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Abstract 28 

Background 29 

In ovarian cancer (OC) therapy, even initially responsive patients develop drug resistance.  30 

Methods 31 

Here, we present an OC cell model composed of variants with differing degrees of acquired 32 

resistance to carboplatin (CBP), cross-resistance to paclitaxel, and CBP-induced metastatic 33 

properties (migration and invasion). Transcriptome data were analyzed by two approaches 34 

identifying differentially expressed genes and CBP sensitivity-correlating genes. The impact 35 

of selected genes and signaling pathways on drug resistance and metastatic potential, along 36 

with their clinical relevance, was examined by in vitro and in silico approaches.  37 

Results 38 

TMEM200A and PRKAR1B were recognized as potentially involved in both phenomena, also 39 

having high predictive and prognostic values for OC patients. CBP-resistant MES-OV CBP8 40 

cells were more sensitive to PI3K/Akt/mTOR pathway inhibitors Rapamycin, Wortmannin, 41 

SB216763, and transcription inhibitor Triptolide compared with parental MES-OV cells. 42 

When combined with CBP, Rapamycin decreased the sensitivity of parental cells while 43 

Triptolide sensitized drug-resistant cells to CBP. Four PI3K/Akt/mTOR inhibitors reduced 44 

migration in both cell lines.  45 

Conclusions 46 

A newly established research model and two distinct transcriptome analysis approaches 47 

identified novel candidate genes enrolled in CBP resistance development and/or CBP-induced 48 

EMT and implied that one gene targeting could be a better approach than signaling pathway 49 

inhibition for influencing both phenomena. 50 

Keywords: Ovarian cancer; carboplatin resistance; gene expression; drug-induced EMT 51 

52 
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Background 53 

Ovarian cancer (OC) is a deadly gynecological disease with an annual worldwide incidence of 54 

approximately 240,000 and a mortality rate of 152,000 1. Almost 90% of all ovarian cancers 55 

are of epithelial origin 2, with high-grade serous ovarian cancer (HGSOC) accounting for up 56 

to 70% of all diagnosed cases 1. Almost all OC patients initially undergo the same treatment 57 

consisting of surgical removal of tumor mass followed by six treatment cycles of 58 

paclitaxel/carboplatin therapy. However, regardless of the good initial response, many OC 59 

patients become resistant to therapy over time. Therefore, high mortality can be attributed to 60 

the lack of early and specific symptoms that leads to the absence of timely diagnosis, therapy 61 

resistance, cancer recurrence, and poor prognosis 1.  62 

Despite its extensive and long history of clinical use, the development of CBP resistance, 63 

often accompanied by cross-resistance to taxanes, is the major and still unsolved problem of 64 

potentially successful therapy. So far, different molecular mechanisms have been described as 65 

being involved in resistance to platinum drugs 3,4 and taxanes 5. Tumor heterogeneity, inter-66 

individual variations in gene expression, posttranscriptional and posttranslational 67 

modifications, tumor microenvironment, and epigenetic regulations make the understanding 68 

and solutions to this phenomenon much more complex 6–9.  69 

Epithelial-mesenchymal transition (EMT) is a process that allows a polarized epithelial cell to 70 

undergo multiple biochemical changes that enable it to adopt a mesenchymal cell phenotype 71 

which includes enhanced migratory capacity and invasiveness, elevated resistance to 72 

apoptosis, and greatly increased production of ECM components 10. We and others have 73 

shown that EMT is associated with the development of drug resistance in OC cell models 11,12 74 

and that EMT status 13 influences the tumor cell´s response to platinum drug treatment. But 75 

there is a lack of data showing molecules and/or exploring signaling pathways involved in 76 

both processes.  77 

Recent developments in bioinformatics and an increasing number of new databases enable 78 

better interpretation of gene expression landscapes, extensive data analyses, and predictions of 79 

their putative impact, either as direct functional players, driver genes, or predictive 80 

biomarkers. They are dynamically reshaping modern science, allowing researchers to tackle 81 

specific problems and get new meaningful insights. Despite an increasing amount of data 82 

obtained and the selection of promising candidate genes, most of them are not functionally 83 

explored.  84 
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Therefore, the main objective of this study was to establish and characterize a new model of 85 

acquired CBP resistance and identify novel genes with a dual role; role in CBP resistance and 86 

CBP-induced EMT. For this purpose, two different approaches were used for the 87 

identification of genes and pathways underlying the acquired changes in vitro. The first 88 

approach, based on a comparative analysis between the most resistant variants, obtained by 89 

the treatment with a final dose of CBP, and the parental OC cell line, resulted in a list of 90 

differentially expressed genes (DEG). The second approach was based on the characterization 91 

of the complete spectrum of newly established cell variants in terms of CBP resistance and 92 

integration of the connection between CBP resistance and gene expression data, which 93 

resulted in a list of CBP-correlating genes (CCORG). Two gene lists were analyzed for 94 

protein interactions, gene set enrichment, and signaling pathways. The individual gene 95 

candidates were selected for further analysis by either focusing solely on the DEG list or 96 

considering both DEG and CCORG lists. Numerous candidate genes were further reduced 97 

based on available literature data regarding drug resistance and EMT, and by confirming the 98 

expression patterns of selected genes across three additional in-house established CBP-99 

resistant OC cell models. Finally, eight candidate genes and seven signaling pathways were 100 

explored for their putative roles in the development of CBP resistance, CBP-induced EMT, 101 

and as predictive/prognostic markers using either siRNA technology or pharmacological 102 

inhibitors of specific signaling pathways.  103 

 104 

 105 

Methods 106 

Chemicals 107 

Carboplatin (CBP) was purchased from Sigma-Aldrich-Merck (USA) and dissolved in water. 108 

Paclitaxel (Taxol®, TAX) was acquired from the National Cancer Institute (USA) and 109 

dissolved in ethanol. Rapamycin, AZD1080, SB216763, Idelalisib, LY294002, Wortmannin, 110 

Roscovitine (CYC-202), Rilpivirine, TIC-10, TVB-3166, Febuxostat, Triptolide, Akti-1/2 and 111 

Cilengitide were purchased from MedChemExpress (USA) and dissolved in DMSO. All 112 

chemicals were kept at –20 °C. 113 

 114 

Cell lines 115 
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MES-OV human ovarian cystadenocarcinoma cell line was established in Prof. Sikic 116 

Laboratory (Stanford University, USA) and submitted to the ATCC (USA) (1). Additionally, 117 

two ovarian adenocarcinoma cell lines, OVCAR-3 and SK-OV-3, were purchased from 118 

ATCC. All cell lines were cultured in McCoy’s 5A Medium with L-Glutamine (Capricorn 119 

Scientific, Germany) supplemented with 10% fetal bovine serum (FBS; Gibco BRL Life 120 

Technologies-ThermoFisher Scientific, USA). The cells were grown at 37 °C and 5% CO2 in 121 

a humidified incubator. The starvation medium was prepared with 2% FBS. Cells were frozen 122 

in FBS and 10% DMSO (Gram Mol, Croatia). Authentication of all cell lines was performed 123 

by STR DNA profiling analysis (Microsynth AG, Switzerland). The test for detection of 124 

mycoplasma was run every four weeks. 125 

 126 

Development of stable CBP-resistant variants 127 

CBP-resistant variants were developed by consecutive 72-hour treatments of parental MES-128 

OV cells with increasing concentrations of CBP, finally reaching the dose of 25 μM. CBP-129 

resistant MES-OV variants (MES-OV CBP2 to MES-OV CBP8) were cultured and passaged 130 

until a stably growing population was obtained. Upon each thawing step, the CBP resistance 131 

of the variant was measured by cell survival assay (ThermoFisher Scientific, USA). A similar 132 

procedure for establishing two additional OC cell lines resistant to CBP, OVCAR-3 CBP7, 133 

and SK-OV-3 CBP6, was used. Treatment protocols differed in the number of CBP treatment 134 

repeats. The goal was to establish three similar CBP-resistant ovarian cancer cell models 135 

differing in their origin and establishment protocol, thus showing variances in drug-induced 136 

changes.  137 

 138 

Cell survival assay based on resazurin dye (AlamarBlue®) 139 

Cells were seeded in 96-well plates and day after treated with different concentrations of a 140 

drug. If an inhibition experiment was performed, cells were pre-treated with an inhibitor two 141 

hours before the drug treatment. After 72 h incubation, the medium was removed and 10-fold 142 

diluted resazurin solution (0.1% resazurin in NaCl/PI buffer) in McCoy’s 5A Medium with L-143 

Glutamine, without Phenol Red (Capricorn Scientific, Germany) was added. After three hours 144 

in dark at 37 °C and 5% CO2 in a humidified incubator, the optical density of the reaction 145 

product was measured by using a multi-well spectrophotometer at 564 nm (Tecan Infinite 146 
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M200, Tecan Group Ltd., Switzerland). Absorbance data were obtained by subtracting the 147 

absorbance of an empty well and analyzed in GraphPad Prism 5 (GraphPad Software Inc., 148 

USA). The results were shown as mean absorbance values or as mean percentages of cell 149 

viability compared to control ± SD. Concentrations that inhibited cell viability to 50% (IC50 150 

values) were calculated from the curve fitted by nonlinear regression.  151 

 152 

Wound healing (scratch) assay 153 

Cells were seeded in 24-well plates in two replicates. The growing medium was removed a 154 

day after, and a starvation medium was applied for 24 hours to stop proliferation after which 155 

three precise scratches were made with a 20 µL sterile pipette tip. Cells were washed twice 156 

with PBS, and a standard culture medium was added. Cells were watched and photographed 157 

