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Abstract

Relevance

Ivermectin, as an old anti-parasite drug, can suppress almost completely the growth of various human
cancers, including ovarian cancer (OC). However, its anticancer mechanism remained to be further
studied at the molecular levels. Ivermectin-related molecule-panel changes will serve a useful tool for
its personalized drug therapy and prognostic assessment in OCs.

Purpose

To explore the functional significance of ivermectin-mediated lncRNA-EIF4A3-mRNA axes in OCs
and ivermectin-related molecule-panel for its personalized drug therapy monitoring.

Methods

Based on our previous study, a total of 16 lncRNA expression patterns were analyzed using qRT-PCR
before and after ivermectin-treated different OC cell lines (TOV-21G and A2780). Stable isotope
labeling with amino acids in cell culture (SILAC)-based quantitative proteomics was used to analyze
the protein expressions of EIF4A3 and EIF4A3-binding mRNAs in ovarian cancer cells treated with
and without ivermectin. A total of 411 OC patients from the Cancer Genome Atlas (TCGA) database
with the selected lncRNA expressions and the corresponding clinical data were included. Lasso
regression was constructed to examine the relationship between lncRNA signature and OC survival
risk. The overall survival analysis between high-risk and low-risk groups used the Kaplan-Meier
method. Heatmap showed the correlation between risk groups and clinical characteristics. The
univariate and multivariate models were established with Cox regression.

Results

SILAC-based quantitative proteomics found the protein expression levels of EIF4A3 and 116
EIF4A3-binding mRNAs were inhibited by ivermectin in OC cells. Among the analyzed 16 lncRNAs
(HCG15, KIF9-AS1, PDCD4-AS1, ZNF674-AS1, ZNRF3-AS1, SOS1-IT1, LINC00565, SNHG3,
PLCH1-AS1, WWTR1-AS1, LINC00517, AL109767.1, STARD13-IT1, LBX2-AS1, LEMD1-AS1,
and HOXC-AS3), only 7 lncRNAs (HCG15, KIF9-AS1, PDCD4-AS1, ZNF674-AS1, ZNRF3-AS1,
SOS1-IT1, and LINC00565) were obtained for further lasso regression when combined with the
results of drug testing and overall survival analysis. Lasso regression identified the prognostic model
of ivermectin-related three-lncRNA signature (ZNRF3-AS1, SOS1-IT1, and LINC00565). The high-
risk and low-risk groups based on the prognostic model were significantly related to overall survival
and clinicopathologic characteristics (survival status, lymphatic invasion, cancer status, and clinical
stage) in OC patients and remained independent risk factors according to multivariate COX analysis
(p < 0.05).

Conclusion

Those findings provided the potential targeted lncRNA-EIF4A3-mRNA pathways of ivermectin in
OC, and constructed the effective prognostic model, which benefits discovery of novel mechanism of
ivermectin to suppress ovarian cancer cells, and the ivermectin-related molecule-panel changes
benefit for its personalized drug therapy and prognostic assessment towards its predictive, preventive,
and personalized medicine (PPPM) in OCs.
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Introduction

Avermectin was initially discovered and purified from soil in Japan. Subsequently, avermectin was
chemically modified into ivermectin. Compared to avermectin, ivermectin was a much safer and more
efficient anti-parasite drug [1]. Ivermectin showed off some amazing promise for global public health
in various diseases, which made Drs. Omura and Campbell earn a Nobel Prize in physiology or
medicine in 2015 [2]. Ivermectin has demonstrated its antitumor effects in different types of cancers,
including ovarian cancer (OC), pancreatic cancer, colon cancer, breast cancer, glioblastoma,
melanoma, prostate cancer, lung cancer, and leukemia [3–6]. The antitumor targets of ivermectin
include chloride channel, PAK1 protein, NS3 DDX23 helicase, Akt/mTOR pathway, SIN3 domain,
multi-drug resistance (MDR) protein, WNT-TCF pathway, Nanog/Sox2/Oct4 genes, and P2X7/P2X7
receptors [7–10]. Several antitumor mechanisms of ivermectin have been found. For example, (i)
ivermectin can act as an inhibitor of the MDR phenotype by inhibiting the P-glycoprotein pump [11];
(ii) ivermectin causes chloride channels to open and thus trigger cell death [12]; (iii) ivermectin
influences the oxidative phosphorylation pathway by inhibiting the mitochondrial complex I [13]; (iv)
ivermectin promotes ATP-dependent immune responses through the stimulation of calcium signals
[14]; (v) ivermectin promotes cell autophagy and apoptosis through the poly-ubiquitination of the
kinase PAK1 [9]; (vi) ivermectin stimulates stem cell pluripotency and preferentially inhibits the
cancer stem cell population [15]; and (vii) ivermectin limits the function of tumor progression
stimulator DDX23 [16]. Importantly, the in vitro and in vivo antitumor activities of ivermectin can be
clinically achievable and can be carried out in clinical trials in healthy or parasitic patients. Safety
data of ivermectin treatment with 54 healthy adult volunteers showed some contraindications, such as
headache (6.02% of the study subjects), dysmenorrhea (5.54%), throat pain (1.80%), and diarrhea
(1.80%), but no serious adverse events, and ivermectin showed no significant liver and kidney toxicity
compared to other drugs [17]. Thus, it is possible for the multi-targeted drug ivermectin from an
antiparasitic agent to be a repositioned cancer drug for cancer patients. In terms of clinical and
translational science, it is necessary to further study the detailed molecular mechanisms underlying
ivermectin-mediated suppression of tumor growth, which will clarify the multi-targeted drug
mechanism of ivermectin and discover ivermectin-related molecule-panel for its personalized drug
therapy in OCs. The ivermectin focusing on Akt/mTOR signaling changes has been reported to
benefit for its personalized drug therapy in OCs [18]. The work suggests that ivermectin may be a
useful addition to the treatment armamentarium for OC, and that targeting Akt/mTOR signaling is a
therapeutic strategy to increase chemosensitivity in OC [18]. Personalized drug therapy is one
important aspect of predictive, preventive, and personalized medicine (PPPM) and precision medicine
(PM) [19, 20]. OC is a very complex disease and is involved in a series of molecule alterations that
mutually interacted in the molecular network system [21, 22]. Multiomics (including
pharmacogenomics)-based molecular network strategy is a promising approach to discover effective
multi-therapeutic targets for personalized drug therapy and monitoring [23–25].

