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A novel long non-coding RNA AC073352.1 promotes metastasis
and angiogenesis via interacting with YBX1 in breast cancer
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Breast cancer is the major cause of cancer death worldwide in women. Patients with metastasis have poor prognosis and the
mechanisms of breast cancer metastasis are not completely understood. Long non-coding RNAs (lncRNAs) have been shown to
have crucial roles in breast cancer development and progression. However, the underlying mechanisms by which lncRNA-driven
breast cancer metastasis are unknown. The main objective of this paper is to explore a functional lncRNA and its mechanisms in
breast cancer. Here we identified a novel lncRNA AC073352.1 that was significantly upregulated in breast cancer tissues and was
associated with advanced TNM stages and poor prognosis in breast cancer patients. In addition, AC073352.1 was found to promote
the migration and invasion of breast cancer cells in vitro and enhance breast cancer metastasis in vivo. Mechanistically, we
elucidated that AC073352.1 interacted with YBX1 and stabilized its protein expression. Knock down of YBX1 reduced breast cancer
cell migration and invasion and could partially reverse the stimulative effects of AC073352.1 overexpressed on breast cancer
metastasis. Moreover, AC073352.1 might be packaged into exosomes by binding to YBX1 in breast cancer cells resulting in
angiogenesis. Collectively, our results demonstrated that AC073352.1 promoted breast cancer metastasis and angiogenesis via
binding YBX1, and it could serve as a promising, novel biomarker for prognosis and a therapeutic target in breast cancer.
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INTRODUCTION
Breast cancer (BC) is the most common malignancy and the
leading cause of cancer-related death in women worldwide [1, 2].
Of late, the age-standardized morbidity and mortality rates in those
with BC have been rising in China [3]. Although BC is a molecularly
heterogeneous multi-factorial disease [4, 5], studies have indicated
that mortality levels are closely related to metastasis, which occurs
in >90% of deaths [6]. It is known that tumor metastasis is a
complex and multistep process, mainly involving migration,
invasion, epithelial–mesenchymal transition, and angiogenesis, as
well as other processes [7, 8]. However, the mechanisms of BC
metastasis are still not fully understood. Therefore, it is of great
importance that the underlying molecular mechanisms of patho-
genesis in BC metastasis are studied and that novel therapeutic
targets are identified to improve the prognosis of BC.
Long non-coding RNAs (lncRNAs) are a class of non-coding

RNAs that are >200 nucleotides in length [9, 10]. New studies have
shown that lncRNAs play a critical role in a wide range of cellular
processes that could regulate multilevel gene expression, includ-
ing transcription, posttranscriptional alternative splicing, protein
translation and modification, protein transport, localization, and
more [11–15]. Abnormal expression of lncRNAs is closely related to
the occurrence, development, metastasis, and drug resistance of

malignant tumors, including BC [16–18]. For instance, Niu et al.
found that a lncRNA, RAB11B-AS1, promoted hypoxia-mediated
angiogenesis and BC metastasis driven by hypoxia-inducible
factor-2 [19]. Furthermore, Liang et al. demonstrated that a novel
lncRNA, BCRT1, promoted BC progression by activating the miR-
1303/PTBP3 axis [20]. Moreover, recent reports have revealed that
lncRNAs can also be packaged into exosomes to participate in
intercellular communication in BC metastasis and progression
[21, 22]. Thus, such studies suggested that lncRNA may be critical
in the pathogenesis of BC and provide new molecular targets for
BC treatment and prognosis.
In this present study, we intended to investigate function and

related mechanisms of lncRNAs in BC metastasis. We identified
that a novel lncRNA, AC073352.1, was significantly upregulated in
BC tissues. High expression levels of AC073352.1 were associated
with poor prognosis in patients with BC. Functionally, we found
that AC073352.1 promoted BC metastasis and invasion in vitro
and in vivo. We further explored the potential molecular
mechanism and revealed that AC073352.1 directly bound to the
YBX1 to stabilize its protein, which led to the induction of BC
metastasis. Additionally, we found that AC073352.1 could be
packaged into exosomes and induce angiogenesis. Together,
these findings demonstrated that AC073352.1 exerted
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tumorigenic potential and may be a useful prognosis biomarker
and therapeutic target in BC.

MATERIALS AND METHODS
BC patient samples, cell lines, and cell culture
All human samples were obtained surgically from BC patients from whom
we received informed consent at the Qilu Hospital of Shandong University.
The selected patients had not received preoperative chemotherapy or
radiotherapy. Fresh breast tumor and adjacent normal tissues were frozen
in liquid nitrogen and stored at −80 °C before being used for microarray
analysis. Our study was approved by the ethics committee of Qilu Hospital
of Shandong University.
Human BC cell lines (MDA-MB-231, MCF-7, BT549, MDA-MB-468, and

HCC1937), a normal human mammary epithelial cell line (MCF-10A), HEK293T,
and human umbilical vein endothelial cells (HUVECs) were purchased from
the Cell Bank, Type Culture Collection Committee, Chinese Academy of
Sciences (Shanghai, China). Cell lines were maintained using standard media
and conditions. MDA-MB-231, MCF-7, MDA-MB-468, HEK293T, and HUVECs
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco). BT549 and
HCC1937 were maintained in Roswell Park Memorial Institute (RPMI, Gibco)
1640 medium supplemented with 10% FBS. Finally, MCF-10A was grown in
DMEM/F12 (Macgene) medium containing 5% horse serum, 100 ng/ml
cholera toxin (Macgene), 20 ng/ml epidermal growth factor, 0.5 µg/ml
hydrocortisone (Macgene), and 10 μg/ml insulin (Macgene). All cell lines were
grown at 37 °C in a 5% CO2 cell culture incubator.

