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GeneChip expression profiling identified OLFML2A as a potential
therapeutic target in TNBC cells
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Background: An elevated level of olfactomedin-like-2A (OLFMLZ2A) is unfavorable for female breast
cancer patients. Patients with a high mRNA level of OLFML2A receive a poor prognosis. Therefore,
we speculate that inhibiting the expression of this gene may be beneficial to breast cancer patients. We
previously found that silencing the OLFML2A gene by using mRNA interference significantly inhibited
proliferation and migration in triple-negative breast cancer (TNBC) cells.

Methods: Cell activity and proliferation were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and Celigo analyses. Cell migration and invasion were determined by
wound-healing and transwell invasion assays. The mechanism of the inhibition of a small hairpin RINA that
targets OLFML2A (shOLFMIL2A) was determined by using a GeneChip array, real-time quantitative PCR
(RT-qPCR), and western blot analysis.

Results: Gene silencing by shOLFML2A induces apoptosis by promoting S phase arrest in TNBC cells. In
addition, shOLFML2A decreased the progression of epithelial-mesenchymal transition (EMT). Additionally,
microarray analysis showed that shOLFML2A significantly upregulated 428 genes and downregulated
712 genes. These significantly changed genes regulated DNA synthesis, chromosome alignment,
microtubules and the cytoskeleton, cell movement, the cell cycle, cell necrosis, and apoptosis because they
promoted G2/M DNA damage checkpoint regulation and p53 signaling, and because they inhibited integrin,
hepatocyte growth factor (HGF), nerve growth Factor (NGF), and other tumor-promoting signaling
pathways.

Conclusions: shOLFML2A reduces cell proliferation, migration, and invasion and promotes cell apoptosis.
Therefore, the results of the present study suggest that OLFML2A is a potential therapeutic target for
TNBC.
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Introduction

Olfactomedin-like-2A (OLFML2A), also known as
photomedin-1, is a glycoprotein belonging to subfamily IV
of the olfactomedin family (1). The human OLFML2A gene,
located on chromosome 9q33.3, comprises at least eight
exons and spans 37.7 kb. The gene product of OLFML2A
is located in the extracellular region and is involved in
extracellular matrix (ECM) organization (2). Among the
ECM components, the OLFML2A protein preferentially
binds to chondroitin sulfate-E and heparin (3). In humans,
OLFML2A is expressed in the breast, bronchus, caudate,
cerebral cortex, colon, duodenum, eye, gallbladder, heart
muscle, hippocampus, kidney, lung, pancreas, rectum,
seminal vesicle, skeletal muscle, skin, small intestine,
stomach, and testis under physiological conditions according
to data from The Human Protein Atlas (4). OLFML2A
was first described in mice in 2005 (3). In the mouse retina,
OLFML2A is predominantly expressed in the outer segment
of photoreceptor cells. Its mRNA has been detected in
the retina, cornea and lens of the eye, and its protein is
expressed in ganglion cells and retina cells in baboons and
humans (5). It is also highly expressed in human podocytes,
which contribute to the formation of the glomerular
crescent (6). The OLFML2A gene is also upregulated in
the skin of premenopausal women compared with that in
postmenopausal women (7). Its expression is higher in the
annulus fibrosus than in nucleus pulposus cells in the mature
human intervertebral disc, and it serves as a marker of the
annulus fibrosus (8). OLFML2A gene expression is also
upregulated in the osteogenic differentiation of adipose-
derived stem cells in humans (9). Interestingly, cancer
cells (H460 and U87MG) can promote OLFML2A gene
expression in human adipose tissue-derived mesenchymal
stem cells (10). Angiotensin II also decreases OLFML2A4
mRNA expression in rat cardiac fibroblasts (11). In
zebrafish, olfactomedin 2 encodes a secreted glycoprotein
that is involved in nervous system development, and
the downregulation of this gene adversely affects the
development of the optic tectum and eyes (12,13). Gene
ontology (GO) annotations revealed that the OLFML2A
gene plays a key role in protein homodimerization activity
and ECM binding.

However, OLFML2A gene expression is intricate
under pathological conditions. OLFML2A protein can
be detected in human neoplastic tissues, such as breast,
cervical, colorectal, liver, lung, ovarian, pancreatic, and
stomach cancers (14). Its expression is increased in renal
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cell carcinoma compared to that in normal renal tissue (15).
OLFML2A also endows tumor cells with higher migration
activity in renal cell carcinoma ACHN, Cakil, Caki2, and
KIJ2657T cell lines (15). In addition, the OLFML2A gene
is upregulated in three-dimensional (3D) human bladder
T24 cells in the host microenvironment compared to that
in two-dimensional (2D) cultures (16). Its expression is also
upregulated in chemotherapy-resistant alveolar soft part
sarcoma compared to that in normal sarcoma (17). It is also
upregulated in mouse thyroid side population cells, which
possess stem cell characteristics, compared to in non-side
population cells (18). It seems that OLFML2A expression
is correlated with the malignant degree of these cancers.
The expression of the OLFML2A gene is lower in a highly
metastatic subclone of adenoid cystic carcinoma compared
to that in its parental subclone (19). It is also downregulated
in spheroid cells compared to monolayer cells in cervical
HeLa cells (20). The expression of its mRNA is higher in
endometrial carcinoma compared to that in the normal
endometrium (21). In addition, its expression is increased
in EGFR-mutant non-small cell lung cancer HCC827
cells treated with erlotinib compared to DMSO-treated
controls (22). Kaplan-Meier plots have shown that
OLFML2A expression is unfavorable in some cancers,
such as stomach, testis, urothelial, melanoma, glioma, and
breast cancers (14). However, it is favorable for patients
with pancreatic and cervical cancers (14). In particular,
OLFML2A is prognostic, and the elevated expression of
OLFML2A is unfavorable in renal cancer patients, with a
P value of 0.000037 (14). Therefore, this evidence shows
that the OLFML2A gene is heterogenous.