Long non-coding RNAs (lncRNAs) with lengths exceeding 200 nucleotides are not translated into
proteins, and lncRNAs exert a key role in regulating gene expression such as chromatin remodeling
and modification (Xist and X-chromosome inactivation), genomic imprinting (the paternal and
maternal chromosome), and gene transcription and post-transcriptional processing (the splicing of
mRNA and the generation of endogenous siRNAs) [26, 27]. LncRNAs are up to tens of thousands in
mammals according to transcriptomic sequencing by next-generation sequencing, which are
extensively involved in many cellular pathogenetic processes, such as tumor suppression, immune
response, oncogenesis, apoptosis, autophagy, and cell cycle arrest [28]. OC is the most common and
lethal gynecological cancer in women globally. The correlation between lncRNAs and OC may offer
novel biomarkers for prognosis, diagnosis, or treatment [29]. Accumulating evidence has recognized
the detailed molecular mechanism of lncRNAs in OC, such as their interactions with DNAs, mRNAs,
and proteins. LncRNAs can recruit or inhibit transcriptional factors and other transcriptional
regulatory proteins to promote or block transcription process of mRNAs according to specific
conditions [30]. Eukaryotic translation initiation factor 4A isoform 3 (EIF4A3) is one kind of RNA-
binding proteins, serves as a diagnostic marker or therapeutic target for certain types of cancers, and is
implicated in many cellular processes, including alteration of ribosome and spliceosome assembly,
RNA secondary structure, nuclear and mitochondrial splicing, and translation initiation [31].
Additionally, some drugs have been reported to serve as antitumor effects in epithelial OC cells via
lncRNA-EIF4A3-mRNA axes [32]. Also, lncRNA-EIF4A3-mRNA axes have been reported in
glioma, which may provide a novel strategy for glioblastoma therapy [33]. It is significant to explore
ivermectin-mediated lncRNA-EIF4A3-mRNA axes in OC. Our previous isobaric tag for relative and
absolute quantification (iTRAQ)-based quantitative proteomics study identified and quantified a total
of 5115 proteins from purified mitochondrial samples derived from human OC tissues and controls
[34]. The key proteins in three energy metabolism pathways (glycolysis, Kreb’s cycle, and
mitochondrial oxidative phosphorylation pathways) were identified as mitochondrial differentially
expressed proteins (mtDEPs), which were the downstream target proteins of lncRNA SNHG3,
including PFKM, PKM, PDHB, CS, IDH2, IDH3A, IDH3B, OGDHL, ND2, ND5, CYB, and
UQCRH. Further, our study found that lncRNA SNHG3-EIF4A3-energy metabolic key molecules
existed and were important for OCs [35]. An expanded transcriptomics data analysis in OC TANRIC
database and Starbase database found that 16 lncRNAs (SNHG3, PLCH1-AS1, WWTR1-AS1,
LINC00517, AL109767.1, ZNRF3-AS1, SOS1-IT1, KIF9-AS1, LINC00565, STARD13-IT1, LBX2-
AS1, LEMD1-AS1, ZNF674-AS1, PDCD4-AS1, HCG15, and HOXC-AS3) were not only related to
OC overall survival but also had binding sites with EIF4A3 [35]. Moreover, stable isotope labeling
with amino acids in cell culture (SILAC)-based quantitative proteomics in OC cells treated with and
without ivermectin found that the protein expression levels of EIF4A3 and 116 EIF4A3-binding
mRNAs were downregulated by ivermectin. It emphasizes the important scientific merits of
lncRNAs-EIF4A3-mRNAs in ivermectin-treated OCs.

In this study, the expressions of those 16 lncRNAs were verified with q-PCR, and the protein
expression levels of EIF4A3 and EIF4A3-binding mRNAs were verified with SILAC-based
quantitative proteomics, in OC cells treated with and without ivermectin. The lasso regression
identified the model of three-lncRNA signatures (ZNRF3-AS1, SOS1-IT1, and LINC00565). Those
three lncRNAs were related to OC overall survival, and the trend of alerted expression after
ivermectin treatment was consistent with patient survival risk. It is the first time to provide lncRNA
signature in OC cell lines before and after ivermectin treatment with different drug concentration and
provide the correlation of risk score and clinical traits according to prognosis model. Cancer is a
complex disease controlled by multiple genes and many signaling pathways, so a key molecule-panel
is necessary for personalized drug therapy practice [21]. Constructing ivermectin-mediated multi-
lncRNA prognosis model could be reliable and effective for OC prognostic assessment towards PPPM
clinical practice. These findings demonstrate a novel link between ivermectin and the lncRNA-
EIF4A3-mRNA axes in OCs, indicating that the use of ivermectin may be a new therapeutic approach
for OCs.

Materials and methods

Extraction and preprocessing of TCGA data of OC patients

The Cancer Genome Atlas (TCGA) data portal provided a platform for researchers to search,
download, and analyze datasets of interests (http://cancergenome.nih.gov/). Level 3 RNA-seq V2 data
and the corresponding clinical data of OC patients (n = 411) were obtained from the TCGA platform.
Of them, the clinical data included survival status (0 = alive, and 1 = dead), survival time (days),
PANCAN (Pan-Cancer Atlas), additional radiation therapy (yes/no), age at initial pathologic
diagnosis (aged from 30 to 87), anatomic neoplasm subdivision (right, left, and bilateral), clinical
stage (stages IIA, IIB, IIC, IIIA, IIIB, IIIC, and IV), lymphatic invasion (yes/no), neoplasm histologic
grade (G1, G2, G3, G4, and GX), cancer status (with tumor or tumor-free), primary therapy outcome
success (complete remission/response, partial remission/response, progressive disease, and stable
disease), and tumor residual disease (no macroscopic disease, 1–10 mm, 11–20 mm, and > 20 mm).
Survival analysis of lncRNAs in OCs was obtained with TANRIC
(http://ibl.mdanderson.org/tanric/design/basic/index.html). The EIF4A3-binding mRNAs were
predicted from the large-scale CLIP-Seq data with starBasev 2.0
(http://starbase.sysu.edu.cn/mirCircRNA.php). Survival analysis of mRNAs in OCs was obtained with
the Kaplan-Meier method compared to the log-rank test. The p value < 0.05 was considered as
statistical significance. The binding mRNAs of EIF4A3 that was associated with patient survival rates
were further decoded by pathway enrichment with GenCLiP 3
(http://ci.smu.edu.cn/genclip3/analysis.php).