(n=12) on a marked site immediately and after 6 h by bright-field microscope (Olympus BX 158 

51, Olympus Lifescience Ltd., USA). Cell-free areas were measured by ImageJ software 159 

(National Institute of Health, USA). The wounding area after 6 h was compared to the area at 160 

time point 0 h, expressed as a percentage of migrated cells and plotted as folds of control.  161 

 162 

Cell invasion assay 163 

The desired number of trans-well inserts coated with 40 µL of Matrigel® (Corning, USA) 164 

were prepared and inserted into wells of a 24-well plate. Cells were trypsinized, washed three 165 

times with culture media without FBS, and re-suspended in the same media. The gelled 166 

Matrigel® was then washed with warm FBS-free culture media, the same number of cells was 167 

added, and the trans-well inserts were transferred into the wells filled with culture media with 168 

FBS. Cells were incubated for 22 h at 37 °C. Trans-wells inserts were removed from 24-well 169 

plates and gently scraped with a cotton swab to remove the Matrigel® and non-invaded cells 170 

from the upper side of the membrane. Cells on the lower side of the membrane were then 171 

stained with 1% crystal violet in PBS upon fixation in 3.7% paraformaldehyde. Invaded cells 172 

were photographed using a bright-field microscope (Olympus BX 51, Olympus Lifescience 173 

Ltd.). The area covered by invaded cells was measured by ImageJ software as an area under 174 

the curve (AUC), normalized to control, and plotted as a fold of control.  175 

 176 

Reverse Transcription-quantitative Polymerase Chain Reaction (RT-qPCR) 177 



7 
 

Cells were seeded and collected by trypsinization 24 h later. After washing in PBS twice, the 178 

total RNA was isolated by All Prep DNA/RNA Mini Kit (Qiagen, Germany) according to the 179 

producer’s protocol except that instead of 70%, absolute ethanol was used. Oligonucleotide 180 

primers were purchased from Sigma-Aldrich-Merck (Table S1). cDNA was synthesized by 181 

RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientific) according to the 182 

manufacturer’s protocol. Quantitative PCR was assessed on the AB7300 device (Applied 183 

Biosciences Inc., USA) by mixing Power SYBR Green PCR Master Mix (Applied 184 

Biosciences Inc.) and primers (Table S1) in adequate amounts. Data were analyzed in 185 

Microsoft Excel (Microsoft Corporation, USA) and GraphPad Prism 5 (GraphPad Software 186 

Inc.) and presented as fold changes (FC, 2-ΔΔCt) or log2 of the fold changes (log2FC) of 187 

controls. 188 

 189 

Microarray assay 190 

Gene expression analysis was performed on 32 samples (8 samples with 4 biological 191 

replicas): MES-OV cell line and seven CBP-derived variants (MES-OV CBP2-8), in 192 

Genomics and Transcriptomics Laboratory, University of Düsseldorf, Germany. Each sample 193 

concentration was measured by NanoDrop (ThermoFisher Scientific) and diluted to 50 ng/µL 194 

to obtain assay working range concentrations. Capillary gel electrophoresis was done with 195 

FragmentAnalyzer (Advanced Analytical Technologies-Agilent Technologies, USA) to check 196 

the RNA integrity. An additional concentration check was performed using RNA-specific 197 

fluorometric Qubit RNA HS Assay (ThermoFisher Scientific). The samples were prepared 198 

using GeneChip WT PLUS Reagent Kit (ThermoFisher Scientific), which generates amplified 199 

and biotinylated sense-stranded DNA targets using the reverse transcription priming method. 200 

DNA targets were targeted using Clariom S Assay (ThermoFisher Scientific). After binding 201 

of targeted genes, GeneChip™ Fluidics Station 450 (ThermoFisher Scientific) was used to 202 

wash and stain the samples. The final image of biotin signals was scanned by GeneChip 203 

Scanner (ThermoFisher Scientific). Raw .cel and .cdf files were imported in Transcriptome 204 

Analysis Console 4.0 (TAC 4.0; ThermoFisher Scientific). Probe normalization and a quality 205 

check were automatically performed by the software. 206 

 207 

Transient transfection using siRNAs 208 
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For gene silencing, ON-TARGET plus Human siRNA for DNER, TMEM200A, MIR99AHG, 209 

SERPINE2, FBLN5, WDR46, HES7, PRKAR1B, and Non-targeting SMART pools were used 210 

(Dharmacon, Horizon Discovery Ltd, UK). The pools consisted of four different siRNAs for 211 

the same target to increase the likelihood of successful silencing. The transfection was 212 

performed using DharmaFECTTM Transfection reagent I (Dharmacon) according to the 213 

manufacturer's instructions. 24 h after transfection, the cells were seeded in a 6-well plate for 214 

gene expression or cell death analysis, in a 96-well plate for the assessment of cell viability 215 

upon drug treatment, and in 24-well plates for migration and invasion assays.  216 

 217 

Cell death detection by Annexin V-FITC and propidium iodide 218 

After transfection, cells were seeded in 6-well plates and treated with different concentrations 219 

of CBP the next day. 72 h later, both floating and adherent cells were collected, centrifuged, 220 

and washed with PBS. An equal number of cells was transferred in tubes for flow cytometry, 221 

centrifuged, and resuspended twice in 1x Annexin V-binding buffer (ABB). In the meantime, 222 

propidium iodide (PI) and Annexin V-FITC solutions were prepared. Prepared solutions were 223 

added to samples and incubated for 30 min in the dark at RT. An additional 350 µL of 1xABB 224 

buffer was added and chilled on ice. PI and Annexin V-FITC signals of samples, along with 225 

non-treated cells (negative control), dual-stained PI and Annexin V-FITC heat-shocked cells 226 

(96 °C, 10 min; positive control), and single-stained PI and Annexin V-FITC cells, were 227 

measured on a BD FACSCalibur device (Beckton Dickinson, USA) and the data were 228 

analyzed using FlowLogic software (Inivai, Australia). Cells were first gated to exclude cell 229 

fragments, detritus, and cell doublets. Compensation and further gating were performed by the 230 

software using the single-stained controls. Percentages of early apoptotic (Annexin V-231 

FITC+/PI-), late apoptotic/necrotic (Annexin V-FITC+/PI+), and necrotic cells (Annexin V-232 

FITC-/PI+) were all counted as dead cells, analyzed in GraphPad Prism 5 and plotted as 233 

percentages of dead cells.  234 

 235 

Development of the CBP-resistant clones 236 

MES-OV cells were single-treated with 25 µM CBP for 72 h after which the drug was 237 

removed, fresh medium was added, and cells were left to grow. After the stably dividing cell 238 

population named MES-OV 25C was established, the cloning of this population was 239 
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performed. The MES-OV 25C cell line was collected and seeded in a 96-well plate (1 240 

cell/well). In the first attempt, out of 96 cells seeded, only five cells managed to establish a 241 

colony. They were named MES-OV 25C A1/96, A2/96, A3/96, A5/96, and A6/96. The 242 

second attempt resulted in only one clone named MES-OV 25C B1/96. Cells were cultured 243 

and characterized in terms of drug resistance (Figure S1A) and EMT status (Figure S1B) by 244 

cell viability assay and RT-qPCR, respectively.  245 

 246 

Bioinformatics analysis 247 

Raw data analysis 248 

Transcriptomes of the established variants were compared to the transcriptome of MES-OV 249 

parental cells in the TAC 4.0 software. The analysis of variance (ANOVA) method was used 250 

to compare gene expressions. A two-tailed student’s t-test was used to compare two samples. 251 

Gene lists were additionally normalized to internal housekeeping controls (geometric mean of 252 

GAPDH and ACTB), and gene expression difference was calculated as log2 fold change 253 

(log2FC) of signal intensity values of variants, compared to parental MES-OV cell line. 254 

Spearman’s rank correlation coefficients of each gene and IC50 values for CBP were 255 

calculated between all the cell variants in R (GNU project, Free Software Foundation, Inc.) by 256 

using the base (version 4.0.3), ggplot2 (version 3.3.3), and stats (version 3.6.2) packages.  257 

Grouping of samples 258 

PCA Mapping of all samples was automatically performed using the default settings in TAC 259 

4.0 software (ThermoFisher Scientific). The hierarchically clustered heat maps were 260 

generated by importing .csv files with log2FC values of gene expression into the matrix 261 

visualization and the analysis software Morpheus (Morpheus, USA) and choosing the “one 262 

minus spearman rank correlation” and an “average linkage” method.  263 

Protein-protein Interaction (PPI) analysis 264 

Gene lists were imported to a Search Tool for the Retrieval of Interacting Genes/Proteins 265 

(STRING) and analyzed for protein interactions (2). Interactions were filtered by “confidence 266 

score” which ranks from 0 to 1, with 1 being the highest possible confidence. Interactions 267 

were also analyzed in terms of individual criteria (text mining, experiments, databases, and 268 

expression). 269 
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Gene Set Enrichment Analysis (GSEA) 270 

Genes were analyzed in the GO database of Biological Processes, Kyoto Encyclopedia of 271 

Genes and Genomes (KEGG), and WikiPathways via Enrichr online tool (3–5), using the 272 

default settings.  273 

 274 

Analysis of the prognostic and predictive value of genes 275 

The prognostic value of selected targets was examined using KM Plotter, an online meta-276 

analysis tool (6). Analyses were performed on custom-filtered datasets from Gene Expression 277 

