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Abstract

Background: Clinical outcomes of cancer cell senescence are still elusive. Here, we reveal and compare pro-cancer-
ous activity of spontaneously and drug-inducible senescent ovarian cancer cells. Experiments were performed on
tumors and tumor-derived primary epithelial ovarian cancer cells (pEOCs) that were obtained from chemotherapy-
naive patients and from patients who received carboplatin (CPT) and paclitaxel (PCT) before cytoreduction.

Results: The analysis of tumors showed that senescent cancer cells are present in patients from both groups, albeit
most frequently and covering a greater area in tissues from chemotherapy-positive women. This in vivo senescence
of pEOCs translated to an expression of senescence markers in early-passage cells in vitro. A conditioned medium
from senescent pEOCs fueled the cancer progression, including adhesion of non-senescent pEOCs to normal peri-
toneal cells, and their increased proliferation, migration, invasion, and EMT. Senescent pEOCs' secretome promoted
angiogenic activity of vascular endothelium, induced senescence of normal peritoneal cells, reprogrammed their
secretome towards hypersecretion of cancer-promoting proteins, and stimulated motility of cancer cells subjected
to a mesothelium- and fibroblast-derived medium. The most striking finding was, however, that spontaneously
senescent pEOCs supported all the above pro-cancerous effects more efficiently than drug-inducible senescent cells,
which was plausibly related to augmented release of several cancer spread mediators by these cells. The prevalence
of spontaneously senescent pEOCs was most evident in experiments on mice when they were able, unlike the drug-
inducible cells, to promote the development of drug-sensitive i.p. xenografts.

Conclusions: Our study shows that spontaneous senescence of pEOCs should be treated as an independent patho-
genetic factor of cancer progression.
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Background
Cellular senescence is considered to be an anti-cancer
phenomenon because, per definition, senescent cells irre-
versibly lose their ability to replicate and thus are resist-
ant to neoplastic conversion [1]. At the same time, and to
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rule applies to the pathophysiology of ovarian cancer
whose progression in culture models and laboratory ani-
mals was promoted by senescent normal peritoneal mes-
othelial cells (PMCs) and whose rejuvenation by targeting
p38 MAPK translated to reduced tumor growth [4].

As per senescence of cancer cells, the mechanisms and
the clinical significance of this process are far less under-
stood [5]. There is a consensus that cancer cells may be
forced to senescence by radio- and chemotherapy [6],
and a growing body of evidence suggests that the sponta-
neous variant of senescence, that is the process occurring
in oncologic patients who had not received chemother-
apy, is something more than a negligible artifact [7]. The
interpretation of the role of senescent cancer cells is dif-
ficult because, at least theoretically, their presence may
give rise to both positive and negative consequences for
a patient [5]. The positive effect is associated with growth
inhibition of targeted cells, plausibly restricting dis-
ease progression. In turn, the adverse outcome is driven
by SASP that exhibit senescent cancer cells similarly to
normal cells [8]. There is also an important question of
whether the outcomes of spontaneously and drug-induc-
ible senescent cancer cells are identical (in terms of their
scale and direction) or maybe different?

Epithelial ovarian cancer (EOC) is one of the most
common and the most lethal malignancy of female
genital tract [9]. Recent studies have documented the
incidence and molecular mechanisms of spontaneous
senescence of primary EOC cells (pEOCs) [10]. This
was followed by a demonstration of a distinct mecha-
nism underlying senescence of pEOCs triggered by car-
boplatin (CPT) and paclitaxel (PCT) [11], being the first
line chemotherapy for EOC patients [12]. Having this
knowledge, we designed a project to answer questions
of a more practical nature: i) What is the frequency of
senescent EOC cells in tumors from chemotherapy-naive
patients and from patients who received CPT and PCT
prior cytoreduction? and ii) What is the effect of both
kinds of pEOC senescence on the progression of prolifer-
ating cancer cells in vitro and in vivo?

