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SMC1 promotes proliferation and inhibits apoptosis through
the NF-xB signaling pathway in colorectal cancer
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Abstract. Colorectal cancer (CRC) is the third most common
cancer and a leading cause of cancer-associated mortality
globally. Increasing evidence has indicated that structural
maintenance of chromosomes 1 (SMCI1) may serve an impor-
tant role in solid tumors as a tumor enhancer. In the present
study, it was identified via reverse transcription-quantitative
PCR and western blot analyses that expression of SMC1 was
significantly upregulated in CRC cell lines (SW480, HCT-116
and SW620) compared with NCM460 normal epithelial cells.
To determine the potential involvement of SMC1 in the malig-
nant phenotypes of CRC cells, SMC1 was knocked down in
SW620 cells and SMC1 was overexpressed in SW480 cells
in vitro. As a result, cell viability, proliferation, invasion and
migration were suppressed in transduced SW620 cells but
enhanced in SW480 cells, as determined using MTT, colony
formation and Transwell assays; conversely, flow cytometric
analysis revealed that cell apoptosis was increased in SW620
cells and inhibited in SW480 cells following lentiviral infec-
tion. In addition, an in vivo mouse xenograft model revealed
that knocking down SMCI suppressed tumor growth and
increased apoptosis; however, overexpressing SMC1 enhanced
tumor growth and suppressed apoptosis. Further experiments
demonstrated that the role of SMC1 on CRC may involve
downregulation of the NF-kB-associated signaling pathway.
Finally, the present data from clinical CRC tumor samples
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showed that increased expression of SMCI1 was significantly
associated with distant metastasis, higher TNM stage, primary
tumor size, lymph node metastasis and worse overall survival.
Collectively, the present results suggested that SMCI served
an important role in the development of CRC and may be a
predictive prognostic biomarker in patients with CRC.

Introduction

Colorectal cancer (CRC) is one of the most common malig-
nant tumors globally, with >1 million new cases diagnosed
annually (1). The 5-year survival rate for patients at the early
stage of CRC is 90.3%, but the survival rate drops to 50-70.4%
once metastasis occurs (2). Various genetic alterations have
been reported to promote the initiation and progression of
CRC; however, the molecular mechanisms leading to CRC
development and progression remain unclear (3). Exploring
molecular and genetic changes in CRC and the underlying
oncogenic mechanisms has attracted increasing attention
in tumor research. Genomic instability is widely regarded
as the hallmark of cancer, and is considered to decrease the
viability of cells, permit genetic changes and lead to cancer
cells evading immune surveillance (4,5). Genomic instability
has various causes, of which chromosomal instability (CIN)
and microsatellite instability have received the most focus (6).
In CRC, CIN is the most common form of genomic instability,
which occurs in nearly 80-85% of patients with CRC (7).
Current research in the field is focused on elucidating the
molecular basis of CIN, including the possible roles of defects
in the spindle checkpoint and other regulators of mitosis. CIN
has been reported to be crucial in precancerous development
as well as cancer evolution (8). It is also associated with the
prognosis of CRC (9). A recent study demonstrated that CIN
affected the efficacy of chemotherapy and immunotherapy in
CRC (10); however, the mechanisms underlying CIN in CRC
are yet to be elucidated. Therefore, exploring the molecular
mechanisms of CIN for the development of novel tumor
markers and therapeutic targets is a high priority.

The structural maintenance of chromosomes 1 (SMC1)
gene is a member of the SMC family that serves critical
roles in organizing and stabilizing chromosomal segregation
during mitosis, and is considered to be a component of the
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signaling network involved in the maintenance of genome
stability (11). The SMCI protein is an evolutionarily-conserved
multifunctional protein known for its role in sister chromatid
cohesion (12), DNA recombination and repair (13), and cell
cycle checkpoint activation by ionizing radiation (14), ultra-
violet light and other genotoxic agents (15). SMCI1 forms a
heterodimeric cohesion complex with SMC3 that encircles and
mediates sister chromatid cohesion DNA replication in S phase
until chromosome separation, which occurs in anaphase (16).
Cohesin-associated genes have been reported to be potential
drivers of tumor genomic instability; progression and muta-
tions in various subunits of cohesin have been identified in
sarcoma, melanoma, colon and glioblastoma tumors (17).
Kitagawa et al (18) demonstrated that the expression of SMC1
was significantly increased in triple-negative breast cancer,
and SMCI1 binding with BRCAL is proposed to be important
for genomic stability, regulating tumor development and
progression; however, the significance and the underlying
mechanisms responsible for the aberrant expression of SMC1
in CRC remain unknown.

In the present study, it was demonstrated that SMC1
was significantly upregulated in CRC cell lines. The role of
knocking down or overexpressing SMC1 was tested by cell
proliferation and apoptosis assays in CRC cells. The present
results provided evidence that abnormal SMCI1 expression
may serve a direct role in carcinoma progression and could be
used for predicting therapeutic outcomes of CRC.

Materials and methods

Cell culture. The colon cancer cell lines, SW480, SW620 and
HCT116, the human normal colonic epithelial cells NCM460,
and 293T cells were obtained from The Cell Bank of Shanghai
Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences. The cells were routinely maintained in DMEM
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% peni-
cillin/streptomycin, and incubated at 37°C in an atmosphere of
95% air and 5% CO,.