Cell culture and ivermectin treatment

OC cell lines (TOV-21G and A2780) were purchased from Keibai Academy of Science (Nanjing,
China). TOV-21G and A2780 cells were cultured in RPMI-1640 medium (Corning, NY, USA)
supplemented with 10% fetal bovine serum (FBS, GIBCO, South America, NY, USA). All these cells
were maintained with 5% CO  atmosphere at 37 °C. The cells TOV-21G and A2780 were seeded in 6-
well plates and treated with ivermectin (0 μM, 10 μM, 20 μM, 30 μM, 40 μM, 50 μM, and 60 μM) at
70% density for 24 h.

Effects of ivermectin on OC migration

The OC cells TOV-21G and A2780 were seeded in 96-well plates (5000 cell/well) and treated with
ivermectin (0 μM, 10 μM, 20 μM, 30 μM, 40 μM, 50 μM, and 60 μM) for 24 h. CCK8 assay was used
to detect the IC50 of ivermectin in A2780 and TOV-21G with different concentration gradients (0–
60 μM) of ivermectin. Wound healing assay was used to detect the ability of OC migration in each
group. The cells TOV-21G and A2780 were seeded in 6-well plates. When cells were grown to
approximately 90% confluency, an artificial wound was created with a 10-μl pipette tip, and then
treated with ivermectin (0 μM, 10 μM, 20 μM, and 30 μM) for 24 h. The cells were then cultured in
fresh medium without FBS. To visualize wound healing, images were taken at 0 h and 24 h. The
relative percentage of wound healed was calculated as (the width of wound at 0 h − the width of
wound at 24 h) / the width of wound at 0 h.

RNA extraction and qRT-PCR verification

Total RNAs were extracted from each cell line treated with ivermectin (0 μM, 10 μM, 20 μM, and
30 μM) with TRizol® Reagent (Invitrogen, CA, USA) according to the manufacturer’s instruction.
After the preliminary quantitative analysis of total RNAs, each sample was reversely transcribed into
cDNAs for quantitative real-time PCR (qRT-PCR) with SYBR® Premix Ex Taq™ (TaKaRa, Dalian,
China). The qRT-PCR was used to measure the expressions of lncRNAs (HCG15, KIF9-AS1,
PDCD4-AS1, ZNF674-AS1, ZNRF3-AS1, SOS1-IT1, LINC00565, SNHG3, PLCH1-AS1, WWTR1-
AS1, LINC00517, AL109767.1, STARD13-IT1, LBX2-AS1, LEMD1-AS1, and HOXC-AS3) in cells
TOV-21G and A2780 before and after treatment with ivermectin (0 μM, 10 μM, 20 μM, and 30 μM).
Beta-actin was used as an internal control for mRNA quantification. The primer sequences of 16
lncRNAs for qRT-PCR analysis were summarized (Table 1).

Table 1

The primer sequence of 16 lncRNAs for qRT-PCR assessment in OC cell lines. F = forward; R = reverse

SILAC labeling

SILAC labeling used kits from Thermo Fisher Scientific with RPMI 1640 lacking lysine and arginine
supplemented with 100 mg/l [ C , N ] arginine and 100 mg/l [ C , N ] lysine with 10% dialyzed
fetal bovine serum. TOV-21G OC cells were cultured with normal RPMI 1640 and heavy chain
labeled RPMI 1640. After 8 passages, TOV-21G cells cultured with heavy chain labeled RPMI 1640
were treated with 20 μM ivermectin. TOV-21G cells were cultured with normal RPMI 1640 treated
with DMSO. Cells were collected after 24 h treatment for protein extraction. The extracted proteins
from TOV-21G cell treated with and without ivermectin were digested with trypsin, followed by
peptide fractionation (n = 15 fractions), liquid chromatography (LC)-tandem mass spectrometry
(MS/MS), and database searching to identify and quantify proteins in OC cells treated with and
without ivermectin.

Lasso regression for OC tissues

Least absolute shrinkage and selection operator (lasso) regression was established to examine the
relationship of lncRNA signature and OC survival risk with the glmnet R package. Lasso regression
has been proved to have good curve fitting characteristics and relatively high precision models. A
more refined model can be obtained after compressing some regression coefficients by adjusting
parameter lambda. Best subset selection and the connections between lasso coefficient estimates can
be identified to construct the prognostic model. Further, clinical characteristics (PANCAN, additional
radiation therapy, age at initial pathologic diagnosis, anatomic neoplasm subdivision, clinical stage,
lymphatic invasion, neoplasm histologic grade, cancer status, primary therapy outcome success, and
tumor residual disease) that were associated with overall survival in OC patients were used for Cox
regression (univariate model and multivariate model) and Kaplan-Meier method to evaluate the
availability of prognostic model.

Statistical analysis

The student’s t test in SPSS 13.0 (SPSS Inc., Chicago, USA) was used to assess the expression
differences of lncRNAs in cells (TOV-21G and A2780) before and after treatment with ivermectin
(0 μM, 10 μM, 20 μM, and 30 μM). Each experiment was repeated at least three times. The
relationship of clinical characteristics between different risk sore groups (high-risk group vs. low-risk
group) was analyzed with chi-square test. In all cases, p < 0.05 was considered as statistical
significance (*p value < 0.05; **p value < 0.01; and ***p value < 0.001). Benjamini-Hochberg for
multiple testing and false discovery rate (FDR) (q-value) were calculated to correct the p value for
pathway enrichment analysis and SILAC-based quantitative proteomics analysis.