Results

Senescent cancer cells in ovarian tumors in vivo
Expression of SA-B-Gal, the commonly accepted bio-
chemical marker of cellular senescence, was quantified
in tumors from 30 chemotherapy-naive patients with
EOC and from 30 patients who received CPT and PCT
prior cytoreduction. Each tumor was cut into 10 speci-
mens which were subjected to cytochemical detection of
the enzyme. We found that SA-B-Gal staining was pre-
sent in 53% of patients who were not subjected to chemo-
therapy. For as many as 90% of patients treated with CPT
and PCT we found SA-B-Gal-positively stained areas in
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at least 2 out of 10 specimens analyzed (Fig. 1A). Upon
further analysis of every SA-B-Gal-positive tumor area
we discovered that the magnitude of cellular senescence
within cancerous tissue (Fig. 1B) and the intensity of the
enzyme staining (Fig. 1C) were significantly higher in
tumors from patients experienced chemotherapy.

Molecular characteristics of drug-induced senescence

in vitro and in vivo

In order to establish an in vitro model of drug-induced
senescence of pEOCs which will resemble in vivo con-
ditions in patients subjected to chemotherapy, we have
recently created and optimized a regimen of cell expo-
sure to CPT and PCT [11]. In this study, we compared a
wide array of senescence-associated parameters between
pEOCs whose senescence was induced by CPT+PCT
in vitro and those derived from patients treated with
CPT +PCT in vivo and for which senescence was trig-
gered by serial passages in the absence of drugs in vitro.
The results of this comparative analysis are shown in
Table 1. It reveals that generally speaking all the tested
parameters characterizing the course of senescence are
equal between these two groups. This includes the per-
centages of cells bearing SA-B-Gal(+)/y-H2A.X(+) phe-
notype, changes in the expression of cell cycle inhibitors
(p16, p21, p53), lack of either telomere erosion or telom-
erase (hTERT) activity decline, non-telomeric localiza-
tion of DNA damage foci, growth arrest in G2/M phase
of cell cycle, and only sporadic apoptosis. Interestingly,
however, young, early-passage pEOCs from patients
who underwent chemotherapy in vivo were character-
ized by a significantly higher fraction of senescent [SA-f3-
Gal(+)/y-H2A.X(+)] cells and cells expressing p16 cell
cycle inhibitor compared with young cells from chemo-
therapy-naive individuals.

Senescence-associated secretory phenotype in cancer cells
Another functional feature of pEOCs which was ana-
lyzed and compared between spontaneous senescence
of cancer cells, drug-induced senescence in vitro, and
replicative senescence of cells from patients subjected to
CPT+PCT in vivo was the development of senescence-
associated secretory phenotype (SASP). To this end, 24
proteins engaged in a variety of aspects of cancer cell
progression, such as: angiogenesis, ECM remodeling and
invasion, inflammation, proliferation, and migration was
quantified in conditioned media (CM) from young and
senescent cells. The results we obtained showed that the
SASP profile was the most intense with respect to spon-
taneously senescent pEOCs. For these cells, the secretion
of ANG1, CXCL8/IL-8, FGF5, VEGF, ADAM12, PDGF-
D, tPA, TGF-B1, TIMP-1, TSP-1, CCL2/MCP-1, ICAM-
1, IL-6, VCAM-1, CCL11, CXCL12/SDFE-1, EGEF, HGF,
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Fig. 1 Presence of senescent, SA-3-Gal-marked ovarian cancer cells in tumors in vivo. Quantification of senescent cancer cell frequency in tumors
from chemotherapy-naive patients and from patients treated with CPT+ PCT before cytoreduction (A). Determination of SA-R-Gal staining area in
cancerous tissue within tumors from patients displaying signs of cellular senescence (B). Representative pictures demonstrating green SA-3-Gal
staining in both groups of patients (C). The measurements were performed using tumors obtained from 30 different patients per group. The results
depicted on panel B are expressed as the means =+ SEM. ** p <0.01 vs. No drugs. Magnification x 400; bar=50 pm

IGF-1, and NRP-1 was significantly higher with respect
to in vitro CPT +PCT-treated cells, senescent cells
from patients subjected to CPT+PCT in vivo, or both
(Table 2).