Cell viability assay. Cell viability was measured by an MTT
assay. Cells were seeded in 96-well plates at a density of
3,000-5,000 cells/well and cultured overnight. For the assay,
20 pl MTT solution (5 mg/ml; Sigma-Aldrich; Merck KGaA)
was added to each well and incubated for a further 2-4 h at
37°C. Then, the medium was discarded and 100 ¢l DMSO was
added to dissolve the resulting formazan crystals. For the colo-
rimetric analysis, the optical density (OD) value at 490 nm was
measured using a Multiskan Spectrum UV/visible Microplate
Reader (Thermo Fisher Scientific, Inc.).

Lentiviral vector construction and transfection. The SMCl1
short hairpin RNA (shRNA; shSMCI) and the negative control
shRNA (shCont) were synthesized (Shanghai GeneChem Co.,
Ltd.): shSMCI sequence, 5'-TAGGAGGTTCTTCTGAGT
ACA-3'"; shCont sequence, 5'-GGAGGTTCTTCTGAGTAC
A-3'. They were inserted into a pGCSIL-GFP vector (Shanghai
GeneChem Co., Ltd.) using Agel and EcoRI restriction
sites, and then transfected into 293T cells (30-50% conflu-
ence) together with lentiviral helper plasmid pHelperl.0 and
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pHelper2.0 using Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
protocol. Recombinant lentiviruses containing shSMC1 or
the shCont were prepared and titrated to 1x107 TU/ml for
transfection. SW620 cells (60% confluence) were plated
and infected with lentiviruses expressing shSMC1/shCont
for 48 h using Lipofectamine 2000, followed by puromycin
selection (6 ug/ml). Fluorescence microscopy (Eclipse E600;
Nikon Corporation), reverse transcription-quantitative PCR
(RT-qPCR) and western blot analyses were performed to
verify knockdown efficiency, and cells were allocated for
different assays.

For SMC1 overexpression, a plango-SMCI plasmid was
purchased from Synbio Technologies LLC. Then, primers
targeting SMC1 fragments for PCR amplification were designed,
and Nhel and Swalrestriction sites were added tothe 5'and 3'ends
of the primers, respectively. The primer sequences for PCR were
forward, 5'-AGGCTAGCGGAGCAGCAGCAGATTGAG-3'
and reverse, 5-GGATTTAAATTCTCTTCTTCCATCCGT
TCTTC-3', and PCR amplification was performed using
pTango-SMCI plasmid (200 ng) as a PCR template and Taq
DNA polymerase (Vazyme Biotech) under the following condi-
tions: 94°C for 3 min, then 34 cycles of 94°C for 15 sec, 56°C
for 30 sec and 72°C for 90 sec, with a final elongation at 72°C
for 5 min. The amplification products were visualized by 2%
agarose gel electrophoresis and purified using a gel extraction
kit (Omega Bio-Tek, Inc.), then digested by Nhel and Swal
restriction enzymes (Fermentas Inc.) and cloned by T4 DNA
ligase (Takara Biotechnology Co., Ltd.) into a pCDH-puro
lentiviral vector (Shanghai GeneChem Co., Ltd.). Then, the
pCDH-puro-SMCI plasmid was packaged into lentivirus via the
same method as described for the sShRNA vectors. SW680 cells
(~50% confluence) were plated and infected with pCDH-puro
(negative control) or pCDH-puro-SMCI (titrated to 1x10” TU/
ml) for 48 h, followed by puromycin selection (6 yg/ml).

Small interfering RNA (siRNA) and plasmid construction
and transfection. siRNAs [siSMCI1-1 sequence: 5-CCAACA
TTGATGAGATCTATA-3"; siSMC1-2 sequence: 5'-CGG
CGTATTGATGAAATCAAT-3'; si-negative control (si-NC)
sequence: 5-TTCTCCGAACGTGTCACGT-3'] were provided
by Shanghai GenePharma Co., Ltd. After reaching 30%
confluence, SW620 cells were transfected with siRNAs at a
final concentration of 50 nM, and Lipofectamine 2000 reagent
according to the manufacturer's protocol. Knockdown effi-
ciency was tested via western blotting after 48 h transfection.

An pcDNA3.1-NF-kB p65 plasmid was obtained from
Synbio Technologies LLC. The plasmid vectors were prepared
for transfection using DNA Midiprep kits (E.Z.N.A Endo-Free
Plasmid Mini kit II; Omega Bio-Tek, Inc.). After reaching
>70-80% confluence, the SW620 cells were transfected with
2 ug plasmid and Lipofectamine 2000 reagent according to the
manufacturer's protocol. Empty pcDNA3.1 vector was used as
the negative control.

