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Structural maintenance of chromosomes 2 is identified as an oncogene in 
bladder cancer in vitro and in vivo 
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Taurine upregulated gene 1 (TUG1) has been found to promote bladder cancer cell growth in our recent research. In 
this study, TUG1-depleted bladder cancer cells were used to identify potent players in bladder cancer. Human gene expres-
sion arrays were used for transcriptome profiling of TUG1-depleted bladder cancer cells. Cell proliferation was analyzed 
by MTT assay. Cell apoptosis and cell cycle were analyzed by flow cytometry. Colony formation assay was used to observe 
the changes of colony formation rates. Xenograft formation assay was performed in nude mice. Immunohistochemical 
staining was used to test the gene expression levels in tissues from bladder cancer patients. We found that deregulated genes 
were strongly enriched in cell cycle or pathways in cancer in TUG1-depleted bladder cancer cells. Structural maintenance 
of chromosomes 2 (SMC2) was inhibited after TUG1 knockdown. The depletion of TUG1 or SMC2 led to G2/M phase 
arrest in bladder cancer cells. SMC2 depletion inhibited bladder cancer cell proliferation, promoted apoptosis, decreased 
colony formation, and reduced tumor growth in xenograft nude mice. Overexpression of SMC2 restored the growth of 
TUG1-depleted cells. The expression levels of SMC2 were higher in human bladder cancer tissues than that in paired 
normal tissues. Our data suggest that SMC2 is an oncogene in bladder cancer and depletion of SMC2 might have potential 
therapeutical significance in bladder cancer. 
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Bladder cancer remains a big threat to human health 
globally today. An estimated 79,030 new bladder cancer cases 
and 16,870 bladder cancer deaths are reported for 2017 in 
the United States [1]. The molecular mechanisms underlying 
the disease are rather complicated [2] and understudied. 
Long intergenic non-coding RNAs (lincRNAs) are expressed 
in human cells. They co-work with chromatin modifying 
complexes to regulate gene expression [3]. Taurine upregu-
lated gene 1 (TUG1) is a lincRNA that is upregulated in 
bladder cancer. The depletion of TUG1 induces prolifera-
tion inhibition and apoptosis of bladder cancer cells [4]. 
These findings suggest that TUG1 plays a proliferative role in 
bladder cancer. But it remains unknown how TUG1 regulates 
the transcriptome of bladder cancer.

This study profiled the transcriptome of TUG1-depleted 
bladder cancer cells. We found that 209 genes were upreg-
ulated and 223 were downregulated after TUG1 depletion. 
Deregulated genes were strongly enriched in cell cycle or 
pathways in cancer. The expression of Structural mainte-
nance of chromosomes 2 (SMC2) was significantly inhibited 

after TUG1 depletion. The expression levels of SMC2 were 
higher in human cancerous tissues than that in paired normal 
tissues. In vitro and in vivo assays identified that SMC2 was 
an oncogenic player in bladder cancer.

Materials and methods

Cell lines and infections. Bladder cancer cell lines T24 
and 5637 in this study were obtained from the Institute of 
Cell Research, Chinese Academy of Sciences, Shanghai, 
China. The cells were cultured as previously documented 
[5]. Cells were infected with TUG1 shRNA, SMC2 shRNA, 
SMC2 ORF or negative control lentiviruses.

RNA extraction and qRT-PCR analysis. The procedures 
for RNA extraction from the cultured cells and qRT-PCR 
analyses for target genes were performed as previously 
described [5].

shRNA target sequences and primer sequences. TUG1 
shRNA target sequence was 5’-CACGACCATGGTTGT-
CATCCA-3’. SMC2 shRNA target sequence was 5’-AGATT-
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TACTCAATGTCAAA-3’. The forward and reverse primers 
for TUG1 were 5’-TAGCAGTTCCCCAATCCTTG-3’ and 
5’-CACAAATTCCCATCATTCCC-3’, respectively. The 
forward and reverse primers for SMC2 were 5’-ACAACAC-
CAGAGTACAGGATC-3’ and 5’-CGGCCCTGCATGAT-
GAGAA-3’, respectively. The forward and reverse primers for 
GAPDH were 5’-TGACTTCAACAGCGACACCCA-3’ and 
5’-CACCCTGTTGCTGTAGCCAAA-3’,

respectively. GAPDH was taken as an internal control for 
TUG1 and SMC2. Other shRNA target sequences for TUG1 
and SMC2 had been investigated in our pre-experiment. The 
panel of shRNA target sequences used in the pre-experiment 
is provided in Supplementary Table S1.