Recently, Peng (23) found that the expression of
OLFML2A mRNA was higher in hepatic carcinoma than
in normal liver tissue, and the knockdown of OLFMIL2A
inhibited proliferation and promoted apoptosis in hepatic
carcinoma cells. In addition, a short hairpin RNA (shRNA)
targeting OLFML2A (shOLFML2A) significantly inhibited
cell proliferation in renal cell carcinoma (15). OLFML2A
is a key promotor of gliomagenesis, and OLFML2A
knockdown in glioma cells inhibited cell proliferation and
promoted apoptosis through Wnt/B-catenin pathway (24).
Additionally, an elevated level of OLFML2A is unfavorable
for breast cancer patients according to data from The
Cancer Genome Atlas (TCGA) breast cancer samples and
The Human Protein Atlas (25). The overall survival rate
of these breast cancer patients with different OLFML2A4
mRNA levels was significantly different (26). Patients with a
high mRNA level of OLFML2A received a worse prognosis
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Table 1 Short hairpin RNA (shRNA) primer information

Group Target sequence GC content
psc45859 CTGGAATATACACCACTTGAA 38.1%
psc45860 GATCTATGTCACCAACTACTA 38.1%
psc45861 CTTCACCAAGAACATCATCAA 38.1%

than those with weak and moderate mRNA levels of
OLFML2A (27). Therefore, we speculate that inhibiting the
expression of this gene may be beneficial to breast cancer
patients. Indeed, we recently found that the inhibition of
OLFML2A gene by mRINA interference markedly inhibited
proliferation and migration in triple-negative breast cancer
(TNBC) cells (28). However, the mechanism of inhibition
of shOLFMI.2A in breast cancer is still not clear. Therefore,
the aims of this study were to investigate the mechanism
of sShOLFMIL2A in breast cancer using a GeneChip array,
RT-qPCR, and western blot analysis. We present the
following article in accordance with the MDAR reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-757/rc).

Methods
Materials

An Affymetrix GeneChip Human Transcriptome Array 2.0
was obtained from Affymetrix (San Francisco, CA, USA).
GeneChip hybridization, wash, and stain kits were obtained
from Thermo Fisher (Waltham, MA, USA). An RNA 6000
Nano Kit was obtained from Agilent Technologies (Santa
Clara, CA, USA). Dulbecco’s Modified Eagle Medium
(DMEM) and fetal bovine serum (FBS) were obtained from
Gibco (Grand Island, NY, USA). A mouse anti-Flag antibody
(F1804) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Mouse anti-GAPDH (sc-32233), goat anti-mouse
IgG (sc-2005), and anti-rabbit IgG (sc-2004) antibodies
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). Rabbit anti-MDM?2 (AB38618), mouse
anti-SKP2 (AB183039), rabbit anti-TFDP1 (AB124678),
and rabbit anti-VIMENTIN (AB92547) antibodies were
purchased from Abcam (Cambridge, MA, USA). Rabbit
anti-APP (#2452), rabbit anti-CCNB1 (#4138), rabbit
anti-snail (#3879), and rabbit anti-slug (#9585) antibodies
were purchased from Cell Signaling Technology (Beverly,
MA, USA). SYBR master mix was purchased from Takara
(Otsu, Shiga, Japan). TIANgel Midi Purification Kits and
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Endofree Maxi Plasmid Kits were obtained from Tiangen
(Beijing, China). EcoRI, CutSmart and Agel were obtained
from New England Biolabs (Beverly, MA, USA). Wounding
replicators were obtained from V&P Scientific (San Diego,
CA, USA). dsDNA oligonucleotides, PCR primers, and
a 250 bp-II DNA Ladder were purchased from Generay
Biotech (Shanghai, China). Taq plus DNA polymerase was
obtained from Vazyme Biotech (Nanjing, China). A Bulge-
Loop miRNA qPCR primer set was obtained from RiboBio
Biotech (Guangzhou, China). TRIzol, trypsin, NaCl, Tris,
EDTA, and oligo dT were purchased from Sangon Biotech
(Shanghai, China). DNA sequencing was performed by
Majorbio Biotech (Shanghai, China).

Cells

Human breast cancer cell line MDA-MB-231 was obtained
from the Shanghai Institute of Cell Biology (Shanghai,
China) and cultured in DMEM supplemented with 10%
FBS at 37 °C in a cell incubator (Thermo Fisher, MA,
USA) containing 5% CO,. Green fluorescent protein
(GFP)-positive cells were obtained by lentivirus particle
transfection according to our previous work (28). The
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). The study was approved
by the ethics committee of the First Affiliated Hospital
of Zhejiang Chinese Medical University (Approval No.
2016-K1.-020-02). Informed consent was obtained from all
female TNBC patients.

RNA interference (RNAi) using shRNAs
To reduce OLFML2A gene expression in TNBC cells,

shRNA interference was performed according to our
previous work (28). Plasmid GV115 was used for
lentivirus vector construction. The element sequence
is hU6-MCS-CMV-EGFP. The control insert is
TTCTCCGAACGTGTCACGT. The shRNA sequences
are shown in Table 1. Cells were cultured in a 12-well
plate at a density of 50,000 cells/well. Cells were used for
subsequent experiments when more than 90% of the cells
were GFP-positive.

RT-gPCR

Total RNA was extracted using the TRIzol reagent, and
RT-qPCR was performed according to our previous
work (28). Primers were obtained from GeneChem
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(Shanghai, China), and their sequences were as follows:
5'-"TGACTTCAACAGCGACACCCA-3' (sense) and
5'-CACCCTGTTGCTGTAGCCAAA-3' (antisense) for
GAPDH; and 5'-AACAGGCAGTAGAGTCAA-3' (sense),
and 5'-TTACAAGATTCCTACCAACAG-3' (antisense)
for OLFML2A. The relative quantitative analysis of mRINA
levels was performed using the 27**“ method (29).

Western blot analysis

Western blot analysis was performed as described in our
previous work (30). The concentration of the separating gel
was 10%. The amount of protein loaded was 30 pg. The
blots were developed with a Pierce ECL Western Blotting
Substrate Kit (Thermo Fisher, Waltham, MA, USA) and
exposed on X-ray film.

Wound-bealing assay

A wound-healing assay was performed according to
our previous work (28). Briefly, cells were seeded into
96-well plates at a density of 50,000 cells/well in DMEM
supplemented with 10% FBS. Scratches were produced
with a 96-wounding replicator when cell confluence
reached approximately 90%. Cells were cultured in medium
containing 1% FBS, and free-floating cells were removed.
Then, cells were photographed with a Celigo Imaging
Cytometer (Nexcelom Bioscience, Lawrence, MA, USA).
The migration rate and migration inhibition rate were
calculated as described in our previous work (28).

