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Abstract
Triple negative breast cancer (TNBC) is a prevalent malignant tumor in women and is characterized by high incidence and 
mortality. Current evidence has suggested that multiple long noncoding RNAs (lncRNAs) play regulatory roles in TNBC, 
while the specific mechanism of LINC01224 in TNBC remains unclear. In this study, LINC01224 was highly expressed in 
TNBC cells. Moreover, LINC01224 downregulation inhibited TNBC cell proliferation, migration, and invasion, and pro-
moted cell apoptosis. Additionally, LINC01224 stabilized NUP210 mRNA through interaction with miR-193a-5p, thereby 
aggravating the malignant phenotypes of TNBC. Overall, LINC01224 functions as a tumor promoter for TNBC.
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Introduction

Breast cancer is a frequently diagnosed malignant tumor that 
adversely threatens the health of women. It is a leading fac-
tor for cancer-related deaths among females under 45 years 
old [1]. It is estimated that in 2022, there will be approxi-
mately 290,560 new cases diagnosed as breast cancer, and 
43,780 deaths resulting from this disease in the USA [2]. 
Although great improvements have been achieved in thera-
peutic options such as radiotherapy, chemotherapy, targeted 
therapy, and traditional surgery during recent years [3], the 

prognosis of patients with breast cancer, remains poor due 
to tumor recurrence and distant metastasis [4]. Triple nega-
tive breast cancer (TNBC) is the most aggressive subtype 
of breast cancer [5], accounting for about 15% of all cases 
[6]. Patients with TNBC are insensitive to trastuzumab or 
endocrine treatments [7] due to the absence or low expres-
sion of human epidermal growth factor receptor 2 (HER2), 
progesterone receptor (PR), and estrogen receptor (ER) [8]. 
Recently, following the development of immune checkpoint 
inhibition (ICI) in solid tumors and validation of the immu-
nogenicity in TNBC, immunotherapy has been emerged as 
a promising therapeutic strategy in TNBC [9]. However, 
TNBC is a highly heterogeneous disease and only a pro-
portion of TNBC is immunotherapy-responsive [10, 11]. 
Thus, probing the molecular mechanisms under TNBC and 
finding out effective biomarkers for this disease are of great 
significance.

Long noncoding RNAs (lncRNAs) refer to a subset of 
transcripts with over 200 nucleotides in length with no or 
limited capacity for protein coding, which are involved in  
various cellular biological processes, such as chromatin 
dynamics and gene regulation [12]. An increasing number of 
lncRNAs have been reported to play an extensive regulatory 
role in malignancies and modulate gene expression at the 
phase of transcription, modification, and post-transcriptional 
regulation [13]. Moreover, it has also been widely proposed 
that a subset of lncRNAs mediate the tumorigenesis of 
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numerous cancers via competitively interacting with down-
stream miRNAs to upregulate the expression of target genes, 
which is called the competing endogenous RNA (ceRNA) 
pattern [14]. Emerging evidence has illustrated that lncR-
NAs can act as a tumor promoter or a tumor suppressor in 
different types of cancers. For example, lncRNA prostate 
gene expression marker 1 (PCGEM1) expression is abundant 
in prostate cancer cells and facilitates cell proliferation while 
suppresses doxorubicin-induced apoptosis [15]. LncRNA 
metastasis associated lung adenocarcinoma transcript 1 
(MALAT1) modulates the miR-374b-5p/SRSF7 pathway to 
positively regulate lung cancer cell proliferation, migration, 
and invasion [16]. LncRNA colon cancer associated tran-
script 1 (CCAT1) facilitates colorectal cancer cell growth 
by regulating miR-181a-5p level [17]. Moreover, lncRNA 
maternally expressed 3 (MEG3) inhibits gastric cancer cell 
proliferation and metastasis by regulating p53 signaling 
pathway [18]. LncRNA phosphatase and tensin homolog 
pseudogene 1 (PTENP1) works as a tumor suppressor in 
cervical cancer by downregulating miR-106b [19]. Previous 
studies have indicated that lncRNA LINC01224 promotes 
tumorigenesis in a number of cancers such as hepatocellular 
carcinoma [20] and epithelial ovarian cancer [21]. Impor-
tantly, it was reported that LINC01224 was associated with 
the prognosis of breast cancer patients and might play a part 
in the carcinogenesis of breast cancer [22]. However, the 
specific functions and potential mechanism of LINC01224 
in TNBC are still undefined.

