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MTA2 is involved in tumor proliferation andmetastasis. Howev-
er, the role ofMTA2 in cervical cancer thus far has not been iden-
tified. In this study, we report that elevated expression of MTA2
negatively correlates with Kallikrein-10 (KLK10) expression and
poor prognosis of cervical cancer patients. Knockdown ofMTA2
substantially inhibited tumor cell migration and invasion, and it
enhanced KLK10 expression of the cervical cancer cells in vitro
and in vivo. Functionally, shMTA2-mediated suppression of
cell mobility was significantly restored by knockdown of
KLK10. We also found that Sp1 (transcription factor specificity
protein 1) is critical for shMTA2-induced transcriptional upre-
gulationofKLK10 and subsequent biological functions. Further-
more, we found that the expressionofmiR-7 is elevatedbyMTA2
silencing and then by direct inhibition of Sp1 expression. Knock-
down of Sp1 additively enhanced KLK10 expression in MTA2-
knocked down cervical cancer cells, suggesting that the miR-7/
Sp1 axis acts as an effector of MTA2 to impact KLK10 levels
andmobility of cervical cancer cells. Taken together, ourfindings
provide new insights into the physiological relationship between
MTA2 and KLK10 via regulating the miR-7/Sp1 axis, and they
provide a potential therapeutic target in cervical cancer.
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INTRODUCTION
The mortality and incidence of cervical cancer are expected to
decrease in the future with application of human papilloma virus
(HPV) vaccines; however, cervical cancer remains a major public
health issue in developed countries and the fourth leading cause of
cancer death.1 Therefore, continuously studying the carcinogenesis
of cervical cancer and developing novel therapeutic strategies for
this disease are still an urgent need.

Themetastasis-associated protein family (MTA1,MTA2, andMTA3)
has been shown to be closely associated with the Mi2/NuRD nucleo-
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some remodeling complexes.2 MTA2 has been reported to overex-
press in a number of cancers and is involved in tumor progression
and metastasis.3 MTA2 enhances metastatic behavior and is associ-
ated with poor outcomes in estrogen receptor-negative breast cancer.4

One study demonstrated that overexpression of MTA2 in non-small-
cell lung cancer (NSCLC) inhibits epithelial cell adhesion molecule
(Ep-CAM) and E-cadherin to promote NSCLCmetastasis.5 These re-
sults showed that MTA2 might play a critical role in the progression
of cancer cells.

Kallikrein-10 (KLK10) is a member of the kallikrein family.6 Recently,
KLK10 was recognized as a novel putative tumor suppressor in breast
cancer and prostate cancer. The mechanism of this tumor-specific
loss characteristic was reportedly related to exon 3 hypermethylation
and loss of KLK10 mRNA expression.7 It has been shown that expres-
sion of KLK10 was lower in breast cancer cells than in normal breast
epithelial cells, and that overexpression of the KLK10 gene inhibited
tumor growth in breast cancer cells.8 Another study also indicated
that overexpression of KLK10 inhibits cell growth and increases the
sensitivity to cisplatin treatment of esophageal cancer.9 However,
knowledge on the function of KLK10 in cervical cancer is still unclear.

In recent years, more and more studies have indicated that miRNAs
act as tumor suppressors or oncogenes and have been shown to be
herapy: Nucleic Acids Vol. 20 June 2020 ª 2020 The Author(s). 699
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Figure 1. MTA2 Is Highly Expressed in Tumor Tissue and Correlated with Poor Prognosis of Cervical Cancer Patients

(A) Representative IHC staining of MTA2 from tumor grade I to grade III. Scale bars, 100 mm. (B) MTA2 protein amounts of the tissue sections from cervical cancer patients

were examined by IHC staining and scored for their color density. The expression of MTA2 was positively correlated with tumor grade. **p < 0.01. (C) MTA2 expression levels

of cervical cancer patients were analyzed by TCGA database. **p < 0.01, compared with normal tissue. (D) Kaplan-Meier curves for overall survival for human cervical cancer

related toMTA2 expression. (E) MTA2 expression levels of cervical cancer patients were statistically higher than those for normal cervix uteri. **p < 0.01, compared with cervix

uteri.
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involved in the progression and metastasis of cancer cells.10 Studies
have demonstrated that miR-7 was poorly expressed and also played
a tumor-suppressive role in several types of tumors. For example,
overexpressed miR-7 resulted in suppression of osteosarcoma prolif-
eration, invasion, and migration whereas it induced apoptosis
in vitro and in vivo.11 miR-7 inhibited the KLF4-VEGF signaling
axis and played an important role in the regulation of angiogen-
esis.12 Previous studies indicated that miR-7 might have anti-tumor
effects on cervical cancer cell proliferation and metastasis.13,14 How-
ever, another study reported that miR-7 modulated cellular energy
homeostasis to promote cisplatin resistance of cervical cancer
cells,15 suggesting that the role of miR-7 in cervical cancer progres-
sion is still unclear.

