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Abstract: Multiple studies have highlighted the importance of long noncoding RNAs in tumorigenesis. However,
the molecular mechanisms underlying the role of INCRNAs in breast cancer are not well understood. Recently, the
IncRNA HOXC-AS3 has drawn significant attention due to its regulatory effects on the tumorigenesis of human
cancers. However, the potential molecular mechanisms whereby it mediates breast cancer progression remain
unknown. Based on public breast cancer expression data and using bioinformatics methods, we discovered sig-
nificantly upregulated expression levels of HOXC-AS3 in diseased tissues. We verified this result in breast cancer
samples and found that the expression of HOXC-AS3 was well correlated with the prognosis of breast cancer. In vitro
and in vivo experimental evidence suggests that HOXC-AS3 has the potential to regulate tumorigenesis. Further,
mechanistic studies demonstrated the potential of HOXC-AS3 in the transcriptional activation of TK1 via its binding
to YBX1. Furthermore, the silencing of TK1 reversed HOXC-AS3-mediated increase in breast cancer cell growth and
migration. In conclusion, these results indicated the potential value of HOXC-AS as a prognostic biological marker
for breast cancer, and possibly, as a therapeutic target.
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Introduction newly discovered type of RNA that were initially
reported as spurious transcriptional noise, but

Breast cancer is associated with the highest have subsequently been revealed to have regu-

morbidity and mortality among all cancers in
women, accounting for 22.9% of all malignant
tumors in women and 11.6% of cancer-related
deaths [1, 2]. For decades, researchers have
investigated the potential mechanisms under-
lying the progression and development of
breast cancer. Thus, the diagnosis accuracy
and treatment efficacy can be improved by
identifying novel therapeutic targets.

To date, research on the underlying mecha-
nisms in cancer has focused on the dysregula-
tion of 2% of the genome that encodes proteins
[3, 4]. Long noncoding RNAs (IncRNAs) are a

latory effects on carcinomas [5]. Since the ini-
tial study that found that the IncRNA Xist is of
vital importance to the inactivation of the X
chromosome [6], growing evidence has shown
that the potential effects of IncRNAs on tumori-
genesis may be more extensive. The therapeu-
tic potential of INcRNAs has been demonstrat-
ed in multiple preclinical and clinical studies
[7-9]. For instance, our group has previously
suggested that the levels of IncRNA AFAP1-AS1
were associated with a poor prognosis of lung
cancer, whose mechanism was attributed to
the regulation of p21 expression and, thus, to
cell proliferation [10]. In addition, activated
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IncRNA H19 has been found to promote cell
proliferation in breast cancer [11]. Moreover, in
September 2015, the double-stranded DNA
plasmid BC-819 (DTA-H19) was approved
for two fast-track Phase Il clinical trials, con-
firming its potential therapeutic effects on
H19-overexpressing cancer cells, which was
achieved by using the gene segment of diph-
theria toxin-A with an H19 control sequence
[12]. Despite this evidence, the biological
functions of IncRNAs in breast cancer require
further investigation in order to understand
the molecular mechanisms underlying IncRNA-
mediated protection in breast cancer.

To investigate whether the expression of
IncRNAs is altered in breast cancer, we first
used The Cancer Genome Atlas (TCGA) to check
their expression level. We observed that the
expression level of HOXC-AS3 was substantially
increased in breast cancer tissues compared
to adjacent non-tumor tissues. In addition, we
found that HOXC-AS3 expression was associ-
ated with a poor prognosis of breast cancer.
We further investigated how HOXC-AS3 affects
carcinogenesis in the breasts. Overall, our find-
ings suggest that HOXC-AS3 may serve as a
prognostic marker and a potential therapeutic
in breast cancer.

Materials and methods

Collection of tissues and ethical statement

Our study included 60 patients undergoing
surgical resection of primary invasive breast
cancer at Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine, and the Second
Affiliated Hospital of Nanjing Medical University
since 2012. The following inclusion criteria we-
re considered: (1) female patients diagnosed
with unilateral disease, (2) invasive breast car-
cinoma confirmed via histological examination,
(3) patients without diagnostic signs of metas-
tasis, and (4) patients without presurgical
treatment. Patients who did not meet the inclu-
sion criteria were excluded from the study.
Patients with inflammatory breast cancer or
breast carcinoma in situ were also excluded.
The follow-up monitoring for these patients
was completed on September 10, 2019. The
median follow-up time was 48.6 months. This
study was approved by the Medical Ethical
Committee of Ruijin Hospital (Shanghai, PR
China) and Second Affiliated Hospital of Nanjing
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Medical University (Nanjing, Jiangsu, PR China)
and was conducted in accordance with the
Helsinki Declaration. All patients were informed
and consent forms for publication were signed.
Pathological staging was defined using the
AJCC 7™ edition. The histopathologic informa-
tion of the 60 patients was reconfirmed by
senior pathologists, and the clinicopathological
characteristics are summarized in Table 1.