Transcriptome microarray analysis. T24 cells were 
infected with either TUG1 shRNA lentiviruses or negative 
control lentiviruses. Affymetrix GeneChip® PrimeView™ 
Human Gene Expression Arrays (Affymetrix, Santa 
Clara, CA, USA) were used for transcriptome profiling 
of TUG1-depleted bladder cancer cells according to the 
manufacturer’s instructions. Microarray analysis was done in 
triplicate.

Proliferation, cell cycle, colony formation and apoptosis 
assays. Cell proliferation by the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) assay, cell cycle 
analysis by flow cytometry and colony formation assay were 
used as described elsewhere [6]. Cell apoptosis was analyzed 
by flow cytometry as previously described [7].

Xenograft formation assay. Four-week-old female 
BALB/c nude mice were obtained from Shanghai 
Lingchang Biolotech co. Ltd. Shanghai, China. The use of 
mice was approved by the Institutional Animal Care and 
Use Committee of Tibet University Medical College, Lhasa, 
China. Ten nude mice were injected into the right flank 
with 1×107 T24 cells infected with SMC2 shRNA lentivi-
ruses as an experimental group. Another 10 nude mice were 
injected into the right flank with 1×107 T24 cells infected 
with control lentiviruses as a control group. The mice were 
sacrificed and the tumors were weighed 36 days after the 
injection.

Patient samples. Formalin-fixed paraffin-embedded 
cancer tissues and paired normal tissues from 31 bladder 
cancer patients were acquired from Shanghai Outdo Biotech 
Co. Ltd., Shanghai, China. The tissues were obtained with 
informed consent from all individuals. The clinicopatho-
logical characteristics of the patients are provided in Supple-
mentary Table S2. The use of patient samples in the study was 
approved by the Institutional Review Board of Tibet Univer-
sity Medical College, Lhasa, China.

Immunohistochemical staining methods were used 
as described elsewhere [8]. The scores of staining intensity 
were scaled as 0 (no staining), 1 (weak staining), 2 (moderate 
staining) and 3 (strong staining). The scores of staining rate 
were scaled as 1 (1–25%), 2 (26–50%), 3 (51–75%) and 4 
(76–100%). The total score equals the score of staining inten-
sity × the score of the staining rate. The total score ≤4 was 

defined as low expression and the total score >4 score was 
defined as high expression.

Statistical analyses The differences of SMC2 expres-
sion levels between human cancerous tissues and paired 
normal tissues were determined by sign-test. MTT assays 
were analyzed by the analysis of variance. Differences in 
gene expression changes in bladder cancer cells after infec-
tion, apoptosis, colony formation, cell cycle and xenograft 
formation assays were analyzed by Student’s t-test. Data were 
shown as mean ± SD. A p<0.05 was considered statistically 
significant.

Results

Transcriptome profiling of TUG1-depleted bladder 
cancer cells. Forty-eight hours after infection with TUG1 
shRNA lentiviruses or negative control lentiviruses, the TUG1 
RNA expression levels were measured. The inhibitory rates 
(TUG1 shRNA / negative control) were 84.54±1.76% and 
78.23±1.33% in T24 and 5637 cells, respectively. To identify 
vital players in bladder cancer that are regulated by TUG1, we 
profiled the transcriptome of TUG1-depleted bladder cancer 
T24 cells using Affymetrix GeneChip® PrimeView™ Human 
Gene Expression Arrays. The expression levels of genes in 
TUG1-depleted T24 cells were compared with that in control 
T24 cells. Over hundreds of genes were deregulated after 
TUG1 depletion. TUG1-depleted T24 cells showed distinct 
transcriptomic patterns compared with control T24 cells. The 
impact of TUG1 depletion in T24 cells on transcriptomics 
demonstrated by heatmap is provided in Supplementary 
Figure S1. In this study, statistically significant differential 
expression levels were defined as |Fold Change| >1.5, p-value 
<0.05. We found that 209 genes were upregulated and 223 
were downregulated after TUG1 depletion. With these dereg-
ulated genes, pathway enrichment analysis was performed. 
Deregulated genes were strongly enriched in KEGG cell cycle, 
KEGG pathways in cancer, BIOCARTA caspase pathway, etc. 
The pathways analyzed with the top ten –log10(p-value) values 
are shown in Supplementary Figure S2.