In this study, we found that the expression of MTA2 is negatively
correlated with KLK10 in cervical cancer tissue and cell lines.
Furthermore, we showed that downregulation of MTA2 induced
miR-7-mediated transcriptional regulation of KLK10 expression
via transcription factor specificity protein 1 (Sp1), and then in-
hibited cell migration and the invasion ability of cervical cancer
cells. To our knowledge, these results are the first to indicate that
MTA2 and KLK10 are functionally involved in the metastasis of
cervical cancer, and they provide new insights regarding cervical
cancer treatment.
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RESULTS
Expression of MTA2 Was Positively Associated with Advanced

Tumor Grade and Poor Survival of Patients with Cervical Cancer

In the past, many studies have indicated that MTA2 is involved in the
proliferation, migration, and poor prognosis of cervical cancer.16,17

The expression levels of MTA2 in human cervical tumor tissues were
detected by immunohistochemistry (IHC) analysis. As shown in Fig-
ures 1A and 1B, expression of MTA2 was upregulated in grade III cer-
vical tumor tissues compared with tumor grades I and II (p < 0.01).
Further bioinformatics data from The Cancer Genome Atlas (TCGA)
database supported this finding. As indicated in Figure 1C, expression
ofMTA2 in tumor tissue was significantly higher than in normal tissue
(p < 0.01). Moreover, Kaplan-Meier analysis demonstrated that the pa-
tients with high expression of MTA2 had poor survival as compared
with those with low expression ofMTA2 (Figure 1D). Based on the On-
comine database analysis, we found that a high level of MTA2 expres-
sion was associated with cervical cancer compared to normal cervix
uteri tissues (p<0.01; Figure 1E). These results indicated that expression
of MTA2 positively correlated with the tumor grade of cervical cancer.

MTA2 Knockdown Attenuated Cervical Cancer Cell Lung

Metastasis

To investigate the biological function of MTA2 in human cervical can-
cer tumorigenesis, we knocked down the expression of MTA2 by



Figure 2. Inhibition of MTA2 Suppressed Cervical Cancer Cell Metastasis In Vitro and In Vivo

(A) HeLa and SiHa cells were infected with shLuc or shMTA2 and then treated with puromycin (2 mg/mL) for 5 days. Then, total lysates were isolated and analyzed by western

blotting. (B) Themigration and invasion abilities of shLuc and shMTA2-HeLa and shMTA2-SiHa cells were determined by amigration assay andMatrigel-invasion assay. Cells

in the lower surface of the Borden chamber were stained and imaged under a light microscope at�200 original magnification. Quantification of migrated cells is shown as a

histogram chart. (C) Mouse lungs show the metastatic nodules of the shLuc group and shMTA2 group. (D) Quantification of metastatic nodules. (E) The lung weights of mice

injected with shLuc and shMTA2 cells were detected. (F) The lungs were fixed in 4% paraformaldehyde and sectioned for H&E staining and IHC staining with anti-Ki-67 and

anti-MTA2 antibodies. **p < 0.01, compared with the shLuc group. Scale bars, 20 mm.
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specific shMTA2 (MTA2 short hairpin RNA [shRNA]) in HeLa and
SiHa cells (Figure 2A) and found that inhibition of MTA2 suppressed
the migratory and invasion activity of human cervical cancer cells (Fig-
ure 2B). To further define the role of MTA2 in an in vivo model, we
injected shLuc and shMTA2 cervical cancer cells into female BALB/c
mice via tail vein injection. Two months after injection, we found
that knockdown of MTA2 significantly reduced the lung metastatic
nodules in the shMTA2 group (Figures 2C and 2D). The lung weight
of shMTA2 groups was also lighter than that in the shLuc groups (Fig-
ure 2E). Hematoxylin and eosin staining of lung sections revealed that
the shLuc groups showed more invading tumor cells (Figure 2F, left
panel). We also found that the expression levels of MTA2 and Ki-67
were significantly decreased in the shMTA2 group compared with
the shLuc group by IHC staining (Figure 2F, right panel). These results
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 701
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Figure 3. KLK10 Is Critical for MTA2-Mediated Cell Migration/Invasion and Acts as the Prognosis Marker for Cervical Cancer Patients

