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INTRODUCTION

Abstract

Background: Breast cancer remains the most common malignancy in females around
the world. Recently, a growing number of studies have focused on gene dysregulation.
In our previous study, Kriippel-like factors (KLFs) were found to play essential roles
in breast cancer development, among which KLF2 could function as a tumor suppres-
sor. Nevertheless, the underlying molecular mechanism remains unclear.

Methods: miR-92a-3p was identified as the upstream regulator of KLF2 by starBase
v.3.0. The regulation of KLF2 by miR-92a-3p was verified by a series of in vitro and
in vivo assays. Further exploration revealed that Baculoviral IAP Repeat Containing 5
(BIRCS5) was the target of KLF2. ChIP assay, dual-luciferase reporter analysis, quanti-
tative real-time PCR, and western blot were performed for verification.

Results: miR-92a-3p functioned as a tumor promoter by inhibiting KLF2 by binding
to its 3’-untranslated region (3’-UTR). In addition, KLF2 could transcriptionally sup-
press the expression of BIRC5.

Conclusion: Collectively, our results uncovered the miR-92a-3p/KLF2/BIRCS5 axis in
breast cancer and provided a potential mechanism for breast cancer development,
which may serve as promising strategies for breast cancer therapy.
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and rectal cancer.'' KLFs can behave as both oncogenes and
tumor suppressors.® In our previous study, we analyzed the

Breast cancer is a major life-threatening disease for women
worldwide, with an increasing annual incidence." Breast cancer
is divided into four subtypes according to the specific gene
expression pattern and histological features: basal-like subtypes,
HER2 enriched, luminal A, and luminal B.> With recent
advances in treatment strategies, the prognosis of breast cancer
patients has greatly improved.” Studies have revealed the criti-
cal roles of gene dysregulation in breast cancer, which can
identify novel biomarkers for prognosis and cancer therapy.**

Kriippel-like factors (KLFs) are transcription factors
belonging to the zinc finger family.” Previous studies have dem-
onstrated their roles in cell differentiation, proliferation, inva-
sion, and survival®'® KLF members are involved in a variety
of cancer-related biological processes, especially in colon cancer

expression pattern of KLFs and identified KLF2/15 as tumor
suppressors that inhibited cell invasion and proliferation in
breast cancer.'” However, the underlying mechanism of KLFs
is still uncertain and requires further investigation.

MicroRNAs (miRNAs) are a category of RNAs that do not
encode proteins but have essential roles in cell biological pro-
cesses."” Growing evidence has revealed that coding genes in
many types of cancer are regulated by miRNAs."* In our previ-
ous study, miR-1271 and miR-543 were identified as tumor
suppressors and functioned through Transforming Growth Fac-
tor B (TGF-B) signaling.'>'® Furthermore, some of the miRNA-
targeted therapeutics such as miR-122 and miR-34 have reached
the clinical experiment stage."> Dysregulation of miR-92a-3p is
involved in the initiation and development of many types of
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cancer."”'® For instance, miR-92a-3p promotes cell inva-
sion, proliferation, and migration of esophageal squamous
carcinoma by regulating phosphatase and tensin homo-
log."” In addition, miR-92a-3p was reported to be involved
in the radiosensitivity of Non-small-cell lung cancer by tar-
geting Mitogen-Activated Protein Kinase Kinase (MAP2K)
via c-Jun N-terminal Kinase signaling.”® Nonetheless, the
functional pattern of miR-92a-3p is uncertain.

In the current study, the mechanism of KLF2 in breast
cancer progression is further explored, identifying miR-92a-
3p as its upstream regulator, which can bind to its 3’-UTR
region. In addition, KLF2 could transcriptionally inhibit the
expression of BIRC5 by interacting with its promoter region.
These findings uncovered the existence of the miR-92a-3p/
KLF2/BIRC5 axis in breast cancer regulation, which eluci-
dated new mechanisms for breast cancer proliferation.

MATERIALS AND METHODS

Cell culture

MCF10A (normal breast epithelial cell line), MCF-7, T47D,
SKBR3, CAL-51, and MDA-MB-231 (breast cancer cell
lines) were obtained from American Type Culture Collec-
tion. All cells were cultured in their corresponding medium
with 1% penicillin/streptomycin (Gibco, Thermo Fisher Sci-
entific) and 10% fetal bovine serum (Gibco) at 37°C in a
humidified 5% CO, atmosphere cell incubator.

