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Abstract: Intratumoral heterogeneity (ITH) results in treatment failure in ovarian cancer (OC). Exosomes are related 
to the formation of a heterogeneous tumor microenvironment, and microRNAs play a crucial role in the progression 
of OC. Therefore, we aimed to explore the effect of exosomes and microRNA 421 (miR-421), which is mediated by 
exosomes, on ITH and the diagnosis of OC. Exosomes derived from A2780 cells with the highest (AHC) or lowest 
(ALC) invasive/migratory capacity cells (AHE/ALE) were extracted by differential centrifugation. We conducted a 
series of experiments to verify the role of AHE and miR-421 in promoting the transformation of low-invasive cells to 
high-invasive cells by regulating the PI3K/AKT pathway, and we also measured the levels of CA125 in serum exo-
somes. The results of assays showed that the AHE and miR-421, mediated by exosomes, significantly increased the 
malignancy of ALC cells by activating the PI3K/AKT pathway. The expression of miR-421 was significantly increased 
in the serum exosomes derived from high-grade serous ovarian cancer (HGSOC) patients. Our findings indicate that 
MiR-421, mediated by exosomes, could induce the transformation of highly invasive cell subpopulations from sub-
populations of OC cells with low invasive potential by activating the PI3K/AKT signaling pathway. 
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Introduction

OC is the third most common gynecologic ma- 
lignancy worldwide and has the highest mortal-
ity rate among these cancers. Heterogeneity is 
a common phenomenon of parental tumor cell 
lines, and highly metastatic tumor cell variants 
preexist in parental tumor cell populations.  
ITH has resulted in treatment failure in many 
human malignancies. The tumor microenviron-
ment (TME) of ovarian cancer is complex and 
unique. The cellular composition of TME varies 
among different tissues in the human body. 
The characteristic of HGSOC is the high hetero-

geneity of TME within the patient [1]. The extra-
cellular matrix (ECM) also affects various func-
tions of tumor cells, including proliferation, sur-
vival, invasion and migration, stem cells, and 
resistance to treatment. ECM mediates the lat-
ter by activating anti-Kapoptotic and stem cell 
signaling pathways, serving as a physical barri-
er for drugs [2-4].

Our previously published studies demonstrat- 
ed that OC is also a kind of heterogeneous  
disease [5]. Exosomes are extracellular vesi-
cles with diameters of 50-140 nm that can 
carry small molecules, such as proteins, and 
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RNAs. Exosomes are related to the formation  
of a tumor heterogeneous microenvironment. 
One of our previous studies revealed that exo-
somes derived from OC cells contain specific 
proteins related to OC genesis and metastasis. 
OC exosomes promote the formation of pre-
metastatic niches through immune suppres-
sion, angiogenesis, stromal cell remodeling, 
and oncogenic reprogramming [6, 7]. The study 
has found that serum exosomes from ovarian 
cancer patients contribute to the migration of 
cancer cells and may serve as important diag-
nostic and prognostic biomarkers for ovarian 
cancer [8].

However, there are interactions between miR-
NAs and regulatory proteins in TME, further 
research is needed to confirm whether the reg-
ulatory mechanisms involved are related to 
tumor type, stage, and heterogeneity. In addi-
tion, the recognition process between miRNAs 
and receptor cells, as well as the composition 
of miRNA delivery systems, the transport and 
transmission of miRNAs in the exosomes 
secreted by cells in TME, and their specific 
roles in promoting tumorigenesis and metasta-
sis, have not been fully elucidated. This requires 
more in-depth research on the use of miRNAs 
contained in exosomes and their therapeutic 
applications [9, 10].

The phosphoinositide 3-kinase (PI3K)/AKT 
pathway has been reported as a frequently 
altered signaling pathway in OC. However,  
PI3K inhibitors alone do not significantly inhibit 
the proliferation of primary OC cells, and vari-
ous inhibitors of the PI3K pathway have shown 
little success in clinical trials. Recent studies 
revealed that exosomes could promote tumor 
progression by mediating the PI3K/AKT path-
way. Whether exosomes can mediate the PI3K/
AKT pathway to promote the progression of  
OC has not been reported. To explore the 
molecular mechanism of the development of 
OC heterogeneity, we established a relevant 
cell research model [5, 11]. Single-cell sub-
clones with the strongest and weakest inva-
sion/migration ability (renamed AHC and ALC, 
respectively) were isolated and screened from 
the human OC cell line A2780 using a limited 
dilution method. The results of RNA sequencing 
and bioinformatics analysis suggested that 
aberrant activation of the PI3K/AKT pathway 
was associated with the formation of highly 

invasive cell subclones in OC. Based on 
research results, we hypothesized that chang-
es in the heterogeneity of OC cells can be medi-
ated by exosomes, which can also alter the 
malignancy of OC cells. MicroRNAs in exosomes 
play important regulatory roles. The regulatory 
effect of exosomes and their contained microR-
NAs on OC heterogeneity is achieved by affect-
ing the PI3K/AKT pathway.

In this study, we investigated the effect of AHE 
on the heterogeneity of ovarian cancer cells, 
and the candidate differentially expressed 
microRNAs (DEMs) with a potential regulatory 
effect on the PI3K/AKT pathway were identified 
by bioinformatics analysis. The association 
between the expression level of the candidate 
DEMs and the clinicopathological characteris-
tics of OC patients was also explored. This 
study identified the presence of the DEMs in 
different OC exosomes, and the DEMs are the 
cause of heterogeneity in ovarian cancer. The 
DEMs can not only serve as diagnostic markers 
for OC but also be used for pathological classi-
fication and prognosis assessment of OC. This 
study provides a new diagnostic direction for 
early detection of OC and provides valuable 
preclinical evidence that could guide individual-
ized molecular targeted therapy for OC.

Materials and methods

Ethics approval

The study was conducted with the understand-
ing and written informed consent of each 
patient or their relatives. The experimental  
protocol was established according to the  
ethical standards and the Declaration of Hel- 
sinki. The study was approved by the Human 
Ethics Committee of Beijing Chaoyang Hospital, 
Capital Medical University.

