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Chapter

The Use of Stable Isotope Labeling
with Amino Acids in Cell

Culture (SILAC) to Study
Ivermectin-Mediated Molecular
Pathway Changes in Human
Ovarian Cancer Cells

Na Li and Xianquan Zhan

Abstract

Stable isotope labeling with amino acids in cell culture (SILAC) was to
use isotopic essential amino acids to replace the original amino acids for cell
culture and passage for 8-10 generations, followed by mass spectrometry to
identify proteins and the isotopic abundance difference to quantify proteins.
SILAC can be used to characterize proteomic changes, and analyze protein
turnover, protein interactions, and dynamic changes with quantitative accu-
racy, and high reproducibility. For this study, SILAC “light” (L-Lysine-2HCI
['*C6, 1*N2], L-Arginine-HCI ['*C6, *N4])- or “heavy” (L-Lysine-2HCI [**C6,
>N2], L-Arginine-HCI [**C6, °N4])-labeling RPMI 1640 medium was used to
culture human ovarian cancer TOV-21G cells for 10 passages, followed by the
treatment of 0.1% dimethylsulfoxide for 24 h and 20 pM ivermectin for 24 h,
respectively. The light- and heavy-isotope-labeled proteins were equally mixed
(1:1) for digestion with trypsin. The tryptic peptide mixture was fractionated
with liquid chromatography and analyzed with tandem mass spectrometry.
In total, 4,447 proteins were identified in ivermectin-treated TOV-21G cells in
relation to controls. Those proteins were enriched in 89 statistically significant
signaling pathways and 62 statistically significant biological processes. These
findings clearly demonstrated that SILAC quantitative proteomics was a useful
and reliable method to study ivermectin-related proteomic changes in cancer
cells, which in combination with molecular pathway networks and biological
processes enrichments provided more comprehensive insights into molecular
mechanisms of ivermectin in inhibiting TOV-21G cells.

Keywords: stable isotope labeling with amino acids in cell culture (SILAC),

ovarian cancer, ivermectin, quantitative proteomics, bioinformatics analysis,
molecular pathway, network, biological processes, biomarkers
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1. Introduction

Stable isotope labeling with amino acids in cell culture (SILAC) is a polypeptide-
labeling technology developed by the Thermo Fisher company of the United States
in 2002 [1]. Heavy isotopes (**C or ®N) and light isotopes (*>C or ™N) are used to
label two essential amino acids (L-lysine and L-arginine) that are contained in a
cell-cultured medium, respectively. After the cells were cultured with essential
amino acids for 6-10 generations, all proteins were labeled with heavy isotopes or
light isotopes. The cellular proteins stimulated by different treatment factors are
analyzed by mass spectrometry (MS) to obtain the qualitative and quantitative
proteome data [2]. SILAC generally allows heavy and light isotopes-labeled sample
cells at the early stage of the experimental workflow, so the variability caused by
the sample handling process was minimized [3]. SILAC was widely used in quan-
titative proteomics to study pathogenesis, drug target, protein modification and
dynamics, protein-molecule interaction, and screen special functional proteins
[4]. SILAC showed outstanding performance for quantification and dynamics of
phosphosites in colorectal cancer with the treatment of the epidermal growth factor
receptor (EGFR)-blocking antibody cetuximab, rendering it the effective method
for cellular signaling study in cell culture models [5]. In terms of identification of
protein-molecule interaction, SILAC combined with various affinity purifications
of protein experimental setups could be used to distinguish specific complexes from
nonspecific ones [6]. One study performed SILAC to overcome the most challeng-
ing problem in defining specific partners in protein complexes. The cells containing
an affinity tagged protein were cultured in a light isotopic medium, while wild-type
cells were grown in a heavy isotopic medium. The results of MS showed that specific
partners appear as isotopically light [7]. SILAC also offers numerous opportunities
to discover potential biomarkers and therapeutic targets for some drugs [8]. SILAC
in combination with other developed approaches made SILAC more popular; for
example, these SILAC labels in pulse or pulse-chase scenarios could be used to mea-
sure macromolecular dynamics on time scales of several hours [9]. An MS-based
approach combining dynamic-SILAC labeling with isobaric mass tagging was well
used to understand protein degradation and synthesis in cellular systems [10].
SILAC provided an effective scheme to comprehensively and systematically qualify
and quantify complex mammalian cell proteome, which would promote progress in
the medical field.

