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ABSTRACT ARTICLE HISTORY

Long non-coding RNA (IncRNA) prostate cancer-associated transcript 18 (PCAT18) is a potential Received 1 September 2021
diagnostic target for adenocarcinoma. However, its role in triple-negative breast cancer (TNBC) Revised 2 November 2021
remains largely unknown. Based on data from an online database, a significant decline in IncRNA Accepted 3 November 2021
PCAT18 was observed in patients with TNBC subtype compared to a population with normal breast KEYWORDS

tissue. Patients with TNBC with high PCAT18 levels presented good outcomes. Patients with TNBC Triple-negative breast
with high PCAT18 had a lower rate of lymph node-positive metastasis than those with low PCAT18. cancer; metastasis; LncRNA
PCAT18-upregulation inhibited, while PCAT18-downregulation promoted, migration and expression PCAT18; activating

of matrix metalloproteinases 9/2 (MMP9/MMP2) and uridylyl phosphate adenosine (uPA) in TNBC transcription factor 7; MiR-
cells. Activating transcription factor 7 (ATF7) was positively associated with PCAT18, and ATF7- 103a-3p

inhibition abrogated the anti-migration effects of PCAT18 on TNBC cells. Mechanistically, miR-103a-

3p directly targeted and inhibited ATF7 expression. PCAT18 competitively sponges miR-103a-3p,

promoting the expression of ATF7. Exogenous PCAT18 was associated with lower incidence of lung

metastasis followed by the upregulation of ATF7, which was prevented by the treatment of miR-

103a-3p mimics. Collectively, PCAT18 was expressed at low levels in TNBC, and PCAT18 could

sponge miR-103a-3p and promote ATF7 expression, resulting in prevention of TNBC metastasis.

Thus, PCAT18 can serve as a predictive factor for patients with metastatic TNBC.
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Introduction

Breast cancer (BC) is the most common type of
cancer that develops in the breast tissue. Global
tumor epidemiology statistics show that, in 2020,
there were an estimated 2.3 million female breast
cancer cases, representing 11.7% of all cancer cases
[1]. Gene expression profiling is useful to under-
stand breast cancer biology. During the last
20 years, researchers have characterized five intrin-
sic molecular subtypes of breast cancer: luminal A,
luminal B, HER-2 enriched, basal-like: TNBC, and
claudin-low [2]. Basal-like tumors account for 15—
20% of all pathological types of breast cancer [3]. It
is worth noting that TNBC is typically a more
aggressive type of cancer and has a worse prog-
nosis than other subtypes of breast cancer. It also
has a higher rate of distal recurrence [4]. Less than
30% of patients with metastatic TNBC survive for
more than 5 years after diagnosis [5]. Clinically,
broad-spectrum chemotherapy drugs, such as
paclitaxel, platinum, and doxorubicin, are cur-
rently the main treatment methods for TNBC
[6]. However, patients with metastatic TNBC
always present resistance to chemotherapy drugs,
resulting in an average survival period of only 8-
13 months [7,8]. Therefore, it is of great signifi-
cance to identify specific molecular targets of
metastatic TNBC and to elucidate the molecular
response mechanism for regulating TNBC cell
migration.

Long non-coding RNAs (IncRNAs) play an
important role in tumorigenesis and tumor metas-
tasis in TNBC. IncRNAs regulate gene expression
through various processes, such as chromatin
modification and post-transcriptional regulation,
and have become important tumor biomarkers
involved in tumor pathogenesis, metastasis pro-
gression, and drug resistance in TNBC [9].
Studies have shown that the IncRNA antisense
transcript NAMPT (NAMPT-AS) is significantly
upregulated in TNBC tumors and is significantly
positively correlated with prognosis, lymph node
metastasis, distal migration, and pathological
grade of patients with TNBC, suggesting that
IncRNA NAMPT-AS is involved in the occurrence
and distal migration of TNBC [10]. High expres-
sion of IncRNA HOTAIR can serve as a critical
indicator for predicting lymph node metastasis in

BIOENGINEERED 12071

patients with luminal androgen receptor (LAR)
subtype TNBC [11]. In addition, there are some
IncRNAs with tumor-suppressive functions in
TNBC [12]. In conclusion, IncRNAs have multiple
functions in TNBC tumorigenesis and metastasis.
The expression of IncRNA PCATI18 is negatively
correlated with the size of the gastric tumor, and
the upregulation of IncRNA PCATI18 can signifi-
cantly inhibit the proliferation and tumor growth
of gastric cancer cells [13]. It has been reported
that IncRNA PCAT18 can be used as a potential
biomarker for predicting the treatment effects of
neuroendocrine prostate cancer [14]. Therefore,
IncRNA PCATIS is also an important target for
evaluating the occurrence and therapeutic effect of
adenocarcinoma, such as gastric adenocarcinoma
and prostate cancer; however, its role and function
in TNBC has not yet been reported.

We speculated that IncRNA PCAT18 may be
involved in the migration process of TNBC. The
present study aimed to clarify the effect of IncRNA
PCAT18 on TNBC metastasis and illustrate the
molecular mechanism by which PCAT18 regulates
TNBC cell migration. These results will help us
better understand the occurrence and develop-
ment of metastatic TNBC.

