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Abstract

Awakening and growth reinitiation by dormant cells may contribute to epithelial ovarian cancer (EOC) relapse. The links between
these phenomena are loose because of the limited stock of compelling models of EOC dormancy. Here, we show a simple and conve-
nient dormancy research protocol based on serum starvation. This study was conducted on established EOC cell lines A2780,
OVCAR-3, and SKOV-3, as well as on primary EOC cells. Cell growth arrest and proliferation were monitored by assessing the Ki67 an-
tigen, PKH26 fluorescence, and cell cycle distribution. In addition, cells were tested for ERK1/2/p38 MAPK activity ratio, apoptosis,
and senescence. The study showed that 72-h serum starvation induces GO/G1 growth arrest of a significant fraction of cells, accom-
panied by reduced Ki67 and ERK1/2/p38 MAPK activity ratio, without signs of apoptosis or cellular senescence. Moreover, providing
cells with 72h of a medium enriched in 5% serum allows the culture to regain its proliferative potential. At the same time, we
attempted to induce and terminate dormancy with Mitomycin C addition and withdrawal, which were unsuccessful. In conclusion,
serum starvation is a convenient way to reliably induce dormancy in EOC cells, allowing them to be efficiently awakened for further

mechanistic research in vitro.
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Introduction

Epithelial ovarian cancer (EOC) is one of the most frequent and
fatal malignancies of the female genital tract [1]. Tumor relapse
is one of the greatest clinical challenges for EOC patients.
Approximately 70% of disease relapses occur within the first 2
years after primary cytoreduction and first-line chemotherapy
[2]. Although numerous scenarios have been developed to treat
relapsed disease with secondary cytoreduction or second-line
chemotherapy [3], the prognosis is usually poor. Often, it results
from the acquired chemoresistance of cancer cells [4]. The mech-
anisms of EOC relapse are still elusive and somewhat specula-
tive. It is believed that cancer recurrence may be associated with
the presence and activity of cancer stem cells [5] and/or with the
induction and awakening of so-called dormant cells [6, 7]. Cancer
cell dormancy refers to the incidence of disseminated, residual
cancer cells that survived the primary treatment and temporarily
lost the ability to replicate. Dormant cells can reinitiate prolifera-
tion and spread upon their reactivation by specific and still
poorly understood environmental stimuli [8]. Nowadays, dor-
mancy is categorized as cellular (cells exit the division cycle), an-
giogenic (dividing and dying cells are in equilibrium, maintaining
inadequate vascularization), and immune mediated (cytotoxicity
of immune cells stopping their progression) [6], with the duration
of each state ranging from months to decades, depending on the

cancer type and other patient-specific conditions [9]. Typically,
dormant cells are growth arrested in the GO/G1 phase of the cell
cycle, and quiescence is the most accurate phenomenon for de-
fining the cellular dormancy phenotype [10].

As for the mechanisms determining cellular dormancy initia-
tion, the most plausible explanation seems to be that some stress
signals received by cancer cells from the non-permissive tissue mi-
croenvironment prevent the cells from resuming proliferation [11].
In experimental settings, models of dormancy initiation include
drug-, cell signaling-, biochemistry-, and extracellular matrix-
induced phenomena. These models are not universal, and their
suitability is strictly connected to specific cancer cell types [9]. In
the case of EOC, the dormancy induction and termination method-
ology is scarce, making the knowledge of the dormant cell’s biologi-
cal and clinical functions in this kind of malignancy very limited.
One of the established models utilizes the physical inhibition of
OVCAR-5 cell proliferation in vitro using a silica-poly(ethylene gly-
col) (PEG) hydrogel system. Unfortunately, the viability of cells
maintained under those conditions deteriorates quickly (after a
few days), significantly jeopardizing its usefulness [12]. The second
strategy refers to the re-expression of tumor suppressor gene apla-
sia Ras homolog member I (ARHI), which promotes SKOV-3 cell
autophagy in vitro and the induction of their dormancy in mice
xenografts in vivo [13]. Last but not the least, there are reports in
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which dormancy is treated only as a context for other phenomena
and thus is neither initiated nor monitored [14].