Ivermectin, marketed in 1981, was commonly used as a broad-spectrum anti-
parasitic compound. It was approved to treat onchocerciasis (150-200 pg kg™' body
weight), scabies (200 pg kg‘1 body weight), lymphatic filariasis (150-200 pg kg’1
body weight), demodicosis (200 pg kg’1 body weight), strongyloidiasis (200 pg kg’1
body weight), pediculosis (400 pg kg'1 body weight), and filariasis (due to Mansonella
ozzardi, 6 mg as a single dose) [11].

Because ivermectin mainly targets chloride-dependent channels
(y-aminobutyric acid and glutamate), its safety could be fine in higher animals. In
humans, especially the blood-brain barrier can reduce ivermectin delivery to the
central nervous system [12]. The safety of ivermectin has been proved with clinical
studies on children, infants, and pregnant women. A study including 170 infants
and children with the treatment of oral ivermectin (mean dose = 223 pg kg™!)
showed good tolerance, and only seven subjects occurred mild adverse events [13].
A study including 893 pregnant women with the oral treatment of ivermectin also
showed good tolerance, and no patients were reported to generate serious events
(stillbirths, neonatal death, low birth weight, spontaneous abortions, preterm
births, and congenital anomalies) [14]. Those studies proved that ivermectin was
safe enough to be used in human diseases, but there was still insufficient evidence
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to prove no adverse side effects. The highest ivermectin dose was 200 pg/kg, which
was approved by FDA. However, some patients without serious events have used
10 times more than the FDA-approved dose [15]. All those made ivermectin more
likely to achieve success in clinical application. In recent days, studies found that
ivermectin was effective in a completely new range of diseases, such as neurological
disorders, antiviral (e.g., dengue, HIV, and encephalitis), antibacterial (e.g., Buruli
ulcer and tuberculosis), anticancer (melanoma, lymphoid leukemia, lung cancer,
glioblastoma, and breast cancer) [11]. The functions and mechanisms of ivermec-
tin on anticancer generated interest and excitement in the scientific community.
Ivermectin suppresses breast cancer by disrupting cellular signaling in the process
and activating cytostatic autophagy through mediating PAK1 expression [16].
Ivermectin showed a synergistic effect with the chemotherapy agents by increasing
cell death in leukemia cells. Some researchers, who aimed at overcoming cancer,
claimed that ivermectin could be rapidly advanced into clinical trials [17]. Further
study on molecular network, signaling pathway, and key biological processes of
ivermectin would provide more useful information about this multifaceted “won-
der” drug.

This chapter describes that SILAC identifies differentially expressed proteins
(DEGs) in ivermectin-treated ovarian cancer cells in the following aspects:
(i) ovarian cancer cell culture—TOV21G and labeled with heavy and light SILAC
reagents; (ii) ivermectin treatment of SILAC-labeled TOV21G cells and protein
preparation; (iii) the quality of SILAC-labeled protein samples with 1D SDS-PAGE;
(iv) trypsin-digestion of SILAC-labeled proteins; (v) each fraction was subjected
to LC-MS/MS analysis; and (vi) bioinformatics analysis (signaling pathway and
biological process). SILAC can be a useful and effective method to detect protein
alterations and dynamic changes in living cells, and the results would provide
scientific data to further clarify molecular mechanisms of ivermectin in ovar-
ian cancer.

2. Methods
2.1 Ovarian cancer cell culture

The human ovarian cell line (TOV-21G) was cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and 5% CO, at 37°C. (i) Ovarian
cell line used here was TOV-21G, which was obtained from Keibai Academy of
Science (Nanjing, China) [18]. (ii) RPMI 1640 was used without glutamine,
lysine, and arginine. (iii) FBS was brought from Gibco® Certified Thermo Fisher
Scientific. (iv) The growing states of TOV-21G were observed, and the medium was
changed in every 2 days.