Acquisition of RNA expression data for breast
cancer

TCGA database was used to generate RNA
sequencing data for breast cancer (https://gdc-
portal.nci.nih. gov/). The IncRNA probes were
obtained from the Ensembl database (http://
www.ensembl.org/index.html), and the data
were analyzed using R scripts.

Cell culture

The collection of breast cancer cell lines used
in this study (MDA-MB-231, BCAP37, MCF-7,
BT549, ZR7530, and T47D) was obtained from
the Chinese Academy of Sciences, Institute
of Biochemistry and Cell Biology (Shanghai,
China). The cell lines were cultured and
maintained in DMEM medium (GIBCO-BRL,
Invitrogen, Carlsbad, CA) containing 10% fetal
bovine serum at 37°C and 5% CO, conditions.

Real-time qRT-PCR analysis

TRIzol reagent (Invitrogen) was used to extract
RNA, which was converted to cDNA using the
PrimeScript RT reagent Kit, according to the
manufacturer’s instructions. To determine the
expression levels of TK1, YBX1, and HOXC-AS3,
gRT-PCR was performed using SYBR Premix Ex
Taq (TaKaRa, Dalian, China) and the results
were normalized to the levels of B-actin using
the 222°t method. Table S1 shows the primers
used in this study.

SiRNA knockdown

Negative control RNA (si-NC) and individual
small interfering RNA (siRNA) with target
sequences were provided by Invitrogen (Table
S1). The target sequences in YBX1 and TK1
have been described previously [13, 14]. MDA-
MB-231 and T47D cells were transfected with
the siRNAs and si-NC using Lipofectamine
2000 (Invitrogen) for 48 h before further ex-
periments. The plasmid transfection of breast
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Table 1. The clinic-pathological factors of 60 breast cancer patients

Expression of HOXC-AS3

Characteristics (%) of patients - P-value
low high

Age 0.754
<45 13 (21.67%) 7 6
> 45 47 (78.33%) 23 24

Histological grade (middle or low, high) 0.559
middle or low 44 (73.33%) 23 21
high 16 (26.67%) 7 9

ER 0.774
negative 17 9 8
positive 43 21 22

PR 0.432
negative 25 14 11
positive 35 16 19

HER2 0.117
negative 47 26 21
positive 13 4 9

TNM stage < 0.01**
land Il 43 (71.67%) 28 15
Illand IV 17 (28.33%) 2 15

Lymph node metastasis <0.01**
negative 24 (40%) 20 4
positive 36 (60%) 10 26

Tumor size 0.405
<2cm 19 (31.67%) 11 8
>2cm 41 (68.33%) 19 22

**P < 0.01.

cancer cell line was performed using X-
tremeGENE™ HP DNA Transfection Reagent
(Roche, CA, USA).

Cell proliferation assays

The rate of cellular proliferation was deter-
mined using the Cell Proliferation Reagent Kit |
(MTT) (Roche Applied Science) and Cell-Light
EdU Apollo567 In Vitro Kit (EdU) (RiboBio,
Guangzhou, China). MTT analysis was per-
formed for the MDA-MB-231 and T47D cells in
96-well plates (2,000 cells/well) every 24 h.
Forty-eight hours later, the EdU assay was
performed in 24-well plates (2,000 cells/well)
using fluorescence microscopy. All steps were
conducted in quadruplicates. Eight hundred
cells were inoculated into a 6-well plate to
perform the colony-formation assay. After 14
days, methanol and crystal violet (0.1%) (Sigma
Aldrich) were used to fix and stain the cells. The
experiment was repeated three times for each
group.
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Flow cytometry analysis of apoptosis

The MDA-MB-231 cells were trypsinized and
collected 48 h after siRNA knockdown. Propi-
dium iodide and FITC-Annexin V were used for
staining, and flow cytometry (FACScan; BD
Biosciences) was used to analyze the samples.
The cells at different stages were discriminat-
ed, and the frequency of cells undergoing
early apoptosis was compared with that of the
control group. Data were collected from three
technical repeats.

