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Abstract

Purpose: Esophageal cancer is one of the most common malignancies worldwide. Ubiquitin-dependent degradation of regulatory
proteins reportedly plays a central role in diverse cellular processes. This study investigated the expression levels of ubiquitin in
esophageal squamous cell carcinoma tissues and the functions of ubiquitin in the context of esophageal squamous cell carcinoma
progression. Methods: The expression of ubiquitin in esophageal squamous cell carcinoma and normal esophageal samples was
determined via immunohistochemistry. Serum ubiquitin levels were determined by enzyme-linked immunosorbent assay. The
association between serum ubiquitin level and clinicopathological factors was analyzed. Real-time PCR analysis was employed to
measure the mRNA levels of the ubiquitin coding genes ubiquitin B and ubiquitin C. Proliferation assays, colony formation assays,
and Transwell-based assays were used to determine the influence of ubiquitin on cell growth and cell invasion. Proteomic analysis
was performed to identify the proteins associated with ubiquitin. Results: Ubiquitin expression in esophageal squamous cell
carcinoma tissues was markedly higher than that in normal and tumor adjacent tissues. The levels of ubiquitin in esophageal
squamous cell carcinoma serum samples were significantly higher than those in healthy controls. Serum ubiquitin levels were
correlated with tumor stage and lymph node metastasis. To silence the expression of ubiquitin, we knocked down the ubiquitin
coding genes ubiquitin B and ubiquitin C in TE-1 and Eca-109 cells. Silencing ubiquitin resulted in the suppression of cell growth,
chemoresistance, colony formation and cell migration in esophageal squamous cell carcinoma cells. Proteomic analysis in eso-
phageal squamous cell carcinoma cells showed that knockdown of ubiquitin coding genes deregulated the expression of 159
proteins (92 were upregulated and 67 were downregulated) involved in multiple pathways. These proteins included ferritin light
chain, ferritin heavy chain, cellular retinoic acid-binding protein 2, and DNA replication factor |. Conclusion: Ubiquitin
expression is upregulated in esophageal squamous cell carcinoma tissues and serum samples. Serum ubiquitin levels were cor-
related with tumor stage and lymph node metastasis. Downregulation of ubiquitin suppresses the aggressive phenotypes of
esophageal squamous cell carcinoma cells by complex mechanisms; ubiquitin may represent a novel target for the treatment of
esophageal squamous cell carcinoma.
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Introduction

Esophageal cancer is the seventh most common cancer and the
sixth most common cause of cancer-related mortality. In 2018,
572,034 new cases of esophageal cancer and 508,585 esopha-
geal cancer-related deaths were reported; more than half of
these deaths occurred in China.' There are two main histolo-
gical types of esophageal cancer: esophageal squamous cell
carcinoma (ESCC) and esophageal adenocarcinoma. In China,
approximately 95% of esophageal cancer cases are of the
ESCC type. Despite continuous advances in the management
of cancer, esophageal cancer still has an unfavorable prognosis
because of its late diagnosis and rapid metastasis. During the
past few years, the incidence of esophageal cancer in China has
declined slightly.'> However, with the large population base of
China, the national cancer burden continues to rise, and the
underlying molecular mechanisms of ESCC remain unclear.

The stability and correct degradation of intracellular pro-
teins is essential for maintaining normal cell functions. It is
well accepted that cellular proteins are degraded by three main
proteolytic pathways: the ubiquitin-proteasome proteolytic
pathway, lysosome-mediated proteolysis, and the caspase
hydrolysis pathway.* Ubiquitin/proteasome system (UPS)-
mediated degradation of intracellular proteins influences
numerous cellular processes, including signal transduction, cell
cycle progression, development, apoptosis, and metabolic reg-
ulation.”” Lack of proper control over the UPS may contribute
to pathological conditions, including cancer.® Proteasome inhi-
bitors, such as bortezomib and carfilzomib, have emerged as
novel and promising anticancer drugs in clinical applica-
tions.”'® Ubiquitin is a small 76-amino acid protein (8.6 kDa)
that is highly conserved among eukaryotes.'! Ubiquitin is
encoded by four different genes: ubiquitin B (UBB), ubiquitin
C (UBCQ), UBAS52, and RPS27A. The UBAS52 and RPS274
genes encode the fusion ribosomal proteins L40 and S27a,
respectively, and are thought to be essential for protein synth-
esis. The polyubiquitin precursor proteins are encoded by the
UBB and UBC genes. "

By governing proteolysis, ubiquitin indirectly plays crucial
roles in a variety of cellular processes and housekeeping

functions. Altered ubiquitin levels may have a positive rela-
tionship with several cancer types. Choongseob Oh et al. found
that the downregulation of ubiquitin inhibited the proliferation
of breast cancer and prostate cancer cells and that ubiquitin
may serve as an anticancer target.'> Studies have shown that
the expression level of ubiquitin is significantly higher in hepa-
tocellular carcinoma (HCC) than in other chronic liver dis-
eases, which may be due to the lack of poorly differentiated
HCC.'"* We have previously reported that ubiquitin expression
was significantly upregulated in human lung cancer cells and
that silencing ubiquitin genes inhibited the proliferation and
radioresistance of H1299 xenografts by promoting apoptosis.'>
These findings suggest that ubiquitin may act as an inhibitor of
cell growth in certain types of cancer cells.

