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Abstract

Background: Breast cancer is the second most common cause of cancer-related mortality globally.
Apolipoprotein L3 (APOL3), a member of the apolipoprotein family, has been implicated in the
pathogenesis of cardiovascular diseases. Nevertheless, the functions and underlying mechanisms of
APOLS3 in breast cancer have yet to be elucidated.

Methods: The patient data were sourced from The Cancer Genome Atlas (TCGA) and Gene
Expression Omnibus (GEO) database. Quantitative real-time PCR (qRT-PCR), western blotting, and
immunohistochemistry (IHC) assays were used to assess expression of APOL3. Cell proliferation rates
were determined by Cell Counting Kit-8 (CCK-8) and colony formation assays. Flow cytometry was used
to examine cell cycle distribution. Western blotting was conducted to investigate the expression of cell
cycle related proteins. A xenograft model was used to evaluate the effect of APOL3 in vivo.
APOL3-binding proteins were identified through mass spectrometry, co-immunoprecipitation (CO-IP)
assay and immunofluorescence assay.

Results: APOL3 expression was significantly downregulated in breast cancer, and its low expression was
correlated with poor prognostic outcomes. Overexpression of APOL3 suppressed breast cancer cell
proliferation, induced cell cycle disruption. Conversely, knockdown of APOL3 promoted cell
proliferation. In vivo animal experiments demonstrated that APOL3 overexpression can inhibit tumor
proliferation. Mass spectrometry, CO-IP and immunofluorescence assay confirmed the interaction
between APOL3 and Y-box binding protein 1 (YBXI). Furthermore, YBXI knockdown following APOL3
knockdown mitigated the enhanced proliferation. These results provide new ideas for clinically targeting
APOL3 to inhibit proliferation in breast cancer.

Conclusions: Our findings indicate that APOL3 inhibits breast cancer cell proliferation and cell cycle
modulating P53 pathway through the interaction of YBXI.
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Introduction

Breast cancer has now surpassed lung cancer as
the most prevalent malignancy globally [1]. The
American Cancer Society reported that in 2022, there
were 287,850 new breast cancer cases (constituting
31% of all female cancers) and 43,250 fatalities
attributed to the disease worldwide [2]. In China, the
incidence of breast cancer is rising at a rate
approximately double that of the global average each
year [3]. Despite advances in early detection and the

improved efficacy of comprehensive treatments,
breast cancer patients continue to confront high rates
of recurrence and concerning prognoses [4, 5]. In
recent years, with the development of biotechnology,
new biomarkers have brought new hope for the
diagnosis and treatment of breast cancer. As the
sustained activation of proliferative signals during the
occurrence and development of cancer is a recognized
cancer hallmark [6, 7], finding initiation factors
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driving tumor proliferation is crucial for developing
precise strategies.

Apolipoprotein L3 (APOL3) belongs to the
apolipoprotein L gene family and is located at
chromosome 22q12.3. This family plays a role in the
transport and metabolism of lipids [8]. However,
recent studies have found that they have some
additional functions besides their involvement in
lipid metabolism. Among their family members,
APOL1 and APOLS3 are both proteins that can induce
cell death and are associated with the endoplasmic
reticulum and Golgi apparatus membranes, capable
of forming potassium channels. Uniquely, APOL3 can
regulate the neuronal calcium sensor-1 (NCS-1),
facilitate the interaction between NCS-1 and PI4KB,
enhance PI4KB activity, and consequently influence
the migration and survival of cancer cells [9]. APOL
proteins were found to be implicated in a variety of
solid tumors. For example, APOL1 is related to cell
homeostasis, and its overexpression could induce
autophagy and autophagy-associated cell death to
maintain the homeostasis of renal cells, thereby
inhibiting the occurrence of renal cell carcinoma [10].
Interestingly, APOL1 is overexpressed in thyroid
cancer and seems to be involved in tumor progression
through repression of the regular apoptotic program
[11]. In bladder cancer, APOL2, as a member of the
risk staging model, could predict the prognosis of
bladder cancer [12]. In prostate cancer, APOL3 locus
was found to span two linkage disequilibrium blocks
and is considered a risk locus [13]. Both APOL3 and
APOL6 have been reported in colorectal cancers [14,
15]. Among them, APOL3 promotes ferroptosis of
colorectal cancer cells and antitumor ability of CD8+ T
cells and is an intervention target of CRC [15]. APOL6
is a prognostic gene associated with ferroptosis in
colon cancer. Knockout of APOL6 reduces apoptosis
[16]. Moreover, APOL3 was recently featured in a
study that developed a predictive gene panel for
breast cancer, which included a total of ten
lipid-metabolism-related genes and demonstrated a
robust capacity to predict the overall survival of
patients [17]. Despite these developments, the
biological functions and molecular mechanisms of
APOLS3 in breast cancer remain to be elucidated.

