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Abnormal cell proliferation caused by abnormal transcription regulation mechanism seems to be one of the
reasons for the progression of breast cancer and also the pathological basis. MicroRNA-142-5p (miR-142-5p)
is a low-expressed miRNA in breast cancer. The role of MKL-1’s regulation of DNMT1 in breast cancer cell
proliferation and migration is still unclear. MKL-1 (myocardin related transcription factor A) can bind to the
conserved cis-regulatory element CC (A/T) 6GG (called CarG box) in the promoter to regulate the transcription
of miR-142-5p. The expressions of miR-142-5p and MKL-1 are positively correlated. In addition, it has been
proved that DNMTT1 is the target of miR-142-5p, which inhibits the expression of DNMT1 by targeting the
3’-UTR of DNMT, thereby forming a feedback loop and inhibiting the migration and proliferation of breast
cancer. Our data provide important and novel insights into the MKL-1/miR-142-5p/DNMT1/maspin signaling
pathway and may become a new idea for breast cancer diagnosis, treatment, and prognosis.
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INTRODUCTION

Breast cancer is a common malignant tumor with high
morbidity and mortality', and poor prognosis is the main
cause of death of breast cancer patients’>. Hundreds of
miRNAs have been reported to be involved in the occur-
rence of cancer and play specific roles in tumor growth
and metastasis®. In addition, it is generally believed that
miRNAs can regulate the function of cell signaling path-
ways by binding to the pairing sites on the 3"-untranslated
region (3’-UTR) of potential target mRNAs, which
belongs to posttranscriptional inhibition and regulation
of mRNA expression*. With the development of molecu-
lar biology of tumor genes, it has been found that epige-
netic regulatory mechanisms such as DNA methylation

play an important role in the occurrence and develop-
ment of many tumors, including breast cancer’. DNA
methyltransferase 1 (DNMT1) maintains gene methyla-
tion during DNA replication and is the main epigenetic
modification pathway in mammals®. Promoter methyla-
tion of the maspin gene can cause maspin gene silencing
in breast, thyroid, skin, and colon cancers’. Interestingly,
pharmacological methods of DNA demethylation usually
fail to activate gene expression, which indicates that the
reexpression of certain genes requires the search for new
transcription factors in addition to drugs that inhibit insuf-
ficient DNA methylation®. Previous studies have shown
that DNMT1 is necessary to maintain tumor stem cells in
a variety of cancers, including prostate cancer, pancreatic
cancer, and breast cancer’. In addition to demethylation,
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DNMT1 has other regulatory mechanisms. miR-142-5p
directly regulates the expression of DNMT1 and regu-
lates the proliferation and migration of gastric cancer
cells through DNMT1'%"2, The role of miR-142-5p in
the development and metastasis of breast cancer has also
been partially studied". miR-142-5p can regulate the
proliferation and apoptosis of breast cancer cells', but
its mechanism is still unclear. Myocardin-related tran-
scription factor A (MKL-1), also known as MRTF-A, is
a member of the myocardin-related transcription factor
family and a unique coactivator of SRF (serum response
factor). The protein binds to the conserved cis-regulatory
element CC (A/T) 6GG (called CarG box) to regulate the
transcription of target genes. It plays an important role in
the growth and development of organisms'. According
to reports, MKL-1 can be used as an effective inducer
of growth arrest and differentiation of certain tumors
and is often inhibited during malignant transformation
of tumors!®. We believe that the opposite mechanism
may be true, and it may just be the positive and negative
regulation of cell proliferation by MKL-1 under differ-
ent conditions. In addition, it may be related to different
upstream signals of the MKL-1 pathway. The transcrip-
tion regulation of myocardium and smooth muscle cells
is the current research hotspot'’, and it participates in the
regulation of cell proliferation and migration. However,
its role in the proliferation of breast cancer development
and its role in breast cancer miRNA regulation are not
clear. In our previous study, we demonstrated that miR-
142-5p is a down-expressed miRNA in breast cancer and
significantly related to advanced tumor grade (grade III)*%.
The abnormal expression of miR-142-5p plays a role of
tumor suppressor gene in the occurrence of breast cancer.
In this study, we report that miR-142-5p modulates tumor
growth in breast cancer and identify DNMT1 as a direct
target of miR-142-5p. Our data reveal a novel regulatory
circuit for breast cancer cell growth and prove that miR-
142-5p inhibits cell invasion and migration by targeting
DNMT1 in breast cancer, enriching experimental data for
finding potential targets for gastric cancer treatment.

MATERIALS AND METHODS

Cell Source

MDA-MB-231, MCF-7, and 293T cell lines were pur-
chased from Shanghai Cell Bank in China. They were
frozen at —80°C in DMEM medium containing 10% fetal
bovine serum (BI, Israel), and 1% penicillin—streptomy-
cin was added using the medium. They were then cul-
tured in humid air at 37°C, containing 5% CO,.