Omnibus (GEO), European Genome-phenome Archive (EGA), and the Cancer Genome Atlas 278 

(TCGA) transcriptomic databases. Patient cohorts were selected according to cancer histology 279 

type (serous), grade (2-4), and the treatment they received (platinum), if not indicated 280 

differently. Patients were split according to the automatically computed best-fit gene 281 

expression cut-off for every single target. Data were presented on a KM plot, along with 282 

hazard ratio (HR) and log-rank p-values, with additional information about the median 283 

survival of patients with high and low expressions of genes in a separate table. The predictive 284 

value was analyzed on the same patient cohort as mentioned above, by the ROC Plotter tool 285 

(7). Data were presented on a ROC plot, along with the area under the curve (AUC) and p-286 

values. 287 

 288 

Western blot assay 289 

Samples were collected 24 h after the seeding, washed, and re-suspended in PBS. Suspensions 290 

were kept on ice and sonicated (Cole-Palmer 130-Watt Ultrasonic Processors 44347, Cole-291 

Palmer, USA). Protein concentrations were measured using PierceTM BCA Protein Assay Kit 292 

(ThermoFisher Scientific). Equal amounts of proteins were loaded onto Any-kDTM Mini-293 

PROTEAN TGX Precast Gels (Bio-Rad, USA), along with the marker (PageRuler® 294 

Prestained Protein Ladder, 26616, ThermoFisher Scientific) and ran on a vertical 295 

electrophoresis system (2.5 h, 80 V) (Bio-Rad). Transfer to 0.2 μm nitrocellulose membrane 296 

was performed by Trans-Blot Turbo Transfer System (Bio-Rad). Transfer efficiency was 297 

checked by staining with Ponceau S (Sigma-Aldrich-Merck). Membranes were blocked for 1 298 

h at RT in 5% non-fat dry milk in 0.1% Tween 20 in TBS (TBS-T) and incubated with 299 

primary antibodies in 5% non-fat milk-TBS-T against Akt 1/2 (H-136) (sc-8312, lot # H291, 300 

Santa Cruz Biotechnology, USA), p-Akt (S473) (9271L, lot # 5, Cell Signaling Technology, 301 
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USA), E-cadherin (24E10) (3195, Cell Signalling Technology), N-cadherin (610920, lot # 302 

6229701, BD Biosciences, USA), Vimentin (D21H3) (5741, Cell Signalling Technology), 303 

Fibronectin (ab3413, lot # GR3174516, Abcam) or ERK1/2 (K-23) antibody (sc-94, lot # 304 

F1615, Santa Cruz Biotechnology) for 2 h at RT. Afterward, the membranes were washed in 305 

TBS-T and incubated with a corresponding horseradish-peroxidase-coupled secondary 306 

antibody (goat anti-Rabbit IgG (H+L), 31466, lot # W13335563, Invitrogen or goat anti-307 

Mouse IgG (H+L), G21040, lot # 2359138, Invitrogen) for an additional 2 h at RT. Proteins 308 

were visualized by Western LighteningTM Plus-ECL (Perkin-Elmer, USA). Band intensities 309 

were measured in Image J software and normalized to the ERK1/2 signal. 310 

 311 

Statistical analysis 312 

Statistical analysis of data was performed in GraphPad Prism 5 on raw data. The unpaired 313 

two-tailed student’s t-test for comparing two samples or an ordinary one-way ANOVA with 314 

Dunnett’s post hoc tests for comparing three or more samples were used. Either two-way 315 

ANOVA with Bonferroni’s post hoc tests or a related-measure (factorial) ANOVA was used 316 

to compare two or more samples with multiple independent variables. In the latter, the 317 

interaction effect (IE) was used to determine the significance of the combined effect of the 318 

two treatments (silencing/inhibition and CBP). The combined effect was considered 319 

significant if the IE p-value was < 0.05 (NI, no interaction; *, P < 0.05; **, P < 0.01; ***, P < 320 

0.001; **** P < 0.0001) 321 

 322 

 323 

Results 324 

Established MES-OV CBP variants are resistant to CBP, cross-resistant to TAX, show hybrid 325 

EMT phenotype, and have increased metastatic properties 326 

Parental MES-OV cells and newly established MES-OV CBP-resistant variants (short: CBP2-327 

8; Figure 1A) were treated with different concentrations of either CBP or TAX (Figure 1B). 328 

According to the IC50 values, variants were more sensitive (CBP4) or 1.4 - 3.0‐fold resistant 329 

to CBP and 1.4 -2.2‐fold cross-resistant to TAX (Figure 1B) compared with MES-OV cells. 330 

The CBP8 variant showed the highest (3-fold) resistance to CBP. The established acquired 331 



12 
 

resistance was stable for more than 30 cell passages and multiple freezing cycles post‐drug 332 

selections (data not shown). Morphology of the most resistant cell line MES-OV CBP8 was 333 

significantly different from the parental cells; displaying more elongated and non-polarized 334 

shape and forming colonies without clearly defined edges due to the larger distance between 335 

the cells compared with the population of parental cells (Figure S2A). Upon transcriptome 336 

analysis of more than 21,000 genes, similarities among biological replicas of each variant 337 

were confirmed by PCA analysis. Variants CBP2 and CBP3, as well as CBP7 and CBP8, 338 

shared gene expression similarities, compared with MES-OV (Figure S2B), while the MES-339 

OV CBP5 variant shared likeness with CBP4 and CBP6. The same was noticed by 340 

hierarchical clustering, where CBP4 and CBP5 showed distinct gene expression profiles 341 

compared with the other variants (Figure S2C). These two could thus be considered 342 

“transitional” variants. Expressions of four EMT markers (epithelial: CHD1; mesenchymal: 343 

CDH2, FN1, VIM) were measured by Microarray (Figure S2E) and validated by RT-qPCR 344 

(Figure 1C) (on all variants) and Western blot (Figure S2D) (on parental and the most 345 

resistant variant). The expression of EMT markers varied significantly across variants. The 346 

downregulation of CDH1 in the most resistant variant was confirmed on both, transcriptional 347 

and protein levels. This was not the case for the N-cadherin and Vimentin which were 348 

downregulated on the transcriptional level but upregulated on the protein level. Although 349 

downregulated on transcriptional, Fibronectin was unchanged on the protein level. An 350 

additional set of 17 literature-derived EMT-related genes was also screened using Microarray 351 

data. Results showed that the expressions of DSP, FOXC2, GCSH, ITGB6, MMP2, OCLN, 352 

SNAI1 and SNAI2 were dynamically changed between the CBP variants, but only DSP (ρ=-353 

0.64) and SNAI2 (ρ=0.74) correlated well with CBP resistance in the MES-OV CBP8 variant 354 

(Figure S2E). Furthermore, cell migration was analyzed, and the increase in migratory 355 

potential of MES-OV CBP8, as compared with MES-OV cells, was observed (Figure 1D). An 356 

increased migratory potential was also determined in the variants CBP1, CBP3, and CBP4 357 

(Figure 1D). To further examine the CBP-induced metastatic potential, a cell invasion assay 358 

was performed with the most resistant variant, showing a significant increase in MES-OV 359 

CBP8 invasion compared with the parental MES-OV cell line (Figure 1E).  360 

 361 

Gene selection by integration of the CBP sensitivity data as a selection criterion results in a 362 

significantly different gene list and enriched signaling pathways compared with the more 363 

frequently used DEG analysis 364 
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The selection of different genes that could potentially be involved in CBP-induced resistance 365 

and EMT was analyzed following two different approaches. The first one compared the gene 366 

expression profile of the most resistant MES-OV CBP8 cell line with the parental MES-OV 367 

cell line. Genes that passed filters (p-value < 0.05, logFC>|1|) (Figure S3A) were named 368 

differentially expressed genes (DEGs). The second approach correlated the expressions of 369 

individual genes across all established variants (MES-OV, CBP2, CBP3…, CBP8) with the 370 

corresponding resistance to CBP (logIC50). Genes were filtered by the Spearman’s rank 371 

correlation coefficients (Spearman’s ρ > |0.670|, manually set to result in the same number of 372 

genes as DEGs). The generated gene list was named CBP-correlating genes (CCORG). In 373 

both lists, genes were sorted by the FC, starting from the most upregulated one. The two lists 374 

were examined based on descriptive statistics, protein interactions (PPI), enrichment in GO 375 

Ontology of biological processes, and KEGG and WikiPathways databases. 376 

Lists consisted of 2127 genes, shared 647 of them, and had a similar number of up- and down-377 

regulated genes, thus making the descriptive statistics data comparable. As expected, the DEG 378 

list had higher means/medians of log2FC and |log2FC| compared with the CCORG. 379 

Expectedly, CCORGs had higher mean/median values of Spearman’s ρ (Table 1). 380 

Interestingly, PPI analysis showed a 66.37% higher incidence of all protein interactions 381 

between the proteins coded by the genes from the CCORG group (13285), compared with 382 

DEG (7985), at 0.500 “confidence score". The increased number of interactions in the 383 

CCORG group was further confirmed by analyzing different interactions generated separately 384 

from text mining data (4835, +27.04%), experiments (3049, +228.20%), curated databases 385 

(4073, +54.75%) and co-expression data (2893, +243.58%). Interestingly, both DEG-enriched 386 

categories of signaling pathways highlighted the importance of differentiation processes and 387 

PI3K-Akt signaling pathway, while CCORG-enriched categories of biological processes and 388 

KEGG pathways highlighted the importance of RNA processing, metabolism, and translation. 389 