Cell culture and transfection

The subclones of A2780 (CVCL_0134) cells 
obtained from the Basic Research Institute of 
Peking Union Medical College Hospital with the 
highest or lowest invasive/migratory capacity 
(AHC and ALC, respectively) were isolated and 
established through a limiting dilution method-
ology, as we described previously [11, 12]. 
AHC/ALC cells were cultured in RPMI-1640 
medium (Corning) containing 10% fetal bovine 
serum and antibiotics of 1% penicillin-strepto-
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mycin solution at 37°C in a humidified atmo-
sphere incubator with 5% CO2. The candidate 
DEM mimic/inhibitor (100 uM) and negative 
controls (100 uM) were transfected into AHC 
cells using the RiboFECT CP Transfection Kit 
(Ruibo Biology Co., Ltd.). All experiments were 
performed with mycoplasma-free cells in this 
paper.

Cell line authentication process

All cell lines have been authenticated in the 
past three years. Take an appropriate amount 
of A2780 cells and use the TIAAmp Genomic 
DNA Kit to extract DNA. 20 STR loci and gen- 
der identification loci were amplified using the 
MicroreaderTM21 ID system, and the PCR prod-
ucts were detected using the GenReader 7010 
gene analyzer. The detection results were ana-
lyzed using GeneMapper Software6 software 
(Applied Biosystems) and compared with the 
ExPASy database. The STR typing results of the 
cell line DNA showed that no human cell cross-
contamination was found in the A2780 cell line.

CCK-8 proliferation assay

Cells were seeded into 96-well plates at a den-
sity of 2×103 cells and cultured with medium 
containing 10% FBS (Corning) for 24 h, 48 h, 72 
h, 96 h, and 120 h, respectively. At 72 h and 
120 h, the culture medium was changed. Cell 
proliferation was by CCK8 solution reagent 
(KeyGEN BioTECH) and assessed according to 
the optical density (OD) detected by a 96-well 
plate reader (BIO-RAD Microplate Reader). All 
experiments were repeated three times with six 
replicate wells.

The concentration of exosomes derived from 
AHC (AHE) co-cultured with ALC cells was 80 
μg/mL in the experiment groups and control 
groups used the same volume of PBS. The EdU 
assay, wound healing assay, matrigel migra-
tion/invasion assay and cell immunofluores-
cence assay all adapted the above AHE 
concentration.

EdU assay

An EdU kit (RiboBio) was used according to  
the instructions. The results were observed 
and imaged with a fluorescence microscope 
(Leica DM2500). The experiment was perfor- 
med three times.

Colony formation assay

Cells were plated into six-well plates (Corning) 
(500 cells per well) and cultured for 14 days 
until visible cell colonies appeared. The colo-
nies were fixed with 4% PFA and stained with 
0.1% crystal violet. The number of colonies was 
counted and compared.

Wound healing assay

ALC and AHC cells were cultured in 6-well plates 
until the cell density reached 90%. The cell 
monolayers were wounded with a 200 μl pi- 
pette tip to scratch a gap in the plates. The 
plates were gently washed with PBS three 
times to remove the floating cells, and the cul-
ture medium was replaced with a serum-free 
medium. The wound closure area at the first 
scratch (0 h) and after 24 h were observed and 
photographed by microscopy with Leica soft-
ware. The healing area was measured using 
ImageJ software.

Matrigel migration/invasion assay

For the migration assay, ALC and AHC cells 
were harvested and resuspended in a serum-
free medium. Then, the cells (3×106 cells/ml) 
were seeded into the upper chamber. RPMI-
1640 medium with 20% FBS was added to the 
lower chamber. After incubation for 24 h, the 
invaded cells were fixed with 4% PFA, washed 
with PBS, and stained with 0.5% crystal violet. 
For the invasion assay, the chambers were 
coated with diluted Matrigel. Then, cells were 
suspended in an RPMI-1640-only medium  
and loaded in the upper chambers. The follow-
ing steps were consistent with those of the 
migration assay. The migratory or invaded cells 
were photographed and counted under a 
microscope.

Cell immunofluorescence assay

Cells were cultured on poly-L-lysine-coated cov-
erslips (8×104 cells per well) in 24-well plates. 
After being cultured for 24 h, cells were fixed 
with 4% PFA at room temperature for 15 min 
and then permeabilized with 0.1% Triton X-100 
for 10 min. BSA (1%) in PBS was used to block 
nonspecific binding for 1 h. Then, the cells were 
treated with anti-E cadherin (CST), anti-N cad-
herin (CST), and anti-Vimentin antibodies (CST) 
at 4°C overnight. The cells were stained with 
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goat anti-rabbit secondary antibody (Invitrogen) 
at room temperature for 2 h in a dark box and 
then stained with DAPI for 10 min. The fluores-
cence of the cells was visualized by fluores-
cence microscopy.

Western blot (WB) assay

The cells were lysed in ice-cold radioimmuno-
precipitation assay (RIPA) lysis buffer with a 1% 
protease inhibitor. The BCA assay kit (Thermo) 
was used to determine the total protein con-
centration. Equal amounts of protein were sep-
arated using SDS-PAGE gel and transferred 
onto a nitrocellulose (NC) membrane. Then, the 
membrane was blocked with 5% bovine serum 
albumin (BSA) dissolved in Tris-buffered saline 
with Tween-20 (TBST) for 1.5 h at room tem-
perature and incubated with primary antibod-
ies specific to protein at 4°C overnight. The fol-
lowing antibodies against proteins were used: 
E-cadherin (CST, #3195C), N-cadherin (CST, 
#13116), vimentin (CST, #5741), p-PI3K (CST, 
#17366S), PI3K (CST, #4255), p-AKT (CST, 
#4060), AKT (CST, #4685S) and GAPDH 
(Abcam, ab8245). After being washed in TBST 
buffer three times, the membrane was incubat-
ed with horseradish peroxidase-conjugated 
goat anti-rabbit antibody (Beyotime Biote- 
chnology; 1:5000) or anti-mouse antibody 
(Beyotime Biotechnology; 1:5000) secondary 
antibodies for 1.5 h and then washed with 
TBST buffer three times again. Finally, the pro-
tein bands were scanned with an enhanced 
chemiluminescence kit on a Chemiluminescence 
Imaging System (Minichemi) with Image Lab 
software.

Exosomes isolation

Cells were cultured at approximately 60-70% 
density and washed twice with PBS to eliminate 
the interference of exosomes in serum. Then, 
the medium from each culture plate was 
replaced by 10% exosomes-depleted FBS, 
which was centrifuged at 110000 × g and 4°C 
overnight (> 12 h) [13, 14]. Extraction of exo-
somes by differential centrifugation. The Pierce 
TM BCA Protein Assay Kit was used to quantify 
the protein concentration.