This narrow range of available tools for identifying and testing
EOC cell dormancy limits the ability to assess the actual signifi-
cance of this process for tumor relapse development. In addition,
the lack of convenient, in vitro models restricts the study of cell-
specific mechanisms of dormant cell formation and awakening
and their transformation into proliferating cells. Guided by these
insights, we developed a reliable and easy-to-use in vitro method
for the induction and termination of EOC cell dormancy based on
serum starvation. The model has been validated on three estab-
lished ovarian cancer lines and primary EOC cells. Moreover, we
present for comparison a second model based on the action of
Mitomycin C (Mit-C), whose usefulness is incomparably lower.

Materials and methods
Chemicals and consumables

Unless otherwise stated, all plastics and chemicals were pur-
chased from Nunc (Roskilde, Denmark) and Merck
(Darmstadt, Germany).

Cell cultures

The ovarian cancer cells A2780 (cat. no. 93112519) were obtained
from the European Collection of Cell Cultures (Porton Down,
Wiltshire, UK). The SKOV-3 cells (cat. no. HTB-77) and OVCAR-3
cells (cat. no. HTB-161) were purchased from the American Type
Culture Collection (Rockville, MD, USA). The A2780 and SKOV-3
cells were grown in RPMI-1640 medium (Biowest, Riverside, MO,
USA, cat. no. L0501) with L-glutamine (2 mmol/l), penicillin (100 U/
ml), streptomycin (100 g/ml) (Merck, cat. no. G6784), and 10% fetal
bovine serum (FBS, Biowest, cat. no. S1810). The OVCAR-3 cells
were maintained in RPMI-1640 medium with L-glutamine (2 mmol/
1), HEPES (10mmol/l, Merck, cat. no. HO887), sodium pyruvate
(1mmol/l, Merck, cat. no. S8636), glucose (4500 mg/1, Merck, cat. no.
G7021), insulin (0.01 mg/ml, Merck, cat. no. 19278), and 20% FBS.
The primary EOC cells (pEOC) were isolated from six chemother-
apy-naive patients with high-grade serous ovarian cancer (stage III
or IV according to the criteria of the International Federation of
Gynecology and Obstetrics) during cytoreductive surgery. The
tumors were cut into small fragments of comparable weight and
then placed in 0.05% trypsin-0.02% EDTA (Biowest, cat. no. X0930)
for 20min at 37°C with shaking. The cells were propagated in RPMI-
1640 medium supplemented with L-glutamine (2mM) and 20%
FBS. Their cancerous nature was verified according to the expres-
sion of epithelium-related antigen (MOC-31) and carcinoma antigen
125 (CA125). This study was conducted in accordance with the
Declaration of Helsinki, and approved by the Ethics Committee of
Poznan University of Medical Sciences (protocol code 539/21; July
24,2021), and all patients gave their written informed consent.

Dormancy induction and termination

Cancer cell dormancy was induced by serum starvation using the
following protocol. Cells were grown in a standard growth me-
dium to reach ~70% confluency (point A). The cells were not syn-
chronized to mimic the random and asynchronous cell cycle
distribution in vivo. Afterward, they were carefully washed with
phosphate-buffered saline (PBS) and exposed to serum-free me-
dium (SFM) for 24, 48, and 72 h (point B). To terminate dormancy,
cells were incubated with a growth medium re-supplemented
with 5% exosome-free FBS (Biowest, cat. no. S181M) for 24, 48,
and 72h (point C). Pilot experiments in which the cells were sub-
jected to MTT assays and trypan blue exclusion tests revealed

that the SFM-based protocol of dormancy induction/termination
does not affect cell metabolism or viability. In another set of
experiments, cells that reached ~70% confluency were forced to
enter dormancy by exposure to Mit-C (Tocris Bioscience, Bristol,
UK, cat. no. 3258) used at a concentration of 10ug/ml for 2h
(OVCAR-3, SKOV-3, pEOCs) or 2.5 pg/ml for 1h (A2780). After the
treatment, cells were allowed to recover in the growth medium
supplemented with 5% exosome-free FBS for 24, 48, and 72 h.

