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Background: An elevated level of olfactomedin-like-2A (OLFML2A) 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 RNA that 
targets OLFML2A (shOLFML2A) 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 OLFML2A 
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 

cell carcinoma compared to that in normal renal tissue (15). 
OLFML2A also endows tumor cells with higher migration 
activity in renal cell carcinoma ACHN, Caki1, Caki2, and 
KIJ265T 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 OLFML2A 
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/β-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 OLFML2A 
mRNA levels was significantly different (26). Patients with a 
high mRNA level of OLFML2A received a worse prognosis 
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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 mRNA interference markedly inhibited 
proliferation and migration in triple-negative breast cancer 
(TNBC) cells (28). However, the mechanism of inhibition 
of shOLFML2A in breast cancer is still not clear. Therefore, 
the aims of this study were to investigate the mechanism 
of shOLFML2A 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-MDM2 (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 

Endofree Maxi Plasmid Kits were obtained from Tiangen 
(Beijing, China). EcoRI, CutSmart and AgeI 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 ℃ in a cell incubator (Thermo Fisher, MA, 
USA) containing 5% CO2. 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-KL-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 
i s  hU6-MCS-CMV-EGFP.  The control  insert  i s 
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-qPCR

Total RNA was extracted using the TRIzol reagent, and 
RT-qPCR was performed according to our previous 
work (28). Primers were obtained from GeneChem 

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%

https://atm.amegroups.com/article/view/10.21037/atm-22-757/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-757/rc
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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 mRNA 
levels was performed using the 2−ΔΔCt 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 μg. The 
blots were developed with a Pierce ECL Western Blotting 
Substrate Kit (Thermo Fisher, Waltham, MA, USA) and 
exposed on X-ray film.

Wound-healing 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 μL 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, 

1×106 cells were seeded into the upper chamber of a 24-well 
transwell chamber separated by a polycarbonate filter coated 
with 50 μg/mL collagen IV and cultured with 500 μL of 
serum-free medium. A total of 750 μL 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 MTT methods.

Immunohistochemical (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 change| 
>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 shRNAs after 
the breast cancer cell line MBA-MD-231 was transfected 
with these target plasmids. All three shOLFML2As 
significantly inhibited cell proliferation (Figure S1A-S1C). 
In addition, shOLFML2A-psc45860 and shOLFML2A-
psc45861 also decreased cell migration (Figure S1D-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 1A). Celigo and MTT assays revealed that 
shOLFML2A 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). shOLFML2A 
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 

arrest in breast cancer cells (Figure 1F,1G). 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 2A) and scatter plots of the 
microarrays (Figure S2). Among the DEGs (|fold change| 
>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 pathways 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 3A). The ratio of the 
DEGs to the total genes in the canonical pathways varied 
from 5.2% to 19.2% (Figure 3A). 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 

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
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Figure 1 shOLFML2A decreased malignancy in MBA-MD-231 cells. (A) shOLFML2A reduced OLFML2A 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 (×50 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 (×50 magnification). (F) shOLFML2A 
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. shOLFML2A, shRNA targeting OLFML2A; 
OLFML2A, olfactomedin-like-2A. *P<0.05, **P<0.01 vs. shCtrl group. shOLFML2A, shRNA targeting OLFML2A.
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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, ELK1, PAK1, 
PTK2, RAC1, 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.

amegroups.cn/static/public/atm-22-757-03.xlsx. Among 
them, Prkce, Prkch, Akt3, Rac1, Elk1, Ptk2, Pak1, Rhoa, 
and Prkacb 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 

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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Figure 4 The functions of the DEGs regulated by shOLFML2A. (A) A heatmap of the functions mapped by IPA. Orange: z-score >0; 
blue: z-score <0; gray: no z-score value. A z-score >2 indicates significant activation of the function, and a z-score <−2 indicates significant 
inhibition of the function. (B) Downregulated functions regulated by shOLFML2A. The chosen thresholds were a z-score <2 and an FDR 
<0.05. The z-scores are presented as bars, and the numbers of molecules involved in these functions are presented as a line. (C) Upregulated 
functions regulated by shOLFML2A. The chosen thresholds were a z-score >2 and an FDR <0.05. The z-scores are presented as bars. The 
numbers of molecules are presented as a line. DEGs, differentially expressed genes; shOLFML2A, shRNA targeting OLFML2A.
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static/public/atm-22-757-04.xlsx. Among them, Rac1, Rhoa, 
App, Bcl2, Bcl2l1, Birc5, Il1b, Vegfa, Pak1 and Cav1 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 

an |activation z-score| >2 (Figure 5A,5B). Transcription 
regulators were the top regulators according to the 
classification analysis (Figure 5C). The top regulator was 
the transcription regulator NUPR1, as shown in Figure 5D. 
Additionally, NUPR1 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 ESR1, RABL6, and FoXM1, are shown in 
Figure S5B. The top 10 activated regulators (e.g., NUPR1, 
tretinoin, and let-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 
shOLFML2A