RT-qPCR. Total RNA was extracted from cultured cells with
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol. RT reactions were
performed using a Super cDNA First-Strand Synthesis kit
(Beijing CoWin Biotech Co., Ltd.). The 15 pl reaction mixtures



ONCOLOGY REPORTS 42: 1329-1342, 2019

were incubated ina 96-well Thermal Cycler (Applied Biosystems;
Thermo Fisher Scientific, Inc.) for 40 min at 42°C and 5 min at
85°C. The resulting cDNA was used for RT-PCR using SYBR
Green Master PCR Mix (Applied Biosystems; Thermo Fisher
Scientific, Inc.) in triplicates and a TP800 Thermal Cycler
Dice™ Real Time System (Takara Biotechnology Co., Ltd.).
The primer sequences for qPCR for SMC1 were forward,
5-GGAGCAGCAGCAGATTGAG-3' and reverse, 5“TCTCTT
CTTCCATCCGTTCTTC-3". Primers for the control GAPDH
were forward, 5-TGACTTCAACAGCGACACCCA-3' and
reverse, 5'-ACCCTGTTGCTGTAGCCAAA-3'. The 25 ul reac-
tions were incubated at 94°C for 1 min, followed by 30 cycles at
94°C for 30 sec, annealing at 50°C for 30 sec, and elongation at
72°C for 45 sec, followed by a final elongation step at 72°C for
5 min. All PCR reactions were run in triplicate. The relative
mRNA levels of SMC1 were compared with those of GAPDH,
which was amplified as an internal control and calculated using
the comparative 224°4 method (19).

Western blot analysis. The expression levels of various
proteins were detected via western blot analysis, as previ-
ously described (20-22). Additionally, cytoplasmic and
nuclear extracts were isolated with a nuclear extraction kit
(Beyotime Institute of Biotechnology) according to the manu-
facturer's protocol. Western blotting assays were conducted
using antibodies against SMCI1 (1:1,000; cat. no. ab9262;
Abcam), GAPDH (1:5,000; cat. no. AP0063; Bioworld
Technology, Inc.), caspase-3 (1:1,000; cat. no. 9662; Cell
Signaling Technology, Inc.), B-actin (1:5,000; cat. no. A5441,;
Sigma-Aldrich; Merck KGaA), cleaved caspase-3 (1:1,000;
cat. no. 9664; Cell Signaling Technology, Inc.), Bcl-2
(1:1,000; cat. no. 4223; Cell Signaling Technology, Inc.),
Bax (1:1,000; cat. no. 5023; Cell Signaling Technology, Inc.),
inhibitor of nuclear factor-«B subunit § (IKKp; 1:1,000;
cat. no. ab124957; Abcam), phosphorylated (p)IKKp (Serl77;
1:1,000; cat. no. ab194528; Abcam), inhibitor of nuclear
factor-xB subunit a (IkBa; 1:1,000; cat. no. ab32518; Abcam),
plkBa (Ser32; 1:1,000; cat. no. ab92700; Abcam), NF-xB
p65 (1:10,000; cat. no. ab16502; Abcam), pNF-kB p65
(Ser536; 1:1,000; cat. no. ab86299; Abcam) and Lamin Bl
(1:10,000; cat. no. ab133741; Abcam). Horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG (1:5,000; cat. no. 7074;
Cell Signaling Technology, Inc.) or anti-mouse IgG (1:5,000;
cat. no. 7076; Cell Signaling Technology, Inc.) was used as
secondary antibody.

Colony formation assay. Colony formation assays were
performed to evaluate the long-term proliferative potential of
SW620 and SW480 cells. SW620 cells were transfected with
LV-shCont or LV-shSMCI1 and SW480 cells were transfected
with LV-SMCI1 or empty overexpression vector (LV-NC). Cells
(800 cells/well) were seeded into 6-well plates and incubated
at 37°C with 5% CO, for 10 days. The cells were fixed with 4%
paraformaldehyde at 4°C for 15 min and stained using Giemsa
at room temperature for 30 min. Then, the number of stained
colonies that contained =50 cells was manually counted under
a light microscope (magnification, x4).

Cell viability assay. Cell viability was measured via an
MTT assay. To examine the effects of SMC1 knockdown on
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SW620 cell viability, SW620 cells infected with LV-Cont or
LV-shSMC1 were plated into 96-well plates at a density of
2x10° cells/well and cultured overnight at 37°C. Thereafter,
20 pul MTT solution (5 mg/ml; Sigma-Aldrich; Merck KGaA)
was added to each well to incubate for 2-4 h at 37°C. Then, the
medium was discarded and 200 1 DMSO was added to dissolve
the resulting formazan crystals. For colorimetric analysis, the
OD value at 490 nm was measured by a Multiskan Spectrum
UV/visible Microplate Reader (Thermo Fisher Scientific, Inc.).
Data from three independent experiments were analyzed.

Flow cytometric analysis of cell cycle. The effects of SMC1
knockdown in SW620 cells and SMCI1 overexpression in
SW480 cells on the cell cycle were determined by flow
cytometry analysis. For cell cycle analysis, transfected cells
were harvested and fixed with ice-cold methanol at 4°C for
a minimum of 30 min, and then washed twice with ice-cold
0.01 M PBS (pH 7.2). Then, the cells were resuspended in PBS
containing propidium iodide (PI) solution (Sigma-Aldrich;
Merck KGaA) at a final concentration of 10 ug/ml at room
temperature for 20 min. The cell samples were subjected to
flow cytometric analysis on a BD FACScan flow cytometer
(BD Biosciences). Cells in each phase of the cell cycle were
analyzed using FlowJo 10.0 (FlowJo LLC). The ratio of cells
in the GO/G1, S and M phases of the cell cycle was determined
by their DNA content.

