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shRNA-mediated knockdown of KNTC1 suppresses cell viability
and induces apoptosis in esophageal squamous cell carcinoma
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Abstract. Kinetochore-associated proteins are critical
components of mitotic checkpoints, which are essential for
faithful chromosomal segregation and spindle assembly
during cell division. Recent advances have demonstrated that
kinetochore-associated proteins are upregulated and serve
significant roles in the carcinogenesis of numerous types
of cancer. However, the effects of kinetochore-associated
protein 1 (KNTC1) on human cancer, particularly on
esophageal squamous cell carcinoma (ESCC), remain unclear.
The present study revealed that KNTC1 was highly expressed
in ESCC cell lines. Subsequently, lentivirus-mediated short
hairpin RNAs were used to knockdown KNTC1 expression
in human ESCC cell lines. Cell growth and viability were
measured using multiparametric high-content screening and
the MTT assay, respectively. Cell apoptosis was assessed
by staining cells with Annexin V-allophycocyanin and
was detected using FACScan flow cytometry. The results
demonstrated that knockdown of KNTCI effectively inhibited
cell viability and increased apoptosis. In addition, a gene set
enrichment analysis of online ESCC datasets indicated that
KNTCI overexpression was associated with increases in the
mitotic spindle and hypoxia pathways, and decreases in the
DNA repair and mismatch repair pathways. The findings of
the present study suggested that KNTC1 may have an essential
role in mediating cell viability and apoptosis in human ESCC
cells and may serve as a novel therapeutic target for ESCC.

Introduction

Esophageal cancer is the eighth most common malignancy and
the sixth most common cause of cancer-associated mortality
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worldwide (1). In the Chinese population, esophageal squa-
mous cell carcinoma (ESCC) is the predominant histological
subtype, which is responsible for ~210,000 cases of mortality
each year, or 52% of all cases of ESCC-associated mortality
worldwide (2). The characteristics of ESCC include being
prone to invasive local growth, early lymphatic spread and
vascular invasion (3,4). ESCC has a very poor survival rate,
despite significant progress in multimodal therapy. Numerous
genetic alterations involved in the carcinogenesis of ESCCs
have been reported (5); however, the exact molecular mecha-
nisms remain unclear. Characterizing the precise mechanisms
of esophageal carcinogenesis may help to identify biomarkers
that can improve early diagnosis and targeted therapy of
ESCC.

Kinetochore-associated protein 1 (KNTC1) is a key
component of mitotic checkpoints, which ensures proper
chromosomal segregation during cell division (6). Both
chromosomal segregation and cell division are critical, highly
ordered biological processes that are dependent on numerous
evolutionarily conserved protein complexes. Many of the
proteins that modulate the process of mitosis are overexpressed
in human malignancies compared with their normal counter-
parts, and some have been reported to serve as oncogenes (7).
KNTC?2 is known to serve a critical role in chromosomal
segregation during M phase (8). KNTC2 is upregulated in
the tumor tissues of patients with various types of cancer,
including gastric cancer, colorectal cancer, pancreatic cancer,
hepatocellular carcinoma (HCC), breast cancer and non-small
cell lung carcinoma (9-14). In addition, small interfering RNA
(siRNA)-mediated silencing of KNTC2 has been reported to
suppress cell proliferation and to induce apoptotic cell death in
these tumor cells (9,12). Furthermore, repeated administration
of KNTC2 siRNAs has been revealed to specifically inhibit
tumor growth in an orthotopic transplantation tumor model of
HCC in nude mice (15). Targeted knockdown of kinetochore
scaffold 1, which is widely expressed in various types of
primary cancer, induces apoptosis in human transformed or
tumor cell lines in vitro, and markedly impedes the growth
of implanted tumors in vivo (16). These studies demonstrated
that kinetochore proteins may serve as potential biomarkers
for the early diagnosis of cancer, and the characterization of
the role of kinetochore proteins may further contribute to
the development of novel personalized treatments for human
malignancies.
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KNTCI is an evolutionarily conserved subunit of the
kinetochore protein complex, which is vital for spindle
assembly and chromosomal segregation. It elicits an inhibitory
signal to prevent the onset of anaphase, until all chromosomes
have been properly arranged in the spindle. Cells produce
lagging chromosomes and chromatin bridges after being
injected with KNTCI1-blocking antibody, thus suggesting that
KNTCI is a vital component of the mitotic checkpoint (6).
However, to the best of our knowledge, there are no previous
reports describing the significance of KNTCI in human
malignancies, or in ESCC in particular.