In this study, the potential role and the underlying molecu-
lar mechanism of LINC01224 in TNBC were investigated. It 
was hypothesized that LINC01224 might affect the malignant 
behaviors of TNBC cells by regulating its downstream mol-
ecules. Our findings implied that LINC01224 might be a novel 
and effective biomarker to improve the prognosis of patients 
with TNBC.

Materials and Methods

Cell Culture

Human normal breast epithelial cell line (MCF-10A) and 
six human breast cancer cell lines (MCF-7, T-47D, BT-20, 
HCC1937, MDA-MB-453, and MDA-MB-231) were pur-
chased from American Type Culture Collection (ATCC, 
Manassas, VA, USA). Cells were incubated in DMEM 
(Gibco, Carlsbad, CA, USA) containing 10% fetal bovine 
serum and 1% streptomycin in a humidified incubator at 
37℃ with 5%  CO2.

Cell Transfection

Specific short harpin RNA (shRNA) targeting LINC01224 
together with negative control shRNA were termed 

sh-LINC01224#1/2 and sh-NC. To enhance endogenous 
miR-193a-5p function, miR-193a-5p mimics was used, 
with scrambled NC mimics as the control. Overexpres-
sion vectors pcDNA3.1/LINC01224 and pcDNA3.1/
NUP210 (nucleoporin 210) were used for enhancing 
functions of endogenous LINC01224 and NUP210, along 
with the empty pcDNA3.1 vector as the control. All the 
above-mentioned products were commercially provided 
by Genechem (Shanghai, China). Finally, 6-well plates 
were applied to culture TNBC cells, which were trans-
fected with abovementioned products for 2 days using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).

qRT‑PCR

Extraction of total RNA from TNBC cells was conducted 
using TRIzol reagent (Invitrogen). To determine total RNA 
concentration and purity, the Nanodrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, USA) was used. 
LINC01224 and NUP210 expression was calculated standard-
ized to GAPDH, and miR-193a-5p expression was calculated 
standardized to U6 with the  2−ΔΔCt method. Primer sequences 
(5′–3′) are listed as follows:

LINC01224, Forward (F): TGA TCA AAG CTA CTC CGG G,
Reverse (R): GAG TCT CAC AAT GTC GCC T.
NUP210, F: GAC CAT CTA CAA CCA CCC T,
R: GTA ACC TGA GCC TTC CCT G.
GAPDH, F: TCA TTT CCT GGT ATG ACA ACGA,
R: GTC TTA CTC CTT GGA GGC C.
miR-193a-5p, F: ACG CTG GGT CTT TGCGG,
R: TAT GGT TGT TCA CGA CTC CTT CAC .
U6, F: ATA CAG AGA AAG TTA GCA CGG,
R: GGA ATG CTT CAA AGA GTT GTG.

5‑Ethynyl‑2'‑deoxyuridine (EdU) Assay

Cells (4 ×  103 cells/well) with different transfections were 
seeded into 96-well plates and incubated with a Cell-Light 
EdU Apollo488 In Vitro Kit (RiboBio, Guangzhou, China) 
at 37 °C for 2 h. Afterward, cells were stained in DAPI 
solution for 5 min. At last, these cells were observed in 5 
randomly selected fields under a BX63 Automated Fluo-
rescence Microscope (Olympus, Tokyo, Japan).
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Flow Cytometry Analysis

Flow cytometry analysis was conducted using an FITC 
Annexin V Apoptosis Detection kit I (BD Biosciences, San 
Jose, CA, USA) for the detection of cell apoptosis rate. In 
brief, cells were pretreated for the indicated time for a quar-
ter in the dark and harvested after centrifugation at 300×g 
in the 5-min time limit. Later, the binding buffer was uti-
lized to resuspend the cells, and then propidium iodide (PI) 
and Annexin V-FITC were employed for staining these cells 
in the dark. Lastly, a FACScan flow cytometer (BD Bio-
sciences) was used to analyze cell apoptosis.