Cell proliferation analysis
Expression of Ki67 was quantified in cells fixed with 4% formalde-
hyde, permeabilized with 0.3% Triton-X 100 (Merck, cat. no. X100)
in PBS [at room temperature (RT) for 10 min], and blocked with 1%
bovine serum albumin (Merck, cat. no. A3059), 5% goat serum
(Merck, cat. no. G9023), and 0.3% Triton-X 100 in PBS at RT for 1h.
Subsequently, the cells were incubated with rabbit mAb against
human Ki67 (D3BS5, Cell Signaling Technology, Danvers, MA, cat.
no. 9129 7T), diluted to 1:400 in the blocking buffer at 4°C overnight.
Afterward, the cells were incubated with Goat anti-Rabbit IgG
(H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488
(Invitrogen, Waltham, MA, cat. no. A11008), diluted to 1:500 in PBS,
at RT for 1h. Then, the samples were mounted with a fluoroshield
medium with DAPI (Abcam, Cambridge, UK, cat. no. ab104139) and
inspected under an Axio Vert.Al microscope (Carl-Zeiss, Jena,
Germany). In each preparation, 200 random cells were evaluated.
Cell proliferation was also tested using a PKH26 Red
Fluorescent Cell Linker Mini kit for General Cell Membrane
Labeling [15] (Sigma-Aldrich, Darmstadt, Germany, cat. no.
MINI26-1KT), according to the manufacturer’s instructions. The
results of PKH26 fluorescence were quantified under the Axio
Vert.Al microscope in 200 randomly selected cells.

Proliferation- and stress-related kinase activity
measurements

Extracellular signal-regulated kinase 1/2 (ERK1/2) and p38
mitogen-activated protein kinase (p38 MAPK) activities were
quantified using InstantOne™ phospho-ERK1/2 ELISA (cat. no.
85-86012-11) and InstantOne™ phospho-p38 MAPK ELISA (cat.
no. 85-86022-11), respectively (Invitrogen). The assays were con-
ducted according to the manufacturer’s instructions and finally,
the ERK1/2/p38 MAPK activity ratios were calculated.

Cell cycle distribution and apoptosis

Cells were harvested with trypsin-EDTA solution and then fixed
with ice-cold 70% ethanol for 1h. Then, they were washed with
PBS and incubated with 0.1 mg/ml RNase (Merck, cat. no. R4875)
and 5mg/ml propidium iodide (Merck, cat. no. P4170) at RT for
30min. The distribution of cells (10,000) in the cell cycle and the
extent of late apoptosis (subG1 fraction) were determined with
flow cytometry using an Amnis® CellStream® (Luminex
Corporation, Austin, TX). The results were analyzed with ModFit
LT™ Version 5 (Verity Software House, Topsham, ME). Early
apoptosis was examined using a fluorescent probe, 5,5,6,6'-tetra-
chloro-1,1",3,3'-tetraethylbenzimidazolylcarbocyanine iodide
(JC-1; Cayman Chemical, cat. no. 10009172), that allows one to
determine mitochondrial inner membrane potentials (A¥,,). JC-1
accumulates in the vital mitochondria, generating red fluores-
cent J-aggregates, while mitochondrial de-energization associ-
ated with apoptosis leads to the formation of green fluorescent
monomers. A rise in the green/red fluorescence intensity ratio
indicates declined AY¥,, values. The results of JC-1 fluorescence
were quantified under the Axio Vert.Al microscope and the
BioTek Synergy plate reader (Agilent, Santa Clara, CA, USA).
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Figure 1. Effect of serum starvation (SFM) and Mitomycin C (Mit-C) on the expression of Ki67 in EOC cells. Analysis of the percentage of Ki67-positive
cells upon SFM and Mit-C exposure (A). Representative pictures of Ki67 immunofluorescence in serum-starved EOC cells (B). Points A, B, and C refer to
the initial (A), dormant (B; 72 h of exposure), and awakened (C; 72 h of exposure) cells. The experiments on established cell lines were performed in
hexaplicate, whereas those utilizing pEOCs were conducted on cells from six different donors. The results are expressed as mean + SEM. *P < 0.05,