(A) The total protein lysates of shLuc and shMTA2 stably transfected cells were collected for a human protein array assay. (B) Quantification of the protein expression of KLK10

was presented in terms of percentage of shLuc is shown as a histogram. (C–E) The expression levels of MTA2 and KLK10 in mRNA and protein levels of shLuc and shMTA2

cells were examined by a qRT-PCR assay (C), western blotting (D), and ELISA (E), respectively. b-Actin acted as an internal control. **p < 0.01, compared with shLuc cells. (F

and G) The protein andmRNA expression levels of MTA2 and KLK10 of three cervical cancer cell lines were examined by western blotting (F) and qRT-PCR (G). b-Actin acted

as the loading control. (H–J) Expression of MTA2 and KLK10 in protein and mRNA levels were examined by a western blot assay (H), ELISA (I), and qRT-PCR (J) with ectopic

expression of MTA2. b-Actin acted as the protein loading control. GAPDHwas used for normalization of theMTA2 and KLK10mRNA levels. *p < 0.05, **p < 0.01, compared

with shLuc cells transfected with Neo plasmid; #p < 0.05 compared with shMTA2 cells transfected with Neo plasmid. (K and L) The expression levels of MTA2 and KLK10

were detected bywestern blotting (K) and qRT-PCR assays (L) of shMTA cells transfectedwith KLK10 siRNA. (M) Effects of migratory and invasive abilities of KLK10 siRNA on

shMTA2 cells were measured by amigration assay and invasion assay. **p < 0.01, compared with shLuc cells transfected with si-Control; #p < 0.05, compared with shMTA2

cells transfected with si-Control. (N) KLK10 expression levels of cervical tumor tissue and normal tissue were analyzed using TCGA database. *p < 0.05, compared with

normal tissue. (O) Representative IHC staining of KLK10 from tumor grade I to grade III. Scale bars, 100 mm. (P) Expression of KLK10 correlated with tumor grade. *p < 0.05,

grade III compared with grade I+II. (Q) Kaplan-Meier curves for overall survival of human cervical cancer patients.
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demonstrated that inhibition of MTA2 suppressed the metastatic abil-
ity of human cervical cancer in vitro and in vivo.

KLK10 Is Critical for MTA2-Mediated Cell Migration/Invasion

and Acts as a Prognosis Marker for Cervical Cancer Patients

To define the downstream effectors of MTA2, we performed a human
protein array assay and found that knockdown of MTA2 significantly
increased KLK10 protein expression in human cervical cancer cells
(Figures 3A and 3B). To further clarify the results from the protein
array assay, we knocked down the expression of MTA2 in SiHa cells
702 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
and HeLa cells and found that the expressions of KLK10 were signifi-
cantly increased in mRNA and in protein levels by quantitative
RT-PCR (qRT-PCR) analysis (Figure 3C), a western blot assay (Fig-
ure 3D), and an ELISA assay (Figure 3E), respectively. We also
analyzed the expressions of MTA2 and KLK10 among three cervical
cancer cell lines with differential invasive abilities. We found that the
expressions of KLK10 were inversely correlated with the expressions
of MTA2 in mRNA and in protein levels of cervical cancer cell lines
(Figures 3F and 3G). Transfection of the MTA2-expressing construct
markedly abolished shMTA2-induced KLK10 induction (Figures



(legend on next page)
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3H–3J). A previous study indicated that KLK10 was specifically down-
regulated in breast and cervical cancer cell lines.18 To further investi-
gate the functional role of KLK10 in the progression of human cervical
cancer cells, we suppressed the expression of KLK10 by siKLK10
(KLK10 small interfering RNA [siRNA]) in HeLa/shMTA2 cells and
found dramatic restorations of the shMTA2-reduced migratory and
invasive abilities (Figures 3K–3M). In the clinical tissues, we found
that the expression of KLK10 in cervical tumor tissue was lower than
that in normal tissue (p < 0.05; Figure 3N). The expression levels of
KLK10 in cervical tumor tissues were inversely correlated with tumor
grade (p < 0.05; Figure 3O and 3P) and positively correlated with over-
all survival of patients (p < 0.01; Figure 3Q). Collectively, these results
indicated that KLK10 was negatively regulated byMTA2 and function-
ally involved in MTA2-mediated cervical cancer metastasis.

Sp1 Is Involved in MTA2-Mediated Transcriptional Regulation of

KLK10 and Subsequent Cell Migration and Invasion

Previous studies have reported that Sp1 negatively regulated the expres-
sion of KLK10 protein.19 To determine whether silencing MTA2 pro-
moted KLK10 expression via suppressing transcriptional activity of
Sp1, we performed western blotting analysis in shMTA2-SiHa and
shMTA2-HeLa cells and found thatMTA2 silencing inhibited total pro-
tein and nuclear expression of Sp1 in SiHa and HeLa cells (Figure 4A).
In order to further clarify the role of Sp1 in MTA2-mediated KLK10
expression and metastatic ability, we used the si-Sp1 to specifically
knock down the expression of Sp1. Western blotting analysis showed
that Sp1 silencing increased the expression of KLK10 in both cells (Fig-
ure 4B). We also found that Sp1 silencing significantly increased the
KLK10 expression in shMTA2-HeLa cells by a western blot assay (Fig-
ure 4C), aswell as byan immunofluorescence stainingassay (Figure4D).
We also found that treatment with si-Sp1 exhibited lower numbers of
migrating and invasive cells in shMTA2-HeLa cells (Figure 4E). In addi-
tion, we found that the expression of Sp1 in cervical tumor tissue was
higher than that in normal tissue from TCGA database (Figure 4F).