Transmission electron microscopy (TEM)

The morphology and size of exosomes were 
observed by TEM using negative staining with 

copper mesh, as described previously [13, 15]. 
Exosome precipitates were resuspended using 
50-100 μL 2% PFA, loaded onto a formvar-car-
bon-coated grid, and incubated for 20 min. 
After being washed twice with PBS, the grid 
was refixed with 1% glutaraldehyde for 5 min. 
The grid was washed 8 times using double-dis-
tilled water. The grid was first contrasted in a 
solution of uranyl oxalate, pH 7.0, then deter-
mined and embedded in a mixture of 4% uranyl 
acetate and 2% methylcellulose in 100 μl/900 
μl. The grid was dried in air for 5-10 min. The 
grid was observed under an electron micro-
scope at 80 kV.

Nanoparticle tracking analysis (NTA)

NTA measured the concentration and size dis-
tribution of exosomes released from AHC  
and ALC cell. The samples were loaded into  
the NanoSight NS300 instrument (Malvern, 
UK) to analyze the size and concentration of 
exosomes.

Exosome labeling and uptake assay

The PKH67 Green Fluorescent Cell Linker Mini 
Kit (Sigma) was used to label AHE. The proce-
dure was conducted according to the instruc-
tions. Phallotoxins (Beyotime Biotechnology) 
were used to label F-actin to show cell mor- 
phology.

Quantitative miRNA analysis and identification 
of candidate DEMs

Total RNA was extracted from ALE and AHE  
and quantitatively determined by BGI company 
using BGISEQ-500 sequencing. DEMs were 
defined by default as those with false discovery 
rates (FDR) ≤ 0.001 and a fold change of more 
than 2. Multiple databases, including Target- 
Scan, miRanda, and RNAhybrid, were used to 
predict the target genes of the DEMs. The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
database was used to predict the biological 
function of the target genes. The candidate 
DEMs with a potential regulatory effect on the 
PI3K/AKT pathway were selected for further 
evaluation.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using TRIzol reagent 
(Invitrogen). The RNA was reverse-transcribed 
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to cDNA using the Mir-X miRNA First-Strand 
Synthesis Kit (Takara, 638315). U6, a small 
nuclear RNA (snRNA), was used as an internal 
control to normalize the cell miRNA results.  
Cel-miR-39-3p (miRB0000010, RiboBio), the 
standard RNA, was spiked as an exogenous 
control to normalize exosomes and serum  
sample miRNA results. miRNA expression was 
detected by qRT-PCR using the Mir-X miRNA 
qRT-PCR TB Green® Kit (Takara, 638314) on a 
7500 Real-time PCR System (Applied Bio- 
systems). The 2-ΔΔ Ct method was used to ana-
lyze the differences in relative expression lev-
els between groups.

Patient samples

Serum samples from patients with HGSOC 
(high-grade serous ovarian carcinoma) and 
benign ovarian tumors were collected in sterile 
tubes. Patient clinicopathological characteris-
tics, such as age, menopause state, Interna- 
tional Federation of Obstetrics and Gynecology 
(FIGO) stage, tumor node metastasis (TNM) 
stage, histologic grade, tumor size, differentia-
tion degree, lymph node metastasis, and pre-
treatment serum CA125 levels, were collected. 
Patient serum was centrifuged at 12000 × g for 
30 min at 4°C to remove cellular fractions. The 
separated serum was aliquoted and stored at 
-80°C until further processing. Repeated 
defrosting was avoided when possible. The 
expression of the candidate DEMs in serum 
exosomes was determined by qRT-PCR.

Statistical analysis

All statistical analyses were performed using 
the statistical software SPSS version 22.0 and 
GraphPad Prism software (8.0). The statistical 
significance of the results was determined 
using Student’s t-test between the experimen-
tal group and control group. Statistical differ-
ences in exosomal miRNA expressions between 
HGSOC (46 cases) and benign tumors (12 
cases) were calculated using two-tailed Stu- 
dent’s t-test. The correlations of serum levels of 
exosomal miRNAs and clinical pathological 
characteristics of patients were evaluated by 
the Spearman rho test. ROC curve is an effec-
tive tool for the comprehensive and accurate 
evaluation of diagnostic experiments [16]. The 
diagnostic power of the exosomal miRNAs was 
analyzed by ROC curves with corresponding 
statistics [17]. The cutoff values for the relative 
expression levels of miRNAs and the clinical 

markers alone and in combination were deter-
mined by the Youden index from the ROC 
curves. Differences were considered significant 
when P < 0.05.

Result

Reidentification of the distinct biological char-
acteristics of AHC and ALC

The CCK-8 assay growth curves showed that 
the AHC cell growth rate increased significantly 
faster than the ALC cell growth rate (P < 0.001, 
Figure 1A). The EdU assay and colony forma-
tion assay demonstrated that the AHC cells had 
a significantly higher percentage of proliferat-
ing cells (80.06 ± 3.95% vs. 46.44 ± 3.85%, P 
< 0.0001; Figure 1B) than ALC and more num-
ber of colonies (55.93 ± 4.63% vs. 29.47 ± 
1.88%, P < 0.005; Figure 1C) than ALC. The 
wound healing rate of AHC cells was significant-
ly higher than that of ALC (44.47 ± 3.34% vs. 
23.97 ± 3.61%, P < 0.001; Figure 1D). AHC cell 
demonstrated a significantly stronger ability to 
invade (82.89 ± 5.86 vs. 32.4 ± 6.28, P < 
0.0001; Figure 1E) and migrate (665.89 ± 
24.19 vs. 158.67 ± 9.12, P < 0.0001; Figure 
1E) than ALC cell. Immunofluorescence stain-
ing showed that the expression levels of 
N-cadherin (0.478 ± 0.097 vs. 0.165 ± 0.032, 
P = 0.024; Figure 1F) and vimentin (1.020 ± 
0.126 vs. 0.353 ± 0.020, P < 0.005; Figure 1F) 
were significantly higher in AHC than in ALC. 
The results of WB assays confirmed the immu-
nofluorescence staining results (Figure 1G), 
and the results also indicated that the PI3K/
AKT pathway in AHC was significantly activated 
compared to that in ALC (Figure 1H). In sum-
mary, the EMT capacity of AHC cells was signifi-
cantly higher than that of ALC, and the PI3K/
AKT pathway was activated in AHC. Thus, AHC 
displayed significantly higher invasive and 
migratory capacities and greater anchorage-
independent growth viability than ALC. AHC/
ALC is still the ideal cell model for research on 
the tumor heterogeneity of OC and could be 
used for further analysis.