Colony Formation Assay

Colony formation assay was utilized for evaluation of prolif-
eration of TNBC cells. Cells (1 ×  103 cells/well) were inoc-
ulated into 24-well plates with 1 mL of cultured medium 
to each well and cultured for 14 days at 37 ℃. Afterward, 
treated cells were fixed with 4% paraformaldehyde for half 
an hour and subsequently stained with crystal violet (both 
from Sigma-Aldrich, St. Louis, MO, USA) for 20 min. 
Finally, we employed a microscope (Nikon, Tokyo, Japan) to 
count the visible colonies from five randomly selected fields.

Western Blotting

Total protein of the cells was obtained using RIPA lysis 
buffer (Solarbio Life Science, Beijing, China). Next, a BCA 
detecting kit (Beyotime, Haimen, China) was employed to 
quantify the proteins. After being isolated with 10–12% 
SDS-PAGE, proteins were transferred onto polyvinylidene 
fluoride (PVDF) membranes (Thermo Fisher Scientific). 
Then primary antibodies were added into membranes which 
were blocked with 5% skim milk. The following were the 
primary antibodies used in this assay: anti-Bax (ab182733, 
Abcam, Cambridge, MA, USA), anti-Bcl-2 (ab182858, 
Abcam), anti-NUP210 (ab200677, Abcam), anti-NLN 
(ab119802, Abcam), and anti-GAPDH (ab181602, Abcam). 
Next, the PVDF membranes were rinsed and subjected to 
hybridization for 1 h at room temperature with HRP-conju-
gated secondary antibodies (Abcam). In this assay, GAPDH 
was used as a loading control. The protein bands were visu-
alized using an enhanced chemiluminescent (ECL) system 
(Beyotime) and quantified using ImageJ software (National 
Institutes of Health, Baltimore, MD, USA).

Wound Healing Assay

Wound healing assay was applied to assess cell migration 
capacity. Treated cells (1 ×  105 cells/well) were seeded into 

6-well plates and cultured until 80% confluency. Later, a sin-
gle wound in the cell monolayer was created using a 200-μL 
pipette tip. At 0 and 24 h, a microscope (Leica, Wetzlar, Ger-
many) was used to capture the images of the migratory cells.

Transwell Assay

A Transwell chamber (Corning, Maine) containing a mixture 
of 90% serum-free medium and 10% Matrigel was used to 
analyze TNBC cell invasion. Serum-free DMEM (200 µL) 
containing 5 ×  104 cells were added into the upper chamber, 
and DMEM (600 µL) with 10% FBS was added to the bot-
tom chamber. After incubation for one day at 37 °C, the 
chamber was rinsed and fixed with 4% paraformaldehyde for 
30 min. Subsequently, cells were stained with 0.1% crystal 
violet for 15 min. Thereafter, we gently cleaned the chamber 
and swabbed to remove cells that have not passed through 
the membrane. Finally, we counted the number of invasive 
cells with an inverted microscope (Olympus).

Subcellular Fractionation

The localization of RNAs in cancer cells was measured 
by subcellular fractionation. The extractions of nucleus 
and cytoplasm were separated from TNBC cells using 
NE-PER™ Nuclear and Cytoplasmic Extraction Reagents 
(Thermo Fisher Scientific). In order to analyze RNAs in 
nucleus and cytoplasm, qRT-PCR was applied. U6 (nucleus 
control), GAPDH (cytoplasm control) and LINC01224 
expression levels were measured, respectively.