Since KLK10 was regulated by MTA2 in both mRNA and protein
levels, we further investigated whether MTA2-regulated KLK10 sup-
pression is through transcriptional regulation. It has been reported
that Sp1 is critically involved in transcriptional suppression of several
important genes via binding to the 50-flank promoter region.20,21

Therefore, we hypothesized that Sp1 binding to the KLK10 promoter
inhibits its expression. We constructed serially deleted KLK10
50-flank promoter region constructs (�1000 to �1, �1000 to �500,
Figure 4. Sp1 Is Involved in MTA2-Mediated Transcriptional Regulation of KLK

(A) The protein extracted from shLuc and shMTA2 cells was separated into the nuclear pa

MTA2 and Sp1. b-Actin was used as an internal control. Nuclear proteins were resolved

controls for nuclear and cytosolic fractions, respectively. (B) Detected expression of Sp

KLK10 expression levels were analyzed by western blotting in indicated cells. (D) Sp1

fluorescence staining. Scale bars, 50 mm. (E) The migratory and invasive abilities of indic

Sp1 in Oncomine and TCGA databases. (G) The luciferase reporter constructs of the tru

activity was measured 48 h post-transfection. (H) Predicted Sp1 binding sites in the prom

was examined by a chromatin immunoprecipitation (ChIP) assay with anti-Sp1 antibod

(�206/�6 and�692/�493). (J) Ectopic expression of MTA2 in shMTA2 cells and detect

compared with control.
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and �500 to �1 bp) and inserts to the pGL3-basic vector and evalu-
ated the transcriptional activity by a Dual-Luciferase activity assay. As
shown in Figure 4G, the region of �500 to �1 bp of the KLK10
50-flank promoter is required for MTA2-mediated regulation of
KLK10 promoter activity. There are two putative Sp1-binding sites
(nucleotides �692/�493 and nucleotides �206/�6) on the KLK10
50-flank promoter region (Figure 4H). To identify whether Sp1 binds
to the KLK10 50-flank promoter, a chromatin immunoprecipitation
(ChIP) assay was performed. Consistent with the luciferase assay,
the results from ChIP assay showed that knockdown of MTA2
decreased the activity of Sp1 binding to the Sp1 response element
on the KLK10 50-flank promoter region �206/�6, but not on the
KLK10 50-flank promoter region �692/�493 (Figure 4I). We trans-
fected full-length MTA2-expressing vector in the shMTA2 cells and
found that they significantly recovered the activity of Sp1 binding
to the Sp1 response element on the KLK10 50-flank promoter region
(Figure 4J). These results showed that Sp1 is important for MTA2-
mediated KLK10 expression and subsequent biological functions.

miR-7 Suppressed shMTA2-Mediated Induction of Sp1

miRNAs have been shown to play a critical role in cancer progression,
including cancer metastasis.22 Therefore, the shMTA2 cells were sub-
jected to miRNA microarray analysis (Figure 5A) and the results
from the miRNA microarray were confirmed by qRT-PCR. We found
that miR-7-5p, miR-10b, miR-320d, andmiR-486-3p were increased in
MTA2-silenced cells (Figure 5B). Furthermore, we also found the po-
tentialmiR-7 targeting sites on the 30 UTRregions of Sp1 byTargetScan,
miRCode, andmiRDB software (Figure 5C). To determinewhether Sp1
is regulated bymiR-7, the 30 UTRof Sp1 containing the wild-type (WT)
miR-7 binding site andmutant (Mut) binding sitewere constructed and
inserted into the pmirGLO luciferase reporter plasmid. The binding of
miR-7 to the 30 UTR of Sp1was further demonstrated by a luciferase re-
porter assay. The results showed that shMTA2-HeLa or shMTA2-SiHa
cells significantlydecreased the luciferase activityof theWTSp130UTR,
but not the miR-7 binding siteMut Sp1 30 UTR (Figure 5D), suggesting
that MTA2 regulates Sp1 mainly through induction of miR-7. In addi-
tion, overexpression ofMTA2 significantly induced the luciferase activ-
ity of the Sp1 30 UTR reporter (Figure 5E).