Plasmids, miRNA, and transfection

The KLF2 expression plasmid was purchased from Miao-
lingbio. The miR-92a-3p mimic, inhibitor, and their corre-
sponding controls were purchased from Ribobio. For
transfection, Lipofectamine 3000 (Invitrogen) was utilized
following the manufacturer’s instructions.

Quantitative real-time PCR

TRIZOL (Thermo) was utilized for the extraction of total
RNA from cells in accordance with protocols. The RNA
quality was measured by NanoDrop 2000 spectrophotome-
ter (Thermo), and quantitative real-time PCR (qRT-PCR)
was conducted using GoTaq qPCR Master Mix (Promega).
The 27" method was used for mRNA level analysis,"
which was presented as a relative expression level compared
with the control group. The primers utilized for qRT-PCR
are listed in Supporting Information Tables S1-S4.

Western blot

The transfected cells were treated with SDS buffer
(supplemented with 1% protease inhibitor cocktail) for
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protein extraction. The protein concentration was mea-
sured by Bicinchoninicacid kit (Thermo Scientific) and
SDS-PAGE was performed to separate proteins, which
were transferred onto polyvinylidene fluoride (PVDF)
membranes (Thermo Scientific). The PVDF membranes
were incubated with 5% bovine serum albumin and trea-
ted with primary antibodies at 4°C overnight. After wash-
ing three times with TBST and incubation with secondary
antibodies, the signal intensity of the complexes was visu-
alized with enhanced chemiluminescence reagent (Milli-
pore). The details of the antibodies are shown in
Tables S1-5S4.

miRNA pull-down assay

The biotinylated miR-92a-3p mimic or control RNA
(Ribo bio) were transfected into MCF-7 cells at a concen-
tration of 100 nM. The cells were harvested after incuba-
tion for 48 h. The biotinylated RNA complex was pulled
down by magnetic beads at 4°C overnight. Then, RNAs
from the input and pull-down beads were extracted by
TRIZOL (Thermo), and the abundance of GAPDH and
KLF2 was detected by qRT-PCR assay. The primers uti-
lized for qRT-PCR are detailed in Tables S1-54.

Dual-luciferase reporter assay

The wild-type and mutant oligonucleotides of the KLF 3’-
UTR region with miR-92a-3p binding sites or BIRC5 pro-
moter region with KLF2 binding sites were cloned into the
luciferase plasmid. The luciferase reporter was then trans-
fected into 293FT cells with miR-92a-3p mimic or KLF2
plasmid and their negative controls, as previously men-
tioned. The luciferase activities were estimated through a
Dual-Luciferase Reporter Assay Kit (Transgene) according
to the manufacturer’s instructions.

Cell proliferation assay

For the MTT assay, a total of 2 x 10° cells were planted into
96-well plates and incubated for 5 days. At the same time
each day, 20 pl of MTT solution (5 mg/ml) was added to the
cells and they were then incubated in the dark for 4 h. After
dissolving the formazan crystals into 150 pl of DMSO, the
absorbance at 570 nm wavelength was detected by a micro-
plate reader (Bio-Rad).

For colony formation assay, 800 cells were seeded in six-
well plates and incubated for the appropriate time period.
When colonies grew to the appropriate size, the cells were
fixed with 4% paraformaldehyde. Finally, 1% crystal violet
was utilized for staining.

For the EAU assay, 4 x 10* cells were planted into
24-well plates and treated with 25 pM 5-ethynyl-2’-deoxyur-
idine (EdU) for 12 h. Subsequently, the cells were fixed,
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permeabilized, and stained following the protocol of the
EdU labeling/detection kit (Ribobio). The percentage of
EdU-positive cells was captured and analyzed.

Flow cytometry

After transfection and incubation for 48 h, cells were
harvested and fixed overnight with 95% ethanol
at —20°C. After washing with phosphate buffer saline
(PBS) three times, the cells were stained with 5 pl of pro-
podeum iodide solution (Thermo) for 15 min at room
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temperature. The distribution of cell cycles was analyzed
by a flow cytometer (BD Biosciences).