RNA Immunoprecipitation (RIP) Assay

A Magna RIP™ RNA-blinding protein immunoprecipita-
tion kit (Millipore) was used for RIP assay according to the 
manufacturer’s protocols. Briefly, TNBC cells were lysed 
in 100 µL RIP lysis buffer containing protease inhibitor 
cocktail and RNase inhibitors. Next, cell lysates (200 µL) 
were incubated with magnetic beads coated with anti-Ago2 
(ab186733, Abcam) or anti-IgG (ab190475, Abcam) at 4 ℃ 
overnight. Afterward, proteinase K was used to remove the 
protein in the immunoprecipitate and precipitated RNA 
was isolated and purified by TRIzol regent (Takara, Dalian, 
China). qRT-PCR analysis was then performed to assess 
RNA level.

Luciferase Reporter Assay

Putative binding sites between LINC01224 and miR-
193a-5p or NUP210 and miR-193a-5p were predicted by 
starBase (https:// starb ase. sysu. edu. cn/ index. php) [23]. 

https://starbase.sysu.edu.cn/index.php
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Wild-type (Wt) or mutant-type (Mut) binding sequences of 
LINC01224 or NUP210 3′UTR were sub-cloned into pmir-
GLO vectors (Promega, Madison, WI, USA) to construct 

the LINC01224-Wt, LINC01224-Mut, NUP210-Wt, or 
NUP210-Mut plasmids. These plasmids were co-transfected 
with NC mimics, miR-193a-5p mimics, or miR-193a-5p 
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mimics + pcDNA3.1/LINC01224 for 48 h. The luciferase 
activities were determined using the Luciferase Reporter 
Assay System (Promega).

RNA Pull‑Down Assay

The binding of LINC01224 and miRNAs was detected by 
an RNA pulldown assay. LINC01224 biotinylated (biotin) 
probe and LINC01224 no-biotin probe were obtained from 
GenePharma (Shanghai, China). TNBC cells were incubated 
with LINC01224 biotin probe or control no-biotin probe for 
6 h. Later, TNBC cells were lysed on ice using lysis buffer 
and then subjected to centrifugation. The supernatants were 
harvested and incubated with M-280 streptavidin magnetic 
beads (Invitrogen) overnight at 4 °C. Afterward, the beads 
were collected and washed with ice-cold phosphate buffer 
saline. Subsequently, the pull-down samples were purified 
using TRIzol reagent (Takara) and the expression levels of 
miRNAs were analyzed through qRT-PCR.

Statistical Analysis

Data derived from three independent assays (3 biologi-
cal repeats and 3 technical repeats) were exhibited as 
means ± standard deviation. IBM SPSS Statistics V22.0 
(IBM Corp, Armonk, NY, USA) was used for statistical 
analysis. Differences between 2 groups or among more than 
2 groups were evaluated by t test or ANOVA with Tukey's 
post hoc test. P values less than 0.05 were regarded as sta-
tistical significance.

Results

LINC01224 was Upregulated in TNBC Cells 
and Facilitated Cell Proliferation and Migration 
as Well as Suppressed Cell Apoptosis

To investigate whether LINC01224 is involved in the 
tumorigenesis of TNBC, at first, we detected LINC01224 
level in human breast cancer cell lines and control MCF-
10A cell lineusing qRT-PCR, which demonstrated that 

LINC01224 level in human breast cancer cell lines was 
significantly higher than that in MCF-10A cell line 
(Fig. 1A). We selected two TNBC cell lines (HCC1937 
and MMDA-MB-231) with relatively higher LINC01224 
expression for further analysis. Subsequently, qRT-PCR 
revealed that LINC01224 expression was strongly down-
regulated in sh-LINC01224#1/2 transfected TNBC cells 
(Fig. 1B). Thereafter, as presented by EdU assay and col-
ony formation assay, LINC01224 silencing restrained the 
proliferative ability of TNBC cells (Fig. 1C, D). Through 
western blotting analysis and flow cytometry assay, we 
found that LINC01224 depletion increased the apoptosis 
rate of TNBC cells (Fig. 1E, F). Furthermore, the migra-
tory and invasive capacities of TNBC cells were inhibited 
after LINC01224 knockdown (Fig. 1G–I).