Results

The overall survival analysis and enriched pathways of EIF4A3-binding mRNAs

Our previous study identified 1198 mtDEPs in OC tissues relative to controls with iTRAQ-based
quantitative proteomics [25]. Among those 1198 mtDEPs, six RNA-binding proteins (IGF2BP2,
EIF4A3, C22ORF28, SFRS1, UPF1, and EWSR1) were predicted to have binding sites with
lncRNAs. Of them, EIF4A3 was a key molecule, which was identified in energy metabolic pathway-
related protein-protein network in OC. Interestingly, 16 lncRNAs (HCG15, KIF9-AS1, PDCD4-AS1,
ZNF674-AS1, ZNRF3-AS1, SOS1-IT1, LINC00565, SNHG3, PLCH1-AS1, WWTR1-AS1,
LINC00517, AL109767.1, STARD13-IT1, LBX2-AS1, LEMD1-AS1, and HOXC-AS3), which were
selected with conjoint data analysis of the TANRIC database and Starbase database, were not only
related to OC overall survival but also had binding sites with EIF4A3 [35].

This study further analyzed the function, potential mechanism, and overall survival rate of mRNAs
binding to EIF4A3. EIF4A3-binding mRNAs were predicted with Starbase, which obtained 3636
EIF4A3-binding mRNAs in various cancers (cancer number > 10) (Supplementary Table 1).
Furthermore, those mRNAs were used for overall survival analysis, which found that 306 EIF4A3-
binding mRNAs were significantly related to survival rate in OCs (Supplementary Table 2). The
GenCLiP 3 database analysis of these 306 EIF4A3-binding mRNAs found that 73 EIF4A3-binding
mRNAs were previously studied in OCs, including MTOR, NOTCH1, PLAUR, NME1, CDK4,
FGF2, HMGB1, MRE11, LEPR, ELAVL1, CFL1, CLIC1, ST3GAL1, JAK1, CALR, MCM3, LRP1,
C1QBP, NOTCH2, SRPK1, NUAK1, FAM129B, IGFBP4, CDK14, P4HB, RELB, PBK, MEF2A,
CHKA, N4BP1, EXO1, SIRT7, ARHGDIA, CYP27B1, STOML2, TPM3, FANCG, ILF2, STARD13,
LIN9, MUL1, MANF, SMUG1, ARHGEF2, PDIA6, DOCK4, PDE4A, PLXNB2, MKL1, TRIP13
BCL7A, HIF1AN, PDIA4, CCDC69, DPP3, BAIAP2L1, ASNA1, CPEB3, SIAH2, FDPS, LSM2,
TXNDC17, RAPGEF3, PRPF4, DFFA, ETFA, UBL5, RPL22L1, CACNA1G, FOXN3, ZBTB7A,
PUF60, and PSMB4, and 233 EIF4A3-binding mRNAs were not previously studied. Moreover,
among those 306 EIF4A3-binding mRNAs, the protein expression levels of 116 EIF4A3-binding
mRNAs and EIF4A3 were identified by SILAC-based quantitative proteomics in OC cells treated
with and without ivermectin, and the protein expressions of all these EIF4A3-binding mRNAs and
EIF4A3 were inhibited by ivermectin (Table 2). These results demonstrate that our findings were
consistent with previous studies and also made new discoveries.

Table 2

The proteins corresponding to 116 EIF4A3-biding mRNAs and EIF4A3 were identified by SILAC-based quantitative
proteomics in ovarian cancer cells treated with (H) and without (L) ivermectin

The signaling pathways enriched with 306 EIF4A3-binding mRNAs were clustered into 8 functional
groups (Fig. 1a and Supplementary Table 3). Cluster 1 functioned in cell cycle. Cluster 2 functioned
in purine metabolism and pyrimidine metabolism. Cluster 3 functioned in mitochondrial translation
elongation, mitochondrial translation, mitochondrial translation termination, mitochondrial translation
initiation, translation, and selenoamino acid metabolism. Cluster 4 functioned in mRNA splicing,
processing of capped intron, spliceosome, and metabolism of RNA. Cluster 5 functioned in nucleotide
excision repair and transcription-coupled nucleotide excision repair. Cluster 6 functioned in
Hedgehog, Notch, retinoblastoma gene in cancer, and metabolism of proteins. Cluster 7 functioned in
cargo recognition for clathrin-mediated endocytosis and clathrin-mediated endocytosis RNA
degradation. Cluster 8 functioned in purine nucleotides nucleosides metabolism, purine metabolism,
EGFR1, and metabolism of vitamins and cofactors.

Fig. 1

Signaling pathways enriched with EIF4A3-binding mRNAs and effects of ivermectin on ovarian cancer cell migration.
a Signaling pathways enriched with EIF4A3-binding mRNAs were clustered into 8 groups. sp = signaling pathway.
sp1 = EGFR1; sp2 = Cell cycle; sp3 = Retinoblastoma gene in cancer; sp4 = Hedgehog; sp5 = Notch; sp6 =
Metabolism of proteins; sp7 = Mitochondrial translation; sp8 = Mitochondrial translation elongation; sp9 =
Mitochondrial translation initiation; sp10 = Mitochondrial translation termination; sp11 = Translation; sp12 =
Ribosome; sp13 = Selenoamino acid metabolism; sp14 = Metabolism of proteins; sp15 = Cargo recognition for
clathrin-mediated endocytosis; sp16 = Clathrin-mediated endocytosis; sp17 = Membrane trafficking; sp18 =
Nucleotide excision repair; sp19 = Transcription coupled nucleotide excision repair (TC-NER); sp20 = Purine
metabolism; sp21 = Purine metabolism Homo sapiens (human); sp22 = Purine nucleotides nucleosides metabolism;
sp23 = Pyrimidine metabolism; sp24 = RNA degradation Homo sapiens (human); sp25 = Metabolism of RNA; sp26
= Processing of capped intron-containing pre-mRNA; sp27 = mRNA splicing; sp28 = mRNA splicing - major
pathway; and sp29 = Spliceosome Homo sapiens (human). b Cell viability was measured with CCK8 assay in OC

cells A2780 and TOV-21G treated with ivermectin (0–60 μM) for 24 h (n = 3; X = Log ). c Wound

healing test of OC cells A2780 and TOV-21G treated with ivermectin (0–30 μM) for 24 h (n = 3). d Histogram

statistics of wound healing test of OC cells A2780 and TOV-21G treated with ivermectin (0–30 μM) (n = 3). *p < 

0.05; **p < 0.01; ***p < 0.001

Ivermectin inhibited migration of OC cells in vitro

The anticancer ability of ivermectin was measured with CCK8 assay after ivermectin (0–60 μM)
treatment for 24 h in OC cells A2780 and TOV-21G. IC50 was 20.79 μM in A2780 cells and
22.54 μM in TOV-21G cells (Fig. 1b). Moreover, wound healing assay found that ivermectin
significantly suppressed cell migration of cells A2780 and TOV-21G in a concentration of 20 μM and
30 μM ivermectin (Fig. 1 c and d).