This study aimed to investigate the biological
function of APOL3 in breast cancer and to unravel its
regulatory mechanisms in detail. We conducted in
vitro experiments to assess the effect of APOL3 on the
proliferation and cell cycle dynamics of breast cancer
cells. Through co-immunoprecipitation (CO-IP)
assays and mass spectrometry, we identified an
interaction between APOL3 and Y-box binding
protein 1 (YBX1) and further investigated the
downstream pathways involved. Our study

contributes novel insights into the tumor-suppressive
function of APOL3 in breast cancer.

Methods

Dataset acquisition and bioinformatics analysis

We accessed the data of 1083 breast cancer
patients from The Cancer Genome Atlas (TCGA)
(https:/ /tcga-data.nci.nih.gov/), presented as
fragments per kilobase of exon per million mapped
fragments (FPKM). We also downloaded the
GSE29431 series (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE29431) and GSE42568
series  (https:/ /www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE42568) from the Gene Expression
Omnibus (GEO) database. For survival analysis and
the construction of receiver operating characteristic
(ROC) curves, we utilized the “Survminer”,
“Survival”, “pROC”, and “ggplot2” packages within
R (3.6.3) software.

Cell lines and culture

The human normal mammary epithelial cell line
MCF10A and the breast cancer cell lines MCF7, T47D,
MDA-MB-231, MDA-MB-468, and BT-549 were
procured from the American Type Culture Collection
(ATCC). The MCF10A cells were maintained in a
specific medium formulated for this cell line, acquired
from Procell. The MCEF7 cells were cultured in high
glucose Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. The MDA-MB-231 and
MDA-MB-468 cells were cultured in Leibovitz's L15
medium containing 10% FBS. Both T47D and BT-549
cells were cultured in RPMI-1640 medium containing
10% FBS and 1% penicillin/streptomycin. The DMEM
and RPMI-1640 media were sourced from Hyclone,
and Leibovitz's L15 medium was supplied by
KeyGEN BioTECH.

RNA extraction and Quantitative Real-time
PCR

Total RNA was extracted from cell samples
using TRIzol reagent (Invitrogen, USA), and mRNA
was subsequently reverse-transcribed into cDNA

using ReverTra Ace™ qPCR-RT Master Mix (Toyobo,

Japan), as per the manufacturer’s instructions.
Quantitative real-time PCR (qRT-PCR) assays were
conducted using SYBR qPCR Mix (Toyobo, Japan) in a
13pL reaction volume, with the amplification process
spanning 40 cycles. The relative expression levels of

the target mRNAs were determined using the 2-24Ct

method. Primer sequences used in this study are
detailed in Table 1.
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Table 1. Gene primer sequences

Gene  Forward primer Reverse primer

APOL3 CACCATTTACAGCAGGG ATGTGTATGAGTGCTCCACGATGC
ACGAGTC
B-actin CTGGCCGGGACCTGACT TCCTTAATGTCACGCACGATTT

Immunohistochemistry

All of the tissues were obtained with informed
consent from all patients and their families, and
approved by the First Affiliated Hospital of China
Medical University ethics committee (approval:
AF-SOP-07-1.1-01). Breast cancer and normal
mammary tissues were sectioned at 4mm thickness
and baked at 65 °C for 4h. The sections underwent
deparaffinization in xylene for 10 minutes, repeated
twice, followed by antigen retrieval in citrate buffer
(pH = 6) or Tris-EDTA (pH=9) for 10 minutes. The
primary antibodies used were APOL3 (ab154869,
Abcam,1:200), Ki-67 (27309-1-AP, Proteintech, 1:5000),
CDK6 (66278-1-Ig, Proteintech,1:200), Cyclin A2
(66391-1-1g, Proteintech, 1:2000) and Cyclin D1
(26939-1-AP, Proteintech, 1:1500), which were
incubated with the tissue sections at 4 °C overnight.
Subsequent color development was achieved using
DAB and hematoxylin, and the sections were
dehydrated after acidification with hydrochloric acid
ethanol. Both the DAB and immunohistochemical
(IHC) kit were procured from Fuzhou Maixin Biotech
(China).

Protein extraction and Western blotting

Protein extraction was performed using
radioimmunoprecipitation assay (RIPA) bulffer
(Beyotime, China) supplemented with a protease
inhibitor = cocktail  (Sigma, @ USA).  Protein
concentrations were determined using the BCA
Protein Assay Kit (Beyotime, China) following the
provided instructions. The proteins were separated by
SDS-PAGE and subsequently transferred to
polyvinylidene  fluoride @ (PVDF) membranes
(Millipore, German). The primary antibodies used
were APOL3 (ab154869, Abcam), GAPDH (ab181602,
Abcam), P-actin (66009-1-Ig, Proteintech), CDK®6
(66278-1-1g, Proteintech), Cyclin A2 (66391-1-Ig,
Proteintech), Cyclin D1 (60186-1-1g, Proteintech), P53
(ab26, Abcam) and P21 (ab109520, Abcam). After
incubation with appropriate secondary antibodies,
protein detection was achieved using enhanced
chemiluminescence (ECL) with BeyoECL Plus
(Beyotime, China).