LINC01224 Acted as a Sponge for miR‑193a‑5p

Subsequently, bioinformatics analysis was performed to 
probe the expression of LINC01224 in breast invasive 
carcinoma (BRCA). As revealed by starBase database, 
LINC01224 expression was higher in 1104 BRCA sam-
ples than that in 113 normal control samples (Fig. 2A). 
The results of subcellular fractionation displayed that 
LINC01224 was mainly distributed in the cytoplasm 
of TNBC cells (Fig. 2B). Therefore, we predicted that 
LINC01224 might act as a ceRNA targeting miRNAs. 
Afterward, we searched the potential miRNAs that might 
bind to LINC01224, and six miRNAs were screened from 
the database of starBase with the screening condition of 
CLIP Data ≥ 1 (Fig. 2C). Moreover, RNA pull-down assay 
was performed, suggesting that three miRNAs were abun-
dantly enriched in LINC01224 biotin-probe group, while 
other miRNAs had no significant changes (Fig. 2D). Next, 
qRT-PCR was conducted to investigate expression levels 
of predicted miRNAs, suggesting that among the predicted 
miRNAs, only miR-193a-5p was significantly downreg-
ulated in TNBC cells (Fig. 2E). Consistently, the data 
from starBase database confirmed the lower miR-193a-5p 
expression in 1085 BRCA samples than in 104 normal 
control samples (Fig. 2F). To further identify the interac-
tion between LINC01224 and miR-193a-5p, we overex-
pressed LINC01224 with pcDNA3.1/LINC01224 vectors 
and the efficiency was validated by qRT-PCR (Fig. 2G). 
As displayed in Fig. 2H and I, overexpressing LINC01224 
significantly inhibited miR-193a-5p expression, while 
knocking down LINC01224 induced the upregulation of 
miR-193a-5p. Thereafter, miR-193a-5p mimics was used 
to overexpress miR-193a-5p (Fig. 2J). The binding site 
between LINC01224 and miR-193a-5p was predicted by 
starBase (Fig. 2K). As shown by luciferase reporter assay, 
in comparison to that in the control group, the luciferase 

Fig. 1  LINC01224 was upregulated in TNBC cells and facili-
tated cellular progression of TNBC. A The qRT-PCR evaluated 
LINC01224 expression in MDA-MB-453, BT-20, HCC1937, MDA-
MB-231, MCF-4, T-47D cells, and control MCF-10A cells. B Knock-
down efficiency of LINC01224 in TNBC cells, as evaluated by 
qRT-PCR. C, D Proliferative ability of TNBC cells transfected with 
sh-LINC01224#1/2, as evaluated by EdU (C) and colony formation 
assays (D). E, F Effects of LINC01224 inhibition on cell apoptosis 
rate was assessed by Annexin V-FITC/PI staining on a flow cytome-
try (E) and western blotting of Bax and Bcl-2 (F). G–I Migration and 
invasion of TNBC cells under silencing of LINC01224 were evalu-
ated by wound healing (G–H) and Transwell assays (I). ***P < 0.001

◂
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Fig. 2  LINC01224 bound with miR-193a-5p. A starBase predicts 
relative expression profile of LINC01224 in 1104 BRCA samples, 
normalized to that in 113 control samples. B The distribution of 
LINC01224 in TNBC cells was evaluated by subcellular fractiona-
tion analysis. C The potential miRNAs binding to LINC01224 were 
revealed from starBase database. D Relative enrichment of candidate 
miRNAs pulled down by LINC01224 biotin-probe in TNBC cells. E 
qRT-PCR analysis for miRNA expression in TNBC cells. F starBase 
online tool predicts miR-193a-5p expression in 1085 BRCA samples 