TUG1 depletion inhibited SMC2 expression in bladder 
cancer cells. To identify possible novel players in bladder 
cancer, primary screening based on available biological 
information from the public domain was performed. Dereg-
ulated genes that were rarely documented and might play 
proliferative or anti-proliferative roles in cancer were chosen 
from the panel of 209 upregulated genes and 223 downregu-
lated genes in TUG1 depleted bladder cancer cells as candi-
dates for further study. SMC2 was one candidate that was 
downregulated after TUG1 depletion. Forty-eight hours 
after infection with TUG1 shRNA or negative control lenti-
viruses, the SMC2 RNA expression levels in T24 and 5637 
cells were measured. The SMC2 mRNA expression inhibitory 
rates caused by TUG1 depletion (TUG1 shRNA / negative 
control) were 76.2±2.79% and 73.8±3.55% in T24 and 5637 
cells, respectively.
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Impact of SMC2 on proliferation, apoptosis and colony 
formation of bladder cancer cells. Forty-eight hours after 
infection with SMC2 shRNA or negative control lentivi-
ruses, the SMC2 mRNA expression levels in T24 and 5637 
cells were measured. The SMC2 mRNA expression inhibitory 
rates (SMC2 shRNA / negative control) were 81.8±3.12% and 
80.2±1.27% in T24 and 5637 cells, respectively (Figures 1A, 
1C). To investigate the impact of SMC2 on the proliferation 
of bladder cancer cells, MTT assays were used to measure the 
cell proliferation changes of T24 and 5637 cells after SMC2 
knockdown. Cell proliferation inhibition after SMC2 knock-
down was observed in both T24 cells (Figure 1B) and 5637 
cells (Figure 1D) by MTT assay. Seventy-two hours after 
infection, the cell apoptosis changes were determined by 
Annexin V apoptosis detection by flow cytometry analysis. 
The depletion of SMC2 promoted apoptosis of T24 cells 
(Figure 2A) and 5637 cells (Figure 2B), respectively. The 
impact of SMC2 on the colony formation was measured. 
Seventy-two hours after infection, the cells were seeded and 
cultured for 11 days. Decreased colony formation numbers 
caused by SMC2 knockdowns were observed in both T24 
cells (Figure 2C) and 5637 cells (Figure 2D).

Depletion of TUG1 or SMC2 led to G2/M phase arrest 
in bladder cancer cells. We investigated the impact of TUG1 
and SMC2 on cell cycle. T24 cells were cultured, infected, 
collected and stained with propidium iodide. Cell cycle 
analysis was performed. Increased percentages of cells were 
observed in G2/M phase of TUG1 KD or SMC2 KD group 

(Figure 3). The experiments are supportive of the findings 
that deregulated genes were strongly enriched in the cell 
cycle in TUG1-depleted bladder cancer cells and SMC2 acted 
as a downstream player of TUG1.

Depletion of SMC2 reduced tumor growth in xenograft 
nude mice. The mice were sacrificed and the tumors were 
weighed 36 days after the injection of T24 cells infected with 
SMC2 shRNA or control lentiviruses. SMC2 knockdown 
reduced tumor growth in xenograft nude mice (p=0.0191) 
(Figure 4).

Overexpression of SMC2 restored the proliferation of 
SMC2-depleted or TUG1-depleted bladder cancer cells. To 
demonstrate the role of SMC2 in promoting the proliferation 
of bladder cancer cells, the overexpression of SMC2 was done 
to test the impact of proliferation on SMC2-depleted T24 
cells. Forty-eight hours after infection with SMC2 shRNA 
lentiviruses or SMC2 shRNA plus SMC2 ORF lentiviruses, 
the SMC2 mRNA expression levels were measured. Overex-
pression of SMC2 increased the SMC2 mRNA expression 
levels in SMC2-depleted T24 cells significantly (Figure 5A). 
Cell proliferation promotion caused by overexpression of 
SMC2 was observed in SMC2-depleted T24 cells (Figure 5B). 
To corroborate that SMC2 acted downstream of TUG1, 
overexpression of SMC2 was done to test the impact of 
proliferation on TUG1-depleted bladder cancer cells. Forty-
eight hours after infection with TUG1 shRNA lentiviruses 
or TUG1 shRNA plus SMC2 ORF lentiviruses, the SMC2 
mRNA expression levels were measured. Overexpression 