miR-7 Regulates the Sp1/KLK10 Axis and Inhibits MTA2-

Induced Cell Metastasis

To clarify the regulatory effects of miR-7 on cervical cancer metas-
tasis, antagomiR-7 was performed to suppress the expression of
10 and Subsequent Cell Migration and Invasion

rt and total lysate and then subjected to western blotting to analyze the expression of

and the levels of Sp1 were analyzed. Lamin B and a-tubulin were used as internal

1 and KLK10 in HeLa and SiHa cells after siRNA transfection. (C) MTA2, Sp1, and

and KLK10 expression levels after siRNA transfection were analyzed by immuno-

ated cells were analyzed by migration and invasion assays. (F) Expression status of

ncated KLK10 promoters were introduced into shLuc and shMTA2 cells. Luciferase

oter region of KLK10. (I) The association between Sp1 and KLK10 in shMTA2 cells

y, as well as PCR analysis of the genes encoding the promoter regions of KLK10

ion of the binding activity of Sp1 to the KLK10 promoter by a ChIP assay. **p < 0.01,



Figure 5. miR-7 Suppressed shMTA2-Mediated Induction of Sp1

(A) HumanmiRNAmicroarray analysis to detect themiRNA expression profile of MTA2-silenced stable cells. (B) Expression levels of candidate miRNAs were determined by a

qRT-PCR assay. (C) Identification of miRNA target gene. ThemiRbase, miRDB, and TargetScan programswere used to predict putative miRNA binding sites on the 30 UTR of

human Sp1. The schematic presentation includes the constructed Sp1 30 UTR luciferase plasmids (WT and Mut) that were used in this study. (D) The WT and Mut of Sp1 30

UTR luciferase reporters were transfected into MTA2-silenced stable cells, followed by detection with a luciferase reporter assay. (E) The Sp1 30 UTR luciferase levels were

analyzed in the indicated cells. **p < 0.01, compared with shLuc cells transfected with Neo plasmid; #p < 0.05, compared with shLuc stable cells transfected with MTA2

plasmid.
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miR-7 in shMTA2 cells. Transfection with antagomiR-7 into MTA2-
silenced HeLa cells significantly suppressed shMTA2-induced miR-7
expression and then recovered Sp1 expression as well as cell migra-
tory and invasive abilities compared to shMTA2-HeLa cells (Figures
6A and 6B) and shMTA2-SiHa cells (Figures S1A–S1C). Consistently,
overexpression of MTA2 in shMTA2-HeLa cells inhibited shMTA2-
mediated miR-7 and KLK10 expression, enhanced Sp1 expression,
and functionally restored the migratory and invasive abilities (Figures
6C and 6D). The result is similar to shMTA2 stable SiHa cells (Figures
S2A and S2B).We also found that co-transfection of the miR-7mimic
with the MTA2-expressing vector into shMTA2-HeLa or shMTA2-
SiHa cells abolished MTA2-regulated Sp1 and KLK10 as well as met-
astatic functions (Figures 6C and 6D; Figure S2C). In addition, we
analyzed TCGA database and found that patients with low levels of
miR-7 predicted poor survival probability compared with high levels
of miR-7 (p < 0.03; Figure 6E). The expression of miR-7 was inversely
correlated with the expression of Sp1 in cervical cancer tissue
(p < 0.01; Figure 6F). These data suggested that miR-7 inhibits Sp1
and induces KLK10 expression to suppress migration and invasion
of cervical cancer cells.

DISCUSSION
To date, studies on breast cancer, lung cancer, and colorectal cancer
have found that expression ofMTA2 is associated with tumor growth,
invasion, and poor prognosis.3 However, the biological function and
regulatedmechanism ofMTA2 in human cervical cancer remain to be
clarified. Our current data revealed that MTA2 protein expressions
were significantly increased in cervical cancer tissues compared
with normal tissues, and that MTA2 mRNA and protein expression
levels were upregulated in invasive cells (HeLa and SiHa) compared
with non-invasive C33a cells. Furthermore, inhibition of MTA2 sup-
presses cancer cell metastasis in vitro and in vivo. Tissue arrays and
TCGA database indicated that KLK10 expression was inversely corre-
lated with MTA2 in cervical cancer tissue. In addition, proteinase ar-
rays demonstrated that inhibition of MTA2 upregulated KLK10
expression. These data suggested thatMTA2 is a key regulator for cer-
vical cancer metastasis through regulating KLK10 expression. We
additionally demonstrated that inhibition of MTA2 induced miR-7
expression and target to Sp1 30 UTR, and Sp1 negatively regulated
KLK10 transcription (Figure 7). These results show that MTA2 and
KLK10 are involved in cell mobility and cancer metastasis. They
also provide a potential anti-metastatic candidate for intervention
in cervical cancer.