and in 104 control samples. G qRT-PCR analysis for assessing the 
efficiency of LINC01224 overexpression. H–I qRT-PCR analysis for 
evaluating miR-193a-5p expression in LINC01224-overexpressed/
depleted TNBC cells. J qRT-PCR analysis for measuring the effi-
ciency of miR-193a-5p overexpression. K Binding site between 
LINC01224 and miR-193a-5p, as revealed from starBase online tool. 
L, M Relative luciferase activities of TNBC cells after co-transfec-
tion of LINC01224-Wt/Mut and miR-193a-5p (or NC mimics) were 
revealed by luciferase reporter assay. ***P < 0.001
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activity of LINC01224-Wt was significantly reduced in 
miR-193a-5p mimics-treated group, but had no significant 
changes after mutation (Fig. 2L, M).

NUP210 was a Target of miR‑193a‑5p

Based on the ceRNA hypothesis, we investigated the 
downstream mRNAs of miR-193a-5p through bioinfor-
matics analysis. Through TargetScan [24], miRDB [25], 
and miRTarBase [26], two common potential target genes, 
NUP210 and NLN were presented using Venn diagram 
(Fig. 3A). Next, we conducted western blotting and qRT-
PCR for detecting the expression of these two genes at 
both mRNA and protein levels. Results suggested that 
NUP210 was downregulated in miR-193a-5p-overex-
pressing TNBC cells (Fig. 3B, C). Data from starBase 
revealed the higher NUP210 expression in 1104 BRCA 
samples than in 113 control samples (Fig. 3D). Subse-
quently, NUP210 was found to be overexpressed in TNBC 
cells (Fig. 3E). Furthermore, the binding site between 
NUP210 3’UTR and miR-193a-5p was shown by starBase 
(Fig. 3F). NUP210 mRNA expression and protein level 
were decreased by the silence of LINC01224 in TNBC 

cells (Fig. 3G, H). Next, it was found that miR-193a-5p 
mimics had a suppressing effect on the luciferase activ-
ity of NUP210-Wt, which was rescued by overexpressing 
LINC01224, while no significant difference was demon-
strated in that of NUP210-Mut (Fig. 3I). Additionally, 
RIP assay depicted that LINC01224, miR-193a-5p, and 
NUP210 coexisted in the same RNA-induced silencing 
complexes (RISCs) (Fig. 3J), further confirming the bind-
ing relation between the three molecules.

LINC01224 Promoted the Malignant Behaviors 
of TNBC

To further explore whether LINC01224 induced the malig-
nant phenotypes of TNBC cells via the miR-193a-5p/
NUP210 pathway, we conducted several rescue experi-
ments. In the first place, NUP210 mRNA and protein lev-
els were increased in TNBC cell lines under transfection of 
pcDNA3.1/NUP210, as shown by qRT-PCR analysis and 
western blotting (Fig. 4A, B). Through the EdU assay and 
colony formation assay, we discovered that NUP210 overex-
pression countervailed the LINC01224 silencing-inhibited 
proliferative ability in TNBC cells (Fig. 4C, D). Besides, the 

Fig. 2  (continued)
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Fig. 3  LINC01224 upregulated NUP210 by absorbing miR-193a-5p. 
A Two targets (NLN, NUP210) of miR-193a-5p, as predicted by 
miRDB, TargetScan, and miRTarBase. B, C Levels of NLN, NUP210 
in miR-193a-5p overexpressing cells were determined by qRT-PCR 
and western blotting. D starBase predicts NUP210 expression in 
1104 BRCA samples and 104 control samples. E qRT-PCR analysis 
of NUP210 expression in TNBC cells. F Binding site between miR-
193a-5p and NUP210 3’UTR, as predicted from TargetScan database. 
G, H Effects of LINC01224 downregulation on NUP210 expression 
according to qRT-PCR and western blotting results. I Relative lucif-
erase activities of TNBC cells under the co-transfection of NUP210-
WT or NUP210-Mut plasmids and miR-193a-5p mimics or miR-
193a-5p mimics + pcDNA3.1-LINC01224 were revealed by luciferase 
reporter assay. J The co-existence of LINC01224, miR-193a-5p, and 
NUP210 in RISCs formed by Ago2 was explored through RIP assay. 
*P < 0.05, **P < 0.01,***P < 0.001