Western blot analysis

RIPA buffer (Beyotime, Beijing, China) contain-
ing a protease inhibitor cocktail and phenyl-
methylsulfonyl fluoride (Roche, CA, USA) were
used to lyse and collect cells. Total protein
levels were determined using a protein assay
kit from Bio-Rad (Epizyme, Shanghai, China).
Proteins (50 pg) were subjected to a 10%
SDS-polyacrylamide gel electrophoresis (SDS-
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PAGE). Following the transfer of proteins onto
a nitrocellulose membrane (Sigma), this was
incubated with the indicated antibodies. ECL
was used to visualize the protein bands, and
band intensity was calculated using densitom-
etry (Quantity One software; Bio-Rad, CA, USA)
and B-actin was used as a control. The antibod-
ies for toy-box binding protein 1 (YBX1) and thy-
midine kinase 1 (TK1) (1:1,000) were obtained
from Abcam.

Tumor-formation assay using nude mouse

Athymic BALB/c mice (at five weeks of age)
were housed under specific pathogen-free
conditions following the approval from the
Shanghai Medical Experimental Animal Care
Commission. MDA-MB-231 cells were trans-
fected using shRNA and empty vectors, before
being xenografted into female BALB/c nude
mice. For the visible tumors, their volume was
calculated as length x width? x 0.5, every 2 or
3 days. The same steps were performed for
the mice that received shHOXC-AS3 and for
those of the control group. After 29 days, the
mice were sacrificed, and the tumors were col-
lected for further measurements.

Chromatin immunoprecipitation (ChIP) assay

The EZ-ChIP kit (Millipore, USA) was used for
the ChIP assay, as per instructions provided
by the manufacturer. YBX1 antibodies were
acquired from Abcam. Cell lysis was performed
according to the manufacturer’s instructions,
and then, cells were sonicated on wet ice.
The samples were added to the magnetic
beads and to the immunoprecipitating anti-
body. Finally, the DNA was freed from the pro-
tein/DNA complexes. The SYBR Green Master
Mix (Takara) was used for qPCR to quantify the
immunoprecipitated DNA. The percentage of
the target DNA in relation to the input DNA was
calculated based on equation 2 ([Input Ct -
Target Ct] x 0.1 x 100) and the data are pre-
sented as ChlIP data.

RNA immunoprecipitation (RIP) assay

The RIP assay was conducted using the Magna
RIP™ RNA-Binding Protein Immunoprecipitation
Kit (Millipore, USA) using the YBX1 antibodies
obtained from Abcam. The nuclear lysate was
prepared and stored at -80°C, and then, the
samples were added to the prepared magnetic
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beads/antibody mixture, and the mixture was
incubated overnight. Finally, the RNA was
extracted using the kit for further quantitative
RT-PCR detection.

Statistical analysis

GraphPad Prism 7 (GraphPad Software, USA)
and SPSS software package (version 17.0,
SPSS, Inc.) were used for plotting and statisti-
cal analysis. Chi-square analysis and Student’s
t-test were used to explore the correlation
between the HOXC-AS3 level and the clinical
characteristics of our samples. The correlation
between the clinical outcomes and HOXC-AS3
levels was evaluated using Kaplan-Meier analy-
sis and log-rank test was used to correlate
HOXC-AS3 expression with the survival out-
comes and prognosis of breast cancer patients.
A Cox proportional hazards analysis was used
to evaluate the correlation between HOXC-AS3
level and DFS by computing the 95% confi-
dence interval (Cl) and the hazard ratio (HR).
Multivariate Cox regression was used for the
other covariates. All experiments were per-
formed in triplicates. The experimental data
were expressed as the means + deviations
(SDs). Paired or unpaired T test was selected
according to the sample conditions. P-values <
0.05 were considered statistically significant.