The screening of lncRNAs being regulated by ivermectin

It is significant to explore ivermectin-mediated lncRNA-EIF4A3-pathway axis in OCs. The qRT-PCR
was used to measure the lncRNA expressions (HCG15, KIF9-AS1, PDCD4-AS1, ZNF674-AS1,
ZNRF3-AS1, SOS1-IT1, LINC00565, SNHG3, PLCH1-AS1, WWTR1-AS1, LINC00517,
AL109767.1, STARD13-IT1, LBX2-AS1, LEMD1-AS1, and HOXC-AS3) in cells A2780 and TOV-
21G after treatment with ivermectin (0 μM, 10 μM, 20 μM, and 30 μM) (Figs. 2 and 3). The
significant changes were found for lncRNA expressions in cells A2780 and TOV-21G, and the
changed trend was consistent with survival risk, including HCG15, KIF9-AS1, PDCD4-AS1,
ZNF674-AS1, ZNRF3-AS1, SOS1-IT1, LINC00565, AL109767.1, and LBX2-AS1. The expressions
of AL109767.1 and LBX2-AS1 in cells TOV-21G were too low to be tested by qRT-PCR, so those
two lncRNAs were excluded for further analysis in TOV-21G.

Fig. 2

LncRNA expression profile in cells A2780 treated with ivermectin (0–30 μM). *p < 0.05; **p < 0.01; ***p < 0.001

Fig. 3

LncRNA expression profile in cells TOV-21G treated with ivermectin (0–30 μM). *p < 0.05; **p < 0.01; ***p < 0.001

Lasso regression identified the prognostic model with three-lncRNA signature for OCs

Totally, seven lncRNAs, including HCG15, KIF9-AS1, PDCD4-AS1, ZNF674-AS1, ZNRF3-AS1,
SOS1-IT1, and LINC00565 (Fig. 4), were selected to perform lasso regression (Supplementary Table
4). The alerted trend of overall survival curve of those seven lncRNAs was consistent with the results
of ivermectin treatment. Further, the condensed prognostic model of four-lncRNA signature (PDCD4-
AS1, ZNRF3-AS1, SOS1-IT1, and LINC00565) was identified when log (lambda) was between − 3
and − 4 (Fig. 5 a and b). Finally, the optimized prognostic model of three-lncRNA signature (ZNRF3-
AS1, SOS1-IT1, and LINC00565) was identified according to curve fit coefficient of each lncRNA.
Considering the coefficients of PDCD4-AS1 (coefficient = − 0.026), ZNRF3-AS1 (coefficient = − 
1.720), SOS1-IT1 (coefficient = − 0.206), and LINC00565 (coefficient = 0.360), PDCD4-AS1 was
not suitable to be selected in the optimized prognostic model. The optimized prognostic model of
three-lncRNA signature showed a statistically significant difference in overall survival between high-
risk and low-risk groups (Fig. 5c). Three-lncRNA-signature–based high-risk group was significantly
related to the clinical characteristics, including survival status (0 = alive and 1 = dead), clinical stage
(stages IIA, IIB, IIC, IIIA, IIIB, IIIC, and IV), lymphatic invasion (yes/no), and cancer status (with
tumor or tumor-free) (p < 0.05) (Fig. 6; Supplementary Tables 5 and 6).

Fig. 4

Overall survival analysis of HCG15, KIF9-AS1, LINC00565, PDCD4-AS1, SOS1-IT1, ZNF674-AS1, and ZNRF3-
AS1 in ovarian cancers

Fig. 5

Lasso regression identified the prognostic model of three-lncRNA signature. a, b Lasso regression complexity is
controlled by lambda using the glmnet R package. c Overall survival analysis of three-lncRNA signature between
high-risk and low-risk groups

Fig. 6

The heatmap of sample risk groups and the related clinical characteristics in ovarian cancers. The clinical
characteristics include survival status, PANCAN, additional radiation therapy, age at initial pathologic diagnosis,
anatomic neoplasm subdivision, clinical stage, lymphatic invasion, neoplasm histologic grade, cancer status, primary

therapy outcome success, and tumor residual disease. *p < 0.05; **p < 0.01; ***p < 0.001

Furthermore, the risk score of each OC sample based on lasso regression of three-lncRNA signature
(Supplemental Table 6) acted as a risk factor to perform univariate and multivariate analyses. The
univariate analysis revealed that PANCAN (hazard ratio [HR] 0.91; 95% confidence interval [CI]
0.84–0.99; p = 2.90E-02), age at initial pathologic diagnosis (HR 1.02; 95% CI 1.01–1.03; p = 
2.00E−04), anatomic neoplasm subdivision (HR 1.34; 95%CI 1.04–1.74; p = 2.27E−02), cancer
status (HR 10.96; 95% CI 5.13–23.42; p = 6.48E-10), primary therapy outcome success (HR 1.55;
95% CI 1.35–1.78; p = 2.86E−10), tumor residual disease (HR 1.29; 95% CI 1.12–1.49; p = 
3.00E−04), and risk score (HR 3.09; 95% CI 1.85–5.17; p = 1.76E−05) were significantly correlated
with a poor OS (Fig. 7a). The multivariate analysis revealed that age at initial pathologic diagnosis
(HR 1.02; 95% CI 1.01–1.04; p = 3.70E−03), cancer status (HR 10.22; 95% CI 3.20–32.63; p = 
8.61E−05), primary therapy outcome success (HR 1.48; 95% CI 1.26–1.73; p = 9.75E−07), and risk
score (HR 3.15; 95% CI 1.11–8.96; p = 3.10E−03) were significantly correlated with a poor OS (Fig.
7b). The risk score factor based on optimized prognostic model of three-gene signature was
statistically significant at both univariate and multivariate analyses.

