Sun et al. Cell Biosci (2019) 9:75
https://doi.org/10.1186/513578-019-0340-9

Cell & Bioscience

RESEARCH Open Access
)]

Check for

SMYD2 promotes cervical cancer growth

by stimulating cell proliferation
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Abstract

Background: Cervical cancer is the most common gynecological malignancy with low terminal cure rate, and
therefore new therapeutic targets are urgently needed to combat this disease. SMYD?2, as an oncogene, is abnormal
highly expressed in multiple types of tumors and further affects the occurrence and development, but the potential
correlations between SMYD2 expression and cervical cancer progression is still unclear.

Methods: We first used the bioinformatics website to screen the data of cervical cancer in (The Cancer Genome
Atlas) TCGA and survival analysis was used to find the different survival rates in the SMYD2 high expression group and
low expression group. Through immunohistochemistry, the association between SMYD2 expression and clinical-path-
ological features of cervical cancer patients was further evaluated. Quantitative PCR and Immunoblot were applied

to investigate the relative mRNA and protein expression levels, respectively. In vivo and in vitro experiments were
performed to explore the function of SMYD2 in cancer progression.

Results: We first found a high expression of SMYD?2 in cervical cancer, and survival analysis found that the poorer sur-
vival rate in the SMYD?2 high expression group than that in the low expression group. Herein, our study demonstrated
that the expression of SMYD2 in patients with cervical cancer was associated with FIGO stage, tumor size and further
correlated with poor prognosis. Our data further showed that the inhibition of SMYD2 expression in cervical cancer
cell line Caski and Siha could dramatically block the proliferation of cervical cancer cells. Additionally, SMYD2-shRNA

lentivirus infected remarkably inhibited tumorigenesis in mice compared with the scramble group.

Conclusions: Taken together, this study provides strong evidence of the involvement of SMYD2 in cervical cancer
growth and indicates that it could have high potential as a therapeutic target of cervical cancer.
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Background

Cervical cancer is the most common gynecological
malignancy [1]. In recent years, the incidence of the dis-
ease has a younger trend [2]. With the discovery of mul-
tiple cervical cancer bio-markers, cervical cancer can be
detected and treated early, and the incidence and mor-
tality of cervical cancer have been significantly reduced
[3, 4]. At present, the treatment of cervical cancer mainly
focuses on surgery and radiotherapy, but the survival
rates of patients with advanced stage is very low, and the
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5-year survival rates of invasive cervical cancer is only
67% [5, 6]. Additionally, early cervical cancer has no obvi-
ous symptoms, which therefore increases the difficulty
of diagnosis [7]. In order to combat this disease, not
only improved early diagnosis is requirement, novel and
promising therapeutic targets are also urgly needed [8].
SET and MYND domain-containing protein 2
(SMYD2) is a lysine methyltransferase, which could
methylate H3K36 and participate in transcriptional
regulation [9]. SMYD?2 is reported to regulate the dif-
ferentiation of muscle cells and closely related to the
formation and development of cardiovascular, nerv-
ous, and reproductive systems [10-12]. As an oncogene,
SMYD?2 is highly expressed in a variety of human tumors
such as bladder cancer and gastric cancer, and the high
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expression of SMYD?2 is closely related to the poor prog-
nosis of patients with these diseases [13, 14]. In addi-
tion, evidences indicate that SMYD2 could improve the
activity of the poly (ADP-ribose) of PARP1, an oncogenic
protein, and block the function of p53 and PTEN in can-
cer cells [15-17]. Previous data also demonstrated that
SMYD2-mediated ALK methylation dramatically pro-
moted lung cancer development, and SMYD2 was also
involved the growth of MLL-AF9 induced leukemogen-
esis [18, 19]. Although numerous studies had confirmed
the critical role of SMYD2 in the development and pro-
gression of tumors, there were few reports on whether
SMYD2 affected cervical cancer progression.

In this study, both the TCGA data and our finding con-
firmed that SMYD2 was positively correlated with poor
prognosis of the patients with cervical cancer. SMYD2, in
addition, was found to be associated with FIGO stage and
tumor size of cervical cancer. SMYD?2 ablation in cervical
cancer cells Caski and Siha obviously inhibited cell prolif-
eration and suppressed tumor formation in vivo. There-
fore, SMYD2 could represent as a potential and novel
therapeutic target for the treatment of cervical cancer.