◂

cell apoptosis increased by silencing of LINC01224 was res-
cued with upregulated NUP210 as shown by flow cytometry 
assay and western blotting analysis (Fig. 4E, F). Moreover, 
Transwell assay and wound healing assay revealed that the 
LINC01224 depletion-induced suppressive effects on cell 
invasion and cell migration were rescued by NUP210 upreg-
ulation in TNBC cells (Fig. 4G–I).

Discussion

As one of the most common tumors in women, TNBC is 
characterized by high aggressiveness, poor prognosis, and 
high rates of metastasis and recurrence [27]. Although 
emerging therapies appear promising for breast cancer treat-
ment, clinical outcomes for TNBC remain unsatisfactory 
[28]. Thus, to research the molecular mechanism underly-
ing TNBC is in urgent need, and it is also important to offer 
theoretical foundation for future treatment options.

LncRNAs, nonprotein-coding RNAs, have been regarded 
as potential regulators or biomarkers in various tumors [29, 
30]. In the past few years, accumulating studies have mani-
fested that multiple lncRNAs exert regulatory functions in 
TNBC progression [31]. For example, lncRNA MNX1 anti-
sense RNA 1 (MNX1-AS1) promotes cell growth of TNBC 
by enhancing signal transducer and activator of transcrip-
tion 3 (Stat3) phosphorylation [32]. LncRNA H19 regulates 
the p53/TNFAIP8 axis to facilitate TNBC cell migration 
and invasion [33]. Moreover, lncRNA X inactive specific 
transcript (XIST) inhibits TNBC cell proliferation, epithe-
lial mesenchymal transition, and promotes apoptosis by 
interacting with miR-454 [34]. LncRNA zinc finger NFX1-
type containing 1 antisense RNA 1 (ZFAS1) suppresses 
the progression of TNBC by targeting Stat3 [35]. The evi-
dence indicates that lncRNAs can function as an oncogene 
or a tumor suppressor in TNBC. Nonetheless, the role of 
LINC01224 in TNBC has not been specified. In this study, 
we found LINC01224 was overexpressed in TNBC cells. 

Additionally, silenced LINC01224 suppressed cell prolif-
eration, migration, and invasion, while at the same time, 
facilitated cell apoptosis in TNBC. Our findings suggested 
the oncogenic function of LINC01224 in TNBC.

MicroRNAs refer to small RNAs containing 21–25 
nucleotides [36] and are highly linked with the modulation 
of cancer progression, containing cell differentiation [37], 
proliferation [38], and apoptosis [39]. Furthermore, more 
and more research highlighted the hypothesis of ceRNA pat-
tern referring to that lncRNA binds with specific miRNA to 
release miRNA-targeted mRNA, consequently regulating the 
development of cancers [40]. For example, lncRNA LOXL1 
antisense RNA 1 (LOXL1-AS1) binds with miR-423-5p to 
stabilize MYB proto-oncogene like 2 (MYBL2), facilitat-
ing the tumorigenesis and development of lung cancer [41]. 
LncRNA mall nucleolar RNA host gene 22 (SNHG22) pro-
motes the malignant phenotypes of TNBC through spong-
ing miR-324-3p and upregulating SDS3 homolog, SIN3A 
corepressor complex component (SUDS3) [42]. Previous 
studies have demonstrated that lncRNAs exert different 
regulatory functions based on their subcellular localization. 
In the cytoplasm, lncRNAs can act as ceRNAs to regulate 
mRNA stability [43]. Here, we validated the cytoplasmic 
localization of LINC01224 in TNBC cells, indicating its role 
at the post-transcriptional level. Using bioinformatics and a 
series of assays, we identified that LINC01224 bound with 
miR-193a-5p in TNBC, which has been found to participate 
in the progression of ovarian cancer [44] colorectal cancer 
[45] and prostatic cancer [46] to suppress tumor develop-
ment. Interestingly, the interaction between LINC01224 and 
miR-193a-5p was also reported in other tumors, including 
gastric cancer [47] and melanoma [48], further validating 
the credibility of the results in this study. Our findings fur-
ther revealed that miR-193a-5p level was underexpressed in 
TNBC cells.