Isolation and identification of exosomes de-
rived from ALC and AHC

Exosomes were isolated from the supernatant 
of AHC cells (AHE) and ALC (ALE) by gradient 
centrifugation (Figure 2A). TEM showed that 
exosomes had a typical cup-shaped morpholo-
gy between 50 nm and 140 nm (Figure 2B). 



Exosomal hsa-miR-421 activates the PI3K/AKT pathway

2648	 Am J Cancer Res 2024;14(5):2643-2660

Figure 1. Reidentification of the distinct biological characteristics of AHC and ALC. A. CCK-8 assay detected that the 
proliferation ability of AHC is significantly higher than that of ALC. B. EDU assay detected that AHC has a higher pro-
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liferation percentage than ALC (80.06 ± 3.95% vs. 46.44 ± 3.85%, P < 0.0001). C. Colony formation assay detected 
the efficiency of clone formation between AHC and ALC after being cultured for 14 days. D. Wound healing assay 
showed that AHC had significantly higher migration area percentages than ALC (44.47 ± 3.34% vs. 23.97 ± 3.61%, 
P < 0.001) after 24 hours of cultivation. E. AHC had higher ability of migration (665.89 ± 24.19 vs. 158.67 ± 9.12, P 
< 0.0001) and invasion (82.89 ± 5.86 vs. 32.4 ± 6.28, P < 0.0001) than ALC by Transwell Matrigel invasion/migra-
tion assay. F. Immunofluorescence staining revealed that the experiment revealed that the expression levels of N-
cadherin (0.478 ± 0.097 vs. 0.165 ± 0.032, P = 0.024) and Vimentin (1.020 ± 0.126 vs. 0.353 ± 0.020, P < 0.005) 
in AHC were significantly higher than those in ALC. The expression level of E-cadherin (0.973 ± 0.187 vs. 1.063 ± 
0.103, P = 0.584) is slightly higher in ALC than in AHC. G. The WB results of E-cadherin, N-cadherin, and Vimentin 
confirmed the immunofluorescence staining. H. WB assay showed that the expression level of p-PI3K/PI3K (0.382 
± 0.053 vs. 0.234 ± 0.023, P < 0.05) and p-AKT/AKT (1.037 ± 0.095 vs. 0.463 ± 0.103, P < 0.005) in AHC were 
significantly higher than that in ALC. The data were presented as the mean ± SD. *P < 0.05, **P < 0.005, ***P < 
0.001, ****P < 0.0001. The scale bar equals 50 or 100 μm as indicated in the graph.

The NTA results showed that the average diam-
eters of isolated exosomes from AHC and ALC 
were 102.7 nm and 121.8 nm, respectively. 
The average number of nanoparticles/ml was 
7.0×107 and 4.3×107, respectively (Figure 2C). 
The expression of CD9, CD63, and Alix was pos-
itive, and calnexin was absent in the exosom- 
es (Figure 2D). Exosome labeling and uptake 
assays revealed that AHE labeled with PKH67 
could be dispersed in the cytoplasm of ALC 
cells (Figure 2E).

The effect of AHE on the biological functions 
of ALC

CCK-8 and EdU assays consistently showed 
that the proliferative activity of ALC was signifi-
cantly enhanced after AHE coculturing (P < 
0.001; Figure 2F, 2I). Wound-healing assays (P 
< 0.005; Figure 2G), colony formation assay 
(432.51 ± 23.54 vs. 575.54 ± 36.57, P < 0.05; 
Figure 2H), and Matrigel migration/invasion 
assays (P < 0.001; Figure 2J) revealed that AHE 
could significantly promote the migration and 
invasion of ALC. The WB assay showed slightly 
elevated expression of E-cadherin. The expres-
sion of N-cadherin and vimentin after incuba-
tion with AHE was significantly increased, indi-
cating that AHE could induce ALC to undergo 
EMT (P < 0.001; Figure 2K). In addition, the 
extent of elevation of N-cadherin and vimentin 
expression in ALC was dependent on the con-
centration of AHE, and these values were posi-
tively correlated (Figure 2L).

The effect of AHE on the activity of the PI3K/
AKT pathway in ALC cells

The expression of p-PI3K and p-AKT was signifi-
cantly elevated in ALC cells after incubation 
with AHE (Figure 2K; P < 0.005). The levels of 
p-PI3K and p-AKT increased with the concen-
tration of AHE (Figure 2L; P < 0.005). The WB 

assay revealed that the optimal inhibitory con-
centration of LY294002 was 15 μM (Figure 
2M), and LY294002 attenuated the increase  
in p-PI3K and p-AKT levels after treatment with 
AHE (Figure 2N; P < 0.001).

Screening and analysis of DEMs between ALE 
and AHE

The results of quantitative miRNA sequencing 
showed that a total of 3236 miRNAs were 
detected in the total RNA of ALE/AHE, including 
1617 known and 1619 novel miRNAs. According 
to thresholds of FDR ≤ 0.001 and fold change > 
2, a total of 1667 DEMs (939 upregulated and 
728 downregulated miRNAs) were identified in 
the AHE compared to the ALE (Figure 3A). The 
Venn diagram of targeted gene prediction using 
three online miRNA target analysis websites 
(TargetScan, miRanda, and RNAhybrid) showed 
that 1094299 genes were the target genes of 
the DEMs (Figure 3B). KEGG analysis showed 
that a total of 33 DEMs had a potential regula-
tory effect on the PI3K/AKT pathway (Figure 
3C; Table S1). Ten DEMs had a potential role  
in tumorigenesis and progression based on 
reports in the literature (Figure 3D; Table 1). 
The qRT-PCR results confirmed that eight of  
the DEMs (miR-378b, miR-1910-3p, miR-21-3p, 
miR-421, miR-221-3p, miR-324-3p, miR-3065-
3p, and miR-222-3p) were significantly elevated 
in AHE compared with ALE, consistent with the 
results of miRNA sequencing (Figure 3E, 3F). 
These eight DEMs were identified as candidate 
DEMs for further analysis.