The present study analyzed the expression levels of KNTC1
in ESCC cell lines. Subsequently, lentivirus-mediated short
hairpin RNAs (shRNAs) were employed to investigate the
effects of KNTC1 knockdown on human ESCC cell viability
and apoptosis in vitro. In addition, gene set enrichment analysis
(GSEA) was used to infer the possible mechanisms underlying
the involvement of KNTC1 in ESCC tumorigenesis.

Materials and methods

Cell culture and human tissues. The human ESCC cell lines
Eca-109, EC9706 and TE-1 were provided by the Cancer
Institute and Hospital, Chinese Academy of Medical Sciences
(Beijing, China). Authentication of cell lines was performed
using short tandem repeat analysis. The three ESCC cell lines
were cultured in RPMI-1640 medium (Invitrogen; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented
with 10% fetal bovine serum (HyClone; GE Healthcare Life
Sciences, Logan, UT, USA) and antibiotics (100 U/ml peni-
cillin G and 100 pg/ml streptomycin) at 37°C and 95% humidity,
in an atmosphere containing 5% CO,. Normal esophageal
tissues were obtained via endoscopic biopsy from two healthy
volunteers (one male, 37 years old; one female, 44 years old,;
recruited on October 21,2017). Informed consent was obtained
from the volunteers. The present study was approved by the
ethics committees of the Capital Medical University Affiliated
Beijing Friendship Hospital (Beijing, China).

RNA extraction and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Cells were pelleted using a
cell scraper. Total RNA was isolated from cell pellets using
TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.), according
to the manufacturer's protocol. Total RNA concentration and
purity were measured with a UV spectrophotometer (Ultrospec
2100 Pro; GE Healthcare, Chicago, IL, USA). RT was
performed using the PrimeScript RT reagent kit (Takara
Biotechnology Co., Ltd., Dalian, China), according to the
manufacturer's protocol. gPCR was performed using SYBR®
Premix Ex Tag™ II (Takara Biotechnology Co., Ltd.) and the
CFX96™ Real-Time system (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA), according to the manufacturers' proto-
cols. The specific primers used were as follows: KNTCI,
forward 5'-GCAACAACTTGTAGACGACGCT-3!, reverse
5'"TCAATCCAAGAACTGCCACTG-3"; and GAPDH,
forward 5-TGACTTCAACAGCGACACCCA-3' and reverse
5-CACCCTGTTGCTGTAGCCAAA-3'. RT-qPCR consisted
of an initial denaturation step at 95°C for 15 sec, followed by
45 cycles at 95°C for 5 sec and 60°C for 30 sec. PCR reactions
were optimized for the number of cycles to ensure product
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intensity within the logarithmic phase of amplification. The
relative mRNA expression levels of KNTCI1 were normalized
to the GAPDH internal control. The relative mRNA expres-
sion levels were calculated using the 244°4 method (17). The
PCR products of KNTC1 and GAPDH were 270 and 121 bp,
respectively.

