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Abstract. A previous case report described an adrenal 
incidentaloma initially misdiagnosed as adrenocortical 
carcinoma (ACC), which was treated with mitotane. The final 
diagnosis was metastatic melanoma of unknown primary 
origin. However, the patient developed rapid disease progres‑
sion after mitotane withdrawal, suggesting a protective role 
for mitotane in a non‑adrenal‑derived tumor. The aim of 
the present study was to determine the biological response 
of primary melanoma cells obtained from that patient, and 
that of other established melanoma and ACC cell lines, to 
mitotane treatment using a proliferation assay, flow cytom‑
etry, quantitative PCR and microarrays. Although mitotane 
inhibited the proliferation of both ACC and melanoma cells, 
its role in melanoma treatment appears to be limited. Flow 
cytometry analysis and transcriptomic studies indicated that 
the ACC cell line was highly responsive to mitotane treat‑
ment, while the primary melanoma cells showed a moderate 
response in vitro. Mitotane modified the activity of several 
key biological processes, including ‘mitotic nuclear division’, 
‘DNA repair’, ‘angiogenesis’ and ‘negative regulation of ERK1 
and ERK2 cascade’. Mitotane administration led to elevated 
levels of DNA double‑strand breaks, necrosis and apoptosis. 
The present study provides a comprehensive insight into the 
biological response of mitotane‑treated cells at the molecular 

level. Notably, the present findings offer new knowledge on the 
effects of mitotane on ACC and melanoma cells.

Introduction

Adrenocortical tumors are relatively common, with a preva‑
lence of 3‑10% in the general population (1). These tumors 
can be categorized into adrenocortical adenoma and adre‑
nocortical carcinoma (ACC), which is rare, with a reported 
incidence of only 2 cases per 1,000,000 individuals per 
year (2). ACC is most common in women (55‑60% of cases) 
in their 4th or 5th decade of life. However, ACC can affect 
patients at any age, including children (3). Geographical 
factors also appear to serve a role, with a higher incidence in 
certain regions of the world, such as in southern and south‑
western Brazil (4). The 5‑year survival rate of individuals with 
adrenocortical carcinoma is 50% (5).

The main drug currently approved for the treatment of 
ACC is mitotane (2,4'‑dichlorodiphenyl)dichloroethane,  
1‑(2‑chlorophenyl)‑1‑(4‑chlorophenyl)‑2,2‑dichloroethane).  
The recommended therapeutic window for plasma mitotane 
levels is 14‑20 mg/l (~50 µM) (6,7). However, the efficacy of 
this drug is limited due to its low pharmacokinetic properties 
and dose‑limiting toxicity (8‑10). Mitotane is an insecticide‑
derivative lipophilic drug that accumulates in lipoproteins, and 
dyslipidemia has been observed in certain mitotane‑treated 
patients with ACC (11). Mitotane raises the concentration of 
cortisol‑binding globulin hormone, steroid‑binding globulin 
and thyroxine‑binding globulin, and it may also impair 
pituitary gland function by reducing the secretion of thyroid 
stimulating hormone, thus leading to hypothyroidism (12). 
The action of mitotane on adrenal steroidogenesis has been 
associated with the inhibition of a number of mitochondrial 
cytochrome P450‑dependent enzymes, including cholesterol 
side‑chain cleavage, 11β‑hydroxylase and 18β‑hydroxylase, as 
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well as P450‑independent enzymes, such as 3β‑hydroxystero
id‑dehydrogenase (13). Mitotane contributes to the induction 
of respiratory chain impairment, leading to decreased aspar‑
tate and increased glutamate content (14). This drug has also 
been shown to inhibit the expression of the voltage‑dependent 
anion channel, a protein anchored to the outer mitochondrial 
membrane (15,16).

A recent report described an unusual case of a patient 
admitted to the Department of Endocrinology, Metabolism 
and Internal Medicine at Poznan University of Medical 
Sciences (Poznan, Poland) in September 2017 (17). The patient 
was initially diagnosed with ACC and treated with mitotane 
therapy. However, due to the unusual course of the disease, 
an experienced pathologist re‑analyzed all the tissue samples, 
and noticed that all had the same immunophenotype and 
morphology. As a result, the initial diagnosis of ACC was 
changed to metastatic melanoma of unknown primary origin. 
The most notable aspect of that case was the rapid disease 
progression after mitotane withdrawal, which suggested 
that mitotane may play a protective and stabilizing role in 
non‑adrenal‑derived tumors (17).

Based on the aforementioned case report, the present study 
aimed to compare the biological response of ACC and mela‑
noma cells after mitotane treatment. The cell proliferation 
rate was determined, and cytometric analysis of key processes 
involved in the response to cytostatic treatment [including 
mitochondrial membrane potential, DNA double‑strand breaks 
(DSBs), necrosis, apoptosis and cell cycle] was performed, 
alongside gene expression profiling.

Materials and methods

Cell culture of metastatic melanoma in the left adrenal gland 
of unknown primary origin. To establish a primary culture of 
metastatic melanoma, a sample from a specimen for which 
several immunohistochemical analyses targeting melanoma 
markers were previously performed, as described in detail in a 
previous publication (17), was used.

Adrenal metastases of melanoma tumor samples obtained 
during surgery, were cut into several small pieces, and the 
fragments were further dissociated enzymatically in 25 ml 
DMEM F12 (Thermo Fisher Scientific, Inc.) containing 
0.1% type I collagenase (cat. no. 17018029; Thermo Fisher 
Scientific, Inc.) for 45 min at 37˚C in a water bath with 
intermittent mixing. After digestion, the mixture was filtered 
through a 70‑µM sieve. Next, the tissue was centrifuged at 
4˚C and 300 x g for 7 min. The cell pellet was resuspended in 
the DMEM F12 containing 0.5% penicillin‑streptomycin (cat. 
no. P4333; Merck KGaA) and 10% fetal bovine serum (FBS; 
HyClone; Cytiva). The primary cell line was cultured at 37˚C 
in the presence of 5% CO2 in a humidified atmosphere until 
reaching 70% confluence. The cells exhibited key melanoma 
markers (18,19): CSPG4, FN1, TYRP1, MCAM and SPP1 
(selected by transcriptomic studies using microarrays) (Fig. S1).

Cell culture of commercially available cells lines. The 
HAC15 cell line (cat. no. CRL‑3301TM; American Type 
Culture Collection) was cultured in a defined medium 
consisting of DMEM/F12 without phenol red (Thermo Fisher 
Scientific, Inc.), 10% Cosmic Calf Serum (HyClone; Cytiva), 

1% insulin‑transferrin‑selenium + Premix (cat. no. 25‑800‑CR; 
Corning, Inc.) and 1% penicillin‑streptomycin. Importantly, 
the HAC15 cell line was authenticated using STR analysis by 
the supplier.

The metastatic human melanoma WM266‑4 cell line 
(Rockland Immunochemicals, Inc.) was cultured in medium 
consisting of high‑glucose DMEM (Thermo Fisher Scientific, 
Inc.), 10% FBS (HyClone; Cytiva) and 1% P/S (MilliporeSigma). 
The wild‑type TTP53 status of both commercial cell lines was 
previously confirmed (20,21).