Obtained data showed that two approaches resulted in different sets of genes regarding their 390 

protein-protein interactions, enrichment in GO Ontology of biological processes, KEGG, and 391 

WikiPathways databases.  392 

 393 

Selected differentially expressed genes (DEGs) show promising roles in drug resistance, 394 

drug-induced EMT, and as biomarkers, with TMEM200A potentially relevant in all three 395 
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First, the most used approach of comparing gene expression patterns between the most 396 

resistant MES-OV CBP8 and parental MES-OV cell line was used. Top 50 up- and down-397 

regulated DEGs were explored in the literature for their known cell function, possible role in 398 

drug resistance, EMT, and regulation by epigenetic elements, by using keywords “ovarian 399 

cancer”, “HGSOC”, “platinum”, “carboplatin” “cisplatin”, “resistance” and a “gene name” 400 

(accessed: July 13th, 2020). Out of 100 candidates, 14 were selected for further analysis 401 

(DNER, ELOVL7, SLC38A5, FRG2, MFSD6, TMEM200A, MIR99AHG, PLTP, AUTS2, 402 

HS3ST3A1, HS3ST3B1, SERPINE2, TMEM47, TSPAN18). The expression of selected genes 403 

was investigated by RT-qPCR in two additional ovarian cancer cell pairs, OVCAR-404 

3/OVCAR-3 CBP7 and SK-OV-3/SK-OV-3 CBP6, to avoid the cell-specific outcome (Figure 405 

S3B). Only four genes had similar expression patterns in all three cell models – MIR99AHG, 406 

DNER, TMEM200A, and SERPINE2. Their expression was additionally explored by RT-407 

qPCR (Figure S3C) in CBP-resistant clones (MES-OV 25C A5/96 and MES-OV 25C A6/96; 408 

see Materials and Methods section Development of the CBP-resistant clones). The selected 409 

clones had a prominent resistant phenotype (Figure S1A) acquired upon single treatment with 410 

25 µM CBP; the final dose used for the development of all CBP-resistant cell lines. Based on 411 

the obtained data, it was concluded that only expressions of MIR99AHG, DNER, TMEM200A, 412 

and SERPINE2 correlated in all four established OC cell models, and they were chosen for 413 

functional analysis. 414 

 415 

Transfection of cells with specific siRNAs was performed to test whether selected genes 416 

could alter the sensitivity of MES-OV and MES-OV CBP8 cells to CBP and/or their 417 

metastatic capacity. Transfection conditions that significantly reduced target gene expression 418 

levels (Figure S3D) and reduced cell viability by no more than 20% were considered for 419 

functional experiments. Silencing of MIR99AHG was performed in MES-OV cells, where its 420 

constitutive expression was higher compared with MES-OV CBP8 cells. In the case of DNER, 421 

TMEM200A, and SERPINE2, MES-OV CBP8 cells were transiently transfected with 422 

corresponding siRNAs.  423 

 424 

Silencing of MIR99AHG in MES-OV cells showed no significant impact on the sensitivity to 425 

CBP compared with MES-OV cells transfected with non-target control (Table S2, Figure 2A). 426 

On the other hand, silencing of DNER unexpectedly rendered MES-OV CBP8 cells more 427 

resistant to CBP, while TMEM200A silencing increased the sensitivity to CBP compared with 428 

non-target control (Figure 2A, Table S2). The decrease in SERPINE2 expression did not 429 
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influence cell viability upon CBP treatment (Figure 2A, Table S2). To specifically explore a 430 

possible role of the investigated genes in cell death regulation, the effects of gene silencing on 431 

CBP stress response were analyzed by Annexin V-FITC/PI assay. MIR99AHG silencing 432 

slightly increased the number of MES-OV dead cells upon CBP (Figure 2B, Table S2). A 433 

decrease in DNER expression did not affect the death response rate of MES-OV CBP8 cells to 434 

the treatment with CBP compared with the non-target control (Figure 2B, Table S2). 435 

Silencing of TMEM200A and SERPINE2 in MES-OV CBP8 cells increased the percentage of 436 

dead cells upon CBP compared with non-target MES-OV CBP8 control cells (Figure 2B, 437 

Table S2). In summary, it was only the silencing of TMEM200A that sensitized MES-OV 438 

CBP8 cells to CBP treatment, measured by both cell viability and cell death assays.  439 

The effects of selected genes on cell migration and invasion were examined by wound healing 440 

and invasion assay. The migration of MES-OV cells was not changed after MIR99AHG was 441 

silenced. Also, the migration of MES-OV CBP8 cells did not change when DNER was 442 

silenced. On the other hand, a significant decrease in the migration of MES-OV CBP8 cells 443 

was observed after silencing TMEM200A and SERPINE2 (Figure 2C, Table S2). An increase 444 

in invasion rate was observed after silencing of MIR99AHG (p<0.01) in MES-OV cells, while 445 

a decrease in invasion rate of MES-OV CBP8 cells was observed after silencing of DNER 446 

(p<0.05), TMEM200A (p<0.05) and SERPINE2 (p<0.01) (Figure 2D, Table S2). To conclude, 447 

TMEM200A and SERPINE2 silencing resulted in a decrease in both migration and invasion in 448 

the MES-OV CBP8 cell line.  449 

From DEG obtained list, only TMEM200A silencing impacted all four investigated processes.  450 

 451 

In addition, MIR99AHG, DNER, TMEM200A, and SERPINE2 were analyzed for their 452 

prognostic value by the Kaplan-Meier (KM) Plotter online tool (patients filtered to include 453 

only those determined according to The International Federation of Gynecology and 454 

Obstetrics (FIGO) as stage I-III and who received platinum therapy). The hazard ratio (HR) of 455 

MIR99AHG overall survival (OS) and progression-free survival (PFS) was high (1.8, p=0.000 456 

and 1.41, p=0.004), implying a better prognosis for the patients where the expression of 457 

MIR99AHG was low, which is opposite to our in vitro findings (Figure S3B). Among the 458 

other genes, DNER showed the highest HR score in OS (1.63, p = 0.002), while lower in PFS 459 

(1.34, p=0.008). TMEM200A had an OS and PFS hazard ratio of 1.44 (p=0.007) and 1.53 460 

(p=0.000), showing a more prominent prognostic value in PFS. OS HR of SERPINE2 was 461 

statistically insignificant (p=0.1600), while the PFS HR was somewhat lower than that of the 462 
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other genes (1.25, p=0.008). When all four genes were taken into consideration (Signature), 463 

OS and PFS HRs of 1.52 (p=0.006) and 1.51 (p=0.001) were reported (Figure 2E, Table S3). 464 

Predictive values of genes were evaluated using ROC Plotter’s tool. DNER and TMEM200A 465 

AUC scores were 0.603 (p=0.002) and 0.635 (p=0.000), respectively, while MIR99AHG and 466 

SERPINE2 had lower but not statistically significant AUC values (Figure 2F, Table S3). The 467 

combined Signature score was 0.609 (p=0.001). When independently analyzed on patient 468 

cohorts with optimal debulking who received platinum or platinum + paclitaxel therapies, 469 

high and statistically significant AUC values of 0.761 (p=3.5e-05) and 0.726 (p=3e-03) were 470 

observed for TMEM200A (Figure S4), suggesting its possible use in determining the outcome 471 

of platinum-based therapy in patients with optimal debulking. Nothing similar was observed 472 

for other investigated genes (data not shown). According to the results, it seems that 473 

expressions of DNER and TMEM200A, as well as the score of all four genes combined 474 

(Signature), correlate well with the patients’ OS, PFS, and relapse-free survival after 6 475 

months, implying their possible usefulness as prognostic and predictive markers. 476 

 477 

Selected DEGs with high CBP correlation show promising roles in drug resistance or drug-478 

induced EMT, with PRKAR1B being involved in both processes and having the potential to be 479 

a predictive biomarker 480 

A gradual increase in CBP resistance, the unique characteristic of our cell model, was 481 

exploited as an additional gene selection filter. First, log2IC50 was calculated for every 482 

established cell line in the model. These values were then added to the list of log2FC values of 483 

all DEGs. Spearman’s Rho correlation coefficients were then calculated in R software. All 484 

genes were filtered to include only those with significant confidence statistics (adjusted 485 

p<0.05), logFC > |1|, and a correlation higher than |0.800|. Notably, the correlation coefficient 486 

cut-off was higher than the one used in Table 1 (|0.670|) to generate a shorter list of highly 487 

correlating genes. This intersection of DEG and CCORG lists, visualized by VennPainter 488 

software 14, resulted in 664 common genes (Figure S5A). The resulting list was sorted by the 489 

|log2FC| and 100 top genes were searched in literature for their known cell function, possible 490 

role in drug resistance, and EMT (accessed: July 13th, 2020), same as DEGs. Eleven genes 491 

(FBLN5, GRAMD1B, SAMD9, FILIP1L, HES7, NTM, FAM167A, MAP1B, PIK3R1, 492 

PRKAR1B, and WDR46) were chosen and their expression was examined by RT-qPCR in 493 

additional OC cell line models (Figure S5B and S5C). Only four genes (FBLN5, WDR46, 494 

HES7, and PRKAR1B) were selected for functional experiments.  495 
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MES-OV cells were transiently transfected with siRNAs for PRKAR1B, HES7, and WDR46, 496 

while, in the case of FBLN5, transfection was performed in MES-OV CBP8 cells (Figure 497 

