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Knocking down SMC1A inhibits growth and leads to
G2/M arrest in human glioma cells
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Abstract: Cohesin, a multiunit complex of SMC1A, SMC3 and Rad21, associates with chromatin after mitosis and
holds sister chromatids together following DNA replication. It has been reported that SMC1A is mutated in some
cancer types, leading to genomic instability and abnormal cell growth. In this study, we investigated the role of
SMC1A in human glioma. We found that SMC1A was expressed at abnormally high levels in human glioma tissue
and in cultured U251 glioma cells. Knocking down SMC1A expression in U251 cells with SMC1A-targeted interfering
RNAs inhibited cell growth and induced G2/M cell cycle arrest. Furthermore, expression of the cell cycle associated
gene CCNB1IP1 was dramatically increased, whereas expression of Cyclin B1 was decreased in SMC1A-deficienct
U251 cells. These results suggest that SMC1A upregulation is involved in the pathogenesis of glioma.
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Introduction

Cohesin is a multi-subunit complex that associ-
ates with chromatin after mitosis and is impor-
tant for holding sister chromatids together fol-
lowing DNA replication [1]. Cohesin is composed
of four subunits: a pair of SMC (Structural
Maintenance of Chromosome) proteins, SMC1A
and SMC3, and two non-SMC proteins, RAD21/
Sccl and STAG/Scc3/Sa. SMC proteins are
characterized by a globular hinge domain
flanked by two a-helical domains, which fold
back on themselves at the hinge, forming a
long antiparallel a-helical coiled coil arm that
brings the N- and C-termini together. The
N-terminal contains the Walker A box (or P-loop),
which binds ATP. The C-terminal holds the DNA
binding domain Walker B. SMC1A and SMC3
dimerize at the hinge domains, forming a
V-shaped structure through hydrophobic
interactions.

The cohesin complex acts as a tripartite ring in
which SMC1A and SMC3 are connected by
their hinge domains on one side, and RAD21
closes the ring by connecting the SMC1A and
SMC3 head domains on the other side [2, 3].
Based on this proposed ring shape, it is thought

that the interaction between cohesin and DNA
is topological, which is known as the “ring” or
“embrace” model. According to this model,
cohesin enwraps sister chromatids by opening
up at the head domain allowing the sister chro-
matid to enter, which is then locked in when the
RAD21 subunit closes overtop [3-5]. Transient
dissociation of the SMC hinge domains also
seems to contribute to the entry of DNA into the
cohesion ring [6]. The cohesin binding to chro-
matin is dynamic and occurs during the G1/S
phase in the budding yeast or in the telophase
of the cell cycle in vertebrates [7].

Recent studies have concluded that SMC1A is
involved in the pathogenesis of cancer [8, 9.
SMC1A mutations have been identified in
colorectal cancers, and RNAi-mediated down-
regulation of SMC1A results in chromosomal
instability and chromatid cohesion defects in
human cells [8]. It is believed that genetic insta-
bility plays a critical role in the development of
cancer [10, 11]. Therefore, it is suggested that
SMC1A mutations induced defective sister
chromatid cohesion, caused chromosome
instability in human cancer. In addition, one
study demonstrated an upregulation of SMC1A
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mMRNA in cervix cancer cells compared to nor-
mal cervix [12]. Other studies have found an
association between SMC1A expression levels
and age in patients with acute myeloid leuke-
mia. Increasing age was associated with signifi-
cantly decreased mRNA levels of SMC1A.
Importantly, patients with low protein expres-
sion levels of SMC1A experienced significantly
shortened event free (2.6 months versus 10.3
months, p=0.003) and overall survival (10.4
months versus 22.6 months, p=0.015). The
SMC1A protein expression level remained a sig-
nificant prognostic factor for event free survival
(p=0.014) with a borderline significance for
overall survival (p=0.066) in a multivariate
analysis. It is implicated that SMC1A protein in
leukemia prognosis and suggesting that treat-
ments that increase SMC1A may offer a clinical
benefit [9]. These findings suggest that cohesin
function may be compromised in a wide variety
of as yet unknown cancer types.

Gliomas are primary brain tumors derived from
glial cells. The World Health Organization (WHO)
classifies glioma tumors into four grades (I-1V)
based on the presence of histopathological
features that correlate with prognosis [13].
Current therapies for the treatment of glioma
have poor response rates and survival rates for
patients with high grade glioma is extremely
short (approximately 12-14 months [14]. In
spite of the current troubling clinical outlook for
gliomas, our knowledge of the molecular under-
pinnings of the pathogenesis of primary brain
tumors is rapidly advancing, and numerous
genetic and epigenetic factors have been iden-
tified in different tumor types.