LncRNA microarray analysis
Total RNA of six paired sets of tissue from BC and adjacent normal tissues
were extracted using TRIzol (Life Technologies, USA) and purified using the
RNeasy Mini Kit (Qiagen, Germany). RNA quality and quantity were
measured by an Agilent Bioanalyzer 2100. The microarray analysis was
carried out by Agilent technologies Inc. at Sinotech Genomics Corporation.
Briefly, total RNA was checked for RNA integration by the Agilent
Bioanalyzer 2100 (Agilent technologies, USA), and RNA samples were
synthesized to biotinylated cRNAs for the Sino Human ceRNA array V3.0.
Next, the biotinylated cRNAs were hybridized with the slides and the
processed slides were scanned with an Agilent Microarray Scanner (Agilent
technologies, USA). The acquired array images were analyzed by the
Feature Extraction software 10.7 (Agilent technologies, USA). Finally, raw
data and heatmaps were produced using the R software package, and the
aberrant genes were selected by fold change >2 or <0.5.

Tissue microarray (TMA) and in situ hybridization (ISH)
The expression level of AC073352.1 in tissues was detected by ISH using a
specific digoxigenin-labeled AC073352.1 probe on TMAs, which contained
137 paraffin-embedded BC samples and 67 paired adjacent normal samples.
The tissues of BC patients were obtained with detailed clinicopathologic
features, including age, gender, tumor–node–metastasis stage, etc. (Qutdo
Biotech, Shanghai, China). All of these tissues were sliced at a thickness of
4 μm, and the diameter of each tissue core is 1.5mm. Further, the quantitative
scanning approach was taken to analyze the staining and expression of
AC073352.1 using a Nikon microscope. The ISH score was calculated by
multiplying the value of intensity of positive staining by the proportion of
positively stained cells. An ISH score of <0.5 represented low expression, while
≥0.5 indicated high expression. The sequences for the probing of AC073352.1
are listed in Supplementary Table 1.

Small interfering RNA (siRNA) transfection
Three individual siRNAs were used to knock down AC073352.1 and YBX1,
these were designed and synthesized by Gene Pharma (Shanghai, China),
and the two with the best efficiency were selected for use intransient
knockdown experiments. And siNC was used as a negative control. The
siRNAs were transfected using lipofectamine 2000 (Invitrogen, USA)
according to the manufacturer’s instructions. The sequences of the siRNAs
are listed in Supplementary Table 1.

Lentivirus packaging and infection
For overexpression, full AC073352.1 cDNA was inserted into the lentivirus
expression vector pLent-EF1a-FH-CMV-GFP-P2A-puro, and an empty vector
was used for a transfection control group. For knockdown, a lentivirus

short hairpin RNA expression vector targeting the same sequence as
siAC073352.1-1 was constructed by Obio Technology (Shanghai, China).
Next, HEK293T packaging cells were transfected using a retroviral
mechanism. Culture supernatants were harvested at 72 h after transfection
and infected of BC cells. Stably transfected cells were established using
1 μg/ml puromycin treatment for 2 weeks and were bulk cultured for
subsequent assays.

Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)
Total RNA was isolated from cultured cells using TRIzol (Invitrogen, USA)
according to the manufacturer’s instructions. First-strand cDNA was
synthesized using the PrimeScript RT Reagent Kit (Takara, Dalian, China).
Real-time PCR analyses were performed with SYBR Premix Ex Taq (Takara).
The sequences for the gene-specific primers used are listed in
Supplementary Table 1. β-Actin was used as an internal control.

Cell migration and invasion assays
Cell migration and invasion assays were performed using a 24-well plate
and 8-μm pore size chamber inserts (Corning, USA), which were precoated
with or without 50 μl Matrigel (BD Biosciences, USA). In both assays, cells
harvested in 200 μl serum-free media were seeded into the upper chamber
and 600 μl medium supplemented with 20% FBS was added to the lower
chamber. For migration assays, 5 × 104 cells were seeded into the upper
chamber without Matrigel. In addition, for invasion assays, 1 × 105 cells
were suspended in the upper chamber with Matrigel. After 36 h of
incubation at 37 °C and 5% CO2, the cells on the lower surface of the
membrane were fixed with 4% paraformaldehyde and stained by Giemsa’s
stain. The images were captured with an inversion microscope (Zeiss,
Germany) and counting was undertaken using the ImageJ software.

Wound-healing assay
To investigate their metastatic ability, cells (2 × 105 per well) were seeded
in 24-well plates and cultured for 12 h until the confluency of monolayers
reached 90–100%. Further, a 200-μl sterile pipette tip was used to scratch
across the center of each well before the medium was replaced by new
medium supplemented with 2% FBS. After incubating for 0 and 24 h,
images of cells in the wells were captured by an inversion microscope
(Zeiss, Germany). The wound area was calculated to estimate the cell’s
migration efficacy.