Results

Identification of HOXC-AS3 in breast cancer
patients using TCGA database

Raw RNA-Seq data of female breast cancer
patients were obtained from the TCGA data-
base. After removing the duplicate and paraffin
specimens, we obtained the data of 95 paired
specimens. To identify the differentially expre-
ssed IncRNAs, we removed the coding RNA.
From 95 paired datasets, the top 100 dysregu-
lated IncRNAs are shown in Figure 1A. Among
these dysregulated IncRNAs, some IncRNAs
have been reported previously. For example,
previous studies found that LINCO1614 acts
as an unfavorable prognostic marker by regu-
lating TGF-B and FAK signaling in breast cancer
[15]. Moreover, the expression level of
LINCOOO052 could be used as a biomarker in
breast cancer patients receiving HERS3-
targeting therapy [16]. Due to the regulatory
effects of IncRNA AFAP1-AS1 on the apoptosis
of cancer cells and their uncontrolled prolifera-
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Figure 1. Identification of HOXC-AS3 using bioinformatics analysis and
HOXC-AS3 expression in breast cancer tissues and its clinical parameters.
Raw microarray data were downloaded from TCGA, duplicate specimens and
paraffin specimens were removed. Then, the raw data were analyzed using R
scripts. A. The top 100 dysregulated INcRNAs present in TCGA breast cancer
datasets. B. HOXC-AS3 expression in breast cancer tissues (n = 95) com-
pared with normal paired breast tissues (n = 95) examined using the TCGA
database. C. HOXC-AS3 expression in breast cancer tissues (n = 1,054)
compared with normal unpaired breast tissues (n = 98) examined using the
TCGA database. D. HOXC-AS3 expression in five subgroups of breast cancer
and breast normal tissues from TCGA breast cancer dataset. E. HOXC-AS3
was tested in 60 pairs of breast cancer tissues using qRT-PCR. The expres-
sion levels of HOXC-AS3 in breast cancer tissues are significantly higher than
in normal paired breast tissues. The ACt value was determined by subtract-
ing the B-actin Ct value from the HOXC-AS3 Ct value. A smaller ACt value in-
dicates a higher expression. F and G. HOXC-AS3 expression was significantly
higher in patients with lymph node metastasis and an advanced TNM stage.
H. Patients with high expression levels of HOXC-AS3 had reduced survival
times compared with patients with low expression levels of HOXC-AS3 (P <
0.01, log-rank test). *P < 0.05, and **P < 0.01.

tion and subsequent metastasis, the increased
level of the IncRNA AFAP1-AS1 is correlated
with a reduced prognosis among breast cancer
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patients [17]. Although some
of these IncRNAs have been
studied in breast cancer, the
functions of many others are
unclear. Among them, IncRNA
HOXC-AS3 drew our attention
because we previously found
that it could mediate tumori-
genesis in gastric cancer [13].
However, the role and molecu-
lar mechanism of HOXC-AS3
in breast cancer have not yet
been studied.

In this study, we compared
the expression level of HOXC-
AS3 in breast cancer tissues
with that of healthy tissues
from the TCGA breast cancer
database. The results indi-
cated significantly increased
expression levels of HOXC-
AS3 in the tissues of breast
cancer, both in paired and un-
paired samples of breast can-
cer, as shown in Figure 1B,
1C. We then analyzed HOXC-
AS3 expression in the TCGA
dataset in five subgroups of
breast cancer tissues (Basal,
Her2, Luminal B, Luminal A,
and Normal) and of normal
breast tissues. We observed
that HOXC-AS3 exhibited sig-
nificantly higher levels in the
five subgroups compared with
the normal tissues, as shown
in Figure 1D.

Upregulated HOXC-AS3 ex-
pression is significantly corre-
lated with a poor prognosis in
breast cancer

The gRT-PCR analysis of the
expression of HOXC-AS3 was
performed in 60 paired tis-
sues from breast cancer and
adjacent healthy areas (Figure
1E). Approximately 70% (42 of
60) of the diseased tissues
showed an increased expres-
sion of HOXC-AS3 (P < 0.01).

Higher HOXC-AS3 levels were found in breast
cancer patients with lymph node metastasis
and in those with advanced TNM stages (lllI/IV)

Am J Transl Res 2020;12(10):6335-6350
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Table 2. Univariate and multivariate analysis of clinic pathologic factors for disease-free survival in 60

patients with breast cancer

Univariate analysis

Multivariate analysis

Risk factors

HR*  pvalue 95% Cl HR  pvalue 95% Cl
HOXC-AS3 expression 6.724 <0.01** 1.941~23.295 4.112 0.039* 1.071~15.797
TNM stage (I/11, 11I/1V) 0.179 <0.01** 0.069~0.466 0.317 0.03* 0.112~0.895
Lymph node metastasis (negative, positive) 0.370 0.08 0.122~1.126
Tumor size (£2 cm, > 2 cm) 1.452 0.441 0.563~3.747
Histological grade (middle or low, high) 1912 0.305 0.554~6.607
ER (positive, negative) 1.325 0.574 0.497~3.530
PR (positive, negative) 0.874 0.781 0.339~2.256
HER2 (positive, negative) 1.387 0.605 0.401~4.792
Age (£ 45, > 45) 0.650 0.496  0.118~2.247

*HR; hazard ratio. *P < 0.05; **P < 0.01.