Recombinant lentivirus vector production and transduction.
The KNTCI-targeted short hairpin RNA (shRNA) sequence
(5'-TGAGTTTATGGGATATTTA-3") was designed by
Shanghai GeneChem Co. Ltd. (Shanghai, China). The shRNA
sequences were synthesized and subsequently cloned into the
pGCSIL-green fluorescent protein (GFP) lentiviral vector by
Shanghai GeneChem Co. Ltd. The nonsense shRNA (5'-TTC
TCCGAACGTGTCACGT-3'), which shared no homology
with any known human genes, was generated as a negative
control (NC) (Shanghai GeneChem Co. Ltd.). For recombinant
lentiviral transduction, Eca-109 and TE-1 cells were seeded
into 6-well plates until cell confluence reached 70%, and were
then infected with the KNTC1-shRNA-Ientivirus or the NC
lentivirus at a multiplicity of infection of 50. Transduction
effects were determined by detecting GFP expression 24-72 h
post-transduction using fluorescence and light microscopy.
Cells were harvested 72 h post-transduction, and the knock-
down effect was confirmed with RT-qPCR and western blot
analysis.

Western blot analysis. Total protein was isolated from cells
using the total protein extraction kit (Nanjing Keygen Biotech
Co., Ltd., Nanjing, China), according to the manufacturer's
protocol. Briefly, the cells were collected and were lysed
in lysis buffer containing 150 mM sodium chloride, 0.1 M
Tris, 1% (v/v) Tween-20, 50 mM diethyldithiocarbamic acid,
1 mM ethylenediaminetetraacetic acid and protease inhibi-
tors at pH 8.0. The lysates were kept on ice for 30 min and
were centrifuged at 12,000 x g for 15 min at 4°C, and the
supernatants were collected. Protein concentrations were
measured using a Pierce bicinchoninic acid protein assay kit
(Pierce; Thermo Fisher Scientific, Inc.). The protein samples
(50 pg/lane) were separated by 10% SDS-PAGE according
to Laemmli's method (18) and were then electrophoretically
transferred to polyvinylidene fluoride membranes (EMD
Millipore, Billerica, MA, USA). The membranes were blocked
with 5% non-fat dry milk in Tris-buffered saline containing
0.1% Tween-20 (TBST) buffer for 2 h at room temperature,
followed by incubation with primary antibodies at a dilution
of 1:2,000 at 4°C overnight. After being washed with TBST,
the membranes were incubated with horseradish peroxi-
dase-conjugated immunoglobulin G (IgG) secondary antibody
(anti-rabbit IgG, cat. no. sc-2004 and anti-mouse IgG, cat.
no. sc-2005; dilution 1:5,000; Santa Cruz Biotechnology, Inc.
Dallas, TX, USA) for 1 h at room temperature. Immunoblots
were developed using an enhanced chemiluminescence (ECL)
reagent (ECL Plus; GE Healthcare). KNTC1 antibody (cat.
no. ab85996) was purchased from Abcam (Cambridge, MA,
USA) and GAPDH antibody (cat. no. sc-32233) was purchased
from Santa Cruz Biotechnology, Inc.

Cell growth and viability assays. Cell growth was measured
using multiparametric high-content screening (HCS),
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according to a previously reported method (19). Briefly,
following lentiviral transduction, the cells were seeded at
2,000 cells/well in 96-well plates and were incubated at
37°C in an atmosphere containing 5% CO, for 5 days. The
96-well plates were scanned using Celigo Image Cytometer
(version 4.1.3.0; Nexcelom Bioscience LLC, Lawrence,
MA, USA) each day. The system includes a computerized
fluorescence-imaging microscope that automatically identifies
stained cells, and reports the intensity and distribution of the
stained cells in each well. Fluorescence images were acquired
for each channel (magnification, x20) using suitable filters.

Cell viability was measured using the MTT assay
post-lentiviral transduction. Briefly, cells in the logarithmic
growth phase were seeded in 96-well plates at a density of
1.0x10* cells/ml in 200 ]l medium and were incubated at
37°C in an atmosphere containing 5% CO2. Subsequently, the
medium was replaced with serum-free RPMI-1640 containing
0.2 mg/ml MTT at 24, 48, 72, 96 and 120 h, and cells were
incubated for an additional 4 h at 37°C. After removal of the
supernatant, 150 u1 dimethyl sulfoxide was added to each well,
in order to completely dissolve the formazan. The plates were
lightly vortexed and agitated for 10 min, and optical density
values were detected at 490 nm using a microplate reader
(Bio-Rad Laboratories, Inc.).