Figure 1. The impact of SMC2 on the proliferation of bladder cancer cells. SMC2 knockdown inhibited SMC2 expression significantly in T24 (A) and 
5637 (C) cells. Real-Time qPCR was used to test SMC2 mRNA expression levels. The comparative ΔCt method (value of 2–ΔCt(SMC2 – GAPDH)) was used to 
show the mRNA expression levels. Each experiment of expression assay was done in 3 replicates. Data are shown as mean ± SD. Cell proliferation in-
hibition caused by SMC2 knockdown was observed in T24 (B) and 5637 (D) cells. Cell proliferation was measured by MTT assay. Each experiment of 
MTT assay in both cell lines was performed in 5 replicates. Data are shown as mean ± SD. shCtrl stands for the control group. shSMC2 stands for the 
SMC2 knockdown group.
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Upregulation of SMC2 in bladder cancerous tissues 
The expression levels SMC2 were immunohistologically 
tested in 31 patients with bladder cancerous tissues and 
paired normal tissues. The expression levels of SMC2 were 

of SMC2 increased the SMC2 mRNA expression levels in 
TUG1-depleted T24 cells markedly (Figure 5C). Cell prolif-
eration promotion caused by overexpression of SMC2 was 
observed in TUG1-depleted T24 cells (Figure 5D).

Figure 2. The impact of SMC2 on the apoptosis and colony formation of bladder cancer cells. shCtrl stands for the control group. shSMC2 stands for 
the SMC2 knockdown group. Seventy-two hours after infection with SMC2 shRNA or negative control lentiviruses, the cell apoptosis changes were 
determined by flow cytometry analysis. Each experiment of flow cytometry assay in both cell lines was performed in triple. Data are shown as mean 
± SD. A) Representative images of flow cytometry analysis in the control group and the SMC2 knockdown group in T24 cells. Cell apoptosis caused 
by SMC2 knockdown was observed in T24 cells. B) Representative images of flow cytometry analysis in control group and SMC2 knockdown group 
in 5637 cells. Cell apoptosis caused by SMC2 knockdown was observed in 5637 cells. Seventy-two hours after infection with SMC2 shRNA or negative 
control lentiviruses, the cells were seeded and cultured for 11 days. The culture medium was replaced every 2 days. Each experiment of colony forma-
tion assay in both cell lines was performed in triplicate. Data are shown as mean ± SD. C) Representative images of colony formation in the control 
group and the SMC2 knockdown group in T24 cells. Decreased colony formation numbers caused by SMC2 knockdowns were observed in T24 cells. D) 
Representative images of colony formation in the control group and the SMC2 knockdown group in 5637 cells. Decreased colony formation numbers 
caused by SMC2 knockdown were observed in 5637 cells.
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Figure 3. The depletion of TUG1 or SMC2 led to G2/M phase arrest in 
bladder cancer cells. Bladder cancer T24 cells were stained with prop-
idium iodide. Cell cycle analysis was performed by flow cytometry. NC 
stands for the control group. KD stands for the knockdown group. G1 
stands for G1 phase. S stands for S phase. G2 stands for G2 phase. M 
stands for M phase. A) Representative images of flow cytometry. B) In-
creased percentages of cells were observed in G2/M phase of TUG1 KD 
and SMC2 KD group.

Figure 4. SMC2 knockdown reduced tumor growth in nude mice. NC 
stands for the control group. KD stands for the SMC2 knockdown group. 
A) Images of the nude mice and the xenografts of the control group 
and the SMC2 knockdown group. B) SMC2 knockdown reduced tumor 
weight in nude mice.

higher in cancerous tissues than that in paired normal tissues 
(p=0.002, Figure 6).

Discussion

LincRNAs constitute a large family of long non-coding 
RNAs that regulate gene expression via chromatin remod-
eling. Nearly 3,300 lincRNAs are identified in human cells. 
TUG1 is a lincRNA that modifies the chromatin state to 
affect the expression of sets of genes [3]. 

In our recent study, we have found that TUG1 expres-
sion levels are upregulated in bladder cancer, higher grade 
and stage bladder cancers have higher TUG1 expression 
levels, TUG1 depletion in bladder cancer T24 and 5637 
cells inhibits bladder cancer cell proliferation and increases 
bladder cancer cell apoptosis [4]. But the roles of TUG1 on 
the transcriptome-wide regulation in bladder cancer cells are 
not clear.