(Figure 1F, 1G). Moreover, according to the
Chi-square analysis, significant differences
were found in the level of metastasis in the
lymph nodes and the TNM stages (P < 0.01)
between the group with a high HOXC-AS3
expression (n = 30) and that with reduced
HOXC-AS3 levels (below the mean, n = 30),
whereas no differences were observed in other
clinicopathological factors, including age at
diagnosis (£ 45, > 45), histological grade, tumor
size (£ 2 cm, > 2 cm), and biomarkers (ER, PR,
and Her-2) of the primary tumors (Table 1).

The correlation between the clinical outcomes
and HOXC-AS3 levels was evaluated using
Kaplan-Meier analysis, and the log-rank test
was used to correlate HOXC-AS3 expression
with the survival outcomes and prognosis of
breast cancer patients. Higher expression lev-
els of HOXC-AS3 were associated with a poor
prognosis among patients diagnosed with
breast cancer with a median disease-free sur-
vival (DFS) time of 57.267 + 10.382 months
in the group with low expression levels and
39.100 + 23.118 months in the high expres-
sion group (Figure 1H) (P < 0.01).

To confirm the prognostic value of HOXC-AS3 in
determining the prognosis of breast cancer
patients, a Cox proportional hazards regress-
ion model was used for the univariate and
multivariate survival analyses. The results sug-
gested that HOXC-AS3 was able to indepen-
dently predict the disease-free survival of pati-
ents with breast cancer (P < 0.05) (Table 2), as
shown in Figure 1H. In conclusion, HOXC-AS3
could be of great importance to the progres-
sion and development of breast cancer.
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HOXC-AS3 regulates breast cancer cell prolif-
eration and migration in vitro

The MDA-MB-231 cell line with high metastatic
potential, TA7D cell line and low metastatic
potential were used to mimic the subtypes
of breast cancer. The expression levels of
HOXC-AS3 were externally manipulated using
plasmid-mediated overexpression and siRNA-
mediated knockdown to investigate the corre-
sponding function. The level of HOXC-AS3
expression was evaluated using qRT-PCR
analysis, 48 h after transfection (Figure 2A).
The results suggested remarkably reduced
expression levels of HOXC-AS3 in si-HOXC-
AS3-transfected breast cancer cells. In con-
trast, a remarkably upregulated HOXC-AS3
expression was observed in pc-DNA-HOXC-
AS3-transfected breast cancer cells, as shown
in Figure 2B.

The MTT analysis indicated that HOXC-AS3
knockdown inhibited cell proliferation. In con-
trast, the overexpression of HOXC-AS3 promot-
ed the proliferation of the two cell lines (Figure
2C, 2D). Significantly decreased HOXC-AS3
levels and colony formation were observed
among the two cell lines, according to the
colony-formation analysis. Furthermore, HOXC-
AS3 overexpression increased the number of
clones, as shown in Figure 2E. A remarkable
regulatory effect of HOXC-AS3 on cell prolife-
ration was revealed using EdU assay (Figure
2F). Transwell assays indicated that cell migra-
tion was inhibited in the MDA-MB-231 cells
whose HOXC-AS3 was knocked down, whereas
it was increased in cells that overexpressed
HOXC-AS3, compared to that in cells from the

Am J Transl Res 2020;12(10):6335-6350
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Figure 2. HOXC-AS3 regulates breast cancer cell proliferation and migration in vitro. A. The expression of HOXC-AS3
was analyzed in breast cancer cells (MDA-MB-231, BCAP37, MCF-7, BT549, ZR7530, and T47D) using qRT-PCR.
B. The relative expression levels of HOXC-AS3 in MDA-MB-231 and T47D cells transfected with an overexpression
plasmid and siRNA of HOXC-AS3 (si-HOXC-AS3 1# and si-HOXC-AS3 2#) were measured using qPCR. C and D. MTT
assays were performed after transfection to determine the cell viability of the transfected MDA-MB-231 and T47D
cells. E. Colony-forming assays were conducted after transfection to determine the colony-forming capacity of the
transfected MDA-MB-231 and T47D cells. The colonies were counted and captured. F. Edu assays were used to
detect the cell proliferation after transfection. G. Transwell assays were used to investigate the changes in migratory
abilities of MDA-MB-231 cells after transfection. H. At 48 h after transfection, MDA-MB-231 cells were stained and
analyzed using flow cytometry. LR, early apoptotic cells. UR, terminal apoptotic cells. *P < 0.05, and **P < 0.01.

control group (Figure 2G). Flow cytometry has been found that YBX1 overexpression is
results suggested that a reduced expression of correlated with tumorigenic phenotypes [19-
HOXC-AS3 could remarkably induce MDA- 21], including breast cancer, and that multi-
MB-231 cell apoptosis (Figure 2H), which fur- functional YBX1 is a powerful prognostic factor
ther confirmed the above evidence from anoth- in breast cancer [22]. RNA immunoprecipita-
er perspective. tion (RIP) assay suggested that endogenous