Transwell migration assay

Transwell migration assays were performed as described
previously, with slight modifications (31). MDA-MB-231
cells were seeded into 24-well transwell chambers (Corning,
Corning, NY, USA) at a density of 70,000 cells/well. One
hundred microliters of serum-free medium were added to
the upper chamber, and 600 pL. of DMEM containing 10%
FBS was added to the bottom chamber. Cells were cultured
for 24 h. Non-migrated cells were scraped off, and the
migrated cells were stained with Giemsa and photographed
with an inverted microscope.

Transwell invasion assay

Transwell invasion assays were performed as described in
our previous study, with slight modifications (28). Briefly,
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1x10° cells were seeded into the upper chamber of a 24-well
transwell chamber separated by a polycarbonate filter coated
with 50 pg/mL collagen IV and cultured with 500 puL of
serum-free medium. A total of 750 pL of DMEM containing
10% FBS was supplied to the bottom chamber. After
24 h of culture, noninvasive cells were removed, and invasive
cells were stained with Giemsa and photographed with an
inverted microscope according to our previous work (28).

Cell proliferation analysis by the Celigo assay

Cell proliferation was analyzed using the Celigo assay as
described in our previous work (28). Cells were cultured
in 96-well plates at a density of 2,000 cells/well. The cells
were photographed with Celigo, and a cell growth curve
was drawn to reflect cell proliferation following 5 days of
consecutive recording.

Cell activity analysis by the MTT assay

Cell activity was assessed using the MTT method according
to our previous work (32). Briefly, cells were cultured in a
96-well plate at a density of 2,000 cells/well. Cell activity
was determined with a microplate reader on 5 consecutive

days using M'T'T methods.

Immunobhistochemical (IHC) analysis

IHC analysis was carried out according to previous work (33).
The dilution ratio of the antibody was in accordance with the
instructions provided by the antibody company.

GeneChip microarray

Total RNA was extracted using the TRIzol method and
examined on a NanoDrop 2000 Spectrophotometer
(Thermo Scientific, MA, USA) and an Agilent Bioanalyzer
2100 (Palo Alto, CA, USA) as described in our previous
work (28). Only qualified samples were used in subsequent
microarray experiments. The GeneChip was processed as
described in our previous work (28). Background noise was
filtered from the two groups within the lowest 20% range
of the sequence of signal strength of all probe groups. The
probe with a coefficient of variation >20% in the same
group was also removed (34). The number of initial probes
was 49,395. Finally, there were 39,260 probes after filtering.
Genes that were up- or downregulated with the |fold
changes!| >2.0.
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Ingenuity pathway analysis (IPA)

The IPA of differentially expressed genes (DEGs) was
using Qiagen’s Ingenuity Pathway Analysis algorithm
(www.qiagen.com/ingenuity, Qiagen, Redwood City, CA,
USA). The activation z-score and P value were calculated
according to previous work (35).

Statistical analysis

All results are presented as the mean + standard deviation.
Two-tailed analysis of variance (ANOVA) followed by
Dunnett’s post-hoc test was performed to determine
statistical significance. For the microarray, a linear model
based on the empirical Bayesian distribution was used to
calculate the P value of the significant difference level,
and the Benjamini-Hochberg method was used to control
the false discovery rate (FDR). The screening criteria for
significant differentially expressed genes were |fold changel
>2 and FDR <0.05.

Results
shOLFML2A reduces breast cancer cell malignancy

To increase the efficiency of RNAI, three shRNAs were
designed for shOLFML2A, and their sequences are shown
in Table 1. Cell proliferation and migration assays were
performed to compare the effectiveness of these shRINAs after
the breast cancer cell line MBA-MD-231 was transfected
with these target plasmids. All three shOLFML2As
significantly inhibited cell proliferation (Figure SIA-S1C).
In addition, shOLFML2A-psc45860 and shOLFML2A-
psc45861 also decreased cell migration (Figure SID-S1F).
Therefore, shOLFML2A-psc45860 (shOLFML2A) was
selected for subsequent experiments. Then, we verified the
OLFML2A gene expression in the gene-silenced cell through
RT-qPCR and western blot analysis. Compared to its wild-
type control, shOLFML2A significantly decreased OLFML2A
mRNA levels and inhibited OLFML2A protein expression
(Figure 14). Celigo and MTT assays revealed that
shOLFMIL2A significantly inhibited tumor cell proliferation
and viability (Figure 1B). The transwell migration assay
and wound-healing analysis revealed that shOLFML2A
decreased cancer cell migration (Figure 1C,1D). shOLFMI2A
also reduced cell invasion (Figure 1E). We subsequently
evaluated the changes in the cell cycle and apoptosis between
OLFML2A gene-silenced cells and wild-type control cells.
shOLFML2A induced cell apoptosis by promoting S phase
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arrest in breast cancer cells (Figure 1F1G). In addition,
shOLFML2A decreased the protein levels of typical
epithelial-mesenchymal transition (EMT) markers, including
vimentin, snail, and slug (Figure 1H).

Gene alterations by shOLFML2A in breast cancer cells

We then determined the genome-wide expression changes
between OLFML2A gene-silenced cells and wild-type
control cells in MBA-MD-231 breast cancer cells using
microarrays. A large number of genes were significantly
altered by shOLFML2A in breast cancer cells according
to the volcano plots (Figure 24) and scatter plots of the
microarrays (Figure S2). Among the DEGs (Ifold changel
>2 and FDR <0.05), 428 were upregulated and 712 were
downregulated (Figure 2B). A heatmap of the microarray
created upon comparison of the DEGs of all samples
showed gene clustering (Figure 2C). The relationships
of these DEGs are shown in the website: https://cdn.
amegroups.cn/static/public/atm-22-757-01.pdf. Many of
these genes play key roles in cancer, cell proliferation, the
cell cycle, and cellular movement, and details can be found
in the website: https://cdn.amegroups.cn/static/public/
atm-22-757-02 xlsx. Pearson’s correlation coefficient of the
RNA samples among the gene-silenced cells or the wild-
type control cells was >0.95, suggesting that the microarray
results were reliable (Figure 2D). Principal component
analysis (PCA) also indicated that the samples in the same
group were similar and that the difference between groups
was different (Figure S2A). The relative signal box plot
array indicated that the microarray data were reproducible
(Figure S2C).