Interesting effect was found regarding ANG1, FGFS5,
ADAMI12, tPA, TIMP-1, TSP-1, CCL2/MCP-1, IL-6,
VCAM-1, CCL11, CXCL1/GRO-1, CXCL5, EGF, and
NRP-1 whose baseline production by young cells from
patients undergoing chemotherapy in vivo was signifi-
cantly higher than for young cells from chemotherapy-
naive donors.

Senescent cancer cell-driven progression of non-senescent
cancer cells in vitro

Three models of pEOCs senescence were compared
regarding the ability their autologous CM to promote

vital elements of cancer cell expansion, that is adhesion,
proliferation migration, invasion, and epithelial-mesen-
chymal transition (EMT). Our comparative analysis of
proliferating (non-senescent) pEOCs adhesion to nor-
mal peritoneal mesothelial cells (PMCs) and peritoneal
fibroblasts (PFBs) revealed that CM derived from all
types of senescent pEOCs stimulates their attachment
to normal cells more effectively than CM from young
cells, albeit the strongest effect was recorded in both
cases for CM generated by spontaneously senescent
pEOC:s (Fig. 2A, B). As per cell proliferation, only CM
from spontaneously senescent pEOCs was able to pro-
mote this process more than the secretome of young
cells (Fig. 2C). The migration (towards the chemotac-
tic activity of CM) and invasion (towards CM through
the Basement Membrane Extract) of cancer cells were
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Table 1 A comparison of senescence-associated parameters in pEOCs senesced upon their exposure to carboplatin (CPT) and

paclitaxel (PCT) in vitro and in vivo

Parameter (unit) n CPT+PCT in vitro CPT+PCTinvivo

Young Senescent Young Senescent
SA-B-Gal(+)/y-H2AX(+) cells (%) 8 T+1 73£12 17 2% 69410
p16-positive cells (%) 6 442 62+9 24+ 6% 69+7
p21-positive cells (%) 6 6+1 42+£8 11+£8 54+6
p53-positive cells (%) 6 443 50+6 743 4345
telomere length (kbp) 6 44+02 42+0.1 44+0.1 43+0.1
telomerase activity (TPG) 6 214+03 19403 1.840.1 19402
y-H2A X-telomere colocalization (%) 10 642 844 6+3 741
G1 phase cells (%) 7 6244 48+6 54+8 41+6
S phase cells (%) 7 21+6 345 1947 6+1
G2/M phase cells (%) 7 17+6 4941 27+4 53+6
subG1 cells (%) 6 08+04 28+34 15413 28+12

Note that “Young” cells from CPT + PCT in vitro group were not treated with drugs neither in vitro nor in vivo. Experiments were performed using pEOC cultures
obtained from different patients. The results are expressed as mean & SEM

TPG Total Product Generated

" —P<0.05 vs. in vitro; **—P<0.01 vs. in vitro

Table 2 Senescence-associated secretory phenotype in pEOCs undergoing spontaneous and drug-induced senescence in vitro and

in vivo
No drugs (spontaneous) CPT+PCTinvitro  CPT+PCTin vivo

Process Protein young senescent senescent young senescent

Angiogenesis ANG1 (pg/10° cells) 6544316 5787+£1171°  23534356% 1510£343° 31864631
bFGF (pg/10° cells) 641 44452 49452 541 30+8°
CXCL8/IL-8 (pg/10° cells) 129448 613454 748 +£142° 138461 41441340+
FGFS5 (fg/10° cells) 839498  7034+£181°  2873489% 15544£163° 49824212
VEGF (pg/10° cells) 89418 228442° 132420 91435 283448°