HOXC-AS3 expression was increased in the
HOXC-AS3 regulates tumorigenesis in vivo anti-YBX1 RIP fraction, compared with the IgG

fraction in MDA-MB-231 cells (Figure 4A). The
above results suggest that HOXC-AS3 plays a
role in the tumorigenicity of breast cancer and
may regulate the transcription of other genes

To study the role of HOXC-AS3 in cellular prolif-
eration in vivo, we subcutaneously injected
nude mice with MDA-MB-231 cells modified

with either shHOXC-AS3 or control vectors. We by binding to YBX1.
observed a substantially reduced tumor growth
in the shHOXC-AS3 group, compared with that HOXC-AS3 can directly transcriptionally acti-
of the control group (Figure 3A, 3B), which was vate TK1 by binding to YBX1
consistent with the in vitro analysis. The mean
tumor weight was remarkably reduced in the Regarding the HOXC-AS3-related molecular
shHOXC-AS3 group compared with that in the mechanism of breast cancer, we refer to the
control group at 29 days after administration results of our previous RNA transcriptome
(Figure 3C). IHC analysis, which was performed sequencing study, which involved inhibiting
on the tumor tissues, suggested that the shCtrl HOXC-AS3 and YBX1 in gastric cancer cell lines
group had higher expression levels of Ki-67 [13]. Among the common downstream regula-
compared to shHOXC-AS3 group (Figure 3D). tory genes of HOXC-AS3 and YBX1, thymidine
These results indicate that HOXC-AS3 can influ- kinase 1 (TK1) drew our attention due to its
ence tumor growth in vivo. involvement in tumorigenesis and the changes
induced by the knockdown of HOXC-AS3. As
HOXC-AS3 interacts with YBX1 an enzyme in the nucleotide salvage pathway,
TK1 can participate in cell proliferation, which
In our previous study, we observed that HOXC- makes it a potential biomarker for the prolifera-
AS3 regulates transcriptional gene expression tion of tumor tissues, including breast cancer
by binding to YBX1 [13]. YBX1 is able to bind [14, 23]. Moreover, the randomized phase llI
with various partners and regulate a variety of trial of Faslodex versus Exemestane in meta-
principal cellular pathways. For instance, the static breast cancer indicated the potential of
genetic inactivation function of YBX1 results in serum TK1 as a probable prognostic biomarker
embryonic lethality [18]. More importantly, it of breast cancer among patients receiving
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Figure 3. HOXC-AS3 regulates breast cancer cell growth in vivo. A. Scramble or shHOXC-AS3 was stably transfected
into MDA-MB-231 cells, which was injected into nude mice (n = 7) (shHOXC-AS3 on the right, control on the left). B.
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that the tumors developed from shHOXC-AS3-transfected cells displayed lower Ki-67 staining intensity than the

control group. *P < 0.05, **P < 0.01.

endocrine therapy [24]. To confirm the function
of YBX1 in breast cancer, we first transfected
siRNAs into MDA-MB-231 and T47D cells to
silence YBX1 expression, as shown in Figure
4B, 4C. We then analyzed the expression levels
of YBX1 and TK1 and their correlation using
data from the TCGA breast cancer database.
These results demonstrate that the expression
of YBX1 is correlated with the relative levels of
TK1 (Figure 4D). We then evaluated the expres-
sion levels of TK1 mRNA and protein after
the knockdown of HOXC-AS3 and YBX1 using
gRT-PCR and Western blotting, respectively
(Figure 4E, 4F). The chromatin immunoprecipi-
tation (ChlP) assay suggested that the binding
between the YBX1 protein and the TK1 promot-
er regions was positive under mediation by
HOXC-AS3, which can be inhibited by silencing
HOXC-AS3 (Figure 4G). In addition, colony for-
mation and MTT assays suggested that YBX1
knockdown had inhibitory effects on cell prolif-
eration and colony-forming ability in both cell
lines, as shown in Figure 4H, 4l. Therefore,
YBX1 function was further confirmed. These
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results indicated that the knockdown of HOXC-
AS3 and YBX1 coregulates TK1 expression.