Changes in canonical patbways by shOLFML2A

Based on the DEGs, an IPA was performed to identify the
canonical pathways of the DEGs. There were 127 pathways
changed by shOLFML2A in breast cancer cells (available
online: https://cdn.amegroups.cn/static/public/atm-22-
757-03.xlsx). Among them, 27 tumor-associated signaling
pathways changed significantly (Figure 3A4). The ratio of the
DEGs to the total genes in the canonical pathways varied
from 5.2% to 19.2% (Figure 34). shOLFML2A activated
the cell cycle: G2/M DNA damage checkpoint regulation
and p53 signaling pathways. The other 25 pathways,
including integrin signaling, HGF signaling, and NGF
signaling, were significantly inhibited by shOLFML2A.

Integrin signaling, which induces ECM interactions and

Ann Transl Med 2022;10(6):274 | https://dx.doi.org/10.21037/atm-22-757


https://cdn.amegroups.cn/static/public/ATM-22-757-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-757-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-757-Supplementary.pdf
https://cdn.amegroups.cn/static/public/atm-22-757-01.pdf
https://cdn.amegroups.cn/static/public/atm-22-757-01.pdf
https://cdn.amegroups.cn/static/public/atm-22-757-02.xlsx
https://cdn.amegroups.cn/static/public/atm-22-757-02.xlsx
https://cdn.amegroups.cn/static/public/ATM-22-757-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-22-757-Supplementary.pdf
https://cdn.amegroups.cn/static/public/atm-22-757-03.xlsx
https://cdn.amegroups.cn/static/public/atm-22-757-03.xlsx

Page 6 of 17 Gao et al. OLFML2A as a therapeutic target in TNBC

=— shCtrl
A 15 | — OLFML2A B 6 7 —shec
_ 5 5 shOLFML2A
[4 =
3= - e G/\PDH g,
<5 1.0 =
ze ShCtrl  ShOLFML2A S 3
[zl Q
53 3 2
2 205 [$)
T 14 & =3
ol v 11—
0.0 1 2 3 4 5 1 2 3 4 5
shCtrl shOLFML2A Treatment time, days
C q - 400 - 50
100 - 100
P4 (%]
i 2 - 40 o
< 300 5 shCtrl [ 2
o 75- g 5 75- 3
E=1 E=] - Q
g | 63.8% § g 1 63.8% [30F
c L O =
2 50 o 200 (=} € 50 . S
g g shetrl s -20 8
€ 1 S g S
T 25- 100 g E 25- Lo &
o @ =
0+ -0 ShOLFML2A ‘ 0 -0
shCtrl  shOLFML2A shCtrl  shOLFML2A
. s 400 s T
- i * ﬁgﬁﬁ 3001
v 100 - = w ot o
< £ 200]
. El HW
= - 300 ¢ o
) 75 A o 1
© o I S pram—r B T T
= =) Red-R fluorescence (RED-R-HLog) Red-R fluorescence (RED-R-HLog)
5 ! § shetri ShOLFML2A
2 50 74.4% | o200 5
> =1
E *x g ® 15 ox
8 25 - o 2 10
L 100 2
o S 5
imale W o
ShOLFME2A™ - 0 - < 9
o shCtrl - shOLFML2A shCtrl ShOLFML2A
184% — Vimentin
! ] - 161% — PR Snail
0 20 40 60 80 100 120 140 [ 20 40 60 80 100 120
Yellow-B fluorescence area (YEL-B-ALin) Yellow-B fluorescence area (YEL-B-ALin)
ShCtrl ShOLFML2A 176% | N— Slug
o 60 A /PO
xX mm shCtrl mm shOLFML2A
g 45 * shCtl  shOLFML2A
£ 30 |
8
5 15
o
0 B

G1 S G2/M

Figure 1 shOLFML2A decreased malignancy in MBA-MD-231 cells. (A) shOLFML2A reduced OLFML24 mRNA and protein expression.
(B) shOLFML2A inhibited cell proliferation according to the Celigo assay (left) and cell activity according to the MTT assay (right).
shOLFML2A reduced cell migration according to the transwell migration analysis (C) and wound-healing array (D), recorded with a Celigo
imaging cytometer (x50 magnification). The migrated and invaded cells were counted following staining with GIEMSA. The percentage
is presented as a bar, and the numbers of cells are presented as a line. (E) shOLFML2A inhibited cell invasion according to the transwell
invasion analysis, recorded with a Celigo imaging cytometer following staining with GIEMSA (x50 magnification). (F) shOLFML2A4
promoted cell apoptosis according to annexin V-FITC/PI flow cytometry analysis. (G) shOLFML2A regulated the cell cycle according
to flow cytometry analysis. (H) shOLFML2A inhibited vimentin, snail, and slug protein expression according to western blot analysis.
Cells infected with the shRNA lentivirus for 5 d were collected and analyzed by western blot. s\OLFML2A, shRNA targeting OLFML2A4;
OLFML2A, olfactomedin-like-2A. *P<0.05, **P<0.01 vs. shCtrl group. shOLFML2A, shRNA targeting OLFML2A.
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Figure 2 Microarray results determined using Affymetrix GeneChip PrimeView Human Gene Expression Arrays in MBA-MD-231 cells.
The microarray method is described in the Materials and Methods section. (A) Volcano plots of the DEGs by shOLFML2A in breast cancer
cells. The DEGs are highlighted in red. The chosen thresholds were a Ifold changel >2 and an FDR <0.05. (B) The number of DEGs.
(C) A heatmap of DEGs. G5283-1, G5283-2, and G5283-3 were the vehicle groups, while G5282-1, G5282-2, and G5282-3 were the
shOLFML2A groups. (D) Pearson's correlation of the microarray. DEGs, differentially expressed genes; shOLFML2A, shRNA targeting

OLFML2A.

stimulates signal transduction cascades, was found to be the
top pathway (Figure 3B). The integrin signaling pathway
regulates cell motility, cell adhesion, cell activation, and
tumor invasion through crosstalk with the EGFR, PI3K/
AKT, ERK/MAPK, JNK/SAPK, Wnt and cytoskeletal
organization/rearrangement signaling pathways (Figure 3B).
AKT, CAV1, GSN, MLCP. PAK, PINCH1, RAP, Ras, RHO,
TSPAN, VCL, and WASP are involved in the suppression of
integrin signaling (Figure 3B). AKT3, CAV1, ELKI, PAKI,
PTK2, RACI1, RAP1A/B, and WASL participates in the
regulation of the top 6 signaling pathways, namely, integrin
signaling, HGF signaling, NGF signaling, ephrin receptor
signaling, G beta gamma signaling, and the IL-3 signaling
pathway (Figure S3A). The other signaling pathways and
their molecules can be found in the website: https://cdn.
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amegroups.cn/static/public/atm-22-757-03 .xIsx. Among
them, Prkce, Prkch, Akt3, Racl, Elkl, Ptk2, Pakl, Rhoa,
and Prkach were the principal molecules involved in these
significantly changed pathways (Figure S3B).