Luciferase Report Experiment

293T, MDA-MB-231, and MCF-7 were seeded on
24-well plates (two replicates per group) at 2 x 10%ml
cells and transfected 12 h later. Forty-eight hours after
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transfection, a microplate reader (Promega, Madison, W1,
USA) was used to measure the luciferase reporter gene.
The measured fluorescence value of each sample was
normalized to luciferase activity.

Antibodies, Western Blot

Antibodies: rabbit DNMT1 (ab188453) (RabMAD;
Abcam, Cambridge, UK), rabbit phospho-STAT3 (Ser727)
(AF3294) (PcAb; Affbiotech, Suzhou, China), rabbit
MKL-1 (ab115319) (PcAb; Abcam), and mouse GAPDH
(sc-51907) (mAbs; Santa Cruz, Dallas, TX, USA). The
specific steps of the Western blotting experiment are as
described antecedently'®. The membranes were visualized
by GelDoc XR+ Imaging System (Bio-Rad, Hercules, CA,
USA), and the image was examined using ImagelJ soft-
ware. The antibodies used are as follows: GAPDH (1:1500;
Santa Cruz), DNMT1 (1:1500; ABclonal, Boston, MA,
USA), MKL-1 (1:1500; Cell Signaling Technology/CST,
Danvers, MA, USA), and maspin (1:1500; ABclonal).

Cell Scratch Test and Transwell Test

Cell migration ability was analyzed by cell scratch
test and Transwell test. Photographs of cells were sensed
at 0 and 24 h after scratch test of each experiment, and
gap closure was determined on phase-contrast images by
using the time lapse. Cell motility was experimented in an
8-um-pore polycarbonate membrane (Corning, Shanghai,
China) by Transwell test.

Cell Proliferation and Cycle Experiments

The EdU (5-ethynyl-2’-deoxyuridine)-labeling proce-
dure was previously reported®?!. Water-soluble CCK-8
[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium sodium salt] was used
to detect cell activity at 570 nm. The cell cycle assay
was performed using the Annexin V-FITC/PI Apoptosis
Detection Kit (Meilunbio, Jiangsu Province, China).
Experimental results were obtained using Flowjo soft-
ware for analysis and mapping.

Plasmid Construction and Transfection

The coding region sequences of MKL-1 gene was
amplified by polymerase chain reaction (PCR) using the
cDNA of breast cancer cells as the template [MKL-1: 5’-
GACGACGATGACAAAGAATTCATGCCGCCTTT
GAAAAGTCCAGCCGCAT-3" (forward) and 5'-TTGA
CTAGTGGATCCGAATTCCTACAAGCAGGAATCC
CAGTGCAGCTGCAA-3" (reverse)] and inserted into
mammalian expression vector pcDNA3.1, respectively.
The promoter sequences of miR-142-5p (—1048~+111)
were amplified by PCR [WT-miR-142-5p-Luc: 5-CGA
GCTCTTACGCGTGCTAGCAAAGCGCCTTGAAA
CCCTCTC-3’ (forward) and 5-AGATCTCGAGCCCG
GGCTAGCACCCTCCAGTGCTGTTAGTAGTGC-3’
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(reverse)] and inserted into the luciferase vector pGL3-
Basic using mammalian genome as template. MUT-miR-
142-5p-Luc (the binding site of MKL-1 was mutated):
5’-ACATGGCCAAACATTTTGTTGGGATAGCCTTG
GGCTCCTGCC-3" (forward) and 5-GGCAGGAGCC
CAAGGCTATCCCAACAAAATGTTTGGCCATGT-3’
(reverse). The DNMT1 3’-UTR sequence was amplified
by PCR [WT-pmir-DNMT1: 5-ATTGCTAGCTTCTGC
CCTCCCGTCACCCCTGTTT-3’ (forward) and 5’-GCC
GTCTAGATGGTTTATAGGAGAGATTTA-3’ (reverse)]
and inserted into dual-luciferase miRNA target expres-
sion vector pmirGLO using the mammalian genome as
the template; as for MUT-pmir-DNMT, the binding site
of miR-142-5p was mutated. Since one site on DNMT1
3’-UTR bound to miR-142-5p, we made one mutation,
using the following primers: MUT-pmir-DNMT1, 5’-GA
GTGGAAATTAAGGTCGCCGGTAGTTTTTATATGT
TGTAATATTT-3’ (forward) and 5-ACATATAAAAACT
ACCGGCGACCTTAATTTCCACTCATACAGTGGTA
GAT-3’ (reverse). All plasmids and vectors in the experi-
ment were purified using commercial plasmid purifica-
tion kits. MDA-MB-231 and MCF-7 cell lines (1 x 10%
ul) were inoculated into a six-well plate, and when it
grew to about 60%, the plasmid or si-RNA and PEI were
transfected at a ratio of 1:3 into the cells.