In this study we investigated the expression
and activity of SMC1A in gliomas. We found
that SMC1A is highly expressed in human glio-
ma tissues compared with normal brain tis-
sues. Downregulating SMC1A in cultured U251
glioma cells with SMC1A-targeted shRNA con-
structs inhibited cell growth, induced G2/M
phase cell cycle arrest, and led to increased
CCNB1IP1 expression and decreased Cyclin B1
expression. These results suggest that SMC1A
is abnormally expressed in gliomas and reduc-
ing its levels suppresses glioma growth in vitro.

Materials and methods
Reagents and antibodies

Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), TRIzol Reagent were
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purchased from Invitrogen (Carlsbad, CA, USA);
3-(4,5-dimethylthylthiazol-2yl-)-2,5-diphenyl
tetrazolium bromide (MTT) was from Sigma (St.
Louis, USA); dimethylsulfoxide (DMSO) and
propidium iodide (Pl) were from Sibas (Shanghai,
China); bicinchoninic acid (BCA) protein assays
were from HyClone-Pierce (South Logan, UT,
USA); M-MLV reverse transcription kits and
SYBR green Master Mixture were from Takara
(Takara Biochemical, Kyoto, Japan); oligo-dT
was from Sangon Biotech (Shanghai, China);
Goat anti-SMC1«, HRP-conjugated mouse anti-
GAPDH and Donkey anti-Goat 1gG were from
Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Rabbit anti-Cyclin B1 was from
Booster(Wuhan, China). Mouse anti-Survivin
was from Cell signaling Technology (Cell signal-
ing Technology, MA, USA). All other chemicals
used were laboratory grade.

Human glioma tissues and cell culture

Human glioma tissues graded were obtained
from Shanghai Huashan Hospital (Chinese
Hospital). Rat glial cells were obtained from rat
brain. U251 glioma cells and C6 glioma cells
were purchased from the Shanghai Institutes
for Biological Sciences (Chinese Academy of
Sciences). Cells were cultured in DMEM supple-
mented with 10% FBS, penicillin and strepto-
mycin at 37°C in an atmosphere of 5% CO, and
95% air (Gibco BRL, Life Technologies, NY) and
harvested as indicated.

SMC1A-targeted shRNAs and lentivirus infec-
tion

Interfering short hairpin RNAs (shRNA) target-
ing SMC1A were synthesized at Neuron Biotech
Inc. (Shanghai, China). Target sequences and
primers used were as follows: SMC1A#1 (5'-
CGGCGTATTGATGAAATCAAT-3’) was amplified
with 5'-CCGGCGGCGTATTGATGAAATCAATCTCG-
AGATTGATTTCATCAATACGCCGTTTTTTG-3’ (for-
ward) and 5-AATTCAAAAAACGGCGTATTGATG-
AAATCAATCTCGAGATTGATTTCATCAATACGCCG-
3’ (reverse); SMC1A#2 (5-CCAACATTGATGAGAT-
CTATA-3’) was amplified with 5’-CCGGCCAACAT-
TGATGAGATCTATACTCGAGTATAGATCTCATCA-
ATGTTGGTTTTTTG-3’ (forward) and 5-AATTCA-
AAAAACCAACATTGATGAGATCTATACTCGAG-
TATAGATCTCATCAATGTTGG-3’ (reverse); and
SMC1A#3 (5-TAGGAGGTTCTTCTGAGTACA-3’)
was amplified with 5-CCGGTAGGAGGTTCTTCT-
GAGTACATTCAAGAGATGTACTCAGAAGAACCT
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CCTATTTTTTG-3’ (forward) and 5-AATTCAAAA-
AATAGGAGGTTCTTCTGAGTACATCTCTTGAATGTA
CTCAGAAGAACCTCCTA-3’ (reverse); and SMCA-
Scr (5-TTCTCCGAACGTGTCACGT-3’) was ampli-
fied with 5-CCGGTTCTCCGAACGTGTCACGTTT-
CAAGAGAACGTGACACGTTCGGAGAATTTT
TTG-3’ (forward)and 5-AATTCAAAAAATTCTCCG-
AACGTGTCACGTTCTCTTGAAACGTGAC
ACGTTCGGAGAA-3’ (reverse). shRNA constructs
were cloned into the Age | and EcoR | sites of
pGCSIL-GFP vector to generate pGCSIL-GFP-
SMC1A. For lentivirus infection, 3x10° U251
cells were seeded in 10 cm dishes and cultured
for 24 hrs. Cells were then infected with control
or SMC1A-shRNA lentivirus at a MOI (multiplic-
ity of infection) of 10. To determine the infec-
tion efficiency, GFP expression was assessed
under a fluorescence microscope (Nikon Ti-s,
Nikon) 4 days after infection. Then the cells
were passaged and subcultured 4 days for
western blot and Cell cycle analysis.

