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HOXC13 promotes cell proliferation, metastasis and
glycolysis in breast cancer by regulating DNMT3A
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Abstract. Breast cancer (BC) is a life-threatening malignant
tumor that affects females more commonly than males. The
mechanisms underlying BC proliferation, metastasis and
glycolysis require further investigation. Homeobox C13
(HOXC13) is highly expressed in BC; however, the specific
mechanisms in BC are yet to be fully elucidated. Therefore, the
aim of the present study was to investigate the role of HOXC13
in BC proliferation, migration, invasion and glycolysis. In the
present study, the UALCAN database was used to predict the
expression levels of HOXC13 in patients with BC. Western
blot analysis and reverse transcription-quantitative PCR were
used to determine the expression levels of HOXC13 in BC cell
lines. Moreover, HOXC13 knockdown was induced using cell
transfection, and the viability, proliferation and apoptosis of
cells were detected using Cell Counting Kit-8, 5-ethynyl-2'-de-
oxyuridine staining and flow cytometry. Migration, invasion
and epithelial-mesenchymal transition (EMT) were measured
using wound healing assay, Transwell assay and western
blotting. In addition, XF96 extracellular flux analyzer and
corresponding kits were used to detect glycolysis. The JASPAR
database was used to predict promoter binding sites for the
transcription factors HOXC13 and DNA methyltransferase 3a
(DNMT?3A). HOXCI13 expression was silenced and DNMT3A
was simultaneously overexpressed using cell transfection. The
results of the present study revealed that HOXC13 expression
was significantly elevated in BC tissues and cells. Following
HOXC13 knockdown in BC cells, the viability, proliferation,
glycolysis, migration, invasion and EMT were significantly
decreased, and apoptosis was significantly increased. In
addition, HOXC13 positively regulated the transcription
of DNMT?3A in BC cells, thus playing a regulatory role in
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the malignant progression of cells. In conclusion, HOXC13
promoted cell viability, proliferation, migration, invasion,
EMT and glycolysis in BC by regulating DNMT3A.

Introduction

Breast cancer (BC) is a malignant tumor with high incidence
rates in female patients, which impacts both health and quality
of life (1). According to data released by the International
Agency for Research on Cancer, part of the World Health
Organization, there were 2.26 million new cases of BC and
680,000 deaths worldwide in 2020 (2). The number of new
cases of BC in China was 420,000, resulting in ~120,000
deaths. Notably, an aging population increases the overall risk
of BC (3).

Glucose metabolism in tumor cells is characterized
by increased glucose uptake and aerobic glycolysis. Since
aerobic glycolysis occurs in cancer cells, the efficiency of
sugar utilization is notably higher than that of healthy cells.
Despite sufficient oxygen, cancer cells use aerobic glycolysis
to produce energy (4). Aerobic glycolysis plays a fundamental
role in cytoskeletal remodeling and cell motility in BC (5). In
addition, aerobic glycolysis promotes the migration and prolif-
eration of BC cells, and inhibits apoptosis (6). These results
indicate that aerobic glycolysis serves an important role in BC
cells.

Homeobox (HOX) genes are highly conserved at the
genomic level, and play a key role in the regulation of numerous
biological processes, including apoptosis, cell differentiation,
transfer and receptor signal transduction (7). As a member
of the HOX gene family, HOXC13 is a homologous box gene
and is a key transcription factor for the growth and develop-
ment of mammals (8). A previous study demonstrated that
HOXC13 expression is higher in BC than in gastric, colon
and other types of cancer, and results of a survival analysis
demonstrated that high expression levels of HOX transcript
antisense RNA and HOXC13 are associated with a poor prog-
nosis (9). However, the role of HOXC13 in BC is yet to be fully
elucidated. Notably, HOXC13 can promote the proliferation of
esophageal squamous cell carcinoma by inhibiting caspase 3
transcription (10). In addition, when compared with healthy
tissue, HOXC13 mRNA expression levels are increased in lung
cancer tissue. HOXC cluster antisense RNA 2 (HOXC-AS2)
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overexpression has been reported to significantly activate
HOXC13 protein and mRNA expression, and HOXC-AS2 gene
knockdown can inhibit the proliferation and migration of lung
cancer cells (11). In addition, HOXC13 knockdown reverses
the increased proliferation and migration of lung cells (11).
HOXC13 can also promote cervical cancer cell proliferation
and invasion, and the Warburg effect via the -catenin/c-Myc
signaling pathway (12). Thus, it was hypothesized that
HOXC13 may serve a role in the proliferation, migration and
glycolysis of BC.