ECM remodeling and invasion ~ ADAM12 (pg/10° cells) 254463 233045627 646+81%* 802 + 348" 1496 4 255
PDGF-D (fg/10° cells) 6254134  6695+1354°  24114771% 7624235 448546225
tPA (pg/10° cells) 4149 3434532 282419 % 1184 26° 169413
TGF-B1 (pg/10° cells) 1946 107 £33° 294 3% 1244 31490
TIMP-1 (pg/10° cells) 4734127 38024592° 1613 4 304% 85843467 27024369
TSP-1 (ng/10° cells) 1M+2 934112 394 5% 21447 694 8P*
uPA (pg/10° cells) 3349 104 425 78420 2444 104£11°

Inflammation CCL2/MCP-1 (pg/10° cells) 130£37 11314£230°  470457% 2734 28° 7764 90P%
ICAM-1 (pg/10° cells) 256448  8304143° 607 4 80° 241438 6944135
IL-6 (pg/10° cells) 2546 48241542 119472 6515 449 +33°
VCAM-1 (pg/10° cells) 64416 285+ 76° 144 4307 107 £25° 275463

Proliferation and migration CCL11 (pg/10° cells) 45412 364 £69° 148 +26%* 80433° 2544320
CXCL1/GRO-1 (pg/10° cells) 7511 497 4£100° 5724143 204+111%  532+88°
CXCL12/SDF-1 (pg/10° cells) 241 14452 541% 341 9420
CXCL5 (pg/10° cells) 1644 374112 149 4247 3£7° 43415
EGF (fg/10° cells) 744423 42684199  28314508% 31754757%  5002+£449°
HGF (pg/10° cells) 3046 239422° 54414 1543 594 6P*
IGF-1 (pg/10° cells) 1545 1244 28° 3743% 1246 6164179
NRP-1 (pg/10° cells) 62418 4944 86° 206 + 34% 114447° 358+ 50°

Note that “young” cells in the “no drugs” group are common for “no drugs” senescent cells and “CPT + PCT in vitro senescent” cells (they originate from the same
donor). Experiments were performed using pEOC cultures obtained from 8 different patients (in the “no drugs” and “CPT + PCT in vivo” groups, respectively). The
results are expressed as mean - SEM. 2 — P <0.05 vs. young no drugs cells; ® - P<0.05 vs. young CPT+ PCT in vivo cell; *—P<0.05 vs. senescent no drugs cells
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Fig. 2 Effect of senescent pEOCs secretome on ovarian cancer cell progression in vitro. Analysis of pEOCs-derived conditioned medium effect on
adhesion (to PMCs - A and to PFBs—B) proliferation (C), migration (D), and invasion (D) of non-senescent ovarian cancer cells. Quantification of
occludin (F) and vimentin (G) expression as markers of EMT. Results derive from 6-8 independent experiments with pEOCs obtained from different
donors. The results are expressed as the means = SEM. * p < 0.05; ** p<0.01 vs.“Young in vitro” cells; * p < 0.05 vs.“Sen in vitro” cells; ¥ p <0.05 vs.
"Young/CPT+ PCT in vivo” cells. RFU - Relative Fluorescence Units

also fueled by all kinds of senescent pEOCs, however,
similarly to adhesion, the strongest stimulation was
displayed by spontaneously senescent cells (Fig. 2D,
E). The efficacy of migration and invasion of cancer
cells upon exposure to CM from young cells obtained
from chemotherapy-subjected patients was signifi-
cantly stronger than CM from chemotherapy-naive
individuals. Last but not least, CM from spontaneously
senescent cells was the sole capable of decreasing the
expression of occluding (a negative marker of EMT).
At the same time, CMs from all types of senescent cells
increased the expression of vimentin (a positive marker
of EMT), however, the activity of CM from spontane-
ously senescent cells was the most pronounced (Fig. 2F,
G).