Materials and methods
Antibodies, primers and plasmids
Anti-SMYD2 (for Immunohistochemical, 1:100 dilu-
tion, ab234862, abcam; for Immunoblot, 1:5000 dilu-
tion, ab108217, abcam), anti-f-actin (1:2000 dilution,
mAb #3700, CST), anti-Ki67 (1:1000 dilution, 27309-1-
AP, Proteintech), anti-proliferating cell nuclear antigen
(PCNA) (1:500 dilution, SAB2108448, Sigma-Aldrich).
The qRT-PCR primer sequences of SMYD2 as fol-
lows: forward, 5-ACAGGAAATCAAGCCGGGAG-3'
and reverse, 5'-GGTACACTCCTGGCACTCAC-3/; The
qRT-PCR primer sequences of GAPDH are as follows:
5-CGACCACTTTGTCAAGCTCA-3" and 5-GGTTGA
GCACAGGGTACTTTATT-3'. Ready-to-package AAV
shRNA clone of SMYD2 was bought from the Addgene
plc.

Human tissue samples

85 patients clinically and pathologically diagnosed with
papillary cervical cancer in the secondary hospital of
Tianjin medical university were collected in this study.
Tumor tissues were obtained after the surgical treatment.
The clinical characters, such as ages, genders, pTMN
stage, tumor size, and lymph metastasis of patient were
recorded.

To further explore the link between SMYD2 and cervi-
cal cancer, immunohistochemical assays were then per-
formed. SMYD2 is mainly located in the cytoplasm of
cervical cancer cells, which is brownish yellow and gran-
ular. Samples was classified into four groups according to
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the staining intensity (0= negative; 1 =low; 2=medium;
3=high). Meanwhile, the percentage of stained tumor
cells was below: 0=0% stained cells; 1=1-25% stained
cells; 2=26-50% stained cells; 3=51-100% stained cells.
And the score of staining intensity x the score of stained
cells percentage <2 was considered as negative staining,
2-3 was considered as low staining and >4 was consid-
ered as high staining. The results were judged by double-
blind method.

Cell culture and transfection

The Caski and Siha human cervical cancer cells were pur-
chased from ATCC (Chicago, USA). Caski cells were cul-
tured in RPMI-1640 culture medium, and Siha cells were
maintained in EMEM culture medium, supplemented
with 10% of fetal bovine serum. Both of them were incu-
bated at 37 °C in a 5% CO , incubator.

The SMYD2 shRNA plasmids were transfected into
cervical cancer cells by Invitrogen Lipofectamine® 2000
(Thermo Fisher Scientific, Inc.). The specific sShRNA with
the sequence of AAAGAAGGATTGTCCAAATGTGG
(Cat# SHB843615, vigene biosciences, Rockville, USA)
to target SMYD?2, and scrambled sequence was used as
negative control. 100,000 cell per well in six-well plates
according to the manufacturer’s protocol, 3 groups were
set, including: sh-SMYD2 group, which transfected
with shRNA targeting SMYD2; Negative Control group,
which transfected with scrambled sequence; and Mock
group was treated without transfection (data not shown).
Silence-efficiency was measured by RT-PCR and West-
ern Blot after 48 h transfection. Then the SMYD2 stable
depletion cell lines was screened and used for the in vitro
and in vivo assays.

Quantitative-PCR assay

Total RNA was extracted from cervical cancer cells by
Trizol reagent (Invitrogen). Subsequently total mRNA
was reverse-transcribed by M-MLYV reverse transcriptase
(Promega). Quantitative PCR was conducted using SYBR
mixture (Takara), and the relative expression level of
SMYD2 was normalized to GAPDH.

Immunoblot assay

Samples extracted from cervical cancer cells or tissues
were separated by SDS-PAGE, sequentially transferred
onto nitrocellulose membranes, followed by blocking
with 5% fat-free milk. Membranes were then incubated
with primary antibodies targeting SMYD?2, Ki67, PCNA,
and B-actin for 2 h. Then the membranes were incubated
with HRP-conjugate secondary antibodies for 45 min.
Signals were visualized by an ECL kit.
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Colony formation assay

Both Caski and Siha cells were resuspended and plated
in 6-well plates with a density of 2000 cells per well and
grown for 14 days. The cells were fixed with 4% para-
formaldehyde for 20 min and stained with 0.2% crystal
violet for 20 min. Photographs were then taken and the
difference of colony numbers between shControl and
shSMYD2 cervical cancer cells were explored.

MTT assay

Caski and Siha cells were plated in 96-well plates with
a density of 1000 cells per well and cultured for 48 h.
Cells were then treated with MTT for 4 h and washed
with PBS. Cells were then extracted by 150-uL. DMSO
and the OD value at a wavelength of 570 nm was
measured.