DNA methyltransferase 30 (DNMT3A) is highly expressed
in a variety of malignant tumors and is a key enzyme required
for the re-methylation of mammalian genes. DNMT3A may
serve as a potential therapeutic target in the prevention of
cancer recurrence (13,14). Downregulated DNMT3A expres-
sion decreases the Warburg effect, proliferation and invasion
of ovarian cancer cells (15). In addition, DNMT3A promotes
colorectal cancer progression by regulating DOC-2/DAB2
interactive protein-mediated MEK/ERK activation (16).
Upregulated DNMT3A expression promotes progression
of BC (17). However, the regulatory association between
HOXC13 and DNMT?3A in BC, and the regulatory effects of
DNMT3A on BC cell proliferation, invasion and glycolysis are
yet to be fully elucidated.

Thus, the present study knocked down HOXCI13 and
overexpressed DNMT3A concurrently to determine the
roles of HOXC13 and DNMT3A in BC, and the underlying
regulatory mechanisms in BC cell proliferation, invasion
and glycolysis.

Materials and methods

The application of UALCAN and JASPAR databases.
The UALCAN database based on The Cancer Genome
Atlas was used to predict HOXC13 expression in patients
with BC (18). The JASPAR database was used to predict
promoter binding sites for the transcription factors HOXC13
and DNMT3A (19).

Cell culture. The human BC cell lines MCF-7 (cat. no. TCHu
74), BT-549 (cat. no. TCHu 93) and MDA-MB-231
(cat. no. TCHu227) were purchased from The Cell Bank
of Type Culture Collection of The Chinese Academy of
Sciences. Human mammary epithelial MCF-10A cells
(cat. no. BNCC337734) were purchased from BeNa
Culture Collection (Beijing Beina Chunglian Institute of
Biotechnology). Cells were cultured in DMEM (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.)
at 37°C in a humidified atmosphere containing 5% CO,.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from human mammary epithelial MCF-10A
cells and human BC cells using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) and reverse-transcribed into
cDNA using the PrimeScript RT Reagent kit (Takara Bio, Inc.),
according to the manufacturer's protocol. qPCR was performed
using the SYBR Green kit (Takara Bio, Inc.) on the ABI 7500
Real-Time PCR System (Applied Biosystems; Thermo Fisher
Scientific, Inc.). Thermocycling conditions were as follows:

Initial denaturation for 5 min at 95°C, followed by 40 cycles
of 15 sec at 95°C and 34 sec at 60°C and extension at 72°C for
30 sec, with a final extension step at 72°C for 10 min. GAPDH
was used as the internal control and expression levels were
calculated using the 22%4 method (20). The sequences of
primers used for RT-qPCR were as follows: HOXC13 forward,
5'-CCATAACCGAACCCACGGAA-3' and reverse, 5-AAT
TGGGGCCATTCGGGATT-3"; DNMT?3A forward, 5-GGC
CATACGGTGGAGCC-3' and reverse, 5S"-TGTTGAGCCCTC
TGGTGAAC-3' and GAPDH forward, 5-AATGGGCAG
CCGTTAGGAAA-3' and reverse, 5'-GCGCCCAATACGACC
AAATC-3.