Plasmid engineering and cell transfection

Lipofectamine 3000 (Invitrogen, ThermoFisher
Scientific) was used for the transient transfection of
MCF7 and MDA-MB-231 cell lines. The APOL3

overexpression plasmid (OE-APOL3) and the
corresponding negative control (NC) plasmid were
engineered by GenePharma (China). The sequences of
the APOL3-targeting siRNA were 5'- GAC CGA UUG
AAG GUA UUU ATT-3' and 5'- CAG CUA UUG
AGG ACG AAU ATT-3. The sequence of the
YBX1-targeting siRNA was 5'-CAG UUC AAG GCA
GUA AAU AUG CA-3. At 48h and 72h
post-transfection, RNAs and proteins were harvested
for the assessment of transfection efficiency using
gRT-PCR and western blotting.

CCK-8 assay

The Cell Counting Kit-8 (CCK-8) assay was used
to assess cell proliferation. MCF7 and MDA-MB-231
cells transfected for 48h were seeded uniformly into
96-well plates and maintained at 37 °C. CCK-8
solution (APExBIO, America) was added at Oh, 24h,
48h, and 72h post-seeding, followed by a 2h
incubation period. Subsequently, the absorbance was
measured at a wavelength of 450nm to determine cell
proliferation rates.

Colony formation assay

Following transfection with OE-APOL3 and NC,
cells were trypsinized and counted 48h later. A total
of 1x1073 cells were seeded into 35-mm Petri dishes
and cultured at 37 °C for 2 weeks. After incubation,
the culture medium was discarded, and the colonies
were fixed with 4% polyformaldehyde. After washing
three times with PBS, colonies were stained with 0.1%
crystal violet. Colonies consisting of more than 50
cells were counted.

Cell cycle analysis

After transfection for 24h, both MCF7 and
MDA-MB-231 cells were harvested and treated with
RNase A (Bestbio, China) at 37 °C for 30 min.
Subsequently, propidium iodide (Bestbio, China)
staining was performed, followed by a 5-min
incubation at 4 °C for 5 minutes. Fluorescence
intensities were then measured to analyze the cell
cycle distribution.

CO-IP assay

Transfected MCF7 cells were collected and lysed
using the buffer (Beyotime, China) supplemented
with PMSF (Beyotime, China), with the lysates
incubated at 4 °C for 4h. The lysates were aliquoted
into three tubes, one serving as the input (positive
control). MYC antibodies (16286-1-AP, Proteintech) or
YBX1 antibodies (20339-1-AP, Proteintech) were
added to the experimental tube, while IgG served as
the negative control. All were incubated with rotation
overnight at 4 °C. Agarose beads (Thermo Fisher
Scientific, USA) were then added and incubated with
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rotation at 4 °C for an additional 3h. PBS was used to
wash the agarose beads. The protein complexes
bound to the beads were analyzed via western
blotting to investigate protein interactions.

Immunofluorescence assay

Cells were fixed by 4% paraformaldehyde and
permeabilized wusing 0.3% Triton-PBS (Beyotime,
China). 5% BSA was used to block cells and
anti-APOL3(YT0279, Immunoway) and anti-YBX1
(sc-101198, Santa Cruz) were added for overnight
incubation in 4 °C. And cells were incubated with
secondary antibodies for 2h at room temperature.
DAPI was used to observe the nucleus and slides
were observed under confocal microscope.

In vivo animal experiments

A total of 10 five-week-old female Balb/c-nude
mice, weighing 17-18 g each, were used for this study,
with five mice in each group. These mice were
obtained from Beijing HFK Bioscience Co., Ltd. and
housed under specific pathogen-free (SPF) conditions
with access to standard diet and water. The
experimental cohorts were established as the NC
group and the OE-APOL3 group. The study protocol
was approved by the Animal Research Ethics
Committee of China Medical University (approval:
CMU20231000). Each mouse was subcutaneously
inoculated with 5x1076 cells from either the NC or
OE-APOL3 modified MCF7 cell lines. Body weight
and tumor growth were measured every 2 days and
tumor volume was calculated using the formula:
0.5xWidth?xLength. After the experiment, all mice
were humanely euthanized using carbon dioxide.
Tumor specimens were then meticulously harvested,
fixed in formalin at room temperature, and
subsequently embedded in paraffin for future
histological analysis.

Statistical analysis

The data were presented as the ‘mean + standard
deviation (SD). Each assay was independently
replicated at least three times. The Student’s t-test was
employed for comparisons between two groups,
while one-way ANOVA was used for comparisons
among multiple groups. All statistical analyses were
conducted using GraphPad Prism 7.0 software. A
p-value less than 0.05 was deemed to indicate
statistical significance.