Based on our analysis using the TCGA breast
cancer dataset, in breast cancer tissues, the
level of TK1 was noticeably increased, com-
pared to that in their normal counterparts
(Figure 5A). TK1 was knocked down in cell
lines using siRNA transfection. After 48 h, TK1
expression at a gene and protein level was
assessed using western blot and gRT-PCR. TK1
expression was significantly inhibited in si-
TK1-transfected breast cancer cells (Figure 5B,
5C). MTT assays suggested that the knock-
down of TK1 reduced the proliferation of the
two cell lines (Figure 5D). Colony-formation
assays also showed that silencing TK1 remark-
ably decreased the colony-forming ability of
MDA-MB-231 and T47D cells (Figure 5E). Our
results highlight the important role of TK1 in
the tumorigenesis of breast cancer. Further-
more, the promotion of migration and cell
growth mediated by HOXC-AS3 could be
reversed by silencing TK1, as shown in Figure
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Figure 4. HOXC-AS3 Interacts with YBX1 and coregulates TK1. A. RIP experiments for YBX1 were performed, and the
coprecipitated RNA was subjected to qRT-PCR for HOXC-AS3. In the RIP assay, the fold enrichment of HOXC-AS3 is
relative to that of its matching I1gG control. B and C. The qPCR and western blot assays detected the expression of
YBX1 after the knockdown of YBX1. D. YBX1 level in breast cancer tissues showed a significant positive correlation
with the relative level of TK1 expression in TCGA data. E and F. gqRT-PCR and western blot assays detected the ex-
pression of TK1 after the knockdown of HOXC-AS3 and YBX1 in MDA-MB-231 and T47D cells. G. ChIP-gPCR of YBX1
of the promoter region of TK1 loci after the knockdown of HOXC-AS3 in MDA-MB-231 cells. Antibody enrichment
was quantified relative to the amount of input DNA. Antibody directed against IgG was used as a negative control.
H. MTT assays were used to determine the cell proliferation of MDA-MB-231 and T47D cells after YBX1 knockdown.
I. Colony formation assays of MDA-MB-231 and T47D cells after YBX1 knockdown. The colonies were counted and
captured. *P < 0.05, **P < 0.01.

6A-C. This evidence suggests that HOXC-AS3
promotes the growth of breast cancer cells,
which can be achieved, at least partially, by
directly activating TK1 via the binding of YBX1.

Discussion

The latest human gene sequencing data sug-
gested that approximately 97% of the human
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genome encodes noncoding RNAs (ncRNAs),
from which IncRNAs are a newly discovered
class [25, 26]. In recent years, increasing evi-
dence has shown an association between the
levels of IncRNAs and cancer pathogenesis [17,
27], indicating that IncRNAs might serve as
diagnostic biomarkers during treatment and
could also serve as a therapeutic target.
Nonetheless, the potential molecular mecha-
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Figure 5. HOXC-AS3 directly transcriptionally activates TK1. A. TK1 expression in breast cancer tissues (n = 1,054)
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and C. The qPCR and Western blot assays were used to analyze the expression of TK1 after TK1 knockdown. D. MTT
assays were used to determine the cell proliferation of MDA-MB-231 and T47D cells after TK1 knockdown. E. Colony
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*P <0.05, **P < 0.01.

nisms underlying INcCRNA actions remain largely
unknown.

The IncRNA HOXC-AS3 is encoded on chromo-
some 12013.13 and is an antisense transcript
of HOXC10 [28, 29]. In our previous research,
we found that IncRNA HOXC-AS3 is of great
importance in the carcinogenesis of gastric
cancer [13]. Previous studies have indicated
that HOXC10 can interact with its natural
antisense transcript IncRNA HOXC-AS3, thus
processing the regulatory effects on mesen-
chymal stromal cell osteogenesis [30]. Recent
research has suggested the promoting effects
of HOXB13 on the invasion, migration, and pro-
liferation of glioblastoma, due to the upregula-
tion of the IncRNA HOXC-AS3 [31]. Very recent-
ly, research has shown that HOXC-AS3 may
serve as a sponge for miR-3922-5p, which is
able to increase the metastatic potential of
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breast cancer [32]. Overall, HOXC-AS3 is of
great significance to a number of biological
tumor processes, but the corresponding bio-
logical functions have not been well identified.
In particular, the molecular mechanisms of
HOXC-AS3 during tumorigenesis of breast can-
cer remain unclear. To study the functional role
of HOXC-AS3 in breast cancer, we assessed the
publicly available TCGA breast cancer database
and found that the expression level of HOXC-
AS3 was significantly upregulated in breast
cancer tissues, compared to normal breast tis-
sues. We verified these results in tissue sam-
ples from breast cancer patients and found
that increased HOXC-AS3 expression was asso-
ciated with a poor prognosis, indicating that
HOXC-AS3 might be an independent prognostic
factor in breast cancer. The above results
suggest the clinical value of HOXC-AS3 in the
progression of breast cancer. Comparatively,

