ESCC. The 53 
acetylated sites were incr- 
eased, while 67 acetylated 
sites were decreased in CSCs 
and paired ECSSs. This study 
comprehensively revealed the 
atlas of proteins and acetyla-
tion in ESCC. Furthermore, 
comparing differentially-ace- 
tylated proteins in CSCs and 
ESCCs, the most unique up- 
regulated in histone of ESCC is 
histone H3.3. The most down-
regulated one is histone H1x. 
Additionally, Histone-lysine N- 
methyltransferase NSD2 and 
transmembrane and TPR re- 
peat-containing protein 3 we- 
re acetylated non-histones 
showing the most obvious 
changes. Differentially-expre- 
ssed proteins and acetylation 
factors of CSCs may be relat-
ed to radio-sensitivity, recur-
rence, and metastatis of ES- 
CC. Therefore, they could be 
potential new treatment tar-
gets or biomarkers.
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