Pro-angiogenic activity of senescent cancer cells

Three angiogenic reactions of vascular endothelial
cells (HUVECsS), that is proliferation, migration, and
invasion were tested in response to CM generated by
young and senescent pEOCs. Proliferation of HUVECs
was stimulated by all three types of senescent pEOCs
but the effect exerted by spontaneously senescent cells
was the greatest (Fig. 3A). Migration of endothelial cells
was supported exclusively by spontaneously senescent
cells (Fig. 3B), whereas invasion was promoted by CM
from spontaneously senescent cells and those for which
senescence was elicited by CPT+PCT in vitro, with
the strongest effect on the side of the spontaneously
senescent cells (Fig. 3C).
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Fig. 3 Effect of senescent pEOCs secretome on angiogenic behavior of vascular endothelial cells in vitro. Analysis of pEOCs-derived conditioned
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Senescence-related functional characteristics of normal
peritoneal cells subjected to senescent cancer cells

CMs from spontaneous and drug-inducible (in vitro)
pEOCs were applied to young PMCs and PFBs to deter-
mine the induction of their senescence and the capacity
of CM generated by normal cells under such conditions
to support cancer cell proliferation, migration, and inva-
sion. The quantification of SA-B-Gal-dependent fluo-
rescence revealed that both types of senescent pEOCs
induce the enzyme in PMCs and PFBs, albeit the most
robust induction of senescence was exerted in both cases
by CM from spontaneously senescent cells (Fig. 4A, E).
Subsequently, CM generated by PMCs and PFBs exposed
to CM from senescent pEOCs stimulated proliferation
(Fig. 4B, F), migration (Fig. 4C, G), and invasion (Fig. 4D,
H) of non-senescent ovarian cancer cells. For all the three
tested phenomena, the effects related to spontaneously
senescent pEOCs were considerably stronger.

Secretory properties of normal peritoneal cells subjected
to senescent cancer cells

Taking into account the fact that senescent pEOCs induce
SA-B-Gal in normal PMCs and PFBs, and that senes-
cent cells typically display SASP, 19 proteins relevant for
cancer cells progression was quantified in PMCs- and
PFBs-derived CM upon their pre-incubation with CM
generated by young and senescent pEOCs. For PMCs,
all the tested proteins were hypersecreted by senescent

cells, irrespective of the type of senescence. In addition,
the release of 8 out of 19 proteins (ANG1, CXCL8, VEGEF,
PDGE-D, tPA, TGF-p1, IL-6, VCAM-1) was significantly
higher in response to CM from spontaneously senes-
cent pEOC:s, the release of 9 molecules was comparable
in both groups, and the release of 2 proteins (CXCL12/
SDF-1 and NRP-1) was higher in response to drug-induc-
ible senescent pEOCs (Table 3). As per PFBs’ secretome,
all but two proteins (FGF5, CCL11) were hypersecreted
upon treatment with CM from senescent pEOCs. The
release of 12 out of 17 remaining up-regulated molecules
was higher in response to CM from spontaneously senes-
cent pEOCs, and the release of CXCL-8/IL-8, VEGE,
PDGE-D, tPA, and TGF-f1 by spontaneously senes-
cent and drug-inducible senescent cells was comparable
(Table 4).

Senescence of ovarian cancer cells and tumor growth

in vivo

The immunocompromised Scid mice were used to gen-
erate xenografts at the i.p. injection of young pEOCs,
spontaneously senescent, and drug-inducible senescent
cells. Senescent cells were mixed 1:1 with young cells. At
the end of the 21-day experiment, tumors developed in
mice injected with young and spontaneously senescent
cells, albeit in the latter group the incidence (5/5 animals
vs. 2/5 animals) and the total weight of tumors were sig-
nificantly higher (Fig. 5). The experiment also included
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Fig. 4 Paracrine effects of senescent pEOCs on senescence and pro-cancerogenic activity of normal PMCs (A-D) and PFBs (E-H). Quantification

of SA-B-Gal activity in PMCs and PFBs exposed to pEOCs-derived conditioned medium (A, E). Proliferation (B, F), migration (C, G), and invasion

(D, H) of non-senescent ovarian cancer cells in response to autologous PMCs- and PFBs-derived conditioned medium upon their preexposure to
conditioned medium generated by young and senescent pEOCs. The experiments were performed using pooled PMCs and PFBs from 6 different
donors and ovarian cancer cells from 6 different patients. The results are expressed as mean 4= SEM. The results are expressed as the means & SEM. *
p<0.05;* p<0.01;**p<0.001 vs."Young" cells; * p<0.05 vs."Sen" cells. RFU — Relative Fluorescence Units

three other groups of animals in which CPT +PCT were
administered in vivo (every 3 days) with an injection of
young and senescent pEOCs. In those animals, chemo-
therapy inhibited the tumor growth either in young
pEOCs or spontaneously senescent pEOCs xenografts
(Fig. 5).