Tumor growth in vivo

The operation of mice was approved by our Institu-
tional Animal Care Committee. Nude BalB/c mice
(6—8 weeks, 18—22 g) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing,
China). To measure tumor volume in vivo, Caski cer-
vical cancer cells were stably infected with control or
SMYD2 shRNA lentivirus and injected subcutaneously
into the right flank of female nude mice. Nearly 2 weeks
later, tumors (150 mm?3) were established, and the
tumor volume was measured per week and calculated
in (Iength x width?)/2. And the results of IHC was ana-
lyzed below: The sections of each group were observed
within 5 visual fields, and the positive cells number was
counted. Then we could obtain the mean number and
SD.

Statistics

Data were analyzed with SPSS 22.0 software. For the
immunohistochemistry  experiments, associations
between SMYD2 expression and the clinicopathological
features were evaluated using x> tests. Associations of
survival and tumor progression and SMYD2 expression
were estimated by Kaplan—Meier method and log-rank
tests. Data are shown as the mean & standard deviation
(SD) in vitro and in vivo experiments. Student’s t-test
was used for statistical comparisons. A value of P <0.05
was setted to be statistically significant.

Results

Bioinformatic analysis of SMYD?2 in cervical cancer patients
Bioinformatic method were performed to analyze
the expression of SMYD2 at mRNA levels in cervi-
cal cancer patients by using GEPIA, an online analyti-
cal database that analyze cases from TCGA, and we
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found that SMYD2 was abnormal highly expressed in
the cervical cancer tissues compared with normal tis-
sues (Fig. 1a, P <0.05, http://gepia.cancer-pku.cn/detai
l.php?gene=SMYD2). A total of 306 cervical cancer
cases of TCGA patients were analyzed, and the median
SMYD2 mRNA expression was used as the cutoff point
to divide all the patients into high and low expression
groups according to the median. Comparing with the
lower expression cases, patients with higher level of
SMYD2 shared a significantly worse overall survival
(Fig. 1b, P=10.00045 < 0.05, http://gepia.cancer-pku.cn/
detail.php?gene=SMYD2). These results give a clue of
a potential oncogene role of SMYD2 in cervical cancer.

SMYD2 is associated with the poor prognosis of cervical
cancer patients

To explore the potential link between SMYD2 and cer-
vical cancer development, immunohistochemical assays
were performed. The staining intensity of SMYD2 in clin-
ical samples from 85 cervical cancer patients was then
detected. Interestingly, results showed that SMYD2 was
mainly localized in the cytoplasm and highly expressed
in cervical tumor tissues (Fig. 2a). Based on the SMYD2
expression level, clinical samples are classified into
SMYD2 low (70.6%) and high-expressed (29.4%) groups
(Fig. 2a). Meanwhile, obvious low expression of SMYD?2
was detected in adjacent tissues, providing evidences that
SMYD2 could play a key role in the growth and develop-
ment of cervical cancer (Fig. 2b).

According to the clinicopathological characteristic data
on patients with cervical cancer, we analyzed the differ-
ence between low and high expression cervical groups.
Interestingly, the expression of SMYD2 in the cervical
tumors was remarkably associated with FIGO stage and
tumor size (P<0.05, respectively), indicating a poten-
tial relationship between SMYD2 and cervical cancer
(Table 1). Whereas no obvious difference was found
between high and low SMYD2 groups in other aspects,
such as patient age and tumor grade (Table 1).

We also investigated the prognosis of cervical cancer
patients in these two groups, and found that SMYD2 low-
expression patients had higher overall survival rate and
disease-free survival rate, compared with SMYD2 high-
expression groups (Fig. 2c). Collectively, these results
revealed that SMYD2 was associated with the poor prog-
nosis of cervical cancer patients.

Knockdown of SMYD2 blocked the proliferation of cervical
cancer in vitro

To further explore the mechanism of SMYD2 affect-
ing cervical cancer, we used SMYD2-targeted shRNA
to inhibit its expression in two types of cervival can-
cer cells including Siha and Caski cells. The silencing
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Fig. 1 Bioinformatic analysis of SMYD2 in cases from TCGA. a The expression of SMYD2 between cancer (n=306) and normal (n=13) cases, cancer
cases were filled in red, normal cases were in blue: SMYD2 expression was significantly increased in pancreatic tumor tissue compared with normal
pancreatic tissue (P<0.05). *P<0.05. b The overall survival and disease free survival rate of 306 TCGA cases with clear clinical information. High and
low groups were divided by median and filled in red and blue, respectively. Comparing with the lower expression cases, patients with higher level
of SMYD2 shared a significantly worse overall survival (P=0.00045 < 0.05)

efficiency mediated by SMYD2 shRNA was detected
simultaneously by both quantitative PCR and immune-
blot assays. Results revealed that SMYD2 shRNA was
enough to significantly decrease the expression of
SMYD?2 in both mRNA and protein level, respectively
(Fig. 3a, b).