S5D). The impacts of silencing on cell viability and cell death upon drug treatment, as well as 498 

cell migration and invasion, were determined.  499 

Silencing of PRKAR1B decreased the sensitivity of MES-OV cells to CBP (Figure 3A, Table 500 

S4), while HES7 and WDR46 silencing had no impact on MES-OV cell line viability upon 501 

CBP treatment (Figure 3A, Table S4). Silencing of FBLN5 in MES-OV CBP8 did not affect 502 

cell viability upon CBP treatment (Figure 3A, Table S4). The effect of PRKAR1B silencing on 503 

MES-OV cell viability was confirmed by cell death assay, showing a statistically significant 504 

reduction in the percentage of dead cells compared with the non-target MES-OV control 505 

(Figure 3B, Table S4). Silencing of HES7 did have a statistically significant interaction effect 506 

(IE=0.0380) but failed to influence MES-OV cell death upon CBP. Decreased WDR46 507 

expression had no impact on MES-OV cells’ sensitivity to CBP compared with non-target 508 

MES-OV control cells (Figure 3B, Table S4). Interestingly, the silencing of FBLN5 increased 509 

the sensitivity of MES-OV CBP8 cells to CBP (Figure 3B, Table S4). PRKAR1B was the only 510 

gene whose silencing impacted the sensitivity of MES-OV cells to CBP using both assays. 511 

FBLN5 could also be a potential candidate for future experiments concerning its possible role 512 

in CBP stress response. 513 

Silencing of PRKAR1B increased MES-OV cell migration. This effect was not observed upon 514 

a decrease in HES7 and WDR46 expression. Silencing of FBLN5 reduced the migration of 515 

MES-OV CBP8 cells compared with non-target MES-OV CBP8 control cells (Figure 3C, 516 

Table S4). Data obtained by the invasion assay correlated with the migration-based data in the 517 

case of PRKAR1B (Figure 3D, Table S4), reporting high invasiveness of PRKAR1B-silenced 518 

MES-OV cells compared with non-target MES-OV control cells. Silencing of HES7 did not 519 

impact the invasive potential of MES-OV cells while silencing of WDR46 significantly 520 

increased the invasion of MES-OV cells. MES-OV CBP8 cells with silenced FBLN5 showed 521 

a significantly reduced invasion compared with non-target MES-OV CBP8 control cells 522 

(p<0.01; Figure 3D, Table S4). Interestingly, the observed impact on cell migration and 523 

invasion was similar for PRKAR1B and FBLN5, supporting their potential influence on the 524 

cell´s metastatic capacity. To conclude, PRKAR1B was the only gene whose silencing effects 525 

were confirmed in all four investigated processes, while the consequence of FBLN5 silencing 526 

was observed on all examined processes only not on cell viability upon treatment with CBP 527 

(Table S4). 528 
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The highest individual HR values were reported for FBLN5 (OS HR=1.27, p=0.0062), while 529 

HR values for PRKAR1B, HES7, and WDR46 were small or not statistically significant (Table 530 

S5, Figure 3E). The Signature (all four genes) values were 1.38 (p=0.014) and 1.40 531 

(p=0.0032) for OS and PFS, respectively. Predictive values of PRKAR1B (AUC=0.638, 532 

p=2.2e-06), FBLN5 (AUC=0.576, p=2.3e-02) and gene signature (AUC=0.576, p=2.3e-02) 533 

were significant, while predictive values of other selected genes were mostly small or 534 

insignificant (Figure 3F, Table S5). Compared with the DEGs analyzed above (Figure 2E and 535 

2F, Table S3), four CBP-correlating genes were greatly outperformed. The only exception 536 

was the high predictive value of PRKAR1B, suggesting its potential in predicting the response 537 

of HGSOC patients to platinum-based therapy. 538 

 539 

Triptolide and Rapamycin decreased the sensitivity of MES-OV cells but sensitized MES-OV 540 

CBP8 to CBP, while LY294002, Wortmannin, AZD1080, and Akti-1/2 reduced migration in 541 

both cell lines 542 

To explore whether targeting associated gene sets referred to in a pathway instead of the 543 

individual gene(s) could be a better approach for influencing the sensitivity of OC cells to 544 

CBP, commercially available inhibitors were used. Upon detailed literature search of 545 

signaling pathways and processes indicated in Table 1, with a focus on the one described in 546 

the context of platinum drugs resistance and platinum drugs-induced EMT (accessed: July 547 

13th, 2020), 14 inhibitors were chosen: Rapamycin (Sirolimus; mTOR inhibitor), LY294002 548 

(PI3Kα/δ/β inhibitor), Wortmannin (PI3K inhibitor), Idelalisib (PI3K p110δ inhibitor), 549 

AZD1080 (GSK-3 inhibitor), SB216763 (GSK-3 inhibitor), Akti-1/2 (Akt1/Akt2 inhibitor), 550 

TIC-10 (Akt/ERK inhibitor), Cilengitide (integrin receptor inhibitor), Triptolide (NF-κB 551 

inhibitor), Rilpivirine (non-nucleoside reverse transcriptase inhibitor), Roscovitine (CDK 552 

inhibitor), Febuxostat (xanthine oxidase inhibitor, ECM), and TVB-3166 (fatty acid synthase 553 

inhibitor). To observe the effect of inhibitors on cell survival and identify effective inhibitor 554 

concentrations, MES-OV and MES-OV CBP8 cells were treated with different concentrations 555 

of each inhibitor or DMSO as a negative control.  556 

The results showed that MES-OV CBP8 cells were less sensitive to LY294002, Idelalisib, 557 

AZD1080, Akti-1/2, Cilengitide, Rilpivirine, Roscovitine, Febuxostat, and TVB-3166 558 

treatment compared with MES-OV cells, while both cell lines were similarly sensitive to TIC-559 

10. Interestingly, MES-OV CBP8 cells were more sensitive to Rapamycin, Wortmannin, 560 
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SB216763, and Triptolide compared with MES-OV cells (Figure S6). Therefore, we wanted 561 

to explore whether pre-treatment of MES-OV and MES-OV CBP8 cells with Rapamycin, 562 

Wortmannin, SB216763, or Triptolide influences cell response to CBP. Only concentrations 563 

that reduced cell viability by up to 20% in both cell variants were used to avoid cell toxicity 564 

of the inhibitor by itself. If the effect of combination treatment was statistically significant on 565 

raw absorbance data (IE<0.05), results were normalized to corresponding treatment controls 566 

to make conclusions (Table S6). Rapamycin and Wortmannin reduced the sensitivity of MES-567 

OV cells to CBP, while other inhibitors had no significant effect (Table S6, Figure 4A). On 568 

the other hand, Rapamycin and Triptolide sensitized MES-OV CBP8 cells to CBP, while 569 

Wortmannin had the opposite effect (Table S6, Figure 4A). Next, a flow cytometric Annexin 570 

V-FITC/PI assay was performed to assess the influence on cell death. Rapamycin reduced 571 

MES-OV cell death upon CBP, which confirmed previous results obtained by cell viability 572 

assay, while MES-OV CBP8 cells became less prone to CBP-induced cell death, which is 573 

opposite from data obtained by cell viability assay (Figure 4B). Triptolide reduced cell death 574 

upon CBP in MES-OV cells, while a slight, statistically irrelevant increase in cell death upon 575 

CBP was observed in MES-OV CBP8 cells (Table S6, Figure 4C).  576 

In summary, the only results confirmed by both assays were the reduced sensitivity of MES-577 

OV cells to CBP after Rapamycin pre-treatment and, more interesting, the sensitization of 578 

MES-OV CBP8 cells upon CBP after Triptolide pre-treatment. The discrepancy between cell 579 

viability and cell death assay data could be a consequence of other cell processes triggered by 580 

combination treatment, such as cell proliferation or other types of cell death not detected by 581 

Annexin V-FITC/PI staining.  582 

Treatment of MES-OV cell pair with Rapamycin, Idelalisib, TIC-10, Cilengitide, Triptolide, 583 

Rilpivirine, Roscovitine, Febuxostat, and TVB-3166 did not influence cell migration in both 584 

cell variants. LY294002, Wortmannin, AZD1080, and Akti-1/2 reduced migration in both cell 585 

lines. Only SB216763 increased migration in MES-OV CBP8 (Figure 4D). Statistical analysis 586 

showed that none of the explored inhibitors had a significantly different impact on the two 587 

cell variants. Therefore, invasion experiments were not performed. To conclude, LY294002, 588 

Wortmannin, AZD1080, and Akti-1/2 reduced the migration of both parental MES-OV and 589 

resistant MES-OV CBP8 cells. Data implies their possible use as an addition to drug therapy 590 

for highly invasive tumors. 591 

 592 
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Discussion 593 

The scientific community has been investigating tumor drug resistance mechanisms trying to 594 

find the best therapeutic targets for years. The increasing body of evidence shows 595 

chemotherapy itself triggers adaptive drug resistance 15, tumor lymphangiogenesis 16, and 596 

metastasis 17,18. In other words, the metastatic potential of tumor cells that survived 597 

chemotherapy is often stronger than before therapy. Collection, storage, analysis, and 598 

dissemination of biological data, obtained from genome sequencing or microarray gene 599 

expression analysis, is one of the approaches to finding the novel therapeutic target(s) which 600 

will weaken or inhibit tumor cell viability and invasive capacity. Unfortunately, most of the 601 

data obtained are discussed only in the context of possible predictive or prognostic values, 602 

without detailed research of their possible relevance for the development or regulation of drug 603 

resistance and/or metastasis 9,19,20. However, recent studies report that certain proteases, 604 

components of the ECM, chemokines, proangiogenic factors 21, micro RNAs, DNA 605 

methylation factors 7, combination therapies with metformin and cisplatin (cDDP) 22, and 606 

even multi-functional flavonoids 23 could play an important role either in altering sensitivity 607 

to platinum drugs or spreading and invasion.  608 

Here, we wanted to explore specifically the possible overlapping molecule(s) involved in drug 609 

resistance and drug-induced EMT. For this purpose, we established and characterized the 610 