Quantitative real-time RT-PCR

MRNA was isolated from uninfected and infect-
ed U251 cells using TRIzol reagent according to
the manufacturer’'s instructions (Invitrogen).
Reverse transcription was performed using
MMLV Reverse Transcriptase and oligo (dT)
primers. Real time PCR was conducted with a
TAKARA Thermal Cycler Dice Real-Time System
using SYBR green Master Mixture. The reaction
mixture (20 pl) contained 10 pl SYBR green
Master Mixture, 125 nM gene-specific primers,
and 1 yl of template was amplified under the
following conditions: 95°C for 15 s, followed by
45 cycles of 95°C for 5 s and 60°C for 30 s.
TAKARA Thermal Dice Real Time System soft-
ware Ver3.0 was used to establish the baseline
and threshold for each reaction. Data were
analyzed using the comparative Ct method and
normalized to B-actin. The generation of specif-
ic PCR products was confirmed by melting
curve analysis. Primers used were SMC1A:
5-TCGGACCATTTCAGAGGTTCA-3’ (forward)
with 5’-TCCTCAGAGTAGACCATGCTG-3’ (reverse);
B-actin: 5-GGCGGCACCACCATGTACCCT-3’ (for-
ward) with 5-AGGGGCCGGACTCGTCATACT-3’
(reverse); and CCNB1IP1 5-TCGAAAGTGTCG-
CATCAAACT-3’ (forward) with 5-CACAGAAGAT-
GTGAGAGCAGG-3’ (reverse).

Western blot analysis

Glioma tissues were homogenized on ice with a
tissue homogenizer (Handheld Homogenizer
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Model PT 1300D, Equl, China) in homogeniza-
tion buffer. U251 cells and tissue homogenate
were lysed with RIPA lysis buffer containing pro-
tease inhibitors (20 mM Tris-HCI, 1 mM EDTA, 1
mM EGTA, 1 mM sodium vanadate, 0.2 mM
phenylmethylsulfonyl fluoride, 0.5% NP-40).
About 25 pg of total protein from each sample
was loaded on 12% SDS-PAGE gel. Western
blots were developed using standard methods
and the following primary antibodies: polyclonal
goat anti-human SMC1A (1:500), polyclonal
rabbit anti-Cyclin B1 antibody (1:400), mono-
clonal mouse anti-Survivin antibody (1:1000)
and horseradish peroxidase-conjugated mouse
anti-GAPDH (1:10,000). Signals were visualized
on ECL plus Western blotting detection system
(DNR Bio-imaging system, Israel). GAPDH pro-
tein levels were used as loading controls.

MTT assay

Cell proliferation was measured using MTT
assays. Briefly, uninfected and infected U251
cells were plated on 96 well plates containing
1,500 cells/well in 150 pyl medium. After 4 hrs
(day O, baseline) or 1, 2, 3, 4, days of incuba-
tion, 20 ul of MTT stock solution (5 mg/ml) was
added into each well, and cells were further
incubated at 37°C for 4 hrs. The reaction was
stopped by replacing the MTT-containing medi-
um with 100 yl DMSO and formazan salts dis-
solved by gentle shaking for about 10 min at
room temperature. For colorimetric analysis,
absorbance at 490 nm was recorded using a
Microplate Reader (IMark 10303, Bio-Rad,
USA). Each assay was repeated at least in tripli-
cate and the ratio of the absorbance relative to
baseline was calculated.

Colony formation assay

Uninfected and infected cells (1000 cells/well)
were diluted in complete medium and seeded
in 6-well plates. After incubation for 14 days at
37°C in 5% humidified CO, (culture medium
changed at regular intervals), adherent cells
were washed twice with PBS, stained with 0.5%
Crystal Violet in methanol for 15 min at room
temperature, washed again and counted. The
experiment was performed in triplicate.