On this basis, we then examined the effect of SMYD2
on proliferation of cervical cancer cells performing
colony formation and MTT assays. As we expected,
the proliferation ability was dramatically restrained by
SMYD2 depletion, proved by the obviously decreased
cell numbers (Fig. 4a). Additionally, the results of MTT
assays showed an obvious decreased absorbance value
at 570 nm wavelength in both Siha and Caski cells
(Fig. 4b).

In general, the inhibition of cell proliferation could lead
to decreased expression of proliferating cell marker, Ki67
and PCNA. To further clarify the role of SMYD?2 in pro-
liferation of cervical cancer cells in vitro, we examined
the expression level of Ki67 and PCNA, respectively. A
remarkably downregulated of ki67 and PCNA was found
in SMYD2 depleted cervical cancer cells. These results
confirmed the important role of SMYD2 in the regulation
of cervical cancer proliferation (Fig. 4c, d).

SMYD2 ablation impaired proliferation of cervical cancer
in vivo
Since previous results suggested the potential effects of
SMYD2 on the proliferation of cervical cancer in vivo,
we next further explore the role of SMYD2 in the
growth and development of cervical cancer in mice.
Caski cells were firstly infected with control and
SMYD2 shRNA lentivirus and subsequently subcu-
taneous injected into nude mice. 2 weeks later, the
volume of tumors was measured every week. Repre-
sentative tumor photographs were taken and exhib-
ited in Fig. 5a. Interestingly, the volume of tumors
removed from SMYD?2 depletion group mice was obvi-
ously smaller than control groups (Fig. 5a). We then
detected the SMYD2 expression in tumor tissues of
mice to confirm the silencing efficiency, and the results
of immunohistochemistry assay confirmed a significant
decrease expression of SMYD2 in SMYD2 knockdown
tumor tissues of mice (Fig. 5b). Then we also found
that the significant decrease expression of PCNA pro-
tein in the SMYD2 knockdown tumor tissues of mice
(Fig. 5¢). Therefore, all these data showed that SMYD2
was important in the regulation of cervical cancer
proliferation.
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Fig. 2 SMYD2 expression in cervical tumor tissues was associated with poor prognosis of patients. a Immunohistochemical assays were performed,
and the representative images of SMYD2 expression in cervical cancer tissues were showed (x 100 and x200 magnification, respectively). b
Immunostaining results of SMYD2 expression in the adjacent tissues (x 100 and x 200 magnification, respectively). € The KM-Plot analysis of overall
survival rate and disease-free survival rate between low and high-SMYD2 expression groups
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Table 1 Relationships of SMYD2 and clinicopathological
characteristics in 85 patients with cervical cancer

Feature Alln=85 SMYD2 X2 P
expression
High Low
n=60 n=25
Age (years) 0400 0.708
<40 45 30 15
>40 40 30 10
FIGO stage 4896  0.027*
IB1 42 25 17
1B2-11B 43 35 8
Differentiation 2539  0aMm
Well/moderately 50 32 18
Poorly 35 28
Tumor size (cm) 5773  0016*
<4 55 34 21
>4 30 26 4

*Stand for P < 0.05

Discussion

As one of the most common gynecological tumors with
a high degree of malignancy, screening and early diagno-
sis of cervical cancer have attracted more attention [20].
With the use of multiple effective cervical cancer bio-
markers, such as SCC and CA125, the early diagnosis of
cervical cancer has made significant progress [21, 22]. Up
to now, for advanced invasive cervical cancer, the mor-
tality rate is still high, and the existing therapeutic tar-
gets are still difficult to meet the treatment needs [1]. In
this study, we found that SMYD2 was related to the poor
prognosis of patients with cervical cancer and regulated
the proliferation of cervical cancer. We therefore provide
a novel therapeutic target, SMYD2, which has a good
prospect on cervical cancer treatment.