Western blot analysis. Total cellular protein was extracted
using RIPA lysis buffer (Beyotime Institute of Biotechnology)
on ice. The total protein concentration was measured with
a BCA protein assay kit (Takara Biotechnology Co., Ltd.).
A total of 30 pg/lane protein was separated by SDS-PAGE
on 10% gels and transferred onto PDVF membranes
(MilliporeSigma) that were then blocked with 5% BSA
for 2 h at room temperature. The following antibodies
were added and incubated at 4°C overnight: Anti-HOXC13
(1:1,000; cat. no. abl68368; Abcam), anti-E-cadherin
(1:1,000; cat. no. ab40772; Abcam), anti-N-cadherin
(1:1,000; cat. no. ab76011; Abcam), anti-Vimentin (1:1,000;
cat. no. ab92547; Abcam), anti-hexokinase II (HK2; 1:1,000;
cat. no. ab209847; Abcam), anti-pyruvate kinase M2 (PKM2;
1:1,000; cat. no. ab85555; Abcam), anti-DNMT3A (1:1,000;
cat. no. ab188470; Abcam) and anti-GAPDH (1:1,000;
cat. no. ab8245; Abcam). Horseradish peroxidase-conjugated
anti-rabbit IgG antibody (1:5,000; cat. no. ab288151; Abcam)
or anti-mouse IgG antibody (1:2,000; cat. no. ab6728; Abcam)
was added and incubated at 4°C overnight. Protein bands were
visualized using an enhanced chemiluminescence (ECL)-Plus
kit (Thermo Fisher Scientific, Inc.). Blots were analyzed using
ImagelJ software (1.42q; National Institutes of Health).

Cell transfection. Cells were placed into 6-well plates until
they reached 70-80% confluence. Small interfering (si)
RNAs targeting HOXC13 (si-HOXC13#1 and si-HOXC13#2)
and the corresponding negative control (NC; si-NC) were
purchased from GeneChem, Inc.; the sequences were as
follows: si-HOXC13#1 sense, 5'-UUAACAUUAAAUACU
CUUCUG-3' and antisense, 5-GAAGAGUAUUUAAUG
UUAAGG-3'; si-HOXC13#2 sense, 5'-UCCUUAACAUUA
AAUACUCUU-3' and antisense, 5'-GAGUAUUUAAUG
UUAAGGAAA-3" and si-NC sense, 5'-UUCUCCGAACGU
GUCACGUTT-3' and antisense, 5'-ACGUGACACGUU
CGGAGAATT-3". pcDNA3.1 vectors containing full-length
HOXCI13 gene were used and empty pcDNA3.1 vectors
(Shanghai GenePharma, Co., Ltd.) were used as the negative
control. pcDNA3.1 containing HOXC13 (Oe-HOXC13) and
DNMT3A (Oe-DNMT3A) and the corresponding NC plasmid
(Oe-NC) were synthesized by Shanghai GenePharma, Co.,
Ltd. Transfection with aforementioned plasmids and siRNAs
at a final concentration of 10 nM was performed using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) at 37°C for 48 h, according to the manufacturer's instruc-
tions and the transfection was completed. Further experiments
were performed after 48 h.
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Cell Counting Kit (CCK)-8. Transfected BC cells were seeded
in 96-well plates at the density of 5x10° cells/well. After 24,
48 and 72 h of culture, CCK-8 solution (cat. no. ab228554;
Abcam) was added to each well for 2 h at 37°C, according to
the manufacturer's instructions. The absorbance in each well
was measured using a microplate reader at 450 nm.

5-ethynyl-2'-deoxyuridine (EdU) staining. Cell proliferation
was determined via uptake of EdU into DNA using a Click-iT
EdU Microplate Assay kit (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's instructions.
Cells were seeded into 96-well plates (3x10° cells/well) and
10 pl1 EdU solution was added to each well for 18 h at 37°C.
Following nuclear staining with DAPI for 30 min at room
temperature, cells were visualized under a BZ-8000 fluores-
cence microscope (Keyence Corporation).

Apoptosis assay. The apoptosis of cells was assessed via
Annexin V-FITC/PI staining (Invitrogen; Thermo Fisher
Scientific, Inc.) and flow cytometry, according to the manufac-
turer's instructions. The cells were washed with PBS and the
cell concentration was adjusted to 7x10* cells/ml. Cells were
resuspended in 500 pl binding buffer containing 5 ul Annexin
V-FITC and 5 pl PI (Invitrogen; Thermo Fisher Scientific,
Inc.). Samples were incubated at 4°C for 15 min in the dark
and analyzed using BD FACSAria flow cytometry (BD
Biosciences) with excitation at 488 nm and emission measured
at 560 nm. Data were analyzed using CellQuest 16.0 software
(BD Biosciences).