Materials and methods
Data collection and analysis

The mRNA expression levels of IncRNA PCAT18
in different molecular subtypes of human breast
carcinoma (BRCA) and normal tissues were ana-
lyzed using Breast Cancer Gene-Expression Miner
v4.4, The Encyclopedia of RNA Interactomes
(ENCORI) Starbase [15]. The probability of overall
survival of breast cancer patients was determined
using the Breast Cancer Gene-Expression Miner
v4.4 and the online database of Kaplan-Meier
Plotter [16]. The association between PCAT1S,
miR-103a-3p, and ATF7 expression was assessed
using the ENCORI Starbase.

Tissue collection and grouping

Samples were collected from 30 women with TNBC
who visited the Meizhou People’s Hospital. Signed
informed consent form was obtained from all
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participants, and this study was approved by the
ethics committee of Meizhou People’s Hospital.
Patient characteristics are shown in Table 1. None
of the patients received preoperative chemotherapy
or radiotherapy. Among these patients, 20 had
lymph node-positive metastasis and 10 had non-
lymph node metastasis. Total RNA was extracted
from the patients for subsequent experiments.
Based on PCATI18 expression, 21 patients were
grouped into the PCAT18 high-expression group
and 9 were in the PCAT18 low-expression group.

Cell cultures and transfection

For the in vitro cell experiment, TNBC cell lines
MDA-MB-231, BT549, MDA-MB 468, Hs578t,
and normal mammary epithelial cell line MCF-
10A were purchased from the Cell Line Bank of
the Chinese Academy of Sciences (Shanghai,
China). MCF-10A cells were incubated in
Dulbecco’s modified Eagle’s medium (DMEM)/
F12 (1:1), supplemented with 5% horse serum (-
16050-122; Invitrogen, USA), 100 ng/ml cholera
toxin (C-8052; Sigma, USA), 10 mg/ml insulin
(I-1882; Sigma, USA), 20 ng/ml epidermal growth
factor (EGF; SRP3027; Sigma, USA), and 0.5 mg/
ml hydrocortisone (H-0888; Sigma, USA). MDA-
MB-231 and BT549 cells were cultured in Roswell
Park  Memorial Institute (RPMI) 1640

Table 1. Correlation between PCAT18 expression and clinico-
pathological characteristics of TNBC patients.

Relative PCAT18 expression

Characteristics Low (n =21) High(hn=9) P value
Gender
Male 0 0
Female 21 9
Age 0.7450
<50 8 4
>50 13 5
Tumor grade 0.9522
G1 3 1
G2 6 3
G3 12 5
Lymph node metastasis 0.0112*
No 4 6
Yes 17 3
Tumor diameter (cm) 0.9250
<5 16 7
>5 5 2
Pathological Type
Noninvasive 12 4 0.5229
Invasive 9 5

*P < 0.05 was considered statistically significant.

(SH30809.01; Hy Clone, USA) medium, and
MDA-MB 468 and Hs578t cells were cultured in
DMEM (Thermo Fisher Scientific, Waltham, MA,
USA). Media were supplemented with 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.) or 10% horse serum and 1% anti-
biotic-antimycotic ~ solution at 37°C in
a humidified 5% CO2 incubator. For cell transfec-
tion, the vector plasmids pcDNA3.1 and
pcDNA3.1-PCAT18 were purchased from
GenePharma Corporation, China. The siRNAs tar-
geting PCAT18 (siB160229100822-1-5) and nega-
tive control siRNA (siN0000001-1-5), miR-103a-
3p mimics (cat. no. miR10000101-1-5), and miR-
control (miR-con; cat. no. miR1N0000001-1-5), an
miR-103a-3p inhibitor (cat. no. miR20000101-
1-5), and inhibitor con (cat. no. miR2N0000001-
1-5) were purchased from RiboBio Corporation
(Guangzhou, China). The ATF7 knockdown was
performed using shRNA (5-GCTAGATTTGA
TGACATATTA-3', which is a sequence in the
3UTR, and 5-GTCACATTACTACGCAATG-3,
which is a sequence in the CDS generated by
Guangzhou RiboBio Co., Ltd. On reaching 80%
confluence, the plasmid (0.8 pg), siRNA, shRNA,
inhibitor, or mimics (50 nM) were transfected into
the cells using Lipofectamine 2000 (Invitrogen,
Thermo Fisher Scientific, Inc., USA). After trans-
fection for 48 h at 37°C, the cells were harvested
for further analysis.

Quantitative-reverse transcription polymerase
chain reaction (qRT-PCR) analysis

Total RNA from tissues and cells was extracted
using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) based on the manufacturer’s
instructions, and the RNA concentration was mea-
sured using the NanoDrop system. Subcellular
fractionation of nuclear and cytoplasmic RNA
was monitored using Norgen’s cytoplasmic and
nuclear RNA purification kit (Norgen BioTek,

Canada). In addition, total microRNAs were
extracted from tissues and cells using the
miRNeasy  Serum/Plasma  Kit  (QIAGEN,

Germany) based on the manufacturer’s instruc-
tions. Complementary DNA (cDNA) was synthe-
sized using RevertAid first strand cDNA
(Fermentas; Thermo Fisher Scientific, Inc.) or



a Tagman microRNA reverse transcription kit
(Applied Biosystems; Thermo Fisher Scientific,
Inc.), respectively. Subsequently, QRT-PCR assays
were performed using 10 pL SYBR® Green PCR
Master Mix (4312704, ABI, USA) or a TagMan
microRNA assay (Applied Biosystems; Thermo
Fisher Scientific, Inc.) on a Applied Biosystems
7500 Real-Time PCR System (Thermo Fisher
Scientific). The primers used are presented in
Table 2. U6 was used to normalize the expression
levels of miR-103a-3p, while GAPDH was used to
normalize the expression levels of ATF7 and
PCAT1I8. The relative levels were quantified using
the 2724 method [17].