Results

APOL3 expression is diminished in breast
cancer tissues compared with normal
mammary tissues

To investigate APOL3 expression levels in breast

cancer, we initially consulted the GEO database and
TCGA. APOL3 expression was found to be reduced in
a majority of cancer types (Figure 1A). Specifically,
APOL3 mRNA levels were diminished in the
GSE29431 (Figure 1B) and GSE42568 (Figure 1C)
series. TGCA data revealed that APOL3 expression in
breast cancer tissues was lower than in normal
mammary tissues (Figure 1D), with a similar
downregulation observed in breast cancer tissues
compared with the paired normal tissues (Figure 1E).
To further elucidate APOL3 expression in breast
cancer, we employed qRT-PCR and western blotting
to measure mRNA and protein levels, respectively, in
various breast cancer cell lines (MCF7, T47D,
MDA-MB-231, MDA-MB-468, and BT549) in
comparison with the normal epithelial cell line
MCF10A. Both mRNA and protein expression levels
of APOL3 were found to be lower in the breast cancer
cell lines than in the normal epithelial cell line (Figure
1F-G). IHC further confirmed reduced APOL3
staining intensity in breast cancer tissues versus
normal mammary tissues (Figure 1H). Collectively,
these data underscore the consistent finding of
attenuated APOL3 expression in breast cancer.

Low APOL3 expression in breast cancer
correlates with poor prognostic outcomes

To elucidate the relationship between APOL3
expression and patient prognosis, Kaplan-Meier
survival analysis along with the Log-Rank test was
conducted using TCGA database. Low APOL3 levels
were associated with a significantly reduced overall
survival (OS) (p=0.033, HR=0.70) (Figure 2A),
progress-free interval (PFI) (p=0.011, HR=0.65)
(Figure 2B), and disease-specific survival (DSS) (p =
0.009, HR = 0.55) (Figure 2C). Additionally, the
prognostic value of APOL3 expression was evaluated
using the receiver operating characteristic (ROC)
curve, showing an area under the curve (AUC) of
0.877 (Figure 2D). These findings indicate that low
APOLS3 expression is correlated with reduced OS, PFI
and DSS.

Table 2 delineates the relationship between
APOL3 expression and various clinicopathological
parameters. Low APOL3 expression was more
prevalent in infiltrating ductal carcinoma (IDC) than
in infiltrating lobular carcinoma (ILC) (p<0.001)
(Figure 2E) and APOL3 mRNA levels were
significantly lower in the progesterone receptor
(PR)-negative subgroup (p=0.034) (Figure 2F).
Multivariate Cox regression analysis identified
APOL3 expression as an independent prognostic
factor in breast cancer (Figure 2G).

In summary, while APOL3 expression was not
linked to TNM stage, pathologic stage, race, age,
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estrogen receptor (ER) and HER?2 status, menopause
status, or anatomic neoplasm subdivisions, it is
significantly associated with histological type and PR
negativity.

APOL3 overexpression suppresses
proliferation in breast cancer cells

To determine the impact of APOL3 on breast
cancer cell proliferation, MCF7 cells and
MDA-MB-231 cells were transfected with an APOL3
overexpression plasmid (OE-APOL3) or NC. After

confirmed increased APOL3 mRNA levels (Figure
3A) and protein levels (Figure 3B).