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 6A).  
Among them, ADM, Ap1, ATF6, CYP2J2, HMOX1, IL1RN, 
NOX4, TGM2, and VCAN regulate APP, FN1, ICAM1, 
IL1B, PPARG, PROCR, RCAN1, and VEGFA 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.xlsx. The 
top 5 regulators play significant roles in cell apoptosis, cell 
death, cell survival, DNA fragmentation, and microtubule 
dynamics (Figure S6A).

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 

A B

C D

Figure 6 The top regulator effects and interaction networks mapped by IPA. The top regulator effects (A). The top networks (B-D). IPA, 
ingenuity pathway analysis. *, indicated the potential key genes.
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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, EGR1, 
GDG15, HDAC6, MMP1, and TNFSF10 were upregulated 
by shOLFML2A in TNBC cells; however, CD/CDCs, 
RAC1, RHOA, etc. were downregulated compared to their 
parental cells (Figure 7A). 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 R2>0.9 
(Figure 7C). Additionally, the protein expression of some 
genes was analyzed. shOLFML2A significantly decreased 
the protein expression of CCNB1, MDM2, OLFML2A, 
SKP2, and TFDP1 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 OLFML2A 
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, BIRC5, 
CAV1, CCNB1, CD40, CDC20, CDC25A, CDC45, DEF6, 
FANCI, GJA1, HMGB1, HMMR, HSPA8, ICMT, LIMCH1, 

LPAR1, MDM2, NRG1, OLFML2A, POLA2, PRKCE, 
RAC1, RHOA, SKP2, and TFDP1 and upregulated APP, 
EGR1, GDF15, GRB10, HDAC6, MMP1, MMP3, SQSTM1, 
TNFSF10, and TSC22D1. For details, please refer to the 
available online: https://cdn.amegroups.cn/static/public/
atm-22-757-08.xlsx. 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, HGF, NGF, ephrin receptor, Gβγ, IL-3, 
mitotic roles of polo-like kinase, cell cycle regulation, IL-7, 
corticotropin releasing hormone, sphingosine-1-phosphate, 
14-3-3-mediated, Rac, Gαq, 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, shOLFML2A 
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, Gβγ, 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-CSF, 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.

OLFML2A protein is an abnormal protein that is widely 
distributed in human neoplastic tissues, such as breast, 
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cervical, colorectal, endometrial, liver, lung, ovarian, 
pancreatic, and stomach cancers (4). We also found elevated 
OLFML2A expression in some breast cancer patients. 

Additionally, a high level of OLFML2A is unfavorable for 
female breast cancer patients according to data from TCGA 
breast cancer samples and The Human Protein Atlas (25). 
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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 
shOLFML2A. (E) Representative IHC of OLFML2A in breast cancer patients (×50 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 shOLFML2A 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.
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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 mRNA 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 shOLFML2A 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, HGF, NGF, 
ephrin receptor, Gβγ, 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-CSF, 
14-3-3-mediated signaling, corticotropin-releasing 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/β-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, Rac1, Elk1, Ptk2, Rhoa, Pak1/6, and 

Prkacb 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 Rac1, 
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, CYP2J2, HMOX1, IL1RN, NOX4, 
TGM2, and VCAN regulated APP, FN1, ICAM1, IL1B, 
PPARG, PROCR, RCAN1, 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, HSPA8, AURKA, 
CDC20, HDAC6, CCNB1, GJA1, and SQSTM1 constituted 
the core of this network. Taken together, these results 
suggest that gene silencing by shOLFML2A changes the 
expression of APP, RAC1, 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, 
HGF, NGF, and other tumor-promoting signaling pathways. 
Finally, shOLFML2A 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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Supplementary

Figure S1 shOLFML2A inhibited cell proliferation and migration. (A) Representative images of cell proliferation from the Celigo assay (×50 
magnification). (B) Cell proliferation curve. (C) Inhibition ratio of cell proliferation. (D) Representative images of wound-healing from the 
Celigo assay (×50 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.

https://wordart.com/
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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.

https://wordart.com/
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Figure S5 The target molecules of NUPR1 (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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B

Figure S6 The top 5 regulator effects (A) and the top networks (B).



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

A

B

C

D E

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).

https://www.proteinatlas.org/ENSG00000185585-OLFML2A/tissue#gene_information
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