**P <0.01, and ***P < 0.001 vs. A. Magnification 400x; scale bar =500 um.

Cellular senescence

The senescence of cancer cells was investigated according to the
cytosolic activity of senescent-associated B-galactosidase (SA-
B-Gal). The procedure was performed as described in Sosinska
et al. [16] and 200 randomly selected cells were quantified. Briefly,
cells were cultured on Lab-Tek™ Chamber Slides (Nunc, Roskilde,
Denmark, cat. no. 177445PK), fixed with 3% formaldehyde (Merck,
cat. no. F1635), rinsed and exposed for 2h at 37°C to a solution
containing 1mg/ml 5-bromo-4-chloro-3-indolyl-p-p-galactopyra-
noside (X-Gal, Merck, cat. no. B4252), 5mM potassium ferrocyanide
(Merck, cat. no. P3289), 5mM potassium ferricyanide (Merck, cat.

no. P8131), 150mM NaCl (Chempur, Piekary Slaskie, Poland, cat.
no. 117941206), 2mM MgCl, (Merck, cat. no. M2393), and 40 mM
citric acid (Chempur, cat. no. 115382101) with a pH of 6.0. Cells
characterized by the presence of a green precipitant within the cy-
toplasm were considered positive.

Statistics

Statistical analysis was performed using GraphPad Prism™
v.6.00 (GraphPad Software, San Diego, CA). The means were com-
pared with repeated ANOVA and a post hoc Newman-Keuls test.
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Figure 2. Effect of serum starvation (SFM) and Mitomycin C (Mit-C) on PKH26 fluorescence as a measure of EOC cell proliferation. Analysis of the
percentage of PKH26-positive cells upon SFM and Mit-C exposure (A). Representative pictures of PKH26 fluorescence in serum-starved EOC cells (B).
Points A, B, and C refer to the initial (A), dormant (B; 72 h of exposure), and awakened (C; 72 h of exposure) cells. The experiments on established cell
lines were performed in hexaplicate, whereas those utilizing pEOCs were conducted on cells from six different donors. The results are expressed as
mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. A. Magnification 400x; scale bar =500 pm.

The data are shown as the means+SEM. Statistical significance
was recognized when the P-value was less than 0.05.

Results

The proliferation of cancer cells subjected to
serum deprivation and Mitomycin C

The expression of Ki67 proliferative antigen was quantified using
a fluorescence method to examine a decline in ovarian cancer
cell proliferation after exposure to SFM and Mit-C. When

asynchronously growing cells (point A) were serum starved for 24
or 48h, there was no significant reduction in their growth capa-
bilities (not shown). However, when the incubation was extended
to 72 h, the fraction of Ki67-positive nuclei decreased remarkably
(Fig. 1, point B). Afterward, the cells were subjected to a standard
growth medium re-supplemented with 5% exosome-free FBS to
recover. The proliferative status of cells did not change during 24
or 48h (not shown). When the recovery lasted 72h, cells reiniti-
ated growth as the percentage of Ki67-positive cells dynamically
increased and reached higher levels than those representing the



initial cultures (point A) in all cancer cell lines tested (Fig. 1, point
C). Higher FBS concentrations at the dormant cell awakening
stage were not tested to avoid traumatizing cells.

The proliferation assessment based on the Ki67 level was veri-
fied using the fluorescent probe PKH26. The tracer incorporates
into cells and spreads to their progeny, which leads to the grad-
ual fading of its fluorescence in proportion to the proliferation
rate [15]. The PKH26-related fluorescence in all cancer cell lines
tested at point B was comparable to point A, suggesting that
serum-deprived cells ceased their proliferation. In contrast, at
point C, when a growth medium with 5% FBS was delivered for
72h, the PKH26 fluorescence significantly declined, confirming
that cells recovered and resumed dividing (Fig. 2).