HAC15, WM266‑4 and primary melanoma cell treatment. 
These cells (2x106) were incubated with mitotane (50 µM) 
for 24 h (37˚C in the presence of 5% CO2 in a humidified 
atmosphere) and then subjected to further analyses. Based on 
the opinion of clinicians (HK, Department of Endocrinology, 
Metabolism and Internal Medicine, Poznan University 
of Medical Sciences, Poznan, Poland; MK, General and 
Transplantation Surgery, Poznan University of Medical 
Sciences, Poznan, Poland; TW, General, Endocrinological 
and Gastroenterological Surgery, Poznan University of 
Medical Sciences, Poznan, Poland; and MareR, Department 
of Endocrinology, Metabolism and Internal Medicine, Poznan 
University of Medical Sciences, Poznan, Poland), a time point 
(24 h) that is both clinically and biologically important was 
selected for this study. Specifically, at this time point, the 
greatest changes in cell proliferation were observed, which 
should reflect dynamic changes in gene expression (22,23). 
Therefore, material collected after 24 h of mitotane treatment 
was selected for further microarray analysis.

Real‑time cell analyzer (RTCA)‑based cell proliferation 
assay. To verify the effect of a wide range of concentrations 
of mitotane (10, 20, 40, 60 and 80 µM) on the proliferation 
rate of the evaluated cells (n=6/group; 1,000 cells per well), 
an RTCA electrical impedance‑based cell proliferation assay 
(xCELLigence RTCA; Roche Diagnostics GmbH) was used. 
The RTCA system detects fluctuations in electrical impedance 
on the integrated sensory electrodes, which are located at the 
bottom of the 16‑hole slide plates of the chamber (E‑Plate 16), 
which are covered by dividing cells. Electrical impedance 
is determined at 15‑min intervals during the culture period 
(~40 h after mitotane delivery). The main RTCA parameter 
is the cell index (CI), which refers to the relative change in 
electrical impedance depending on the rate of proliferation or 
apoptosis of the cultured cells. The CI values were normalized 
to obtained a normalized cell index (NCI), which was calcu‑
lated for each time point according to the following formula: 
NCI=CI time point/CI mitotane delivery.

The characteristic parameters of cell proliferation, 
including doubling time and dose‑dependent rate of decrease, 
and the half‑maximal response to mitotane, were calculated. 
Doubling time is the time (in h) required to double NCI 
(positive values) or to reduce it by half (negative values) 
based on the curve‑fit from the first 24 h after mitotane 
administration. All calculations, such as R2 (regression line 
fit), rate of decrease and slope were performed using RTCA 
software v.1.2.1.1002 according to the manufacturer's protocol 
(Roche Diagnostics GmbH) and then visualized in the ggplot2 
package of the R programming language (https://cran.r‑project.
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org/web/packages/ggplot2/index.html). The effect of mito‑
tane on HAC15, WM266‑4 and primary melanoma cell 
proliferation was evaluated in two independent experiments.

Flow cytometry analysis of phosphorylated at serine 
139 version of histone H2AX (γH2AX) and cleaved poly 
(ADP‑ribose) polymerase 1 (PARP‑1). Cells (HAC15, 
WM266‑4 and primary melanoma) were stained for 
γH2AX with Alexa Fluor® 647 Mouse anti‑H2AX (cat. 
no. 560447; BD Biosciences) and cleaved PARP‑1 with PE 
Mouse anti‑Cleaved PARP (Asp214) (cat. no. 562253; BD 
Biosciences) antibodies according to the manufacturer's 
instructions. Briefly, 1x106 untreated and mitotane‑treated 
cells were fixed and permeabilized with Cytofix/Cytoperm™ 
Fixation/Permeabilization Solution (BD Biosciences) for 
30 min at room temperature. Additional permeabilization and 
fixation as recommended by the manufacturer's protocol were 
then performed. The fixed cells were once washed with 1 ml 
Perm/Wash Buffer (BD Biosciences) at room temperature for 
5 min and stained with an appropriate antibody (5 µl/assay 
in 20 µl BD Perm/Wash Buffer) for 20 min at room tempera‑
ture. Cells were then resuspended in 1 ml PBS and analyzed 
with a flow cytometer (CytoFlex; Beckman Coulter, Inc.). 
Fluorescence intensity in arbitrary units was represented in 
histograms, and the mean fluorescence intensity was calcu‑
lated. Data were analyzed using FlowJo software v10 (FlowJo 
LLC). Untreated cells served as a control. The mean fluores‑
cence intensity from three experiments was normalized to 1. 
Treated cells were compared with the control.

Flow cytometry analysis of necrosis and the cell cycle. Cell 
cycle analysis was performed using a propidium iodide (cat. 
no. P1304MP; Thermo Fisher Scientific, Inc.). Briefly, treated 
cells (1x106) were fixed in cold (‑20˚C) 70% ethanol by adding 
this dropwise to the cell suspension while vortexing. Next, the 
cells were rinsed with PBS and incubated with a mixture of 
10 µl propidium iodide (1 mg/ml), 188 µl PBS and 2 µl RNAse 
(10 mg/ml; Thermo Fisher Scientific, Inc.). Cells were incu‑
bated at 37˚C for 30 min, and then rinsed and resuspended 
in 200 µl PBS. The fluorescence intensity of the sample was 
determined with a blue laser (488 nm) and detection filters 
610/20 nm bandpass for PI. The procedure to determine 
necrosis was similar to that used for cell cycle analysis, with 
the following exceptions: i) RNAse was not added to the 
unfixed cells and ii) incubation with propidium iodide was 
performed at 4˚C for 30 min.

Flow cytometry analysis of mitochondrial membrane 
potential. Mitochondrial membrane potential analysis was 
performed using JC‑1 solution (cat. no. T3168; Thermo Fisher 
Scientific, Inc.) at a final concentration of 100 µM. The resus‑
pended cells (1x106) were stained for 20 min at 37˚C. At low 
concentrations (low mitochondrial membrane potential), JC‑1 
is predominantly a monomer that yields green fluorescence 
with emission of 530 nm. In turn, at high concentrations 
(high mitochondrial membrane potential), the dye aggregates 
yielding a red to orange colored emission (590 nm). This 
correlates to the FL‑2 and FL‑1 channels (24). The results 
were depicted as mean fluorescence that was subsequently 
normalized (the value of the control was set as 1).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cells with Direct‑zol™ RNA 
MiniPrep columns (Zymo Research Corp.). Total RNA (1 µg 
per 20 µl reaction volume) was reverse transcribed using an 
iScript cDNA Synthesis Kit (Bio‑Rad Laboratories, Inc.). 
qPCR (Initial denaturation at 95˚C for 5 min; 44 cycles of 
denaturation at 95˚C for 10 sec, amplification at 60˚C for 
30 sec and elongation at 72˚C for 1 sec) was performed using 
the LightCycler® 480 Probes Master (Roche Diagnostics) and 
the appropriate probe for each primer (5'‑3'): TTP53 forward, 
5'‑CTT TCC ACG ACG GTG ACA‑3' and reverse, 5'‑TCC TCC 
ATG GCA GTG ACC‑3'; BRCA2 forward, 5'‑CCT GAT GCC 
TGT ACA CCT CTT‑3' and reverse, 5'‑GCA GGC CGA GTA 
CTG TTA GC‑3'; RAD51 forward, 5'‑ATC ACT AAT CAG 
GTG GTA GC‑3' and reverse, 5'‑CCC CTC TTC CTT TCC TCA 
GA‑3'; XRCC4 forward, 5'‑TGG TGA ACT GAG AAA AGC 
ATT G‑3' and reverse, 5'‑TGA AGG AAC CAA GTC TGA ATG 
A‑3'; PRKDC forward, 5'‑AGA GGC TGG GAG CAT CAC 
T‑3' and reverse, 5'‑CAC CAA GGC TTC AAA CAC AA‑3'; 
BAX forward, 5'‑ATG TTT TCT GAC GGC AAC TTC‑3' and 
reverse, 5'‑ATC AGT TCC GGC ACC TTG‑3'; BCL‑2 forward, 
5'‑GCA CCT GCA CAC CTG GAA T‑3' and reverse, 5'‑AGC 
CAG GAG AAA TCA AAC AGA G‑3'; CDK2 forward, 5'‑TGC 
TGG GAG AAA TGG AAA AT‑3' and reverse, 5'‑CAG GAC 
TGC TGT GGG ACA TA‑3'; and CDK4 forward, 5'‑AAC CTC 
TGA TTG ACA GCT ACA GTG‑3' and reverse, 5'‑GGG TGG 
GAT AGT TGA ACA CG‑3'.