Cell invasion and migration assay. Cell invasive and migra-
tory abilities were detected with a Transwell system using
Transwell plates from Costar (Corning, Inc.) with 8.0-ym
diameter pores. For invasion assays, plates were coated with
40 pl diluted Matrigel before assays. In total, 1x10* cells in
300 pl serum-free medium were added into the upper chamber
of Transwell plates, and 10% FBS-containing medium was
added to the lower chamber. Following incubation for 24 or
48 h (for the migration and invasion assays, respectively), the
number of cells that had migrated were counted after removing
the cells on the upper side of the filter. The cells were fixed
with 4% paraformaldehyde at 4°C for 20 min and stained using
hexamethylpararosaniline at room temperature for 15 min.
The number of cells were counted using an IX70 inverted
fluorescence microscope (magnification, x400; Olympus
Corporation), and cells were scored in four randomly selected
fields per sample. All the experiments were performed in
triplicate.

Tumorigenicity assay in vivo. Male BALB/c nude mice
(4 weeks old; 17-20 g; n=24) were ordered from Beijing Vital
River Laboratory Animal Technology, Co., Ltd., and housed
in a specific pathogen-free environment (12-h light/dark cycle
at 25°C and 60% relative humidity; the mice were provided
with food and water ad libitum in the animal research center
of Nanjing Medical University). Mice were randomly divided
into two groups (6 mice/group), and the previously established
LV-SMC1 SW480 cells (1x10%) or LV-shSMC1 SW620 cells
(1x10%) were suspended in 0.1 ml serum-free DMEM and
subcutaneously injected into the right axillary fossa of each
nude mouse for the experimental group. The same vector
control cells (LV-NC and LV-shCont, respectively) were used
as the blank control. When palpable tumors arose, the tumor
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sizes were measured using vernier calipers every 3 days. The
mice were monitored daily for health and weighed twice
weekly. After 21 days (the diameter of the largest tumor in the
control mice reached ~1.0 cm), mice were euthanized by CO,
asphyxiation with a 25% volume/min gas displacement flow
rate until all animals stopped breathing, then the tumors were
dissected and weighed. The tumor size was calculated using the
formula V = (width?xlength/2). The tumors were fixed at 4°C
for 24 h in 4% paraformaldehyde and were evaluated by immu-
nohistochemistry, and apoptosis in paraffin-embedded tumor
sections was detected using a TUNEL assay kit, according
to the manufacturer's protocol. All animal experiments were
performed following the guidelines of The Institutional
Animal Care and Use Committee of The Affiliated Huai'an
No. 1 People's Hospital of Nanjing Medical University, which
approved the present study (approval no. IACUC-1810008).

Cell apoptosis assay. SW620 cells infected with LV-shControl
or LV-shSMC1 and SW480 cells infected with LV-NC or
LV-SMCI1 (1x10°) were cultured, and an Alexa Fluor® 488
Annexin V/Dead Cell Apoptosis kit (Invitrogen; Thermo Fisher
Scientific, Inc.) was used for apoptosis analysis, according to the
manufacturer's protocol. Cells were collected and resuspended
in staining solution at room temperature for 15 min in the dark,
and the samples were then subjected to flow cytometric analysis
and analyzed using FlowJo 10.0. The percentage of early + late
apoptotic cells was analyzed to calculate the apoptotic rate.

TUNEL analysis. An In Situ Apoptosis Detection kit (Abcam)
was used to detect apoptosis in tumor tissues. Briefly, sections
(4 pm) were deparaffinized in xylene and hydrated using a
graded alcohol series. Sections were treated with 0.3% H,0,
peroxidase for 15 min. Then, apoptotic cells were labeled
with terminal deoxynucleotidyl transferase at 4°C overnight,
followed by incubation with streptavidin-HRP conjugate
at room temperature for 2 h. The signal was detected using
3,3'-diaminobenzidine (DAB) substrate at room temperature
for 15 min, and the nuclei were stained by hematoxylin for
15 sec at room temperature. The number of apoptotic cells
was counted using an IX70 inverted fluorescence microscope
(magnification, x200) and cells were scored in eight randomly
selected fields per sample.

Patients and human tissue specimens. A total of 51 samples
(tumors and adjacent normal tissues) were collected from
January 2010 to March 2013 at the Affiliated Huai'an No. 1
People's Hospital of Nanjing Medical University. The CRC
diagnosis was confirmed by at least two pathologists. All
patients were classified according to a TNM staging system
using the Union for International Cancer Control (UICC) (23).
A total of 51 patients with CRC were enrolled (35 male and
16 female) with a median age of 63 years (range, 37-87 years).
None of the 51 patients received any preoperative anticancer
treatments. Informed consent was obtained from every patient,
and the use of the specimens was approved by the Ethics
Committee of The Affiliated Huai'an No. 1 People's Hospital
of Nanjing Medical University.