Western blot

Total protein was isolated from tissues or cells
using the RIPA kit. The BCA kit was used for
the protein samples for protein quantitation
based on the manufacturer’s protocol. Equal pro-
teins (20 ug) were separated by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE), followed by transfer to an activated poly-
vinylidene fluoride (PVDF) membrane. The acti-
vated membrane was blocked with 5% skim milk
for 1 h. The membranes were incubated with pri-
mary antibodies against matrix metalloproteinases
MMP9 (GeneTex, GTX31891, US), MMP2
(GeneTex, GTX55708, US), MMP1 (Abcam,
ab134184, UK), uridylyl phosphate adenosine
(uPA, Santa Cruz, sc-59727, US), ATF7 (Abcam,
ab231786, UK), and B-actin (Sigma, A2228, USA)

Table 2. Primer sequences for qRT-PCR.
Name
GAPDH

Primer Sequence

Forward 5- TCAAGAAGGTGGTGAAGCAGG —3'
Reverse 5'- TCAAAGGTGGAGGAGTGGGT -3’
ATF7 Forward 5'-CTGGAGAACTTGACGTGGCA-3'
Reverse 5'-ATCCGACATTGTTCCGGCAT-3’
Forward 5'-AGGAGACAGGCCCCAGATTT-3
Reverse 5'-TGAAGTGCTGGGACAACGTA-3’
V) Forward 5'-CTCGCTTCGGCAGCACA-3’
Reverse 5-AACGCTTCACGAATTTGCGT-3’

PCAT18

MMP9 Forward 5-CCTCTGGAGGTTCGACGTGA-3'
Reverse 5-TAGGCTTTCTCTCGGTACTGGAA-3'
MMP2 Forward 5-ACTGTTGGTGGGAACTCAGAAG-3'
Reverse 5-CAAGGTCAATGTCAGGAGAGG-3'
MMP1 Forward 5-ACCTGGCGCTAAAC-3’
Reverse 5-TGCGGGTACTCCCAC-3'
miR-103a-3p Forward 5-ACACTCCAGCTGGGAGCAGCATTGTACA

GGG-3'
Reverse 5'-TGGTGTCGTGGAGTCG-3'
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at 4°C overnight. Subsequently, the blots were
incubated with an HRP-conjugated secondary
antibody for 1 h at room temperature. The blots
were visualized using the ECL chemiluminescence
reagent kit (Millipore, Billerica, MA, USA) and
photographed on a ChemiDoc™ MP Imaging
System (Bio-Rad).

Colony-forming assay

Briefly, a 6-well plate was covered with a mixture
of 1.2% agarose and DMEM. After solidification of
the DMEM, the control vector, PCATI18-
overexpressing plasmid, control negative siRNA,
and PCAT18-siRNA-transfected MDA-MB-231
or BT549 cells (200 cells/well) were seeded into
6-well plates and cultured in DMEM medium con-
taining 10% FBS. After 2 weeks of incubation, the
cell colonies were fixed with 4% paraformaldehyde
and stained with 0.1% crystal violet at room tem-
perature for 15 min. Images were obtained and
counted using Image] software.

Transwell assay

Cell migration viability was assessed using the
Transwell ~method  (PIEP12R48,  Millipore,
Germany). Briefly, the upper chamber was plated
with TNBC cells transfected with PCAT18 over-
expression plasmid, PACT18 siRNA, or ATEF7
shRNA in serum-free medium, and the bottom
chamber was filled with 600 ul medium containing
10% FBS. After 48 h of culture, the upper surface of
each membrane was cleaned with a cotton swab,
and cells that had penetrated to the bottom side of
the membrane were stained with 0.1% crystal violet
dye (Sigma) for 20 min. Then, the cell count was
determined using a microscope (Olympus, IX51).

Lung metastasis of breast cancer

Six-week-old female athymic nude mice (BALB/c-nu,
18-20 g) were purchased from Vital River company
(Beijing, China) and housed in a specific pathogen-
free isolation facility with a 12/12 h light/dark cycle.
All the mice were fed ad libitum and had access to
water. All experiments complied with the guidelines of
the Animal Ethics Research Board and were approved
by the Ethical Committee of Meizhou People’s
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Hospital. After 1 week, control and PCAT18-
overexpressed MDA-MB-231 cells (1 x 10°) were
resuspended in 100 pl of PBS and injected into the
tail vein to establish a lung metastasis model of breast
cancer. Mice injected with PCAT18-overexpressed
TNBC cells were injected with a negative control
mimic or miR-103a-3p mimic (50 nmol, RiBoBio,
China) every week. Based on these processes, mice
were divided into four groups: mice injected with
blank control cells, mice injected with PCAT18-
ovexpressed cells, negative control mimic-challenged
mice injected with PCATI18-ovexpressed cells, and
miR-103a-3p mimics-challenged mice injected with
PCAT18-ovexpressed cells. All mice were euthanized
4 weeks after injection of the cancer cells. Lung tissues
were harvested for subsequent experiments.