However, the expression of ubiquitin and its function in the
progression of ESCC have not been fully elucidated. In this
study, we investigated the expression of ubiquitin in ESCC and
normal tissue and serum samples. We further demonstrated the
role of ubiquitin in driving cell proliferation and in shaping the
proteomic landscape in ESCC cells.

Materials and Methods

Tissue Samples

The ESCC samples were collected from patients (n = 120) who
had not received either chemotherapy or radiotherapy prior to
surgery. For these patients, if preoperative ultrasonography or
computed tomography (CT) did not show any enlarged cervical
lymph nodes (minor axis < 0.5 cm), patients underwent a sub-
total esophagectomy with two-field lymphadenectomy through
a right thoracotomy, followed by a laparotomy. If enlarged
cervical lymph nodes were found by preoperative ultrasonogra-
phy or CT, patients underwent radical esophagectomy with
cervico-thoraco-abdominal three-field lymphadenectomy
through a right thoracotomy, followed by a laparotomy and
cervical incision. The resection included nodes along the cer-
vical part of the esophagus and deep cervix. Tumor adjacent
tissues were collected 3 cm away from the tumor. Fifteen nor-
mal esophageal tissue samples were obtained from upper
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endoscopies of trauma patients, which were performed by the
same operator. These tissues were obtained postoperatively
between 2010 and 2012 from the Gastrointestinal Center, Jian-
gyin People’s Hospital, the Jiangyin Clinical College of Xuz-
hou Medical University, (Jiangyin, China) as reported
previously.'® All patients provided signed and informed con-
sent for their tissue samples to be used for scientific research.
Ethical approval for the study was obtained from the Jiangyin
People’s Hospital, the Jiangyin Clinical College of Xuzhou
Medical University. All diagnoses were based on pathological
and/or cytological evidence. The histological features of the
specimens were evaluated by a senior pathologist according
to the classification criteria from the World Health Organiza-
tion.!” Tissue samples were obtained prior to chemotherapy
and radiation therapy and were immediately fixed in 10% neu-
tral buffered formalin prior to immunohistochemistry analysis.

Immunohistochemistry Staining (IHC)

The tissue samples were fixed in 10% neutral buffered formalin
and embedded in paraffin. Three-micrometer thick paraffin
sections were deparaffinized and heat-treated with citrate buf-
fer (pH 6.0) for 7 min as an epitope retrieval protocol. Endo-
genous peroxidase was blocked with 3% hydrogen peroxide for
15 min at room temperature and tissue non-specific-binding
sites were blocked with 4% skim milk for 30 min. Sections
were then incubated with the ubiquitin antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) for 1 h and 2% skim milk to
reduce the non-specific staining before being incubated with
the biotinylated secondary antibody for 30 min. IHC staining
was visualized with a substrate solution containing diamino-
benzidine (DAB) and hydrogen peroxide. Hematoxylin was
used for counter-staining. All steps were performed at room
temperature. The negative controls consisted of tissue sections
treated with similar staining procedures in the absence of the
primary antibody. The criteria for scoring the stained sections
were as follows: negative, 0 < 10% of the whole tissue section
stained positive; weakly positive (+ 1), 10-25% of the whole
tissue section stained positive; moderately positive (+ 2),
25-75% of the whole tissue section stained positive; and
strongly positive (+ 3), 75% of the tissue section stained pos-
itive. Tissues with score 0 or 1 were considered ubiquitin neg-
ative, while those with score 2 or 3 were considered as
ubiquitin positive.