Functions of the DEGs by shOLFML2A

We then further analyzed the functions of these differential
canonical pathways regulated by shOLFML2A in breast
cancer cells by IPA. More than 500 functions were changed
by shOLFML2A, 54 of which were altered significantly
(Figure 4 and available online: https://cdn.amegroups.cn/
static/public/atm-22-757-04.xlsx). Among the significantly
changed functions, 34 were significantly inhibited, and
20 were activated (Figure 4). Among them, the synthesis
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of DNA, the alignment of chromosomes, the formation
of microtubules and the cytoskeleton, cell viability, cell
proliferation, cell movement and migration, etc. were
inhibited (Figure 4B). However, necrosis, cell death,
apoptosis, senescence, cell adhesion, and the interaction of
endothelial cells were activated (Figure 4C). The numbers of

© Annals of Translational Medicine. All rights reserved.

molecules engaged in these functions ranged from 4 to 911
(Figure 4B,4C). The top function was the cell proliferation
of tumor cell lines (Figure S4A). There were 123 inhibited
molecules and 74 activated molecules in this function
(Figure S4B). The other functions and their molecules can
be found in the available online: https://cdn.amegroups.cn/
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static/public/atm-22-757-04.xlsx. Among them, Racl, Rhoa,
App, Bel2, Bel2ll, BircS, 111b, Vegfa, Pakl and Cavl were
the top molecules involved in these significantly changed
functions (Figure S4C).

Upstream regulators of the DEGs by shOLFML2A

The upstream regulators of the DEGs by shOLFML2A were
analyzed by IPA. There were 2,260 regulators that were
significantly changed by shOLFML2A in breast cancer cells
(available online: https://cdn.amegroups.cn/static/public/
atm-22-757-05.xlsx). Among them, there were 141 with

© Annals of Translational Medicine. All rights reserved.

an lactivation z-scorel >2 (Figure 5A4,5B). Transcription
regulators were the top regulators according to the
classification analysis (Figure 5C). The top regulator was
the transcription regulator NUPRI1, as shown in Figure 5D.
Additionally, NUPRI could activate 14 target molecules and
inhibit 56 molecules in the dataset (Figure S5A). The top
10 inhibited upstream regulators and their representative
targets, such as ESRI, RABLG, and FoXM1I, are shown in
Figure S5B. The top 10 activated regulators (e.g., NUPRI,
tretinoin, and ler-7) are shown in Figure S5C. For more
detailed information, please refer to the available online:
https://cdn.amegroups.cn/static/public/atm-22-757-05 xlsx.
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Regulator effects and interaction networks of the DEGs by
shOLFML2A4

IPA was further performed to explore the relationships
between the upstream regulators and the downstream
functions of shOLFML2A in breast cancer cells. A higher
consistency score indicates a more accurate prediction of
these relationships. The top relationship was the adhesion of
endothelial cells and increased levels of albumin (Figure 6A4).
Among them, ADM, Apl, ATF6, CYP272, HMIOX1I, ILIRN,
NOX4, TGM2, and VCAN regulate APP, FNI, ICAMI,
IL1B, PPARG, PROCR, RCANI, and VEGEA expression
to regulate cell adhesion and increase albumin. Details can
be found in Figure S6A and the available online: https://
cdn.amegroups.cn/static/public/atm-22-757-06.xIsx. The
top 5 regulators play significant roles in cell apoptosis, cell
death, cell survival, DNA fragmentation, and microtubule
dynamics (Figure S6A).

© Annals of Translational Medicine. All rights reserved.

We then constructed the interaction network among
genes in the dataset, upstream regulators, and cell functions
using IPA. The overall network of molecules was divided
into multiple networks, and then each network was scored.
A higher score indicates a higher probability prediction of
these interactions. Three networks topped the rankings
jointly with a score of 45 (Figure 6B-6D). APP, PI3K, PTK,
etc. participate in the regulation of DNA replication,
recombination, and repair, the cell cycle, cellular assembly
and organization, cellular compromise, cellular assembly
and organization, and cellular development (Figure S6B).
For more information, please refer to the available online:
https://cdn.amegroups.cn/static/public/atm-22-757-07 xlsx.

Confirmation of the microarray by RT-qPCR, western blot
and IHC analyses

To verify the reliability of the microarray, RT-qPCR and
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western blot analysis were employed. All the candidate
genes that encoded multiple transmembrane proteins and
those that were not well annotated in the National Center
for Biotechnology Information (NCBI) database were
not included in this study. Finally, 30 genes were chosen
for subsequent confirmatory experiments. APP, EGRI,
GDG15, HDAC6, MMPI1, and TNFSF10 were upregulated
by shOLFML2A in TNBC cells; however, CD/CDCs,
RACI, RHOA, etc. were downregulated compared to their
parental cells (Figure 7A4). The RT-qPCR results were also
similar to those of the microarray (Figure 7B). Correlation
analysis showed that the microarray and RT-qPCR results
were highly correlated, with a correlation coefficient R*>0.9
(Figure 7C). Additionally, the protein expression of some
genes was analyzed. shOLFML2A significantly decreased
the protein expression of CCNBI, MDM2, OLFML2A,
SKP2, and TFDPI and increased the protein expression of
APP (Figure 7D). The IHC results indicated that expression
of OLFML2A was increased in TNBC cells compared to

the paracancerous tissue (Figure 7E).