Fig. 7

The univariate (a) and multivariate (b) analyses of risk factors in ovarian cancers

Discussion

Anti-parasite drug ivermectin used a broad spectrum of disease models. Recently, ivermectin, as a
promising anticancer agent, showed remarkable ability to block tumor progression [36]. For example,
the oncogenic kinase PAK1 was somehow essential for tumorigenesis and growth in more than 70%
human cancers, including cervical, breast, thyroid, prostate, pancreatic, lung, colon, gastric,
hepatoma, melanoma, and glioma cancers. Study showed that ivermectin suppressed the growth of
multiple human OC cell lines in vitro and in a xenograft mouse model by inactivating PAK1 [37].
Moreover, there were almost no adverse effects for ivermectin treatment. Ivermectin exerts selective
toxicity and has protective effect on normal cells [38]. In fact, the study shows that IC50
(30.12 mol/L) of “normal” breast epithelial cell line MCF-10A was much higher than breast cancer
cells (< 20 mol/L), such as cancer cells MCF-7 (9.30 mol/L), MDA-MB-231 (10.48 mol/L), MDA-
MB-468 (16.20 mol/L), MDA-MB-361 (13.44 mol/L), MDA-MB-435 (15.10 mol/L), and HS578T
(17.29 mol/L) [9]. It clearly demonstrates that in vitro and in vivo antitumor activities of ivermectin
can be achieved at relatively low concentration range, while such a concentration range is safe for
healthy and parasitic patients based on human pharmacokinetic studies, which was beneficial to rapid
move of ivermectin into clinical trials for cancer patients. Ivermectin was also used as
chemotherapeutic sensitizer of, for example, platinum that was common chemotherapeutics for OC.
Antiestrogens, including tamoxifen and fulvestrant, could be the effective treatment for OC in cases of
platinum resistant. Ivermectin sensitized OC cells to fulvestrant and tamoxifen by blocking
HE4/importin-4 nuclear accumulation [39]. Additionally, the synergy was also observed between
ivermectin and BCR-ABL TKIs in acute myeloid leukemia, and the ivermectin can induce cell death
and chloride-dependent membrane hyperpolarization in acute myeloid leukemia cells [12].
Considering risks and costs, drug redirecting, as the identification of novel usages for existing drugs,
it would be possible to monitor pharmacokinetic and pharmacodynamics profiles of ivermectin in
vitro and in vivo [8].

LncRNA played important roles in OC [29]. This study provided a sixteen-lnRNA signature in OCs,
including HCG15, KIF9-AS1, PDCD4-AS1, ZNF674-AS1, ZNRF3-AS1, SOS1-IT1, LINC00565,
SNHG3, PLCH1-AS1, WWTR1-AS1, LINC00517, AL109767.1, STARD13-IT1, LBX2-AS1,
LEMD1-AS1, and HOXC-AS3, which showed a changed profile when OCs were treated with
ivermectin. Some of them have been proved significantly in cancers. For example, SNHG3
expressions were associated with poor prognosis and enhanced malignant progression of OC. SNHG3
was significantly increased in OC tissues compared to adjacent normal tissues. Higher SNHG3
expressions were positively associated with lymph node metastasis, OC stage, and poor prognosis
[40]. RNA pull-down mass spectrometry analysis found that YBX1 interacted with HOXC-AS3, and
RNA-seq analysis found a marked overlap between genes that were differentially expressed after
YBX1 knockdown and those genes that were transcriptionally regulated by HOXC-AS3, which
suggested a novel lncRNA HOXC-AS3 mediate tumorigenesis of cancer by binding to YBX1 [41].
ZNF674-AS1 expressions in the hepatocellular carcinoma cell lines HCCLM3, HepG2, SK-Hep1,
MHCC97H, Hep3B, and HuH7 were significantly downregulated compared to that in the normal liver
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SNHG3-F CTCTACTACCTGGCGCACCT

SNHG3-R CCCCCTTCAGTCCCATCCTT

HCG15-F GTGTTAGCCAGGATGGTCTCGATC

HCG15-R CGGTAGCTCACGCCTGTAATCTC

KIF9-AS1-F ACGGCTGCTGAGGTCTGAGTC

KIF9-AS1-R AAGGCACCAAGCACTGTCACTTC

LBX2-AS1-F GCTGCTGACAGACAAGACCAAGG

LBX2-AS1-R TAATGTGCCGAGGCCGGAGAC

PDCD4-AS1-F AGCTCAACGATCCTCTCACCTCAG

PDCD4-AS1-R TGGCTCACGCTTGTAATCTCAACG

WWTR1-AS1-F CTGTCACTGGAGATGCGGCTTC

WWTR1-AS1-R GTGGTGGCAGGCGTCTTAATCC

ZNF674-AS1-F AGGCTGGTCTCGAACTCCTGAC

ZNF674-AS1-R GCAGTGGCTCACACCTGTAACC

ZNRF3-AS1-F TGAGGTCAGGAGTTCGAGATCAGC

Protein IDs Protein names Gene names Unique
peptides

Sequence
coverage
[%]

Mol.
weight
[kDa]

Sequence
length

Q-value Score

A0A0S2Z4C6 Serine/threonine-
protein phosphatase
2B catalytic subunit
alpha isoform

PPP3CA 6 22.60 58.69 521 0 106

A0A024R7B0 Ubiquitin-like
protein 5

UBL5 1 12.30 8.55 73 0.0014951 3

A0A024R9A9 Ubiquitin-
conjugating enzyme
E2 T

UBE2T 3 18.30 22.52 197 0 7

A0A494C101 Pyruvate
carboxylase;
pyruvate
carboxylase,
mitochondrial

PC 2 5.20 53.49 483 0.00078309 3
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MHCC97H, Hep3B, and HuH7 were significantly downregulated compared to that in the normal liver
cell line QSG-7701, whose results were consistent with the test of hepatocellular carcinoma tissues,
and ZNF674-AS1 expressions were significantly correlated with clinical stage, metastasis, and
histopathologic grading [42]. It is necessary to further study the detailed molecular mechanisms
underlying ivermectin-mediated suppression of tumor growth. However, the regulatory relationships
between ivermectin and lncRNAs have not been reported until now.