Ubiquitin Detection by Enzyme-Linked Immunosorbent
Assay (ELISA)

The ESCC serum samples (n = 99) were collected from the
Gastrointestinal Center, Jiangyin People’s Hospital, the Jian-
gyin Clinical College of Xuzhou Medical University, (Jian-
gyin, China) prior to any treatment. The control group (n =
49) consisted of age- and sex-matched normal healthy donors
with no history of major disease, and their specimens were
collected from the Health Examination Center, Jiangyin Peo-
ple’s Hospital, Jiangyin Clinical College of Xuzhou Medical

University (Jiangyin, China). All patients provided signed and
informed consent for their serum samples to be used for scien-
tific research. Ethical approval for the study was obtained from
the Jiangyin People’s Hospital, the Jiangyin Clinical College of
Xuzhou Medical University. Serum samples were collected
between 2018 and 2019. These samples were collected and
stored in aliquots at -80°C until use. Ubiquitin in the serum
of ESCC patients and healthy controls was measured using a
commercial human Ubiquitin ELISA kit (Elabscience, Wuhan,
China). The ubiquitin concentration in the serum was calcu-
lated using a standard curve obtained from measuring the
absorbance of known concentrations of highly purified recom-
binant human ubiquitin and expressed in ng/mL. Briefly, 0.5
mL of serum was centrifuged at 12,000 g for 10 min at 4°C, and
the supernatant was stored at -70°C for 72 h. Thawed super-
natant (100 pL) was used in the ELISA according to the man-
ufacturer’s instructions. The optical absorbance of the samples
was measured at 450 nm. A serial dilution of human recombi-
nant ubiquitin was included in each assay to obtain a standard
curve from which the sample concentration of ubiquitin could
be calculated in ng/mL using the measured absorbance values.

Cell Culture and Transfection

The human esophageal cancer cell lines TE-1 and Eca-109
were maintained in DMEM supplemented with 10% FBS and
antibiotics (Gibco, Grand Island, NY). Cells were grown at
37°C with 5% COs,.

The shRNAs targeting UBB and UBC (shRNA-UBB,
shRNA-UBC) and the shRNA control (shRNA-NC) used in
this study were used as reported previously.'> Cells were grown
in a 6-well culture plate to 70-80% confluence and then trans-
fected with either ShRNA-NC, shRNA-UBB, or/and shRNA-
UBC using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions.

Tissue Collection and RNA Extraction

TRIzol reagent was used to extract the total RNA from the
ESCC cells according to the manufacturer’s protocols. Total
RNA was then eluted using 100 pL of nuclease-free water.
Total RNA was quantified using a NanoDrop ND-2000 spec-
trophotometer (Thermo Scientific, Wilmington, MA), and
RNA integrity was assessed using an Agilent Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA).

Real-Time PCR Analysis

Total RNA from ESCC cells was reverse transcribed to cDNA
using an oligo(dT);, primer and Superscript II reverse tran-
scriptase (Invitrogen). SYBR green dye (Takara, Japan) was
used for amplification of cDNA. mRNA levels of the targeted
genes as well as those of the internal standard, glyceraldehyde
3-phosphate dehydrogenase (GAPDH), were measured by real-
time quantitative PCR in triplicate using a Prism 7900 real-time
PCR instrument (Applied Biosystems, Foster City, CA). The
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primers used for the real-time PCR analysis were used as
reported previously.'>

Cell Viability Assay

Cell viability was evaluated by using the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.
Cells were plated in 96-well plates. The next day, cells were
treated with or without 100 nM cisplatin, according to the
experimental design. The cells were then incubated with 20
pL MTT (5 mg/mL) for 4 h. The medium was removed, 100
pL of DMSO was added, and the optical density (OD) at 490
nm was measured using a Microplate Reader (Bio-Rad, Her-
cules, CA). The viability index was calculated as the experi-
mental OD/control OD. Three independent experiments were
performed in quadruplicate.

Focus Formation

ESCC cells transfected with the indicated vectors were
plated at low density (1,000 cells per 6-cm plate), incubated
for 10 days, fixed, and stained with crystal violet. Foci
and colonies containing more than 50 cells were counted
using a microscope.

In Vitro Migration Assay

Migration was assayed using a modified Boyden chamber
(Corning-Costar, Cambridge, MA) that contained a polycar-
bonate Transwell membrane filter (6.5 mm diameter, 8 um
pore size). The upper chamber was plated with 1 x 10° TE-1
or Eca-109 cells in serum-free DMEM. The lower chamber
contained 600 pL medium from vector- or shRNA-
transfected cells. After 5 h incubation at 37°C in 5% CO,,
the filter was removed. Cells on the upper surface of the filter
were wiped off, while the migrated cells on the bottom
surface were fixed with methanol, stained with Giemsa, and
counted under a microscope.

Protein Extraction for Proteomic Analysis

shRNA-NC and shRNA-UBB/UBC Eca-109 cells were col-
lected. Equal quantities of cells from three wells were mixed
to generate one sample for each group. The samples were first
sonicated on ice using a high intensity ultrasonic processor
(Scientz, Ningbo, China) in lysis buffer (8 M urea, 1%
Triton-100, 10 mM DTT (DL-Dithiothreitol), 2 mM EDTA,
and 0.1% protease inhibitor cocktail). The remaining debris
was removed by centrifugation at 20,000 x g at 4°C for 10
min. Finally, the proteins were precipitated with cold 15% TCA
for 2 h. at —20°C. After centrifugation at 4°C for 10 min, the
supernatant was discarded and the remaining precipitate was
washed three times with cold acetone. The proteins were resus-
pended in buffer (§ M urea and 100 mM triethylammonium
bicarbonate (TEAB) at pH 8.0), and the protein concentration
was determined using the 2-D Quant kit, according to the man-
ufacturer’s instructions.