Thereafter, to further understand the mechanism of 
LINC01224 in TNBC, we screened the downstream target 
of miR-193a-5p using bioinformatics analysis and experi-
ment validation. As a result, NUP210, located in chromo-
some 3, NC_000003.12 (13316235–13420322), was identi-
fied to be targeted by miR-193a-5p in TNBC cells. Previous 
research has suggested that NUP210, as the main component 
of the nuclear pore complex, participates in the regulation 
of macromolecular transport between nucleus and cyto-
plasm [49]. NUP210 was shown to act as a tumor promoter 
in lung cancer [50]. It was also reported that downregula-
tion of NUP210 induced cell cycle arrest and apoptosis in 
cervical cancer by interacting with miR-22 and regulating 
Fas expression [49]. NUP210 is considered as a metastasis 
susceptibility gene and NUP210 loss reduces expression of 
cell adhesion/migration-related genes [51]. Intriguingly, 
higher NUP210 protein level was reported to be significantly 
associated with the poorer distant metastasis-free survival of 
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Fig. 4  LINC01224 facilitated the biological behaviors of TNBC cells 
via modulating the miR-193a-5p/NUP210 axis. A, B The qRT-PCR 
detected the overexpression efficiency of NUP210. C, D The change 
of proliferative ability in TNBC cells under the transfection of sh-
LINC01224#1 and sh-LINC01224#1 + pcDNA3.1/NUP210 was eval-
uated through colony formation (C) and EdU assays (D). E, F Effects 

of NUP210 overexpression on LINC01224 knockdown-repressed 
cell apoptosis was investigated through Annexin V-FITC/PI staining 
on a flow cytometry (E) and western blotting (F). G–I Wound heal-
ing and Transwell assays examined the rescue effects of upregulated 
NUP210 on LINC01224 depletion mediated cell migration and inva-
sion. **P < 0.01, ***P < 0.001
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TNBC patients [52], indicating the potential role of NUP210 
in TNBC progression. However, the specific role of NUP210 
in TNBC has not been clarified. In the present study, we 
found that NUP210 was highly expressed in TNBC cells 
at both mRNA and protein levels. Furthermore, rescue 
experiments displayed that overexpression of NUP210 sig-
nificantly reversed the suppressive effect of LINC01224 
knockdown on TNBC cell proliferation, migration, and 
invasion. Additionally, NUP210 upregulation also attenuated 
LINC01224 silencing-mediated promotion in cell apoptosis. 
These results indicated that NUP210 might contribute to the 
aggressiveness of TNBC cells.

All in all, our research elucidated that LINC01224 was 
overexpressed in TNBC cells. Additionally, LINC01224 
facilitated cell proliferation, migration, invasion while sup-
pressed cell apoptosis in TNBC by sponging miR-193a-5p 
and upregulating NUP210. These results revealed the posi-
tive  regulatory role of LINC01224/miR-193a-5p/NUP210 
axis in TNBC cells, providing a further understanding for 
TNBC pathogenesis. Moreover, future studies are needed 
to further investigate the role of LINC01224/miR-193a-5p/
NUP210 axis and the potential molecular mechanisms 
underlying the aggressiveness and high metastasis of TNBC. 

Additionally, it is imperative to find more target genes of 
LINC01224/miR-193a-5p axis, which may help to provide 
novel agents that contribute to the malignant behaviors of 
TNBC cells.
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