Gene relation network by shOLFML2A in TNBC cells

In humans, the OLFML2A gene is expressed in the breast,
cerebral cortex, colon, eye, hippocampus, kidney, etc.
under physiological conditions according to data from The
Human Protein Atlas (Figure S7A,S7B) (4). Its protein
can be detected in several human neoplastic tissues, such
as breast, cervical, colorectal, endometrial, liver, lung,
ovarian, pancreatic, and stomach cancers (Figure S7C) (14).
According to data from the TCGA breast cancer samples
and The Human Protein Atlas, a high level of OLFML2A4
is unfavorable (Figure S7D,S7E) (24). The overall survival
rate of female breast cancer patients with different levels
of OLFML2A gene expression was significantly different
(Figure 7F). Patients with a high level of OLFML2A gene
expression received a worse prognosis than those with
weak and moderate levels of OLFML2A gene expression
(Figure 7F). A gene relation network was eventually
obtained by the intersection analysis of the DEGs involved
in DNA replication, recombination and repair, the cell
cycle, cellular assembly and organization, cell proliferation,
cell death and apoptosis, cell movement and migration, cell
cycle regulation, integrin signaling, HGF signaling, and
NGF signaling (Figure 7G). In breast cancer MBA-MD-231
cells, shOLFML2A downregulated AKT3, AURKA, BIRCS,
CAV1, CCNBI, CD40, CDC20, CDC25A, CDC45, DEFS,
FANCI, GJA1, HMGB1, HMMR, HSPAS, [CMT, LIMCHI,
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LPARI, MDM2, NRG1, OLFML2A, POLA2, PRKCE,
RACI, RHOA, SKP2, and TFDPI and upregulated APP,
EGRI, GDF15, GRB10, HDAC6, MMPI1, MMP3, SQSTM],
TNFSF10, and TSC22D1. For details, please refer to the
available online: https://cdn.amegroups.cn/static/public/
atm-22-757-08.xIsx. Lastly, we drew a schematic diagram
of the mechanism of the inhibitory effects of shOLFML2A
in breast cancer cells (Figure 7H). In human breast cancer
MBA-MD-231 cells, gene silencing of OLFML2A inhibited
cell proliferation, migration, and invasion and promoted
cell apoptosis potentially through signaling crosstalk with
the p53, integrin, HGE, NGF, ephrin receptor, Gy, IL-3,
mitotic roles of polo-like kinase, cell cycle regulation, IL-7,
corticotropin releasing hormone, sphingosine-1-phosphate,
14-3-3-mediated, Rac, Gag, CXCR4, IL-1, P2Y purigenic
receptor, ERK/MAPK, p38 MAPK, renin-angiotensin,
gonadotropin-releasing hormone (GNRH), melatonin, and
granulocyte-macrophage colony-stimulating factor (GM-
CSF) signaling pathways.

Discussion

In this study, we investigated the mechanisms of the
inhibitory action of OLFML2A silencing using RNAi on
human breast cancer cells. High OLFML2A expression is
unfavorable in breast cancer and is a potential prognostic
factor. In breast cancer MBA-MD-231 cells, shOLFMIL2A
inhibited cell proliferation and viability, cell migration and
invasion, and the EMT progress because it induced cell
apoptosis by promoting S phase arrest. It also inhibited
cell functions, such as the synthesis of DNA, the alignment
of chromosomes, and the formation of microtubules, and
the cytoskeleton, while cell necrosis, cell death, apoptosis,
senescence, cell adhesion, and the interaction of endothelial
cells were activated. In the cell cycle, G2/M DNA damage
checkpoint regulation and p53 signaling were activated
by shOLFML2A. However, shOLFML2A significantly
inhibited tumor-promoting signaling pathways, such as
integrin, HGF, NGF, ephrin receptor, GBy, 1L-1/3/7,
the mitotic roles of polo-like kinase, cyclins and cell cycle
regulation, sphingosine-1-phosphate, CXCR4, ERK/MAPK,
p38 MAPK, melatonin, GM-CSEF, 14-3-3, corticotropin-
releasing hormone, Rac, P2Y purigenic receptor, renin-
angiotensin, GNRH, estrogen-mediated S phase entry, and
macropinocytosis signaling. Therefore, OLFML2A was
revealed as a potential therapeutic target in TNBC cells.
OLFMIL2A protein is an abnormal protein that is widely
distributed in human neoplastic tissues, such as breast,
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Figure 7 Genomics validation analysis and the gene regulation network. (A) Gene expression was determined by the GeneChip array.
Candidate genes for further analysis were chosen according to the microarray results. (B) Candidate mRNA expression was determined
by RT-qPCR. (C) Correlation analysis of the results between the microarray and RT-qPCR. (D) Representative protein expression by
shOLFMIL2A. (E) Representative IHC of OLFML2A in breast cancer patients (x50 magnification). Top: paracancerous tissue. Bottom:
cancer tissue. (F) The overall survival rate of female breast cancer patients according to OLFML2A expression. The data were obtained from
TCGA breast cancer samples and mapped by Xena (https://xenabrowser.net/heatmap/). (G) The core gene relation network mapped by IPA.
*, indicated the potential key genes. (H) The schematic diagram of the mechanism of inhibition of sShOLFMIL2A in breast cancer cells. RT-
qPCR, real-time quantitative PCR; shOLFML2A, shRNA targeting OLFML2A; OLFML2A, olfactomedin-like-2A. *P<0.05, **P<0.01 vs.
shCtrl group.

cervical, colorectal, endometrial, liver, lung, ovarian, Additionally, a high level of OLFML2A is unfavorable for
pancreatic, and stomach cancers (4). We also found elevated female breast cancer patients according to data from TCGA
OLFML2A expression in some breast cancer patients. breast cancer samples and The Human Protein Atlas (25).
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The overall survival rate of these patients with different
OLFML2A mRNA levels was significantly different, with
a P value of 0.006 (25). Patients with a high mRNA level
of OLFML2A received a worse prognosis than those with
weak and moderate mRINA levels of OLFML2A. Therefore,
we speculate that inhibiting the expression of this gene
may be beneficial to breast cancer patients. Indeed, we
recently found that silencing of the OLFML2A gene by
mRNA interference significantly inhibited proliferation and
migration in TNBC cells (28). Therefore, we investigated
the mechanism of the inhibition of shOLFML2A by
using a GeneChip array, RT-qPCR, m and western blot
analysis. In the present investigation, we further found that
shOLFML2A induced cell apoptosis by promoting S phase
arrest in breast cancer cells. ShOLFML2A also decreased the
protein expression of several typical EMT markers, such
as vimentin, snail, and slug. Cell cycle regulation and the
apoptosis-promoting effect of sShOLFML2A may decrease
cell proliferation, migration, and invasion.