RNA pulldown

RNA pulldown assays were performed as pre-
viously described [18]. In brief, 1 x 10’ MDA-MB
-231 cells were collected, lysed, and treated with
ultrasonic waves. A biotin-labeled miR-103a-3p
probe (Sangon Biotech, Shanghai, China) or the
negative control probe (Sangon Biotech, Shanghai,
China) was incubated with magnetic beads
(ThermoFisher, 88817) at 25K for 2 h to generate
probe-coated beads. Subsequently, cell lysates were
incubated with miR-103a-3p or oligo probes at
4°C overnight. After washing with washing buffer,
the RNA complex bound to the beads was eluted
and extracted with an RNeasy Mini Kit (QIAGEN,
74104) for real-time PCR using PCATI8 and
ATF7 primers. The total cell lysates served as the
input and were defined as a value of 1.

Histological staining

Four weeks after tumor cell inoculation, lungs
were collected and fixed in 4% paraformaldehyde
for more than 24 h. Lung tissues were dehydrated
with graded ethanol, immersed in xylene, and
embedded in paraffin. Sections of 5-um thickness
were stained with hematoxylin and eosin (H&E;
Beyotime Institute of Biotechnology, China).
Representative fields for each group were photo-
graphed using an optical microscope (Olympus
IX71, Olympus Corporation).

Immunofluorescence staining

Paraffin sections (5 um) of the tumor and lung tissue
were subjected to immunofluorescence staining.
Briefly, primary antibodies against a-SMA (Abcam,
UK) were incubated with sections overnight at 4°C.
Subsequently, Alexa Fluor 488-labeled IgG (dilution
1:200; Molecular Probes) was used as the secondary
antibody. After staining with DAPI (dilution 1:300;
Beyotime Institute of Biotechnology), the slices were
photographed under a inverted microscope (IX51,

Olympus, Japan).

miRNA screening

Using the ENCORI Starbase, 214 candidate
miRNAs targeting ATF7 were identified. Seven
candidate miRNAs targeting PCAT18 were identi-
fied. The miRNAs that could directly bind to
ATF7 and PCATI18 were subsequently screened
using a Venn diagram.

Dual luciferase reporter gene experiment

The wild-type (WT) and mutant sequence (MUT)
(the region bound by miR-103a-3p) of PCAT18
and ATF7 were sub-cloned into the luciferase
reporter vector (pGL3.1 reporter plasmid).
PCAT18-WT/MUT plasmid transfected cells or
ATF7-WT/MUT transfected cells were challenged
with miR-103a-3p mimics or negative mimics for
an additional 48 h, respectively. Subsequently, fire-
fly and Renilla luciferase activities were measured
using the dual-luciferase reporter assay system
(Promega, Madison, WI, USA) and analyzed
using a microplate reader. The ratio of firefly
fluorescence to Renilla fluorescence intensity indi-
cated the relative fluorescence activity.

Statistical analysis

All assays were performed at least three times.
Overall survival was estimated using the Kaplan-
Meier method. Comparisons between groups were
analyzed with GraphPad Prism 6.0, using a paired
Student’s t-test or one-way ANOVA. Association
analysis was performed using the Pearson’s corre-
lation coefficient. All tests of significance were set
at p < 0.05.



Results

In the present study, we speculated that IncRNA
PCAT18 may be involved in the migration process
of TNBC. We found that low expression of
IncRNA PCATI18 in TNBC and PCATI18 nega-
tively regulated the migration ability of TNBC
cells. Mechanistically, PCATI18 competitively
sponges miR-103a-3p, and miR-103a-3p directly
targets and inhibits ATF7 expression, resulting in
the reduction of ATF7. These results will help us
better understand the occurrence and develop-
ment of metastatic TNBC.

PCAT18 is expressed at a low level in TNBC

To explore the role of IncRNA PCATI18 in TNBC
development, the expression pattern of PCAT18 was
determined using the online database of Breast Cancer
Gene-Expression Miner (v4.4) and ENCORI Starbase.
Based on the analysis of ENCORI Starbase, no differ-
ential expression of PCAT18 was observed between
samples from normal subjects (n = 113) and those
from patients with breast cancer (BRCA, n = 1104)
(Fig. S1A). However, compared to normal samples
(normal breast-like, n = 770), a robust decline in
PCAT18 was found in TNBC samples (basal-like,
n = 563) (Figure 1(a)). PCAT18 reduction was also
confirmed in TNBC tissues (n = 30), in contrast to the
corresponding paired paracarcinoma tissues (Figure 1
(b)). In human TNBC cells, including MDA-MB-231,
BT549, MDA-MB-468, and Hs578t, PCAT18 expres-
sion also declined significantly when compared to its
expression in normal mammary epithelial cell line
MCEF-10A (Figure 1(c)). The data indicated a low
level of PCATI18 expression in TNBC. In addition,
the diagnostic and prognostic value of PCAT18 in
TNBC was evaluated in this study. In the collected
fresh TNBC specimens (n = 30), no associations were
observed between PCAT18 levels and clinicopatholo-
gical characteristics, including gender, age, tumor
grade, tumor diameter, and pathology of patients
with TNBC (Table 1). In contrast, patients with
TNBC with high PCAT18 presented a good outcome
compared to patients with TNBC who had low
PCATI18 (Figure 1(d)), while a positive result was
not observed in all subtypes of breast cancer using
ENCORI Starbase (Fig. S1B). PCATI8 may be
a good prognostic predictor for TNBC.
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PCAT18 affects cell migration and
extracellular matrix protein expression of
TNBC cells