Tryptic Digest

The protein solution was reduced with 10 mM DTT for 1 h at
37°C and alkylated with 20 mM TAA for 45 min at room
temperature in the dark. The protein sample was diluted with
100 mM TEAB to a final urea concentration of less than 2 M.
Finally, trypsin was added at a 1:50 trypsin-to-protein ratio
for the first overnight digestion and a 1:100 trypsin-to-
protein ratio for the second 4 hdigestion. Approximately
100 pg of protein from each sample was digested with trypsin
for subsequent analysis.

Tandem Mass Tag (TMT) Labeling

After digestion, the tryptic peptides were desalted using a
Strata X C18 SPE column (Phenomenex, Torrance, CA, USA)
and vacuum-dried. Peptides were reconstituted in 0.5 M TEAB
and processed with a 6-plex TMT kit according to the manu-
facturer’s protocol. One unit of each TMT reagent (defined as
the amount of reagent required to label 100 pg of protein) was
thawed and reconstituted in 24 pL acetonitrile (ACN) and
added to each sample. Next, the peptide mixtures were incu-
bated for 2 h at room temperature. The mixtures were pooled,
desalted, and dried by vacuum centrifugation.

HPLC Fractionation

The labeled peptide sample was then fractionated by high pH
reverse-phase HPLC using an Agilent 300 Extend C18 column
(5 pm particles, 4.6 mm ID, and 250 mm length). Peptides were
separated with a gradient of 2% to 60% acetonitrile in 10 mM
ammonium bicarbonate (pH 10) for over 80 min, into 80 frac-
tions. These were then combined into 18 fractions and dried by
vacuum centrifugation.

Quantitative Proteomic Analysis by LC-MS/MS

Peptides were dissolved in 0.1% FA and directly loaded onto a
reverse-phase pre-column (Acclaim PepMap 100, Thermo Sci-
entific, Rockford, IL, USA). Next, these peptides were sepa-
rated using a reverse-phase analytical column (Thermo
Scientific, Rockford, IL, USA). The gradient began with an
increase from 8% to 22% in solvent B (0.1% FA in 98% ACN)
over 26 min, followed by an increase from 22% to 35% over 6
min, finally rising to 80% over 4 min, and holding at 80% for
the last 4 min, all at a constant flow rate of 300 nl/min on an
EASY-nLC 1000 UPLC system. Spectra were obtained using a
Q Exactive™ plus hybrid quadrupole-Orbitrap mass spectro-
meter (Thermo, Woburn, MA, USA).

The peptides were subjected to NSI (Nano Spray lonization)
source ionization followed by tandem mass spectrometry (MS/
MS) in a Q Exactive™ plus that was coupled online to the
UPLC. Intact peptides were detected at a resolution of
70,000. Peptides were fragmented for MS/MS using an NCE
(Nano Capillary Electrospray) of 33, and the resulting ion frag-
ments were detected at a resolution of 17,500. A top-20 data-
dependent method was applied to the top 20 precursor ions
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Figure 1. Overexpression of ubiquitin in ESCC tissues and serum samples. (A) Representative images of immunohistochemical (IHC)
staining for ubiquitin in normal esophageal tissues, tissues adjacent to esophageal squamous-cell carcinoma (ESCC), and ESCC tissues
(magnification, 200x). (B) IHC staining score for ubiquitin in normal esophageal tissues (n = 15), ESCC tissues (n = 120), and tissues
adjacent to the ESCC (n = 52), * P < 0.05. (C) Scatter diagram representing the serum levels of ubiquitin in healthy controls (n = 49) and

ESCC patients (n = 99). **P < 0.05.

above a threshold ion count of 2E4 in the MS survey scan, with
a 30.0 s. dynamic exclusion. The electrospray voltage applied
was 2.0 kV. The automatic gain control (AGC) setting of SE4
ions was used to prevent overfilling of the ion trap. For MS
scans, the m/z scan range was 350 to 1800. A fixed first mass
was set at 100 m/z.

Database Search

The resulting spectra were processed using the Mascot search
engine (v.2.3.0). Tandem mass spectra were searched against
the Swiss Prot Homo sapiens database (20,274 sequences).
Trypsin/P was specified as the cleavage enzyme, and up to two
missing cleavages were allowed. The mass error was set to 10
ppm for the precursor ions and 0.02 Da for fragment ions.