cDNA samples were analyzed for the following genes of 
interest: BAX, BCL‑2, CDK2, CDK4, TTP53, RAD51 recom‑
binase (RAD51), BRCA2 DNA repair associated (BRCA2), 
X‑ray repair cross complementing 4 (XRCC4) and protein 
kinase DNA‑activated catalytic subunit (PRKDC), and for 
the reference gene GAPDH (cat. no. 05‑190‑541‑001; Roche 
Diagnostics). The expression level for each target gene was 
calculated with the 2‑ΔΔCq method (25). The reaction was 
performed in triplicate for each gene of interest. qPCR analysis 
was performed using a LightCycler® 96 (Roche Diagnostics).

Microarray expression analysis. Microarray analysis was 
conducted as previously described (26‑28). The isolated 
RNA (50‑300 ng/µl and not degraded) from melanoma and 
ACC cells was pooled into two samples per group, and the 
following groups were established: i) Untreated primary mela‑
noma cell line; ii) mitotane‑treated primary melanoma cell 
line; iii) untreated WM266‑4 cell line; iv) mitotane‑treated 
WM266‑4 cell line; v) untreated HAC15 cell line; and 
vi) mitotane‑treated HAC15 cell line.

Cells were treated with mitotane (final concentration, 
50 µM) for 24 h. Transcription in vitro, biotin labelling and 
cDNA fragmentation for further hybridization were performed 
with an Affymetrix GeneChip IVT Express Kit (Affymetrix; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
instructions. The biotin‑labelled fragments were hybridized 
with Affymetrix Gene Chip Human Genome U219 microar‑
rays (Affymetrix; Thermo Fisher Scientific, Inc.) together 
with control cDNA and oligo B2 (Affymetrix; Thermo 
Fisher Scientific, Inc.). Hybridization was performed with an 
AccuBlock™ Digital Dry Bath Hybridization Oven (Labnet 
International, Inc.) at 45˚C for 16 h. The microarrays were then 
washed 3x at room temp. for 5' and stained using Affymetrix 
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GeneAtlas™ Fluidics Station (Affymetrix; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. The 
array strips were scanned using the imaging station of the 
GeneAtlas™ system (Affymetrix; Thermo Fisher Scientific, 
Inc.). Preliminary analysis of the scanned chips was performed 
using GeneAtlas™ operating software (Affymetrix; Thermo 
Fisher Scientific, Inc.). The quality of the gene expression 
data was verified using the quality control criteria established 
by the software. The obtained CEL files were imported for 
downstream data analysis.

Microarray data analysis. All analyses were performed using 
the Bioconductor repository (https://bioconductor.org) with 
the relevant Bioconductor libraries as an extension of the 
statistical R programming language. The robust multiarray 
average normalization algorithm implemented in the ‘Affy’ 
Bioconductor library was used for normalization, background 
correction and calculation of the expression values of all 
examined genes (29). Biological annotation was obtained 
from the Bioconductor ‘oligo’ library, where an annotated 
data frame object was merged with a normalized data set to 
obtain a complete gene data table (30). Differential expression 
and statistical assessment were determined by applying the 
linear models for microarray data implemented in the ‘limma’ 
library (31). The selection criteria for significant changes in 
gene expression were based on absolute fold‑change >1.5 and 
P‑value with false discovery rate (FDR) correction (adjusted 
P‑value) of 0.05. The result of this selection was presented as 
a volcano plot, showing the total number of upregulated and 
downregulated genes affected by mitotane. The top 10 upregu‑
lated and downregulated genes are presented in tables. The raw 
data files were also deposited in the Gene Expression Omnibus 
(GEO) repository at the National Center for Biotechnology 
Information (http://www.ncbi.nlm.nih.gov/geo/) under the 
GEO accession number GSE186870.

Assignment of differentially expressed genes to relevant 
Gene Ontology (GO) biological process (BP) terms. 
ENTREZ ids with fold‑change values of differentially 
expressed genes (DEGs) were subjected to GO enrichment 
analysis using the Database for Annotation, Visualization 
and Integrated Discovery (DAVID) bioinformatics tool (32). 
Gene symbols of DEGs were uploaded to DAVID using the 
‘RDAVIDWebService’ Bioconductor library (33), where 
DEGs were assigned to relevant GO terms, with subsequent 
selection of significantly enriched GO terms from the GO‑BP 
direct database. The P‑values of the selected GO terms were 
corrected using Benjamini‑Hochberg procedure and were 
described as adjusted P‑values (34). Relevant GO ontological 
groups with adjusted P<0.05 and N/group >5 were visualized 
using a bubble plot. Detailed analysis of genes belonging to 
selected ontological groups, with their fold‑change in expres‑
sion, were presented as Circos plots using the ‘GOplot’ 
library (35).

Gene Set Enrichment Analysis (GSEA). GSEA was used to 
determine enrichment or depletion in gene expression between 
two biological groups within gene sets defined a priori (GO 
terms, pathways). The Kolmogorov‑Smirnov statistical test was 
used to identify significantly enriched or depleted groups of 

genes (36). GSEA was conducted using the ‘fgsea’ library (37). 
The normalized fold‑change values of all the genes in the 
microarray were log2‑transformed. A predefined gene set 
from the GO‑BP database (from the Molecular Signatures 
Database) was selected (38). Genes belonging to the selected 
set were ranked according to the difference in their expres‑
sion level using the signal‑to‑noise ratio with a 10,000‑fold 
permutation. The enrichment score was calculated for each 
selected gene set (39). These scores were normalized by their 
gene set size, and false‑positives were corrected according to 
their FDR. Gene sets with an adjusted P<0.1 were exported 
to Cytoscape v.3.7.2 to generate links between significantly 
enriched processes in the form of an enrichment map (40). 
Enriched terms were clustered and annotated using the 
AutoAnnotate v.1.3.2 Cytoscape plugin (41).

Identification of common mitotane‑regulated genes in all 
experimental models. To identify common mitotane‑regulated 
genes, DEGs in ≥1 cell type were selected according to the 
aforementioned cut‑off criteria, with the additional require‑
ment that their fold‑change values in other comparable groups 
were >1.2. This selection was carried out in the R statistical 
programming language. The expression values for the gene 
sets were transformed into z‑scores, hierarchically clustered 
and visualized as heat maps using the pheatmap library (42). 
To determine the BPs regulated by mitotane, enrichment anal‑
ysis was performed in the relevant ontological groups from the 
DAVID Bioinformatics Resources 6.8 tool with the GOTERM 
BP DIRECT database (https://david.ncifcrf.gov/tools.jsp). The 
procedure was performed as aforementioned. Relevant GO 
ontological groups with n/group >3 were visualized using a 
bubble plot. Interactions between individual genes and relevant 
GO terms were evaluated using Cytoscape v.3.7.2.