Extraction of RNA Reverse Transcription and gPCR

The RNA was quantified, and then genomic DNA
contamination removal and first-strand cDNA synthesis
were performed according to the Monad reverse tran-
scription kit. The synthesized cDNA was subjected to
gPCR. The primers involved are as follows: GAPDH,
5’-CAATGACCCCTTCATTGACC-3’ (forward) and
5-GACAAGCTTCCCGTTCTCAG-3" (reverse); maspin,
5’-CTTGCCTGTTCCTTTTCCAC-3" (forward) and 5’-
TGGAGAGAAGAGGACATTGC-3" (reverse); and
DNMT1,5"-CCTAGCCCCAGGATTACAAGG-3’ (forward)
and 5’-ACTCATCCGATTTGGCTCTTTC-3’ (reverse).

SiRNA Gene Silencing and MicroRNA Transient
Transfection

The online prediction programs of microRNAs,
including TargetScan (http://www.targetscan.org), PicTar
(https://pictar.mdc-berlin.de/), and miRanda (https://www.
microrna.org/microrna’/home.do), were used to predict
microRNAs associated with CX3CL1. All microRNAs,
siRNAs, and their corresponding control (NC) for RNA
transfection were designed and purchased from Guangzhou
RIBOBIO Co. (Guangdong, China). The transfection
efficiency was analyzed and confirmed by additional
biological tests. The suitable transfection reagent was
Lipofectamine® 2000 Reagent (Thermo Fisher, Waltham,
MA, USA) according to the appropriate experimental
groups and manufacturer’s protocol. A total of 1 x 10° cells
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were mixed with 100 pmol of siRNA in 100 ul of 37°C
DMEM, and then subsequently incubated for 6 h. The
media was displaced with regular culture medium for 48 h.
The effectiveness of transfection was assessed by siRNA-
cy3-control expression.

Immunohistochemistry (IHC) Experiment

The specific steps of the IHC experiment are as
described antecedently?>. We used streptavidin alkaline
phosphatase (SABC-AP) immunohistochemical stain-
ing kit (BOSTER Biological, Pleasanton, CA, USA) for
IHC experiments. Hematoxylin lightly counterstained
the nucleus, and it was then sealed with neutral resin and
observed under a microscope. All the above steps were
carried out in strict accordance with the manufacturer’s
instructions.

Human Tumor Xenograft Model

The animal experiment program obtained the consent
of the Experimental Animal Center of Wuhan University
of Science and Technology and the Committee of
Experimental Animal Ethics Review. BALB/c-nu (nude)
mice were obtained from Beijing Vital River (Charles
River Laboratories, Xi’an, SHAANXI, China). Four-
week-old nude mice were randomly divided into four
groups, and 1 x 107 MCF-7 cells stably overexpressing
miR-142-5p and a control group were injected subcutane-
ously separately; thus, we obtained three groups: group A
mice were injected with MCF-7 cells stably overexpress-
ing miR-142-5p (miR-142-5p-pLKO.1), group B mice
were injected with control groups (pLKO.1), and group
C mice were injected with normal saline (blank). All nude
mice were euthanized after 35 days. The tumor tissue was
carefully removed from the nude carcass to count the vol-
ume and weight of the tumor.

Statistical Analysis

All the experiments were completed three times inde-
pendently. The values were presented as the mean +
standard deviation. Two-sided values of p < 0.05 were
considered statistically significant.

RESULTS

DNMTI Inhibits the Expression of Maspin and
Regulates the Proliferation and Migration of
Breast Cancer Cells

The expression of DNMT1 mRNA and protein in
breast cancer cells is higher than that of normal breast
cells and associated with poor breast cancer survival®.
The small interfering RNA (siRNA)-mediated knock-
down of DNMT1 results in an increase in the expression
of maspin in MDA-MB-231 cells, and confirmed that
the proliferation and invasion ability of breast cancer
cells were significantly inhibited by the downregulation
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of DNMT1%*. We suspect that the downregulation of
DNMTI1 may also affect the migration ability of breast
cancer cells. To verify this conjecture, we designed
three siRNAs for DNMT1 and verified the knockdown
efficiency of siRNA in two breast cancer cell lines:
MDA-MB-231 (Fig. 1A and C) and MCF-7 (Fig. 1B and
D). The results prove that the first siRNA knockdown
effect is the best in both cell lines, as shown in Figure
1A-D, so the first siRNA was selected in subsequent
experiments. Transwell experiments proved that in the