Carbamidomethyl on Cys, TMT-6plex (N-term), and TMT-
6plex (K) were specified as fixed modifications, and oxidation
on Met was specified as a variable modification. The FDR was
< 1%, and the peptide ion score was set at > 20.

We first checked the mass error of all the identified peptides.
The distribution of mass error was near zero, and usually less
than 0.02 Da. Most of the identified peptides were between 8
and 16 amino acids in length, which agrees with the expected
length of tryptic peptides and indicates that tryptic digestion
was efficient.

KEGG Annotation

KEGG analysis was performed to determine the biological
roles of the differentially expressed mRNAs based on the latest
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Table 1. Patient Demographic Features for the Serum Ubiquitin Analysis.

Normal Grade I Grade II Grade III Grade 1V All tumors
Number 49 18 31 22 99
Mean age (years) 65.35 65.67 67.71 64.87 67.77 66.46
Age range (years) 56-79 53-78 52-91 48-79 51-80 48-91
Gender
Male 37 13 25 18 77
Female 12 5 6 4 22

KEGG (Kyoto Encyclopedia of Genes and Genomes) database
(http://www.genome.jp/kegg/). The P value (cut-off = 0.05)
denotes the significance of the pathway correlation to the tested
conditions.

Statistical Data Analysis

Data are expressed as the mean + standard error of the mean
(SEM) of at least three independent experiments. Standard
error bars are included for all data points. The data were first
analyzed with the Kolmogorov-Smirnov test for data distribu-
tion normality. The data were then analyzed using Student’s ¢-
test when only two groups were present or assessed by one-way
analysis of variance (ANOVA) when more than two groups
were compared. The P values for #-tests are 2-tailed #-tests.
Statistical analysis was performed using SPSS software
(Release 19.0, SPSS Inc.). Data were considered significant
if P <0.05.

Results

Ubiquitin Expression Is Upregulated in ESCC Tissues

To investigate the role of ubiquitin in ESCC, we first evaluated
the expression of ubiquitin in ESCC tissue samples, tumor
adjacent tissues and normal esophageal tissues by THC analy-
sis. Fifteen paraffin-embedded normal esophageal tissue sam-
plesand 120 ESCC tissues, 52 of which had corresponding
adjacent tissues, were collected. Ubiquitin staining was signif-
icantly stronger in ESCC samples than in tumor adjacent or
normal tissue samples. As shown in Figure 1A and B, ubiquitin
expression was noticeably more pronounced in the nucleus and
cytoplasm of ESCC cells. These results indicated that ubiquitin
was overexpressed in ESCC and might play important roles in
the progression of ESCC.

Serum Ubiquitin Levels Are Elevated in ESCC Patients

We next examined the serum levels of ubiquitin in 99 ESCC
patients and 49 healthy controls by ELISA, and the demographic
features of the patients are summarized in Table 1. The results
revealed that the serum levels of ubiquitin in the ESCC group
were notably higher than those in the control group. The mean
serum levels of ubiquitin were 78.869 + 7.418 ng/ml in the
ESCC group, and 42.946 + 4.098 ng/ml in the control group
(P = 0.0013; Figure 1C). These results indicated elevated levels

Table 2. Relationship Between Clinicopathological Features and
Serum Ubiquitin Levels.

serum ubiquitin level (ng/ml)

Clinicopathological

parameters Case Mean +SEM P-Value

Age (years)
<64 36 83.205 16.960 0.710
>64 63 76.391 6.605

Gender
Male 77 82.460 9.030 0.368
Female 22 66.300 10.636

Tumor location
upper 19 85.561 26.641 0.417
middle 50 85.307 9.697
lower 30 63.901 7.665

Stage
I-1I 46 61.182 7.536 0.026
1I-1v 53 94.219 11.888

pN
(+) 59 93.181 11.031 0.018
Q) 40 57.758 7.494

Abbreviations: pN, lymph node metastasis.

of circulating ubiquitin in ESCC patients, suggesting that ubi-
quitin may be correlated with ESCC progression.

Association of Serum Ubiquitin Level With
Clinicopathological Factors

The relationship between serum ubiquitin level and clinicopatho-
logical factors is shown in Table 2. The serum ubiquitin level was
correlated with an advanced tumor stage (P = 0.026). The serum
ubiquitin level was found to be significantly higher in stage III-IV
than in stage I-II tumors (94.219 + 11.888 vs. 61.18 + 27.536,
P < 0.05). The serum ubiquitin level was also correlated with
lymph node metastasis (P = 0.018). Other clinicopathological
parameters, including age, gender and tumor location, showed a
non-significant correlation with serum ubiquitin levels. These
results suggest that ubiquitin is a characteristic of ESCC.