Xenograft

A total of 4 x 10° stable miR-92a-3p-overexpressed MDA-
231 cells were subcutaneously injected into female server
combined immune-deficiency (SCID) mice (5-6 weeks old).
The tumor volume was observed and recorded once a week.
The mice were executed when the tumor reached the appro-
priate size. The paraffin-embedded tumors were sectioned
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KLF2 is a direct target of miR-92a-3p. (a) The potential regulators of KLF2 predicted by starBase v.3.0. (b) The correlation between

candidate miRNAs and KLF2 expression. (c) The relative miR-92a-3p expression levels in breast cell lines were determined by qRT-PCR. (d) The
mRNA expression levels of KLF2 in miR-92a-3p overexpressed MCF-7 cells and T47D cells (left), and in miR-92a-3p-depleted CAL-51 cells and
MDA-231 cells (right) detected by qRT-PCR. (e) The protein levels of KLF2 in miR-92a-3p overexpressed MCF-7 cells and T47D cells, and in miR-
92a-3p-depleted CAL-51 cells and MDA-231 cells were detected by western blot. (f) The predicted binding of miR-92a-3p with KLF2 3’ UTR.

(g) Enrichment of KLF2 in MCEF-7 cells after pull-down assay with biotinylated miR-92a-3p. (h) The regulation of miR-92a-3p on KLF2 was detected

by a dual-luciferase reporter assay. *p < 0.05



YU ET AL

WILEYL>*

for IHC staining. The animal protocols were sanctioned by
the Animal Ethics Committee of Tianjin Medical University
Cancer Institute & Hospital.

Immunohistochemistry

The deparaffinized sections of mice tumors underwent heat-
induced antigen retrieval and endogenous peroxidase activ-
ity block. After treatment with 5% Bovine Serum Albumin
the sections were treated with the primary antibodies at 4°C
overnight. The sections were washed with PBS and treated
with secondary antibodies, and then visualized with 3,3'-

diaminobenzidine reagent. Eventually, the sections were
dehydrated and covered by neutral gum.

Chromatin Immuno-Precipitation (ChIP)
analysis

ChIP analysis was conducted using Upstate Biotechnology
following the manufacturer’s instruction as explained previ-
ously.”> The fold change of percentage input was used to cal-
culate the enrichment of the analyzed DNA region. The
sequences of primers used for ChIP are listed in
Tables S1-S4.
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FIGURE 2 miR-92a-3p-depletion inhibits breast cancer progression. (a) The expression levels of miR-92a-3p in miR-92a-3p-depleted CAL-51 cells and
MDA-231 cells were detected by qRT-PCR. For cell proliferation assay, MTT (b), colony formation assay (c), and EdU assay (d) were performed in miR-92a-
3p-depleted CAL-51 cells and MDA-231 cells. (e) The distribution of the cell cycle was detected by flow cytometry. (f) Representative photos and volumes of
tumors, as well as H&E staining or Ki-67 expression of xenograft tumors. *p < 0.05
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Statistical analysis

The data were analyzed by SPSS software 22.0 and com-
pared by Student’s t-test or one-way analysis of variance.
The value of p < 0.05 was considered statistically significant.

RESULTS
KLF2 is a direct target of miR-92a-3p

StarBase v.3.0 was utilized to investigate the potential upstream
regulators of KLF2 and provided several candidate miRNAs
through multiple target-predicting programs (Figure 1la). The
expression of KLF2 and candidate miRNAs was analyzed by
starBase v.3.0 to filter the targets, which showed that miR-92a-
3p had the most significant negative correlation with KLF2
(Figure 1b). KLF2 was identified as a tumor suppressor in our
previous study; however, the function of miR-92a-3p in breast

cancer remains unclear. KM plotter was used to investigate the
correlation between miR-92a-3p and prognosis, and showed
that the overexpression of miR-92a led to poor clinical out-
comes (Figure S1). KLF2 overexpression was related to better
prognosis in our previous study,'” which was contrary to the
result of miR-92a. The expression level of miR-92a-3p was
upregulated in all breast cancer cell lines compared with nor-
mal breast cells (Figure 1c). However, KLF2 was found to be
remarkably downregulated in breast cancer cell lines compared
with MCF-10A cells in our previous study.'”> Moreover,
qRT-PCR (Figure 1d) and western blot (Figure le) revealed
that the expression level of KLF2 was significantly decreased in
miR-92a-3p-overexpressed MCF-7 and T47D cell lines but
increased in miR-92a-3p-depleted CAL-51 and MDA-231 cells.
The putative binding site of miR-92a-3p with KLF2 was
predicted by TargetScan (Figure 1f). Furthermore, the pull-
down assay revealed a notably higher KLF2 enrichment ratio
of biotin-miR-92a-3p (Figure 1g). To confirm the regulation
of miR-92a-3p on KLF2, the predicted binding site wild-type
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miR-92a-3p promotes breast cancer progression by regulation of KLF2. (a) The expression level of KLF2 in miR-92a-3p- or KLF2/miR-92a-

