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Simple Summary: High-grade serous ovarian carcinoma (HGSOC) has poor prognosis for patients
due to its high rate of recurrence and acquired resistance to therapy. MEK1/2-ERK1/2 signaling
pathway that controls cell proliferation and survival is active in the majority of HGSOC cases, but its
functional impact is unclear. We suggest that inhibition of MEK1/2 with specific inhibitor trametinib
may exert anti-cancer effects upon HGSOC cells. Here we demonstrate that trametinib treatment of
HGSOC cells indeed prominently inhibits cell proliferation and tumor growth, and that cisplatin-
resistant cells displaying high MEK1/2 activity are particularly sensitive to trametinib. However,
we also discovered that trametinib treatment of HGSOC cells has no cytotoxic effects and promotes
cancer stem-like characteristics. We therefore suggest to use MEK1/2 inhibitors with other treatment
strategies targeting cancer stem-like cells, like aldehyde dehydrogenase 1 inhibition that might show
together strong synergy.

Abstract: High-grade serous ovarian carcinoma (HGSOC) is the deadliest of gynecological cancers
due to its high recurrence rate and acquired chemoresistance. RAS/MEK/ERK pathway activation
is linked to cell proliferation and therapeutic resistance, but the role of MEK1/2-ERK1/2 pathway
in HGSOC is poorly investigated. We evaluated MEK1/2 pathway activity in clinical HGSOC
samples and ovarian cancer cell lines using immunohistochemistry, immunoblotting, and RT-qPCR.
HGSOC cell lines were used to assess immediate and lasting effects of MEK1/2 inhibition with tram-
etinib in vitro. Trametinib effect on tumor growth in vivo was investigated using mouse xenografts.
MEK1/2 pathway is hyperactivated in HGSOC and is further stimulated by cisplatin treatment.
Trametinib treatment causes cell cycle arrest in G1/0-phase and reduces tumor growth rate in vivo
but does not induce cell death or reduce fraction of CD133+ stem-like cells, while increasing expres-
sion of stemness-associated genes instead. Transient trametinib treatment causes long-term increase
in a subpopulation of cells with high aldehyde dehydrogenase (ALDH)1 activity that can survive
and grow in non-adherent conditions. We conclude that MEK1/2 inhibition may be a promising
approach to suppress ovarian cancer growth as a maintenance therapy. Promotion of stem-like
properties upon MEK1/2 inhibition suggests a possible mechanism of resistance, so a combination
with CSC-targeting drugs should be considered.
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1. Introduction

In the US, ovarian cancer ranks 5th in cancer-related deaths in women, displaying
the 5th highest mortality rate [1,2]. About 90% of ovarian cancer cases are epithelial
in origin [3] with high grade serous ovarian cancer (HGSOC) being the most common
and deadly subtype [2,4,5] (additional information available from The Surveillance, Epi-
demiology, and End Results (SEER) Program of the National Cancer Institute (NCI),
https://seer.cancer.gov/statfacts/html/ovary.html (accessed on 16 December 2020). While
most HGSOC tumors initially respond well to platinum-based therapy, about 75% of pa-
tients experience disease relapse [4,6-9] due to acquired resistance to chemotherapeutic
agents [4,5,10,11]. Multiple mechanisms of chemoresistance include activation of DNA
repair systems, increased drug efflux due to ABCB1 membrane transporter overexpression,
changes in drug-specific metabolism, and apoptosis inhibition [10,12,13].

Tumor heterogeneity likely contributes to chemotherapy resistance. Ovarian tumors are
heterogeneous on both genomic and cellular levels [14,15]. At the cellular level, analysis of
cisplatin-sensitive vs. cisplatin-resistant tumors revealed that resistant cells descend from
pre-existing minor subpopulations in the primary tumor [16], which most likely represent
cancer stem-like cells (CSCs) [17-23]. CSCs possess high resistance to cytotoxic and genotoxic
effects, are capable of self-renewal, and asymmetric division that generates a progeny of
fast-proliferating bulk tumor cells [24]. CSCs possess a high tumorigenic potential and can
re-initiate tumor development after chemotherapeutic treatment [18,25,26]. Survival and
proliferation of CSCs in various tumors has been shown to be highly dependent on activity
of mitogen-activated protein kinase (MAPK) signaling [27-30].

The MEK1/2 branch of the MAPK pathway mainly stimulates cell proliferation, mi-
gration, and differentiation (Figure 1A), while p38- and JNK/SAPK-associated signaling
induces apoptosis, inflammation, and stress responses [31]. MEK1/2 signaling hyperac-
tivation frequently occurs in malignant tumors and is therefore a promising target for
anticancer therapy [32,33]. Because MEK1/2 selectively activates ERK1/2, its inhibition is
an efficient way to suppress the activity of the whole cascade [34]. Based on clinical stud-
ies [35], MEK1/2 inhibitors received U.S. Food and Drug Administration (FDA) approval
for tumors with activating BRAF mutations, including melanoma (trametinib, cobimetinib
and binimetinib), non-small cell lung cancer (trametinib), and thyroid cancer (trametinib)
(information available at https:/ /www.fda.gov/ (accessed on 16 December 2020)).

The function of the MEK1/2-ERK1/2 pathway has been mainly studied in low-grade
ovarian tumors due to high frequency of activating KRAS and BRAF mutations [36,37]. De-
spite the absence of KRAS/BRAF mutations in HGSOC, MEK1/2 signaling hyperactivation
was reported in HGSOC and is associated with poor prognosis [38]. A limited amount of
data suggests that MEK1/2-ERK1/2 pathway in HGSOC is responsible for development of
cisplatin resistance [39,40]. The present paper aims to investigate the role of high MEK1/2
activity in the regulation of proliferation, viability, and stemness of HGSOC cells.
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Figure 1. The MEK1/2 signaling pathway and its genetic alterations observed in HGSOC tissues. (A)
The main elements of the MEK1/2 signaling pathway and cell properties controlled by its activity.
(B) Genetic alterations and expression changes observed for MEK1/2 pathway elements in HGSOC
tissues according to TCGA data. (C) Frequency of different genetic and transcriptional alterations of
MEK1/2 pathway elements in HGSOC tissues. CN—copy number.