Although there was no association between PCAT18
expression and several clinicopathological character-
istics of patients with TNBC, patients with TNBC
with low expression of PCAT18 showed more lymph
node-positive metastasis (n = 17) than those with
high PCAT18 (n = 3) (Table 1), implying the func-
tional role of PCAT18 in TNBC cell migration. To
verify this hypothesis, PCAT18-overexpressed TNBC
cell lines or PCAT18-knocked TNBC cells were gen-
erated. In MDA-MB-231 and BT549 cells, the trans-
fection efficiency of PCAT18-overexpression
plasmid and siRNA targeting PCAT18 were identi-
fied by qRT-PCR (Fig. S2A). As shown in Figure 2(a,
b), PCAT18 overexpression notably suppressed cell
migration and the number of TNBC cells that
migrated to the bottom chamber, while PCAT18
knockdown significantly activated cell migration
behavior (Figure 2(a,b)). Interestingly, protein levels
and transcriptional levels of extracellular matrix-
related molecules, including matrix metalloprotei-
nases MMP9/MMP2 and uridylyl phosphate adeno-
sine (uPA) significantly declined, accompanied by
the upregulation of PCAT18, and were upregulated
by the knockdown of PCAT18 in MDA-MB-231 and
BT549 cells (Figure 2(c-f)). However, altered
PCAT18 expression had no effect on MMP1 levels
(Figure 2(c-f)), and had a slight effect on cell prolif-
eration and colony forming efficiency of TNBC cells
(Fig. S2B-S2C). Degradation of the basement mem-
brane and extracellular matrix structures are impor-
tant features of the metastatic process of breast
cancer [19]. The activities of MMP9/2 and uPA are
mainly responsible for the degradation of the base-
ment membrane and extracellular matrix [20].
Therefore, PCAT18-mediated remission of TNBC
cell migration may be implicated in remodeling of
the extracellular matrix.

The positive association between PCAT18
and ATF7 in TNBC

ATF family proteins affect the migration of tumor
cells by regulating the degradation of the extracel-
lular matrix [21]. In the present study, low expres-
sion of ATF7 was found in breast cancer
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Figure 1. Expression and clinical value of IncRNA PCAT18 in TNBC. (a) Differential expressions of IncRNA PCAT18 in different
subtypes of breast cancer were determined by using the Breast Cancer Gene-Expression Miner v4.4 database. Basal like, triple-
negative breast cancer (TNBC); HER2-E, HER2-overexpression; ** indicates Basal-like vs. normal breast. (b) PCAT18 expression in
TNBC specimens (n = 30) and paracarcinoma as determined by gRT-PCR. ** indicates TNBC vs. paracarcinoma. (c) PCAT18
expression in normal mammary epithelial cell MCF-10A, Basal-like MDA-MB-231, MDA-MB-468, Hs578t and BT549 cells as
measured by qRT-PCR. ** indicates Basal-like cells vs. MCF-10A cells. (d) Patients with TNBC were divided into two groups
based on PCAT18 expression status. Subsequently, the probability of overall survival (OS) as analyzed with Kaplan-Meier Plotter
online database. Data are shown as the mean + SD. Assays were performed in triplicate. *P < 0.05, **P < 0.01.

(n = 1104) specimens compared to normal sub-  TNBC tissues (n = 317) compared to non-TNBC
jects (n = 113) (Fig. S3A) and was also verified in  tissues (n = 4119) (Figure 3(a)). Notably, ATF7
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transcriptional levels (d) of MMP9, MMP2, MMP1, and uPA in PCAT18-overexpressed and PCAT18-depleted MDA-MB-231 cells as
measured by WB and qRT-PCR, respectively. Protein expressions (e) and transcriptional levels (f) of MMP9, MMP2, MMP1, and uPA in
PCAT18-overexpressed and PCAT18-depleted BT549 cells as measured by WB and qRT-PCR, respectively. Data are shown as the
mean + SD. Assays were performed at least three times. *P < 0.05, **P < 0.01.
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Figure 3. Association between PCAT18 and ATF7 in TNBC. (a) Differential expressions of ATF7 in TNBC (n = 317) and not TNBC
(4119) specimens were determined by using the Breast Cancer Gene-Expression Miner v4.4 database. (b) The association between
PCAT18 and ATF7 expression in fresh TNBC specimens as analyzed by SPSS. R, Pearson coefficient. (c) MDA-MB-231 and BT549 cells
were transfected with PCAT18 overexpression plasmid, siRNA, and the corresponding control vector/siRNA. The mRNA levels of ATF7
in MDA-MB-231 and BT549 cells as determined by gRT-PCR. ** indicates PCAT18-overexpression or PCAT18 siRNA vs. Vector or NC
siRNA. (d) Protein levels of ATF7 in MDA-MB-231 and BT549 cells as determined by WB. Data are shown as the mean * SD. Assays

were performed at least three times. *P < 0.05, **P < 0.01.

expression was positively associated with PCAT18
expression in both breast cancer tissues and
TNBC-specific specimens (Fig. S3B and 3B).
Additionally, transcription and translation levels
of ATF7 robustly increased with the challenge of
exogenous PCATI1S8, and dramatically decreased
with the depletion of PCAT18 in both MDA-MB
-231 and BT549 cells (Figure 3(c,d)). Thus,
PCATI18 expression was positively associated
with ATF7 expression in TNBC.