Transwell assay. The Transwell assay was conducted using
a Transwell chamber coated with Matrigel (pore size, 8 ym;
BD Biosciences) for 30 min at 37°C. A total of 2x10* cells in
serum-free medium were plated in the upper chambers, and
medium containing 20% FBS was added to the lower cham-
bers. After 24 h at 37°C, cells in the upper chambers were
removed, and remaining cells were fixed with 4% methanol for
40 min at 4°C. After staining with 0.1% crystal violet at room
temperature for 30 min, migrated cells were visualized under
a light microscope and counted using ImageJ software (1.42q;
National Institutes of Health).

Wound healing assay. Cells were plated in 6-well plates
at 1x10° cells/well using serum-free DMEM at 37°C for
24 h until cells reached 90% confluence. Linear wounds
were created using a 200-u1 pipette tip and cells were incu-
bated overnight at 37°C with 5% CO,. Wounds were imaged
at 0 and 24 h under a light microscope. Cell migration
rate=(0 h scratch width-scratch width after culture)/O h scratch
width x100.

Extracellular acidification rate (ECAR) assay. Seahorse XF96
Extracellular Flux Analyzer (Seahorse Bioscience) was used for
measuring ECAR. Cells (density, 1x10°) were plated in XF96
cell culture plates (Seahorse Bioscience) and incubated at 37°C
for 8 h. Following the addition of glucose, oligomycin (oxida-
tive phosphorylation inhibitor) and 2-DG (glycolytic inhibitor),
cells were equilibrated with bicarbonate-free buffered DMEM
(Gibco; Thermo Fisher Scientific, Inc.) for 1 h at 37°C without
CO,, immediately before the extracellular flux assay.

3-bromopyruvate (3BP; Sigma-Aldrich; Merck KGaA)
solution in assay medium (final concentration, 10X; Gibco;
Thermo Fisher Scientific, Inc.) was loaded into the sensor
cartridge (final concentration, 20 or 100 gM). The instrument
was set to acquire consecutive measurements for 1 h with
mixing. 3BP was injected after acquiring one measurement as
the baseline ECAR.

Lactic acid measurement. A lactic acid assay kit (cat.
no. A019-2-1; Nanjing Jiancheng Bioengineering Institute)
was used to measure lactic acid production, according to the
manufacturer's instructions. Cells were counted directly using
Imagel] software (1.42q; National Institutes of Health) for data
normalization and to determine the final amount of lactate
production.

Glucose consumption. Glucose consumption was deter-
mined using a Glucose Assay kit (Sigma-Aldrich; Merck
KGaA), according to the manufacturer's instructions. Cells
were seeded in a 96-well plate (density, 1x10%) in serum-free
DMEM (Gibco; Thermo Fisher Scientific, Inc.) and 10 pl/well
2-deoxy-d-glucose was added at 37°C for 30 min. A total of
50 ul/well 2-deoxy-d-glucose uptake assay working solution
was added and cells were incubated at room temperature for
90 min. The optical density ratio at 570/610 nm was measured
using a spectrophotometer (Thermo Fisher Scientific, Inc.).

Luciferase reporter assay. DNA fragments containing
wild-type (WT) or mutant sequences for HOXC13 binding
were synthesized and cloned into luciferase reporter vectors
(pGL3-Basic; Addgene, Inc.). DNMT3A wild-type or mutant
plasmids and Oe-HOXC13 or Oe-NC were co-transfected into
cells using Lipofectamine 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) for 48 h, according to the manufacturer's
protocol. Transfected cells (1x10° per well) were seeded into
96-well plates and luciferase activity was determined 48 h
after transfection using Dual-Luciferase® Reporter (DLR™)
Assay System (Promega Corporation), according to the
manufacturer's instructions. Firefly luciferase activity was
normalized to Renilla luciferase activity.

Chromatin immunoprecipitation (ChIP). A ChIP assay was
performed using a EZ-Magna ChIP A/G kit (cat. no. 17-10086;
Merck KGaA). DNA and protein were cross-linked in 1% form-
aldehyde for 10 min at 37°C, extracted using 300 ul SDS lysis
buffer (EMD Millipore) and lysed using sonication (20 kHz; 4
pulses of 12 sec each, followed by 30 sec rest on ice between
each pulse). Anti-HOXC13 antibody (1:100; cat. no. ab168368;
Abcam) and IgG antibody (1:100; cat. no. ab90285; Abcam)
were used for incubation with the supernatants. Following
purification of the precipitated DNA, RT-qPCR was performed
as aforementioned and the same primer pairs were used as
those used for qPCR.