The relationship between the expression levels 
of the candidate DEMs and the clinicopatho-
logical characteristics of OC patients

Serum samples of 58 patients with HGSOC (46 
cases) and benign tumors (12 cases) were col-
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Figure 2. Isolation and identification of exosomes and the effect of AHE on ALC. (A) Experimental steps of the Dif-
ferential centrifugation method. (B, C) TEM and NTA were used to identify the morphology and size of exosomes. (D) 
WB assay was used to detect the extracellular surface markers CD9, CD63, and Alix. (E) Immunofluorescence assay 
to assess the ALC uptake of AHE. (F) CCK-8 assay, (G) Wound healing assay, (H) Colony formation assay (432.51 ± 
23.54 vs. 575.54 ± 36.57, P < 0.05), (I) EDU assay and (J) Transwell Matrigel invasion/migration assay showed that 
the ability of proliferation, migration, invasion of ALC treated with AHE was significantly higher than ALC treated with 
PBS. (K) The protein expression of E-cadherin, N-cadherin, and Vimentin in ALC treated with AHE was higher than 
in ALC treated with PBS. Similarly, the WB assay showed that the expression of p-PI3K/PI3K and p-AKT/AKT were 
significantly higher than in ALC treated with PBS. (L) The promoting effect of AHE on EMT and the activation of the 
PI3K/AKT pathway were concentration-dependent in ALC. (M) WB assay was used to determine the optimal action 
concentration of LY294002 in ALC by detecting the protein expression of the PI3K/AKT signaling pathway. (N) The 
activation of the PI3K/AKT pathway in ALC by AHE can be inhibited by LY294002. GAPDH was used as a loading 
control. The data were presented as the mean ± SD. *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001. The 
scale bar equals 50 or 100 μm as indicated in the graph.



Exosomal hsa-miR-421 activates the PI3K/AKT pathway

2652	 Am J Cancer Res 2024;14(5):2643-2660

Figure 3. Screening and analysis of DEMs between ALE and AHE. A. Screening for differentially expressed miRNAs 
by comparing the expression levels between AHE and ALE. According to the FDR ≤ 0.001 and multiple differences 
of more than 2 times. B. The Venn diagram of targeted genes prediction for the DEMs. C. The Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database was used to show that a total of 33 DEMs had a potential regulatory effect 
on the PI3K/AKT signaling pathway. D. Predicts that ten DEMs had a potential role in tumorigenesis and progression 
based on the reports in the literature. E, F. qRT-PCR was used to determine the differences in expression levels of 
ten candidate DEMs in AHE/ALE and AHC/ALC. The results showed that eight of the DEMs (miR-378b, miR-1910-3p, 
miR-21-3p, miR-421, miR-221-5p, miR-324-3p, miR-3065-3p, and miR-222-3p) were significantly elevated in AHE 
than in ALE. The data were presented as the mean ± SD. *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001.

Table 1. The candidate miRNAs in PI3K-AKT 
signaling pathway

miRNA Count 
(AHE)

Count 
(ALE)

log2 Ratio 
(AHE/ALE) FDR

miR-378b 576 0 15.52 0.0000
miR-30c-1-3p 24 0 10.94 0.0000
miR-1910-3p 20 0 10.67 0.0000
miR-3653-3p 20 0 10.67 0.0000
miR-21-3p 16 0 10.36 0.0000
miR-3121-3p 9 0 9.51 0.0010
miR-421 8 0 9.34 0.0019
miR-3684 5 0 8.68 0.0195
miR-135a-3p 4 0 8.37 0.0423
miR-221-5p 17 1 4.31 0.0000
miR-141-5p 25 6 2.35 0.0001
miR-1254 405 99 2.31 0.0000
miR-324-3p 1368 531 1.65 0.0000
miR-1179 116 48 1.55 0.0000
miR-21-5p 12 5 1.53 0.0423
miR-3065-3p 29 13 1.45 0.0023
miR-222-3p 21236 10780 1.26 0.0000
miR-345-5p 6861 3503 1.25 0.0000
miR-363-3p 3447 1775 1.24 0.0000
miR-193b-3p 9565 4975 1.23 0.0000
miR-3124-5p 31 17 1.15 0.0082

lected. The average age of patients with HGSOC 
was 55 years. Patients with stage I+II and stage 
III+IV disease accounted for 26.1% (12 cases) 
and 73.9% (34 cases) of the cohort, respec- 
tively. Twenty-seven patients developed recur-
rence (58.7%). The patients’ clinical pathologi-
cal information is shown in Table 2. The expres-
sion levels of miR-1910-3p (P = 0.0017), miR-
21-3p (P = 0.0037), miR-378b (P = 0.0310), 
and miR-421 (P = 0.0086) were significantly 
higher in serum exosomes derived from HGSOC 
patients than in those derived from benign 
ovarian tumor patients (Figure 4A; Table 3). 
The levels of miR-1910-3p, miR-421, and miR-
378b were significantly higher in the serum exo-
somes of patients with advanced-stage dis-

ease (III+IV) than in those with early-stage dis-
ease (I+II) (P = 0.0332, P = 0.0106 and P = 
0.0355, respectively; Figure 4B; Table 3). The 
levels of miR-421 were significantly higher in 
the metastatic lymph node lesions than in the 
primary lesions (P = 0.0399). In addition, the 
expression of miR-421 was significantly elevat-
ed in the recurrent lesions (P = 0.0351; Figure 
4C; Table 3). Serum CA125 levels were posi-
tively correlated with the serum levels of exo-
somal miR-1910-3p (r = 0.454, P = 0.0003), 
miR-421 (r = 0.5139, P < 0.0001) and miR-
378b (r = 0.3497, P = 0.0062; Table 3). 
Unfortunately, due to the short postoperative 
follow-up time of patients, postoperative follow-
up information could not be collected. There- 
fore, the relationship between the candidate 
DEMs and patient survival and prognosis needs 
further study. In summary, the data indicated a 