Immunohistochemistry analysis. Human tissues were fixed
in 4% paraformaldehyde at 4°C for 48 h and then embedded
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in paraffin. Sections (4 ym) were deparaffinized in xylene
and hydrated using a graded alcohol series. Antigen retrieval
was performed in antigen unmasking solution at 100°C for
15 min. Then, sections were treated with 0.3% H,0O, peroxi-
dase for 15 min and blocked with 5% BSA (Sigma-Aldrich;
Merck KGaA) for 1 h at room temperature. Sections were
incubated with an anti-SMC1 antibody (1:200; cat. no. ab9262;
Abcam) overnight at 4°C and then incubated with SignalStain®
HRP-conjugated Rabbit IHC detection reagent (1:5,000;
cat. no. 8114; Cell Signaling Technology, Inc.) for 1 h at 37°C.
The immunoreactive cells were visualized using DAB, and
the nuclei were stained by hematoxylin for 15 sec at room
temperature. The cells were counted using an IX70 inverted
fluorescence microscope (magnification, x200) and cells
were scored in eight randomly selected fields per sample. The
staining intensity was graded as follows: i) Negative - (0-15%
positive); ii) positive + (16-50%); and iii) positive ++ (51-100%).
Patients with ‘negative’ expression were classed as exhibiting
low expression, whereas those with ‘positive’ expression were
classed as exhibiting high expression.

Mouse tumor tissues were embedded in paraffin, and
immunohistochemistry was performed as previously
described for human tissues. Following 0.3% H,O, treatment,
the sections (4 ym) were incubated with primary antibodies
against SMC1 (1:200; cat. no. ab9262; Abcam) and NF-«xB p65
(1:2,000; cat. no. ab16502; Abcam), followed by incubation
with HRP-conjugated detection reagent (1:200; cat. no. 8114;
Cell Signaling Technology, Inc.) for 1 h at 37°C. The number
of positive cells were counted using an IX70 inverted fluores-
cence microscope (magnification, x400), and cells were scored
in eight randomly selected fields per sample.

Statistical analysis. All data in this study are presented as
means + SD. All statistical analyses were performed using
SPSS 17.0 software (SPSS, Inc.). Pearson's x> test was used
to compare qualitative variables, and comparisons among
different groups were performed using one-way ANOVA
followed by Bonferroni test. Student's t-test was used to analyze
the statistical significance between two groups. Kaplan-Meier
survival analysis was used to assess the association between
SMCI1 expression and CRC prognosis. The Wilcoxon
signed-rank test was used to analyze differences in expression
between CRC tissue and adjacent normal tissue. P<0.05 was
considered to indicate a statistically significant difference. All
experiments were performed at least three independent times.

Results

SMC1 is upregulated in CRC cell lines. RT-qPCR analysis
was used to detect the mRNA expression of SMC1 in colon
cancer cell lines and normal cells. As presented in Fig. 1A, the
expression of SMC1 in the CRC cell lines (SW480, HCT-116
and SW620) was 2.56+0.50, 4.21+0.62 and 6.83+0.19 times
higher, respectively, compared with in the normal NCM460
colonic epithelial cells (P<0.05). Western blot analysis also
showed that protein expression of SMC1 in the CRC cell lines
(SW480, HCT-116 and SW620) was higher than NCM460 cells
(Fig. 1B); the highest SMCI1 expression levels for both mRNA
and protein were observed in the SW620 cells among the three
CRC cells (Fig. 1A and B). SW620 cells also exhibited the
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highest migratory and invasive abilities in Transwell assays
compared with the other cancer and normal cells (Fig. 1C-F).

Knockdown of SMCI inhibits malignant phenotypes and
induces apoptosis in SW620 cells. As is shown in Fig 1A-B,
the SMC1 expression is highest in SW620 cells. To determine
whether SMC1 expression is associated with malignant pheno-
types of SW620 cells, LV-shSMC1 was used to knockdown
SMCI expression. As presented in Fig. 2A, the efficacy of trans-
fection was <90%. After 48 h transfection with LV-shSMCl1,
RT-gPCR and western blot analysis were used to detect SMC1
expression. The present data revealed that SMC1 expression
was not significantly different between the LV-shCont and
blank groups (P>0.05; Fig. 2B). In the LV-shSMC1 group, the
mRNA and protein expression levels of SMC1 were 0.26+0.06
and 0.45+0.01, respectively, compared with the LV-shCont
group, (P<0.05; Fig. 2B and C). To determine the potential
involvement of SMC1 in the proliferation of CRC cells, MTT
and colony formation assays were conducted. As presented
in Fig. 2D and E, cell viability and colony formation were
markedly reduced in the LV-shSMCI1 group compared with
the LV-shCont and blank groups (P<0.05). Transwell assays
revealed that the numbers of migrating cells were 93+12,
19049 and 169+10 in the LV-shSMC1, LV-shCont and blank
groups, respectively; meanwhile, Matrigel invasion assays
revealed that the numbers of invading cells were 251+33,
419+25 and 448+28 in the LV-shSMCI1, LV-shCont and blank
groups, respectively (P<0.01; Fig. 2F and G); indicating that
knocking down SMC1 reduced the invasive and migratory
abilities of SW620 cells.

In a cell cycle assay, as presented in Fig. 2H and I, the
percentage of S phase cells (33.73+3.21%) was reduced,
whereas that of G2/M phase cells (17.81+£1.99%) was increased
in the LV-shSMCI group compared with the LV-shCont and
blank groups (P<0.05). In addition, an Annexin V-PI assay
revealed that the apoptotic rate was significantly increased
in the LV-shSMC1 group (18.9+2.9%) compared with in the
LV-shCont and blank groups (5.89+1.42 and 5.43+2.01%,
respectively; P<0.01; Fig. 2J and K). Western blot analysis
revealed that the expression levels of cleaved caspase-3 and
Bax were increased, whereas the expression of Bcl-2 was
reduced in LV-shSMC1 SW620 cells compared with the
control (Fig. 2L and M).