Statistical analysis. All data were analyzed using SPSS
software (version 26.0; IBM Corp.) and are presented as the
mean + standard deviation. All experiments were performed
in triplicate. Unpaired Student's t-test was used for compar-
ison between two groups and one way-ANOVA followed
by Tukey's post hoc test was used for comparison between
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Figure 1. HOXC13 is highly expressed in BC. UALCAN database predicted (A) HOXC13 expression in patients with BC, and its association with (B) poor
prognosis, (C) tumor stage and (D) regional lymph node involvement. (E) Reverse transcription-quantitative PCR and western blot analysis detected HOXC13
expression in BC cell lines. “P<0.01 and "“P<0.001 vs. normal or MCF-10A. HOXC13, homeobox C13; BC, breast cancer; TCGA, The Cancer Genome Atlas.

multiple groups. Survival analysis was performed using the
Kaplan-Meier method. P<0.05 was considered to indicate a
statistically significant difference.

Results

HOXCI3 is highly expressed in BC. The UALCAN database
demonstrated that HOXC13 expression was significantly
increased in the tissues of patients with BC compared with
the normal tissues from healthy individuals (Fig. 1A) and high
HOXC13 expression in BC based on the criteria (Cutoff-High,
median 50% and Cutoff-Low, median 50%) was associated

with a poor prognosis (Fig. 1B). In addition, HOXC13 expres-
sion in BC was associated with tumor stage (Fig. 1C) and
regional lymph node involvement (Fig. 1D). RT-qPCR and
western blot analysis demonstrated that HOXC13 expression in
BC cell lines was significantly increased compared with that
in MCF-10A cells (Fig. 1E). HOXC13 expression was highest
in MDA-MB-231 cells; thus, these were selected for use in
subsequent experiments. In summary, HOXC13 displayed
increased expression in BC tissues and cells.

HOXCI3 knockdown inhibits the viability, proliferation and
induces apoptosis of BC cells. HOXC13 knockdown was
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performed via transfection, and efficiency was determined
using RT-qPCR and western blot analysis. Transfection with
si-HOXC13#1 and si-HOXC13#2 led to HOXC13 knock-
down and transfection with si-HOXC13#2 led to the highest
reductions in HOXC13 expression. Thus, si-HOXC13#2 was
selected for subsequent experiments (Fig. 2A). The CCK-8
assay demonstrated that cell viability was significantly
decreased in the si-HOXC13 group compared with that in the
si-NC group (Fig. 2B). In addition, EdU staining revealed that
cell proliferation was markedly decreased following HOXC3
knockdown (Fig. 2C). Flow cytometry demonstrated that

10" 102 10% 10* 10° 10° 107
Comp-FL6-A::FITC-A

Control
si-NC

()
2
o
=
B

Figure 2. Interference with HOXC13 inhibits the viability, proliferation and induces apoptosis of breast cancer cells. (A) HOXC13 interference plasmid was
constructed, and the transfection efficiency was detected by reverse transcription-quantitative PCR and western blot analysis. (B) Cell Counting Kit-8 assay
detected cell viability. (C) EdU staining detected cell proliferation. (D) Flow cytometry detected apoptosis. “P<0.01 and *“P<0.001 vs. si-NC. HOXC13,
homeobox C13; EdU, 5-ethynyl-2'-deoxyuridine; si, small interfering; NC, negative control.

apoptosis was significantly increased following HOXC13
knockdown (Fig. 2D). Overall, HOXC13 depletion obstructed
the viability and proliferation while it stimulated the apoptosis
of BC cells.

HOXC13 knockdown inhibits the migration, invasion and
EMT of BC cells. Cell migration and invasion were measured
using wound healing and Transwell assays. The results of the
present study demonstrated that migration and invasion were
significantly decreased in the si-HOXCI13 group compared
with that in the si-NC group (Fig. 3A and B). The expression
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Figure 3. Interference with HOXC13 inhibits migration, invasion and EMT of breast cancer cells. Migration and invasion were measured by (A) wound healing
and (B) Transwell assays (scale bar, 100 ym). (C) Expression levels of E-cadherin, N-cadherin and Vimentin were detected by western blot analysis. ““P<0.001.