Senescence of ovarian cancer cells and the expression

of genes responsible for drug resistance

Expression of 10 genes associated according to literature
with cancer cell resistance to platins and taxanes was
investigated at mRNA level using qPCR. These included
ABCBI1/MDRI1, ABCC4, AKTI1, PLK2, BIRCS/Survivin,
CHEKI, CHEK?2, PHB1/Prohibitin-1, PHB2/Prohibitin-2,

and CCNDI1/cyclin DI1. An analysis of these transcripts
showed that senescence of pEOCs, irrespective of the
kind, is not associated with any changes in the expression
of the tested genes (Table 5).

Discussion

This study is the first in which pro-cancerogenic out-
comes of spontaneous and drug-induced senescence
of cancer cells (here: pEOCs) were demonstrated and
parallelly compared in vitro and in vivo. Previously,
the comparisons between cells undergoing replicative
and stress-induced premature senescence (SIPS), con-
centrated on either genetic signatures [13] and prot-
eomic profiles [14], were made exclusively on normal
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Table 3 Secretory phenotype of peritoneal mesothelial cells subjected to a conditioned medium generated by young and senescent

ovarian cancer cells

No drugs (spontaneous) CPT+PCT in vitro

Process Protein young senescent senescent
Angiogenesis ANG1 (pg/10° cells) 87438 245+12° 192 4+10%
CXCL8/IL-8 (pg/10° cells) 53+4 104£6° 794 2%
FGF5 (pg/10° cells) 1843 4143° 4343°
VEGF (pg/105 cells) 661 5794 50° 351429%
ECM remodeling and invasion ADAM12 (pg/10° cells) 1241 46+7° 39+4°
PDGF-D (fg/WO5 cells) 465 173+17° 122 +4%
tPA (pg/10° cells) 741 384+4° 2042
TGF-B1 (pg/10° cells) 61+5 366+ 32° 2614175
TIMP-1 (pg/105 cells) 69+£3 193412° 1854+10°
uPA (pg/10° cells) 1841 50427 48442
Inflalnmation CCL2/MCP-1 (pg/10° cells) 16+1 60413° 75+7°
ICAM-1 (pg/10° cells) 741 38+£5° 35427
IL-6 (pg/10° cells) 6544 4634442 2744 5%
VCAM-1 (pg/10° cells) 4642 104£10° 764 7%
Proliferation and migration CCL11 (pg/10° cells) 441 13+1° 1241°
CXCL1/GRO-1 (pg/1 0° cells) 16+1 75+7° 6449°
CXCL12/SDF-1 (pg/10° cells) 83+5 10145 17848
IGF-1 (09/105 cells) 1041 454+5° 47 £7°
NRP-1 (pg/10° cells) 7245 112£16° 184 4 2%

Note that “young” cells in the “no drugs” group are common for “no drugs” senescent cells and “CPT + PCT in vitro senescent” cells (they originate from the same
donor). Experiments were performed using mesothelial cells (pooled) and ovarian cancer cells from 6 different patients. The results are expressed as mean & SEM. @ -

P<0.05 vs. young no drugs cells; *—P < 0.05 vs. senescent no drugs cells

cells, particularly fibroblasts. In another elegant study,
also performed on normal cells, specifically vascular
smooth muscle cells, Bielak-Zmijewska and colleagues
compared replicatively senescent cells and cells forced
to senescence by doxorubicin, and demonstrated some
mechanistic differences in both these processes [15].
It should be stressed, however, that the comparison of
direct and indirect (normal cell-dependent) pro-can-
cerogenic activities of spontaneously senescent and
drug-inducible senescent cancer cells has never been
made before, which makes leading the narrative axis of
our results discussion somehow difficult.