MDA-MB-231
NC sl s2 s3

DNMT1 “
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MCF-7 cell line, after knocking down DNMT1, the cell
migration ability was significantly reduced to 20% (Fig.
1E and F). In the MDA-MB-231 cell line, after knock-
ing down DNMT]1, the cell migration ability was sig-
nificantly reduced to 39% (Fig. 1G and H). The healing
ability of the cells in the DNMT1 knockdown group was
also significantly lower than that of the control group
in the scratch test in MCF-7 (Fig. 1I). This proves that
DNMTI1 can indeed regulate the migration ability of
breast cancer cells.
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Figure 1. DNA methyltransferase 1 (DNMT1) inhibits the expression of maspin and regulates the proliferation and migration of
breast cancer cells. MDA-MB-231 and MCF-7 after serum starvation [DMEM + 0.5% fetal bovine serum (FBS)] for 48 h were trans-
fected with si-control (si-NC) or si-DNMTT1 for 48 h. (A-D) The effects of si-DNMT1 on DNMT1 expression in MDA-MB-231 and
MCF-7 were detected by Western blot analysis. All experiments were repeated three times in duplicate, and the semiquantitative analy-
sis was calculated by SPSS statistical software. **p < 0.01. (E-I) The effect of knocked down DNMT1 on MDA-MB-231 and MCF-7
migration was detected by the Transwell assay. **p < 0.01. The wound healing assay was also used to detect the migration-stimulating
effects of knocked down DNMT1 on MDA-MB-231 and MCF-7. The number of cells migrated to the lower side of the Transwell
chambers was counted and photographed in five fields (the upper, the lower, the left, the right, and the middle) of three independent
experiments, and the migration capacity was calculated by SPSS statistical software. **p < 0.01.
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MKL-1 Affects the Expression of DNMT1 and Maspin 55% compared with the control group, while the pro-

Studies have shown that MKL-1 inhibits cell prolif- tein expression of DNMT1 was upregulated 2.24 times
eration and affects the G,—S phase of cell progression, (Fig. ZK__M)- After 1.<nocking dov&./n MKL-1 in MCF-7,
resulting in cell growth arrest, and the expression of the protein expression of maspin was decreased to
MKL-1 in tumor cells is significantly downregulated®. 35% compared with the control group, while the pro-
After MKL-1 was overexpressed or knocked out in two tein expression of DNMT1 was upregulated by 2.36
breast cancer cells, MDA-MB-231 and MCF-7, they times. This indicates that the expression of DNMT1 and
were detected by Western blotting; the overexpression maspin in breast cancer cells may be related to MKL-1,
effect of MKL-1 in MDA-MB-231 and MCE-7 cells was and MKL-1 may regulate the expression of DNMT1 and
significantly higher than that in the control group. The maspin in some way (Fig. 2N-P).

knockdown effect of siMKL-1 on MKL-1 is obviously . . o ' '
in the two kinds of cells (Fig. 2A-D). Overexpression of miR-142-5p Inhibits the Migration and Proliferation of
MKL-1 in MDA-MB-231 was increased, the expression Breast Cancer Cells and Regulates the Cell Cycle

of DNMT1 protein was decreased to 54% (Fig. 2E and Previous studies have shown that miR-142-5p acts as
F), but the expression of maspin protein was increased a tumor suppressor gene in a variety of tumors and pro-
by 2.14 times (Fig. 2E and G). Overexpression of motes tumor metastasis of gastric cancer?. TCGA analy-
MKL-1 in MCF-7 in the expression of maspin protein sis found that the expression of miR-142-5p is related
was increased by 2.06 times (Fig. 2H and I), but the to the survival rate of patients, and the high expression
expression of DNMT1 protein was decreased to 66% of miR-142-5p can improve the survival rate of patients
(Fig. 2H and J). After knocking down MKL-1 in MDA- (Fig. 3A). MDA-MB-231 and MCF-7 were transfected
MB-231, the protein expression of maspin decreased to with miR-142-5p mimic to overexpress or inhibit to
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Figure 2. MKL-1 affects the expression of DNMT1 and maspin. MDA-MB-231 and MCF-7 after serum starvation (DMEM + 0.5%
FBS) for 48 h were transfected with si-control (si-NC) or si-DNMT1 for 48 h. (A-D) The effect of MKL-1 overexpression or knock
down in MDA-MB-231 and MCF-7 were detected by Western blot analysis. All experiments were repeated three times in duplicate,
and the semiquantitative analysis was calculated by SPSS statistical software. *p < 0.05, **p < 0.01. (E-J) The expression of maspin
and DNMT1 in MDA-MB-231 and MCF-7 transfected by MKL-1 overexpression plasmid was detected by Western blot analysis. All
experiments were repeated three times in duplicate, and the semiquantitative analysis was calculated by SPSS statistical software.
**p < 0.01. (K-P) The expression of maspin and DNMT1 in MDA-MB-231 and MCF-7 transfected by siMKL-1 was detected by
Western blot analysis. All experiments were repeated three times in duplicate, and the semiquantitative analysis was calculated by
SPSS statistical software. *p < 0.05, **p < 0.01. Data are expressed as mean =+ standard deviation (SD). *p < 0.05, **p < 0.01.
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Figure 3. miR-142-5p inhibits the migration of breast cancer cells and regulates growth ability. (A) The high expression of miR-
142-5p can improve the survival rate of patients by TCGA analysis. (B, C) After transfection with miR-142-5p analogs, the expression
of miR-142-5p in the MDA-MB-231 cells was detected by miRNA reverse transcription polymerase chain reaction (RT-PCR). All
experiments were repeated three times in duplicate, and the semiquantitative analysis was calculated by SPSS statistical software.
**p < 0.01. (D-G) The number of cells migrated to the lower side of the Transwell chambers was counted and photographed in five
fields (the upper, the lower, the left, the right, and the middle) of three independent experiments, and the migration capacity was cal-
culated by SPSS statistical software. *p < 0.05, **p < 0.01. (H) The effect of overexpressed miR-142-5p analogs on MCF-7 migration
was detected by wound healing assay. (I, J) Growth ability of MDA-MB-231 and MCF-7 cells was tested by CCK-8. At 24, 48, and
72 h, the growth ability of miR-142-5p overexpression was lower than that of the control group. Data are expressed as mean + SD.