Analysis of cell apoptosis and caspase-3/7 activities.
Cell apoptosis was assessed by staining cells with
Annexin V-allophycocyanin (APC) (eBioscience; Thermo
Fisher Scientific, Inc.) and was detected using FACScan
flow cytometry (FCM; BD Biosciences, Franklin Lakes, NJ,
USA). Briefly, cells were plated in 6-well plates at a density of
2.0x10* cells/ml in 3 ml medium. After 5 days of transduction
with the KNTCI-shRNA-lentivirus or NC-shRNA-lentivirus,
the cells were harvested and washed twice with ice-cold PBS.
The cells were then resuspended and adjusted to 1x10%/ml
with 1X staining buffer. A 100-ul1 cell suspension was stained
with 5 ul Annexin V-APC for 15 min at room temperature in
the dark and cell apoptosis was detected using FCM (Guava®
easyCyte HT; EMD Millipore) within 1 h.

Caspase-3 and caspase-7 activities of Eca-109 and TE-1
cells following KNTCI1-shRNA-Ientiviral transduction
were detected using the Caspase-Glo® 3/7 assay (Promega
Corporation, Madison, WI, USA), according to a previously
reported method (20). Briefly, 72 h after lentiviral transduc-
tion, cells were seeded in 96-well microplates (Promega
Corporation) at 10,000 cells/well. Briefly, the Caspase-Glo®
3/7 reagent (100 pl/well) was added to each well, and the plates
were gently agitated for 2 h at 20-25°C. Finally, the lumines-
cence was detected using a plate-reading luminometer.

GSEA. An online ESCC dataset with supplementary clinical
information was downloaded from The Cancer Genome Atlas
(TCGA) and was used for GSEA. The dataset contained
mRNA profiling data for 97 patients with ESCC from TCGA
and was downloaded from the API of cBioPortal (http://www.
cbioportal.org/webAPI). A Pearson correlation analysis was
performed to examine gene-gene expression correlations.
Hierarchical clustering was performed to distinguish different
subgroups, according to the expression levels of the given
genes. Four gene sets were downloaded to perform the GSEA
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Figure 1. mRNA expression levels of KNTCI in ESCC cell lines and normal
esophageal tissues. KNTC1 mRNA expression was examined using reverse
transcription-quantitative polymerase chain reaction. N1 and N2 refer to
normal esophageal tissues. KNTCI expression was significantly higher
in ESCC cell lines compared with in normal esophageal tissues. "P<0.05
vs. normal esophageal tissues. ESCC, esophageal squamous cell carcinoma;
KNTC1, kinetochore-associated protein 1.

analysis, including mitotic spindle, hypoxia, DNA repair
and mismatch repair, which were located in the Molecular
Signatures Database (MSigDB) and the Kyoto Encyclopedia of
Genes and Genomes (KEGG), respectively (21,22). The GSEA
was performed to evaluate the correlation between KNTCI1
expression and these four gene sets.

Statistical analysis. All of the results are presented as the
mean values of at least three independent experiments
using cells from separate cultures. Data are presented as the
means + standard deviation. Differences between two groups
were analyzed using Student's t-test. For comparisons of more
than two groups, repeated measures analysis of variance,
followed by Tukey's multiple comparison test, was conducted.
P<0.05 was considered to indicate a statistically significant
difference. Statistical analyses were performed using SPSS
standard version 16.0 (SPSS, Inc., Chicago, IL, USA) and
R 3.1.2 software (www.r-project.org).

Results

Expression levels of KNTCI1 in ESCC cell lines and normal
esophageal tissues. The mRNA expression levels of KNTCI1
were assessed in the ESCC cell lines Eca-109, EC9706 and
TE-1, and in two normal esophageal tissues using RT-qPCR.
The results revealed that KNTCI expression was significantly
higher in ESCC cell lines compared with in normal esopha-
geal tissues (Fig. 1).