Cell viability assay
Cell proliferation efficacy was determined using the Cell Counting Kit 8
(CCK-8; Bestbio, Shanghai, China). A total of 3000 cells with corresponding
treatment were seeded in 96-well plates. Cell viability was measured every
24 h, whereby 10 μl of CCK-8 solution was used for incubation for 2 h at
37 °C and the spectrophotometric absorbance at OD450 was determined
by the SpectraMax i3X (Molecular Devices, USA).

EdU (5-ethynyl-2′-deoxyuridine) incorporation assay
The transfected BC cell lines were incubated in 96-well plates for 24 h, and
the EdU Kit (RiboBio, Guangzhou, China) was used following the
manufacturer’s instructions. DAPI (4′,6-diamidino-2-phenylindole) was
applied to stain cell nuclei (Solarbio, China), and images were obtained
to identify positively proliferative cells by use of a fluorescence microscope
(Zeiss, Germany).

RNA fluorescence in situ hybridization
An AC073352.1 probe was obtained from Shanghai Qutdo Biotech. RNA
fluorescence in situ hybridization (FISH) for cells on coverslips was
performed following the manufacturer’s protocol. Briefly, the cells were
washed, fixed, and treated by 0.5% Triton. Next, cells on coverslips were
incubated with each specific probe overnight before the slides were
stained with DAPI. Finally, fluorescence images were captured by a
confocal microscope (Zeiss, Germany). The sequences of the AC073352.1
probe for FISH is listed in Supplementary Table 1.

Western blot
Cells were harvested and lysed with Western/IP lysis buffer (Beyotime,
Haimen, China) containing the protease inhibitor phenylmethanesulfonyl-
fluoride fluoride (Beyotime). The protein concentration was determined
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using the Enhanced BCA Protein Assay Kit (Beyotime). Proteins were
denatured at 100 °C for 10min, subjected to sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS-PAGE), and transferred
to 0.22 mm polyvinylidene fluoride membranes (Merck-Millipore, Darm-
stadt, Germany). The membranes were blocked using 5% non-fat milk and
1% Tween 20 in phosphate-buffered saline (PBS) for 1 h and incubated
with primary antibodies at 4 °C overnight. The membranes were
subsequently washed and incubated with the appropriate secondary
antibodies at room temperature. Finally, the signals were detected by
standard analysis of HRPO-induced chemiluminescence. Details of the
antibodies used in western blot are listed in Supplementary Table 1.

RNA pull-down assay
In vitro, full-length sequences of AC073352.1 were transcribed from their
corresponding plasmids using Riboprobe Combination Systems (Promega,
USA) before being purified using the RNAclean Kit (Qiagen, DP412) and
labeled with desthiobiotinylation overnight (Magnetic RNA-Protein Pull-
Down Kit, Thermo). Next, 1 mg protein extracted from MDA-MB-231 cells
was incubated with biotin-labeled RNA and streptavidin magnetic beads
for 6–12 h at 4 °C. After elution of lncRNA-associated proteins, they were
separated by SDS-PAGE and visualized by silver staining. Furthermore, the
retrieved proteins were subjected to mass spectrometry (MS) analysis
(Novogene, Tianjin, China).

RNA immunoprecipitation (RIP) assay
A RIP assay was performed by using the Imprint RNA Immunoprecipitation
Kit (Millipore, USA) according to the manufacturer’s instructions. In brief,
1 × 107 MDA-MB-231 cells were lysed with RIP lysis buffer, and the lysates
were incubated with magnetic beads conjugated to 5 μg anti-YBX1
(Abcam), anti-SNRP70 (positive controls) or anti-lgG (negative controls) for
3–6 h at 4 °C. Immunoprecipitated RNA was eluted, purified, and dissolved
in RNase-free water, which was further measured through qRT-PCR analysis
of YBX1. Specific primers are listed in Supplementary Table 1.

Exosomes isolation, characterization, and treatment
Exosomes were isolated from BC cell supernatants by ultracentrifugation.
BC cells were initially cultured in DMEM medium supplemented with 10%
exosome-free FBS. Cell supernatants were collected after 60 h and
centrifuged at 300 × g for 10 min, 2000 × g for 10 min, and 10,000 × g for
30min, all at 4 °C. The obtained supernatant was filtered through 0.22-μm
filter (Millipore) followed by ultracentrifugation at 110,000 × g for 90 min at
4 °C. The supernatant was discarded, and exosomes pellets were washed
with PBS before a second ultracentrifugation was performed at 110,000 × g
for 90min at 4 °C.
The purified exosomes were subjected to the following experiments:
Morphological images of exosomes were analyzed using transmission

election microscopy (TEM) at 100 keV, and the size distribution of
exosomes was analyzed by the nanoparticle tracking analysis (NTA)
software.
To monitor exosome trafficking, a PKH67 Green Fluorescent Cell Linker

Kit (Sigma Aldrich, St Louis, USA) was used to label exosomes according to
the manufacturer’s instruction. The staining was terminated by addition of
1% bovine serum albumin. The PKH67-labeled exosomes were washed in
PBS, precipitated by ultracentrifugation, and resuspended in PBS. Next,
exosomes were added to HUVECs and incubated for 12 h. The nuclei were
stained with DAPI, and images were obtained by using a Zeiss confocal
microscope system.