2. Materials and Methods
2.1. Clinical Tissue Samples

Data on MEK1/2 pathway genetic alterations were obtained from TCGA Research
Network (https:/ /www.cancer.gov/tcga, (accessed on 18 October 2018) database via
cBioPortal [41,42]. Data on mutations, copy number alterations and mRNA expression for
316 complete samples from Ovarian Serous Cystadenocarcinoma (TCGA, Nature 2011)
dataset were used.

Patient samples used for experiments were obtained in accordance with protocols
approved by the University of Michigan’s IRB (HUMO0009149). All participants provided
a written consent for tumor collection. Tumors were processed for protein isolation as
previously described [22]. Tissue microarray (TMA) slides constructed using paired clinical
samples of HGSOC and normal fallopian tube tissue were commercially purchased from
Lifespan Research Laboratories (Providence, RI, USA).

2.2. Cell Culture

OVCARS, PEO4, and A2780 cells were provided by Dr. S. Murphy (Duke University,
Durham, NC, USA). Kuramochi and OVSAHO cell lines were purchased from the Japanese
Collection of Research Bioresources Cell Bank (Osaka, Japan). TOV21D (also known as
TOV112D), HEY, and TOV21G cells were purchased from American Type Culture Collec-
tion (ATCC, Manassas, VA, USA), PEOL1 cells were purchased from European Collection
of Authenticated Cell Cultures (Millipore Sigma, Burlington, MA, USA). Mycoplasma
was tested on a monthly base. OVCARS, PEO4, Kuramochi, OVSAHO, and PEO1 are
HGSOC cell lines, whereas A2780, TOV21D, HEY1, and TOV21G cells are Type I ovarian
cancer. All cell lines were cultivated in RPMI-1640 medium (Corning, Tewksbury, MA,
USA) supplemented with 5% FBS (Thermo Fisher Scientific, Waltham, MA, USA) and peni-
cillin/streptomycin (Corning). PEO1 cells were cultivated in medium with the addition of
1 mM sodium pyruvate (Corning).
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2.3. Drug Treatment of Cultured Cells

Compounds used included trametinib (Selleck Chemicals, Houston, TX, USA), Z-VAD-
FMK (UBP Bio, Aurora, CO, USA), Nec-1 (ApexBio, Houston, TX, USA), cisplatin (ApexBio),
and staurosporine (ApexBio). Trametinib, Z-VAD-FMK, Nec-1, and staurosporine were
dissolved in DMSO (Fisher Scientific, Waltham, MA, USA) and cisplatin was dissolved
in sterile water. Control samples in all experiments performed were treated with vehicle
only. Vehicle concentration in growth medium did not exceed 0.2%. Cell treatment was
performed by aspirating the growth media from the cells and replacing it with growth
medium containing selected concentrations of drugs.

2.4. Immunoblotting

Total protein extracts were obtained from cell or tissue samples using Pierce RIPA
buffer (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer’s protocol.
Protein concentrations were estimated using Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). 40 pg of total protein were separated in Bolt 4-12% Bis-Tris Plus Gels (Thermo
Fisher Scientific) and transferred to Hybond P 0.45 PVDF membranes (GE Healthcare,
Chicago, IL, USA). Membranes were blocked with 5% BSA (Fisher Scientific) in tris-buffered
saline with Tween-20 (TBST) (Fisher Scientific) and probed overnight at 4 °C with the follow-
ing primary antibodies diluted in 5% BSA in TBST: pMEK1/2 (Cell Signaling Technology,
Danvers, MA, USA, 41G9, 1:1000), pERK1/2 (Cell Signaling Technology, D13.14.4E, 1:1000),
total ERK1/2 (Cell Signaling Technology, 137F5, 1:1000), pp90RSK1 (R&D Minneapolis,
MN, USA, 1024A, 1:1000), GAPDH (ProteinTech, Rosemont, IL, USA, 1E6D9, 1:10,000),
PSMAD? (Cell Signaling Technology138D4, 1:1000), pSTAT3 (Cell Signaling Technology,
D3A?7,1:1000), pGSK3b (Cell Signaling Technology, D85E12, 1:1000), pCRAF (Cell Signaling
Technology, 56 A6, 1:1000). Secondary antibodies were HRP-conjugated anti-rabbit IgG
(Cell Signaling Technology, 7074, 1:10,000) or anti-mouse IgG (Cell Signaling Technology,
7076, 1:10,000) diluted in 5% skim milk (Millipore Sigma, Burlington, MA, USA) in TBST.
Protein bands were developed using Luminata Classico or Luminata Forte HRP substrate
(Millipore Sigma) and detected using Amersham Imager 600 (GE Healthcare, Chicago, IL,
USA). After band detection, every membrane was incubated in Restore PLUS Western Blot
Stripping Buffer (Thermo Fisher Scientific) for 30 min at room temperature and re-probed
for GAPDH. Densitometric analysis of immunoblot images was performed using Image
Lab V 6.1.0 software (Bio-Rad Laboratories, Hercules, CA, USA). Raw band intensity values
obtained for proteins of interest were divided to corresponding intensity values of GAPDH
bands detected using the same immunoblot membrane. Resulting values were additionally
normalized to one of the samples, with relative band intensity level for this sample being
equal to 1.00 (see Figure Legends for detailed description of each immunoblot experiment).
All uncropped images of immunoblot membranes are available in the Supplementary
Materials.

2.5. Immunohistochemical Staining of Tissue Slides

TMA slides were deparaffinized and rehydrated according to common protocols.
Antigen retrieval was performed by boiling the slides in citrate buffer (pH = 6.0) for 10 min
using a microwave oven. Sections were blocked using solution of 10% FBS (Thermo Fisher
Scientific) and 1% BSA in TBS for 2 h at room temperature and probed with pERK1/2
antibodies (Cell Signaling Technology, D13.14.4E, 1:100 in TBS with 1% BSA) overnight at
4 °C. Slides were rinsed with 0.025% Triton-X100 (Fisher Scientific) in TBS, probed with
secondary HRP-conjugated anti-rabbit IgG (Cell Signaling Technology, 7074, 1:1000 in TBS
with 1% BSA) for 1 h at room temperature and developed with a 3,3-diaminobenzidine
kit (Vector Laboratories, Burlingame, CA, USA). Separate slides were counterstained with
hematoxylin (Fisher Scientific). After staining slides were rinsed with DI water, dehydrated
and mounted using toluene (Fisher Scientific).