KLK10 expression is abundantly upregulated in several cancers, is
positively correlated with the degree of tumor deterioration, and is
not conducive to patient prognosis, including ovary cancer, pancre-
atic cancer, colon cancer, and gastric cancer.23,24 However,
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Figure 6. miR-7 Regulates the Sp1/KLK10 Axis and Inhibits MTA2-Induced Cell Metastasis

(A) The MTA2-silenced stable HeLa cells were transfected with the antagomiR-NC or antagomiR-7 for 48 h followed by determination of the expression of miR-7 by qRT-

PCR, as well as the expressions of MTA2, Sp1, and KLK10 by western blotting. (B) The migratory and invasive abilities of indicated cells were measured by migration and

invasion assays. (C) The MTA2-silenced stable HeLa cells were co-transfected with MTA2 plasmid and miR-7 mimic for 48 h, followed by determination of the expression of

miR-7 by qRT-PCR, the expressions of Sp1 and KLK10 by western blotting, and (D) the migratory and invasive ability were determined by migration and invasion assays. (E)

Kaplan-Meier curves for overall survival of human cervical cancer patients. (F) Analysis of the correlation between miR-7 expression and Sp1 expression in human cervical

cancer tissues from TCGA (p < 0.01). **p < 0.01, compared with shLuc cells; #p < 0.05, compared with shMTA2 stable cells transfected with antagomiR-NC or MTA2

plasmid.
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downregulated expression of KLK10 occurs in breast cancer and he-
patocellular carcinoma.8,25 Upregulated KLK10 inhibits esophageal
cancer proliferation and enhances cisplatin sensitivity in vitro.9 In
NSCLC, forced expression of KLK10 remarkably suppressed cellular
proliferation, migration in vitro, and oncogenicity in vivo.26 Our pre-
706 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
sent study demonstrated that KLK10 was downregulated in cervical
cancer tissue and highly invasive cancer cells. Through inhibition of
MTA2, KLK10 expression was induced and cervical cancer cell
migration and invasion abilities were inhibited, suggesting that
KLK10 might acts as a tumor suppressor in cervical cancer.



Figure 7. Schematic Representation of the Inhibition

of MTA2-InducedmiR-7 Expression and the Target to

Sp1 30 UTR, Leading to Upregulated KLK10

Transcription, Then Suppression of the Metastatic

Ability of Cervical Cancer
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It has been reported that inhibition of transcription factor Sp1 leads to
upregulation of kallikrein-related peptidases, especially KLK10.19

Therefore, we wanted to know whether Sp1 is a negative regulator
of KLK10 in cervical cancer. To confirm this hypothesis, we con-
structed a reporter plasmid that contained the 50-flank region pro-
moter of KLK10 with luciferase activity. Our results indicated that
KLK10 50-flank promoter activities were increased by MTA2
silencing in cervical cancer cells, suggesting that Sp1 indeed negatively
regulated the transcription of KLK10. Li et al.18 revealed that deleted
exon 1 and intron 1 of the KLK10 promoter is increased by about 40-
to 50-fold, compared with the full length of the KLK10 promoter, sug-
gesting that the KLK10 gene is a transcriptional suppressor and that
hypermethylation of the KLK10 gene is a potential marker for breast
cancer. The downregulation of KLK10 is often associated with hyper-
methylation in CpG-rich exon 3 in several cancers.26 Although the
NuRD complex is mainly responsible for the deacetylation of gene
transcription, the complex also contains MBD (methyl-CpG-bind-
ing)-related proteins and interacts with methyltransferases 7 and 8,
indicating that the NuRD complex has not only a deacetylation func-
tion but also a methylation function.27 Based on the above findings
and our results, it is concluded that inhibition of MTA2 expression
might result in loss of the stability and methylation function of the
NuRD complex, and subsequently abolish the suppression of
KLK10 expression, but the detailed mechanisms require further
exploration.

miR-7 has been shown to play a role as a tumor suppressor in many
cancers.28 Inhibition of CKS1 protein expression by miR-7 inhibits
proliferation and metastasis of thyroid cancer.29 It has also been
found that transfection with the miR-7 mimic in cervical cancer
inhibits focal adhesion kinase and suppresses cervical cancer metas-
tasis.14 Our results indicated that inhibition of MTA2 induced miR-
7 expression, suggesting that miR-7 is indeed involved in cervical
cancer metastasis. Through analyzing the miRbase, miRDB, and Tar-
getScan programs, it was found that miR-7 not only binds to FAK but
also targets the Sp1 30 UTR. Therefore, inhibiting the expression of
Molecular
Sp1 by miR-7 after knockdown of MTA2 may
be one of the mechanisms involved in MTA2-
regulated cancer cell metastasis. In addition,
miR-1275 was found to be inhibited in shMTA2
stable cells and to bind to the 30 UTR of the
KLK10 promoter. Therefore, whether MTA2 af-
fects KLK10 expression by regulating miR-1275
is worthy of further investigation.