Am J Transl Res 2020;12(10):6335-6350
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Figure 6. TK1 reverses HOXC-AS3-mediated growth and migration promotion. A. MTT assays were used to detect
cell proliferation after TK1 knockdown in MDA-MB-231 and T47D cells transfected with an overexpression plasmid
of HOXC-AS3. B. Colony formation assays were used to detect the colony-forming capacity of MDA-MB-231 and
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The colonies were counted and captured. The above results showed that TK1 knockdown could reverse HOXC-AS3-
mediated cell growth promotion. C. Transwell assays were used to investigate the changes in the migratory abilities
of MDA-MB-231 cells transfected with an overexpression plasmid of HOXC-AS3 and si-TK1. *P < 0.05, **P < 0.01.

HOXC-AS3 expression was very low in normal Generally, IncRNAs act through coactions with
breast tissues. HOXC-AS3 may also serve as a various RNA-binding proteins that lead to regu-
potential therapeutic target. latory modulations of gene expression via his-
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tone protein modification, RNA decay, DNA
methylation, and chromosome reprogramming
[33-36]. Evidence from our previous study
revealed the potential contribution of HOXC-
AS3 to tumorigenesis in gastric cancer cases
by modulating gene transcription via the bind-
ing of toy-box binding protein 1 (YBX1) in trans
[13]. The nucleic acid-binding domain in YBX1
protein can bind to the CCAAT-box, which is
located on the gene promoter and is highly con-
served in eukaryotes [37]. YBX1 can bind to the
Y-box sequence located in the promoter region
of genes and activate gene expression [38, 39].
YBX1 is of great significance for tumorigenesis,
the upregulation of which was found to be cor-
related with a poor prognosis in a number of
cancer types, such as breast cancer [40, 41].
Numerous studies have shown that IncRNAs
can mediate carcinoma tumorigenesis by bind-
ing to YBX1 [42, 43]. Our findings suggest that
HOXC-AS3 could directly interact with YBX1 in
breast cancer cells.

Furthermore, we analyzed previous RNA-Seq
results that involved the simultaneous silenc-
ing of both HOXC-AS3 and YBX1 in gastric can-
cer and detected these candidate genes in
breast cancer. Compared with gastric cancer,
we found slightly different results in breast can-
cer. Among the genes coregulated by HOXC-
AS3 and YBX1, the expression of TK1 was sig-
nificantly reduced after the knockdown of
HOXC-AS3. TK1 is a nucleotide salvage path-
way repair enzyme that can regulate cell cycle
and proliferation [44, 45]. TK1 has an onco-
genic role in tumorigenesis [46]. Moreover, pre-
vious studies have confirmed that YBX1 can
bind to the promoter area of TK1 and affect
TK1 transcription [39, 47], but the role of
IncRNA in the regulation of TK1 by YBX1 has
not been reported. Our ChlIP assays showed
that HOXC-AS3 knockdown inhibited the bind-
ing of YBX1 to the TK1 promoter region, and
that TK1 was an important target of HOXC-AS3/
YBX1-regulated genes. Our findings revealed
that HOXC-AS3 partly restricts tumorigenesis
of breast cancer through the direct transcrip-
tional activation of TK1, by binding to YBX1.
This indicated the important role of HOXC-AS3
in the biology of breast cancer.
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Table S1. The list of primers and the sequence of siRNAs

GENE Forward primer Reverse primer
human gRT-PCR
HOXC-AS3 GTGGAGTAACAGCGCCATCT CGGGTTTTGTTGCGTCTTGT
YBX1 GGACAAGAAGGTCATCGCAAC TCTCCATCTCCTACACTGCGA
TK1 GTTCTCAGGAAAAAGCACAGAG GTCTTTGGCATACTTGATCACC
B-actin TGGCACCCAGCACAATGAA CTAAGTCATAGTCCGCCTAGAAGCA
ChIP-gPCR primers
TK1 CACCCGGCCTGTATGTTTCT TATGTGGCACAGGCTGAAGG

Sequences for siRNAs
si-HOXC-AS3 1#
si-HOXC-AS3 2#
si-YBX1
si-TK1

CAGAGUGGAGUAACAGCGCCAUCUA
CGGUCAGUUUGGAGGAGUCACGUAU
CCACGCAATTACCAGCAAA
GGCCGGACAACAAAGAGAATT

UAGAUGGCGCUGUUACUCCACUCUG
AUACGUGACUCCUCCAAACUGACCG
TTTGCTGGTAATTGCGTGG
UUCUCUUUGUUGUCCGGCCTT