In this work, we profiled the transcriptome of 
TUG1-depleted bladder cancer cells. We found that 209 

genes were upregulated and 223 were downregulated after 
TUG1 depletion. Many of these genes are related to the cell 
cycle or pathways in cancer. These findings help to under-
stand the proliferative role of TUG1 in bladder cancer.

SMC2 protein is a subunit of the human condensin 
complex [9]. Condensin mutations may cause chromo-
somal destabilization in lymphoma [10]. SMC2 is upregu-
lated in human colorectal cancer. The depletion of SMC2 
reduces tumor growth in colorectal cancer in xenograft 
nude mice [11], suggesting that the hyperactivity of SMC2 
is oncogenic.

In this study, SMC2 was inhibited after TUG1 knockdown 
in bladder cancer. The depletion of TUG1 or SMC2 led to 
G2/M phase arrest in T24 cells. The depletion of SMC2 inhib-
ited proliferation, promoted apoptosis and decreased colony 
formation of bladder cancer cells and reduced tumor growth 
in xenograft nude mice. Cell proliferation promotion caused 
by overexpression of SMC2 was observed in SMC2-depleted 
or TUG1-depleted T24 cells. The expression levels of SMC2 
were higher in human bladder cancer tissues than that in 
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Figure 5. Overexpression of SMC2 restored the proliferation of SMC2-depleted or TUG1-depleted T24 cells. NC stands for the control group, KD 
stands for the knockdown and OE stands for the overexpression. Each experiment of expression assay was done in 3 replicates. Data are shown as mean 
± SD. Cell proliferation was measured by MTT assay and each experiment was performed in 5 replicates. ANOVA was used for the comparison of 
curves of cell proliferation. Data are shown as mean ± SD. A) SMC2 KD depleted SMC2 in T24 cells (SMC2 KD versus NC). Overexpression of SMC2 
increased the SMC2 mRNA expression levels in SMC2-depleted T24 cells significantly (SMC2 KD + OE versus SMC2 KD). Overexpression of SMC2 
restored the expression of SMC2 in SMC2-depleted T24 cells (SMC2 KD + OE versus NC). B) SMC2 KD inhibited T24 cell proliferation (SMC2 KD 
versus NC, p<0.0001). Cell proliferation promotion caused by overexpression of SMC2 was observed in SMC2-depleted T24 cells (SMC2 KD + OE 
versus SMC2 KD, p<0.0001). Overexpression of SMC2 restored the proliferation of SMC2-depleted T24 cells (SMC2 KD + OE versus NC, p=0.1723). C) 
TUG1 KD depleted SMC2 in T24 cells (TUG1 KD versus NC). Overexpression of SMC2 increased the SMC2 mRNA expression levels in TUG1-depleted 
T24 cells (TUG1 KD + SMC2 OE versus TUG1 KD). Overexpression of SMC2 restored the expression of SMC2 in TUG1-depleted T24 cells (TUG1 KD 
+ SMC2 OE versus NC). D) TUG1 KD inhibited T24 cell proliferation (TUG1 KD versus NC, p<0.0001). Cell proliferation promotion caused by over-
expression of SMC2 was observed in TUG1-depleted T24 cells (TUG1 KD + SMC2 OE versus TUG1 KD, p<0.0001). Overexpression of SMC2 restored 
the proliferation of TUG1-depleted T24 cells (TUG1 KD + SMC2 OE versus NC, p=0.1170).

Figure 6. The expression levels of SMC2 in bladder cancer. Ca stands for cancerous tissue. N stands for paired normal tissue. A total of 31 bladder can-
cer patients were tested immunohistochemically. All the tumors are urothelial carcinomas of the bladder. The expression levels of SMC2 were higher 
in cancerous tissues than that in paired normal tissues (p=0.002).
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paired normal tissues. These findings suggest that SMC2 is a 
TUG1-regulated oncogenic player in bladder cancer.

The above findings help deepen our understanding of the 
underlying mechanism of bladder cancer, but more work is 
needed to identify the co-players, the functioning patterns 
and the powerful downstream actors of SMC2 in promoting 
the proliferation of bladder cancer cells.

Taken together, SMC2 is a downstream player of TUG1; 
SMC2 is an oncogene in bladder cancer; silencing SMC2 
might be a promising intervention alternative for bladder 
cancer.

Supplementary information is available in the online version 
of the paper.
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