Subsequent proliferation assays revealed that
APOL3 overexpression significantly inhibited cell
growth, as evidenced by the CCK-8 assay (Figure 3C).
Moreover, colony formation assays demonstrated a
reduction in the number of colonies containing more
than 50 cells in the OE-APOL3 group compared with
the NC group (Figure 3D), indicating that APOL3
restrains breast cancer cell proliferation in vitro.
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Table 2. Relationship between APOL3 expression and APOL3 downregulation promotes breast
clinicopathologic parameters of breast cancer patients cancer cell proliferation in vitro
Parameter Category L;)X Pe())({léession I—iiil;g(&ression P To assess the consequences of APOL3
- 241 ;42 downregulation on breast cancer cell proliferation,
T stage, n (%) T1 136 (12.6%) 141 (13.1%) 0392  MCF7 and MDA-MB-231 cells were transfected with
T2 316 (29.3%) 313 (29%) APOL3-targeting siRNAs (si-APOL3) and the
E gi Eg;; Z‘; Eiz;; negative control (NC). After transfection, qRT-PCR
N stage, n (%) NO 259 (21.3% ) 55 ('24;3 ) 0o0s  and western blotting confirmed a marked decrease in
N1 178 (16.7%) 180 (16.9%) APOL3 mRNA expression (Figure 4A) and protein
N2 54 (5.1%) 62 (5.8%) expression (Figure 4B) in the si-APOL3 samples.
Mstage, n (%) I\N/[% igéi’;@(}/) 222(3(;169{;)) o5 Among the three si-Apol3, sil and si3 showed higher
' M1 8 (049%') 12 (1.3%) ' efficiency, were selected for further analysis.
Pathologic stage, ~ Stage I 89 (8.4%) 92 (8.7%) 0.820 Proliferation assays, including CCK-8 assay and
n (%) Stase Il W2 510(292%) colony formation, indicated that APOL3 knockdown
age .2 /0 L /0
Stage Il 122 (11.5%) 120 (11.3%) resulted in a notable increase in cell numbers (Figure
Stage IV 7(0.7%) 11 (1%) 4C) and colony counts (Figure 4D), respectively. Flow
Race, n (%) Asian 27.(2.7%) 33 (3.3%) 0647 cytometry of cell cycle distribution showed a
Black or 94 (9.5%) 87 (8.8%) Lonifi duction in the G1 ph 1 lati
African significant reduction in the phase cell population
American and an increase in the S and G2 phase populations in
White 380 (38.2%) 373 (37.5%) the si-APOL3 group compared with the NC group
Age,n (%) <=60 300 (27.7%) 301 (27.8%) 1.000 Fi 4F). Furth tern blott Ivsis of
60 241 (223%) 241 (223%) (Figure 4E). Fur ermore, western blotting analysis o
Histological type, Infiltrating 408 (41.8%) 364 (37.3%) < cell cycle-related proteins showed elevated levels of
n (%) Ductal 0001 CDK®6, Cyclin D1, and Cyclin A2 in the Si-APOL3
E;ff;r::z; 76 (7:8%) 129 (13.2%) group compared with the NC group (Figure 4F).
Lobular All these results suggest that the downregulation
Carcinoma of APOL3 disrupts cell cycle regulation, thereby
ER status, n (%) Negative 133 (12.9%) 107 (10.3%) 0.089 ti th 1if ti fb t s i
Indeterminate 1 (0.1%) 1(01%) promoting the proliferation of breast cancer cells in
Positive 383 (37%) 410 (39.6%) vitro.
PRstatus,n (%)  Negative 189 (18.3%) 153 (14.8%) 0.034 .
Indeterminate 2 (0.2%) 2(02%) APOL3 overexpression suppresses breast
Positive 325 (314%) 363 (35.1%) cancer tumorigenesis in vivo
HER2 status, n (%) Negative 264 (36.3%) 294 (40.4%) 0.852 s
. q q To evaluate the inhibitory effects of APOL3
Indeterminate 5 (0.7%) 7 (1%) y
Positive 77 (10.6%) 80 (11%) overexpression on breast cancer tumorigenesis in vivo,
M(e;l;)pause status, Pre 109 (11.2%) 120 (12.3%) 0478  MCF7 cells transfected with OE-APOL3 and NC,
e Peri 17 (1.7%) 2 (2.4%) followed by G418 selection, were subcutaneously
Post 356 (36.6%) 347 (35.7%) inoculated into nude mice. Tumor volumes were
Anaf;)mic Left 281 (25.9%) 282 (26%) 1000 measured every two days. The resulting tumor
Isljggi?/?;?ons, n (%) growth curves are shown in Figure 5A.

Right 260 (24%) 260 (24%)

To further explore the mechanisms underlying
this proliferation inhibition, we assessed cell cycle
distribution using flow cytometry. MCF7 and
MDA-MB-231 cells overexpressing APOL3 exhibited
an increased proportion in the G1 phase and a
concomitant decrease in the S phase, with no
significant difference observed in the G2 phase
compared with the NC group (Figure 3E). Analysis of
cell cycle related proteins by western blotting
revealed that the OE-APOL3 group had significantly
lower levels of CDK6, Cyclin D1, and Cyclin A2
compared with the NC group (Figure 3F).

All these findings suggest that APOL3
modulates cell cycle, thereby affecting breast cancer
cell proliferation.

Notably, the mice in the OE-APOL3 group
developed tumors that were significantly smaller in
size compared with the NC group, with both tumor
volume and weight being significantly reduced in the
OE-APOL3 group (Figures 5B and 5C). IHC staining
for Ki-67 revealed a pronounced reduction in tumor
cell proliferation in the OE-APOL3 group with
statistically significant (Figure 5D), supporting the
role of APOL3 overexpression as a deterrent to breast
cancer cell tumorigenesis in a live model. IHC assay
was also used to detect the expression of CDK®,
Cyclin D1 and Cyclin A2 in NC and OE-APOL3
group, which showed a decreased level in OE-APOL3
group (Figure 5E). In conclusion, overexpression of
APOLS3 inhibits the growth of breast cancer in vivo.
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APOL3 promotes p53 signaling through
interaction with Y-box-binding protein 1
(YBXI1)