2.2 SILAC medium preparation and labeling

SILAC “light” or “heavy” labeling growing medium (Thermo Fisher

Scientific, US) was used to culture TOV-21G cells for 10 passages, to ensure

a high level of stable isotope replacing original amino acids [8]. (i) “Light”
labeled amino acids: 50 mg L-arginine HCI (Arg0), 50 mg L-lysine HCI (Lys0).
“Heavy” labeled amino acids: 50 mg L-arginine-">C6,"N4 HCI (Arg10), 50 mg
L-lysine—l3C6,15N2 HCI (Lys8). (ii) A total of 1 L RPMI 1640 without glutamine,
lysine, and arginine. (iii) For SILAC experiments, 50 mg Arg0 and 50 mg LysO
(“light” labeling reagent) were added into 500 mL RPMI 1640 medium to form
SILAC “light” labeling growing medium. A total of 50 mg Argl0 and 50 mg Lys8
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(“heavy” labeling reagent) were added to 500 mL RPMI 1640 medium to form
SILAC “heavy” labeling growing medium. (iv) The growing states of TOV-21G
were observed, and the medium was changed in every 2 days. TOV-21G cells were
cultured and passaged for 10 generations in 10-cm culture flasks.

2.3 Ivermectin treatment of SILAC-labeled TOV21G cells

When SILAC-labeled TOV21G cells achieved 80% cell density in 10-cm culture
flasks, 20 pM ivermectin was added to TOV-21G cells in SILAC “heavy” labeling
growing medium, and 0.1% DMSO was added to TOV-21G cells in SILAC “light”
labeling growing medium for 24 h [19]. (i) Ivermectin (C4gH74O14, purity > 95%):
The drug was brought from Solarbio (http://www.solarbio.com/goods-3911.html).
(ii) TOV-21G cells were counted, and 8000 cells/well were seeded in 96-well plates.
Ivermectin was added into each well in different drug concentrations (0 pM, 10 uM,
20 pM, 30 pM, 40 pM, and 50 uM) for 24 h. CCK8 (10 pL) was added into each well
for 1 h to measure absorbance values (OD) at a wavelength of 450 nm. Lethal con-
centration 50 (IC50) was calculated according to OD values of each well in different
ivermectin concentrations. (iii) Ivermectin treatment group: 20 pM ivermectin
was added to TOV-21G cells in SILAC “heavy” labeling growing medium for 24 h.
Control group: 0.1% DMSO was added to TOV-21G cells in SILAC “light” labeling
growing medium for 24 h.

2.4 Cell lysis and protein preparation

Ivermectin treatment and 0.1% DMSO treatment TOV-21G cells were collected
and lysed by protein isolation buffer, respectively. (i) TOV-21G cells collection: A
total of 500 pL trypsin was added to each 10-cm culture flasks for several minutes
and collected with centrifugation (800 x g, 5 min). TOV-21G cells were washed with
ice-cold phosphate buffer solution (PBS) for three times. (ii) Protein isolation buffer:
2 mM thiourea, 4% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio] -1-pro-
pane), 7 M urea, 100 mM dithiothreitol (DTT), and 2% ampholyte. (iii) TOV-21G
cells lysis: A total of 200 pL protein isolation buffer was added to each 10-cm culture
flasks for 30 min (ice-cold) and then oscillated with five vortex cycles. (iv) SILAC-
labeled protein collection: Protein isolation buffer was centrifuged (13,000 x g,

20 min, 4°C), and the SILAC-labeled protein samples were collected from the
supernatants in new tubes. (v) Protein concentrations measurement: Protein con-
centrations of the SILAC-labeled protein samples were measured with the 2-D quant
protein assay kit (Bio-Rad, US).