HOXC13, homeobox C13; si, small interfering; NC, negative control.

levels of epithelial-mesenchymal transition (EMT)-associated
proteins, namely E-cadherin, N-cadherin and Vimentin, were
detected using western blot analysis. The expression levels of
E-cadherin were significantly increased in the si-HOXC13
group compared with those in the si-NC group, whereas the
expression levels of N-cadherin and Vimentin were signifi-
cantly decreased (Fig. 3C). To sum up, HOXC13 interference
impeded the migration, invasion and EMT of BC cells.

HOXC13 knockdown inhibits glycolysis of BC cells. XF96
extracellular flux analyzer was used to detect ECAR.
The results of the present study revealed that cell ECAR
at 20-90 min were significantly decreased following HOXC13
knockdown (Fig. 4A). Moreover, lactic acid production
(Fig. 4B), glucose consumption (Fig. 4C), and the expres-
sion levels of HK2 and PKM?2 were significantly decreased
(Fig. 4D) by HOXC13 knockdown. Accordingly, HOXC13
silencing impeded the glycolysis of BC cells.

HOXCI13 positively regulates DNMT3A transcription in BC
cells. The JASPAR database predicted the binding between
HOXC13 and promoter sites of DNMT3A (Fig. 5A). RT-qPCR
and western blot analysis revealed that DNMT3A expression

was significantly increased in MDA-MB-231 cells compared
with that in MCF-10A cells (Fig. 5B). Subsequently, the
Oe-HOXC13 plasmid was constructed, and cells were divided
into the Control, Oe-NC and Oe-HOXCI13 groups. RT-qPCR
and western blot analysis were used to detect transfec-
tion efficiency of HOXC13 overexpression plasmids and it
was discovered that HOXC13 expression was significantly
elevated following transfection of Oe-HOXCI13 (Fig. 5C). The
dual-luciferase and ChIP assays revealed that HOXC13 bound
to the DNMT3A promoter in MDA-MB-231 cells compared
with MCF-10A cells (Fig. 5D and E). RT-qPCR and western
blot analysis demonstrated that DNMT3A expression was
significantly increased in the Oe-HOXC13 group compared
with that in the Oe-NC group. By contrast, DNMT3A expres-
sion was significantly decreased in the si-HOXCI13 group
compared with the si-NC group (Fig. 5F). Collectively,
HOXC13 was a transcription activator of DNMT3A in BC
cells.

HOXCI3 regulates DNMT3A in malignant progression of BC.
To investigate the mechanisms underlying HOXCI13 regula-
tion of the malignant progression of BC, an Oe-DNMT3A
plasmid was constructed (Fig. 6A). Cells were divided into
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the si-NC, si-HOXC13, si-HOXC13 + Oe-NC and si-HOXC13
+ Oe-DNMT?3A groups. The CCK-8 and EdU assays demon-
strated that cell viability was markedly increased in the
si-HOXC13 + Oe-DNMT3A group compared with that in the
si-HOXC13 + Oe-NC group (Fig. 6B and C). Flow cytometry
revealed that apoptosis was significantly decreased in the
si-HOXC13 + Oe-DNMT3A group compared with that in
the si-HOXC13 + Oe-NC group (Fig. 6D). Wound healing
and Transwell assays revealed that DNMT3A overexpres-
sion significantly reversed the inhibitory effects of HOXC13
knockdown on BC cell invasion and migration (Fig. 7A and B).
Western blot analysis demonstrated that E-cadherin expres-
sion levels were significantly decreased, and N-cadherin and
Vimentin expression levels were significantly increased in the
si-HOXC13 + Oe-DNMT3A group compared with those in the
si-HOXC13 + Oe-NC group (Fig. 7C). Results obtained using
the XF96 extracellular flux analyzer demonstrated that in
the si-HOXC13 + Oe-DNMT3A group, ECAR at 30-80 min,
lactate levels (Fig. 8A and B), glucose consumption (Fig. 8C),
and HK?2 and PKM?2 expression levels were significantly
increased (Fig. 8D) compared with in the si-HOXC13 + Oe-NC

group. Taken together, HOXC13 functioned in the aggressive
behaviors of BC cells by regulating DNMT3A.