To elucidate the potential mechanisms by which
APOL3 influences breast carcinogenesis, mass
spectrometry analysis was conducted on MCF7 cells
which overexpressed APOL3. This analysis aimed to
identify differentially associated proteins between

IgG and APOL3-IP groups. YBX1 was found to be
highly associated with APOL3, being present in the
APOLB3-IP group but absent in the IgG group (Figure
6A). The interaction between YBX1 and APOL3 was
further validated by CO-IP, confirming the binding of
APOL3 to YBX1 (Figure 6B). Immunofluorescence
assay was used to confirm the co-localization of
APOL3 and YBX1 in MCF?7 (Figure 6C).
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Subsequent western blotting revealed that YBX1
expression increased in the si-APOL3 MCEF7 cells

the efficiency of this knockdown was confirmed by
western blotting (Figure 6E). CCK8 and colony

(Figure 6D). To investigate whether APOL3 exerts its
biological functions through YBX1, a rescue assay was
performed in MCF7 cells. YBX1 expression was
knocked down using specific siRNAs (si-YBX1), and

formation assays showed that YBX1 knockdown
significantly counteracted the proliferation increase
induced by APOL3 knockdown in breast cancer cells
(Figures 6F-G). Furthermore, western blotting showed
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that the downregulation of YBX1 mitigated the
increase in CDK6, CyclinD1, and Cyclin A2 protein
expression induced by si-APOL3 (Figure 6H).

Previous studies have implicated the role of
YBX1 in the regulation of the p53 pathway [18-20]. To
examine alterations in P53 signaling, western blotting
was used to measure the expression of P53 and its
downstream effector, P21. Knockdown of APOL3 was
found to reduce the expression of both P53 and P21 in
MCEF7 and MDA-MB-231 cells (Figure 6I). However,
simultaneous knockdown of YBX1 and APOL3
restored the expression levels of P53 and P21 in MCF7
cells (Figure 6]), indicating that YBX1 knockdown can
reverse the pro-carcinogenic effects of APOL3
knockdown. These findings indicate that APOL3 may
inhibit breast cancer progression by enhancing P53
signaling pathway through its interaction with YBX1
(Figure 7).

Discussion

Apolipoproteins (APOs) have been studied
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extensively in cardiovascular diseases, however, their
roles in cancer remain underexplored [21-23]. APOs
have the capability to bind lipids, facilitating their
transport through the body for metabolic process and
utilization. In humans, APOs are categorized into 10
subgroups, from APOA to APOJ [14]. The APOL
family, comprising APOL1 through APOLS6, shares
structural and functional similarities with the Bcl-2
family [8]. Chidiac M et al. highlighted an elevated
expression of APOL1 in papillary thyroid carcinoma
[11]. Chu ] et al. developed a risk score staging
system, indicating that a higher level of APOL2
correlate with poorer bladder cancer prognosis [12].
The presence of the BH3 domain within APOL6, a
critical component in Bcl-2 family proteins, has also
been reported [24]. Our study revealed that APOL3
expression is diminished in breast cancer tissues
compared with normal mammary tissues. To quantify
expression levels, we employed qRT-PCR, western
blotting and immunohistochemistry assay.
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Figure 5. APOL3 Overexpression and Its effects on Tumor Growth In Vivo. A: Growth curves of tumors in nude mice inoculated with APOL3-overexpressing MCF7 cells; B:
Representative images of nude mice after tumor formation; C: Macroscopic view of excised tumors; D: IHC staining of tumor tissue sections. E: IHC staining for cell cycle related

proteins in tumor tissue sections. *: p < 0.05, **: p < 0.01, ¥**: p < 0.001, ***: p < 0.0001.
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Cancer is characterized by dysregulated cell
proliferation due to the disruption of pathways that
govern this process. Additionally, cell cycle
dysregulation is a contributing factor to
tumorigenesis [25]. Cell cycle, a widely conserved and
precise process, includes four phases: G0/G1 (gap 1),
S (DNA synthesis), G2 (gap 2), and M (mitosis), along
with multiple checkpoints. Normally, the cells repair
damaged DNA during the G1/S phase, but cancer
cells often exhibit a compromised G1/S checkpoint
and rely on the G2/M phase for DNA repair [26, 27].
In our study, APOL3 overexpression induced cell
cycle alterations, characterized by an extended G1
phase, a shortened S phase, and reduced levels of cell
cycle related proteins. Conversely, APOL3
knockdown resulted in a shortened G1 phase and
elongated S and G2 phases. Overexpression of APOL3
inhibited breast cancer cell proliferation, while its
knockdown facilitates tumorigenesis.