To explore the genes that were significantly changed
by shOLFML2A, we performed a microarray and found
that 428 upregulated and 712 downregulated genes were
changed by shOLFML2A in breast cancer cells; thirty were
tested by RT-qPCR. The microarray and RT-qPCR results
were highly correlated. All these significantly changed genes
were further analyzed using IPA. Interestingly, shOLFML2A
activated G2/M DNA damage checkpoint regulation
and the p53 signaling pathways. The activation of these
pathways is beneficial to the prevention and treatment of
breast cancer (36,37). shOLFML2A also inhibited tumor-
promoting signaling pathways, such as integrin, HGE, NGF,
ephrin receptor, GPy, IL-1/3/7, the mitotic roles of polo-like
kinase, cyclins and cell cycle regulation, sphingosine-1-phosphate,
CXCR4, ERK/MAPK, p38 MAPK, melatonin, GM-CSE,
14-3-3-mediated signaling, corticotropin-veleasing hormone, Rac,
P2Y purigenic receptor; renin-angiotensin, GNRH, estrogen-
mediated S phase entry, and macropinocytosis signaling.
In particular, integrin signaling was the top pathway, and it
induced ECM interactions. The integrin signaling pathway
regulates cell motility, cell adhesion, cell activation, and
tumor invasion through signaling crosstalk with the EGFR,
PI3K/AKT, ERK/MAPK, JNK/STPK, Wnt/B-catenin, and
cytoskeletal organization/rearrangement signaling pathways
(38,39). Breast cancer cells exhibit a metastatic phenotype
that is controlled by the activation of integrin signaling,
and inhibition of the integrin pathway decreases tumor
metastasis (40). In addition, the high-frequency molecules
Prkce, Prkch, Akt3, Racl, Elk1, Ptk2, Rhoa, Pakl/6, and
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Prkach were observed in the signaling pathways that were
significantly changed by shOLFML2A. These genes play
key roles in breast cancer tumorigenesis (41-43).

We then further analyzed the functional changes induced
by shOLFML2A using IPA in breast cancer cells. Among
the significantly changed functions, 34 were significantly
inhibited and 20 were activated by shOLFML2A.
Surprisingly, shOLFML2A inhibited the synthesis of
DNA, the alignment of chromosomes, the formation
of microtubules and the cytoskeleton, cell viability, cell
proliferation, and cell movement and migration but
promoted necrosis, cell death, apoptosis, senescence, cell
adhesion, and the interaction of endothelial cells. This
evidence indicates that silencing of the OLFML2A gene
decreases tumorigenesis and tumor progression in breast
cancer. Additionally, the high-frequency molecules Racl,
Rhoa, Bcl2, and APP are involved in these functions. We
further explored the relationships between the upstream
regulators and the downstream functions changed by
shOLFML2A. The adhesion of endothelial cells and
increased levels of albumin were the top relationship.
ADM, Ap1, ATF6, CYP272, HMOX1, ILIRN, NOX4,
TGM2, and VCAN regulated APP, FN1, ICAMI, ILIB,
PPARG, PROCR, RCANI, and VEGFA expression to
regulate cell adhesion and increase albumin. The regulation
of cell motility and cell adhesion, which is controlled by
microtubules and the cytoskeleton, is critical to cancer cell
metastases (44). Additionally, attenuation of the adhesion
of tumor cells to endothelial cells is beneficial for breast
cancer cell metastasis (45). The top 5 regulator effects
play significant roles in cell apoptosis, cell death, cell
survival, DNA fragmentation, and microtubule dynamics.
These data indicate that the regulation of DNA synthesis
and microtubule dynamics by shOLFML2A reduces
proliferation and adhesion in breast cancer cells.

Conclusions

Based on the GeneChip and IPA results, we further analyzed
the core interaction of the genes involved in the functions
of cancer, cell proliferation, the cell cycle, apoptosis, and
cellular movement. APP, RAC1, CAV1, HSPAS, AURKA,
CDC20, HDAC6, CCNB1, G7A1, and SQSTM!1 constituted
the core of this network. Taken together, these results
suggest that gene silencing by shOLFML2A changes the
expression of APP, RACI, CAV1, and other genes. These
changed genes then regulate DNA synthesis, chromosome
alignment, microtubules and the cytoskeleton, cell
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movement, the cell cycle, cell necrosis, and apoptosis
by promoting regulation of the G2/M DNA damage
checkpoint and p53 signaling and by inhibiting integrin,
HGE NGE and other tumor-promoting signaling pathways.
Finally, shOLFMIL2A reduced cell proliferation, migration,
and invasion and promoted cell apoptosis. Therefore, the
results of the present investigation suggest that OLFML2A is
a potential therapeutic target for TNBC cells.
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Figure S1 shOLFML2A inhibited cell proliferation and migration. (A) Representative images of cell proliferation from the Celigo assay (x50
magnification). (B) Cell proliferation curve. (C) Inhibition ratio of cell proliferation. (D) Representative images of wound-healing from the
Celigo assay (x50 magnification). (E) Cell migration rate when scratches were produced at 48 h. (F) Cell migration inhibition ratio when
scratches were produced at 48 h. *P<0.05, **P<0.01 vs. shCtrl group. shOLFML2A, shRNA targeting OLFML2A.
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Figure S2 Microarray results determined using Affymetrix GeneChip arrays. (A) Principal component analysis of the microarray. (B) A

scatter plot of the microarrays. (C) Relative signal box plot array.
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Figure S3 Top 6 signaling pathways and the molecules regulated by shOLFML2A. (A) The top 6 signaling pathways. (B) The high frequency
molecules in all the significant tumor-associated signaling pathways were mapped using Wordart software (https://wordart.com/). The larger
the word frequency, the larger the font size is.