Endothelial tube-formation assay
HUVECs were treated with exosomes (MDA-MB-231-vector or MDA-MB-
231-AC073352.1) for 12 h. Then pretreated HUVECs were seeded onto a 96-
well plate coated with reduced growth factor Matrigel (BD Biosciences)
and incubated at 37 °C in 5% CO2 for 6 h. Tube-like structures formed by
the HUVECs were imaged using a light microscope, and total junction
numbers were calculated automatically using the angiogenesis analyzer
plugin in the ImageJ software.

Xenograft model
Five-week-old female BALB/c nude mice were purchased from Weitongli-
hua (Peking, China) and housed in pathogen-free conditions. For
experimental lung metastases assays in the xenograft model, MDA-MB-
468 cells were stably transfected with shAC073352.1 or shNC lentiviruses,

and a total of 1 × 106 cells were suspended in 0.1 ml sterile PBS before
being injected into mice via the lateral tail vein (n= 7 in each group). After
6 weeks, these mice were sacrificed by cervical dislocation and the
resected lung tissues were harvested, fixed, and embedded in paraffin.
Subsequently, the number of metastatic foci in the lung was determined
using hematoxylin and eosin (HE) staining. All animal experiments were
performed in accordance with safe guidelines and regulations, and
protocols were approved by the Institutional Animal Care and the
Committee of the Second Hospital of Shandong University.

Statistical analysis
All the measurement data analyses were performed using GraphPad Prism
V6.0 (GraphPad prism, Inc., La Jolla, CA, United States) and SPSS V19.0
(SPSS, Chicago, IL, United States). The significance of differences between
groups were assessed using Student’s t test or χ2 test as appropriate. The
results are presented as mean ± standard error of mean (SEM) of three
independent experiments. A p value < 0.05 was considered to be
statistically significant.

RESULTS
AC073352.1 expression is upregulated in BC and associated
with poor outcomes
To identify differentially expressed lncRNAs in BC, we performed a
lncRNA microarray analysis of six BC tissues and paired adjacent
normal breast tissues and analyzed The Cancer Genome Atlas
(TCGA) database. Twenty-eight overlapping differentially
expressed lncRNAs were found, according to the criteria of a fold
change >2 or <0.5 and a p < 0.001. Among them, ten candidate
lncRNAs were significantly associated with the outcome of BC
patients (Supplementary Table 2). Especially, patients with a high
AC073352.1 expression had a markedly poorer overall survival
compared to those with low AC073352.1 expression; from this,
AC073352.1 was selected for further experiments (Fig. 1a, b).
To further validate the clinical significance of AC073352.1

expression, AC073352.1 expression level was detected in 137 BC
samples and 67 adjacent normal tissues using ISH. The results
showed that AC073352.1 was more highly expressed in BC tissues
compared to adjacent normal tissues (Fig. 1c–e). The relationship
between AC073352.1 expression and clinical pathological factors
was further explored in 137 BC patients. As shown in Supple-
mentary Table 3, greater AC073352.1 expression positively
correlated with a high pathological tumor stage (p= 0.026) and
increased lymph node (LN) metastasis (p= 0.006). In summary,
this data suggested that AC073352.1 is highly expressed in BC and
may serve as a potential prognostic biomarker in the clinic.
To characterize AC073352.1, its sequence and coding potential

were comprehensively studied. AC073352.1 (ENSG00000272662.1)
is located on chromosome 3q33.13 and it has one 504-bp length
transcript (for UCSC Genome browser: http://genome.ucsc.edu/;
Supplementary Fig. 1a). The ORF Finder (>300) and Conserved
Domain Database from the National Center for Biotechnology
Information failed to predict a protein for AC073352.1 (Supple-
mentary Fig. 1b, c). Further investigation using the Coding
Potential Assessment Tool and Coding Potential Calculator
revealed that AC073352.1 had no coding capability (http://lilab.
research.bcm.edu/cpat/index.php and http://cpc2.cbi.pku.edu.cn/;
Supplementary Fig. 1d, e).

AC073352.1 enhances the migration and invasion capabilities
of BC cells in vitro
In order to explore the relevance of AC073352.1 expression to BC
cells, six cell lines, including one normal mammary epithelial cell
line MCF-10A and five BC cell lines (BT549, MDA-MB-231, MCF-7,
HCC1937, and MDA-MB-468) were investigated to determine
AC073352.1 expression level. As shown in Fig. 2a, AC073352.1 is a
widely expressed in different BC cell lines.
Furthermore, to investigate the oncogenic properties of

AC073352.1 on BC cells, loss- and gain-of-function experiments
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were conducted in vitro. MDA-MB-468 and MCF-7 cells with higher
intrinsic AC073352.1 level were transfected with siRNAs;
siAC073352.1-1 and siAC073352.1-2 were more effective at
reducing AC073352.1 level. MDA-MB-231 and BT549 cells, which

had lower intrinsic AC073352.1 level, were stably transfected with
the overexpression lentiviral vector (pcDNA-AC073352.1) (Fig. 2b,
c). The results of transwell assays showed that AC073352.1
knockdown significantly inhibited the migration and invasion