Clinically significant mitotane‑affected genes regulated in 
the studied cells. Clinical descriptions with RNA sequencing 
data from 94 cases of ACC and 470 cases of skin cutaneous 
melanoma (SKCM) were downloaded from the public The 
Cancer Genome Atlas (TCGA) database using the FireBrowse 
server (http://gdac.broadinstitute.org/) (43). Next, the ‘voom’ 
algorithm from the ‘limma’ package was used for data normal‑
ization (31). Normalized data for common mitotane‑regulated 
genes were extracted from the whole dataset. The obtained 
expression set was divided into two separate populations 
using median values as the cut‑off point: Genes with expres‑
sion above and below the median value were assigned to the 
high or low expression group, respectively. The hazard ratio 
(HR) value of the selected genes was calculated using Gene 
Expression Profiling Interactive Analysis 2 software (44). 
Genes with a statistically significant HR in ACC and SKCM 
underwent Kaplan‑Meier survival analysis. Survival plots 
with log‑rank P‑value estimates were performed using the 
‘survival’ R library (45) based on mortality events described 
in the clinical records.

Statistical analysis. The statistical analysis of microarray data 
was described in detail in previous subsections. All other data 
were statistically analyzed using GraphPad software v.5.0 
(GraphPad Software, Inc.). All experiments were performed 
≥3 times. Results are presented as the mean  ±  standard 
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deviation. Differences between two groups were analyzed 
using an unpaired Student's t‑test (treated cells were compared 
with the control). P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

Mitotane administered in a wide concentration range 
(10‑80 µM) inhibits the proliferation of primary melanoma 
cells, and of the WM226‑4 melanoma and HAC15 ACC cell 
lines. The effect of a wide concentration range (10‑80 µM) of 
mitotane on the proliferation of primary melanoma, WM266‑4 
and HAC15 cells was determined by measuring the impedance 
of proliferating cells. As shown in Fig. 1A, mitotane inhibited 
primary melanoma, WM226‑4 and HAC15 cell proliferation 
in a dose‑dependent manner. The proliferation growth curve 
profile based on data collected from the first 24 h of culture 
after mitotane administration showed that mitotane increased 
the doubling time of primary melanoma cells at each of the 
evaluated doses (Fig. 1B). The doubling time increased as the 
dose increased, confirming the dose‑specific effect of mito‑
tane on the cultured cell population. HAC15 cells continued 
to proliferate at mitotane doses ranging from 10 to 80 µM, 
but required a much longer time to double the cell population 
compared with that of the controls. A linear regression model 
was then used to calculate the proliferation decrease rate. The 
proliferation profile of primary melanoma cells decreased the 
most with increasing doses (decrease rate, 97.9%), followed 
by that of the melanoma cell line (63.6%). A relatively small 
dose‑dependent decrease in cell proliferation was observed in 
HAC15 cells (decrease rate, 16.1%) (Fig. 1C).

Mitotane at a dose of 50 µM leads to necrosis and cell 
cycle arrest in G1 phase in the cell lines evaluated. First, it 
was confirmed that the mitochondrial membrane potential 
decreased in both HAC15 and WM266‑4 cells after 24 h of 
incubation with mitotane [~0.64 fold‑change (P<0.05) and 
~0.76 fold‑change (P<0.001), respectively] (Fig. 2A). The 
slight changes observed in the primary melanoma cell line 
(~0.94 fold‑change) were not statistically significant.

DSBs were determined after mitotane administration 
(50 µM for 24 h), and the results revealed that DSBs were 
most abundant in the treated HAC15 cell line (Fig. 2B). A 
~40% increase in DSBs was observed in treated HAC15 cells 
compared with that in control cells. In the WM266‑4 cell 
line, a statistically significant increase of almost 10% in DSBs 
was also observed (mean fluorescence values). By contrast, 
primary melanoma cells did not show changes in the forma‑
tion of DSBs after 24 h of exposure to chemotherapy.

Next, the expression of the key genes involved in DNA 
repair as well as DNA damage response (DDR) was analyzed, 
including TTP53, RAD51 [homologous recombination (HR)], 
BRCA2 (HR), X‑ray repair cross complementing 4 (XRCC4) 
[non‑homologous end joining (NHEJ)] and protein kinase 
DNA‑activated catalytic subunit (PRKDC) (NHEJ). However, 
no significant changes in TTP53 expression in any of the cells 
evaluated were observed. Notably, after mitotane treatment, 
the expression of the RAD51 gene was significantly higher in 
the HAC15 cell line (~1.85 fold‑change) but lower in primary 
melanoma cells, suggesting that these cells may have distinct 

DDR mechanisms. BRCA2 gene expression was significantly 
decreased only in primary melanoma cells (P<0.05). The 
expression of the XRCC4 gene was significantly reduced 
in HAC15 cells (~0.56 fold‑change). No significant changes 
in the expression of PRKDC were observed in any of the 
treated cells. 

Next, the type of cell death that was most likely to be acti‑
vated after mitotane treatment was determined. The results 
indicate that it is probable that all the cells evaluated undergo 
necrosis more frequently than apoptosis (based on propidum 
iodide and cPARP staining, respectively). In the HAC15 cell 
line, a ~60% increase in the number of cells undergoing 
necrosis was observed. The WM266‑4 cell line also exhibited 
an elevated level of necrosis (~44% of the mean fluorescence; 
P<0.01). A higher level of necrosis was observed in the 
primary melanoma cells (~72%) compared with that observed 
in the WM266‑4 cell line (P<0.05) (Fig. 2C). The only cell 
line to demonstrate an elevated level (16%) of apoptosis was 
HAC15 (P<0.05) (Fig. 2D). Similarly, the primary melanoma 
cells appeared to be less sensitive to mitotane, as evidenced by 
the absence of apoptosis. To confirm these results, the expres‑
sion of the pro‑/antiapoptotic genes BAX and BCL‑2 was 
investigated. In the HAC15 cell line, these genes showed an 
elevated expression level in treated cells (~1.5 fold‑change for 
BAX and ~2.16 fold‑change for BCL‑2) compared with that 
of the controls. WM266‑4 cells were characterized by greater 
expression of the BCL‑2 gene (~1.61 fold‑change; P<0.05). 
Importantly, no significant changes were observed in BAX or 
BCL‑2 gene expression in the primary melanoma cells.

Cell cycle arrest at G1 occurred after mitotane adminis‑
tration in all the examined cell types, with ≤10% more cells 
present in the G1 phase of the cell cycle. Consequently, a smaller 
percentage of cells were detected in the S and G2 phases of the 
cell cycle. The largest changes (P<0.001) were observed in the 
WM266‑4 cell line (Fig. 2E). These results were confirmed by 
RT‑qPCR analysis, which was employed to analyze the expres‑
sion of genes involved in the cell cycle (CDK2 and CDK4). 
An elevated level of CDK4 gene expression (~3.8 fold‑change) 
was observed in the HAC15 cells, which is characteristic of 
the G1 phase. The expression of the CDK2 gene was also found 
to be significantly reduced in the HAC15 and WM266‑4 cell 
lines, with 0.4 and ~0.5 fold‑change, respectively. Since CDK2 
is responsible for G1/S and S/G2 transitions (46), the present 
findings suggest that mitotane treatment reduces the number 
of cells in the S and G2 phases of the cell cycle. No changes 
were observed in the primary melanoma cells in terms of the 
expression of CDK2 or CDK4. However, cell cycle analysis by 
flow cytometry indicated arrest of these cells in the G1 phase 
of the cell cycle (with a ~10% increase; Fig. 2E).