YBX1, a 36 kDa multifunctional protein, is
comprised of an alanine/prolyl-rich N-terminal
domain (A/P domain), a widely conserved cold shock
domain (CSD), and a sizable C-terminal domain
(CTD). As a DNA/RNA binding protein with nucleic
acid chaperone properties, YBX1 interacts with
various proteins [28] and is pivotal in transcription,
translation, RNA splicing, and DNA repair [29].
Recent studies have underscored YBX1’s significant
role in tumor development. It is frequently
overexpressed in cancers, driving tumorigenesis by
stimulating cell proliferation, inhibiting apoptosis,
promoting epithelial-mesenchymal transition (EMT),
enhancing cell invasiveness, and increasing treatment
resistance [30, 31]. Due to its important role in tumors,
YBX1 is considered a key marker of malignancy and a
promising molecular target for cancer therapy [32].
The in-depth exploration of YBX1 opens avenues for
novel therapeutic strategies, offering new hope in
cancer treatment.

Our study demonstrates that APOL3 interacts
with YBX1 and modulates the expression of YBX1 by
mass spectrum, CO-IP, immunofluorescence assay
and western blotting. Furthermore, the effects of
APOL3 knockdown on breast cancer cells were
reversible through concurrent knockdown of YBX1.
Prior investigations into the P53 pathway have
revealed that YBX1 can influence P53 expression [19,
31, 33, 34]. Through the assessment of P53 and P21
protein levels within this pathway, we discovered that
APOL3 knockdown diminished their expression,
whereas concurrent YBX1 knockdown restored it.
This indicates that APOL3’s impact on breast cancer
may be mediated by the P53 pathway through
modulating the expression of YBX1. Furthermore, we
are delving into the precise molecular interactions

involved, which requires additional experiments in
the future.

Our study is not without limitations: The exact
mechanisms by which APOL3 and YBX1 interact and
the means by which APOL3 regulates YBX1 remain to
be elucidated in future research.

In conclusion, our findings highlight that APOL3
expression is reduced in breast cancer cells and
APOL3 acts as a tumor suppressor gene, inhibiting
breast cancer proliferation through regulation of cell
cycle via the P53 pathway. Our results position
APOL3 as a potential prognostic biomarker for breast
cancer.

Acknowledgments

This study received financial support from the
National Natural Science Foundation of China (No.
82073282, No. 82203162) and Liaoning Province
Applied Basic Research ~ Program (No.
1667754892355).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA: a cancer journal for
clinicians. 2021; 71: 209-49.

2. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA: a cancer
journal for clinicians. 2022; 72: 7-33.

3. Fan L, Strasser-Weippl K, Li JJ, St Louis J, Finkelstein DM, Yu KD, et al. Breast
cancer in China. The Lancet Oncology. 2014; 15: €279-89.

4. Ginsburg O, Bray F, Coleman MP, Vanderpuye V, Eniu A, Kotha SR, et al. The
global burden of women's cancers: a grand challenge in global health. Lancet
(London, England). 2017; 389: 847-60.

5.  Harbeck N, Gnant M. Breast cancer. Lancet (London, England). 2017; 389:
1134-50.

6. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000; 100: 57-70.

7. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011; 144: 646-74.

8. Vanhollebeke B, Pays E. The function of apolipoproteins L. Cell Mol Life Sci.
2006; 63: 1937-44.

9.  Uzureau S, Lecordier L, Uzureau P, Hennig D, Graversen JH, Homble F, et al.
APOL1 C-Terminal Variants May Trigger Kidney Disease through
Interference with APOL3 Control of Actomyosin. Cell reports. 2020; 30:
3821-36 €13.

10. Hu CA, Klopfer EI, Ray PE. Human apolipoprotein L1 (ApoL1) in cancer and
chronic kidney disease. FEBS letters. 2012; 586: 947-55.

11. Chidiac M, Fayyad-Kazan M, Daher ], Poelvoorde P, Bar I, Maenhaut C, et al.
ApolipoproteinL1 is expressed in papillary thyroid carcinomas. Pathology,
research and practice. 2016; 212: 631-5.

12. Chu], LiN, Li F. A risk score staging system based on the expression of seven
genes predicts the outcome of bladder cancer. Oncol Lett. 2018; 16: 2091-6.

13. Johanneson B, McDonnell SK, Karyadi DM, Quignon P, McIntosh L, Riska SM,
et al. Family-based association analysis of 42 hereditary prostate cancer
families identifies the Apolipoprotein L3 region on chromosome 22q12 as a
risk locus. Hum Mol Genet. 2010; 19: 3852-62.

14. Ren L, Yi]J, Li W, Zheng X, Liu ], Wang ], et al. Apolipoproteins and cancer.
Cancer Med. 2019; 8: 7032-43.

15. Lv Y, Tang W, Xu Y, Chang W, Zhang Z, Lin Q, et al. Apolipoprotein L3
enhances CD8+ T cell antitumor immunity of colorectal cancer by promoting
LDHA-mediated ferroptosis. International journal of biological sciences. 2023;
19: 1284-98.