2.5 The preliminary experiment of SILAC-labeled protein samples

The “heavy”- and “light”-SILAC-labeled proteins were mixed and loaded onto 1X
SDS-PAGE to check the quality. SDS-PAGE-separated proteins were further analyzed
with MS/MS as a preliminary experiment to check the labeling efficiency. (i) The load-
ing sample preparation: According to the 1:1 ratio, the “heavy”- and “light”-SILAC-
labeled proteins were mixed in a 5X loading buffer. (ii) Electrophoresis: The mixed
SILAC-labeled proteins were loaded onto SDS-PAGE gel (gel concentration: 12.5%)
with the amount of 20 pg/lane by constant current (14 mA, 90 min). (iii) Coomassie
brilliant blue staining: Prepare Coomassie brilliant blue stain and destain solutions.
Filter the stain solution through Whatman 1 filter paper. (iv) MS/MS: Proteins were
separated from SDS-PAGE bands, and then were reduced, alkylated, and trypsin-
digested. The tryptic peptides were analyzed with MS/MS.
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2.6 Trypsin-digestion of SILAC-labeled proteins

The main reagents and methods included: (i) Reducing agent: 100 mM DTT
was added to SILAC-labeled protein sample. (ii) Uranyl acetate (UA) buffer:
The UA buffer contained 8 M urea and 0.1 M Tris/HCL. The SILAC-labeled
protein sample with DTT was filtered by a 10-kD ultrafiltration centrifuge
tube for two times. (iii) Isolation mixture reacted: A total of 100 pL of 0.05 M
iodoacetamide was added to the isolation mixture following centrifugalization
(14,000 x g, 15 min). A total of 25 mM ammonium bicarbonate (NH,HCO;)
was added to the mixture following centrifugalization (14,000 x g, 15 min).
(iv) Trypsin buffer: 2 pg trypsin in 40 pL 100-mM NH,HCO;. (v) Tryptic pep-
tide content: A volume of trypsin buffer (40 pL) was added to the mixture from
last step and shaken by 600 rpm for 1 min. Enzymatic hydrolysis of the mixture
was done for 16-18 h at 37°C. A volume (40 pL) of 25 mM NH,HCO; was added
to the mixture and that mixture was centrifuged (14,000 x g, 15 min); the
filtrate was collected.

2.7 LC-MS/MS analysis

The instrument and materials are as follows: (i) MS instrument, for example, Q
Exactive mass spectrometer (Thermo Fisher Scientific); (ii) Easy nLC system, for
example, Proxeon Biosystems (Thermo Fisher Scientific); (iii) Thermo scientific
EASY column: Acclaim PepMap, 100 pm x 2 cm, nanoViper, 5 pm-C18; (iv) analytical
column: Thermo scientific EASY column (75 pum * 100 mm 3 pm-C18); (v) solvent A:
0.1% formic acid in H,O; and (vi) solvent B: 0.1% formic acid, 84% acetonitrile in H,O.

2.8 Search protein database with MaxQuant software

The main parameters are following [20]: Main search ppm: 6; missed cleav-
age: 2; MS/MS tolerance ppm: 20; de-isotopic: TRUE; enzyme: trypsin/P;
database: uniprot_Homo_sapiens_169753_20190313; fixed modification: carb-
amidomethyl (C); lables: Lys(8), Arg(10); variable modification: oxidation (M),
acetyl (protein N-term) decoy database; pattern: reverse; peptide FDR: 0.01; and
protein FDR: 0.01.

2.9 Bioinformatics analysis

Several bioinformatics analyses were used, which are as follows: (i) The enrich-
ment of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway was per-
formed with R package clusterProfiler-KEGG (https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html). (ii) The enrichment of biological processes
(BPs) was analyzed with Cytoscape ClueGO. (iii) The level of statistical signifi-
cance was set as p < 0.05 and adjusted p value < 0.05. For KEGG and BPs enrich-
ment analyses, a Benjamini-Hochberg multiple text was used to adjust p value.

3. Results and discussion
3.1 Proteomic profile based on SILAC in ivermectin-treated TOV-21G cells

The flow chart of SILAC quantitative proteomics was shown to summarize the
overall analysis process for the identification of ivermectin-related proteins (Figure 1).
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Figure 1.
The flow chart of SILAC quantitative proteomics analysis of ovarian cancer cells treated with and without
wermectin.