Knockdown of Ubiquitin Attenuated the Aggressive
Phenotypes in ESCC Cells

To determine whether ubiquitin is associated with aggressive
phenotypes in ESCC cells, we knocked-down ubiquitin in Eca-
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Figure 2. Knockdown of ubiquitin coding genes (UBB and UBC). The designed sequences in the sShRNAs targeting ubiquitin B (UBB) or
ubiquitin C (UBC) in this study. (B) Relative mRNA levels of UBB and UBC in Eca-109 cells transfected with the indicated shRNA. (C)
Relative mRNA levels of UBB and UBC in TE-1 cells transfected with the indicated shRNA.

109 and TE-1 cell lines. The cells were transfected either with
the shRNA control (shNC) or with 4 shRNAs targeting UBB or
UBC (Figure 2A). As measured by real-time PCR analysis, the
most effective shRNAs for the knockdown of UBB and UBC
were shRNA-1 and shRNA-2, respectively, in both Eca-109
and TE-1 cells (Figures 2B and C). Therefore, a mixture of
shRNA-1 for UBB and shRNA-2 for UBC was used in the
following experiments.

We first evaluated the effect of the knockdown of ubiquitin
coding genes on the viability of ESCC cells. As shown in the
MTT assay (Figure 3A and B), knockdown of UBB/UBC
appeared to suppress the cell viability of Eca-109 and TE-1
cells with or without cisplatin. The effect of ubiquitin silencing
on the growth of ESCC cells was determined by colony forma-
tion assay. The results demonstrated that decreased ubiquitin
expression significantly suppressed cell proliferation

(Figure 3C). The combined knockdown of UBB and UBC also
significantly decreased the migration and invasion of Eca-109
and TE-1 cells (Figure 3D). These results indicated that silen-
cing of ubiquitin coding genes (UBB and UBC) abrogated the
aggressive phenotypes of ESCC cells.

Proteomic Analysis of Dysregulated Proteins in Ubiquitin
Silenced ESCC Cells

Since ubiquitin is involved in protein ubiquitination and sub-
sequent protein degradation,”” we therefore explored the dif-
ferences in protein dysregulation between parental and
ubiquitin-silenced ESCC cells by proteomic analysis. In total,
4,774 proteins were quantified from the two groups of esopha-
geal cancer cells. When the #-test P value was set at 0.05 and
both the upregulation and downregulation threshold
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Figure 3. Downregulation of UBB and UBC attenuated the aggressive phenotypes of ESCC cells. (A) Cell viability assay of ESCC cells
transfected with sShRNA-NC or shRNA-UBB/UBC. Cell viability was measured by an MTT assay. (B) Viability of ESCC cells treated with 100
nM cisplatin measured by MTT. (C) The effect of ubiquitin on ESCC cell focus formation. Cells were transfected with shNC or sh-UBB/UBC.
One thousand cells were seeded onto each plate. After 10 days, the cells were stained with crystal violet. Colonies consisting of more than 50
cells were counted. The upper panel shows a representative focus, and the lower panel shows representative clones. (D) Migration of cells was
assessed using transwells (Corning) with polycarbonate inserts containing 8 pM pores, coated with growth factor-reduced Matrigel (BD
Bioscience). Conditioned media from (A) shNC- or sh-UBB/UBC-transfected cells were collected and assayed for their ability to induce cell
migration. Migration through the membrane was determined after 24 h of incubation at 37°C. Cells remaining on the top of the Transwell
membrane were removed using a cotton swab, and cells that migrated to the bottom were stained with 0.5% crystal violet. The upper panel shows
representative invading cells, and the lower panel shows the rate of TE-1 cell migration. The values shown are for three independent experi-
ments. Data are presented as the mean + SEM and were normalized to the control cells, * P < 0.05; ** P <0.01. shRNA-NC: shRNA control;
shRNA-UBB: shRNAs targeting UBB; shRNA-UBC: shRNAs targeting UBC.

quantification ratios were set at 1.2, 159 dysregulated proteins Discussion
were found (92 upregulated and 67 downregulated; Figures 4A
and B and Table 3). The differentially expressed proteins
included ferritin light chain, ferritin heavy chain, CRABP2, . . . .
and CDT1 (Figure 4C). KEGG pathway analysis is widely used ston, 061516 lpgrollferatlc?n, apop‘Fos¥s., and DNA, damage
in molecular interaction networks and can provide higher order response. - Dysfunctloq of ublqultln has been 1mp11.cateq
functional meaning and genomic information on cells and P2 vast array of human diseases, 1nclud1ng cancer. Ishibashi
organisms.'® As expected, proteins from multiple pathways Y et al 1.rep91.’ted th?t the levels of fre§ ub1qu1t1n. (FUI?) and
were dysregulated. The significantly affected pathways multl—ublqultm.chams (MUC) were s.1gn1ﬁczla;1tly higher in col-
included influenza A response, protein digestion and absorp- 9rectal cancer t1.ssues than in normal tissues. The level of FUb
tion, and folate biosynthesis (Figure 4D). in cancerous tissues was also correlated with the depth of