ATF7 knockdown abolishes the effects of
PCAT18 on migration in TNBC cells

The functional role of ATF7 in PCAT18-mediated
alteration of cell migration was investigated. As
expected, PCAT18 upregulation inhibited cell migra-
tion and the number of migratory MDA-MB-231 and
BT549 cells (Figure 4(a,b)). The combined transfec-
tion of PCAT18 overexpression plasmid and negative
control short hairpin RNA (shRNA) did not affect the
role of exogenous PCATI18 on cell migration



(Figure 4(a,b)). In contrast, shRNA-mediated deple-
tion of ATF7 significantly abolished the PCAT18-
upregulation-blocked migration capability of TNBC
cells (Figure 4(a,b)). ATF7 expression was also ver-
ified by WB in TNBC cells (Figure 4(c)). Therefore,
ATF?7 is required for the PCAT18-mediated inhibi-
tion of migration. These data further prove that
ATF7-induced remodeling of the extracellular matrix
may be involved in the PCAT18-regulated migration
process.

The binding of PCAT18 to miR-103a-3p
results in an increase in ATF7

The regulatory role of PCAT18 in ATF7 expres-
sion was explored in subsequent experiments.
We hypothesized that PCAT18 could serve as
a competing endogenous RNA by sponging
miRNAs, thereby regulating the expression of
ATF7. Since the model of competing endogen-
ous RNA by sponging miRNAs is based on
cytoplasmic InRNA/circRNA, the expression of
nuclear and cytoplasmic IncRNA PCAT18 was
determined by qRT-PCR in MDA-MB-231 cells.
The results indicated that PCATI8 was
expressed in both the cytoplasm and nucleus,
with higher levels in the nucleus (Fig. S4A).
Subsequently, using ENCORI Starbase online
database and cluster analysis, the Wayne chart
presented seven miRNAs that could bind to
ATF7 and PCAT1S8, including hsa-miR-135a-5p,
hsa-miR-125b-5p, hsa-miR-135b-5p, hsa-miR
-125a-5p, hsa-miR-107, hsa-miR-3194-3p, and
hsa-miR-103a-3p (Fig. S4B). Combined with
the association analysis using ENCORI
Starbase, only hsa-miR-103a-3p appeared to be
significantly negatively associated with PCATI18
and ATF7 in the breast cancer database
(Figure 5(a,b)). Subsequently, a reporter gene
assay was employed to verify the direct binding
of miR-103a-3p to ATF7 or PCATI8. The rela-
tive luciferase activity of cells transfected with
the ATF7 WT reporter plasmid was notably
repressed by the miR-103a-3p mimic, while
that in cells transfected with the ATF7 MUT
reporter plasmid was not affected by the miR-
103a-3p mimic, indicating that miR-103a-3p
could negatively regulate the expression of
ATF7 (Figure 5(c)). Consistently, the luciferase
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activity of PCAT18 WT reporter plasmid-
transfected cells was inhibited by exogenous
miR-103a-3p, but not PCAT18 MUT reporter
plasmid-transfected cells (Figure 5(d)).
Moreover, miR-103a-3p mimic-mediated the
upregulation of miR-103a-3p inhibition, while
miR-103a-3p inhibitor-mediated the downregu-
lation of miR-103a-3p promoted the expression
of PCAT18 in MDA-MB-231 cells (Fig. S4C-
§$4D), further suggesting that PCAT18 competi-
tively binds to miR-103a-3p. Notably, PCAT18
overexpression induced by the increase of ATF7
was prevented by treatment with the miR-103a-
3p mimic, while PCATI8 downregulation-
mediated decline of ATF7 was recovered by
transfection with the miR-103a-3p inhibitor
(Figure 5(e)). Pull-down experiments further
confirmed the direct binding of miR-103a-3p to
PCATI18 or ATF7 (Figure 5(f)). It is possible
that the competitive binding of PCAT18 to
miR-103a-3p restrained the inhibitory role of
miR-103a-3p on ATF7 transcription, leading to
the elevation of ATF7 protein in TNBC cells.

miR-103a-3p abrogates the effects of PCAT18
on lung metastasis of TNBC cells

The PCAT18/miR-103a-3p/ATF7 signaling axis was
also demonstrated in a lung metastasis model of
breast cancer. Approximately 22 tumor nodules
were detected in the vector-administered model
group, while nine nodules were found in the
PCAT18-overexpressed group (Figure 6(a)).
Compared to the PCAT18-overexpressed group
(NC mimic treatment, approximately 9 nodules),
15 nodules were observed after exposure to the
miR-103a-3p mimic (Figure 6(a)). Moreover,
weight significantly decreased in the
PCAT18-overexpressed group compared to the
control group, while miR-103a-3p mimic manage-
ment notably counteracted the anti-tumor growth
effect produced by PCATI8 overexpression
(Figure 6(b)). HE staining results showed marked
enhancement of metastasis in the lung tissues of the
control group (Figure 6(c), left). However, only
a few metastatic lesions were observed in the lung
tissue of mice injected with PCAT18-overexpressed
cells (Figure 6(c), second left). In contrast, the
injection of miR-103a-3p mimic abolished the role

tumor
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Figure 4. Effects of ATF7 on PCAT18-mediated TNBC cell migration. MDA-MB-231 and BT549 cells were transfected with vector,
PCAT18-overexpression plasmid, combination of PCAT18-overexpression plasmid and NC shRNA, and combination of PCAT18-
overexpression plasmid and ATF7 shRNA. PCAT18-overexpressed MDA-MB-231 and BT549 cells were screened. Subsequently,
migration of MDA-MB-231 cells (a) and BT549 cells (b) as measured by Transwell assay. Relative quantification of migrated cells
as shown in the right panel. Scale bar: 50 um. (c) Protein expression of ATF was verified by WB assay in these cells. ** indicates
PCAT18-overexpression or PCAT18-overexpression with ATF7 shRNA vs. Vector or PCAT18-overexpression with NC shRNA. NC,
negative control. Data are shown as the mean * SD. Assays were performed at least three times. *P < 0.05, **P < 0.01.