In total, 4447 proteins were identified with SILAC quantitative proteomics in
human ovarian cancer cells treated with ivermectin. The ratio of “heavy”/“light”
labeling samples was obtained, including 97.91% proteins with ratio < 1, and 2.09%
proteins with ratio > 1. The MS/MS spectra of tryptic peptides EYQDLLNVK
(Figure 2A) and VVQGSLDSLPQAVR (Figure 2B) are taken as examples. For
peptide EYQDLLNVK (gene name = NEFM), the excellent b-ion and y-ion
series were obtained with high signal-to-noise (S/N) (Figure 2A). For peptide
VVQGSLDSLPQAVR (gene name = PKC1), the excellent b-ion and y-ion series were
also obtained with high signal-to-noise (S/N) (Figure 2B).

The fold-changes of some identified proteins were very striking; for example,
those upregulated proteins (ratio > 2), including histone H2A, progranulin,
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Figure 2.

The MS/MS spectra of tryptic peptides with SILAC labeling. (A) MS/MS spectrum of tryptic peptide
EYQDLLNVK (gene name = NEFM). (B) MS/MS spectrum of tryptic peptide VVQGSLDSLPQAVR
(gene name = PKC1).

cathepsin Z, SWI/SNF-related matrix-associated actin-dependent regulator

of chromatin subfamily A-like protein 1, beta-mannosidase, GRAM domain-
containing 1C, BMP-2-inducible protein kinase, ribosomal protein L3, ubiquitin-
conjugating enzyme E2, PIK3R1, LIM domain-containing protein 1, retinal guanylyl
cyclase 1, telomerase-binding protein EST1A, and COX7A2L protein. Some of them
have been reported in ovarian cancers. For example, recent studies demonstrated
that PI3K/AKT/mTOR and ERK1/2 signaling pathways were involved in this chemo-
resistance. Progranulin was upregulated in epithelial ovarian cancer cell lines and
associated with cisplatin resistance through regulating AKT/mTOR and ERK1/2
signaling pathways [21]. Progranulin is also involved in the process of cartilage
development, progression, wound healing, and inflammation in ovarian cancer
[22]. Additionally, one study showed that progranulin could directly activate can-
cer-associated fibroblasts to induce the epithelial-mesenchymal transition process
of epithelial ovarian cancer cells [23]. Copy number loss of PIK3R1 most commonly
occurs in ovarian cancer, which would activate AKT and p110-independent JAK2/
STATS3 signaling and renders ovarian cancer cells vulnerable to AKT inhibitors [24].
CD97 can activate NF-kB-dependent JAK2/STAT3 pathway, consequently playing
an important role in migratory, invasive capacity, and drug-resistant in ovarian
cancer cells [25].

Some downregulated proteins (ratio < 0.1) were also very striking; for example,
anion exchange protein, Rho guanine nucleotide exchange factor 16, dynein
assembly factor 1, glucoside xylosyltransferase 1, glutamine synthetase, insulin-like
growth factor-binding protein 2, microtubule-associated protein RP/EB family
member 3, myelin proteolipid protein, neurochondrin, neurofilament medium
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polypeptide, phosphoenolpyruvate carboxykinase, ANKUB1, and TASOR 2. Some
of them play an important role in the pathogenesis of ovarian cancer. For example,
the most prominent effects of insulin-like growth factor-binding protein 2 in
ovarian cancer include promoting driving invasion, proliferation, and suppressing
apoptosis. The area under the ROC curve of insulin-like growth factor-binding
protein 2 in detecting ovarian cancer was 0.815 (95% CI: 0.721-0.910, P < 0.001),
further studies are needed to confirm its diagnostic performance at an early stage of
ovarian cancer [26].

The glutamine metabolism could be a novel therapeutic target against cisplatin
resistance in various cancers. Glutamine synthetase can take part in the reprogram-
ming of glutamine metabolism to induce cisplatin resistance in A2780 ovarian
cancer cells [27]. Anion exchanger 2 is a sodium-independent chloride/bicarbonate
transporter, which is implicated in the regulation of membrane potential and intra-
cellular potential of hydrogen (pH value). Anion exchanger 2 was highly expressed
in ovarian cancer tissues compared to adjacent non-tumor lesions with quantitative
proteomics analysis [28]. Those identified proteins in ovarian cancer cells treated
with and without ivermectin with SILAC quantitative proteomics discovered
reliable and effective biomarkers and drug targets for the anticancer process of
ivermectin [8].