Ubiquitin-dependent degradation of regulatory proteins is
involved in key cellular processes, including cell cycle progres-
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Figure 4. Silencing of ubiquitin coding genes affected the protein profiles. (A) Volcano diagram and bar diagram showing significant
differentially expressed proteins in the control and UBB/UBC silenced Eca-109 cells. (B) Heatmap of dysregulated proteins between the two
groups. Expression levels are indicated by a color change. Red indicates upregulation, while green indicates downregulation. (C) Heatmap of the
top 20 dysregulated proteins. (D) KEGG analysis of dysregulated proteins between the control and UBB/UBC silenced Eca-109 cells.

invasion, while the level of MUC demonstrated a positive
relationship with blood or lymphatic vessel invasion. Studies
have shown that the labeling index of ubiquitination is signif-
icantly higher in human hepatocellular carcinoma than in
other chronic liver diseases and tend to increase in proportion
with the extent of undifferentiation.?® This study, for the first
time to our knowledge, illustrates the upregulation of ubiqui-
tin in ESCC tissue and serum samples. In this study, using
IHC, we detected ubiquitin in both the nucleus and cytoplasm
of ESCC cells. The protein level of ubiquitin in ESCC tissues
was significantly higher than that in normal and tumor adja-
cent tissues. Furthermore, the serum levels of ubiquitin were
markedly elevated in ESCC samples compared with healthy
controls. We found that serum ubiquitin levels were

correlated with tumor stage and lymph node metastasis. We
therefore suggest that ubiquitin may be involved in esopha-
geal oncogenesis and tumor development.

Cancer cells acquire their malignant capabilities through
uncontrolled cell proliferation and genomic instability. The
downregulation of ubiquitin inhibits numerous ubiquitination-
mediated pathways and is an effective way to inhibit cell
proliferation in multiple cancers, including neuroblastoma,
gynecological cancer, liver hepatocellular carcinoma and lung
cancer.">2%2? Silencing ubiquitin induces apoptotic cell death,
indicating that ubiquitin might be a potential target for cancer
treatment.?"*? Consistent with previous studies, we found that
knock-down of UBB/UBC resulted in decreased ESCC cell
growth, colony formation and migration, suggesting that
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Table 3. Differentially Expressed Proteins in Ubiquitin Knockdown ESCC Cells (Top 20).

Fold-change

No. Gene name Upregulation P-value Description
1 FTL 1.91 2.76E-03 Ferritin light chain
2 CRABP2 1.71 4.09E-06 Cellular retinoic acid-binding protein 2
3 FTH1 1.69 2.21E-04 Ferritin heavy chain
4 F1IR 1.55 2.60E-03 Junctional adhesion molecule A
5 CDT1 1.47 3.16E-04 DNA replication factor Cdtl
6 GLUL 1.46 4.14E-05 Glutamine synthetase
7 ALPI 1.45 9.90E-05 Intestinal-type alkaline phosphatase
8 CPM 1.44 3.00E-04 Carboxypeptidase M
9 CPVL 1.43 4.56E-03 Probable serine carboxypeptidase CPVL
10 CAV1 1.43 1.83E-04 Caveolin-1
11 GANAB 1.42 3.31E-06 Neutral alpha-glucosidase AB
12 HI1FO 1.41 1.34E-06 Histone H1.0
13 NUCKSI1 1.41 1.46E-06 Nuclear ubiquitous casein and cyclin-dependent kinase substrate 1
14 MTMR12 1.4 1.66E-02 Myotubularin-related protein 12
15 TBL1XR1 1.39 4.58E-04 F-box-like/WD repeat-containing protein TBL1XR1
16 PTGS1 1.38 1.57E-04 Prostaglandin G/H synthase 1
17 ARL2BP 1.38 4.59E-04 ADP-ribosylation factor-like protein 2-binding protein
18 NAAL1S 1.38 3.27E-06 "N-alpha-acetyltransferase 15, NatA auxiliary subunit
19 SAMDI11 1.37 5.91E-05 Sterile alpha motif domain-containing protein 11
20 NAA10 1.36 1.57E-04 N-alpha-acetyltransferase 10
Downregulation
1 ULK3 0.21 4.35E-07 Serine/threonine-protein kinase ULK3
2 FASTKDS 0.45 3.87E-06 FAST kinase domain-containing protein 5, mitochondrial
3 HISTIHIE 0.64 1.74E-02 Histone H1.4
4 AKRI1B1 0.64 9.35E-08 Aldose reductase
5 EPHA2 0.65 5.02E-04 Ephrin type-A receptor 2
6 CASB 0.67 6.18E-05 "Carbonic anhydrase 5B, mitochondrial
7 HIST1HIC 0.69 9.18E-03 Histone H1.2
8 MSMOI1 0.69 2.26E-03 Methylsterol monooxygenase 1
9 IREB2 0.69 1.38E-03 Iron-responsive element-binding protein 2
10 HMGCSI1 0.69 9.87E-05 Hydroxymethylglutaryl-CoA synthase
11 MAP2K4 0.69 3.69E-06 Dual specificity mitogen-activated protein kinase kinase 4
12 APLP2 0.72 1.76E-03 Amyloid-like protein 2
13 SUMF1 0.72 8.12E-03 Formylglycine-generating enzyme
14 IL18 0.73 3.83E-04 Interleukin-18
15 UBE2C 0.73 1.60E-04 Ubiquitin-conjugating enzyme E2 C
16 GPRCS5A 0.73 1.40E-03 Retinoic acid-induced protein 3
17 ITGA2 0.74 4.66E-03 Integrin alpha-2
18 ATP1BI 0.74 4.55E-04 Sodium/potassium-transporting ATPase subunit beta-1
19 MMGT1 0.75 1.92E-02 Membrane magnesium transporter 1
20 FAMA45A 0.75 2.69E-02 Protein FAM45A