of PCATI18 in lung metastasis (Figure 6(c), the indicated that the number of a-SMA-positive cells
fourth image vs. the third image). Subsequent in the PCATI18-overexpressed group was signifi-
immunofluorescence staining in lung tissue  cantly lower than that in the control group, while
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Figure 5. Regulatory mechanism among PCAT18, miR-103a-3p and ATF7. (a) The association between miR-103a-3p and ATF7 in
Breast Cancer as analyzed using ENCORI Starbase. (b) The association between miR-103a-3p and PCAT18 in Breast Cancer as
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miR-103a-3p mimic challenge significantly reversed
this phenomenon (Figure 6(d)). In lung tissues, the
relative expression of MMP9, MMP2, and miR-
103a-3p was notably reduced, accompanied by the
upregulation of PCAT18 (Figure 6(e)). However,
a PCATI18-mediated decrease in MMP9 and
MMP2 was recovered by injection of miR-103a-3p
mimic, which also resulted in the decline of
PCATI18 in lung metastatic lesions (Figure 6(e)).
Additionally, protein expression of ATF7 increased
significantly in the PCAT18-overexpressed group
and declined in miR-103a-3p in the PCAT18 OE
group (PCAT18-overexpressed group) (Figure 6(f)).
Collectively, PCATI18-mediated improvement in
lung metastasis of TNBC cells was impaired by
miR-103a-3p. It is possible that the PCAT18/miR-
103a-3p/ATF7 signaling axis plays a decisive role in
the metastatic process of TNBC.

Discussion

Breast cancer accounts for 15% of all cancer-
related mortality in women. Indeed, breast cancer
appears to have the largest number of new cases
and the highest mortality among all types of can-
cer [22]. Currently, the use of surgery combined
with radiotherapy and chemotherapy, anti-
estrogen drugs, and targeted drugs, such as tras-
tuzumab, have made promising advancements in
the clinical treatment of breast cancer. However,
due to the lack of ER, PR, and HER2 on the
surface of cancer cells in patients with TNBC,
there is a lack of clear molecular targets for treat-
ing these patients [23]. Additionally, the high
heterogeneity of TNBC tissues is another negative
factor for TNBC using gene-based targeted ther-
apy. Although patients with TNBC have been
proven to have a stable and positive response to
immunotherapy (such as PD-1/PD-L1 inhibi-
tors), clinically, patients with tumors and meta-
static TNBC show substantially low sensitivity to
immunosuppressive therapy, with only a 5%
response rate [24]. Therefore, it is important to
understand the underlying regulatory

mechanisms of metastatic TNBC. In the present
study, PCATI18 expression declined and was
negatively associated with the overall survival of
patients with TNBC. Additionally, patients with
TNBC with low PCAT18 levels were more likely
to develop lymph node-positive metastasis, sug-
gesting that PCAT18 may serve as a critical reg-
ulator for patients with metastatic TNBC.
IncRNA PCATI18 expression has a significant
effect in tissue-specific downregulation in gastric
cancer compared to normal tissues and can be
used as a diagnostic factor for gastric cancer [25].
PCATI8 is upregulated in acute myeloid leukemia
(AML) samples and may act as a diagnostic and
prognostic biomarker for AML [26]. In this study,
low expression of PCAT18 was also identified in
TNBC and TNBC cells. Patients with high
PCAT18 had a better prognosis than those with
low PCAT18, indicating that PCAT18 may be
a predictive factor for TNBC. However, PCAT18
is also abnormally expressed in HER2-E and lumi-
nal A/B subtypes of breast cancer (Figure 1(a)).
Whether PCAT18 plays a functional role and can
serve as a diagnostic biomarker for TNBC remains
to be investigated. PCAT18 is also abnormally
expressed in migratory prostate cancer and can
be used as a potential therapeutic target for the
treatment of metastatic prostate cancer [27].
PCATI18 can upregulate TP53INP1 expression to
inhibit metastasis of gastric cancer by sponging
miR-301a [28]. These data suggest that PCATI18
plays an important role in the metastatic process
of adenocarcinoma. In this study, patients with
TNBC with lymph node-positive metastasis pre-
sented with low expression of PCAT18. PCATI18
upregulation was inhibited, whereas PCATIS
downregulation promoted TNBC cell migration.
Our results indicate the regulatory role of
PCAT18 in TNBC metastasis. Alteration of
PCATI8 expression causes the impairment of col-
orectal cancer (CRC) and gastric cancer prolifera-
tion [28,29]. However, PCAT18 had a slight role in
the viability of TNBC cells, implying that PCAT18
is mainly responsible for cell migration in TNBC.