HGSOC cell model of a gradual increase in CBP resistance and performed transcriptome 611 

analysis on seven variants obtained along the way. Although this procedure has been used for 612 

years in developing drug-resistant cell lines, researchers mainly focused on changes seen in 613 

the most resistant cell variant. The only examples of analyzing all developed variants were 614 

reported by Hassan et al. 24  in TAX-resistant KF-28 OC cells and by Szenajch et al. 25 in 615 

TAX-resistant and cDDP-inversely resistant A2780 OC cells, where they observed miRNA or 616 

mRNA expressions, respectively. Notably, they used different resistance-establishment 617 

protocols and algorithms to select genes. Up to now, no model of gradual increase of acquired 618 

resistance to CBP in ovarian cancer and a comprehensive CBP response-based approach of 619 

selecting genes was reported. The CBP-resistant cell variants established in our lab showed a 620 

gradual, non-linear increase in CBP resistance, cross-resistance to TAX, and an increase in 621 

migration and invasion rates, both described as underlying metastasis processes. Intriguingly, 622 

expressions of EMT markers across variants and the expressions of mesenchymal markers 623 

CDH2, FN1 and VIM in the most resistant variant did not reflect the observed EMT-like 624 

morphological changes and CBP resistance. On the other hand, protein expressions of E-625 
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cadherin, N-cadherin, and Vimentin followed a well-known, conventional EMT pattern. The 626 

observed contrasting gene and protein expression of selected mesenchymal markers was not 627 

unexpected, and was reported before 26,27. The reasons could be the concentration, production 628 

and turnover rate differences between mRNAs and proteins, reservoirs (“pools”) of proteins 629 

regulated by disturbed signaling networks established during the development of acquired 630 

drug resistance or the population heterogeneity of the established resistant variants  27. Studies 631 

showed that inside the total tumor population, some cell subpopulations can have different 632 

drug responses, altered expression of EMT markers, and changed the stem and metastatic 633 

properties 28–30. Moreover, these studies showed that although it would be expected that cell 634 

subpopulations with high expression of mesenchymal markers would be the most resistant 635 

ones, those with non-definable expressions of EMT markers, characterized as 636 

“intermediate/hybrid EMT phenotype” 13, often had more substantial metastatic potential, 637 

higher drug resistance, and stronger tumor-initiating potential. To support this, we checked 638 

the expression of other EMT-related genes included in the Microarray probe and found a 639 

changed expression and high correlation between CBP resistance and the expression of DSP 640 

and SNAI2, both previously reported in various resistance mechanisms 31,32. However, in-641 

depth analysis and additional experiments need to be performed to understand this 642 

phenomenon better. In addition, a significant difference in gene expression pattern was 643 

observed between resistant variants MES-OV CBP4 and MES-OV CBP5, suggesting a 644 

possible turning point in gene regulation. Since the underlying mechanisms of these 645 

phenomena are still unknown, they will be the focus of our future research. 646 

Two different approaches were used to find key players orchestrating both drug resistance and 647 

metastasis. Differentially expressed genes (DEG) between the CBP resistant and the parental 648 

cell line were analyzed in one approach. In the other, transcriptome data of all seven variants 649 

were compared with the parental cell line and correlated with their sensitivity to CBP (named 650 

CBP-correlating genes, CCORG). Compared with the work of Szenajch et al. 25, who used 651 

Spearman’s rank coefficient correlation of gene expressions and log10 of cDDP and TAX 652 

sensitivity just to describe gene expression patterns between established cell variants resistant 653 

to TAX, but used the most resistant vs. parental analysis for further candidate gene(s) search, 654 

we directly used correlations as an additional filter for finding genes that could guide acquired 655 

resistance. The two approaches used here resulted in significantly different gene lists and 656 

enriched signaling pathways, with CCORGs having a higher number of interactions compared 657 

with DEGs, indicating that these genes were previously more functionally described and that 658 
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the pathway analysis of CCORGs could result in the identification of pathways with greater 659 

functional value. Everything mentioned suggests that implementation of correlation 660 

coefficients in drug-resistance research could be not only novel and beneficial in finding new 661 

targets, but result in more meaningful pathway enrichments and help to uncover the complex 662 

overlapping regulatory networks behind drug resistance and metastasis.  663 

The selection of single genes to find possible key players involved in drug resistance and 664 

metastasis was comprehensively performed using the same MES-OV cell line model but with 665 

different filtering priorities (DEG vs DEG ∩ CCORG). Furthermore, additional cell models of 666 

acquired drug resistance (SK-OV-3/SK-OV-3 CBP6, OVCAR-3/OVCAR-3 CBP7) were 667 

implemented to confirm the results and further support our findings. Since these models were 668 

developed using similar treatment protocols, we hoped to mimic the diversity of CBP-induced 669 

transcriptome changes. Moreover, we established MES-OV CBP-resistant clones and used 670 

them as an additional selection cell model. The concept of resistant clones was previously 671 

described as a valuable model for investigating drug resistance 33. With that in mind, only 672 

genes having similar expression patterns in all four cell models (MES-OV, SK-OV-3, 673 

OVCAR-3 cell pairs, and MES-OV CBP-resistant clones) were considered for further 674 

experiments. By implementing all mentioned models in candidate selection, we selected eight 675 

genes to perform functional experiments.  676 

After the functional analysis of MIR99AHG, DNER, TMEM200A, SERPINE2, PRKAR1B, 677 

HES7, WDR46, and FBLN5, significant alterations in cell viability, cell death, migration, and 678 

invasion were observed when TMEM200A and PRKAR1B were silenced. Silencing of 679 

transmembrane protein 200A (TMEM200A) reduced cell viability and metastatic potential of 680 

highly resistant and invasive MES-OV CBP8 cells, suggesting its role in both processes. 681 

TMEM200A is predicted to be an integral component of the cell membrane, but its function is 682 

still unknown. Even as a single gene, TMEM200A was successfully shown as prognostic and 683 

predictive in patients who received platinum-based therapy with OS and PFS HR of 1.44 and 684 

1.53, and ROC of 0.761. Transmembrane proteins (TMEM) are a group of proteins found in 685 

the plasma membrane and the membranes of organelles with mostly unknown functions 34. So 686 

far, it is known that TMEM expressions can be down- or up-regulated in tumor tissues 687 

compared with adjacent healthy tissues. Some TMEMs, such as TMEM48 or TMEM97, are 688 

defined as potential prognostic biomarkers for lung cancer. Experimental evidence suggests 689 

that TMEM proteins can be described as tumor suppressors or oncogenes. TMEM45A and 690 

TMEM205 have also been implicated in tumor progression, invasion, and chemoresistance 35. 691 
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Additionally, we showed that PRKAR1B silencing potentiates resistance and metastasis 692 

development in parental MES-OV cells. PRKAR1B was previously shown to contribute to 693 

adrenal tumor formation 36, while PRKAR1B-AS2 long non-coding RNA and circ-PRKAR1B 694 

promoted tumorigenesis, viability, and chemoresistance in ovarian and liver cancer 37,38. No 695 

data regarding PRKAR1B in ovarian cancer were reported, but since it’s a regulatory subunit 696 

of protein kinase A (PKA), which was shown to be involved in ovarian cancer progression 697 
39,40, PRKAR1B presents a perspective novel candidate for future research. When SERPINE2 698 

and FBLN5 were silenced in MES-OV CBP8 cells, an increase in cell death and a reduction in 699 

migration and invasion were observed. However, an increase in cell death was not detected by 700 

the cell viability assay. Annexin V-FITC/PI measures early apoptosis and late 701 

apoptosis/necrosis through the incorporation of PI and binding of Annexin V, while the cell 702 

viability assay detects metabolically active cells 41. Different outputs of these two methods 703 

could be a reason for unexpected results. Therefore, it is also not surprising that data we 704 

obtained by cell death assay and cell viability assay do not correlate in cases of MIR99AHG, 705 

DNER, SERPINE2, WDR46, FBLN5, and inhibitors. Nevertheless, both SERPINE2 and 706 

FBLN5 were previously described to be involved in cancer progression, drug resistance, and 707 

metastasis 42–45, with FBLN5 being mostly downregulated in resistant cells and tumors 708 

(opposite of our findings). Serpin E2/Glia-derived nexin (SERPINE2) is a serine protease 709 

inhibitor, mainly present in the extracellular matrix (ECM), secreted by many cell types, and 710 

shows activity towards thrombin, trypsin, and urokinase 46. Fibulin 5 (FBLN5) is an 711 

extracellular matrix protein that is important for normal embryonic development and 712 

organogenesis 47,48. Its expression may also be associated with the suppression of tumor 713 

formation through its control of cell proliferation, motility, and angiogenic sprouting 48. 714 

Studies have shown that FBLN5 overexpression significantly inhibited the migration, 715 

invasion, and proliferation abilities of ovarian cancer cells in vitro 49. However, no data 716 

regarding CBP stress response were reported, presenting the first indication of SERPINE2 and 717 