3p-overexpressed MCF-7 and T47D cells detected by qRT-PCR. Cell proliferation assays, including MTT (b), colony formation (c), and EdU assay (d), were
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flow cytometry. *p < 0.05
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FIGURE 4 KLF2 repressed BIRC5 expression transcriptionally. (a) The correlation expression levels of KLF2 with BIRC5 and CCND1. (b) The potential
binding site of KLF2 on the BIRC5 promoter region was predicted by JASPAR. (c) ChIP analysis for investing the interaction between KLF2 and BIRC5
promoter, including endogenous interaction (left) and exogenous interaction (right). (d) Dual-luciferase reporter analysis of BIRC5 promoter activity in
KLF2-transfected 293FT cells. The expression level of BIRC5 in KLF2-overexpressed MDA-231 and CAL-51 cells, as well as in KLF2-depleted MCF-7 and

T47D cells, was detected by qRT-PCR (e) and western blot (f). *p < 0.05

or mutant 3> UTR was cloned into the luciferase reporter plas-
mid. Overexpressed miR-92a-3p resulted in an approximately
40% decrease in luciferase activity, while no change was found
in the mutant group (Figure 1h). These findings revealed that
KLF2 is a direct target of miR-92a-3p.

miR-92a-3p-deleption inhibits breast cancer
proliferation

Although previous studies indicated that miR-92a-3p per-
formed as a tumor promoter in multiple cancers, the role of
miR-92a-3p in breast cancer remains uncertain. We con-
structed stable miR-92a-3p-depleted MDA-231 and CAL-51
cells, which were verified by qRT-PCR (Figure 2a). The MTT

assay indicated that downregulated miR-92a-3p remarkably
inhibited cell viability both in MDA-231 and CAL-51 cells
(Figure 2b). The consistent results were observed by colony
formation assay (Figure 2c) and EdU assay (Figure 2d). To
further explore the performance of miR-92a-3p in cell cycle
progression, a flow cytometry assay was conducted and
showed a decreased proportion of S phase cells in miR-92a-
3p-depleted MDA-231 cells and CAL-51 cells (Figure 2e). In
vivo, the stable miR-92a-3p-depleted MDA-231 cells were
subcutaneously injected into SCID mice, demonstrating a sig-
nificant decrease in tumors in the miR-92a-3p-depleted group
compared with the control group. In addition, the expression
of Ki-67 was also decreased in miR-92a-3p-depleted MDA-
231 cells (Figure 2f). Thus, miR-92a-3p-depletion can inhibit
cell proliferation both in vitro and in vivo.
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miR-92a-3p promotes breast cancer
proliferation by regulation of KLF2

To investigate whether miR-29a-3p functioned through reg-
ulating KLF2, we transfected KLF2 expression plasmid into
miR-92a-3p-overexpressed MCF-7 and T47D cells, which
was verified by qRT-PCR (Figure 3a). The upregulation of
KLF2 remarkably decreased the cell viability (Figure 3b),
the number of colonies (Figure 3c), and the percentage of
EdU-positive cells (Figure 3d) compared with miR-92a-3p-
overexpressed MCF-7 and T47D cells. As for cell cycle
progression, we observed that overexpression of KLF2
significantly decreased the proportion of cells in the S phase
in miR-92a-3p-overexpressed cells (Figure 3e). Briefly,
the upregulation of KLF2 reversed the promotion effect of
miR-92a-3p on breast cancer cells, which illustrated that
miR-92a-3p functioned by regulating KLF2.