16. Liu Y, Zhao J, Huang B, Liang Y, Jiang G, Zhou X, et al. Identification and
validation of an immunotherapeutic signature for colon cancer based on the
regulatory patterns of ferroptosis and their association with the tumor
microenvironment. Biochim Biophys Acta, Mol Cell Res. 2024; 1871: 119698.

https://lwww.jcancer.org



Journal of Cancer 2024, Vol. 15

4635

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Wang Z, Wang F. Identification of Ten-Gene Related to Lipid Metabolism for
Predicting Overall Survival of Breast Invasive Carcinoma. Contrast Media Mol
Imaging. 2022; 2022: 8348780.

MaD, Liu P, Wen], GuY, Yang Z, Lan ], et al. FCN3 inhibits the progression of
hepatocellular carcinoma by suppressing SBDS-mediated blockade of the p53
pathway. International journal of biological sciences. 2023; 19: 362-76.

Zheng X, Zhang J, Fang T, Wang X, Wang S, Ma Z, et al. The long non-coding
RNA PIK3CD-AS2 promotes lung adenocarcinoma progression via
YBX1-mediated suppression of p53 pathway. Oncogenesis. 2020; 9: 34.

Liu P, Zhong Q, Song Y, Guo D, Ma D, Chen B, et al. Long noncoding RNA
Linc01612 represses hepatocellular carcinoma progression by regulating
miR-494/ ATF3/p53 axis and promoting ubiquitination of YBX1. International
journal of biological sciences. 2022; 18: 2932-48.

Kastelein JJ, van der Steeg WA, Holme I, Gaffney M, Cater NB, Barter P, et al.
Lipids, apolipoproteins, and their ratios in relation to cardiovascular events
with statin treatment. Circulation. 2008; 117: 3002-9.

Di Angelantonio E, Sarwar N, Perry P, Kaptoge S, Ray KK, Thompson A, et al.
Major lipids, apolipoproteins, and risk of vascular disease. Jama. 2009; 302:
1993-2000.

Chan DC, Watts GF. Apolipoproteins as markers and managers of coronary
risk. QM : monthly journal of the Association of Physicians. 2006; 99: 277-87.
Liu Z, Lu H, Jiang Z, Pastuszyn A, Hu CA. Apolipoprotein 16, a novel
proapoptotic Bcl-2 homology 3-only protein, induces mitochondria-mediated
apoptosis in cancer cells. Mol Cancer Res. 2005; 3: 21-31.

Evan GI, Vousden KH. Proliferation, cell cycle and apoptosis in cancer.
Nature. 2001; 411: 342-8.

Ding L, Cao J, Lin W, Chen H, Xiong X, Ao H, et al. The Roles of
Cyclin-Dependent Kinases in Cell-Cycle Progression and Therapeutic
Strategies in Human Breast Cancer. Int ] Mol Sci. 2020; 21: 1960.

Qu M, Zhang G, Qu H, Vu A, Wu R, Tsukamoto H, et al. Circadian regulator
BMAL1:CLOCK promotes cell proliferation in hepatocellular carcinoma by
controlling apoptosis and cell cycle. Proceedings of the National Academy of
Sciences of the United States of America. 2023; 120: €2214829120.

Suresh P, Tsutsumi R, Venkatesh T. YBX1 at the crossroads of non-coding
transcriptome, exosomal, and cytoplasmic granular signaling. Eur J Cell Biol.
2018; 97: 163-7.

Eliseeva I, Kim E, Guryanov S, Ovchinnikov L, Lyabin D. Y-box-binding
protein 1 (YB-1) and its functions. Biochemistry Biokhimiia. 2011; 76: 1402-33.
Alkrekshi A, Wang W, Rana P, Markovic V, Sossey-Alaoui K. A
comprehensive review of the functions of YB-1 in cancer stemness, metastasis
and drug resistance. Cell Signal. 2021; 85: 110073.

Prabhu L, Hartley AV, Martin M, Warsame F, Sun E, Lu T. Role of
post-translational modification of the Y box binding protein 1 in human
cancers. Genes & diseases. 2015; 2: 240-6.

Lyabin DN, Eliseeva IA, Ovchinnikov LP. YB-1 protein: functions and
regulation. Wiley interdisciplinary reviews RNA. 2014; 5: 95-110.

Sun X, Xin S, Zhang Y, Jin L, Liu X, Zhang ], et al. Long non-coding RNA
CASCI1 interacts with YBX1 to promote prostate cancer progression by
suppressing the p53 pathway. Int ] Oncol. 2022; 61: 110.

Okamoto T, Izumi H, Imamura T, Takano H, Ise T, Uchiumi T, et al. Direct
interaction of p53 with the Y-box binding protein, YB-1: a mechanism for
regulation of human gene expression. Oncogene. 2000; 19: 6194-202.

https://lwww.jcancer.org