FBLN5 involvement in CBP resistance. In addition, TMEM200A and PRKAR1B both had very 718 

high CBP-correlating coefficients (0.714 and -0.964, respectively). Therefore, it can be 719 

concluded that in our experimental setting, DEGs outperformed CBP-correlating genes in 720 

prognostic and predictive capacities, while implementing correlation data resulted in 721 

functionally more important genes. Applying the same approach in other studies could 722 

enhance cancer research productivity. 723 
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Despite the complex regulation of drug resistance and drug-induced metastasis, the single 724 

gene manipulation influenced the cell’s drug response and/or cell metastatic potential (Figures 725 

2 and 3). It was further expected that more significant changes in cell viability, death, 726 

migration, and invasion would be observed when specific inhibitors of the most enriched 727 

signaling pathways were applied. However, the effects of transient single-gene transfections 728 

and inhibitors were surprisingly similar. CBP-resistant cells were more sensitive only to 729 

treatments with mTOR inhibitor Rapamycin, wide-range PI3K inhibitor Wortmannin, GSK-3 730 

inhibitor SB216763 and NF-κB inhibitor Triptolide, when compared with the MES-OV cells. 731 

In addition, only Rapamycin and Triptolide partially sensitized MES-OV CBP8 cells in 732 

combination with CBP. These results potentially suggest that primary targets of Rapamycin 733 

(mTOR 50) and Triptolide (NF-κB 51), or some of their indirect targets such as p70S6K, 4E-734 

BP1, 52 cyclin-D, Bcl-2, Fas, Bax  53 could play a role in the response of MES-OV CBP8 cells 735 

to CBP. The presented effects of Rapamycin 52,54, and Triptolide 55–58 on cell viability were 736 

previously reported in ovarian cancer. Triptolide was also shown to inhibit EMT in TAX-737 

resistant lung cancer 59 and cDDP resistance in vitro and in vivo through inhibition of the 738 

PI3K/Akt/ NF-κB pathway 56 and AKT phosphorylation 60. These data present interesting 739 

possible crosstalk not only between drug resistance and EMT but also between TAX and 740 

cDDP-resistance, as well as between signaling pathways targeted by Rapamycin and 741 

Triptolide. Interestingly, we were not able to sensitize MES-OV CBP8 cells on CBP by 742 

targeting Akt or PI3K specifically. We expected the opposite effect on cells since these 743 

molecules are often investigated in the context of the platinum drug resistance 61 and PI3K-744 

Akt is one of the most enriched pathways in MES-OV CBP variants (Table 1). Results 745 

regarding total Akt and p-Akt show that MES-OV CBP8 resistant cell variant has acquired 746 

increased constitutive expression of an Akt-1/2 inhibitor-targeted molecule(s) and its active 747 

form (Figure 7SA). Moreover, despite the decrease in p-Akt upon Akti-1/2 treatment the 748 

expression of Akt increased in MES-OV CBP8 cells (data not shown). Drug-resistant cells 749 

seem to have alternative survival pathways that help them resist inhibitors’ action 750 

consequences. Also, in this specific case, the possible “survival” mechanism could include 751 

Akt3 (Figure S7B). AKT3 showed a significant correlation (r = 0.750) with TAX cell response 752 

(Figure S7C), supporting its possible role in the response of MES-OV CBP variants to the 753 

TAX-based therapy 62.  754 

In addition, none of the inhibitors influenced the migratory capacity of the resistant MES-OV 755 

CBP8 variant differently than it affected the parental cells. However, LY294002, 756 
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Wortmannin, AZD1080, and Akti-1/2, all targeting the PI3K/Akt pathway, reduced migration 757 

in both cell lines, suggesting a possible role of PI3K/Akt pathway members in the regulation 758 

of EMT. 759 

It is important to note that no direct or indirect protein interactions were reported in STRING 760 

between TMEM200A, SERPINE2, PRKAR1B, FBLN5, and any Rapamycin or Triptolide 761 

targets (data not shown). Knowing the background of STRING algorithms, we can conclude 762 

that these genes are not yet thoroughly investigated and understood and will be the focus of 763 

our future studies regarding their more detailed function and signaling in CBP-induced cell 764 

stress response.  765 

In conclusion, our results suggest that acquired resistance of ovarian cancer cells to CBP and 766 

CBP-induced EMT are interconnected by sharing common genes and pathways. Identifying 767 

such dual-role genes, with potential as prognostic and predictive markers, is important for the 768 

future improvement of OC patients´ treatment. Our in vitro model with stable acquired 769 

resistance to CBP and TAX seems to support the need for new compounds which will target 770 

two phenomena, acquired resistance and metastatic capacity of the treated tumor in clinical 771 

settings. Further investigation of TMEM200A, PRKAR1B, as well as SERPINE2 and FBLN5, 772 

their regulation, and highlighted putative role in drug resistance and drug-induced EMT is 773 

necessary, both in vitro and in vivo. 774 
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Figure descriptions 994 

Figure 1 Characterization of MES-OV and MES-OV CBP variants regarding their 995 

sensitivity to CBP and TAX, EMT phenotype, and metastatic potential. (A) The schema 996 

of the protocol used for establishing the OC cell model with acquired CBP resistance. The 997 

epithelial or mesenchymal-like phenotype was determined visually by observing 998 

morphological differences in cell shape under the microscope. (B) Parental and CBP variants 999 

were treated with different concentrations of either CBP or TAX for 72 h, after which the cell 1000 

survival was measured by AlamarBlue® assay. The average IC50 ± SD of three experiments 1001 

was shown. (C) Constitutive expressions of four EMT markers (CDH1, CDH2, FN1, VIM) 1002 

were determined by RT-qPCR and plotted as fold changes compared with MES-OV. The 1003 

average of at least three experiments was shown. Statistical significance between samples was 1004 

calculated by one-way ANOVA with Dunnett’s post hoc tests. (D) Cell migration was 1005 

analyzed by wound healing assay and plotted as a fold of MES-OV cells value set as 1. 1006 

Statistical significance was calculated by the student’s t-test. The average values of three 1007 

independent experiments were shown. (E) Cell invasion was analyzed by cell invasion assay 1008 

and plotted as a fold of MES-OV cells value set as 1. The average values of three independent 1009 

experiments were shown. Statistical significance was calculated by the student’s t-test. *, P < 1010 

0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 1011 

 1012 

Figure 2 Functional analysis of MIR99AHG, DNER, TMEM200A, and SERPINE2 in 1013 

CBP resistance, drug-induced metastatic potential, and their possible clinical 1014 

application. (A) Transiently transfected MES-OV cells with siMIR99AHG and MES-OV 1015 

CBP8 cells with siDNER, siTMEM200A, or siSERPINE2 were seeded and 24 h after treated 1016 

with different concentrations of CBP. The effect of silencing on cell viability was determined 1017 

72 h after with the AlamarBlue® assay. All data were plotted as the average absorbance 1018 

values – blank. Statistical significance was determined by two-way ANOVA with 1019 

Bonferroni’s post hoc tests. IE p-values < 0.05 were considered significant. The 1020 

representative data of three experiments was shown (B) 24 h after seeding transiently 1021 
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transfected cells, MES-OV and MES-OV CBP8 cells were treated for 72 h with IC50 values of 1022 

50 and 150 μM CBP, respectively. The cell death was measured by flow cytometry upon cell 1023 

staining with Annexin V-FITC and PI. Statistical significance was determined by two-way 1024 

ANOVA with Bonferroni’s post hoc tests. IE p-values < 0.05 were considered significant. 1025 

The representative data from three experiments was shown. (C) 24 h after the seeding of 1026 

transiently transfected cells, confluent MES-OV and MES-OV CBP8 were scratched. Scratch 1027 

was photographed (n=12) immediately and after 6 h. Data were expressed as the average 1028 

percentage of migrated cells calculated from three independent experiments and plotted as a 1029 

fold of MES-OV si(-). Statistical significance was determined by one-way ANOVA with 1030 

Dunnett’s post hoc tests. The average of three independent experiments was shown (D) 1031 

Transfected MES-OV and MES-OV CBP8 cells were seeded in transwell chambers coated 1032 

with Matrigel® in a 24-well plate for invasion assay. After 22 hours, invaded cells from the 1033 

bottom side of the membrane were fixated, stained, and photographed (10x magnification). 1034 

Total areas covered by invaded cells (AUC) were measured and expressed as a fold of MES-1035 

OV si(-). The average of three independent experiments was shown. Statistical significance 1036 

was determined by one-way ANOVA with Dunnett’s post hoc tests. *, P < 0.05; **, P < 0.01; 1037 

***, P < 0.001; ****, P < 0.0001. Detailed statistics are available upon request. (E) 1038 

Prognostic value of genes was analyzed using KM Plotter online tool on specific cohorts of 1039 

OC patients (OS, n=406; PFS, n=403) and presented as KM plots, along with HR and log-1040 

rank p-values. (F) Predictive value of genes was analyzed using ROC Plotter online tool on 1041 

specific cohorts of OC patients (RFS at 6 months, n=426) and presented as ROC curves with 1042 

indicated AUC and p-values. Significant p-values were shown in bold. 1043 

 1044 

Figure 3 Functional analyses of PRKAR1B, HES7, WDR46, and FBLN5 in CBP 1045 

resistance and drug-induced metastatic potential. (A) Transiently transfected MES-OV 1046 

cells with siPRKAR1B, siHES7, and siWDR46 and MES-OV CBP8 cells with siFBLN5 were 1047 

seeded and after 24 h treated with different concentrations of CBP. The effect of silencing on 1048 

cell viability was determined after 72 h with the AlamarBlue® assay. All data were plotted as 1049 

the average absorbance values – blank. Statistical significance was determined by two-way 1050 