Post-translational modifications affect the function
of proteins and are involved in various cell process [23].
Our study confirmed a methyltransferase, SMYD2, was
involved the development of cervical cancer, and this
means of regulation is most likely achieved by influencing
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Fig. 3 SMYD2 was down-regulated effectively in two types of human cervical cancer cells caused by its sShRNA. a Results of gRT-PCR assay showed
the expression level of SMYD2 was sufficiently knockdown in the 2 types of cervical cancer cells, respectively. b Results of Immunoblot revealed the
efficiently silenced of SMYD2 expression in both Caski and Siha cells. Results are presented as mean = SD, *P <0.05

transcription of downstream genes. Methylation of lysine
on histones is thought one of the basal modifications
for global gene transcription [24]. Abnormalities in the
post-translational modifications of proteins could alter
the physiological activity of cells, such as promoting or
inhibiting tumor growth [25]. Series of methyltrans-
ferases involved in the post-translational modification of
proteins could affect the occurrence and development of
tumors [26, 27]. This effect is often quite complex, which
is jointly regulated by multiple target genes and related
signal pathways. In view of the influence of SMYD2 on
cervical cancer, the downstream regulation mechanism
needs further study.

Interestingly, the SMYD family, as a class a histone
transferase, could regulate the transcription of down-
stream genes and participate in the development of
multiple tumors. SMYD3 was involved in the regulation

of cell proliferation of gastric cancer and was positively
associated with poor prognosis in this cancer [28].
SMYD4 was also reported to be a tumor suppressor of
breast cancer [29]. In this study, we found that SMYD2 is
closely related to cervical cancer and further confirmed
its regulatory effect on the proliferation of cervical can-
cer cells. Our findings, together with other previous
studies, confirmed the involvement of the SMYD family
in the regulation of tumorigenesis. As a histone meth-
yltransferase, SMYD family members could affect such
processes as tumor proliferation, migration, invasion
and apoptosis through the transcriptional regulation of
downstream genes and various signaling pathways [30].
Of course, different SMYD family proteins are specific to
the regulation of downstream genes and regulate tumor
growth in different ways.

(See figure on next page.)

Fig. 4 SMYD2 depletion obviously restrained the proliferation of cervical cancer cells. a Representive images showed the results of colony
formation assays of Caski and Siha cells that were transfected with control or SMYD2 shRNA. Cultivation lasted 2 weeks. b MTT assays showed the
difference between control and SMYD2 knockdown cervical cancer cells. ¢ Immunoblot assay revealed the markedly decreased expression of
SMYD2 in both Caski and Siha cells. d Immunoblot assay showed the PCNA expression was obviously down-regulated in 2 types of cervical cancer

cells. Results are presented as mean £ SD, *P <0.05
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The role of SMYD?2 in tumors has been confirmed by
multiple studies, and SMYD2 is currently considered to
be a novel oncogene. The regulatory effect of SMYD2 on
different tumors is different. In triple negative breast can-
cer, PTPN13, the transcriptional target gene of SMYD2,
could be phosphorylated by SMYD2 and link SMYD2 to
breast cancer associated signaling pathways, such as
ERK, and mTOR signaling pathways, further affected
breast cancer growth [31]. SMYD2 were highly expressed
in pancreatic cancer and knockdown of SMYD2 blocked
pancreatic cancer growth by affecting inflammation and
stress responses [32]. SMYD2 methylates p-catenin and
further promotes its nuclear translocation and activation
of Wnt signaling, which is involved the development of
liver cancer [33]. SMYD2 overexpression also contrib-
uted to malignant outcome in the development of gas-
tric cancer through the regulation of cell proliferation
[14]. We also found the similar result in cervical cancer
that SMYD2 could further affect tumor development by
affecting the proliferation of tumor cells. However, it is
still unclear which target genes are regulated by SMYD2

to affect the proliferation of tumor cells, and further
studies are therefore needed.

Conclusion

Cervical cancer is the most common gynecological malig-
nancy with low terminal cure rate, and SMYD?2 is highly
expressed in multiple tumors and affects their occurrence
and development. We first used the bioinformatics web-
site to screen the data of cervical cancer in TCGA and
found the high expression of SMYD?2 in cervical cancer,
and survival analysis found that the poorer survival rate
in the SMYD2 high expression group than that in the low
expression group. Herein, our study demonstrated that
the expression of SMYD2 in patients with cervical cancer
was associated with FIGO stage, tumor size and corre-
lated with poor prognosis. Data showed that inhibition of
SMYD2 expression in cervical cancer cell line Caski and
Siha could dramatically block the proliferation of cervi-
cal cancer cells. Additionally, SMYD2-shRNA lentivirus
infected remarkably inhibited tumorigenesis of cervical
cancer cells in mice compared with the scramble group.
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Taken together, this study provides strong evidence of
the involvement of SMYD?2 in cervical tumor growth and
indicates that it could have high potential as a therapeutic
target of cervical cancer.
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