Discussion

Previous studies have demonstrated that HOXC13 is associated
with the occurrence and development of hair and nails (21,22).
Moreover, other studies have reported that HOX13 is
significantly highly expressed in ameloblastoma, odontogenic
tumor, melanoma and liposarcoma compared with healthy
tissues (23-26). In addition, HOXC13 knockdown significantly
inhibits the proliferation of colon cancer cells and induces cell
cycle arrest (27). As a transcription factor, HOXC13 regulates
the expression of numerous key genes, thus affecting the
occurrence and development of tumors. Zinc finger protein
521, a proto-oncogene in B cells that causes leukemia, is
co-regulated by HOXC13 (28). A previous study demon-
strated that HOXC13 plays a role in promoting lung cancer
via upregulation of cyclin D1 and cyclin El expression (29).
Using the UALCAN database, the present study demonstrated
that HOXC13 was highly expressed in patients with BC, and
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this was associated with a poor prognosis and tumor staging
of BC. Therefore, the present study aimed to determine the
function and mechanism of HOXC13 in BC. BC and healthy
mammary epithelial cells were used and the results were
consistent with those predicted using the UALCAN database.
Notably, the present study demonstrated that HOXC13 expres-
sion was significantly increased in BC cell lines. These results
indicated the role of HOXC13 in BC; further investigations
into the specific functions and mechanisms are required.

Results from UALCAN database in the current study
demonstrated that HOXC13 was highly expressed in BC, and
was associated with patient prognosis and tumor stage. Notably,
cell proliferation, invasion and metastasis may be indicative
of the malignant potential of tumors. Numerous studies have
demonstrated that inhibition of the aforementioned functions
may impact the malignant progression of tumor cells (30-32).
In addition, glycolysis is a key metabolic characteristic of
cells in the process of tumor development (33). Not only does
glycolysis provide rapid energy for tumor cells, intermediate
metabolites generated in the process are also crucial precursors
for alternate metabolic pathways and glycolysis may provide
raw materials for the synthesis of various biological macro-
molecules (34). Therefore, inhibition of aerobic glycolysis may
be used in the clinical treatment of tumors. The present study
demonstrated that the proliferation, invasion, migration and
EMT of BC cells were decreased, and glycolysis was inhibited
following HOXC13 knockdown. These results indicated that
HOXC13 serves a role in promoting BC; further investigations
into the specific mechanisms are required.

Transcription factors serve a key role in tumor develop-
ment. The covalent binding domains of transcription factors
and DNA either inhibit or enhance gene transcription (35). As
amember of the HOX gene family, HOXC13 contains homolo-
gous domains that facilitate transcription factor functions (9).
The promoter binding sites of transcription factors HOXC13
and DNMT3A were predicted using the JASPAR database.
Moreover, the regulatory association between HOXC13 and
DNMT3A in BC cells was verified using dual-luciferase
reporter gene and ChIP assays. The present study demon-
strated that DNMT3A expression was significantly increased
in BC cell lines. A previous study demonstrated that lysine
methyltransferase 2C deficiency promotes small cell lung
cancer metastasis through DNMT3A-mediated epigenetic
reprogramming (36). Moreover, DNMT3A epigenetically
regulates key microRNAs (miRs) involved in EMT in pros-
tate cancer (37). Ginsenoside 20 (S)-Rg3 that is identified
as an active saponin monomer derived from red ginseng
inhibits DNMT3A expression in SKOV3 ovarian cancer
cells, reversing the DNMT3A-mediated methylation of the
miR-532-3p host gene promoter. This subsequently increases
miR-532-3p levels, and inhibits HK2 and PKM2 expression
levels to inhibit the Warburg effect (26). The aforementioned
results indicate that DNMT3A exerts a regulatory effect on
tumor proliferation, metastasis and glycolysis. The present
study demonstrated that DNMT3A overexpression in BC
cells reversed the inhibitory effects of HOXC13 knockdown
on the viability, proliferation, migration, invasion, EMT and
glycolysis of tumor cells.

The present study had the limitation that it did not investi-
gate the expression of HOXC13 in patients and animals with

BC. In future, HOXC13 expression in patients with BC will be
explored.

In conclusion, HOXC13 promoted cell viability, prolif-
eration, migration, invasion, EMT and glycolysis in BC by
regulating DNMT3A.
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