Senescent pEOCs are present in tumors from chem-
otherapy-naive and CPT + PCT-treated patients, how-
ever in the latter they are more frequent and occupy a
larger tumor area. This difference was, to some extent,
predictable as a genetic insult experienced by pEOCs
exposed to the chemotherapeutics (SIPS) is surely
greater and more senescence-promoting than a time-
consuming, progressive, divisions-driven, and environ-
mental cytokine supported spontaneous senescence of
these cells [10]. In this context, it can be recalled that
both carboplatin [16] and paclitaxel [17] cause severe

DNA damage to cells, which is widely considered as a
primary cause of cellular senescence [18].

Senescence-determining events in pEOCs from
CPT + PCT-treated patients occur at a higher rate than
those in spontaneously senescing cells, which confirms
a higher expression of senescence biomarkers (SA-f-
Gal(+)/y-H2A.X(+)/p16(+) phenotype) and an elevated
secretion of some proteins (an equivalent of SASP) in
cells directly transferred from tumors in vivo to culture
conditions in vitro. A similar prevalence of expression of
senescence biomarkers in cells undergoing drug-depend-
ent senescence over replicatively senescent cells has been
described for SA-B-Gal staining in vascular smooth mus-
cle cells [15]. At the same time, these observations sup-
port previous reports showing that features of enhanced
senescence occurring in vivo can be transferred to cul-
ture conditions and manifested in the phenotype of early-
passage cells [19, 20].

The core of this study was to verify whether senescent
pEOCs may stimulate — basically through the prod-
ucts of their secretome — their non-senescent counter-
parts progression analogically to a cancer-promoting
effect repeatedly described for various types of normal
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Table 4 Secretory phenotype of peritoneal fibroblasts subjected to conditioned medium generated by young and senescent ovarian

cancer cells
No drugs (spontaneous) CPT+PCT in vitro
Process Protein young senescent senescent
Angiogenesis ANGT (pg/10° cells) 46113 301+17° 140+ 7%
CXCL8/IL-8 (pg/10° cells) 12044 274+ 26° 2314107
FGF5 (pg/10° cells) 4348 5849 5344
VEGF (pg/10° cells) 2742 3745° 4446
ECM remodeling and invasion ADAM12 (pg/10° cells) 5243 76+£2° 544 2%
PDGF-D (fg/10° cells) 174+16 2524237 222420°
tPA (pg/10° cells) 1841 50442 49472
TGF-B1 (pg/10° cells) 2244 5245° 45422
TIMP-1 (pg/10° cells) 14945 25048° 165 = 53¢
uPA (pg/10° cells) 4141 77147 49+4*
Inflammation CCL2/MCP-1 (pg/10° cells) 7546 117+£18° 77473
ICAM-1 (pg/10° cells) 1542 643 394 2%
IL-6 (pg/10° cells) 50£8 742 +82° 246 4 14%*
VCAM-1 (pg/10° cells) 10444 220417° 11442 9%
Proliferation and migration CCL11 (pg/10° cells) 842 1M+£2 943
CXCL1/GRO-1 (pg/10° cells) 11043 1864 14° 121411%
CXCL12/SDF-1 (pg/10° cells) 99+3 18449 1204+ 8%
IGF-1 (pg/10° cells) 33+4 56+6° 41 42%
NRP-1 (pg/10° cells) 4046 371+£41° 66 3%

Note that “young” cells in the “no drugs” group are common for “no drugs” senescent cells and “CPT + PCT in vitro senescent” cells (they originate from the same
donor). Experiments were performed using fibroblasts (pooled) and ovarian cancer cells from 6 different patients. The results are expressed as mean + SEM. - P<0.05
vs. young no drugs cells; *—P < 0.05 vs. senescent no drugs cells
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Fig.5 The influence of senescent pEOCs on ovarian tumor development in mouse peritoneal cavity in vivo. Comparison of the total weight of
tumors that developed intraperitoneally 21 days after the implantation of young or senescent+young pEOCs (1:1 ratio) (A). Representative pictures
of animals and excised tumors from each group (B)
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Table 5 Expression of mRNA for genes associated with drug-
resistance in young and senescent pEOCs