3.2 Ivermectin-mediated molecular pathway in human ovarian cancer cells

In total, 89 statistically significant molecular pathways were enriched based on
those 4447 ivermectin-related proteins with KEGG pathway analysis (Table1).

These molecular pathways demonstrated that ivermectin was involved in
multiple cancer-related molecular pathways, such as mismatch repair process,
ErbB signaling pathway, HIF-1 signaling pathway, cell-cycle regulation, ubiquitin-
mediated proteolysis, AMPK signaling pathway, apoptosis, ferroptosis, proteo-
glycans, and central carbon metabolism in cancer. These molecular pathways
also indicated that ivermectin was involved in multiple cancer pathogenesis, such
as energy metabolism pathways, immunity-related pathways, stromal element-
related pathways, RNA regulation pathways, hormone signaling pathways, and
biosynthesis of substances. Different pathways enriched different proteins, whereas
some pathways shared the same proteins. These data showed that ivermectin has a
complex influence on various signaling pathways. The results were consistent with
many studies previously. Ivermectin induced PAK1-mediated cytostatic autophagy
both in vitro and in vivo, which might be one of the PAK1 inhibitors and inhibits
the growth of ovarian cancer, glioblastoma, breast cancer, and NF2 tumors [29].
Another investigation found that ivermectin induced apoptosis in HeLa cells by
upregulating Bax and p53 expressions, enhancing cytochrome c release, decreasing
the levels of CDK2, CDK®, cyclin E, and cyclin D1 [30]. The primary immunogenic
features—immunogenic cell death (ICD) included the release of high-mobility-
group protein B1, secreted ATP, and surface-exposed calreticulin. Recent data
supported that ivermectin could kill human triple-negative breast cancer cells
through mechanisms of ICD, which induced pannexin-1 channel opening and
cell death [31]. Ivermectin was also reported as an RNA helicase inhibitor, which
reduced precursor and mature microRNAs potentially inhibiting cell invasion
and proliferation [32]. Additionally, ivermectin effectively targets angiogenesis
through decreasing membrane potential, mitochondrial respiration, ATP levels,
and increasing mitochondrial superoxide, and the effects proliferation, capillary
network formation, and survival in human brain microvascular endothelial cell
[33]. According to the cross-talking between different signaling pathways, more
favorable evidence indicated that ivermectin in combination with other drugs
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Pathway ID Pathway name p value

hsa00010 Glycolysis/gluconeogenesis 2.03E-03
hsa00020 Citrate cycle (TCA cycle) 738E-11
hsa00030 Pentose phosphate pathway 3.51E-04
hsa00052 Galactose metabolism 6.04E-03
hsa00062 Fatty acid elongation 1.09E-02
hsa00071 Fatty acid degradation 1.39E-05
hsa00190 Oxidative phosphorylation 3.47E-12
hsa00230 Purine metabolism 1.08E—-02
hsa00240 Pyrimidine metabolism 2.55E-03
hsa00270 Cysteine and methionine metabolism 8.93E-07
hsa00280 Valine, leucine and isoleucine degradation 2.06E-08
hsa00480 Glutathione metabolism 1.05E-03
hsa00510 N-Glycan biosynthesis 4.31E-03
hsa00513 Various types of N-glycan biosynthesis 5.15E-03
hsa00520 Amino sugar and nucleotide sugar metabolism 1.04E-07
hsa00620 Pyruvate metabolism 1.11E-07
hsa00630 Glyoxylate and dicarboxylate metabolism 4.09E-03
hsa00640 Propanoate metabolism 1.16E-05
hsa00920 Sulfur metabolism 4.45E—-03
hsa01040 Biosynthesis of unsaturated fatty acids 1.09E-02
hsa01200 Carbon metabolism 3.96E-16
hsa01212 Fatty acid metabolism 1.74E—08
hsa01230 Biosynthesis of amino acids 3.09E—-08
hsa03008 Ribosome biogenesis in eukaryotes 3.34E-04
hsa03010 Ribosome 7.07E-22
hsa03013 RNA transport 8.04E-20
hsa03015 mRNA surveillance pathway 4.28E—-08
hsa03018 RNA degradation 2.24E-07
hsa03030 DNA replication 8.18E—-09
hsa03040 Spliceosome 5.79E-24
hsa03050 Proteasome 1.50E-14
hsa03410 Base excision repair 1.22E-02
hsa03420 Nucleotide excision repair 4.72E-06
hsa03430 Mismatch repair 4.33E-04
hsa04012 ErbB signaling pathway 6.27E-03
hsa04066 HIF-1 signaling pathway 1.31E-05
hsa04071 Sphingolipid signaling pathway 9.01E-03
hsa04110 Cell cycle 4.03E-03
hsa04120 Ubiquitin mediated proteolysis 1.82E-06
hsa04130 SNARE interactions in vesicular transport 1.18E—-04
hsa04137 Mitophagy—animal 9.07E—-03
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Pathway ID Pathway name p value