Tissue slides with tumor samples obtained from mice injected with PEO4 cells (see
below) were stained at the histology core at the University of Michigan using EDTA-based
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antigen retrieval and mouse anti-ALDH antibody (BD Biosciences, San Jose, CA, USA,
clone 44/ALDH,; 1:100) as previously described [43]. For stain quantification, five sections
from three tumors per treatment group were analyzed by two people. Counts were then
compared using a 2-sided Student’s t test.

2.6. Immunofluorescent Staining of Tissue Slides

Tissue slides were deparaffinized and rehydrated according to common protocols.
Antigen retrieval was performed by boiling the slides in citrate buffer (pH = 6.0) for 10 min
using a microwave oven. Sections were blocked using solution of 10% FBS (Thermo Fisher
Scientific) and 1% BSA in TBS for 2 h at room temperature and probed with pERK1/2
antibodies (Cell Signaling Technology, D13.14.4E, 1:100 in TBS with 1% BSA) overnight at
4 °C. Slides were rinsed with 0.025% Triton-X100 (Fisher Scientific) in TBS, probed with
secondary Alexa488-conjugated anti-rabbit IgG (Cell Signaling Technology, 4412, 1:1000
in TBS with 1% BSA) for 1 h at room temperature and counterstained with 1 pg/mL
4’ 6-diamidino-2-phenylindole (DAPI, Millipore Sigma). After staining slides were rinsed
three times with TBS, coverslips were mounted using PermaFluor medium (Thermo Fisher
Scientific).

2.7. RT-qPCR Analysis of Gene Expression

Total RNA was isolated from cell or tissue samples using TRIzol reagent and the
PureLink RNA Mini Kit (Thermo Fisher Scientific) with additional on-column DN Ase treat-
ment. Reverse transcription was performed using the RevertAid RT Reverse Transcription
Kit (Thermo Fisher Scientific). Quantitative PCR analysis of gene expression levels was
performed in a CFX96 Touch thermocycler (Bio-Rad Laboratories) using PowerUp SYBR
Green Master Mix (Thermo Fisher Scientific) and primers listed in Table S1. A three-step
amplification program (15 s at 95 °C, 45 s at 62 °C, 30 s at 72 °C) was run for 40 cycles
and reaction specificity was checked by melt curve analysis and agarose electrophoresis.
Reaction efficiency was evaluated using standard curve approach and was within 98-102%
for all primers. Transcript abundance was estimated using Pfaffl’s method [44], TBP was
used as a housekeeping normalization gene.

2.8. Cell Viability Assay

Cells were plated in 12-well plates (Olympus Plastics, El Cajon, CA, USA) at 100,000
cells/well. After 24 h, growth medium was replaced with fresh medium containing
compounds of interest. If Z-VAD-FMK or Nec-1 were used in treatment, cells were pre-
treated with aforementioned compounds for 45 min before adding other compounds. After
72 h of treatment, cells were harvested by trypsinization, pelleted, and resuspended in
PBS. Numbers of viable and dead cells were assessed by direct counting using a Countess
automated cell counter (Thermo Fisher Scientific) in the presence of 0.4% Trypan Blue. IC50
values were estimated based on relative viable cell numbers obtained for cells treated with
different concentrations of cisplatin or trametinib.

2.9. Real-Time Cytotoxicity Assay

Cells were plated in 96-well plates (Olympus Plastics) at 5000 cells/well. After 24 h,
growth medium was replaced with fresh medium containing compounds of interest and
Cytotox Green Reagent (Essen BioScience, Ann Arbor, MI, USA). Dead cells were detected
in real time for 72 h using the IncuCyte S3 cell imaging system (Essen BioScience). The rela-
tive cytotoxicity level was estimated as the number of green fluorescent objects normalized
to corresponding cell confluence values. Staurosporine (200 nM) was used as a positive
control to induce cell death.

2.10. Average Cell Size Estimation

Cells were plated in 96-well plates (Olympus Plastics) at 5000 cells/well. After 24 h,
growth medium was replaced with fresh medium containing compounds of interest. After
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72 h of treatment, plates with the cells were imaged us-ing IncuCyte S3 system (Essen
BioScience). The total area covered with cells was estimated using Image]2 software [45]
and divided by total number of cell nuclei in the analyzed image.

2.11. Cell Cycle Assay

Cells were plated in 12-well plates at 100,000 cells/well. After 24 h, growth medium
was replaced with fresh medium containing compounds of interest. After 24 h of treatment,
cells were harvested by trypsinization, resuspended in 300 pL of ice-cold PBS, and fixed by
the addition of 0.7 mL of ice-cold 70% ethanol in a dropwise manner with constant mixing.
After addition of ethanol, samples were stored at —70 °C overnight. Fixed cell samples
were washed with ice-cold ethanol twice, treated with 0.2 mg/mL RNAse A for 60 min
at 37 °C, and stained with 10 ug/mL propidium iodide. Stained samples were analyzed
using the FACSCalibur flow cytometer (BD Biosciences) and ModFit LT software (Verity
Software House, Topsham, ME, USA), at least 25,000 qualifying events were detected in
each evaluated sample.

2.12. Knockdown of Gene Expression with siRNA

Cells were plated in 12-well plates at 50,000 cells/well. After 24 h, growth medium
was replaced with fresh medium, and cells were transfected with 30 pmol ON-TARGETplus
control non-targeting siRNA or SMARTpool siRNA against human RIPK1 (Dharmacon,
Lafayette, CO, USA) using Lipofectamine RNAIMAX reagent (Thermo Fisher Scientific)
according to manufacturer’s protocol. Cells were transfected overnight, and the transfection
medium was replaced with fresh medium next morning. After 6 h, cells were treated with
drugs as described above.

2.13. Estimation of CD133+ Cell Fraction

Cells were harvested by trypsinization, washed with cold PBS, resuspended in PBS
and stained with anti-CD133 antibodies conjugated with APC fluorophore (Miltenyi Biotec,
Bergisch Gladbach, Germany, 293C3, 1:50) for 30 min at 4 °C. Stained cells were washed
with cold PBS and resuspended in PBS containing 0.1 ug/mL DAPI to exclude dead cells
from analysis. Samples were analyzed using CytoFLEX flow cytometer and CytExpert soft-
ware (Beckman Coulter, Brea, CA, USA) according to previously described algorithms [22].