To the best of our knowledge, this is the first study
to demonstrate the role and possible mechanism
of MTA2 on the metastasis of human cervical cancer cells. Inhibition
of MTA2 significantly suppresses the migration and invasion, as well
as the aggressiveness, of human cervical cancer cells in vitro and
in vivo by controlling the expression of Sp1 and KLK10, via enhancing
the levels of miR-7. In conclusion, although the precise mechanism by
which MTA2 exerts its effects on the progression of cervical cancer
remains to be determined, our present findings suggest that MTA2
and KLK10 could modulate the metastasis of cervical cancer and pro-
vide a new target candidate for its treatment.

MATERIALS AND METHODS
Cell Culture

The human cervical cancer cell line C33A (BCRC no. 60554) and
HeLa cells (BCRC no. 60005) were purchased from the Bioresources
Collection and Research Center of the Food Industry Research and
Development Institute (Hsinchu, Taiwan). SiHa cells (ATCC no.
HTB35) were obtained from the American Type Culture Collection
(Rockville, MD, USA). C33A cells were maintained in minimum
essential medium (MEM), HeLa cells were cultured in DMEM/F12,
and SiHa cells were maintained in DMEM. All culture media were
supplemented with 10% fetal bovine serum (FBS; Gibco/Invitrogen,
Waltham, MA, USA) and 1% penicillin/streptomycin (HyClone, Lo-
gan, UT, USA) in a CO2 humidified atmosphere at 37�C.

shRNA and siRNA

To inhibit the expression of human MTA2, KLK10, and Sp1, siRNA
oligonucleotides or shRNA knockdown vectors were used. To
construct the MTA2 shRNA plasmid (MTA2-shRNA-pLKO.1), mate-
rials were purchased from the RNAi (RNA interference) core of
Academia Sinica (Taipei, Taiwan). The MTA2 targeting sequence
was 50-AGGGAGTGAGGAGTGAATTAA-30, with pLKO.1-Luc
used as a scrambled control. Puromycin (2 mg/mL) was used to select
stably transduced cells. The cells were transfected with 100 nM siRNA
or negative control by using Lipofectamine RNAiMAX transfection re-
agent (Thermo Fisher Scientific, Waltham, MA, USA) according to the
instructions provided by the manufacturer. The sequences of siSp1,
Therapy: Nucleic Acids Vol. 20 June 2020 707
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siKLK10, and negative control siRNA oligonucleotides are as follows:
siControl, sense, 50-UUCUCCGAACGUGUCACGTUTT-30, anti-
sense, 50-ACGUGACACGUUCGGAGAATT-30; siSp1, sense, 50-C
CAUUAACCUCAGUGCAUUTT-30, antisense, 50-AAUGCACUGA
GGUUAAUGGTT-30; siKLK10, sense, 50-CUGUUGUCCAUCCCA
AGUATT-30, antisense, 50-UACUUGGGAUGGACAACAGTT-30

Western Blot Analysis

Western blot analysis was performed as described previously.30 Anti-
bodies against b-actin (sc-69879, 1:5,000), MTA2 (sc-55566, 1:1,000),
and KLK10 (sc-100551, 1:1,000) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies against Sp1
(07645, 1:1,000) and horseradish peroxidase (HRP)-conjugated
anti-mouse (AP124P, 1:10,000) were purchased from Merck Milli-
pore (Burlington, MA, USA).

Human Protein Array Expression Profiling Analysis

Protease expression profiling analysis was performed as described
previously.31 Briefly, the membranes coated with antibodies against
multiple proteins were incubated with the mixture containing cell
lysate. After the incubation, the membrane was reacted with strepta-
vidin-HRP in array buffer and then incubated with the chemilumi-
nescent reagent. The signals were analyzed by using an image analysis
system (Fujifilm, Tokyo, Japan)

qRT-PCR

qPCR was performed as described previously.32 Briefly, total RNA
was isolated from cells using TRIzol reagent (Invitrogen, Waltham,
MA, USA) and quantified. cDNA was synthesized from 1 mg of
RNA using the GoScript reverse transcription system (Promega,
Madison, WI, USA) according to the manufacturer’s instructions.
GAPDH or RUN6B was used as an internal control and determina-
tion of the difference in threshold cycle (Ct) between treated and
untreated cells using the 2�DDCt method.

Migration and Invasion Assay

A migration and invasion assay was performed as described previ-
ously.31 In brief, this assay uses 48-well modified Boyden chambers
containing membrane filter inserts with 8-mm pores. These filter in-
serts were coated with Matrigel prior to the invasion assay. The lower
compartment was filled with DMEM containing 10% FBS. Cells were
placed in the upper part of the chamber, which contained serum-free
medium, and incubated for 16–24 h. Cell migration and invasion
were determined by counting cells on the filter at a magnification
of �100.