Mitotane at a dose of 50 µM significantly modulates the 
transcriptomic profile of primary melanoma, WM226‑4 
and HAC15 cells. A transcriptome study was carried out 
after 24 h of cell incubation with mitotane and the results of 
the treated cells were compared with those of the untreated 
(control) group. The overall transcriptome profiles are shown 
as volcano plots in Fig. 3A. The following DEG selec‑
tion criteria were used: |Fold‑change| (absolute value) >1.5 
and P‑value with FDR correction <0.05. According to 
the accepted cut‑off criteria, in primary melanoma cells, 
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mitotane induced a significant decrease in the expression 
of 21 genes, while it stimulated the expression of 17 genes. 
In the WM266‑4 cell line, 47 genes were upregulated and 
229 genes downregulated. The strongest effect of mitotane 
on transcriptome modulation was observed in HAC15 cells, 
where mitotane stimulated and inhibited the expression of 
466 and 411 genes, respectively.

The 10 genes with the highest and lowest fold‑change 
values are presented in a tabular format in Fig. 3B. In primary 
melanoma cells, this group of genes includes aldehyde 

dehydrogenase 1 family member L2 (fold‑change=2.42) and 
mitochondrial MT‑RNR2‑like 2 gene (fold‑change=‑3.25). 
In the WM266‑4 cell line, mitotane most strongly influ‑
enced the expression of the following genes: Matrix 
metallopeptidase 1 (fold‑change=3.25), zinc finger and 
BTB domain containing 20 (fold‑change=‑3.06) and 
ST8 α‑N‑acetyl‑neuraminide α‑2,8‑sialyltransferase 6 
(fold‑change=‑3.06) (belonging to the protein family that 
synthesizes sialyl glycoconjugates), which are involved in 
multidrug resistance in cancer cells (47). In the ACC HAC15 

Figure 1. (A‑C) Effect of mitotane at a concentration range of 10 to 80 µM on the proliferation of (a) primary human melanoma cells, (b) the WM266‑4 human 
melanoma cell line and (c) the HAC15 human adrenal carcinoma cell line. (A) Mean NCI determined during the culture period. (B) Doubling time (in h) 
measured during the first 24 h of culture after mitotane treatment. Positive values indicate the time required to double the NCI, while negative values indicate 
the time needed to reduce the NCI by half. (C) Slope of the proliferation curve based on the curve‑fit in the first 24 h after mitotane treatment. Individual 
values were used for generating a linear regression model from which the rate of decrease was calculated. Regression lines with 95% confidence intervals and 
R‑squared values are shown. NCI, normalized cell index.
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Figure 2. Effect of mitotane on mitochondrial membrane potential. (A) The black and red colors reflect the changes shown in the chart below, where the black color 
corresponds to the untreated control and the red color indicates changes in red fluorescence after mitotane treatment. In the WM266‑4 and HAC15 cell lines, significant 
changes in red fluorescence were observed (P<0.001 and P<0.05, respectively). By contrast, primary melanoma cells showed no significant changes in fluorescence 
intensity. (B) The most significant change in DSBs (as reflected γH2AX expression) was observed in the HAC15 cell line (~40% increase; P<0.01). The WM266‑4 
cell line also showed a notable increase in DSBs formation (~10%; P<0.05). Primary melanoma cells showed no significant change in the number of DSBs. Analysis 
of the expression of genes involved in DNA damage response showed that the HAC15 cell line may promote homologous recombination (RAD51, ~1.85 fold‑change). 
Primary melanoma cells showed decreased gene expression of BRCA2 (~0.6 fold‑change) and RAD51 (~0.2 fold‑change). No significant changes in gene expression 
of TTP53 or PRKDC were observed in any of the cell types evaluated. (C) In all the investigated cell types, an elevated level of necrosis was observed: ~72% (primary 
melanoma), ~44% (WM266‑4) and ~60% (HAC15). (D) Apoptosis was analyzed via flow cytometry detecting cleaved PARP‑1. The HAC15 cell line presented 
significantly higher levels of pro‑apoptotic markers (BAX) and antiapoptotic markers (BCL‑2) compared with those of other cell types. Specifically, BAX and BCL‑2 
gene expression was significantly increased in HAC15 cells (~1.5 and ~2.16 fold‑change, respectively). The WM266‑4 cell line also showed an elevated level of BCL‑2 
gene expression (~1.61 fold‑change; P<0.05). (E) All the investigated cell types (primary melanoma, WM266‑4 and HAC15) showed a higher percentage of cells in the 
G1 phase of the cell cycle, as follows: From ~33.72 to ~38.53% in primary melanoma cells; from ~71.22 to ~81.15% in WM266‑4 cells; and from ~38.95 to ~46.40% 
in HAC15 cells. The CDK2 and CDK4 genes showed, respectively, decreased and increased expression levels. The most notable changes were observed in the HAC15 
and WM266‑4 cell lines [CDK2, ~0.4 fold‑change (HAC15) and ~0.5 fold‑change (WM266‑4); and CDK4, ~3.8 fold‑change (HAC15)]. Primary melanoma cells did 
not show a significant change in the expression of these genes. *P<0.05, **P<0.01, ***P<0.001. DSB, DNA double‑strand breaks; RAD51, RAD51 recombinase; BRCA2, 
breast cancer type 2 susceptibility protein; PRKDC, protein kinase, DNA‑activated, catalytic subunit; PM, primary melanoma.
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cell line, mitotane significantly stimulated the expression 
of growth differentiation factor 15 (fold‑change=27.38), a 
major secretory protein induced by mitochondrial dysfunc‑
tion (48), and DNA damage inducible transcript 3 (DDIT3; 
fold‑change=8.07), an endoplasmic reticulum stress‑induced 
apoptosis factor (49). In HAC15 cells, mitotane most potently 
inhibited the expression of genes involved in adrenal 
steroidogenesis, such as low‑density lipoprotein receptor 
(fold‑change=‑4.97).

Mitotane at dose of 50 µM exerts a significant effect on genes 
involved in the cell division in both WM266‑4 and HAC15 
cells. This analysis was performed separately for the previously 
obtained DEGs from individual comparisons using the DAVID 
bioinformatics tools. The results of this analysis are shown as 
bubble plots in Fig. 4A, which contain only those ontological 
groups that met the following criteria: Adjusted P<0.05 and 
≥5 genes in the group. In primary melanoma cells, none of the 
ontological groups met these criteria; however, in these cells, 

Figure 3. Total gene expression profile of primary human melanoma cells, WM266‑4 (a human melanoma cell line) and HAC15 (a human adrenal carcinoma 
cell line) after a 24‑h incubation with mitotane (50 µM) compared with that of control (untreated) cells. (A) Volcano plots, where each dot represents a mean 
normalized expression from a single gene. Dotted orange lines indicate cut‑off values (1.5 fold‑change in expression and P<0.05 with false discovery rate 
correction). The red dots represent downregulated genes meeting the cut‑off criteria, while the green dots represent upregulated genes. The cumulative 
value of upregulated and downregulated genes is shown in the upper corners of the diagrams. (B) Tables with the top 20 most upregulated or downregulated 
genes (10 upregulated and 10 downregulated), showing the relevant genes with their fold‑change and adjusted P‑values, in each of the cell types investigated. 
Adj. P.val, adjusted P‑value.
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only a limited number of DEGs (21 upregulated and 17 down‑
regulated) were used for the analysis. In the WM266‑4 cell 
line, mitotane inhibited genes belonging to ontological groups 
associated with cell proliferation such as ‘GO:0007067~mitotic 
nuclear division’, (n=17; P=7.83x10‑6); ‘GO:0007062~sister 
chromatid cohesion’ (n=12; P=7.83x10‑6); ‘GO:0051301~cell 
division’ (n=19; P=1.74x10‑5) and ‘GO:0007059~chromosome 
segregation’ (n=8; P=0.002). In HAC15 cells, decreased expres‑
sion was also observed in genes belonging to proliferation‑related 

ontology groups, including: ‘GO:0008203~cholesterol metabolic 
process’ (n=9; P=4.14x10‑4), ‘GO:0051301~cell division’ (n=24; 
P=9.01x10‑5) and ‘GO:0007067~mitotic nuclear division’ (n=19; 
P=3.11x10‑4). In the HAC15 cell line, mitotane also stimulated the 
expression of genes belonging to the following ontology groups, 
which are key for the present study due to the fact that they are 
directly involved in the processes associated with the action of 
cytostatics: ‘GO:0070059~intrinsic apoptotic signaling pathway 
in response to endoplasmic reticulum stress’ (n=9; P=0.0003), 