2.14. Estimation of ALDH Activity

Cells were harvested by trypsinization, washed with cold PBS and stained using
the ALDEFLUOR Kit (STEMCELL Technologies, Vancouver, BC, Canada) according to
a previously described protocol [22]. Stained cells were resuspended in ALDEFLUOR
Assay Buffer containing 0.1 pug/mL DAPI to exclude dead cells from analysis. Samples
were analyzed using the CytoFLEX flow cytometer and CytExpert software (Beckman
Coulter). Cells displaying ALDEFLUOR signal at least 10-fold higher than median values
were considered “high-positive” and their fraction was evaluated separately.

2.15. Spheroid Cell Growth Assay

Cells were seeded in 24-well ultra-low attachment plates (Corning) at 2000 cells/well.
After 7 days, cell clusters were harvested and disrupted by mild trypsinization, pelleted,
and resuspended in PBS. Numbers of viable and dead cells were assessed by direct counting
using a Countess automated cell counter (Thermo Fisher Scientific) in the presence of 0.4%
Trypan Blue.

2.16. Animal Studies
All experiments were performed with approval of the University Committee on Use
and Care of Animals at the University of Michigan (Ann Arbor, MI, USA). PEO-4 cells

(100,000) in 100 pL of Matrigel (BD Biosciences) were injected subcutaneously into the
axillae of 8-week-old female NOD.Cg-Prkdcscid I12rgtm1Wijl/Sz] (NSG) mice. Mice were
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randomly assigned to one of the two treatment conditions. Three days after cell injection,
the mice were treated with IP injections of DMSO or 1 mg/kg trametinib daily (n = 10 mice
per treatment group) for 25 days. This is based on a final tumor volume of control animals
of ~1000 mm?® with an expected standard deviation of 30%. The experiments proposed
will have 82.5% power to detect a 35% reduction in tumor. Tumors were measured using
calipers, and tumor volume (L x W x W/2) was calculated by two scientists who were
not part of treatment group. After 25 days, mice were sacrificed, and tumor tissue samples
were collected for analysis.

2.17. Statistical Analysis

At least 3 independent biological replicates were performed for each cell culture
experiment, the exact sample sizes are provided in corresponding figure legends. Gene
expression levels were considered to be log-normally distributed [46] and differences
between sample groups were evaluated using two-tailed Student’s T-test with Welch’s
correction for unequal variances after logarithmic transformation of data. Differences
between sample groups in cell culture experiments and in vivo experiments were evaluated
using two-tailed Mann-Whitney U-test (data distribution normality for sample sizes higher
than n = 7 was rejected based on Shapiro-Wilk test) unless it is stated different in the figure
legend. Statistical significance was accepted with p < 0.05. Asterisks “*”, “**”, and “***”
denote p < 0.05, p < 0.01, and p < 0.001, respectively. Statistical analysis was performed in
OriginPro 2016 software (OriginLab Corporation, Northampton, MA, USA). Half-maximal
inhibitory concentration (IC50) and 50% growth inhibitory concentration (GI50) values
were calculated using the nonlinear regression algorithm in Prism 7 software (GraphPad
Software, San Diego, CA, USA). Comparison of IC50 and GI50 values for different cell lines
treated in the same way was performed based on overlap of 95% confidence intervals.

3. Results
3.1. The MEK1/2 Pathway Is Active in High Grade Ovarian Tumors

Activation of MEK1/2 signaling frequently occurs in cancer cells and promotes cell
proliferation [32]. The MEK1/2 pathway has a clear hierarchical structure of signal trans-
duction (Figure 1A, Table S2). We used data available from The Cancer Genome Atlas
(TCGA) Research Network database (https://www.cancer.gov/tcga (accessed on 18 Octo-
ber 2018)) to analyze genetic and transcriptional changes in MEK1/2 pathway components
occurring in HGSOC [41,42]. While KRAS and BRAF mutations only occur in 1.26% of
HGSOC cases, 25% of cases display amplifications (2 or more extra copies) in one or more of
genes involved in MAPK signal transduction (Table S2). Taking local genetic gains (1 extra
copy) and mRNA overexpression events into account increases the percentage of cases with
pro-active changes in the MEK1/2 pathway to 95% (Figure 1B). SOS1, KRAS, and BRAF
are more often affected by these alterations compared to their downstream targets, MEK
and ERK (Figure 1C). Deletions of MEK-related genes are very rare in HGSOC comprising
1.6% of all cases (Figure 1B).

To confirm activity at the protein level, we next analyzed the level of phosphory-
lated and total ERK1/2 (pERK1/2 and tERK1/2, respectively) in 43 clinically obtained
HGSOC tumors. We detected pERK1/2 bands in 84% (36 of 43 cases) of samples using
immunoblotting (see Figure 2A for representative set of 18 samples and Supplementary
Immunoblotting Data for original immunoblot images for all examined samples). This
observation was further confirmed using TMA slides constructed from paired samples
of HGSOC and benign fallopian tube obtained from 10 independent patient samples.
IHC analysis detected positive pERK1/2 staining in nine out of 10 tumor samples with
staining intensity being similar or more prominent than in the corresponding normal sam-
ples (Figure 2B and Figures S1-53). The MEK1/2 pathway is also hyperactive in various
ovarian cancer cell lines as indicated by high pMEK1/2, pERK1/2 and pp90RSK1 levels
(Figure 2C).
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Figure 2. (A) Immunoblotting analysis of phosphorylated and total ERK1/2 levels in representative
set of 18 clinical samples of HGSOC tissue. (B) Immunohistochemical staining of phosphorylated
ERK1/2 in 8 representative paired clinical samples of HGSOC and normal fallopian tube tissues.
Scale bars: 200 pm. (C) Immunoblotting analysis of MEK1/2-ERK1/2 pathway component activ-
ities in various ovarian cancer cell lines. Numbers under the bands represent relative intensity
normalized to GAPDH level and Kuramochi sample used as a positive control for all proteins.
pPERK1/2—phosphorylated ERK1/2, tERK1/2—total ERK1/2, pMEK1/2—phosphorylated MEK1/2,
pp90RSK1—phosphorylated p90RSK1, Pt XXX—patient number XXX as provided by Lifespan Re-
search Laboratories.