hsa04141 Protein processing in the endoplasmic reticulum 1.07E-13
hsa04142 Lysosome 3.81E-06
hsa04144 Endocytosis 9.24E-15
hsa04145 Phagosome 8.66E—-07
hsa04152 AMPK signaling pathway 3.49E-03
hsa04210 Apoptosis 1.07E-03
hsa04213 Longevity regulating pathway—multiple species 4.46E-03
hsa04216 Ferroptosis 4.75E-04
hsa04510 Focal adhesion 2.57E-05
hsa04520 Adherens junction 2.04E-05
hsa04530 Tight junction 6.21E-05
hsa04540 Gap junction 3.14E-03
hsa04611 Platelet activation 4.03E-03
hsa04666 Fc gamma R-mediated phagocytosis 2.41E-03
hsa04714 Thermogenesis 1.08E-09
hsa04720 Long-term potentiation 7.22E-03
hsa04721 Synaptic vesicle cycle 2.29E-04
hsa04810 Regulation of actin cytoskeleton 4.94E-06
hsa04910 Insulin signaling pathway 2.90E-04
hsa04919 Thyroid hormone signaling pathway 5.20E-03
hsa04922 Glucagon signaling pathway 3.38E-04
hsa04931 Insulin resistance 1.26E-02
hsa04932 Nonalcoholic fatty liver disease (NAFLD) 1.44E-07
hsa04961 Endocrine and other factor-regulated calcium 1.83E-03

reabsorption

hsa04962 Vasopressin-regulated water reabsorption 9.81E—-03
hsa05010 Alzheimer disease 3.09E-07
hsa05012 Parkinson disease 5.32E-23
hsa05014 Amyotrophic lateral sclerosis (ALS) 2.55E-03
hsa05016 Huntington disease 793E-13
hsa05100 Bacterial invasion of epithelial cells 5.95E-10
hsa05110 Vibrio cholerae infection 6.22E-06
hsa05120 Epithelial cell signaling in Helicobacter pylori infection 1.07E—-04
hsa05130 Pathogenic Escherichia coli infection 6.13E-09
hsa05131 Shigellosis 2.10E-07
hsa05132 Salmonella infection 710E-14
hsa05134 Legionellosis 1.05E-03
hsa05135 Yersinia infection 4.64E-06
hsa05163 Human cytomegalovirus infection 5.57E-05
hsa05165 Human papillomavirus infection 4.68E—-03
hsa05169 Epstein-Barr virus infection 2.03E-05
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Pathway ID Pathway name p value

hsa05170 Human immunodeficiency virus 1 infection 4.59E-08
hsa05203 Viral carcinogenesis 6.98E—05
hsa05205 Proteoglycans in cancer 2.44E-05
hsa05211 Renal cell carcinoma 2.65E-03
hsa05212 Pancreatic cancer 6.79E-03
hsa05220 Chronic myeloid leukemia 1.31E-02
hsa05230 Central carbon metabolism in cancer 1.18E-03
hsa03060 Protein export 8.73E-05

Table 1.

Statistically significant pathways identified with ivermectin-related proteins with KEGG pathway envichment
analysis.

exhibited more powerful anticancer effects, including daunorubicin, anti-BRAF
V600 inhibitors, cytarabine, paclitaxel, and tamoxifen [34]. Obviously, the detailed
mechanisms of ivermectin remain unclear. However, the application of new drugs
brought ones to better health.