Figure 4. (A) Bubble plot of DEG sets overrepresented in the DAVID GO‑BP DIRECT database. The graph shows only the GO terms above the established 
cut‑off criteria (corrected P<0.05 and >5 genes per group). Each bubble's size reflects the number of DEGs assigned to the GO‑BP terms. The bubble's 
transparency displays P‑values (more transparent indicates closer to the P=0.05 cut‑off value). The red color indicates downregulated expression of the genes 
comprising the relevant GO term, while the green color indicates upregulation of such genes. (B) Detailed analysis of eight enriched gene ontological groups 
selected from the DAVID GO‑BP DIRECT GO database, presented as Circos plots. Symbols of DEGs are presented on the left side of the graph with their 
fold‑change values, mapped by color scale, where green indicates higher expression, red indicates lower expression and grey indicates expression levels below 
the cut‑off value for a given cell type. Colored connecting lines determine gene involvement in the GO terms. GO, Gene Ontology; DAVID, Database for 
Annotation, Visualization and Integrated Discovery; BP, biological process; DEG, differentially expressed gene; PM, primary melanoma; FC, fold‑change.
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‘GO:0034976~response to endoplasmic reticulum stress’ (n=10; 
P=0.009) and ‘GO:0070373~negative regulation of ERK1 and 
ERK2 cascade’ (n=8; P=0.04). A detailed analysis of genes 
assigned to several ontology groups is shown in two circos plots 
in Fig. 4B. Several of these genes exhibited expression changes 
above the cut‑off threshold in the two comparison groups, 
including DDIT3 (primary melanoma cells: Fold‑change=2.22; 
HAC15 cells: Fold‑change=8.1); kinesin family member 14 
(KIF14; WM266‑4 cells: Fold‑change=‑1.83; HAC15 cells: 
Fold‑change=‑1.64); cyclin A2 (CCNA2; WM266‑4 cells: 
Fold‑change=‑1.84; HAC15 cells: Fold‑change=‑1.62); cyclin 
dependent kinase 1 (CDK1; WM266‑4 cells: Fold‑change=‑1.76; 
HAC15 cells: Fold‑change=‑1.51) and centromere protein I 
(CENPI; WM266‑4 cells: Fold‑change=‑1.63; HAC15 cells: 
Fold‑change=‑1.74).

Only a relatively limited number of genes involved in cell 
proliferation and apoptosis were regulated in a similar manner 
by mitotane (regardless of the cell type). Consequently, an 
alternative bioinformatic evaluation of transcriptome modu‑
lation was performed by using GSEA. This approach was 
based on full transcriptomic profile analysis regardless of the 
predefined cut‑off criteria (fold‑change >2, P<0.05). In this 
approach, genes pre‑ranked by logarithmic fold‑change values 
were employed to determine enrichment [positive normalized 
enrichment score (NES)] or depletion (negative NES) in the 
GO‑BP database after mitotane treatment.

In primary melanoma cells (Fig. 5A), mitotane treatment 
led, inter alia, to the enrichment of genes involved in the 
regulation of mitochondrial gene expression (‘mitochondrial 

gene expression’, NES=1.96; ‘mitochondrial translocation’, 
NES=2.02), as well as genes responsible for electron trans‑
port (‘respiratory electron transport’, NES=2; ATP synthesis 
coupled electron transport, NES=1.98).

The largest number of significantly regulated ontology 
groups obtained with GSEA analysis was observed in the 
WM266‑4 cell line; thus, only the names of ontology term 
clusters obtained by using the AutoAnnotate Cytoscape plugin 
are shown in Fig. 5B. The highest absolute NES values were as 
follows: ‘Recombinational repair’ (NES=‑2.73); ‘double strand 
break repair’ (NES=‑2.65), ‘centromere complex assembly’ 
(NES=‑2.64) and ‘mitotic sister chromatid segregation’ 
(NES=‑2.63).

Despite using a different methodological approach in 
HAC15 cells, the GSEA analysis revealed relatively similar 
groups to those shown after the analysis of ontological groups 
(DAVID), with enrichment of genes belonging to apop‑
tosis‑related ontological groups, including ‘intrinsic apoptotic 
signaling pathway in response to endoplasmic reticulum stress’ 
(NES=2.1) and ‘positive regulation of response to endoplasmic 
reticulum stress’ (NES=2.19).

In HAC15 cells, genes belonging to proliferation and 
steroidogenesis‑related ontology terms were depleted. The 
following groups had the highest absolute NES values: 
‘Anaphase promoting complex dependent catabolic process’ 
(NES=‑2.45), ‘sterol biosynthetic process’ (NES=‑2.24), 
‘nucleosome assembly’ (NES=‑2.2), ‘regulation of choles‑
terol biosynthetic process’ (NES=‑2.18) and ‘mitotic sister 
chromatid segregation’ (NES=‑2.09) (Fig. 5C).

Figure 5. Gene set enrichment analysis of (A) primary human melanoma cells, (B) WM266‑4, human melanoma cell line and (C) HAC15 human adrenal 
carcinoma cell line after a 24‑h incubation with mitotane (50 µM) compared with that of control (untreated) cells. The diagram shows the enrichment map of 
significantly changed terms (green indicates increased while read indicates reduced; adjusted P<0.05). The thickness of the connecting line indicates the level 
of genes matching to individual terms.
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Since the GO analyses performed with DAVID and GSEA 
indicated differences between cell types, similar gene regula‑
tion under less restrictive selection conditions was evaluated. 
Genes for which the fold‑change value for ≥1 group was above 
the cut‑off value (|fold‑change|>1.5), and the fold‑change for 
the other groups had the same direction (positive or nega‑
tive) and was within the range of 1.2 to 1.5 were selected. 
Fold‑change values for these genes were transformed into 
z‑scores and presented on a heatmap in Fig. 6A.