Activation of MEK1/2 pathway was previously reported in some HGSOC cells in
response to high doses of cisplatin and may be linked to development of cisplatin resis-
tance [39,40,47,48]. We therefore used OVCARS and PEO4 cell lines (displaying moderate
PMEK1/2 levels, Figure 2C) to confirm that these effects are reproduced in our model sys-
tems. While both OVCARS and PEO4 cells are already considered platinum-resistant [49-51],
we sought to evaluate the possible effects of repeated platinum-based treatment. As ex-
pected, cisplatin treatment of OVCARS and PEO4 cells (Figure S4A) enhanced ERK1/2
and p90RSK1 activation in response to increasing doses of drug (Figure 3A). We therefore
generated OVCARS and PEO4 cell cultures with even higher cisplatin resistance by pro-
longed cultivation of cells in the presence of 0.1 pug/mL or 0.25 ug/mL of cisplatin. In
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agreement with data reported above, development of cisplatin resistance was associated
with enhanced ERK1/2 and p90RSK1 activity (Figure 3B). To additionally confirm MEK1/2-
ERK1/2 signaling changes, we evaluated expression of 10 genes (PHLDA1, SPRY2, SPRY4,
DUSP4, DUSP6, CCND1, EPHA2, EPHA4, ETV4, ETV5, see Table S3 for details) that were
reported to reflect MEK1/2 pathway activity [52]. We detected at least a two-fold increase
in PHLDA1, SPRY2, DUSP4, DUSP6, and EPHA?2 expression in cisplatin-resistant cells
(Figure 54B). EPHA4 expression levels in examined cells were below the detection limit, so
this gene was excluded from this and subsequent gene expression analyses. These results,
taken together with previously published observations, suggest an important role of high
MEK1/2-ERK1/2 activity in HGSOC development of chemoresistance.
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Figure 3. (A) Immunoblotting analysis of MEK1/2-ERK1/2 pathway component activities in cells treated with cisplatin
for 24 h. Numbers under the bands represent relative intensity normalized to GAPDH levels and Control samples, except
PP90RSK1 data that were normalized to samples showing the weakest detectable band intensity. (B) Immunoblotting analy-
sis of MEK1/2-ERK1/2 pathway component activities in cells resistant to the indicated concentrations of cisplatin. Numbers
under the bands represent relative intensity normalized to GAPDH levels and Control samples. (C) Immunoblotting analysis
of MEK1/2-ERK1/2 pathway component activation in cells treated with trametinib for 24 h. Numbers under the bands repre-
sent relative intensity normalized to GAPDH levels and Control samples. (D) Gene expression levels of MEK1/2-responsive
genes in cells treated with trametinib for 10 h. Data are normalized to “Control” samples and presented as mean+S.D. (n = 3,
two-tailed Student’s T-test with Welch’s correction, * - p < 0.05). Tra—trametinib, pERK1/2—phosphorylated ERK1/2,
tERK1/2—total ERK1/2, pp90RSK1—phosphorylated p90RSK1, N/D—non-detectable signal.
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3.2. Inhibition of MEK1/2 Causes Arrest of HGSOC Cell Proliferation without Inducing
Cell Death

We next evaluated the impact of a selective and non-competitive FDA approved in-
hibitor MEK1/2 inhibitor, trametinib [35], on HGSOC proliferation. Activity of the MEK1/2
pathway was completely inhibited by 10 nM or higher concentrations of trametinib after
24 h of treatment. Furthermore, trametinib-induced inactivation of the MEK1/2-ERK1/2
cascade caused corresponding decreases in the level of pp90RSK1, a downstream ERK1/2
target (Figure 3C). MEK1/2 inhibition was also reflected in substantial dose-dependent
downregulation of 8 out of 9 MEK-responsive genes expressed in OVCARS and PEO4 cells
after treatment with trametinib for 10 h (Figure 3D). These results indicate that trametinib is
a potent inhibitor of MEK1/2 signaling activity in HGSOC cells that downregulates the ac-
tivity of the entire MEK1/2-ERK1/2 axis, including downstream targets. Cisplatin-resistant
OVCARS and PEO4 cells display increased resistance to MEK1/2-ERK1/2-inhibiting ac-
tion of cisplatin indicated by retention of detectable pERK1/2 levels in cells treated with
10 nM trametinib (Figure S5). However, this effect is compensated by higher sensitivity to
physiological trametinib impact (see below, Figure S6D).

To evaluate the role of MEK1/2 activity on HGSOC proliferation, we treated cells
for 72 h with a wide range of trametinib concentrations (0.5 nM-1000 nM). The resulting
IC50 and GI50 values were 8.4 nM and 10.2 nM for OVCARS cells and 5.5 nM and 6.5 nM
for PEO4 cells, respectively (Figure 4A), with a maximum effect at 100 nM. Based on
these results, two trametinib concentrations (10 nM and 100 nM) were chosen for further
experiments. Treatment with 100 nM trametinib reduced viable cell numbers to 15%
(OVCARS) and 13% (PEO4) of control values (Figure 4B) without causing considerable
cytotoxic action (Figure 4C and Figure S6A,B). Imaging of live cells treated with trametinib
revealed significant increase in cell size (Figure 4D and Figure S6C). Cisplatin-resistant
OVCARS and PEO4 cells displayed higher sensitivity to cytostatic but not cytotoxic effects
of trametinib treatment (Figure S6D,E). Cell cycle analysis demonstrated that trametinib
treatment caused arrest of proliferation in the G1/0-phase but did not affect the sub-GO
fraction of apoptotic cells (Figure 4E). Enrichment of G1/0-phase cells may partially explain
the increase in cell size, since these cells accumulate proteins, nucleic acids and nutrients
required for DNA replication in S-phase.

While caspase inhibition with Z-VAD-FMK attenuated apoptosis induction by 0.2 uM
staurosporine (positive control, Figure S7A), it did not cause prominent impact trametinib-
induced changes in viable cell numbers (Figure 4F). Similarly, inhibition of the major
necroptosis regulator RIPK1 [53] with 10 uM Nec-1 (Figure 4G) or siRNA-mediated knock-
down of RIPK1 expression (Figure S7B,C) did not attenuate trametinib-induced effects. On
the opposite, combination of Nec-1 and 10 nM trametinib resulted in further suppression
of cell proliferation. These results suggest that the reduction in cell number is not due to
either caspase-dependent apoptosis or RIPK1-dependent necroptosis.
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Figure 4. Changes in functional characteristics of HGSOC cell cultures caused by trametinib treatment.