Parallel experiments with cells subjected to Mit-C were per-
formed using a different protocol, including a wide range of con-
centrations and exposure times. Finally, because of the clearly
cytotoxic activity of Mit-C toward all ovarian cancer cells tested,
two dosage algorithms were applied, depending on the cancer
cell line. Under these conditions, the drug inhibited the prolifera-
tion of three out of four cell lines (except OVCAR-3). However,
when the cells were induced to recover, the procedure succeeded
only in pEOCs. Notably, the fraction of Ki67-positive cells did not
return to the level of point A, suggesting only partial recovery
(Fig. 1). A2780 and SKOV-3 cells exposed to Mit-C behaved regard-
ing PKH26 fluorescence similarly to their counterparts treated
with SFM; however, the decreased fluorescence at point C was
evidently lower. In the case of OVCAR-3 cells, the cells recorded
at point B had lower fluorescence than at point A, suggesting an
ongoing proliferation. The same happened in pEOCs where
PKH26 fluorescence at points B and C were lower than cells at
point A. Noteworthy, the decrease in fluorescence at point C was
not as spectacular as in the case of SFM, which means that the
resumption of proliferation after the growth arrest period was
relatively small (Fig. 2).

Cell cycle distribution of cancer cells subjected to
serum deprivation and Mitomycin C

Cancer cell distribution in particular cell cycle phases was used
as an additional measure of their proliferative status upon serum
starvation and Mit-C exposure. As per cells exposed to SFM, all
four cancer cell types studied at point B were growth arrested in
the G1/GO phase, which coincided with a decreased fraction of
cells in the S phase, that is, those actively replicating DNA. When
the starvation ended, and a growth medium with 5% FBS was de-
livered (point C), the percentage of cells in the S phase consider-
ably increased (Table 1 and Fig. 3).

As per cultures treated with Mit-C, the G1/GO growth arrest at
point B was found only in A2780 cells, and it was accompanied by
a decreased S phase. OVCAR-3 cells did not display any changes
in cell cycle distribution. SKOV-3 cells became growth arrested at
point B in the G2/M phase, which coincided with a decreased S
phase. pEOCs also had a reduced fraction of cells in the S phase
at point B; however, the exact moment of their growth arrest was
not established (Table 1 and Fig. 3).

Apoptosis and senescence indices in cancer cells

subjected to serum deprivation and Mitomycin C

Early apoptosis was determined using JC-1 fluorescence. The
analysis showed that either serum-starved cells (point B) or their
awakened counterparts (point C) did not display declined A¥,,
values, which might indicate an initiation of programmed cell
death (Fig. 4). Flow cytometry quantification of cells in the subG1
phase of the cell cycle, that is those bearing low-molecular
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Table 1. The quantification of ovarian cancer cell cycle
distribution under serum deprivation (SFM) and Mitomycin C
(Mit-C) exposure.

A2780 SFM Mit-C

Cell cycle phase G1/GO S G2/M  G1/GO S G2/M
A 40+2 41+2  19+2 36+1 44=x1 201
B 56+£2% 22+£1FF 2212 71x2%F 10£4%% 1914
C 53+4 43+3*% 4141 63x2  9x2 28+2
OVCAR-3 SEM Mit-C

Cell cycle phase  G1/GO S G2/M  G1/GO S G2/M
A 40+2  45x1 1542 56+2 40+2 4x2
B 51+1% 28+2%% 21+1 54+1 40+2 6+2
C 45+1  48+1"* 7+1  50+£1 35+£2 1542
SKOV-3 SFM Mit-C

Cell cycle phase  G1/GO S G2/M G1/GO S G2/M
A 39£5  56+7  5£3 75x1 22+1 3x1

B 73+1* 26+1%F 1+1 74+1 13+1%F 13+71%*
C 302" 702" 0+0 63x2 27+2% 10x0
PEOCs SFM Mit-C

Cell cycle phase G1/GO S G2/M  G1/GO S G2/M
A 39+3 52+3 9+3 70+2 23+2 7+1
B 57£2%% 23+1% 20+2 78+2 14+1%% 8+1
C 261" 7221 210 532" 3744 10x2

Time points A, B, and C correspond to the three stages of the experiment, that
is, baseline, dormancy induction, and awakening of dormant cells.
Experiments performed on established cell lines were done using six
experimental replicates, whereas experiments on pEOCs were conducted on
cultures obtained from six different patients. Results are expressed as mean +
SEM.