Fig. 1 AC073352.1 expression is upregulated and associated with poor outcomes in BC. a A flowchart showing the selection of lncRNA
AC073352.1 from the LncRNA microarray and TCGA database in BC. A heatmap representation of 10 overlapping lncRNA for gene expression
profiles of 6 BC tissues and paired adjacent normal tissues in LncRNA microarray (fold change >2 or <0.5, p < 0.001). b Kaplan–Meier analyses
of the correlation between AC073352.1 RNA levels and the overall survival rate of patients with BC, using TCGA data. Patients were stratified
for the analysis using the median. c–e ISH analysis detecting AC073352.1 expression (red) in BC tissue (n= 137) and adjacent normal tissues (n
= 67). Representative images from c two BC cases and d adjacent normal tissue are shown (magnification: ×200). e Statistical analysis was
assessed by t test. ***p value < 0.001.

X. Kong et al.

4

Cell Death and Disease          (2021) 12:670 



capabilities of MDA-MB-468 and MCF-7 cells (Fig. 2d, f); in contrast,
the overexpression of AC073352.1 substantially enhanced the
migration and invasion capabilities of MDA-MB-231 and BT549
cells (Fig. 2e, g). Similarly, the migration capability of MDA-MB-468

and MCF-7 cells in wound healing assays was markedly decreased
after the downregulation of AC073352.1 (Fig. 2h and Supplemen-
tary Fig. 2a), the opposite results were found in MDA-MB-231 and
BT549 cells that overexpressed AC073352.1 (Fig. 2i and

Fig. 2 AC073352.1 regulates Breast Cancer cells metastasis in vitro. a Expression of AC0733521.1 in the normal breast epithelium cell line
(MCF-10A) and BC cell lines was detected by qRT-PCR and normalized to β-actin. b, c qRT-PCR analysis of AC073352.1 expression in control,
siAC073352.-1-, siAC073352.-2-, siAC073352.-3-, and pcDNA-AC073352.1-treated BC cells. d, f Transwell assays were used to investigate the
changes in the migratory and invasive capabilities of MDA-MB-468 and MCF-7 cells after transfection with siAC073352.1s. e, g Transwell assays
were used to investigate the changes in the migratory and invasive capabilities of MDA-MB-231 and BT549 cells after transfection with
pcDNA-AC073352.1. h, i Wound healing assay assessing BC cells’ metastasis. The data represent the mean ± SEM from three independent
experiments. Values are expressed as mean ± SEM, n= 3. *p < 0.05, **p < 0.01, ***p < 0.001, and ns not significant.
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Supplementary Fig. 2b). Neither the CCK-8 assay nor the EdU assay
showed that the knockdown and overexpression of AC073352.1
had a significant effect on proliferation of MCF-7 or MDA-MB-231
cells, respectively. (Supplementary Fig. 2c–e).
The above results indicated that AC073352.1 expression improves

the migration and invasion capabilities of BC cells in vitro.

Silencing AC073352.1 inhibits BC metastasis in vivo
To further assess the role of AC073352.1 in BC metastasis in vivo,
MDA-MB-468 cells were stably transferred with shAC073352.1 or
shNC and injected into mouse tail veins to build a metastatic mice
model. Metastatic nodules in mice injected with MDA-MB-468 cells
were dissected out for HE analysis (Fig. 3a). Compared to the control
group, the knockdown of AC073352.1 significantly decreased the
number of pulmonary metastatic nodules (Fig. 3b). Metastatic rates
were also reduced in the shAC073352.1 group (Fig. 3c). Therefore,
this data showed that silencing AC073352.1 significantly impairs the
metastasis of BC cells to the lung in vivo.

AC073352.1 directly binds to YBX1
LncRNAs have been reported to exert their function by interacting
with proteins during cancer progression [23]. It was hypothesized
that AC073352.1 promotes BC metastasis through protein binding.
To confirm this, an RNA FISH assay was performed on BC cells
using an AC073352.1 probe (Fig. 4a). Consistent with the ISH (Fig.
1e), the results of this experiment found that the lncRNA exists
both in the nucleus and cytoplasm of BC cells. It was mainly
distributed in the cytoplasm of the BC cells.
Next, the endogenous binding proteins of AC073352.1 in BC

cells were identified using RNA pull-down assays; bound protein

was revealed by sliver staining and MS (Fig. 4b). This analysis
found 329 proteins that interacted with AC073352.1, including
splicing factors and RNA-binding proteins. Among these binding
proteins, proteins that correspond to the top ten unique peptides
were selected; from this, it was found that YBX1 had the highest
levels of interaction with this highest score. This result indicated
that AC073352.1 may bind to the transcriptional activator YBX1
(Supplementary Table 4 and Supplementary Fig. 3a). Following
this, three independent RNA pull-down complexes were per-
formed, and the results were detected by a western blot analysis
using an YBX1 antibody. The results showed that a strong
YBX1 signal was observed with the labeled AC073352.1 RNA; this
result was not seen when using antisense RNA (Fig. 4c). A RIP
assay using the YBX1 antibody also detected the RNA-YBX1
complex and confirmed that YBX1 had significant interaction with
AC073352.1 (Fig. 4d). Furthermore, FISH and immunostaining
showed that AC073352.1 and YBX1 co-located in BC cells (Fig. 4e),
demonstrating that AC073352.1 interacted with the YBX1. These
results together indicated that YBX1 specifically interacts with
AC073352.1 in BC cells.