(A) Dose-response curves generated using relative viable cell numbers after treatment with various

concentrations of trametinib for 72 h. Data are normalized to vehicle-treated control samples (not

shown) and presented as mean=+S.D. (n = 3). (B) Viable cell numbers after treatment with selected

concentrations of trametinib for 72 h. Data are normalized to “Control” samples and presented
as mean + S.D. (n = 6, Mann-Whitney U-test, * - p < 0.05, ** - p < 0.01). (C) Cytotoxic effect of
trametinib treatment detected using the CytoTox reagent. Staurosporin is used as a positive control.

Fluorescence level for each time point is normalized to the area covered by cells and starting value;

data are presented as mean + S.D. (1 = 4, Mann-Whitney U-test, * - p < 0.05). (D) Average cell size after

treatment with trametinib for 72 h. Data are presented as mean + S.D. (1 = 4, Mann-Whitney U-test,

*

- p <0.05). (E) Cell cycle phase analysis after trametinib treatment for 24 h. (F) Effect of pan-caspase

inhibitor Z-VAD-FMK on cells treated with trametinib for 72 h. Data are normalized to “Control,
No Z-VAD-FMK” sample and presented as mean + S.D. (n = 4, Mann-Whitney U-test, * - p < 0.05).
(G) Effect of the RIPK1 inhibitor necrostatin-1 on cells treated with trametinib for 72 h. Data are
normalized to “Control, No Nec-1” sample and presented as mean + S.D. (1 = 6, Mann-Whitney

U-test, * - p < 0.05). Tra—trametinib, PI—propidium iodide, Nec-1—necrostatin-1.
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3.3. Trametinib Promotes Stemness of HGSOC Cells

(CSCs are associated with chemoresistance and recurrence [17,18,22,23], so we inves-
tigated the effect of trametinib on cancer stemness. Both OVCARS8 and PEO4 cell lines
display high percentages of CD133+ cells that are not reduced by trametinib treatment
(Figure 5A). In contrast, trametinib treatment of PEO4 cells for 10 h significantly pro-
moted the expression of cell stemness regulators SOX2, NANOG, POU5F1 (OCT#4), and two
ALDH1A homologs associated with elevated chemoresistance and the stem-like pheno-
type of ovarian cancer cells [18,22,54,55] (Figure 5B). We next treated PEO4 and OVCARS
cells with vehicle or 100 nM trametinib for 72 h, then performed drug washout to propa-
gate the cells selected by the treatment (hereinafter denoted as “PEO4-Washout-Control”
and “PEO4-Washout-Tra”, respectively, Figure S8A, or “OVCARS8-Washout-Control” and
“OVCARS8-Washout-Tra”, respectively, Figure S9A). PEO4-Washout-Tra cells displayed no
prominent differences in activity of MEK1/2 or other signaling pathways (Figure 5C) or
expression levels of MEK1/2-responsive genes (Figure S8B) in comparison to control cells.
Trametinib-driven selection had no biologically relevant effect upon cell proliferation rate
(Figure S8C), sensitivity to cisplatin (Figure S8D), or percentage of CD133+ cells (Figure
S8E); but resulted in SOX2 and ALDHA1A expression upregulation in comparison to con-
trol cells (Figure 5D and Figure S8F). PEO4-Washout-Tra also displayed enrichment of cells
with very high ALDH activity (Figure 5E, “High” gate). Similar effects were observed in
OVCARS cells (Figure S9), but no increase in ALDH1A1 expression (Figure SO9F,G) was
determined in cells growing in 2D.

The ability to grow in non-adherent conditions is a distinct feature of CSCs. We
therefore conducted a spheroid formation assay and detected a significantly higher growth
rate of both PEO4-Washout-Tra and OVCARS8-Washout-Tra cells in comparison to control
(Figure 5F and Figure S10A). Moreover, induction of ALDH1A1 expression observed in
adherent PEO4-Washout-Tra cells was further increased in spheroids and was accompa-
nied by upregulation of NANOG and POUS5F1 expression (Figure 5G and Figure S8H).
PEO4-Washout-Tra cells grown as spheroids retained a very high percentage of CD133+
cells (>90%, Figure S8G) and a higher fraction of ALDEFLUOR-bright cells compared to
control cells (Figure 5H, “High” gate). OVCARS8-Washout-Tra cells grown in non-adherent
conditions demonstrated similar trends in gene expression and fraction of CD133+ cells
(Figure S10B,C), while the subpopulation of ALDH-positive cells prominently increased
(Figure S10D). Taken together, these results indicate that cells surviving trametinib treat-
ment obtain a more pronounced CSC phenotype.