Different siRNAs (si-NC, siSMC1-1 and siSMC1-2)
were used to knockdown SMCI expression in SW620 cells
(Fig. S1A). As with the lentiviral knockdown, siRNA-medi-
ated downregulation of SMC1 significantly inhibited SW620
cell proliferation, as determined by an MTT assay (Fig. S1B),
suppressed cell migration and invasion, observed with
Transwell and Matrigel assays (Fig. S1C and D), and promoted
apoptosis (Fig. S1E and F).

SMCI overexpression promotes the proliferation, migration
and invasion of SW480 cells. To further investigate the effects
of SMC1 expression on malignant phenotypes in CRC cells, an
SMCI1 overexpression lentivirus, LV-SMC1, was transfected
into SW480 cells, which exhibited the lowest SMC1 expres-
sion out of the three CRC cell lines tested in the present study.
As hypothesized, the mRNA and protein expression levels of
SMC1 were notably increased in the LV-SMC1 group after
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transfection of pCDH-puro-SMC1 plasmids compared with
the control and blank groups (P<0.01; Fig. 3A and B). An MTT
assay revealed significantly increased viability of SW480 cells
following overexpression of SMC1 compared with the vector
control cells (P<0.05; Fig. 3C). A colony formation assay also
showed markedly increased colony numbers in the LV-SMC1
group (Fig. 3D). In addition, a Transwell assay showed that
the number of migratory cells (251+3) was increased in the
LV-SMCI1 compared with the LV-NC and blank groups
(11149 and 122+16, respectively); meanwhile, a Matrigel assay
demonstrated significantly increased numbers of invasive cells
(109+16) in the LV-SMC1 group compared with the LV-NC
and blank groups (5612 and 64+11, respectively; P<0.01;
Fig. 3E and F). A cell cycle assay indicated a significantly
increased percentage of S phase cells (33.83+2.11%) in the
LV-SMCI group compared with in both the LV-NC and
blank groups (28.14+5.35, 29.41+4.12%); with a lower ratio of
G2/M phase cells (9.63+£1.79%) compared with the blank and
negative controls (17.59+1.38 and 16.36+3.42%, respectively;
P<0.05; Fig. 3G and H). Of note, there was no difference in
the rate of apoptosis between the SMCl-overexpressing and
control SW480 cells (Fig. 31 and J). These results further
demonstrated that overexpression of SMC1 promoted the
proliferation, migration and invasion of CRC cells.

SMCI promotes CRC cell proliferation and apoptosis in vivo.
To investigate whether SMC1 has functional effects on CRC
progression in vivo, a SW620 CRC cell xenograft mouse
model was established. It was observed that tumor growth in
the LV-shSMCl-infected group was reduced compared with
the LV-shCont group at 21 days after subcutaneous inoculation
(Fig. S2A; Fig. 4A and B). As presented in Fig. 4C, the weight
of the tumor mass from the LV-shSMCI1 group was significantly
decreased compared with the LV-shCont group (P<0.05). A
TUNEL assay revealed that apoptotic cell numbers were signifi-
cantly higher in the LV-shSMC1 group (33.59+5.90) compared
with in the LV-shCont group (9.80+2.10; P<0.05; Fig. 4D).

To support these observations, another xenograft mouse
model was established using SMCl1-overexpressing SW480
CRC cells. It was revealed that tumor growth in mice inocu-
lated with LV-SMCl-infected SW480 CRC cells was increased
compared with those inoculated with LV-NC-infected SW480
cells (Fig. S2B; Fig. 4E and F). The weight of the tumor mass
from the LV-SMC1 group was also significantly increased
compared with the LV-NC group (P<0.05; Fig. 4G). The rate
of apoptosis in tumor tissue was lower in the LV-SMCI group
(9.7£2.90%) compared with the LV-NC group [15.90+3.10%;
P<0.05; Fig. 4H]. Collectively, these results indicated that
SMCI1 promoted CRC cell proliferation and inhibited apop-
tosis in vivo.

SMCI is associated with NF-xB signaling in CRC cells.
NF-kB is a nuclear transcription factor that regulates the
expression of a large number of genes that are critical for
the regulation of various biological processes, including cell
apoptosis, viral replication, tumorigenesis, inflammation and
various autoimmune diseases (24). To determine whether
NF-«B is involved in the SMC1-mediated regulation of prolif-
eration and apoptosis in CRC cells, the phosphorylation of
IKKPp (at Ser177), IkBa (at Ser32) and NF-«xB p65 (at Ser536)



1334

A .

bt Fdedck

Q -

=

w 6 =

G~

c 8, deke

L g

[

06 4+

b [ *

ao

Gl

g 24

©

@

o

0- L]
(=] (=] w (=]
w =] — o
~ = e w
= = = =
O %) (&) 7%
= T
C Migration

NCM46!