To identify the biological role of the selected genes, another 
GO analysis was performed using DAVID. Interactions 
between individual genes and relevant GO terms were evalu‑
ated with Cytoscape v.3.7.2. The largest cluster of ontology 
terms involved processes associated with cell division (‘sister 
chromatid cohesion’, ‘cell division’, ‘mitotic nuclear division’, 
‘nuclear division’ and ‘mitotic cytokinesis’), where most 
genes were downregulated (Fig. 6B). The ontological groups 
included the following genes: KIF20A (primary melanoma 
cells: Fold‑change=‑1.41; WM266‑4 cells: Fold‑change=‑1.67; 
HAC15 cells: Fold‑change=‑2.1), polo like kinase 1 (PLK1; 
primary melanoma cells: Fold‑change=‑1.32; WM266‑4 
cells: Fold‑change=‑1.45; HAC15 cells: Fold‑change=‑1.62), 
cell division cycle associated 8 (CDCA8; primary melanoma 
cells: Fold‑change=‑1.22; WM266‑4 cells: fold‑change=‑1.42; 
HAC15 cells: Fold‑change=‑1.54), CENPI (primary melanoma 
cells: Fold‑change=‑1.24; WM266‑4 cells: Fold‑change=‑1.63; 
HAC15 cells: Fold‑change=‑1.74), shugoshin 1 (SGO1; 
primary melanoma cells: Fold‑change=‑1.23; WM266‑4 cells: 
Fold‑change=‑1.66; HAC15 cells: Fold‑change=‑1.24), KIF18B 

(primary melanoma cells: Fold‑change=‑1.38; WM266‑4 cells: 
Fold‑change=‑1.21; HAC15 cells: Fold‑change=‑1.7), CCNA2 
(primary melanoma cells: Fold‑change=‑1.23; WM266‑4 
cells: Fold‑change=‑1.83; HAC15 cells: Fold‑change=‑1.62), 
Rho/Rac guanine nucleotide exchange factor 2 (primary 
melanoma cells: Fold‑change=1.24; WM266‑4 cells: 
Fold‑change=1.39; HAC15 cells: Fold‑change=3.3) and 
cell division cycle‑associated 3 (primary melanoma cells: 
Fold‑change=‑1.2; WM266‑4 cells: Fold‑change=‑1.27; 
HAC15 cells: Fold‑change=‑2.5) (Fig. 6C).

The hypothesis that there may be a link between the 
expression of a potential biomarker and disease progression 
was verified using expression data from TCGA database 
(94 and 470 cases of ACC and SKCM, respectively), which were 
analyzed for the predictive significance of genes commonly 
regulated by mitotane. Fig. 7 shows genes for which elevated 
expression may be a negative predictor of tumour progres‑
sion for both ACC and SKCM. These genes include CCNA2, 
CDCA3, CDCA8, PLK1, CENPI and SGOL1.

Discussion

In our previous study (17), a patient was diagnosed with meta‑
static melanoma in the left adrenal gland of unknown primary 
origin and received mitotane treatment. On follow‑up, there 
was no sign of recurrence in the adrenal bed. At the 3‑month 
follow‑up after mitotane withdrawal, multiple metastases 
were identified. Thus, in the present study, experiments 
were conducted on an in vitro model using HAC15 (adrenal 

Figure 6. Genes controlled in the same manner in each of the evaluated cells after 24 h of incubation with mitotane (50 µM) compared with those of control 
cells (untreated). Genes were selected to ensure that ≥1 comparison met the previously assumed cut‑off criteria. (A) Heatmap of fold‑change values with 
hierarchical clustering. (B) Analysis of participation in specific ontological groups from the Database for Annotation, Visualization and Integrated Discovery 
GOTERM BP DIRECT database. (C) Interaction between genes and their GO terms. Increased expression is shown in green and decreased expression in red. 
C, control; M, mitotane; GO, Gene Ontology; BP, biological process; PM, primary melanoma.
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carcinoma) and WM266‑4 (metastatic melanoma) cell lines, 
and a primary melanoma cell line derived from the previously 
described patient (17). The current study had three main aims: 
i) To evaluate the impact of mitotane on the proliferation rate 
of the investigated cells; ii) to examine the expression of a 
wide panel of proteins and genes involved in DDR mecha‑
nisms; and iii) to investigate the gene expression profile of the 
treated cells.

The HAC15 cell line constitutes a suitable model for 
defining the molecular mechanisms regulating aldosterone 
and cortisol production, and can be applied to studies on 
normal adrenal cell function or ACC (50). Furthermore, unlike 
the commonly used NCI‑H295R cell line, the HAC15 cell line 
responds to stimulation with all major adrenal secretagogues 
such as angiotensin II, K+ and adrenocorticotropic hormone 
(ACTH), which lead to the stimulation of adrenal hormone 
biosynthesis (51). Thus, this cell line appears to closely reflect 
adrenal physiology and is widely used in research. Additionally, 
the present microarray results confirm the high expression of 
key adrenal steroidogenesis genes in the HAC15 line, as well 
as its susceptibility to ACTH and forskolin stimulation (26).

Poli et al (52) cultured NCI‑H295R cells in the presence of 
increasing concentrations of mitotane. Treatment with mitotane 
reduced cell numbers in a dose‑ and time‑dependent manner, 
which was attributed to an inhibitory effect on cell viability 
and proliferation. The data showed that mitotane levels in the 
therapeutic window (30‑50 µM) exerted a cytotoxic effect that 
was associated with the inhibition of cell proliferation. The 

present study has also demonstrated that mitotane reduces the 
proliferation rate of both ACC and melanoma cells (Fig. 1). 
This effect was dose‑dependent (10‑80 µM) and particularly 
noticeable in primary melanoma cells, where inhibition of 
proliferation was evident even at low concentrations of mito‑
tane. After changing the medium (in the control group) or 
administering the drug under investigation, a rapid decrease 
in impedance is commonly observed, which then stabilizes. 
Additionally, in the case of WM266‑4 cells, the graph shows 
a smaller range on the y‑axis, which leads to the formation of 
a less pronounced proliferation curve at the individual values. 

Seidel et al (53) generated a mitotane‑resistant HAC15 
cell line, and found that resistant clones had the ability to 
maintain normal mitochondrial and nucleolar morphology 
during treatment. Resistance was attributed to, among other 
factors, altered intracellular lipid homeostasis and decreased 
steroid production (53). This finding is consistent with the 
present study result showing that mitochondrial integrity plays 
a crucial role in response to mitotane treatment (Fig. 2A). 
Bikas et al (54) examined the effect of mitotane on different 
histological subtypes of thyroid cancer, using the same 
concentration (50 µM) and time point (24 h) as those used 
in the present study. The study observed that treatment with 
mitotane promoted DSBs and activated the apoptotic process, 
while also reducing the mitochondrial membrane potential. 
Consistent with these reports, the present study also found 
that mitotane‑treated adrenal cells presented higher levels of 
histone γH2AX expression and cleaved PARP‑1 based on flow 

Figure 7. Clinical significance of genes commonly regulated by mitotane in the survival of patients with cancer. (A) Expression results for ACC and from The 
Cancer Genome Atlas database. The expression level for all analyzed genes was divided into high (above median) and low (below median) expression. Those 
groups were used to calculate HRs. (B) Genes in which both HRs were statistically significant were subjected to Kaplan‑Meier survival analysis. ACC, adreno‑
cortical carcinoma; SKCM, skin cutaneous melanoma; HR, hazard ratio; CCNA2, cyclin A2; CDCA, cell division cycle associated; PLK1, polo like kinase 1; 
CENPI, centromere protein I; SGO1, shugoshin 1; TPM, transcripts per kilobase million.
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cytometry reflecting DSBs and apoptosis (Fig. 2B and 2D) as 
well as necrosis (Fig. 2C). Cerquetti et al (55) found that mito‑
tane interferes with the modulation of two DNA mismatch 
repair protein enzymes (DNA mismatch repair protein MSH1 
and DNA mismatch repair protein MSH2), which form part of 
the mismatch DNA repair mechanism, which could explain the 
radiosensitizing properties of mitotane. In the current study, 
mitotane treatment promoted the expression of numerous 
genes involved in DSB repair, including BRCA2, XRCC4 and 
RAD51. Importantly, those genes were upregulated or down‑
regulated according to the type of cell, indicating that ACC 
and melanoma cells appear to promote different DNA repair 
mechanisms at different levels. 