3.4. Effect of MEK1/2 Inhibition In Vivo

To examine the impact of MEK1/2 inhibition in vivo, we injected PEO4 cells sub-
cutaneously into mice that were subsequently treated intraperitoneally with 1 mg/kg
trametinib or vehicle daily. Trametinib treatment significantly reduced the rate of tumor
growth and caused a 4-fold decrease in tumor volume as estimated at 4 weeks after initial
cell injection (Figure 6A). Xenograft tumors grown in mice from both control and trametinib-
treated experimental groups displayed tissue morphology typical of HGSOC (Figure S11).
Immunofluorescent staining revealed drastic decrease of pERK1/2 levels in xenograft
tissue samples obtained from trametinib-treated mice (Figure 6B, for high-resolution im-
ages see Figure S12A); this result was additionally confirmed by immunoblotting analysis
(Figure S12B). Inhibition of MEK1/2-ERK1/2 activity was further confirmed by RT-qPCR
analysis that revealed the reduction of PHLDA1, SPRY4, DUSP4, DUSP6, EPHA2, ETV4,
and ETV5 expression levels (Figure 6C). In contrast with the changes observed in cells,
SPRY2 and CCND1 expression was not affected by trametinib in vivo. Xenografts from
trametinib-treated mice displayed increased ALDHI levels assessed via immunohisto-
chemical staining in comparison to samples obtained from control group (Figure S13),
suggesting that trametinib treatment caused CSC enrichment in tumor tissue. Thus, trame-
tinib treatment of tumors in vivo caused prominent inhibition of MEK1/2 pathway activity,
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reduced the rate of tumor growth, and promoted stem-like characteristics of tumor cells in
full concordance with results obtained in experiments in vitro.
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Figure 5. Effects of trametinib treatment on stemness-related characteristics of HGSOC cells. (A) Expression of the CD133
surface marker in cells treated with trametinib for 72 h. Gates indicate CD133-negative (“Neg”) and CD133-positive (“Pos”)
cell subpopulations. (B) Gene expression levels of stemness-related genes in cells treated with trametinib for 10 h. Data are
normalized to “Control” samples and presented as mean + S.D. (n = 3, two-tailed Student’s T-test with Welch’s correction, * -
p < 0.05). (C) Immunoblotting analysis of various signaling proteins activation in PEO4-Washout cells. Numbers under the
bands represent relative intensity normalized to GAPDH levels and PEO4-Washout-Control sample. (D) Gene expression
levels of stemness-related genes in PEO4-Washout cells. Data are normalized to “Washout-Control” samples and presented
as mean + S.D. (n = 3, two-tailed Student’s T-test with Welch’s correction, * - p < 0.05). (E) ALDEFLUOR analysis of PEO4-
Washout cells. N,N-diethylaminobenzaldehyde (DEAB) was used as ALDH inhibitor to define background ALDEFLUOR
signal and set proper gates for ALDH-positive cells. Gates indicate cell subpopulations displaying negative (“Neg”),
medium (“Med”), or high (“High”) levels of ALDH activity. (F) Viable cell numbers of PEO4-Washout cells after cultivation
in non-adherent 3D conditions for 7 days. Data are normalized to “Washout-Control-3D” samples and presented as mean +
S.D. (n =9, Mann-Whitney U-test, *** - p < 0.001). (G) Gene expression levels of stemness-related genes in PEO4-Washout
cells after cultivation in non-adherent 3D conditions for 7 days. Data are normalized to “Washout-Control-3D” samples and
presented as mean + S.D. (n = 3, two-tailed Student’s T-test with Welch’s correction, * - p < 0.05). (H) ALDEFLUOR analysis
of PEO4-Washout cells after cultivation in non-adherent 3D conditions for 7 days. DEAB was used as ALDH inhibitor to
define background ALDEFLUOR signal and set proper gates for ALDH-positive cells. Gates indicate cell subpopulations
displaying negative (“Neg”), medium (“Med”), or high (“High”) levels of ALDH activity. Tra—trametinib.
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Figure 6. Effects of trametinib treatment on HGSOC growth in vivo. (A) Growth kinetics of tumors
developed from subcutaneously injected PEO4 cells (1 = 10, Mann-Whitney U-test, *** - p < 0.001). (B)
Immunofluorescent staining of phosphorylated ERK1/2 (green) in PEO4 xenograft tissue samples.
Cell nuclei were counterstained with DAPI (blue). Scale bars: 20 um. (C) Gene expression levels of
MEK1/2-responsive genes in PEO4 xenograft tissue samples. Data are normalized to “Control group”
samples and presented as mean + S.D. (n = 3, two-tailed Student’s T-test with Welch’s correction,
* - p <0.05). Tra—trametinib, pERK1/2—phosphorylated ERK1/2.

4. Discussion

The present study evaluated the role of the MEK1/2 pathway in HGSOC and assessed
MEK1/2 inhibition as a therapeutic approach. Activation of the MAPK signaling pathway is
one of the most frequent events in cancer and affects many features inherent to malignant
cells [32,56]. Most notably, high activity of the MEK1/2-ERK1/2 portion of the MAPK cascade
directly promotes cell proliferation, survival, and drug resistance [31-33,57]. Furthermore,
a number of studies reported that ERK1/2 activation occurs in CSCs [27] and is crucial for
cell survival and proliferation in prostate, breast, and thyroid tumors [28-30]. A special
focus in MAPK signaling inhibition is placed on MEK1/2 as it acts as a “gatekeeper”
of MAPK pathway, conducting the signal from multiple upstream regulators towards
ERK1/2, which are the only downstream targets of MEK1/2 [34]. Development of a
new generation of non-competitive, highly specific MEK1/2 inhibitors (trametinib [58],
selumetinib [59], cobimetinib [60], and others) that show high efficiency and tolerable side
effects significantly increases the therapeutic potential of MEK1/2 inhibition.

Despite a lack of mutations activating KRAS or BRAF in HGSOCs, we observed high
levels of MEK1/2-ERK1/2 activity in a majority of clinical samples and cell lines. This
observation is further supported by recently published studies reporting an association
between high MAPK activity in HGSOC and poor survival [38,61]. Moreover, cisplatin
treatment of HGSOC cells results in further MEK1/2 pathway activation that persists in
cisplatin-resistant cells. MEK1/2-ERK1/2 signaling inhibition in ovarian cancer cells is
reported to sensitize them to chemotherapy [57], so MEK1/2 pathway hyperactivation
could be a mechanism allowing HGSOC cells to overcome cytotoxic effects of cisplatin.
Cisplatin-induced MEK1/2 activation in OVCARS and PEO4 cell lines established from re-
current tumors, which already obtained cisplatin resistance [49-51], suggests that repeated
cisplatin treatment can further promote MEK1/2-ERK1/2 activity and associated chemore-
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sistance in HGSOC. Such an effect could possibly be facilitated through cisplatin-driven
enrichment of chemoresistant CSCs that often display high MEK1/2 pathway activity.

TCGA data suggest that MEK1/2 signaling hyperactivation is caused by genetic
amplifications and overexpression of upstream MAPK components (GRB2, SOS1, RAS, and
RAF families) and therefore could be countered by MEK1/2 inhibition. Indeed, treatment
of ovarian cancer cell lines with the MEK1/2 inhibitor, selumetinib, results in prominent
inhibition of ERK1/2 phosphorylation [61]. Considering the MEK1/2-activating effects of
cisplatin discussed above, we focused our studies on cisplatin-resistant cells, OVCARS and
PEO4. These cell lines also display high ALDH1 activity and prominent subpopulations of
CD133+ cells, two distinct characteristics of ovarian CSCs [22,54,62—65].