. c

D Migration
250 1 o

z

& 200

o

(=9

2 1504

[1]

Q

©

5 100 4

o

§

Z 504

0-

o (=] w o
w0 [+*] - o
: 2 g &
(9] 7] (S} )
b= T

LI et al: SMC1 PROMOTES PROLIFERATION AND INHIBITS APOPTOSIS IN COLORECTAL CANCER

B
o 7]
3 g = g
5] = &} =
= wm £ i w
o | 0 N
e | (D D D D
E

Invasion

NCM460
o Tt o

F Invasion

250 1

200 A

150 1

100 A

50 1

Number of cells per field

NCM460
SW480
HCT-116
SWe20

Figure 1. SMCI is upregulated in CRC cell lines. (A) mRNA expression levels of SMC1 in three CRC cell lines (SW620, HCT-116, SW480) and a normal colon
epithelial cell line (NCM460) as determined via reverse transcription-quantitative PCR analysis. (B) Western blot analysis of SMCI expression levels in the
cell lines; GAPDH was used as the loading control. (C and D) Migratory abilities of CRC and normal colonic cells were determined using Transwell assays.
Migrated cells were counted under a light microscope in 4 random fields (magnification, x400). (E-F) Invasive abilities of CRC and normal colonic cells
were determined using Matrigel invasion assays. Data are presented as the mean + SD of triplicate experiments. "P<0.05, “P<0.01, ““P<0.005 vs. NCM460.

CRC, colorectal cancer; SMCI, structural maintenance of chromosomes 1.

were determined by western blotting after knocking down
SMCI. A marked decrease in the phosphorylation of IKKf
and IkBa was observed (Fig. 5A). Conversely, an increased
level of phosphorylation of NF-kB p65 was observed
(Fig. 5A). In addition, cell localization of NF-xB p65 altered
after knocking down SMC1,; the protein accumulated from the
cytoplasm to the nucleus (Fig. 5B). Similarly, it was identified

that knocking down SMCI1 promoted NF-«B p65 transloca-
tion from the cytoplasm to the nucleus in vivo (Fig. 5C and D).
Subsequently, the expression of p65 was ectopically reversed
in SMCl1-knocked down SW620 cells. It was revealed that in
p65-overexpressing SW620 cells (Fig. SE), the reduced cell
proliferation (Fig. 5F) and increased apoptosis (Fig. 5G and H)
induced by knockdown of SMC1 were partly reversed. This
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Figure 2. Knockdown of SMCI inhibits malignant phenotypes and induces apoptosis in SW620 cells. (A) LV infection efficiency in SW620 cells. (B) Reverse
transcription-quantitative PCR analysis of SMC1 mRNA levels in SW620 cells. (C) Western blot analysis of SMCI1 protein levels in SW620 cells. (D) In vitro
growth curves of SW620 cells transfected with lentivirus. Cell viability was determined by MTT assays, and the OD was detected at 450 nm. (E) Colony
formation of SW620 cells following lentiviral transduction. (F and G) Migratory and invasive abilities of SW620 cells following SMCI1 knockdown were
determined by Transwell assays. Cells were counted in 4 random fields (magnification, x400). (H) Knockdown of SMCI induced cell cycle arrest in the G2/M
phase in SW620 cells. (I) Quantitative analysis of the cell cycle distribution of SW620 cells. (J and K) Apoptosis of SW620 cells following SMC1 knockdown
was measured via flow cytometry. (L and M) Western blot analysis of the expression of apoptosis-associated molecules, including caspase-3, cleaved caspase-3

and Bcl-2/Bax. Data are presented as the mean + SD of three independent experiments. “P<0.05, “P<0.01,
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P<0.001. Cont, control; LV, lentivirus; OD, optical
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Figure 4. SMCI promotes cell proliferation in vivo. (A) Final tumor volume of SW620 cell xenografts. The largest tumor (upper left) has a diameter of 13 mm.
(B) Tumor growth curves of xenograft nude mice. Tumor volume was measured every 3 days. (C) After 21 days, the tumor weight was calculated. (D) TUNEL
staining of the tumors. The apoptotic index as determined by the percentage of TUNEL-stained nuclei was calculated. (E) Final tumor volume of SW480
cell xenografts. The largest tumor (lower left) has a diameter of 14 mm. (F) Tumor growth curves of xenograft nude mice. Tumor volume was measured
every 3 days. (G) After 21 days, tumor weight was calculated. (H) TUNEL staining of the tumors. The apoptotic index as determined by the percentage of
TUNEL-stained nuclei was calculated. Data are presented as the mean + SD from separate experiments. "P<0.05, “P<0.01. Cont, control; LV, lentivirus;
NC, negative control; sh, short hairpin (RNA); SMCI, structural maintenance of chromosomes 1.

suggested that the effects of SMC1 on the proliferation and  SMCI expression and pathologic parameters in patients with
apoptosis of CRC cells are mediated at least partially via the =~ CRC. Potential associations between SMCI expression levels
NF-«B signaling pathway. in CRC tumor tissues and clinicopathological characteristics
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were analyzed in patients. The collected clinical data indicated
that SMC1 was upregulated in CRC tissues compared with
matched adjacent normal tissues, as determined via RT-qPCR
analysis (Fig. 6A). Furthermore, increased expression of SMC1
was positively associated with advanced TNM stage (P<0.05;
Fig. 6B). The associations between SMCI1 expression and
clinicopathological parameters are presented in Table 1. Higher
expression of SMC1 was significantly associated with advanced
TNM stage (P=0.007), primary tumor size (P=0.035) and lymph

node metastasis (P=0.017). In the present study, no significant
associations were observed between SMCI1 expression and
sex, age, tumor location, tumor differentiation and vascular
invasion (P>0.05). Representative images of SMC1 expression
in tissue are presented in Fig. 6C. There were more strongly
positive (++) SMCI1 cells in advanced-stage (III/IV) compared
with early-stage tissue (I/II; Fig. 6D). As presented in Fig. 6E,
high SMC1 expression was significantly associated with worse
overall survival in patients with CRC (P<0.05; Fig. 6E).
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Table I. Associations between SMC1 expression in cancer tissue and clinicopathological characteristics in patients with colorectal

cancer.
SMC1 expression [N (%)]