Our previous study found that EIF4A3 played important role in OCs, and there were various lncRNAs
to interact with EIF4A3 [35]. In this study, EIF4A3 and EIF4A3-binding mRNAs were verified with
SILAC-based quantitative proteomics in OC cells treated with and without ivermectin, and the
signaling pathways enriched with EIF4A3-binding mRNAs were clustered into 8 groups. Some
signaling pathways were closely related to cancer; for example, mitochondrial translation pathway
(including initiation, elongation, and termination), mRNA splicing pathway, and Notch signaling
pathway. Mitochondria can contribute to malignant transformation and tumor development through
various mechanisms, such as energy metabolism, oxidative stress, cell apoptosis, dynamics, cell
cycles, autophagy, and immunity process [43]. Mitochondria contain their own genome (also known
as mtDNA) to encode two ribosomal RNAs (12S and 16S) in mitochondrial ribosome, 22 transfer
ribonucleic acid RNAs, and 13 polypeptides. Most proteins that make up the various parts of
mitochondria are encoded by nuclear genes [44]. Mitochondrial translational pathways played
important role in mitochondrial protein synthesis, and those genes were identified to enrich in
mitochondrial translational pathway, including MRPL11, MRPL12, MRPL14, MRPL4, MRPL40,
MRPL58, MRPS23, MRPS34, and MRPS7. Some of those markers of mitochondrial translation were
associated with poor clinical outcome in human cancer patients. Genome-wide transcriptional
profiling data showed that mitochondrial ribosomal proteins were associated with mitochondrial
translation upregulated in human breast cancer cells, such as MRPS7 and MRPL40 [45]. Mutations in
mitochondrial ribosomal protein MRPL12 with altered integration into the large ribosomal subunit
led to mitochondrial translation deficiency [46]. It would be possible to develop new anticancer
therapies for targeting mitochondrial translation in human cancer cells. This study also found that the
mRNA splicing pathway provided one of major mechanisms for protein diversity. More and more
evidence indicated the close association of alternative mRNA splicing with cancer [47]. This study
identified multiple genes enriched in mRNA splicing pathway, including BCAS2, CSTF2, ELAVL1,
LSM2, LSM4, LSM7, POLR2D, PPIL1, PRPF19, PRPF4, and PUF60. PUF60 is a splicing factor that
binds uridine (U)-rich tracts and facilitates association of the U2 small nuclear ribonucleoprotein with
primary transcripts. For example, PUF60-activated exons uncover altered 3′ splice-site selection by
germline missense mutations in a single-RNA recognition motif [48]. ELAVL1 (also known as HuR)
is highly expressed in different kinds of cancers, which could be useful in cancer auxiliary diagnosis,
prognosis monitoring, and targeted therapy. The gene profiling analysis identified that ELAVL1
overexpression was associated with hundreds of differentially expressed genes and tens of alternative
splicing events [49]. Deregulated Notch signaling was a crucial factor to facilitate proliferation and
progression of cancer cells. Four subtypes of Notch receptors have been found to play distinct roles in
oncogenesis. Disrupting Notch2 signaling might yield novel cancer treatment regimens [50]. This
study identified multiple genes to enrich in Notch2 signaling pathway, including BTRC, Notch2,
PSMA5, PSMB4, and SPEN. The study found a small Notch2-high expression cell population existed
in primary and bone metastatic breast cancers, which had a survival advantage over Notch2-low
expression cell population [51]. BTRC was overexpressed in many tumors and regulated various
cellular processes through degrading important targets [52]. Those previous studies were consistent
with our findings that EIF4A3 played an important role in cancer through various cancer-related
pathways.

The previous study found that EIF4A3 in combination with lncRNAs obstructed the recruitment of
EIF4A3 to the cell cycle gene mRNA, which promoted the cancer cell proliferation [53]. In this study,
E IF4A3 was predicted to have binding sites with 16 lncRNAs (HCG15, KIF9-AS1, PDCD4-AS1,
ZNF674-AS1, ZNRF3-AS1, SOS1-IT1, LINC00565, SNHG3, PLCH1-AS1, WWTR1-AS1,
LINC00517, AL109767.1, STARD13-IT1, LBX2-AS1, LEMD1-AS1, and HOXC-AS3), which were
enriched in various cancer-related pathways. All findings showed that lncRNA-EIF4A3-cancer–
related pathway axis was one of the potential mechanisms in the treatment of OCs. Additionally, the
expressions of those 16 lncRNAs were verified by qRT-PCR before and after ivermectin treatment,
which is significant to explore ivermectin-mediated lncRNA-EIF4A3-mRNA axes in OCs. The lasso
regression identified an optimized three-lncRNA signature model (ZNRF3-AS1, SOS1-IT1, and
LINC00565). OC is a multifaceted disease that was involved in multifactor, complex biological
processes, and unpredictable consequences. It is not reasonable to use a single molecule as biomarker
for accurate predictive, preventive, and personalized medicine (PPPM) practice [22]. Some aspects of
predictive medicine approach have been reported in breast cancer associated with tumorigenesis,
metastasis, women health according to patient’s age, sex, and phenotype [54–56]. Individualized
patient profiles, risks, and mitigating measures would be of great help for the development of PPPM
[57]. In this study, those three lncRNAs in the three-lncRNA signature model were never studied in
OCs and had positive responses to treatment of ivermectin. The heatmap identified the relationship
between the expression profile of those three lncRNAs and the OC phenotypes based on RNA
sequencing in different samples. Based on the expression levels of ZNRF3-AS1, SOS1-IT1, and
LINC00565, OC patients were divided into high-risk and low-risk groups, which were significantly
related to cancer status, clinical stage, lymphatic invasion, and survival status. Ivermectin could
mediate lncRNAs, including ZNRF3-AS1, SOS1-IT1, and LINC00565, to affect growth and
metastasis of OCs. Those indicated that specific properties of phenotype according to patient’s cancer
status, clinical stage, lymphatic invasion, and survival status might be potentially associated with
ivermectin-related molecule-panel.