Table 2. HGSOC patients and benign patients 
characteristics
Clinical parameters
Ovarian benign patients (n = 12) Age 59 ± 9
HGSOC patients (n = 46) 55 ± 13
Ovarian cancer patients’ characteristics
Recurrence (%)
    Yes 27 (58.7)
    No 19 (41.3)
Histology (%)
    Serous carcinoma 31 (67.4)
    Clear cell carcinoma 6 (13.1)
    Mucinous carcinoma 3 (6.5)
    Endometrioid carcinoma 3 (6.5)
    Unknown 3 (6.5)
FIGO stage (%)
    I+II 12 (26.1)
    III+IV 34 (73.9)
Lymph node (%)
    N0 15 (32.6)
    N1 18 (39.1)
    Unknown 13 (28.3)
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Figure 4. The relationship between expression levels of the candidate DEMs and clinicopathological characteristics 
of OC patients. A. qRT-PCR was used to determine the difference in expression levels of DEMs between HGSOC 
and benign patients. The expression levels of miR-1910-3p (P = 0.0017), miR-21-3p (P = 0.0037), miR-378b (P = 
0.0310), and miR-421 (P = 0.0086) were significantly higher in serum exosomes derived from HGSOC patients than 
those derived from benign ovarian tumors patients. B, C. qRT-PCR was used to determine the relationship between 
DEMs and clinical staging, as well as the relationship between DEMs and recurrence. The results showed that the 
levels of miR-1910-3p, miR-421, and miR-378b were significantly higher in the serum exosomes of the patients with 
advanced-stage diseases than those with early-stage diseases (P = 0.0332, P = 0.0106 and P = 0.0355, respec-
tively). The levels of miR-421 were significantly higher in the metastatic lymph node lesions than the primary lesions 
(P = 0.0399) and significantly elevated in the recurrent lesions (P = 0.0351). The data were presented as the mean 
± SD. *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001.

significant correlation between miR-421 and 
the severity and recurrence risk of HGSOC.

Diagnostic performance of the combination 
of miR-1910-3p, miR-378b, and miR-421 with 
the tumor biomarker CA125

The expression level of CA125 was significantly 
upregulated in serum exosomes of HGSOC 
patients vs. benign ovarian tumor patients (P < 
0.005; Figure 5A), but the expression level was 
not significantly related to the patient’s patho-
logical stage (Figure 5B). The AUC value of 
serum CA125 was 0.803, and the sensitivity of 
serum CA125 in HGSOC diagnosis was 91.3%, 
yet the specificity was only 58.3%. The AUC val-
ues of miR-1910-3p, miR-378b, and miR-421 
were 0.781, 0.703, and 0.851, respectively 

(Figure 5C, 5D). The sensitivities of the exo-
somal levels of miR-1910-3p, miR-378b, and 
miR-421 in HGSOC diagnosis were 60.9%, 
67.4%, and 67.4%, respectively. The specifici-
ties were 91.7%, 75.0%, and 91.7%, respec-
tively. The AUC values of serum CA125 levels 
combined with miR-421, miR-1910-3p, and 
miR-378b were 0.877, 0.824, and 0.810, 
respectively. The sensitivities of serum CA125 
levels in combination with miR-421, miR-1910-
3p, and miR-378b in HGSOC diagnosis were 
84.8%, 82.6% and 69.6, respectively. The 
specificities were 83.3%, 75.0% and 83.3, 
respectively (Figure 5E, 5F). The diagnostic 
performance of a combination of serum CA125 
and miR-421/miR-1910-3p was significantly 
higher than that of serum CA125 alone (P < 
0.001). Moreover, the diagnostic sensitivity 
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Table 3. P-values of serum exosomal miRNAs in patients

Populations
Patient 

No.
miR-1910-3p miR-21-3p miR-221-5p miR-222-3p miR-378b miR-421 miR-324-3p miR-3065-3p

HGSOC vs Na 46 vs 12 Median 3.078 vs 0.9178 0.3401 vs 0.0983 0.6340 vs 0.4212 0.3169 vs 0.2479 1.738 vs 0.5544 2.330 vs 0.5296 0.5903 vs 0.4381 1.677 vs 0.9307

P-value 0.0017 0.0037 0.0724 0.2558 0.0310 0.0086 0.1473 0.0730

Clinical parameters in EOC patients

    Recurrencea Yes 27 Median 4.635 vs 1.661 0.2770 vs 0.2057 0.5959 vs 0.6721 0.3168 vs 0.4158 1.930 vs 0.88 2.902 vs 1.198 1.180 vs 0.7850 2.243 vs 1.547

No 19 P-value 0.0042 0.5359 0.9296 0.8812 0.1246 0.1246 0.7740 0.4185

    FIGO stagea I+II 12 Median 1.604 vs 3.873 0.5515 vs 0.5954 0.5078 vs 0.6552 0.5501 vs 0.3168 0.7069 vs 1.904 0.9644 vs 2.932 1.302 vs 0.5743 1.547 vs 2.610

III+IV 34 P-valuec 0.0332 0.4213 0.4213 0.4239 0.0355 0.0106 0.1157 0.7709

    LNMa Yes 15 Median 2.993 vs 2.026 0.2991 vs 0.2015 0.8191 vs 0.5959 0.3663 vs 0.3169 2.156 vs 1.712 2.932 vs 0.890 0.5743 vs 1.180 2.885 vs 1.862