Lentivirus-mediated shRNA specifically inhibits KNTCI
expression. To explore the role of KNTC1 knockdown in the
biological behaviors of ESCC cells, a lentivirus-mediated
shRNA that targeted KNTCI1 was introduced into Eca-109 and
TE-1 cells, both of which expressed high levels of KNTCI.
A fluorescence microscope was used to determine the trans-
duction efficacy of the recombinant lentivirus. Transduction
efficiencies reached 80% in both cell lines. As shown in Fig. 2,
by day 3 post-transduction with KNTC1-shRNA or NC-shRNA
lentiviruses, the proportion of infected cells was >80%.
Subsequently, the knockdown efficacy of KNTCI1-shRNA was
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Figure 2. Assessing the transduction efficiency of sAKNTC1 or shCtrl lentivirus vectors in Eca-109 and TE-1 cells. Eca-109 and TE-1 cells were infected with
shKNTCI or shCtrl and were examined by fluorescence and light microscopy at day 3 post-transduction. Magnification, x100. Representative images of the
cultures are shown. Ctrl, control; KNTC1, kinetochore-associated protein 1; sh, short hairpin RNA.
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Figure 3. Confirmation of KNTC1 knockdown in Eca-109 and TE-1 cells, as determined by reverse transcription-quantitative polymerase chain reaction and
western blotting. (A) mRNA expression levels of KNTC1 in Eca-109 and TE-1 cells transduced with shKNTC1 were decreased by ~63 and 81%, respectively,
compared with in cells transduced with shCtrl after 72 h. “P<0.01. (B) Protein expression levels of KNTC1 were significantly decreased following KNTC1
knockdown in Eca-109 and TE-1 cells. Ctrl, control; KNTC1, kinetochore-associated protein 1; sh, short hairpin RNA.

confirmed by RT-qPCR and western blotting. As shown in
Fig. 3A, the mRNA expression levels of KNTCI in Eca-109
and TE-1 cells transduced with the KNTC1-shRNA lentivirus
were decreased by ~63 and 81%, respectively, compared with
in the cells transduced with the NC-shRNA lentivirus after
72 h (P<0.01). KNTCI1 protein expression was also examined
by western blotting in these cells; the protein expression levels
of KNTC1 were significantly reduced in KNTC1-shRNA
lentivirus-transfected cells, thus indicating the effective
knockdown of KNTCI (Fig. 3B).

Knockdown of KNTCI inhibits growth and viability of ESCC
cells. HCS was performed to assess the effects of KNTCI1
knockdown on ESCC cell growth in vitro. Eca-109 and TE-1
cells expressing either KNTCI1-shRNA or NC-shRNA lentivi-
ruses were plated in 96-well plates and were assessed using HCS
every day for 5 days. Cell growth rate was defined as the ratio of
the cell count on a certain day to the cell count on the first day. As
illustrated in Fig. 4A, the growth rates of Eca-109 cells transduced
with the KNTCI1-shRNA lentivirus were significantly reduced
compared with in the cells transduced with the NC-shRNA
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Figure 4. Knockdown of KNTC1 suppresses growth and viability of Eca-109 cells. Cell growth and viability were determined by high-content screening and
MTT assays every day for 5 days. (A) High-content cell imaging was performed every day to acquire images of cell growth (magnification, x20). Cell growth
rates of the Eca-109 cells transduced with shKNTC1 were significantly reduced compared with those transduced with shCtrl (P<0.01). Cell Count/Fold refers
to fold change in cell count compared with at day 1. Staining marker, green fluorescent protein. (B) Similar results were also observed using the MTT assay.
0OD490/Fold refers to fold change in OD490 compared with at day 1. "P<0.01. Ctrl, control; KNTCI, kinetochore-associated protein 1; OD, optical density; sh,

short hairpin RNA.

lentivirus (P<0.01). As shown in Fig. 4B, similar results were
observed using the MTT assay, which further corroborated the
negative effect of KNTC1 knockdown on Eca-109 cell viability
(P<0.01). Taken together, these results suggested that KNTC1
knockdown significantly inhibited the viability of Eca-109 and
TE-1 cells, thus indicating that KNTCI may serve a critical role
in the growth and viability of ESCC cells.