AC073352.1 stabilizes the protein level of YBX1
Next, qRT-PCR and western blot assays were used to detect
whether AC073352.1 regulated the expression of YBX1. Inter-
estingly, it was found that AC077352.1 did not change YBX1
mRNA levels but significantly affected the protein levels.
AC073352.1 depletion dramatically reduced the protein expres-
sion of YBX1, whereas ectopic overexpression of AC073352.1
elevated YBX1 protein levels in BC cells (Fig. 5a, b). In addition,
we performed FISH and immunostaining experiments to assess

Fig. 3 AC073352.1 accelerates breast cancer metastasis in vivo. a The representative images of lung metastasis of mice. Hematoxylin and
eosin (HE) staining of lungs were removed from mice injected with shNC or shAC073352.1 stable cell line. b Metastasis nodules were counted
and analyzed using Student t test. Values are expressed as mean ± SEM. c The ratio of lung metastasis was calculated for the indicated groups.
The p value was determined using χ2 test. *p < 0.05 and **p < 0.01.
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the expression of YBX1 in BC cells. Consistently, the results
showed that the expression level of YBX1 was significantly
downregulated after AC073352.1 siRNA treatment in MDA-MB-
468 cells, and YBX1 expression was upregulated in MDA-MB-231
cells with AC073352.1 overexpression (Fig. 5c). To further

investigate how AC073352.1 affects YBX1 protein stability,
YBX1 protein levels were examined in MDA-MB-231 cells
overexpressing AC073352.1; these cells had been treated
with the protein synthesis inhibitor cycloheximide. As shown
in Fig. 5d, e, the protein stability of YBX1 was increased

Fig. 4 AC073352.1 binds to the transcriptional activator YBX1. a AC073352.1 expression in MDA-MB-231 and MDA-MB-468 cells was
detected by RNA FISH. Scale bars: 20 μm. b AC073352.1 sense and antisense RNAs were used for in vitro transcribed and pull-down assays in
MDA-MB-231 cells. After electrophoresis and silver staining, the different bans located at 45–60 kDa. c Western blot analysis of the specific
association between YBX1 and biotinylated AC073352.1; results obtained from three independent streptavidin RNA pull-down assays. d RIP
assays were performed using an anti-YBX1 antibody; lgG was used as negative control. Specific primers were used to detect AC073352.1 (n=
3). e The co-localization of AC073352.1 and YBX1 was assessed by FISH and immunofluorescence. Scale bar: 10 μm. ***p < 0.001.
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and the half-life was prolonged when AC073352.1 was
upregulated in MDA-MB-231 cells. These results indicated that
AC073352.1 affects YBX1 expression by increasing its protein
stability.

AC073352.1 promotes migration and invasion of BC cells via
YBX1
Existing studies have demonstrated that YBX1 may contribute
to the progression of multiple cancers, especially in the context

Fig. 5 AC073352.1 affects the protein level of YBX1. a Western blots analysis showing the protein levels of YBX1 following the knockdown
or overexpression of AC073352.1 in BC cells. b qRT-PCR analysis showing the mRNA levels of YBX1 mRNA following the knockdown or
overexpression of AC073352.1 in BC cells. c Expression of YBX1 and AC073352.1 in MDA-MB-468 cells transfected with siNC or
AC073352.1 siRNAs and MDA-MB-231 cells transfected with vector or pcDNA-AC073352.1 was analyzed by FISH and immunofluorescence.
Scale bar: 20 μm. d, e The stable overexpression of AC073352.1 in MDA-MB-231 cells treated with cycloheximide (CHX, 200 μg/ml) for the
indicated times. d Western blot showing YBX1 levels in whole-cell extracts. e Densitometry analysis of YBX1 protein levels: the relative fold of
the level at 0 h.
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of promoting tumor metastasis [24–26]. Therefore, it was
explored whether YBX1 may positively regulate this biological
function in BC. We first detected YBX1 expression levels in BC
cell lines; the results showed that YBX1 expression were
higher in BC cell lines than normal cell line (MCF-10A)
(Supplementary Fig. 3d). When YBX1 was effectively silenced
(Supplementary Fig. 3e), the migration and invasion capabilities
of BC cells was reduced (Fig. 6a, b). Moreover, rescue
experiments were used to detect whether the interaction
between YBX1 and AC073352.1 contributed to BC metastasis.
Unsurprisingly, the knockdown of YBX1 partly reversed the
AC073352.1-mediated increase of BC cell migration and
invasion (Fig. 6c). Meanwhile, the expression of YBX1 was
detected in rescue experiments (Supplementary Fig. 3f). These
results further verified that AC073352.1 enhances BC metastasis
by interacting with YBX1.