ANOVA with Bonferroni’s post hoc tests. IE p-values < 0.05 were considered significant. 1051 

The representative data of three experiments was shown (B) 24 h after seeding transiently 1052 

transfected cells in a 24-well plate, MES-OV and MES-OV CBP8 cells were treated for 72 h 1053 

with IC50 values of 50 and 150 μM CBP, respectively. Cell death was measured by flow 1054 
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cytometry upon cell staining with Annexin V-FITC and PI. Statistical significance was 1055 

determined by two-way ANOVA with Bonferroni’s post hoc tests. IE p-values < 0.05 were 1056 

considered significant. The representative data from three experiments was shown. (C) 24 h 1057 

after the seeding of transiently transfected cells, confluent MES-OV and MES-OV CBP8 1058 

were scratched. Scratch was photographed (n=12) immediately and after 6 h. Data were 1059 

expressed as the average percentage of migrated cells calculated from three independent 1060 

experiments and plotted as a fold of MES-OV si(-). Statistical significance was determined by 1061 

one-way ANOVA with Dunnett’s post hoc tests. (D) Transfected MES-OV and MES-OV 1062 

CBP8 cells were seeded in transwell chambers coated with Matrigel® in a 24-well plate for 1063 

invasion assay. After 22 hours, invaded cells from the bottom side of the membrane were 1064 

fixated, stained, and photographed (10x magnification). Total areas covered by invaded cells 1065 

(AUC) were measured and expressed as a fold of MES-OV si(-). The average of three 1066 

independent experiments was shown. Statistical significance was determined by one-way 1067 

ANOVA with Dunnett’s post hoc tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 1068 

0.0001. Detailed statistics are available upon request. (E) Prognostic value of genes was 1069 

analyzed using KM Plotter online tool on specific cohorts of OC patients (OS, n=406; PFS, 1070 

n=403) and presented as KM plots, along with HR and log-rank p-values. (F) Predictive value 1071 

of genes was analyzed using ROC Plotter online tool on specific cohorts of OC patients (RFS 1072 

at 6 months, n=426) and presented as ROC curves with indicated AUC and p-values. 1073 

Significant p-values were shown in bold. 1074 

 1075 

Figure 4 Functional analysis of inhibitors in CBP resistance and drug-induced 1076 

metastatic potential. (A) Cells were seeded and after 24 h pre-treated with inhibitors or 1077 

DMSO as a control. After 2 hours, cells were treated with different concentrations of CBP, 1078 

and the effects on cell survival were determined after 72 h with the AlamarBlue® assay. All 1079 

data were plotted as the average absorbance values. The statistical significance of the 1080 

combinatory effect was determined by the two-way ANOVA with Bonferroni’s post hoc tests. 1081 

Interaction effect (IE) p-values < 0.05 were considered significant. The representative data of 1082 

three experiments was shown (B, C) 24 h after the seeding of cells in a 24-well plate, cells 1083 

were pre-treated with inhibitors. After 2 h, MES-OV and MES-OV CBP8 cells were treated 1084 

for 72 h with IC50 values of 50 and 150 μM CBP, respectively. Cell death was measured by 1085 

flow cytometry upon cell staining with Annexin V and propidium iodide. Statistical 1086 

significance was determined by two-way ANOVA with Bonferroni’s post hoc tests. The 1087 
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representative data from three experiments was shown. (D) 24 h after the seeding, cells were 1088 

starved for 24 hours, pre-treated with inhibitors or DMSO, and scratched. Scratch was 1089 

photographed immediately and after 6 h. Data were expressed as the average percentage of 1090 

migrated cells calculated from three independent experiments. Statistical significance was 1091 

determined by one-way ANOVA with Dunnett’s post hoc tests or two-way ANOVA with 1092 

Bonferroni post hoc tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 1093 

Detailed statistics are available upon request. 1094 

 1095 



Table 1 Comparison of DEG and CCORG gene lists 

  Differentially expressed genes (DEG) CBP-correlating genes (CCORG) 
D

es
cr

ip
ti

v
e 

st
a

ti
st

ic
s 

Number of 

genes 

2127 2127 

Number of 

genes 

UP/DOWN 

950 / 1177 (44.6 / 55.3 %) 1001 / 1126 (47.1 / 52.9 %) 

Mean/median 

log
2
FC 

-0.181 / -1.055 -0.001 / -0.075 

Mean/ median 

|log
2
FC|  

1.698 / 1.415 0.882 / 0.735 

Min/max FC -9.935 / 6.915 -9.935 / 5.305 

Mean/median 

ρ  
-0.043 / -0.250 0.882 / 0.735 

Mean/median 

|ρ|  
0.548 / 0.571 0.768 / 0.750 

Min/max ρ -1 / 1 -1 / 1 

P
P

I 
A

n
a

ly
si

s 

Nodes 

(proteins) 

2064 2077 

Edges 

(interactions) 

7985 13285 

Text mining  3806 4835 

Experiment 929 3049 

Databases 2632 4073 

Co-expression 842 2893 

G
en

e 
S

et
 E

n
ri

ch
m

en
t 

A
n

a
ly

si
s 

(G
S

E
A

) 

(q
-v

al
u
e)

 

Gene 

Ontology: 

biological 

processes# 

endoderm formation (GO:0001706) (q 

= 0.0056) 

ribosome biogenesis (GO:0042254) (q 

= 2.32E-09)) 

endodermal cell differentiation 

(GO:0035987) (q = 0.0100) 

rRNA processing (GO:0006364) (q = 

8.08E-09) 

regulation of cell migration 

(GO:0030334) (q = 0.0100) 

rRNA metabolic process 

(GO:0016072) (q = 1.89E-08) 

extracellular matrix organization 

(GO:0030198) (q = 0.0100) 

ncRNA processing (GO:0034470) (q 

= 1.63E-07) 

positive regulation of multicellular 

organismal process (GO:0051240) (q = 

0.0100) 

mitochondrial translation 

(GO:0032543) (q = 1.66E-04) 

regulation of MAP kinase activity 

(GO:0043405) (q = 0.0100) 

mitochondrial translational 

termination (GO:0070126) (q = 

1.66E-04) 

axonogenesis (GO:0007409) (q = 

0.0100) 

translational termination 

(GO:0006415) (q = 7.61E-04) 

positive regulation of cell migration 

(GO:0030335) (q = 0.0100) 

mitochondrial translational elongation 

(GO:0070125) (q = 0.0017) 

intrinsic apoptotic signaling pathway 

(GO:0097193) (q = 0.0187) 

nuclear RNA surveillance 

(GO:0071027) (q = 0.0020) 

positive regulation of cell motility 

(GO:2000147) (q = 0.0190) 

positive regulation of protein 

localization to chromosome, telomeric 

region (GO:1904816) (q = 0.0020) 

KEGG 

Pathways# 

Axon guidance (q = 0.0004) Ribosome biogenesis in eukaryotes (q 

= 0.0124) 

Pathways in cancer (q = 0.0019) RNA degradation (q = 0.0124) 

Calcium signaling pathway (q = 0.0434) Mitophagy (q = 0.0124) 

PI3K-Akt signaling pathway (q = 

0.0434) 

Spliceosome (q = 0.0124) 

Ras signaling pathway (q = 0.0590) RNA transport (q = 0.0124) 

Rap1 signaling pathway (q = 0.0780) Ribosome (q = 0.0216) 



Fluid shear stress and atherosclerosis (q 

= 0.0780) 

RNA polymerase (q = 0.0382) 

Hepatocellular carcinoma (q = 0.0780) Colorectal cancer (q = 0.0476) 

Proteoglycans in cancer (q = 0.0780) Pancreatic cancer (q = 0.0598) 

Lysosome (q = 0.0957) Autophagy (q = 0.0598) 

WikiPathways# Ectoderm Differentiation WP2858 (q = 

0.0000) 

Integrated breast cancer pathway 

WP1984 (q = 0.0030) 

Mesodermal commitment pathway 

WP2857 (q = 0.0037) 

Fatty Acid Biosynthesis WP357 (q = 

0.0083) 

Glucocorticoid Receptor Pathway 

WP2880 (q = 0.0037) 

Pyrimidine metabolism WP4022 (q = 

0.0083) 

PI3K-Akt signaling pathway WP4172 

(q = 0.0078) 

One-carbon metabolism WP241 (q = 

0.0486) 

Type I collagen synthesis in the context 

of Osteogenesis imperfecta WP4786 (q 

= 0.0590) 

Copper homeostasis WP3286 (q = 

0.0486) 

Nuclear Receptors Meta-Pathway 

WP2882 (q = 0.0114) 

Androgen receptor signaling pathway 

WP138 (q = 0.0486) 

Lung fibrosis WP3624 (q = 0.0141) Metabolic reprogramming in colon 

cancer WP4290 (q = 0.0486) 

GDNF/RET signaling axis WP4830 (q 

= 0.0211) 

Mitochondrial LC-Fatty Acid Beta-

Oxidation WP368 (q = 0.0486) 

Development of ureteric collection 

system WP5053 (q = 0.0457) 

Thyroid-stimulating hormone (TSH) 

signaling pathway WP2032 (q = 

0.0486) 

Cardiac Progenitor Differentiation 

WP2406 (q = 0.0457) 

TGF-beta signaling Pathway WP366 

(q = 0.0486) 
 #Only the top 10 results or results q-value < 0.05 were shown 
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