© Annals of Translational Medicine. All rights reserved. https://dx.doi.org/10.21037/atm-22-757


https://wordart.com/

A B Molecules involved in the proliferation of tumor cells
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Figure S4 The top function: the cell proliferation of tumor cell lines and the high-frequency molecules in all the significant functions. Cell
proliferation of tumor cell lines was the top function (A), and the molecules involved in this function are listed (B). (C) The high-frequency
molecules in all of the significant functions were mapped by Wordart software (https://wordart.com/). The larger the word frequency, the

larger the font size. * indicated the potential key genes.
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A NUPRI1 target molecules in dataset

Inhibited AKAP12, ANP32E, APOBEC3B, AREG, ARHGAP11A, ARHGEF26, ASOM, ATF3, AURKA, BUBI, C30rf58, CCNA2, CCNB2, CDC23,
CDC25C, CDCA2, CDCA3, CDCA8, CKAP2L, CYR61, EXTL2, FANCD2, FAMI173B, FCF1, GINS1, KIF1 1, KIF20A, KIF23, KIF2C, KNLI,
LMNBI, LRP§, MGLL, MKI67, MMD, MPO, MTFR2, MYD88, BFIB, NSLI, OSBPL6, PARP1, PM20D2, PMP22, POLA2, POLE2, RFXS,
RLPL2, SHROOM3, SKP2, SPAGS, SPC25, SPIN4, SRSF1, TDRKH, UAP1

Activited ADM, BTG2, FUCAI1, GBP2, GDF15, LHFOL2, LOC102724428/SIK1, MT1X, PCTP, PFKB4, PRNP, TMEM158, TOLLP, TRIB1

B Mm Molecule Type Target molecules in dataset

1 ESR1 ligand-dependent nuclear receptor  ABCB9, ABCC3, ABI2, ABLIMI, ADGRG6, ANLN, ANXA4, AREG, ASPM, ATF3

2 RABL6 other ATXNI, BUBL, CCNA2, CCNB1, CDC25A, CDC25C, DUT, ELF4, FERMT2, HMMR

3 FOXMI transcription regulator BIRCS, CAV1, CCNAI, CCNA2, CCNBI, CCNB2, CDC20, CDC25A, CDC25C, CDCA2
4 Vegf group AKAP12, ANGPTLA, ASNS, ATF3, AURKA, BAG2, BCL2, BIRCS, BTBD3, BUBI

5 TALL transcription regulator ASPM, BCL2, BTBD3, BUBI, C3, CCNBI, CCNG2, CDKN3, DSG2, GALNT?

6  CSR2 cytokine ANLN, ATXN1, AURKA, BCL2, BCL2L1, BIRCS, BUBI, C3, CCNAZ, CCNB1

7 EP400 other CCNA2, CDC20, CDC25A, CDCA3, FBXOS, NEK2, PPARG, PSRCI, RCCI, SGOI

8 MYC transcription regulator ABCBY, ABCC3, ACSL4, ADIPOR1, ADM, AKAP12, ANXA4, APP, ASNS, ATPI3A2
9 SB203580  chemical - kinase inhibitor APOBEC3B, APOBEC3G, APOLI, ATF3, BCL2, BGLAP, BIRCS, C3, CCNBI, CD40

10 HGF orowth factor AKAP12, ANGPTIA, ASNS, ATF3, AURKA, BAG2, BCT2, BCL2L1, BIRCS, BUBI

C
NUPRI transcription regulator ADM, AKAP12, ANP32E, APOBEC3B, AREG, ARHGAP11A, ARHGEF26, ASPM, ATF3, AURKA

2 Tretinoin hemical - endogenous lian ABLIM1, ADM, AKAP12, ANGPTL4, APP, AREG, ASB2, ASNS, BACEI, BCL2

3 Letd microRNA AURKA, BCI2L1, BUBI, CCNA2, CCNBI, CDC20, CDC23, CDC25A, CDC4S, CDCA2
4 CDKN2A  tanscription regulator ATAD2, BCL2, BIRCS, C3, CCNAL, CCNA2, CCNB1, CCNG1, CDC25A, CDC25C

s TCF3 transcription regulator ANLN, ATF3, AURKA, BIRCS5, BUBI, CA2, CCDC117, CCNA2, CCNB1, CCNB2

6  KDMSB transcription regulator ASFIA, AURKA, CAV1, CCNAL, CCNB1, CDCA3, CDIPT, CTGF, DLGAPS, EGR1

7 IKBKB kinase ATF3, BCL2, BCL2L1, C3, CCNA2, CTGF, CTSB, CTSF, CYPIBI, EGR1

§  Calcitriol chemical drug ABCC3, ABLIMI, ANLN, APP, AREG, ATP10D, ATP2B1, BCAT1, BCL2, BCL2L1

9 Irgml other BUBI, CCNA2, CCNB1, CCNB2, CDCA3, GINSI, KIF20A, MKI67, NCAPG, NEK2
10 S-fluorouracil chemical drug ANXA4, BCL2, BCI2L1, BIRCS, BNIP3L, CCNAL, CCNGI, CCT6A, CD40, CYCS

Figure S5 The target molecules of NUPRI (A) and the top 10 regulators in the inhibitory (B) or activated (C) state. Only the top 10
representative target molecules are shown (in alphabetical order) in cases of more than 10 targets.
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PDZD11, PLEKHA7, Pmea, PPP1CB, PTK2, RABLA, SH3PXD2A, SMCRS, SORD, TPM3, TPM4

3 45 ASAHI, ¢-Src, CCBE1, CCDC85C, CEP5S5, CEP128, CEP152, CETN3, CSK, FAM46C, Focal adhesion kinase, DNA replicati bination, and repair, cell

HAUS7, MB21D2, MRPS18B, MTHFDIL, NCAPD2, NCAPD3, NCAPG, NCAPH, NEDD1, NEK6, ODF2,  cycle, cellular assembly and organization
PCGFS5, PLK4, PM20D2, PSAP, SCLT1, SMG7, SPAGS, TUBGCP3, TUBGCP4, WASHC4,
WASHC2A/WASHC2C, ZNF292, ZSWIM8

Figure S6 The top 5 regulator effects (A) and the top networks (B).
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Figure S7 OLFML2A gene expression in human tissues or cancers. The protein (A) and mRNA (B) levels of OLFML2A in human tissues. (C)

OLFML2A mRNA expression in different types of human cancers. All the data are available from The Human Protein Atlas (https://www.

proteinatlas.org/ENSG00000185585-OLFML2A/tissue#gene_information).
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