No 18 P-value 0.4860 0.4006 0.4421 0.9007 0.3247 0.0399 0.5320 0.3310

    CA125b 46 r 0.454 0.3370 0.3595 0.1543 0.3497 0.5139 0.3748 0.2151

P-value 0.0003 0.0091 0.0048 0.2433 0.2433 <0.0001 0.0034 0.1016
HGSOC: high-grade serous ovarian carcinoma; N: benign ovarian patients; FIGO: International Federation of Obstetrics and Gynecology; LNM: Lymph node metastasis; CA125: carbonhydrate antigen 125. aP-values are calculated by Mann-
Whitney U test; bP-values are calculated by bivariate analyses of Spearman rho test.
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Figure 5. Diagnostic performance and the effect of miR-421 from exosomes on ALC. (A) The expression level of 
CA125 was significantly upregulated in serum exosomes of HOSGC patients. (B) The expression level of CA125 is 
not significantly related to clinical staging. (C) ROC curve analysis of CA125, miR-1910-3p, miR-378b, and miR-421 
in the serum exosomes of HGSOC patients and benign patients. (D) The sensitivities and specificities of serum 
exosomal CA125, miR-1910-3p, miR-378b and miR-421. (E) ROC curve analysis of miR-1910-3p, miR-378b, and 
miR-421 and a combination of the CA125 in the serum exosomes of HGSOC patients and benign patients. (F) The 
sensitivities and specificities of miR-1910-3p, miR-378b, and miR-421 and a combination of the CA125 in the 
serum exosomes. (G) qRT-PCR results showed a significant upregulation of miR-421 expression in AHE after miR-
421-mimic transfection. (H) Colony formation assay (274.80 ± 47.20 vs. 512.00 ± 28.15, P < 0.005), (I) CCK-8 
assay, (J) EDU assay (63.57 ± 3.95 vs. 35.21 ± 5.45, P < 0.0001), (K) Wound healing assay (63.63 ± 5.15% vs. 
27.52 ± 4.71%, P < 0.0001) and (L) Transwell Matrigel invasion/migration assay were showed that overexpression 
of miR-421 in AHE significantly promoted the proliferation, invasion, and migration ability of ALC compared to the 
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(84.8% vs. 82.6%) and specificity (83.3% vs. 
75.0%) values of serum CA125 combined wi- 
th miR-421 were higher than those of serum 
CA125 combined with miR-1910-3p (P < 
0.001). These data suggested that the combi-
nation of miR-421 and serum CA125 is a poten-
tial ideal biomarker for the early diagnosis of 
HGSOC.

The effect of miR-421 on the biological func-
tions and activity of the PI3K/AKT pathway in 
ALC

qRT-PCR showed that the expression level of 
miR-421 in AHE in the transfection group was 
significantly higher than that in AHE in the con-
trol group (P < 0.0001; Figure 5G). The colony 
formation assay (274.80 ± 47.20 vs. 512.00 ± 
28.15, P < 0.005; Figure 5H), CCK-8 assay (P < 
0.001; Figure 5I) and EdU assays (63.57 ± 
3.95 vs. 35.21 ± 5.45, P < 0.0001; Figure 5J) 
showed that the miR-421 mimic-treated AHE 
(miR-421 mimic) group of ALC cells had higher 
proliferative activity than the mimic NC group. 
The wound healing assay showed that the ALC 
wound healing rate was significantly higher 
than that in the control group (63.63 ± 5.15% 
vs. 27.52 ± 4.71%, P < 0.0001; Figure 5K). The 
results suggested that the miR-421 mimic 
group had significantly enhanced migration 
(585.1 ± 36.27 vs. 203.0 ± 30.96, P < 0.0001; 
Figure 5L) and invasion (270.80 ± 33.20 vs. 
74.56 ± 10.59, P < 0.0001; Figure 5L) abilities 
compared to the mimic NC group. WB assays 
showed that the protein expression levels of 
p-PI3K and p-AKT were significantly increased 
in the miR-421 mimic group (Figure 5M). These 
findings indicated that miR-421 by exosomes 
could enhance the malignancy of ALC by acti-
vating the PI3K/AKT pathway.

Discussion

Exploring the potential mechanism or driving 
factors of ITH in OC heterogeneity is urgent. 
Considering the potential effect of repeated 
cell passaging, the distinct biological charac-
teristics of the previously established heteroge-
neous cell models of OC-AHC and ALC were 
reconfirmed. Based on our previous work, we 

first explored the biological functional differ-
ence between these two cell subclones (AHC/
ALC) derived from the same parent A2780 cell 
line in this study. The results showed that the 
two subclones had distinctive biological prop-
erties. AHC showed more malignant behaviors 
with higher migratory, invasive, and prolifera-
tive ability than ALC and more vital indepen-
dent viability. Higher expression of N-cadherin 
and vimentin in AHC than in ALC suggests that 
AHC undergoes more EMT. Moreover, AHC 
existed excessive activation of the PI3K/AKT 
signaling pathway, elucidating that the PI3K/
AKT signaling pathway is essential in regulating 
cell survival, metastasis, and proliferation. AHC 
cells showed more malignant behaviors than 
ALC cells. The results indicated that AHC/ALC 
cells are still ideal research models for the 
tumor heterogeneity of OC. In addition, the WB 
results confirmed our previous research find-
ings that activation of the PI3K/AKT pathway 
promoted the formation of tumor heterogeneity 
in OC and the transformation of less invasive 
cell subsets into highly invasive cell subsets.

Exosomes are critical players in intercellular 
communication and the regulation of the TME. 
Recently, the role of exosomes in OC develop-
ment and progression has been widely investi-
gated [18, 19]. In our research, the exosomes 
were collected from the cell culture superna-
tant and exemplified by the TEM, NTA, and WB. 
The results showed that collected exosomes 
meet the criteria for the definition of exosomes 
and were performed in subsequent studies. 
ALC treated with AHEs showed increased prolif-
eration, migration, and invasion abilities in 
comparison to treatment with PBS. The present 
results indicated that exosomes derived from 
AHC could be taken up by ALC and subsequent-
ly promote malignant behaviors of the recipient 
cells. In addition, the results also showed that 
the exosomes derived from highly malignant 
AHC cells can enhance the activity of the PI3K-
AKT pathway in low malignant ALC cells and 
enhance the epithelial-mesenchymal transition 
ability of ALC. Exosomes play an important role 
in the formation of high and low-invasive cell 
subsets in A2780 cells. The degree of increase 
was positively correlated with the concentra-

control group. (M) WB experiment showed that overexpression of miR-421 in AHE significantly activated the PI3K/
AKT signaling pathway of ALC compared to the control group. The data were presented as the mean ± SD. *P < 0.05, 
**P < 0.005, ***P < 0.001, ****P < 0.0001. The scale bar equals 100 μm as indicated in the graph.
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tion of AHE. Nevertheless, the elevated expres-
sion of p-PI3K and p-AKT was significantly 
attenuated when the PI3K inhibitor LY294002 
was used. These data suggested that the PI3K/
AKT pathway, which induces the transformation 
of less aggressive cell subsets to highly aggres-
sive cell subsets, is mediated by exosomes.  
In summary, the PI3K/AKT signaling pathway 
plays a crucial role in the occurrence and devel-
opment of ovarian cancer, but the use of inhibi-
tors of this pathway alone cannot significantly 
inhibit the proliferation of ovarian cancer cells, 
and exosomes play an important role in drug 
resistance in tumor treatment. Our study pro-
vides a new research approach for reducing 
resistance to PI3K/AKT inhibitors in cancer 
treatment.