Exosomal AC073352.1 regulates the angiogenesis of HUVECs
via binding YBX1
As exosomes are key mediators of cell–cell communication in
the promotion of cancer progression, this experiment aimed to
explore the exosome-based mechanism of BC progression. To
examine whether AC073352.1 exists in BC cells derived from
exosomes, BC-derived exosomes were isolated and character-
ized. Exosomes purified from the cell culture supernatant of BC
cells (Fig. 7a) exhibited a round-shaped morphology and a size
ranging from 30 to 150 nm according to TEM and NTA (Fig. 7b,
c). A western blot assay further verified the presence of well-
defined exosome markers CD63 and CD9 (Fig. 7d). These results
indicated that the exosomes were isolated successfully.
Additionally, to explore whether the expression of AC073352.1

in exosomes from stable BC cell lines was altered, qRT-PCR analysis
was performed. As expected, when compared to the control

Fig. 6 AC073352.1 interacts with the transcriptional activator YBX1 to affect BC metastasis. a, b Transwell and wound-healing assays on
MDA-MB-231 cells transfected with YBX1 siRNA. c Rescue assays following transwell assays revealed that the depletion of YBX1 partly
reversed the effects of AC073352.1 overexpression in MDA-MB-231 cells. Values are expressed as mean ± SEM, n= 3. **p < 0.01, ***p <
0.001.
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Fig. 7 Exosomal AC073352.1 regulates the angiogenesis of HUVECs via binding YBX1. a Flow chart for the exosome purification procedure
based on differential ultracentrifugation. b TEM scanning images of purified exosomes derived from MDA-MB-231 cells overexpressing
AC073352.1. Scale bars: 100 nm. c Characterization of purified exosomes derived from MDA-MB-231 cells overexpressing AC073352.1. The size,
number, and distribution of exosomes was analyzed by NTA. d Exosomal protein marker (CD63 and CD9) detection by western blot from
purified exosomes and exosome-depleted cell extracts. e qRT-PCR analysis of AC073352.1 levels in exosomes from AC073352.1-
overexpressing MDA-MB-231 cells and shAC073352.1-treated MDA-MB-468 cells. f qRT-PCR analysis of AC073352.1 levels: AC073352.1 levels
were decreased in exosomes after MDA-MB-231 cells were transfected with a YBX1 siRNA. g HUVECs were incubated with PKH67-lableled
exosomes for intercellular trafficking. Scale bars: 10 μm. h, i Representative images and quantification of tube-formation assays by HUVECs
treated with MDA-MB-231vector or MDA-MB-231AC073352.1. Scale bars: 100 μm. *p < 0.05 and **p < 0.01.
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group, the expression level of exosomal AC073352.1 was
significantly higher in MDA-MB-231 cells overexpressing
AC073352.1; these levels were significantly lower in MDA-MB-
468 cells treated with shAC073352.1 (Fig. 7e). Previous studies
have shown that YBX1 could participate in the packaging of RNAs
into exosomes [27]. To clarify whether YBX1 is essential for the
loading of AC073352.1 into exosomes, qRT-PCR was performed
and it was found that silencing YBX1 decreased the expression
levels of exosomal AC073352.1 (Fig. 7f).
Several studies have shown that tumor-derived exosomes can

be internalized by recipient cells to achieve their function.
Therefore, this experiment focused on “tumor cell–endothelial
cell” communication, and it was hypothesized that exosomes
derived from BC cells may be internalized by HUVECs, as well as
playing a role in the angiogenesis of HUVECs. As expected,
HUVECs exhibited an uptake of PKH67-labeled exosomes derived
from MDA-MB-231 cells (Fig. 7g), suggesting that exosomes
derived from BC cells could be effectively internalized by HUVECs.
Furthermore, tube-formation assays revealed that exosomes
derived from AC073352.1-overexpressing MDA-MB-231 cells
increased HUVEC angiogenesis compared to control group
exosomes (Fig. 7h, i). Taken together, these results suggested
that lncRNA AC073352.1 is loaded into exosomes via YBX1 and
promotes the angiogenic ability of HUVECs.

DISCUSSION
With the improvement of diagnosis and treatment methods,
the overall survival rate of BC has been improved [1]. However,
the prognosis for patients with metastases is still poor, with
metastasis the major cause of death among BC patients [28].
Hence, there remains a considerable need to explore the
underlying molecular mechanisms of BC metastasis and identify
novel molecular therapeutic markers. So far, a large number of
studies have found that, just like protein-coding genes, lncRNAs
act as important players in the development of disease; this has
become especially evident in tumor metastasis, including BC.
For example, Xiu et al. revealed that the lncRNA LINC02273
could promote BC metastasis via the hnRNPL–AGR2 axis [29].
Zheng et al. demonstrated that a novel triple-negative BC LN
metastasis-associated lncRNA, HUMT, can activate FOXK1
transcription to induce BC proliferation and metastasis [30]. In
this study, AC073352.1, located at chromosome 3q33.13, was
identified in a microarray analysis and TCGA database as one of
the several different and novel lncRNAs in BC. The lncRNA
AC073352.1 was significantly overexpressed in BC tissues and
displayed a positive correlation with lymphatic metastasis and
advanced disease in BC. It was important that the higher levels
of AC073352.1 associated with a lower overall survival rate in BC
patients. Additionally, with GTEx data, it was found that
AC073352.1 expression was lower in mammary tissues, which
further confirmed that AC073352.1 may play a critical role in BC
progression (Supplementary Fig. 1f). In support of this notion,
further functional experiments were conducted in vitro and
in vivo. The results showed that AC073352.1 promoted BC cell
migration and invasion in vitro; in addition to this, silencing
AC073352.1 markedly inhibited BC cell lung metastasis in vivo.
Taken together, these results provide key evidence that
AC073352.1 plays a critical role in BC metastasis and serves as
a potential prognostic and therapeutic target for BC metastatic.
Multiple investigations have demonstrated that lncRNAs can