p < 0.05, **p < 0.01.

knock out miR-142-5p, and the transfection efficiency
was detected by miRNA reverse transcription (RT)-PCR
(Fig. 3B and C). Transwell results proved that after trans-
fection of miR-142-5p simulants in MCF-7, the mimic
group’s cell migration ability was significantly reduced
compared with the control group (Fig. 3D and E). The
migration ability of inhibitor group cells was significantly
improved (Fig. 3F and G). The number of cells migrated
in the mimic group was remarkably decreased (90%), and
the inhibitor group was significantly increased 6.63 times
(Fig. 3H). This indicates that miR-142-5p can indeed
inhibit the migration of breast cancer cells. The overex-
pression of miR-142-5p in these two cell lines showed
that the optical density (OD) value measured after miR-
142-5p overexpression was lower than that of the control
group at 24, 48, and 72 h (Fig. 31 and J). The number of
EdU-positive cells in the miR-142-5p-transfected mimic
group was compared with that in the control group, and
the decrease trend was obvious (Fig. 4A-D). Cell cycle
analysis showed that overexpression of miR-142-5p

resulted in a higher percentage of MDA-MB-231 and
MCEF-7 cells in the G -G, phase, and a lower percentage
in the S phase, which indicates that miR-142-5p upregu-
lation leads to G, blockade of breast cancer cells (Fig.
4E-H).

miR-142-5p Targets 3”-UTR to Inhibit DNMTI
Expression and Upregulate Maspin

We used the TargetScan database to predict the poten-
tial connection between DNMT1 and miR-142-5p (Fig.
5A and B). In order to prove that miR-142-5p can be
combined with the site on the 3’-UTR of DNMT]I, we
constructed two plasmids containing the target frag-
ment (DNMT1-3"-UTR-WT and DNMT1-3-UTR-MUT)
as shown in Figure 5C. By enhancing the expression
of miR-142-5p in MDA-MB-231, the expression of
maspin protein was upregulated about 2.22 times, while
the expression of DNMT]1 protein was reduced to 38%
(Fig. 5D-F). By enhancing the expression of miR-
142-5p in MCF-7, the expression of maspin protein was
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Figure 4. miR-142-5p inhibits the proliferation of breast cancer cells and regulates the cell cycle. Cell proliferation of MDA-MB-
231 and MCF-7 cells was measured by EdU assay. (A, B) The left panels show the DAPI staining for nuclei. The middle panels show
EdU-positive cells. The right panels show double immunostaining for EAU and nuclei. Scale bar: 50 um. (C, D) The number of EdU-
positive cells of miR-142-5p overexpression was measured by ImagelJ software, and the proliferation rate was calculated by SPSS
statistical soft. *p < 0.05. (E-H) Cell cycle analysis showed that MDA-MB-231 and MCF-7 cells transfected by miR-142-5p simulant
were detected by flow cytometry. Statistical analysis of the different phases of flow cytometry results; each group of experiments was
repeated three times independently. Data are expressed as mean + SD. *p< 0.05, **p< 0.01.