Cell cycle analysis

The distribution of cells in the cell cycle was
determined using FACS analysis. Briefly, unin-
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Figure 1. SMC1A is up-regulated in rat C6 glioma cells human glioma tissues by western blot. A. SMC1A protein
levels in rat C6 glioma cells and normal rat glial cells. B. SMC1A protein levels in human glioma tissues compared
with healthy brain tissues.
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Figure 2. Lentivirus-mediated shRNA stably decreases SMC1A expression in U251 cells. A. GFP expression in 4 day
old cultures of control U251 cells or cells infected with SMC1A-Scr lentivirus or lentivirus harboring SMC1A-shRNAs
(SMC1A#1, #2 or #3). Top, bright field; bottom, GFP signal. B. Representative western blot showing SMC1A levels in
control U251 cells and U251 cells expressing SMC1A-shRNA. GAPDH included as a loading control. C. Quantification
of real-time RT-PCR measurements of SMC1A expression normalized to B-actin in U251 cells infected as indicated.
The protein and RNA were extracted at 4 days after subculture.

fected and infected cells were collected and RNase A and 50 pg/ml propidium iodide, and
washed, centrifuged, then fixed in 70% ethanol then incubated at 4°C for 30 min in the dark.
at 4°C for half an hour. Prior to analysis, cells Cells were analyzed by flow cytometry using a
were resuspended in PBS containing 20 pg/mi FACSCalibur flow cytometer (Becton-Dickinson,
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Figure 3. SMC1A silencing inhibits U251 cell growth. A. MTT assays showing the growth of cultured U251 cells in-
fected as indicated over 4 days. B. Representative image of colonies formed in dishes seeded with 1000 U251 cells
and cultured for 14 days. C. Quantification of colony formation assays.

San Jose, CA, USA). The data was analyzed with
FlowJo 7.6.1 software (Tree Star, Inc., Ashland,
OR).

Statistical analysis

All experiments were performed at least in trip-
licate. Statistical differences were determined
by the Student’s t-test and P<0.05 was consid-
ered statistically significant. Data are expressed
as the means + S.D.

Results

SMC1A expression in rat C6 glioma cell and
human glioma tissues

We began our study by examining levels of
SMC1A protein in rat C6 glioma cells and glial
cells by western blot. We found that SMC1A
was expressed at higher levels in rat C6 glioma
cells than normal rat glial cells (Figure 1A).
Then human glioma tissues and healthy brain
tissue were also examined. Similarly SMC1A
was expressed at higher levels in glioma tissue
than healthy brain tissue, but there was no sig-
nificant correlation between SMC1A expression
levels and the grade of malignancy (Figure 1B).

SMC1A silencing in U251 cells

To examine the role of SMC1A in human glioma,
we generated three recombinant lentivirus con-
structs each harboring a unique SMC1A target-
ing shRNA, and transduced these into U251
cells. The infection efficiency was more than
95%, with almost all cells expressing the GFP
reporter protein 4 days after infection (Figure
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2A). Western blot and real-time RT-PCR
revealed that SMC1A-shRNAs significantly
reduced SMC1A expression in U251 cells com-
pared with Control and SMC1A-Scr U251 cells
(Figure 2B and 2C), demonstrating that lentivi-
rus-mediated delivery of SMC1A-targeting
shRNA constructs is an effective method for
knocking down SMC1A mRNA and protein in
U251 cells. Although all three sequences were
effective, the following experiments were con-
ducted using shRNAs SMC1A#2 and SMC1A#3.

Effect of SMC1A down-regulation on U251 cell
growth inhibition

To investigate the effects of SMC1A silencing
on cell growth and proliferation in U251 cells,
we performed MTT and colony formation
assays. After 5 days in culture, our MTT assays
revealed U251 cells infected with SMC1A#3
had virtually not grown, whereas growth was
reduced by about 30% in SMC1A#2-infected
cells compared with control cells (Figure 3A).
Consistently, the number of SMCA#2 and #3
infected cell colonies were near zero 14 days
after plating while numerous colonies had
developed in control plates (Figure 3B and 3C).
Thus, both assays show that knocking-down
SMC1A severely hinders U251 cell growth.

Effect of SMC1A down-regulation on U251 cell
cycle dynamics

To further evaluate the effects of SMC1A silenc-
ing on cell growth, we analyzed the cell cycle
phase distribution of SMC1A-deficient U251
cells by flow cytometry (FACS) analysis after
propidium iodide staining of cellular DNA. As

Int J Clin Exp Pathol 2013;6(5):862-869
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Figure 4. SMC1A silencing arrests the U251 cell cycle

in G2/M. A. Representative FACS

results showing cell cycle phase distributions of U251 cells at 4 days after subculture. B.

Quantification of FACS analyses.

shown in Figure 4A, down-regulation of SMC1A
induced an accumulation of U251 cells in the
G2/M phase compared with control cells. The
G2/M phase fraction increased from about
25% in control-transduced cells to over 40% in
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Discussion

SMC1A shRNA-in-
fected U251 cells
(Figure 4B).