ubiquitin may be a potent inhibitor in esophageal cancer pro-
gression. Chemotherapy plays a crucial role in the treatment of
esophageal cancer, and acquired chemoresistance is one of the
main reasons for local recurrence or treatment failure. In this
study, we revealed that silencing UBB/UBC contributed to
decreased chemoresistance. These results indicated that ubiqui-
tin might be a novel target for enhancing the chemosensitivity
of esophageal cancer.

To detect novel biomarkers and molecular targets in ESCC
tissues, we identified 159 differentially expressed proteins (92
upregulated and 67 downregulated) between ESCC and normal
esophageal tissues with an iTRAQ-based proteomic approach.
The results revealed that multiple proteins were significantly

upregulated, including ferritin light chain, ferritin heavy chain,
CRABP2 and CDT]1. Ferritin is a major driving force in iron
delivery, cell proliferation and angiogenesis.>® It is overex-
pressed in a variety of cancer cells, including breast cancer,
glioblastoma, liver cancer, lung cancer, osteosarcoma, and
head and neck squamous cell carcinoma and is correlated with
poor prognosis.>*>® Wu T et al reported that expression of
ferritin light chain (FLT) was elevated in glioblastoma, and
downregulation of FLT inhibited the proliferation of glioblas-
toma cells via the GADD45/INK pathway.*® DNA replication
factor 1 (CDT1) is overexpressed in hepatocellular carcinoma
and breast cancer and contributes to oncogenesis.>'** Among
the upregulated proteins, cellular retinoic acid-binding protein
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2 (CRABP2) is reported to be associated with tissue differen-
tiation and proliferation®® and modulate both oncogenic and
anti-cancer functions. Yang Q et al. demonstrated that the
protein and mRNA levels of CRABP2 were markedly lower
in ESCC specimens and correlated with TNM stage, tumor
size, pathology, cell differentiation, infiltration depth and
occurrence position.>* Upregulation of CRABP2 strikingly
suppressed cell proliferation, induced cell apoptosis and
blocked cell metastasis; thus, it may serve as a tumor suppres-
sor. We hypothesized that ubiquitin may mediate the biological
behavior of esophageal cancer through CRABP2. Choongseob
Oh et al reported that the downregulation of ubiquitin inhibited
the cell proliferation and induced apoptotic cell death in cancer
cells.®” In previous studies, we found that silencing ubiquitin
genes inhibited the expression of anti-apoptotic protein Bcl-2
in lung cancer H1299 cells, and silencing ubiquitin genes sup-
pressed the proliferation and radioresistance of H1299 trans-
planted xenografts by promoting apoptosis.'> Further studies
are needed to explore the role of these proteins in ESCC tissues.
Tumor growth and invasion involve numerous genes and path-
ways. Our study mainly focuses on the biological function of
ubiquitin. And we’ll further explore the pathways affected by
ubiquitin in subsequent studies.

In summary, our study demonstrates that ubiquitin expres-
sion is upregulated in ESCC tissues and serum samples.
Serum ubiquitin levels were correlated with tumor stage and
lymph node metastasis. The downregulation of UBB/UBC
suppresses the proliferation, chemoresistance, and migration
of esophageal cancer cells, suggesting that ubiquitin could be
a promising therapeutic target for esophageal cancer. In addi-
tion, we report on proteomic changes in ESCC tissues, which
provides an overview of potential biomarkers and targets for
this disease.
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