Trametinib treatment drastically reduces the growth rates of HGSOC cells both in
culture and in vivo, confirming that MEK1/2-ERK1/2 activity is involved in driving cell
proliferation [31]. Anti-proliferative effects of MEK1/2 inhibitors have been reported in
many cell types, including ovarian cancer cells, and cause G1/0-phase cell cycle arrest due
to loss of ERK1/2 activation [38,61,66,67]. However, despite pronounced cytostatic action
in vitro, most first generation MEK1/2 inhibitors demonstrated limited efficacy in clini-
cal trials involving melanoma, breast, colon, lung, and pancreatic cancer patients [35,68].
Trametinib, on the other hand, belongs to a new generation of MEK1/2 inhibitors, displays
higher efficiency, and was the first MEK1/2 inhibitor approved by FDA for cancer treat-
ment [35]. Thus, trametinib could possibly show greater efficacy in clinical trials. This
suggestion is supported by a recent case report describing partial response to trametinib
treatment in a recurrent HGSOC patient with an extensive history of previous treatments,
including carboplatin, paclitaxel, bevacizumab, gemcitabine, and doxorubicin [69]. Trame-
tinib treatment resulted in reduction of tumor nodules’ size and serum CA125 levels with
tolerable adverse effects. It is, however, noteworthy that this particular HGSOC case had
an activating KRAS mutation that warranted for MEK1/2 inhibitor treatment attempt;
nevertheless, similar effects of MEK1/2 inhibitors may be expected if MEK1/2-ERK1/2
pathway activity is elevated in tumors with wild-type KRAS.

We observed that trametinib induces cell cycle arrest in HGSOC lines. The potential
of cell cycle arrest in HGSOC is best illustrated by paclitaxel that blocks cell cycle in the
G2/M-phase. Prolonged mitotic block results in apoptosis induction and eventual cell
death [70,71]. In a similar way, inhibition of MEK1/2 with trametinib induced death of
various tumor cells that are heavily dependent on elevated RAS-RAF-MEK1/2-ERK1/2
cascade activity [72-75]. In contrast to these reports, we did not detect any cytotoxic
effects caused by MEK1/2 inhibition in HGSOC cells. Recently another MEK1/2 inhibitor,
selumetinib, was reported to induce apoptosis in the PEO1 HGSOC cell line [61]. This
discrepancy can be explained by the fact that both OVCARS and PEO4 cells represent
cisplatin-resistant subgroups of HGSOC in comparison to cisplatin-sensitive PEO1 cells
and therefore may have developed various means of avoiding cell death. Our results
indicate that active MEK1/2 signaling, while promoting proliferation of cisplatin-resistant
HGSOC cells, is not essential for their survival. Moreover, loss of MEK1/2-regulated
negative feedback can induce RAF hyperactivation that promotes cell viability through
MEK1/2-unrelated pathways [68].

Cells surviving trametinib treatment obtain a prominent stem-like phenotype, includ-
ing increased ability to grow under non-adherent conditions, increased ALDH1 activity,
and a very high CD133+ fraction typical of ovarian CSCs [65]. This effect could be due
to trametinib favoring the propagation of pre-existing CSC subpopulations or directly
inducing stem-like properties in affected cells. Our results indicate that the latter option is
more likely, as trametinib increased expression of stemness-related genes after only 10 h
of treatment. Furthermore, trametinib-driven cell stemness was persistent for at least 10
passages after drug washout despite MEK1/2-ERK1/2 activity being restored to control
levels. However, the differences in changes of stemness-related genes expression observed
immediately after trametinib treatment (Figure 5B), in adherent “PEO4-Washout-Tra” cells
(Figure 5D) and in “PEO4-Washout-Tra” cells grown in suspension (Figure 5G) suggest that
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the MEK1/2-ERK1/2 pathway may control cell stemness indirectly, with other mechanisms
having significant impact upon the resulting stem-like cell phenotype.

An additional study previously reported anti-stemness impact of MEK1/2 inhibition
in PEO1 cells [61], suggesting differences between cisplatin-sensitive and cisplatin-resistant
HGSOC cells. Similar stemness-promoting effect of MEK1/2 inhibitors was observed in
colorectal cancer due to Wnt/ 3-catenin pathway activation [76]. Also, ALDH1 overexpres-
sion in response to BRAF and MEK1/2 inhibition was recently reported in melanoma [77].
Given that high expression of ALDH1 and CD133 in ovarian tumors is strongly associated
with poor prognosis and chemoresistance [78-82], we conclude that prolonged treatment
of cisplatin-resistant HGSOC with trametinib might promote CSC enrichment. Since CSCs
are currently considered as a major source of tumor recurrence [18,25,26], MEK1/2-related
promotion of cancer cell stemness could possibly underlie a failure of several clinical trials
focused on trametinib alone or as a part of complex anti-tumor therapy [83,84].

5. Conclusions

The present study demonstrates that treatment with trametinib as a single drug
delays HGSOC tumor growth and therefore has the potential for prolonging disease-
free survival of HGSOC patients. Because cisplatin-resistant cells are more sensitive to
trametinib, this drug may prove to be an important therapeutic option for platinum-
resistant recurrent tumors and initially cisplatin-refractory cases. Due to its fewer side
effects, trametinib treatment can also be considered for patients who are unable to tolerate
certain chemotherapeutic regimens due to systemic toxicity effects. Because trametinib
treatments are associated with cancer cell stemness, its combination with other targeted
therapies showing higher cytotoxic effects and, ideally, targeting ovarian CSCs may be
key in treatment of HGSOC. Because cells surviving trametinib treatment display very
high ALDH1A expression and activity, combination with ALDH inhibitors may also offer
benefit. This suggestion is further supported by increases in nifuroxazide sensitivity in
melanoma cells overexpressing ALDH1 due to MEK1/2 inhibition [73]. Recently a selective
inhibitor of the ALDH1A family was identified as a chemical agent capable of efficiently
inducing necroptotic death in ovarian CSCs [22]. The combination of trametinib and an
ALDHI1A inhibitor could retain the tumor growth arresting effect of trametinib while
further complementing it by eliminating the surviving ALDH+ tumor cells in a targeted
manner.
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