P<0.05,

ok

P<0.01vs. A,

P<0.001vs. A,
#* P<0.01vs.B,
## P <0.001vs. B.

weight and fragmented DNA, was performed, in turn, to investi-
gate the extent of late apoptosis. As shown in Fig. 5, serum-
starved A2780 and OVCAR-3 cells displayed an increased fraction
of apoptotic cells, but the magnitude of death was low and did
not exceed 10% at points B and C. In SKOV-3 cells, SFM induced
more pronounced apoptosis, which reached approximately 30%
of cells. Interestingly, when they recovered (point C), the magni-
tude of apoptosis declined below 3% and was even lower than at
point A. Finally, in the case of pEOCs, serum starvation did not
change the extent of apoptosis.

Regarding Mit-C exposure, this approach decreased the A¥,,
values in A2780, OVCAR-3, and pEOCs cells at either point B or C,
whereas in SKOV-3 cells, the A¥,, values remained unchanged
(Fig. 4). As per late apoptosis, Mit-C induced it in A2780 cells at
point B and the magnitude of this phenomenon at point C was
even higher. In OVCAR-3 cells, the percentage of the subG1 cells
at points B and C increased compared with point A; however, the
recovery did not provoke any additional increase. SKOV-3 cells
exposed to Mit-C did not display an elevation of apoptotic cells at
point B or C. Finally, pEOCs treated with Mit-C did not experience
increased apoptosis at point B; however, the fraction of subG1l
cells at point C increased up to 30% (Fig. 5).

The incidence of cellular senescence in serum-starved and
Mit-C-treated cells was evaluated according to an expression of
SA-B-Gal. Cytochemical analysis of this enzyme showed that nei-
ther SFM nor Mit-C significantly increased the fraction of
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Figure 3. Flow cytometry analysis of EOC cell cycle distribution upon serum starvation. Points A, B, and C refer to the initial (A), dormant (B; 72 h of
exposure), and awakened (C; 72 h of exposure) cells. A quantitative analysis of histograms, including those for cells treated with Mit-C, is shown in
Table 1. The experiments on established cell lines were performed in hexaplicate, whereas those utilizing pEOCs were conducted on cells from six

different donors.

senescent cells at points B or C. It should be stressed that the per-
centage of senescent cells in all cell types and experimental
groups investigated did not exceed 2% (Fig. 6).

Determination of ERK1/2 and p38 MAPK activity

The final verification of the induction and termination of the dor-
mancy state was performed according to an evaluation of the
ERK1/2/p38 MAPK activity ratio. This analysis was conducted ex-
clusively using the SFM-based protocol as the only effective
method. The quantification of ERK1/2 and p38 MAPK phosphory-
lation ratios showed that at the initial stage (point A), the activity
of ERK1 was markedly higher than the activity of p38 MAPK,
yielding a ratio above 1. Conversely, upon serum withdrawal
(point B), the situation changed because the activity of p38 MAPK
exceeded that of ERK1, generating a ratio below 1. Eventually,
when the serum was administered again to reinitiate cell growth
(point C), the activity of ERK1/2 increased again, accompanied by
decreased activity of p38 MAPK. At this point, the ratio of the two
kinases returned to values below 1. This effect was clear and uni-
form in all cancer cell lines tested (Fig. 7).

Discussion

Cancer dormancy is still an intriguing but conceptually challeng-
ing phenomenon [17]. No one knows the dormant cells’ exact ori-
gin and molecular characteristics in vivo, assuming they exist. At
the same time, their relevance for cancer relapse resembles the
‘Catch 22’ paradox. Until the dormant cell wakes up in the pa-
tient and the disease relapses, there is no proof that it was dor-
mant. In basic research, dormancy may only be mimicked and
artificially induced without evidence of the similarity of experi-
mentally generated dormant cells to their naturally occurring,
relapse-producing counterparts. These circumstances stay in
sharp opposition to an urgent need to understand and solve the
problem of EOC relapse, which may potentially depend on dor-
mant cell emergence and awakening. Unfortunately, the existing
methodology [12, 13] does not support investigations of EOC dor-
mancy, especially in vitro when triggers and underlying signaling
pathways of dormant cell awakening should be mechanisti-
cally determined.