NC siRNA, PCAT18 siRNA, combination of PCAT18 siRNA and NC inhibitor, and combination of PCAT18 siRNA and miR-103a-3p
inhibitor. Protein levels of ATF7 in MDA-MB-231 and BT549 cells as determined by WB. (f) Biotin labeled miR-103a-3p probe or
control probe were used for incubation with cell lysates. Subsequently, expression of ATF7 and PCAT18 in RNA-binding complex
were verified by qRT-PCR. Data are shown as the mean £ SD. Assays were performed at least three times. *P < 0.05, **P < 0.01.
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Figure 6. Effects of PCAT18 and miR-103a-3p on mice model of lung metastasis of breast cancer. Control or PCAT18-
overexpressed MDA-MB-231 cells were injected into the tail vein to establish a lung metastasis model of breast cancer. During
modeling, miR-103a-3p mimic was also injected into the tail vein every week. After 4 weeks, lung tissues were harvested. (a)
Quantification of pulmonary metastatic nodules. (b) Tumor weights of the four groups of mice. (c) After 4 weeks, lung tissues were
stained with HE solution. Dark red areas indicated the metastases in the lungs. Scale bar, 100 pm. (d) Immunofluorescent staining of
a-SMA in the lung tissues. The red indicates a-SMA-positive signals. (e) In the lung tissues of the four groups of mice, mRNA of
MMP9, MMP2, PCAT18, and miR-103a-3p as determined by gRT-PCR. ** indicates cells transfected with PCAT18 overexpression
plasmid or the combination of PCAT18 overexpression plasmid and miR-103a-3p mimic vs. cells transfected vector or the
combination of PCAT18 overexpression plasmid and NC mimic. (f) Protein levels of ATF7 in MDA-MB-231 and BT549 cells as
determined by WB. Data are shown as the mean * SD. Assays were performed at least three times. *P < 0.05, **P < 0.01.

ATF7 is significantly correlated with the prog-  cells [30,31]. Importantly, ATF family proteins
nosis of colon cancer and is involved in the pro-  play a key role in cancer cell migration. ATF
liferation, apoptosis, and survival of various tumor  family proteins can promote epidermal-
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mesenchymal transformation (EMT), invasion,
and migration of tumor cells through degradation
of the extracellular matrix [21,32]. Leptin can pro-
mote invasion and lung metastasis of breast cancer
cells by activating the PI3K/Akt-ATF-2 signaling
pathway [33]. The c-Jun/ATF-3 complex can bind
to the matrix metalloproteinase (MMP-13) pro-
moter AP-1 to regulate the invasion of breast
cancer cells [34]. In this study, ATF7 was also
lowly expressed in TNBC specimens compared to
normal subjects and was positively associated with
PCATI8 levels. PCAT18 positively regulated the
expression of ATF7, and knockdown of ATEF7
abolished exogenous PCAT18-mediated migration
inhibition in TNBC cells. PCAT18 overexpression
decreased the activities of matrix metalloprotei-
nases, followed by a reduction in cell migration.
It is possible that the negative regulation of ATF7
on the function of PCAT18 is implicated in matrix
metalloproteinases.

IncRNAs or circRNAs enrich miRNAs mainly
through the model of competing endogenous RNA
(ceRNAs); indeed, cytoplasmic IncRNAs/circRNAs
containing miRNA binding sites interact with
miRNAs through their seed sequences [35].
LncRNA AFAP1-AS1 promotes the proliferation of
pituitary adenoma cells by regulating miR-103a-3p
and the downstream PI3K/Akt signaling pathway
[36]. In glioma stem cells, IncRNA 00152 plays
a biological role in inhibiting the proliferation, migra-
tion, and invasion of tumor stem cells by sponging
miR-103a-3p [37]. MiR103A-3p also participates in
circRNA Dicerl-mediated glioma endothelial cell
migration and circRNA TCF25 regulated the invasion
and migration of bladder cancer cells [38,39]. The
above studies suggest that miR-103a-3p plays an
important role in tumor migration through the
ceRNA mechanism. Combined with the online data-
base, miR-103a-3p was identified as a potential
sponge of PCATI18. Studies have shown that
miRNA-103A-3p can significantly promote the pro-
liferation of gastric cancer cells by targeting and inhi-
biting the expression of ATF7 [40]. Our data showed
the occurrence of binding of miR-103a-3p to ATF7 in
TNBC cells. Also, there was a negative association
between miR-103a-3p and ATEF7 or between
PCATI18 and miR-103a-3p. PCAT18 overexpression-
induced increase in ATF7 expression was abrogated
by miR-103a-3p mimics. These data confirmed that

PCAT18 could sponge miR-1031-3p, which blocked
the inhibitory role of miR-103a-3p on ATEF7, resulting
in the increase in ATF7. Indeed, PCAT18 upregula-
tion mediated the improvement in lung metastasis in
breast cancer, which was also aided by injection of
miR-103a-3p mimic, followed by the decline in ATF?7.
Thus, PCAT18 regulated TNBC cell migration, pos-
sibly through the miR-103a-3p/ATF?7 signaling path-
way. However, other miRNAs can also be enriched by
PCAT18; thus, other regulatory mechanisms of
TNBC metastasis implicated in PCAT18 should be
explored in future studies.

Conclusion

In summary, IncRNA PCATI18 can be used as
a potential prognostic biomarker for patients
with metastatic TNBC. PCAT18 negatively affects
TNBC cell migration through the miR-103a-3p/
ATF7 signaling pathway. Our findings lay
a theoretical foundation for the application of
IncRNAs (PCAT18) in treating patients with meta-
static TNBC, providing important clinical signifi-
cance for improving the treatment status of TNBC.
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