Effect of SMC1A
silencing on CCN-
B1IP1 mRNA and
Cyclin B1 expres-
sion

To begin to investi-
gate the mecha-
nism  underlying
cell growth inhibi-
tion and cell cycle
arrest in SMC1A-
deficient U251
cells, we examined
the expression of
the cell cycle asso-
ciated gene CCN-
B1IP1, a modula-
tor of cyclin Bl
levels that regu-
lates progression
through the G2
phase [15-17]. We
found that CCNB-
1IP1 was dramati-
cally increased an-
d Cyclin B1 was
decreased in SMC-
1A#2 and #3-infe-
cted U251 cells
(Figure 5A and
5B). However, Sur-
vivin, inhibitor of
cell death, did not
change (Figure
5B). The results de-
monstrated  that
SMC1A gene silen-
cing inhibit cell
growth possibly by
increasing CCNB1-
IP1 expression and
reducing Cyclin B1
expression in U251
cells.

Glioma is the most common form of primary
brain tumor and includes morphologically dis-
tinct cancers such as astrocytoma, ependymo-

Int J Clin Exp Pathol 2013;6(5):862-869
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Figure 5. SMC1A silencing increases mRNA expression of CCNB1IP1 and reduces Cyclin B1 expression. A. Quantita-
tive RT-PCR data showing CCNB1IP1 mRNA expression normalized to B-actin in U251 cells subcultured for 4 days.
B. Left, Western blot showing Cyclin B1 and Survivin expression. Right, gray scale analysis on Cyclin B1 expres-
sion, compared with Control group. Data represents the mean + SD of three-independent experiments. *P<0.05,

**P<0.01, compared with Control group.

ma and oligodendroglia [13]. In the ongoing
effort to characterize these diseases, numer-
ous studies have shown correlations between
the pathogenesis or pathophysiology of glioma
and specific genetic alterations; together these
studies have revealed considerable variability
in the genetic factors and phenotypes associ-
ated with gliomas. This diversity underscores
the need for more accurate biomarkers, as well
as putative targets for the development of new
therapeutic paradigms [18-20].

In the study, we present evidence to show that
SMC1A is highly expressed in advanced human
glioma tissue compared with healthy brain tis-
sue and Grade | glioma tissue. It is consistent
with the results that an upregulation of SMC1A
MRNA in cervix cancer cells compared to nor-
mal cervix [12].

To begin to explore the possibility of using
SMC1A-based therapies for the treatment of
glioma, we employed lentivirus-mediated RNAI
silencing of endogenous SMC1A expression to
elucidate the effect of suppressing SMC1A
function in U251 cells. Silencing SMC1A inhib-
ited cell growth and caused the U251 cell cycle
to arrest in the G2/M phase (Figures 3 and 4).
This observation is consistent with a previous
report showing that down-regulation of SMC1A
leadsto G2/M phase cell cycle arrestin HCT116
in human colorectal cancer cells [8].
Proliferating eukaryotic cells possess check-
point mechanisms to prevent cell division in the
event of unreplicated or damaged DNA. Cyclin
Bl is essential for controlling cell cycle progres-
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sion at the G2/M transition [21]. And CCNB1IP1
could interact with Cyclin B1 levels to regulate
progression through the G2 phase [15]. In our
experiments, silencing SMC1A was associated
with a significant increase in CCNB1IP1 mRNA
expression (Figure 5A). CCNB1IP1 belongs to a
divergent class of E3 ubiquitin ligases and may
directly interact with Cyclin B1 in the control of
protein degradation that occurs as cells enter
into mitosis [15]. Consistently, it was found that
Cyclin B1 decreased in U251 cells of SMC1A
silencing (Figure 5B). However, survivin was a
member of inhibitor apoptosis gene family,
which prevent apoptotic cell death [22]. Results
show that survivin expression remains
unchanged (Figure 5B), which indicated that
SMC1A silencing may not induce cell death. In
addition, CCNB1IP1 has been identified as a
novel merlin-binding partner [17]. As merlin is a
tumor suppressor and participates in cell cycle
regulation, it is possible that SMC1A upregula-
tion in glioma cells contributes to increased
tumor cell growth via the repression of
CCNB1IP1 and merlin.

In conclusion, this study is the first report, to
our knowledge, to show aberrant SMC1A
expressed in  human glioma tissues.
Furthermore, shRNA-mediated knock down of
SMC1A prevents the growth of U251 glioma
cells in vitro and arrests the cell cycle in G2/M.
The growth suppressing effect of SMC1A shRNA
may be due to the upregulation of CCNB1IP1
and down-regulation of Cyclin B1 that occurs in
U251 cells in the absence of SMC1A
expression.

Int J Clin Exp Pathol 2013;6(5):862-869
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