The report presented here originates from our attempts to cre-
ate a protocol for EOC cell dormancy based on published instruc-
tions to use it in our experiments focused on environmental
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*P < 0.05; **P < 0.01 vs. A. Magnification 100x; scale bar =200 pm.

triggers of dormant cell development and awakening and poten-
tial molecular manipulations that may modulate dormant
cell behavior. In fact, it is still unclear whether dormant cells
should be treated and if so, what strategy should be employed. In
this regard, two scenarios are proposed: eradicating dormant
cells using conventional and/or targeted therapies or perma-
nently keeping cells in dormancy, eliminating their ability to
wake up [17].

Because literature data clearly show that protocols of dor-
mancy induction are cell type-specific, and those designated for
EOC are not fully effective [12], we tried to establish a new, origi-
nal protocol utilizing Mit-C, a drug successfully used to create
cellular feeder layers due to its ability to generate covalent cross-
links between DNA opposite strands [18]. Unfortunately, our
attempts failed because it has not been possible to obtain a uni-
form protocol that would allow cells to temporarily stop dividing
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in the GO/G1 phase and then regain their proliferative activity.
These findings are consistent with observations from studies on
fibroblasts, which differed significantly in their sensitivity to the
anti-proliferative effects of Mit-C [18].

Finally, we employed serum starvation as the driver of EOC
dormancy, based on the high nutrient demands of cancer cells
that may not be satisfied in vivo due to inadequate blood flow
through functionally and structurally malformed vessels [19].
In the case of residual cells that survived chemotherapy, their
nutrient deficiency may be even more pronounced. This strategy
also fits the role of starvation as a determinant of cancer metas-
tasis via translational reprogramming [20]. Last but not least,

nutrient deficiency belongs to a group of postulated extrinsic
inducers of dormancy [17] and serum deprivation is a well-
known trigger of quiescence [21], treated as the most plausible
form of cellular dormancy. Taking the above-mentioned findings
into account and based on the research performed, we propose a
simple and reliable protocol to induce and terminate dormancy
in EOCs triggered by a temporary serum withdrawal (Fig. 8).

The versatility of this method confirmed consistent and repro-
ducible results obtained using primary EOC cell cultures (high-
grade serous histotype) and three established cell lines (A2780,
OVCAR-3, and SKOV-3) differing in their genetic signatures (in-
cluding P53 status), histological origin (endometrioid, clear cell,
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high-grade serous), and aggressiveness [22, 23]. The methodology
is based on 3-day serum starvation, which puts a significant sub-
set of cells in quiescence, a sign of cellular dormancy. Recently,
elegant proofs for a complex system of serum starvation-
dependent cell entry into quiescence were demonstrated on vari-
ous normal cell types, including human mesenchymal stromal
cells [24], fibroblasts, and epithelial cells [25]. In addition, re-
search on prostate cancer cells revealed that serum deprivation
initiates their adaptation to oxidative stress acting as a pro-
survival stressor [26], which is in line with the general conception
of the high resistance of dormant cells to unfavorable
chemotherapy-dictated tissue microenvironments [8, 27].

In our model, the dormancy state can be successfully ended
by providing 5% exosome-free serum in a standard growth me-
dium for 3days. The susceptibility of dormant cells to awakening
was because 3-day serum starvation put the cells in a state of
‘shallow’ dormancy/quiescence. This conclusion is based on
observations of the behavior of serum-starved fibroblasts, whose

ability and dynamics to emerge from the quiescence state
depended on the length of their incubation without serum [21].

Phenotypically, serum-starved, dormant ovarian cancer cells
display the G1/GO growth arrest, accompanied by a down-
regulated expression of Ki67, a proliferation marker [28]. Because
Ki67 is rarely expressed in the GO phase [29] and abundant in pro-
liferating (S phase) cells with a peak in G2 and early M stages [30],
the proliferative status of dormant cells, being a measure of the
effectiveness of dormancy induction and termination, was posi-
tively verified using a cell phase-independent fluorescent tracer,
PKH26 [15].