Emerging evidence indicates that some exo-
somal miRNAs can be transferred to recipient 
cells to decrease the expression of target genes 
involved in cancer metastasis. To explore the 
upstream regulatory genes involved in the exo-
somes-mediated PI3K/AKT pathway in the for-
mation of a heterogeneous microenvironment 
in OC, eight DEMs (miR-378b, miR-1910-3p, 
miR-21-3p, miR-421, miR-221-5p, miR-324-3p, 
miR-3065-3p, miR-222-3p) significantly enrich- 
ed in AHE with potential regulatory effects on 
the PI3K/AKT pathway by bioinformatics were 
further identified as candidate DEMs for further 
analysis through quantitative transcriptome 
analysis of AHEs and ALEs. Among the 8 candi-
date DEMs, the expression of miR-421 was sig-
nificantly increased in serum exosomes derived 
from HGSOC patients. Furthermore, miR-421 
was significantly upregulated in the serum exo-
somes of patients with advanced and recurrent 
patients. MiR-421 is upregulated in many can-
cer cells, including gastric cancer, prostate can-
cer, pancreatic cancer, and non-small cell lung 
cancer, and predicts poor survival [20-23]. In 
colorectal cancer, miR-421 is upregulated in 
fecal samples of advanced cancer patients, 
and the combination of miR-421 and hemoglo-
bin shows a higher AUC value of 0.93; The AUC 
for individual hemoglobin concentration is 0.67. 
In this study, CA125 was commonly used for 
the diagnosis of ovarian cancer, with an AUC of 
0.803, a high sensitivity of 91.3%, but a low 
specificity of 58.3%, indicating its diagnostic 
shortcomings. However, miR-421 showed high-
er diagnostic ability with an AUC of 0.851, lower 
sensitivity at 67.4%, but higher specificity at 

91.7%. The combination of miR-421 and CA125 
resulted in a higher AUC of 0.877, significantly 
improving the specificity of CA125 in diagnos-
ing ovarian cancer alone (83.3% vs. 58.3%)  
and maintaining a high sensitivity of 84.8%. 
Therefore, combining CA125 and miR-421 for 
diagnosis greatly improves the specificity and 
sensitivity of ovarian cancer diagnosis. This will 
provide new strategies for early diagnosis, 
detection of tumor progression trends, and the 
development of precision medicine.

A recent study demonstrated that overexpres-
sion of miR-421 can significantly enhance the 
proliferation and invasion ability of OC cells, 
suggesting that miR-421 plays a role as an 
oncogene in OC cells [24]. No research has 
been found on whether miR-421, mediated by 
exosomes, plays a role in the progression of 
OC. We determined that overexpression of miR-
421 in AHE can significantly promote the prolif-
eration, invasion, and migration ability of ALC 
cells, and activate the PI3K/AKT pathway in 
ALC. Our findings provide new evidence that 
miR-421 in exosomes promotes malignant pro-
gression of ovarian cancer cells by activation of 
the PI3K-AKT pathway. In addition, the results 
also indicated that exosomes derived from AHC 
can promote malignant transformation of ALC 
by activating the PI3K-AKT pathway, and there 
is a specific miRNA profile in exosomes of 
HGSOC and benign ovarian patients.

Importantly, miR-421 exhibits highly correlated 
characteristics with cancer malignancy in vitro, 
which can serve as a biomarker for ovarian can-
cer progression and a future therapeutic target 
for ovarian cancer. Moreover, the challenges 
faced in the clinical treatment of ovarian can-
cer mainly come from the resistance to plati-
num-based drugs that arise during the treat-
ment process, many studies have shown that 
microRNAs play a crucial role in regulating plati-
num resistance. Therefore, studying the roles 
of miR-421 and exosomes in ovarian cancer 
drug resistance will be a new direction for 
future research.

Conclusion

In conclusion, specific miRNAs derived from OC 
cells and patient serum exosomes induce the 
formation of a heterogeneous TME in OC. MiR-
421, mediated by exosomes could induce the 
transformation of less invasive cell subpopula-
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tions of OC cells into highly invasive cell sub-
populations by activating the PI3K/AKT path-
way. MiR-421 could serve as a potentially effec-
tive therapeutic target for OC. In combination 
with serum CA125, miR-421 might serve as a 
novel tumor marker for the early diagnosis of 
OC.
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Table S1. The total miRNAs in PI3K-AKT signaling pathway

miRNA id Count
(AHE)

Count
(ALE) log2 Ratio (AHE/ALE) FDR

miR-378b 576 0 15.52 0.0000
miR-30c-1-3p 24 0 10.94 0.0000
miR-1910-3p 20 0 10.67 0.0000
miR-3653-3p 20 0 10.67 0.0000
miR-21-3p 16 0 10.36 0.0000
miR-3121-3p 9 0 9.51 0.0010
miR-421 8 0 9.34 0.0019
miR-3684 5 0 8.68 0.0195
miR-135a-3p 4 0 8.37 0.0423
miR-221-5p 17 1 4.31 0.0000
miR-141-5p 25 6 2.35 0.0001
miR-1254 405 99 2.31 0.0000
miR-324-3p 1368 531 1.65 0.0000
miR-103a-2-5p 116 48 1.55 0.0000
miR-21-5p 12 5 1.53 0.0423
miR-3065-3p 29 13 1.45 0.0023
miR-222-3p 21236 10780 1.26 0.0000
miR-345-5p 6861 3503 1.25 0.0000
miR-363-3p 3447 1775 1.24 0.0000
miR-193b-3p 9565 4975 1.23 0.0000
miR-3124-5 31 17 1.15 0.0082
miR-219a-1-3p 91 57 0.96 0.0001
hsa-let-7c-5p 47754 31007 0.91 0.0000
miR-16-2-3p 75 49 0.90 0.0008
miR-23b-5p 853 583 0.83 0.0000
miR-200c-3p 1394 1073 0.66 0.0000
miR-33b-3p 107 95 0.45 0.0286
hsa-let-7f-5p 250961 223958 0.45 0.0000
miR-218-5p 29711 26626 0.44 0.0000
miR-378a-5p 286 260 0.42 0.0009
miR-183-5p 30478 30256 0.29 0.0000
miR-1179 1790 1951 0.16 0.0011
miR-361-3p 243371 275353 0.11 0.0000
FDR: false discovery rates. The criteria for screening is FDR ≤ 0.001 and a fold change of more than 2.