increased 2.16 times, while the DNMT1 protein expres-
sion decreased to 75% (Fig. 5G-I). We overexpressed
miR-142-5p or inhibited miR-142-5p in the MCF-7,
and incubated the antibody and DNMTI. The results
showed that upregulation of miR-142-5p in the cells
could inhibit the expression of DNMT1, and after miR-
142-5p was inhibited, the expression of DNMTI1 in the

cells increased (Fig. 5J). The upregulation of miR-142-5p
in cells can inhibit the expression of DNMT]1. Luciferase
reporter experiments were performed in the 293T cells.
miR-142-5p overexpression can significantly reduce the
luciferase activity of DNMT1-3’'UTR-WT, while miR-
142-5p overexpression has a negative effect on DNMT1-
3’'UTR-MUT (Fig. 5K).
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Figure 5. miR-142-5p targets the 3’-untranslated region (3’-UTR) to inhibit DNMT 1 expression and upregulate maspin. (A) Analysis
on the TargetScanHuman (http://www.targetscan.org/vert_72/) website revealed that miR-142-5p can target the 3-UTR of DNMTI.
(B, C) miR-142-5p targets the base sequence and mutant sequence of DNMT1 3’-UTR. (D-F) The effect of miR-142-5p simulant
in MDA-MB-231 and MCF-7 was detected by Western blot analysis. All experiments were repeated three times in duplicate, and
the semiquantitative analysis was calculated by SPSS statistical soft. *p < 0.05, **p < 0.01. (G-I) The expression of maspin and
DNMT1 in MDA-MB-231 and MCEF-7 transfected by miR-142-5p simulant was detected by Western blot analysis. All experiments
were repeated three times in duplicate, and the semiquantitative analysis was calculated by SPSS statistical software. *p < 0.05, **p <
0.01. (J) The left panels show the DAPI staining for nuclei. The middle panels show FITC for DNMT1. The right panels show double
immunostaining for DNMT1 and nuclei. Scale bar: 50 um. (K) Luciferase reporter experiments were performed in the 293T cell, and
then luciferase reporter assay was used to test the transcriptional activity of DNMT1. Values are the relative luciferase activity (100%).

All experiments were repeated three times in duplicate. *p < 0.05.

MKL-1 Can Promote miR-142-5p Transcription

In order to verify whether MKL-1 affects the expres-
sion of miR-142-5p, we constructed two luciferase gene
reporter plasmids, pGL3-miR-142-5p-WT-LUC and
pGL3-miR-142-5p-MUT-LUC (Fig. 6A). The experimen-
tal groups were cotransformed to pcDNA3.1 + pGL3-miR-

142-5p-WT-LUC (control group), pcDNA3.1-MKL-1
+ pGL3-miR-142-5p-WT-LUC (experimental group),
pcDNA3.1 + pGL3-miR-142-5p-MUT-LUC (mutation
control group), and pcDNA3.1-MKL-1 + pGL3-miR-142-
S5p-MUT-LUC (mutation test group). The transfected
pcDNA3.1-MKL-1 was set to a concentration gradient
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Figure 6. MKL-1 can promote miR-142-5p transcription. (A)
In order to verify whether MKL-1 affects the expression of
miR-142-5p, we constructed two luciferase gene reporter plas-
mids: pGL3-miR-142-5p-WT-LUC and pGL3-miR-142-5p-
MUT-LUC. (B) MKL-1 or empty vector (control group) and
pGL3-miR-142-5p-WT-LUC or pGL3-miR-142-5p-MUT-LUC
were cotransfected into 293T cells. The transfected pcDNA3.1-
MKL-1 was set to a concentration gradient (0, 0.2, 0.4, 0.6,
and 0.8 pg) and transfected with MKL-1 for 48 h or a control
vector (pcDNA3.1). Then the luciferase reporter assays were
used to test the transactivity of miR-142-5p. Values are the rela-
tive luciferase activity (fold). All experiments were repeated
three times in duplicate. *p < 0.05, **p < 0.01. (C, D) After
transfection with MKL-1 overexpression plasmid, the expres-
sion of miR-142-5p in the MDA-MB-231 and MCF-7 cells was
detected by miRNA RT-PCR. All experiments were repeated
three times in duplicate, and the semiquantitative analysis was
calculated by SPSS statistical software. *p < 0.05.

(0, 0.2, 0.4, 0.6, and 0.8 ng), and the results showed
that the pGL-3-miR-142-5p-WT-LUC group luciferase
reporter activity of MKL-1 gradually increased with the
increase in the concentration of cotransfected MKL-1
(Fig. 6B). In contrast, in the mutation control group, the
activity of the luciferase reporter gene did not change
significantly after overexpression of MKL-1 (Fig. 6B).
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This indicates that overexpression of MKL-1 can pro-
mote the transcription of miR-142-5p. The expression
of miR-142-5p in MDA-MB-231 cells was significantly
increased by overexpressed MKL-1 (Fig. 6C). It was also
found in MCF-7 cells that MKL-1 could indeed promote
the transcription of miR-142-5p (Fig. 6D). In order to
fully prove that MKL-1 works through miR-142-5p, we
conducted a confirmation experiment in which MKL-1
was overexpressed and miR-142-5p was silenced.