A separate piece of evidence for the value of the proposed pro-
tocol is that the dormant and awakened cells were generally not
characterized by a significant increase in the frequency of early
or late apoptosis, a phenomenon triggered in some serum-
starved cells [31]. At the same time, the stimuli did not activate
the senescence program, confirming previous observations
pointing that quiescence, associated with inactive TOR, makes



the cells senescence resistant [25]. However, it should also be
stressed that the non-proliferative nature of senescent cells
sometimes causes them to be equated with dormant cells [8].
This theory, which failed here in the case of ovarian cancer cells,
may fit the biology of other cells, for example prostate cancer
cells. In their case, bone morphogenetic protein 7 and secreted
protein acidic and rich in cysteine maintained dormancy by elic-
iting senescence [32, 33]. The exclusion of serum starvation-
dependent induction of senescence in our model of dormancy
induction was also important due to the fact that despite senes-
cence being considered an irreversible exit from the mitotic cy-
cle, it was estimated that one in a million senescent cells
could escape from this state and regain the capacity to self-
replicate [34].

Another interesting aspect of cancer biology is the mecha-
nisms and signaling pathways behind dormancy induction and
termination. Till now, several cellular/molecular events have
been recognized to play a role, albeit in this case, their contribu-
tion seems to be strictly connected with a particular cell type.
These include abnormal signaling derived from pl-integrins and
epidermal growth factor (breast cancer cells [35]), inhibition of
AKT combined with increased p130 and p27 (ascites-derived
ovarian cancer cells [36]), downregulation of urokinase receptor
involving loss of integrin function and MAPK signaling (human
squamous carcinoma [37]), ARHI-dependent induction of autoph-
agy (ovarian cancer cells [13]), and many others [17]. Special at-
tention was recently paid to a pair of kinases, ERK1/2 and p38
MAPK, whose reciprocal interactions may both participate in the
dormancy status and serve as a marker of this state. In brief, in
the course of ERK-dependent proliferation, a high level of p38
MAPK acts as an inhibitor of ERK, preventing cell divisions by
triggering the GO-G1 growth arrest, senescence, or apoptosis [38-
40]. A luciferase reporter system visualizing the in vivo activities
of these kinases has shown that dormant cells (breast cancer,
prostate cancer, melanoma, and fibrosarcoma) are characterized
by increased activity of p38 MAPK and decreased activity of
ERK1/2 [38]. Our research performed on a diversified spectrum of
ovarian cancer cells confirmed these findings because the prolif-
erating and awakened cells had ERK1/2™°"/p38 MAPK®Y phe-
notypes, whereas their dormant counterparts displayed an
inverse activity ratio of both proteins.

Last but not least, it must be stressed that even short-term se-
rum deprivation may initialize other cellular phenomena that
have not been experimentally addressed in this study. For exam-
ple, it may promote endoplasmic reticulum (ER) stress and an
unfolded protein response (UPR), both involved in maintaining
cellular proteostasis. The activation of ER stress and UPR is par-
ticularly important in cancer cells as it determines their progres-
sion under non-optimal environmental conditions, by regulating
the pro-survival and pro-death equilibrium [41]. Another aspect
of serum starvation is the modulation of the mammalian target
of rapamycin (mTOR) kinase activity. mTOR is another pro-
survival pathway that plays an important role in the metabolic
reprogramming of cancer cells. During cancer cell nutrient depri-
vation, the activity of mTOR is repressed, flipping the cells into a
state in which intracellular resources are shunted away from
anabolism and toward autophagy [42].

Conclusions

Serum starvation of EOCs is a reliable way to induce their cellular
dormancy in vitro. Moreover, stimulating the dormant cells with
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5% serum allows them to resume their growth, which favors us-
ing this method in further experiments, for example those dedi-
cated to identifying triggers and signaling pathways responsible
for dormancy termination, reinitiation of EOC cell progression,
and tumor relapse.
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