Strength and limitation

lncRNA-EIF4A3-mRNA axes functioned in ivermectin-meditated suppression of OC with a good
reproducibility, which is supported with the following evidence: (i) lncRNA-EIF4A3-mRNA axes
exist in OC [32] and glioma [33], and some drugs can target these axes to generate antitumor effects
in epithelial OC cells [32]. (ii) Our previous study found that lncRNA SNHG3-EIF4A3-energy
metabolic pathways were important for OCs [35]. (iii) This study found that the expressions of
lncRNAs (SNHG3, HCG15, KIF9-AS1, PDCD4-AS1, ZNF674-AS1, ZNRF3-AS1, SOS1-IT1,
LINC00565, PLCH1-AS1, WWTR1-AS1, LINC00517, AL109767.1, STARD13-IT1, LBX2-AS1,
LEMD1-AS1, and HOXC-AS3) in cells TOV-21G and A2780 were significantly changed before and
after treatment with ivermectin (0 μM, 10 μM, 20 μM, and 30 μM). (iv) SILAC-based quantitative
proteomics found ivermectin significantly downregulated the protein expression levels of EIF4A3 and
116 EIF4A3-binding mRNAs (Table 2). (v) TCGA transcriptomics data-based bioinformatics
revealed the binding relationships between 16 lncRNAs and EIF4A3 and between EIF4A3 and
EIF4A3-binding mRNAs [35]. Thereby, it has important scientific value to explore ivermectin-
mediated lncRNA-EIF4A3-mRNA axes in OC. Clarification of these lncRNA-EIF4A3-mRNA axes
for molecular mechanism of ivermectin-mediated suppression of OC would significantly contribute to
personalized drug therapy for OC and discovery of effective and reliable ivermectin-mediated
molecule-panel biomarkers for predictive diagnosis and prognostic assessment. Another strength of
this study is that we optimized and established a three-lncRNAs signature based on the ivemectin-
mediated lncRNA-EIF4A3-mRNA axes, which is potential lncRNA-panel biomarker for OC survival
prediction to predict patient’s cancer status, clinical stage, lymphatic invasion, and survival status.

However, one must realize the limitations remaining in the current study. (i) The binding sites
between EIF4A3 and 16 lncRNAs and between EIF4A3 and EIF4A3-binding candidate mRNAs
should be further verified. An RNA-binding protein immunoprecipitation assay in OC cell lines
would be an appropriate approach to resolve this scientific issue. Clarification of these EIF4A3-
binding sites might benefit for in-depth understanding of the molecular mechanism of ivermectin and
the new personalized therapeutic targets for OC. (ii) Two cell lines (TOV-21G and A2780) used in
this current study cannot cover all characteristics of OC. It is necessary to analyze more OC cells for
revealing the individualized and common characteristic-related effects of ivermectin in treatment of
OC. (iii) Except for TCGA database, other cohort studies would be needed for further validation of
ivermectin-related three-lncRNA-signature model for OC prognosis and predictive diagnostics. (iv)
Large-scale clinical data are also needed to validate ivermectin-related lncRNA-panel biomarker for
OC survival prediction after the treatment with ivermectin. Moreover, although ivermectin is
extensively used for anti-parasites, currently, its antitumor effects are all derived from the
experimental studies in the cell and animal models. It has not been used in cancer patients for clinical
trials. Thus, extensive studies will still be needed for the realistic implementation of ivermectin in
individual or in combination with other drugs into clinical practice in prediction, prevention, and
personalized drug therapy of OCs.

Future studies

Considering strengths and limitations of the currently presented study discussed in the context of
3PM, further studies are proposed here to maximize the potentials of ivermectin-mediated lncRNA-
EIF4A3-mRNA axes for PPPM in OC. (i) RNA-binding protein immunoprecipitation assay will be
carried out in OCs to validate the binding relationship between EIF4A3 and 16 lncRNAs, and
between EIF4A3 and 116 EIF4A3-binding mRNAs, and further experimentally define those accurate
binding sites. (ii) More OC cell lines will be analyzed to expand and validate the link of ivermectin
and EIF4A3 and observe how this link regulates IncRNA expressions and targeted mRNA
expressions, and then define the phenotype of OCs. (iii) More clinical samples will be collected to
discover ivermectin-related lncRNA-panel biomarker for OC towards its PPPM. (iv) Focusing on the
ivemectin-mediated lncRNA-EIF4A3-mRNA axes, one might design and discover multiple
therapeutic targets for multi-target drug therapy to synergize and amplify the therapeutic effect of
ivermectin towards its personalized drug therapy for OCs. (v) Currently, no evidence supports that
ivermectin can prevent the occurrence of OC. However, ivermectin is an extensively used anti-parasite
drug in normal people without OC, and it has anticancer effects. Can ivemectin prevent the
occurrence of OC and even other cancers? It would be an interesting scientific problem. First, we may
design animal models to observe whether ivermectin can prevent the occurrence of OCs and further
design a large-scale and multicenter cohort study. It will directly contribute to the preventive medicine
strategy for OC.

Conclusions

This study found that ivermectin inhibited OC migration, and that ivermectin-mediated lncRNA-
EIF4A3-mRNA axes were the potential mechanism in OCs. The optimized three-lncRNA signature
model (ZNRF3-AS1, SOS1-IT1, and LINC00565) provided a good assessment system to significantly
associate survival risk with the expression profile of these three lncRNAs. These findings are the
precious resource and have practical significance for drug redirecting of ivermectin in OC treatment
for personalized drug therapy and prognostic assessment towards its PPPM practice.

Endnotes and recommendation in regard to PPPM

We recommend to strengthen the study on relationship of lncRNA and drug to understand in depth
the molecular mechanism of ivermectin-depressing OC and the study on integration of lncRNAs and
large-scale clinical data to discover ivermectin-related lncRNA-panel biomarker for OC survival
prediction treated with ivermectin. The lncRNA-EIF4A3-mRNA axes play important roles in the
therapeutic process of ivermectin treatment of OC. EIF4A3 is a central molecule in the ivermectin
drug signaling pathway to realize the personalized drug therapy of ivermectin in OC. Moreover, it is
well known that the development of an anticancer new drug is a time-consuming long-term research
process and needs lots of money, and the huge increase in national healthcare costs is becoming a
concern worldwide. In such a social context, the repositioning of the existed drugs for their new uses
for other diseases has recently gained extensive attentions. Ivermactin as a common used anti-parasite
drug has been found to have anticancer effects, which will play an important role in future drug
repositioning strategies for OC [58]. The personalized drug therapy of ivermectin would be a primary
concrete practice for PPPM according to conceptual PPPM papers [59, 60].
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