Knockdown of KNTCI in ESCC cells increases cell apoptosis.
To investigate whether KNTC1 expression affects apoptotic
cell death in ESCC cells, KNTC1 was knocked down in
Eca-109 and TE-1 cells. Cell apoptosis was assessed with
Annexin V staining and FCM. As shown in Fig. 5, cell apoptosis
of Eca-109 was significantly increased in the KNTC1-shRNA
lentivirus group compared with in the NC-shRNA lentivirus
group (P<0.01). TE-1 cell line exhibited similar results

(data not shown). To further confirm the ability of KNTCI
knockdown to induce apoptosis, caspase-3/7 activity analysis
was performed. In accordance with the aforementioned
observations, caspase-3/7 activity was markedly elevated in
the KNTC1-shRNA lentivirus group compared with in the
NC-shRNA lentivirus group (P<0.01). These results indicated
that KNTCI expression may be a determinant of cell apoptosis
in Eca-109 and TE-1 cells.

Association between KNTC1 expression and mitotic spindle,
hypoxia, DNA repair and mismatch repair gene sets. Four
gene sets were downloaded to perform the GSEA, including
the mitotic spindle, hypoxia, DNA repair and mismatch repair
gene sets. The normalized enrichment scores (NES) of the
mitotic spindle and hypoxia gene sets were 1.016 (P<0.001)
and 1.004 (P=0.005), respectively (Fig. 6A), indicating that
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Figure 6. Gene set enrichment analysis using the online esophageal squamous cell carcinoma dataset from The Cancer Genome Atlas. (A) NES of the mitotic
spindle and hypoxia gene sets were 1.016 (P<0.001) and 1.004 (P=0.005), respectively, indicating that KNTC1 expression was positively correlated with
the mitotic spindle and hypoxia pathways. (B) For the DNA repair and mismatch repair gene sets, the NES were -1.064 (P=0.021) and -1.093 (P=0.015),
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KNTCI expression may be positively correlated with the  Discussion

mitotic spindle and hypoxia pathways. For the DNA repair

and mismatch repair gene sets, the NES were -1.064 (P=0.021)  Proper and accurate chromosomal segregation is essential for
and -1.093 (P=0.015), respectively (Fig. 6B), indicating that  maintaining genomic integrity during cell division. A properly
KNTCI1 expression was negatively correlated with the DNA  functioning centromere and its associated kinetochore are
repair and mismatch repair pathways. crucial in determining the fidelity of chromosomal segregation
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during mitosis. This step is under the control of numerous
proteins and protein complexes, which are localized to the
kinetochores and monitor the accuracy of this process (23).
Defects in centromere- and kinetochore-associated proteins
have been proposed to contribute to aneuploidy and
chromosomal instability, which are associated with cancer
progression in several types of human tumor (24,25). The
presence of aneuploid cells is detected in ~90% of solid tumors
and ~50% of hematopoietic cancers (26). Chromosomal
instability is believed to be the driver of cancer predisposition,
progression and intratumoral heterogeneity, whereas
aneuploidy and chromosomal instability have been attributed
to poor patient prognosis, metastasis and chemotherapeutic
resistance (27).

In a previous study, upon analyzing the publicly available
expression compendia of human normal tissues and cancer
samples, a group of kinetochore genes, which encode proteins
functioning exclusively at the kinetochores, has been revealed
to be concurrently upregulated in cancers (28). Their upregula-
tion coincides with the increased expression of genes associated
with the cell cycle and DNA replication, thus suggesting a
widespread activation of the cell division program potentially
readying the cells for division whenever the signal for cell cycle
entry is received (28). These kinetochore proteins have been
noted for their involvement in increasing aneuploidy rates and
the risk of tumor progression. KNTCI is a core kinetochore
protein that is required for faithful chromosomal segregation
and spindle assembly. Experimental evidence has indicated
that KNTC1 functions in a similar manner to that of the
Drosophila rough deal protein. The three activities that have
so far been ascribed to KNTCI are as follows: i) Recruiting
cytoplasmic dynein to the kinetochore; ii) participating in
the poleward movement of chromosomes during mitosis;
and iii) maintaining a functional metaphase checkpoint (29).
However, to the best of our knowledge, no functional informa-
tion is available to date regarding the function of KNTC1 in
human cancer, particularly in ESCC.