miR-142-5p Inhibits Tumor Growth of Breast Cancer
Cells In Vivo

In order to determine the effect of miR-142-5p on
tumor growth in vivo, we constructed MCF-7 cells sta-
bly overexpressing miR-142-5p with an empty plasmid
(pLKO.1) as a control. We tested the transfection effi-
ciency of the stably transfected cell line (Fig. 7A). The
results showed that the tumors from miR-142-5p-over-
expressed cells were smaller and lighter than the control,
while their tumor volume growth was also slower (Fig.
7B-D). Western blotting results showed that the protein
expression of DNMTT in tumor tissues with high expres-
sion of miR-142-5p was lower than that of the control
and blank groups, while the protein expression of maspin
was higher than that of the control and blank groups (Fig.
7E-G). IHC analysis further confirmed that the upregula-
tion of miR-142-5p can reduce the expression of DNMT1
in tumor tissues, and at the same time upregulate the
expression of maspin in tumor tissues (Fig. 7H). We also
proved by real-time fluorescence quantitative PCR that
the mRNA of DNMT1 in tumor tissues overexpressed by
miR-142-5p was lower than that of the control and blank
groups, and the mRNA expression of maspin was higher
than that of the control and blank groups (Fig. 7T and J).

DISCUSSION

In recent years, studies have shown that epigenetic
changes are critical to the occurrence and development
of cancers including breast cancer, and they also pro-
vide new ideas for the treatment and positive prognosis
of breast cancer. DNA methylation is the most common
mammalian epigenetic modification?’. It is believed that
the occurrence and development of human cancers are
driven by epigenetic and genetic changes, which activate
multiple steps in the cancerous process®. DNA hyper-
methylation inhibits tumor suppressor genes and leads
to insensitivity to growth inhibitory signals and avoids
programmed cell death. This is the main epigenetic fea-
ture that distinguishes cancer cells from normal cells®.
DNA hypermethylation is closely related to the occur-
rence of breast cancer and cell immortalization and is
often caused by abnormal expression of DNMT, includ-
ing DNMT1, DNMT3a, and DNMT3b*. DNMT1 and
BCL11A can coregulate the function of thyroid cells by
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Figure 7. miR-142-5p inhibits tumor growth of breast cancer cells in vivo. (A) In order to determine the effect of miR-142-5p on
tumor growth in vivo, we constructed MCF-7 cells stably overexpressing miR-142-5p with empty plasmid (pLKO.1) as control. We
tested the transfection efficiency of the stably transfected cell line. ****p < 0.00001. (B—D) Nude mice injected with different groups
of MCF-7 cells after 28 days. The images show the results for three mice. Image shows tumor tissue isolated from nude mice with three
mice in each group. Tumor growth curves of nude mice injected with MCF-7 cells after 28 days, and the tumor volume was estimated
using calipers. The image shows the statistics of the weight of tumor tissue isolated from nude mice; the weight of the tumor tissue is
measured with a balance. *p < 0.05. (E-G) After being injected with different groups of MCF-7 cells after 28 days, the expressions of
DNMT1 and maspin were detected by Western blot. All experiments were repeated three times in duplicate, and the semiquantitative
analysis was calculated by SPSS statistical software. *p < 0.05. (H-J) Immunohistochemical analysis of tumor tissue isolated from
nude mice; the image shows the results of in situ analysis of DNMT1 and maspin protein. Tumor tissues of miR-142-5p and pLKO.1
(control group) isolated from nude mice were analyzed for protein expression levels of DNMT1 and maspin by Western blot. *p <
0.05, **p < 0.01.

silencing BCL11A3!. More importantly, a recent study
showed that DNMT1 is upregulated in breast tumors.
DNMT1 regulates the number of cancer stem cells
(CSCs) in breast cancer cells by inhibiting or induc-
ing Islet-1 (ISL1) hypermethylation/downregulation®.
By downregulating DNMT, the expression of tumor
suppressor genes can be partially increased to reduce
tumor formation. Compared with nondividing cells,
DNMT1 is most abundantly expressed in dividing cells