3.3 Ivermectin-mediated biological processes in human ovarian cancer cells

A total of 61 statistically significant biological processes were enriched based on
those 4447 ivermectin-related proteins with GO analysis (Figure 3). These biologi-
cal processes indicated that ivermectin was involved in multiple cancer-related
biological processes, such as negative/positive regulation of canonical Wnt signal-
ing pathway, cysteine-type endopeptidase activity involved in the apoptotic pro-
cess, innate immune response-activating signal transduction, protein targeting to
membrane, T-cell receptor signaling pathway, regulation of protein ubiquitination,
activation of protein kinase activity, regulation of transcription by RNA polymerase
I, and DNA-binding transcription factor activity. These results were consistent
with many studies previously. For example, CTNNBI1 (catenin beta 1, IMPp1) in the
biological process of protein polyubiquitination, was responsible for the nuclear
entry of cargoes. Ivermectin can impact thermal stability and a-helicity of IMPa
and IMPp1 by binding to the IMPa armadillo repeat domain [35]. CASP3 in the
biological process of protein kinase regulator activity is a member of the cysteine-
aspartic acid protease (caspase) family. SK-MEL-28 cells were treated with different
concentrations of ivermectin (2.5 pM, 5 pM, and 10 uM). Ivermectin enhanced
the apoptosis effect by the upregulation of caspase-3 activity [36]. Also, PAK1 in
the biological process of protein kinase regulator activity binds to and inhibits the
activity of cyclin-cyclin-dependent kinase 2 or -cyclin-dependent kinase 4 com-
plexes, and thus functions as a regulator of cell-cycle progression at G1. Ivermectin
inhibited cancer stem cells formation by regulating the binding of PAK1/Stat3
complex and the IL-6 promoter [37]. YAP1 in the biological process of positive
regulation of canonical Wnt signaling pathway was involved in the development,
growth, repair, and homeostasis of multiple cancers. Ivermectin inhibited YAP1
nuclear expression and nuclear accumulation in gastric cancer cells. Moreover, in
xenografts of gastric cancer cells, ivermectin suppressed tumor growth by regulat-
ing YAP1 nuclear expression [38]. Those identified proteins in ovarian cancer cells
treated with and without ivermectin based on the SILAC method play important
roles in multiple cellular signaling pathways and have broad biological activities.
Those findings provide basic data for further study of ivermectin in ovarian cancer.
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4. Conclusions

Stable isotope labeling with amino acids in cell culture (SILAC) was an
effective quantitative proteomics method to identify differentially expressed
proteins or differentially modified proteins in cultured cells between two dif-
ferent conditions. In this study, ovarian cancer cells TOV-21 under two different
conditions were cultured with the “heavy” labeling medium that contained
50 mg L-lysine-2HCI [**C6, °N2] and 50 mg L-arginine-HCI [°C6, °’N4] in
500 mL RPMI 1640 medium, and the “light” labeling medium that contained
50 mg L-lysine-2HCI [*2C6, *N2] and 50 mg L-arginine-HCI [2C6, *N4] in
500 mL RPMI 1640 medium for 10 passages, respectively. Then TOV-21G cells
with SILAC “heavy” or “light” labeling were treated with or without 20 pM
ivermectin for 24 h. The heavy- and light-stable isotope-labeled proteins were
equally mixed (1:1), digested with trypsin, and analyzed with LC-MS/MS. A total
of 4447 proteins were identified in ivermectin-treated TOV-21G cells relative to
controls, and these proteins were significantly enriched in 89 molecular path-
ways, and 62 biological processes. These findings offer important data to study
ivermectin-mediated molecular pathway network changes and discover effective
ivermectin-related biomarkers and therapeutic targets for ivermectin treatment

of ovarian cancer.
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BPs biological processes

CTNNB1 catenin beta 1

ICD immunogenic cell death

DTT dithiothreitol

EGFR epidermal growth factor receptor

IC50 lethal concentration 50

KEGG Kyoto Encyclopedia of Genes and Genomes
LC liquid chromatography

MS mass spectrometry

MS/MS tandem mass spectrometry

oD absorbance values

PBS phosphate buffer solution

SILAC stable isotope labeling with amino acids in cell culture
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