Transfection Assay

HeLa or SiHa cells were seeded into the 6-cm culture dish (3 � 105

cells) or six-well plate (1 � 105 cells/well) overnight, then transfected
with siRNAs (100 nM), plasmid (3 mg), miRNA mimic (30 nM), or
antagomiRNA (100 nM) in Opti-MEM medium (Thermo Fisher
Scientific, Waltham, MA, USA) and added to 6 mL of TurboFect
transfection reagent or 3 mL of Lipofectamine RNAiMAX transfection
reagent (Thermo Fisher Scientific, Waltham, MA, USA). After trans-
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fection for 48 h, the cells were lysed with extraction buffer for further
cell experiments. The mimic miRNA, antagomiRNA, and siRNA
were all synthesized by GenDiscovey Biotechnology (New Taipei
City, Taiwan). Construction of MTA2 plasmid was purchased from
Genewiz (Takeley, UK).

Immunofluorescence Staining

Cells were grown in Lab-Tek eight-well chamber slides (Thermo
Fisher Scientific, Waltham, MA, USA) and then fixed with 4% para-
formaldehyde and permeabilized with 0.1% Triton X-100 in PBS for
10 min. The cells were next incubated with anti-Sp1 (1:200) or
anti-KLK10 (1:200) overnight at 4�C, followed by incubation with
Cy3-conjugated anti-rabbit or fluorescein isothiocyanate (FITC)-
conjugated anti-mouse immunoglobulin G (IgG) for 1 h. Fluores-
cence was monitored and imaged with a confocal microscope.

miRNA Prediction

Identification of the miRNA target gene was accomplished by using
the miRBase (http://www.mirbase.org), miRDB (http://www.mirdb.
org/), and TargetScan (http://www.targetscan.org/vert_61/) pro-
grams to predict putative miRNAs binding sites in the 30 UTR of
the human Sp1 promoter.

ChIP Assay

ChIP was performed as previously described.33 Primers for the ChIP
assay were as follows: KLK10 (�692/�493), forward, 50-ACGGTA
CAATTAGACAGAGG-30, reverse, 50-TCACCTGGGAGTCGCCG
ATA-3; KLK10 (�206/�6), forward, 50-GGCGTCATTAGGGTA
ATTGA-30, reverse, 50-GGATCTGCTGGGGTGTGTGC-30. Enrich-
ment was calculated as the ratio between the net intensity of each
bound sample divided by the input, and the vehicle control sample
divided by the input, or (bound/input)/(control/input).

Luciferase Activity Assay

Cells were cotransfected with pGL4.13-Sp1-30 UTR-WT/-Mut and
miR-7 inhibitor using transfection reagent. The 30 UTR mRNA se-
quences of Sp1 containing the miR-7 binding site were amplified by
a PCR assay. The amplified DNA sequences were inserted into pmir-
GLO Dual-Luciferase miRNA target expression vector (Promega,
Madison,WI, USA) to generate the pmirGLO-Sp1-30 UTR (containing
the binding site of miR-7) luciferase vectors. The pmirGLO-Sp1-30

UTR plasmid was amplified by PCR using the primer pairs
50-CTCGAGACCTTCTTGGCGTGGAGAGTCAA-30 followed by an
XhoI site and 50-GTCGACTTCCCTTAGGAACCACCCAAGAAC-30

followed by a SalI site. Site-directedmutagenesis of themiR-7 target site
in the Sp1 30 UTR (pGL4.13-Sp1-30 UTR-Mut) was performed using
the QuikChange II site-directedmutagenesis kit (Agilent Technologies,
Santa Clara, CA, USA). Luciferase activity was measured with a Dual-
Luciferase reporter assay system (Promega E1910) according to the
manufacturer’s protocol.

Experimental Metastasis Assay

Animal work was approved under the Institutional Animal Care and
Use Committee of the Chung-Shan Medical University Experimental
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Animal Center. Animal experiments used 5-week-old female BALB/c
mice (National Laboratory Animal Center, Taipei, Taiwan). All mice
in group 1 (n = 6) were injected with 1� 106 shLuc stable cells. Group
2 mice (n = 6) were injected with 1 � 106 shMTA2 stable cells. After
2 months, all mice were sacrificed, and the lungs of the mice were
removed to analyze the status of invading tumors. Sections were
stained with hematoxylin and eosin (H&E) to detect metastases.
Immunohistochemical staining was performed to evaluate the protein
expression of the invading tumor.

Statistical Analysis

Statistical analyses were performed with SPSS 12.0 (SPSS, Chicago, IL,
USA). Results are presented as means ± standard errors, and statisti-
cal analyses were performed by Student’s t test and one-way analysis
of variance (ANOVA) followed by Dunnett’s post hoc test. The overall
survival curve of cervical cancer patients was calculated using the Ka-
plan-Meier method. The relationship between the Sp1 and miR-7 was
assessed by Spearman rank correlation. Each experiment was per-
formed at least three times. Significance was regarded as a p value
below 0.05 or 0.01.
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