perform their biological functions via protein interactions [31, 32].
In this study, RNA pull-down was utilized to identify that
transcription factor YBX1 binds to AC073352.1 in BC. RIP and
FISH assays further confirmed the binding of AC073352.1 and
YBX1. Subsequently, a series of AC073352.1 deletion mapping
analysis was detected to further map the specific YBX1-binding
region. And we found that the YBX1-binding site may be mainly

distributed in the 252–272 nucleotide region of AC073352.1.
(Supplementary Fig. 3b, c). More work is needed to prove this in
the future. In addition, this study investigated the subcellular
fractionation location of AC073352.1, with the results showing that
AC073352.1 exists both in the nucleus and cytoplasm of BC cells
and it was mainly distributed in BC cell cytoplasm. Growing
evidence has indicated that cytoplasmic lncRNAs may regulate
protein stability and modification [33, 34]. In consistency with this,
it was found that AC073352.1 affected YBX1 protein expression
without influencing mRNA levels. In addition, the overexpression
of AC073352.1 increased the stability of YBX1 at a protein level.
These results suggest that AC073352.1 interacts with YBX1 and
stabilizes the protein. Previous studies have shown that lncRNAs
regulate the stability of protein via diverse mechanisms, such as
ubiquitination, phosphorylation, and other methods at a post-
transcriptional level [35, 36]. However, how AC073352.1 affects the
protein stability of YBX1 needs to be further explored.
YBX1, a key transcription factor, is located on chromosome 1

(1p34), and as a multi-functional RNA-binding protein, it is
highly overexpressed in a variety of tumors; it is established to
play a role in several cellular processes, including tumor
metastasis [37–41]. To explore whether YBX1 affects cell
metastasis in BC, the YBX1 protein was knocked down using
siRNAs. The results of this experiment found that silencing YBX1
inhibits BC cell migration and invasion; this may partially rescue
AC073352.1-induced BC metastasis. Thus, our results indicated
that AC073352.1 mediates cell metastasis by interacting with
YBX1 in BC. In recent years, researchers paid special attention
that microcalcifications presented in the breast microenviron-
ment and osteoclast-like cells played an important role in BC
bone metastases [42, 43]. Previous studies have reported that
dysregulated YBX1 is associated with chordoma, osteosarcoma,
synovial sarcoma, and other bone diseases [44–47]. Hence, it is
a suppose that AC073352.1 may create a favorable condition for
bone metastasis by YBX1 in BC. Further studies are needed to
identify the detailed mechanisms. It was noted that lncRNA may
be directly and indirectly related to gene regulation in BC; in
addition to YBX1, other genes could participate in AC073352.1-
associated biological function; however, more evidence is
needed to confirm this.
Exosomes are a class of small macrovesicles ranging from 30 to

150 nm and are a critical means of exchanging intercellular
information that have aroused great research interest [48, 49].
Interestingly, several studies suggest that YBX1 is an important
RNA-binding protein that can be secreted into the extracellular
matrix, including tumor cell exosomes [50, 51]. Therefore, this
investigation tried to explore whether AC073352.1 is incorporated
into exosomes by binding YBX1. The results showed that knocking
down YBX1 decreased the level of AC073352.1, which indicated
that YBX1 may aid in the loading of AC073352.1 into exosomes.
Further results showed that exosomes isolated from BC cell
supernatant could be internalized by HUVECs and exosomal
AC073352.1 promoted angiogenesis. As a point of great interest,
this may be another key way that AC073352.1 promotes BC
metastasis via YBX1 binding. This data strongly suggests that
AC073352.1 may act not only as an intracellular lncRNA in BC
metastasis but also as an exosomal lncRNA; this will aid in the
identification of novel therapeutic targets for BC.
In conclusion, this study identified and characterized a novel

lncRNA, AC073352.1, which was significantly overexpressed in BC
tissues and associated with poor survival in BC patients. It was also
shown that AC073352.1 promotes BC cell metastasis by physically
interacting with YBX1 and stabilizing YBX1 at a protein level in BC
cells. Moreover, AC073352.1 was transferred into exosomes via
YBX1 binding, while exogenous AC073352.1 promotes angiogen-
esis. These findings illustrate that AC073352.1 promotes BC
cell metastasis by functioning within cells and changing the
tumor microenvironment (Fig. 8). Collectively, this data offers a
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mechanistic focus on the oncogenic roles of AC073352.1 and it
may serve as a prognostic and therapeutic biomarker for BC.
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