and has become the main therapeutic target for inhibit-
ing methylation of cancer cells*. In addition, it has also
been reported that inhibition of DNMT1 expression can
inhibit cell proliferation and induce apoptosis*. Dhawan
et al. proved that DNMT]1 can be used as an emerging
target for the treatment of invasive bladder cancer in a
dog model®. Previous studies have shown knockdown
of DNMT in breast cancer cells, the expression of the
tumor suppressor gene maspin is upregulated®, and the
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proliferation and invasion ability of cancer cells are sig-
nificantly inhibited by the downregulation of DNMT1%.
We inhibited the expression of DNMT]1 in breast cancer
cells. After DNMT1 was inhibited, the migration ability
of breast cancer tumor cells was significantly downregu-
lated. This shows that DNMT1 plays a vital role in breast
cancer migration. Although we prove that DNMT1 can
inhibit the migration of tumor cells, the role of transcrip-
tion factors in tumor cells is a complicated process.
MicroRNAs are small noncoding RNAs that directly
bind to the 3-UTR of the target messenger RNA
(mRNA) in a sequence-specific manner at the posttran-
scription level to regulate gene expression®. Many cel-
lular processes that miRNA participates in are related
to the occurrence and development of cancer®®. miR200
promotes fibroblast heterogeneity and immunosuppres-
sion in ovarian cancer through targeted regulation of
CXCL12B%*. miRNA-143-3p inhibits the growth and
invasion of melanoma cells by targeting cyclooxygenase
2 and is inversely related to the progression of malignant
melanoma*'. miR-31 promotes breast stem cell expan-
sion and breast tumorigenesis by inhibiting Wnt signaling
antagonists*>. Genome analysis shows that in most can-
cer types, miRNA expression is controlled by a variety
of mechanisms. Defects, amplification, and deletion of
miRNA biological genetic mechanisms will cause abnor-
mal miRNA local transcription control. There is strong
evidence that miRNAs in cancer may also get out of
control due to abnormal CpG methylation and/or histone
modification®. On the other hand, some miRNAs are not
only regulated by epigenetic mechanisms but also play an
active role in epigenetic mechanisms, resulting in highly
adjustable feedback pathways that can fine-tune gene
expression. The target DNMT]1 is abnormally upregu-
lated in breast cancer and is negatively correlated with
miRNA expression*. In our research, we can prove that
DNMT1 is a functional target for miR-142-5p to regu-
late breast cancer cells. According to predictive target
software analysis, miR-142-5p can inhibit the expression
of DNMT]1 by targeting the 3’-UTR region that binds to
DNMT1I. In this way, a signaling pathway is formed to
promote the downregulation of DNMT1, and the down-
regulation of DNMT1 promotes the reexpression of the
tumor suppressor gene maspin, inhibiting the migration
and proliferation of tumor cells. Our nude mice tumori-
genesis experiments also proved that miR-142-5p target-
ing DNMTT can be a feasible tumor treatment strategy.
MKL-1 plays a key role in cell proliferation, differen-
tiation, migration, and apoptosis®. It is worth noting that
recent breast cancer genomics studies have identified
susceptibility SNPs (single nucleotide polymorphisms)
located in the MKL-1 intron*, which implies the well-
known muscle cell regulator MKL-1 with potential
relevance in the development of breast cancer. MKL-1
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is gradually becoming a prognostic indicator and treat-
ment target for cancer patients. We analyzed the poten-
tial miRNAs that may be regulated by MKL-1 through
bioinformatics correlation and checked whether there is
a CarG box site in the promoter region of these miRNAs.
According to these criteria, miR-142-5p was identified as
a potential target. The analysis of the luciferase reporter
gene showed that MKL-1 can indeed regulate the tran-
scription of miR-142-5p through the promoter binding
site of miR-142-5p, thereby inhibiting the expression of
the downstream target gene DNMT1 of miR-142-5p. The
downstream oncogene maspin is reexpressed, thereby
regulating the migration and proliferation of breast can-
cer cells.

Previous studies have reported that the abnormal
silencing of the antimetastatic tumor suppressor gene
maspin in breast epithelial tumor cells is related to DNA
hypermethylation and histone hypoacetylation of its
promoter*’. Studies have shown that the expression of
maspin is negatively correlated with the adverse clinical
progression of breast cancer. DNMTI can recognize
the region rich in CpG islands in the maspin promoter
to promote the abnormal methylation of the maspin pro-
moter, thereby silencing its gene expression. miR-142-5p
can target the 3’-UTR of DNMT! to inhibit translation,
and MKL-1 can bind to the CarG site on the miR-142-5p
promoter to promote miR-142-5p transcription. This
shows that MKL-1/miR-142-5p can indirectly regulate
the expression level of maspin through DNMT1, restore
the expression of silenced tumor suppressor genes, and
promote the growth and metastasis of cancer cells.

Our data show that MKL-1 promotes its transcrip-
tion by targeting the miR-142-5p promoter and attenu-
ates the migration of MCF-7 and MDA-MB-231 cells
induced by DNMT 1. The expressions of miR-142-5p and
MKL-1 are positively correlated. In addition, DNMT1
has been proven to be the target of miR-142-5p, which
inhibits the expression of DNMTI1 by targeting the
3’-UTR of DNMT 1, thereby inhibiting the migration and
proliferation of breast cancer. As the upstream regulator
of DNMT1, miR-142-5p can promote the reexpression
of maspin silenced by DNMTI1. Animal tumorigen-
esis experiments also prove that miR-142-5p targeting
DNMT1 can become a viable tumor treatment plan.
Therefore, our data provide important and novel insights
into the MKL-1/miR-142-5p/DNMT 1/maspin signaling
pathway and may become a new idea for breast cancer
diagnosis, treatment, and prognosis.
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