KLF2 transcriptionally repressed BIRC5
expression

In our previous study, overexpression of KLF2 led to
downregulation of Survivin (BIRC5) and Cyclin D1
(CCND1)."? To further clarify the mechanism of KLF2, the
expression levels of KLF2 with BIRC5 and CCND1 were
explored with starBase v.3.0. BIRC5 showed a stronger
negative correlation and perhaps interacted with KLF2
(Figure 4a). The transcription factor profiles were obtained
from the JASPAR website and the binding site of KLF2 on
the BIRC5 promoter region (—5000 to +1) was predicted
(Figure 4b). The occupancy of KLF2 in the BIRC5 pro-
moter region was detected in MCF-7 and MDA-231 cells
through ChIP analysis (Figure 4c). To investigate the regu-
lation of KLF2 on BIRCS, the wild-type and mutant pre-
dicted binding sites were cloned into luciferase reporter
plasmids, revealing notably decreased luciferase activity in
the wild-type group (Figure 4d). The expression correlation
of KLF2 and BIRC5 was further verified, and the results
indicated that KLF2 overexpression notably downregulated
the expression of BIRCS5. In contrast, KLF2 depletion
increased the expression level of BIRC5, as evidenced by
the qRT-PCR (Figure 4e) and western blot (Figure 4f)
results. These findings indicate that KLF2 transcriptionally
inhibits BIRC5 expression.

DISCUSSION

KLFs participate in diversified cellular biological processes
and human diseases, including multiple types of human
cancers. In our previous study, we demonstrated the abnor-
mal expression of KLFs in breast cancer and identified KLF2
and KLF15 as prognostic predictors. The critical roles of
KLF2 in cancers have been extensively studied. For instance,
KLF2 can suppress cell invasion and migration by targeting
GPX4 in clear cell renal cell carcinoma.” In addition, KLF2

acted as a tumor suppressor in hepatocellular carcinoma via
a negative feedback loop over TGF-B signaling.** Consistent
with our previous study, KLF2 inhibited tumor proliferation
and induced cell cycle arrest. However, the regulation mech-
anism remains unclear.

miRNAs serve as noncoding RNAs, which participate in
gene expression regulation through binding with the 3’>-UTR
region of target genes. In the current study, we identified
miR-92a-3p as the upstream regulator of KLF2. The abnor-
mal expression level of miR-92a-3p has been observed in a
variety of cancer types. However, miR-92a-3p can act as
both a tumor suppressor and a promoter. Li et al. reported
decreased miR-92a-3p levels in Wilms’ tumor, which inhib-
ited tumor progression by targeting FRS2.”® Previous studies
have demonstrated the regulation of miR-92a-3p on KLFs.
Yang et al. reported that miR-92a-3p overexpression was
related to cisplatin resistance and regulated KLF4-mediated
EMT and cell apoptosis in cervical cancer.”® Moreover, Mao
et al. revealed the negative association between miR-92a-3p
and KLF2 in gastric cancer.”’” Wang et al. reported that
downregulated miR-92a-3p could inhibit apoptosis and
promote cell proliferation by enhancing KLF2 expression.*®
In this study, miR-92a-3p promoted breast cancer progres-
sion in vivo and in vitro. Pull-down assay with biotined-
miR-92a-3p and dual-luciferase reporter assay indicated the
regulation of miR-92a-3p on KLF2. In addition, KLF2
overexpression reversed the promotion of miR-92a-3p on
breast cancer cell lines. Thus, miR-92a-3p promotes breast
cancer progression by directly targeting KLF2.

In our previous study, we illustrated that the expression
of tumor promotors cyclin D1 and survivin was downregu-
lated in KLF2-overexpressed breast cancer cells. Here, we
further investigate the regulation of KLF2 on BIRCS.
BIRC5 (survivin) is a well-known dual cellular function
protein that can directly regulate mitosis and apoptosis in
cancer cells during tumorigenesis and tumor metastasis.>’
Thus, BIRC5 is commonly considered a biomarker in
human cancer, and many studies have uncovered the criti-
cal role of BIRCS5 in breast cancer. Nina et al. demonstrated
that BIRC5 is a sensitive survival marker that functions
independently of estrogen receptor (ER) and nodal status,
and expression levels should be taken into consideration
while formulating clinical treatment strategies.”® In addi-
tion, extensive studies have identified BIRC5 as an inter-
acted target in cancer progression. Cao et al. reported that
OCT4 could increase the expression of BIRC5 and
CCND1, and promote cancer progression in hepatocellular
carcinoma.”® Wang et al. clarified that miR-218 promoted
apoptosis of U20S osteosarcoma cells by targeting
BIRC5.>* In addition, it has been reported that BIRC5 was
the direct target of KLF2 and miR-126-5p could promote
KLF2 expression to inhibit BIRC5 activation in lung ade-
nocarcinoma cells.”” In the current study, the potential
binding site of KLF2 on the BIRC5 promoter region was
identified and verified through ChIP analysis and dual-
luciferase reporter analysis. The results indicate that KLF2
could suppress BIRCS5 expression transcriptionally.
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