The present study examined the mRNA expression levels
of KNTC1 in three ESCC cell lines and revealed that it was
expressed in all tested cell lines. To explore the role of KNTC1
in ESCC, a KNTCI-shRNA lentiviral vector was constructed,
which efficiently silenced KNTCI1 in Eca-109 and TE-1 cell
lines. HCS and MTT were performed to assess the effects
of KNTC1 knockdown on ESCC cell growth and viability.
Compared with the NC-shRNA lentivirus-transduced cells,
KNTCI1-shRNA-transduced cells exhibited significantly reduced
cell growth and viability. In addition, knockdown of KNTCI1
increased apoptosis of Eca-109 and TE-1 cells. Taken together,
these results strongly suggested that KNTC1 may serve an onco-
genic role in cell growth, viability and apoptosis in ESCC.

To further explore the mechanisms underlying
KNTCI-mediated promotion of ESCC tumorigenesis,a GSEA
was conducted using online ESCC datasets from TCGA. Three
hallmark MSigDB gene sets and one KEGG gene set were
adopted for analysis, including the mitotic spindle, hypoxia,
DNA repair and mismatch repair gene sets. The results
revealed that KNTCI expression was positively correlated
with the mitotic spindle and hypoxia gene sets, and negatively
correlated with the DNA repair and mismatch repair gene sets.
Hypoxia signaling regulates diverse biological processes, such
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as glycolysis, angiogenesis and invasion, and leads to genomic
instability, promotion of cancer progression, increased
metastatic potential, increased resistance to chemotherapy
and radiation, and poor prognosis (30). A previous study
revealed that hypoxia contributes to the metastasis and
angiogenesis of ESCC (31). Hypoxia is known to induce
phosphorylation of histone H2AX, which not only serves as a
DNA damage marker but also has a critical role in mediating
homologous DNA repair (32). Moderate hypoxia can lead to
replication stress and activation of the DNA damage repair
pathway proteins (33). Conversely, hypoxia-reoxygenation
induces DNA damage through reactive oxygen species (34).
DNA mismatch repair (MMR) is a highly conserved
biological pathway that has a critical role in maintaining the
fidelity of DNA replication, mutation avoidance and genomic
stability. MMR also suppresses homologous recombination
and was recently reported to serve a role in DNA damage
signaling. Defects in MMR are associated with genome-wide
instability, predisposition to several types of human cancer,
including ESCC, and resistance to certain chemotherapeutic
agents (35,36). The cellular response to DNA damage is to
limit viability, whilst initiating DNA repair. The present
GSEA results detected increases in the mitotic spindle
and hypoxia gene sets, and decreases in the DNA repair
and mismatch repair gene sets in response to KNTCI1
overexpression in ESCC. Therefore, it was inferred that
KNTCI overexpression may induce genomic instability and
DNA damage through increased mitotic spindle and hypoxia
pathways, which cannot be corrected by the decreased DNA
repair and mismatch repair pathways, which may eventually
lead to carcinogenesis and development of ESCC. However,
the key molecular mechanisms underlying the malignant
functions of KNTCI require further investigation. We aim to
further explore the molecular mechanisms, particularly the
effects of KNTCI on hypoxia and DNA repair.

In conclusion, the present study confirmed that knockdown
of KNTCI expression by shRNA inhibited cell viability and
induced cell apoptosis in ESCC cell lines. In addition, GSEA
of online ESCC datasets revealed that KNTC1 overexpres-
sion was associated with increases in the mitotic spindle
and hypoxia pathways, and decreases in the DNA repair
and mismatch repair pathways. However, further studies are
required to reveal the precise mechanism of KNTCI in the
carcinogenesis and development of ESCC.
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