Clinicopathological characteristic N Low expression High expression ¥ P-value

Total number 51 22 29

Sex 0.448 0.503
Male 35 14 (63.64) 21 (7241)
Female 16 8 (36.36) 8(27.59)

Age (years) 0.015 0.903
<65 25 11 (50.00) 14 (48.28)
=65 26 11 (50.00) 15 (51.72)

Location 0.019 0.889
Rectal cancer 18 8 (36.36) 10 (34.48)
Colon cancer 33 14 (63.64) 19 (65.52)

Cell differentiation 3.960 0.138
Well 5 2(9.09) 3(10.34)
Moderate 20 12 (54.55) 8 (27.59)
Poor 26 8 (36.36) 18 (62.07)

TNM 7.322 0.007°
I 26 16 (72.73) 10 (34.48)
v 25 6 (27.27) 19 (65.52)

Primary tumor size 4469 0.035°
T1-2 23 14 (63.64) 9 (31.03)
T3-4 28 8 (36.36) 20 (68.97)

Lymph node metastasis 5.685 0.017¢
NO 25 15 (68.18) 10 (34.48)
N1-2 26 7 (31.82) 19 (65.52)

Vascular invasion 0.292 0.589
No 30 12 (54.55) 18 (62.07)
Yes 21 10 (45.45) 11 (37.93)

2P<0.05, "P<0.01. SMC1, structural maintenance of chromosomes 1.

Discussion

CRC is one of the most common malignant diseases globally (1).
Recently, the function of SMCI in CRC has attracted increasing
attention, with evidence suggesting that the cohesin multiprotein
complex is implicated in several diseases, including colorectal
cancer (25-27). The cohesin multiprotein complex includes
four major subunits: SMC1, SMC3, sister chromatid cohesion
(SCC) protein 1 and SCC3. The cohesin multiprotein complex
plays an important role in the regulation of transcription and
development (28,29). SMCI is an X-linked gene that can escape
X-inactivation in humans, but is subject to X-inactivation in
mice (30). Several mutations have been identified in the SMC1
gene, all of which are missense or small deletion mutations (12,20).
Although SMC1 mutations have been reported in CRC (21,22),
the role of SMC1 in CRC remains unclear. Therefore, elucidating
how SMCI is involved in CRC is of great importance.

In the present study, it was demonstrated that SMC1 was
significantly upregulated in CRC cell lines compared with

colonic epithelial cells. SMC1 overexpression contributed
to an increase in the proliferation, and a reduction in the
apoptosis of CRC cells in vitro and in vivo. Further evidence
indicated that the effects of SMC1 on cell proliferation
involved the regulation of the cell cycle. Additionally, it was
demonstrated that SMC1 knockdown affected the balance of
Bcl-2/Bax, indicating that SMC1 serves an antiapoptotic role
in CRC.

NF-«B is a nuclear transcription factor involved in various
biological events (31). The activation of NF-kB is considered
to be part of a stress response, as it is usually activated by
a variety of stimuli that include growth factors, cytokines,
lymphokines, UV, pharmacological agents and stress (32). In
its inactive form, NF-«B is sequestered in the cytoplasm and
bound by members of the IkB family of inhibitor proteins (33).
In the present study, it was demonstrated that knocking down
SMCI1 promoted NF-«kB p65 translocation from the cytoplasm
to the nucleus in vitro and in vivo. The present data demon-
strated that SMC1 knockdown promoted cell apoptosis, which
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could be reversed by overexpressing p65, suggesting that the
roles of SMC1 in cell proliferation and apoptosis are mediated
by the NF-kB signaling pathway. However, details regarding
the mechanisms of action require further investigation.

The significance of SMCI1 in CRC was also supported by
clinical evidence. In the present study, it was demonstrated that
the expression of SMC1 in CRC tissues was higher compared
with adjacent normal tissues. Patients with high SMCI1 expres-
sion had larger tumors, and increased incidence of distant and
local metastasis; it was suggested that high SMC1 expression
was an independent prognostic predictor for patients with
advanced CRC stage, and was associated with overall survival.
These results suggested that SMC1 may have an important role
in the development of CRC and be a predictive biomarker in
patients with CRC. The inhibition of SMC1 may serve as a
promising therapeutic strategy for human CRC.

In conclusion, the present data demonstrated a role of
SMCI as a tumor-promoting biomarker in CRC. The present
data also demonstrated a novel mechanism for the regulation
of CRC cells, as SMC1 promoted proliferation and inhibited
apoptosis, potentially via the NF-«kB signaling pathway. To the
best of our knowledge, this is the first study to demonstrate
that targeting SMCI1 may be a potential therapeutic strategy
in CRC.
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