It has been reported that combined treatment with mitotane 
and ionizing radiation (IR) induces accumulation of H295R 
and SW13 cells in G2 phase (56). Mitotane can enhance the 
cytotoxic effects of IR via the attenuation of DNA repair and 
interference in the activation of mitosis‑promoting factor, which 
is mainly regulated by cyclin B1 degradation. This phenom‑
enon may explain the defective activation of CDC2, which is 
involved in G2/M phase arrest, and probably induced by concur‑
rent treatment with mitotane and IR (56). However, the present 
study found that mitotane administered alone triggered the 
accumulation of cells (ACC and melanoma) in the G1 phase of 
the cell cycle (Fig. 2E), leading to a smaller percentage of cells 
in the S and G2 phases. This finding was further confirmed by 
analyzing CDK2 and CDK4 gene expression, since an inverse 
correlation between CDK2 and CDK4 gene expression was 
observed, which is logical, considering that each gene is charac‑
teristic of a different phase of the cell cycle (namely, CDK2 of 
the G2/M transition and CDK4 of the G1 phase).

Volante et al (57) evaluated the expression of ribonucleo‑
tide reductase large subunit 1 (RRM1) in a cohort of patients 
with ACC, and evaluated the association of gene expression 
with clinical outcomes, finding that RRM1 gene expression 
was functionally associated with mitotane sensitivity, thus 
supporting a potential role for RRM1 determination as a novel 
molecular biomarker to predict response to adjuvant mitotane 
in patients with ACC. The present study analyzed the whole 
transcriptome of treated cells using microarray analysis 
(Figs. 3‑6). The results revealed that primary melanoma, 
WM266‑4 and HAC15 cells had distinct gene expression 
profiles. The largest changes in gene expression profiles after 
mitotane administration were observed in HAC15 cells (Fig. 3). 
Next, it was demonstrated that mitotane triggered changes in 
BPs involved in DDR; more specifically, it decreased cell divi‑
sion activity with mitotic nuclear division in adrenocortical 
cells (Fig. 4A and B). Seidel et al (53) found that untreated 
resistant HAC15 cells showed significant upregulation of 
genes involved in apoptosis regulation and downregulation of 
pathways associated with steroid metabolism, regulation of the 
ERK cascade, apoptotic cell clearance and response to xeno‑
biotics. In that study, mitotane treatment (70 µM) of control 
cells upregulated several pathways, including cell death and 
unfolded protein response. By contrast, pathways related to 
lipid homeostasis and transport were downregulated (53). 
In another study, GSEA of GO categories revealed reduced 
expression of 36 gene sets 48 h after mitotane treatment of 
NCI‑H295R cells, reduced expression of 124 gene sets at 72 h 
of treatment, overexpression of 1 gene set at 48 h of treatment 

and overexpression of 21 gene sets at 72 h of treatment. Reduced 
expression of lipid biosynthesis, steroid biosynthesis, steroid 
metabolic process and several cell cycle categories (such as 
mitosis and M phase) were typically observed at 48 and 72 h 
post‑treatment (58).

By pathway analysis of expression genomics data, 
Sbiera et al (16) revealed activation of endoplasmic reticulum 
stress and marked alteration of lipid‑related genes caused 
by mitotane treatment in NCI‑H295 cells. To the best of our 
knowledge, there are no studies on the gene expression profile of 
different types of cells treated with mitotane. Based on GSEA, 
the present study obtained similar results to those described by 
Sbiera et al (16). Mitotane caused ER stress, and reduced the 
sterol biosynthetic process, mitotic sister chromatid segregation 
and cell cycle G2 checkpoint, inter alia (Fig. 5). In all the cell types 
evaluated in the current study, common modifications in BPs 
were observed, such as activation of cellular amino acid biosyn‑
thetic process, and attenuation of cell division (Fig. 6A and B). 
Several genes, including CCNA2, CDCA3, CDCA8, PLK1, 
CENP1, SGOL1, KIF18B, KIF20A, anillin actin binding protein 
and NUF2 component of NDC80 kinetochore complex, are of 
particular interest, as their expression was attenuated in all cell 
types after mitotane treatment (Fig. 6C). These genes are all 
involved in the control of the cell cycle and division.

Regarding cancer survival, the present study focused on 
the role of the following genes, which are commonly regulated 
by mitotane: CCNA2, CDCA3, CDCA8, PLK1, CENP1 and 
SGOL1 (Fig. 7). Expression of these genes below the median 
levels correlates with higher survival rates in patients diagnosed 
with ACC and SKCM. The role of these selected genes in cancer 
prognosis has been reported. Liu et al (59) observed that PLK1 
is a potential target for cancer therapy, as it plays multiple roles 
in the cell cycle, controlling mitotic entry and G2/M checkpoint, 
and coordinates centrosome and cell cycle. In addition, PLK1 
also regulates spindle assembly and chromosome segregation, 
and facilitates DNA replication. Overexpression of this gene 
is associated with a poor prognosis in patients with cancer. 
Similarly, KIF18B and KIF20A mediate basic cell physiology 
through the regulation of the cell cycle, DNA replication, and 
biological DNA repair processes and pathways. This explains 
why KIF18B and KIF20A, both of which play an important role 
in cell cycle regulation, influence clinical outcomes in patients 
with lung adenocarcinoma (60). Furthermore, overexpression of 
tumor‑related KIFs is correlated with worse outcomes in breast 
cancer and hepatocellular carcinoma; thus, KIFs may serve 
as prognostic biomarkers in these cancer types (61,62). The 
mRNA and protein levels of CENPI are significantly increased 
in estrogen receptor (ER)‑positive breast carcinoma, but not 
in ER‑negative breast carcinoma. Well‑established prognostic 
tests, such as Adjuvant! Online and the Nottingham Prognostic 
Index, suggest that the overexpression of CENPI is a strong 
independent marker for a poor prognosis and poor survival in 
patients with ER‑positive breast cancer (63). A previous study 
showed that CCNA2 was a significant prognostic indicator in 
ER‑positive breast cancer progression and tamoxifen resis‑
tance (64). CCNA2 is overexpressed in numerous cancer types, 
which indicates its potential role in cancer transformation and 
progression. CCNA2 may also be involved in the processes of 
epithelial‑mesenchymal transition and metastasis (65). Three 
members of the cell division cycle‑associated gene family 
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(CDCA3, CDCA5 and CDCA8) are distinctly overexpressed 
in breast cancer tumors and cell lines. This overexpression is 
associated with a poor prognosis, with a low survival prob‑
ability (66). Overall, decreased expression of these genes after 
mitotane treatment in the present study appears to be a reliable 
prognostic factor.

In conclusion, the present study aimed to clarify the 
mechanism by which mitotane, which is routinely used to 
treat ACC, affects other cell types. The current in vitro find‑
ings suggest that mitotane is not as effective in melanoma 
as in adrenal carcinoma. In the present study, mitotane 
had the greatest effect on a human ACC cell line, followed 
by a medium effect on an established metastatic human 
melanoma cell line. In the cell line derived from metastatic 
human melanoma, the response to mitotane was moderate. 
The three cell lines differed in terms of the intensity of their 
response to mitotane (primary metastatic melanoma cell line 
< established metastatic melanoma cell line < human adrenal 
carcinoma cell line), and in their activation of different 
signaling pathways.

It is important to emphasize that the patient reported in 
the present study, who exhibited metastatic melanoma in the 
adrenal glands, responded well to mitotane therapy, and this 
real‑world evidence is superior to the findings derived from 
in vitro experiments, including those performed in the current 
study. As a result, it is difficult to clarify the mechanism by 
which mitotane affects different cell types, and therefore, 
further studies are required. In conclusion, the present study 
provides a detailed description of the mechanisms that appear 
to be activated in response to mitotane treatment.
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