Gene No drugs (spontaneous) CPT+PCT in vitro
young senescent senescent
ABCB1/MDR1 14+£04 1.8+0.7 1.3+0.7
ABCC4 12403 1.1£06 14£06
AKT1 1.1+£02 194+09 16+0.7
PLK2 12+03 28+14 13106
BIRC5/Survivin 12403 09+03 1.24+05
CHEK1 17408 21£10 1.24+07
CHEK2 1.84£08 22+£15 1.0£04
PHB1/Prohibitin-1 25412 19+09 28422
PHB2/Prohibitin-2 14+05 1.0+0.5 1.0+£06
CCND1/cyclin D1 1.1+£03 22+£10 1.0+06

Experiments were performed using pEOCs obtained from 6 different patients.
Each sample was tested in duplicate. The results are expressed as mean + SEM.
Expression of mRNA for 3-actin was used as the reference

senescent cells [4, 21]. Surprisingly, our results showed
that more robust senescence of pEOCs in vivo did not
translate into a pro-cancerogenic potential of these
cells. A direct comparison of spontaneously and drug-
inducible senescent pEOCs secretome revealed that the
former stimulate progression of non-senescent pEOCs,
angiogenic reactions of vascular endothelium, and senes-
cence-dependent pro-cancerous effects of normal PMCs
and PFBs far more efficiently than their drug-dependent
counterparts. In other words, although chemotherapeu-
tics clearly exacerbated senescence of pEOCs in vivo and
in vitro, the effect of this process on cancer cell progres-
sion was lower than the effect of cells whose senescence
was on a smaller scale. The differences in both senescence
mechanisms reported previously [10, 11] are, however, an
unlikely explanation for the observed pro-cancerogenic
outcomes.

At the same time, the prominent tumor-promot-
ing activity of spontaneously senescent cells could be
explained by a distinct pattern of SASP profiles that
developed in both kinds of analyzed cells. Namely, senes-
cent cells from chemotherapy-naive patients secreted to
environment significantly higher amounts of several sol-
uble mediators of cancer spread. These included, among
others, VEGF—known to promote ovarian cancer neo-
vascularization [22], TGF-p1—recognized as a mediator
of EMT [23] and increased ovarian cancer cell invasion
[24], proinflammatory and ovarian cancer cell growth-
promoting IL-6 [25], and pro-migratory HGF [26]. More-
over, spontaneously senescent pEOCs appeared to be able
to reprogram the secretory capacity of normal peritoneal
cells, e.g. by up-regulating the release by PMCs of PDGF-
D that modulates extracellular matrix remodeling and
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stimulates ovarian cancer cell invasion [27] or by PFBs of
NRP-1 and CXCL12/SDE-1 fueling ovarian cancer motil-
ity and metastatic potential [28, 29]. Intriguingly, a simi-
lar reprogramming of secretory properties has previously
been found in the opposite direction. Namely, senescent
PMCs were able to induce the pro-angiogenic phenotype
in ovarian cancer cells in IL-6/TGF-B1-dependent mech-
anism [30]. This similarity strengthens the view that nor-
mal peritoneal cells and ovarian cancer cells remain in a
highly dynamic state of interactions, in which senescence
of both groups of cells seems to act as a trigger of various
pro-tumoral activities.

The dominance of spontaneous over drug-induced
senescence with respect to cancer progression in vitro
was finally confirmed in vivo, where only spontaneously
senescent cells were able to increase the development of
peritoneal xenografts, fortunately without causing their
increased drug resistance.

Conclusions

Our findings imply that senescence of pEOCs, and espe-
cially the spontaneous variant of this process, should
be treated by oncologists as independent pathogenetic
factor in disease progression. Given the potential for
senescent cell elimination or their SASP-dependent
activity inhibition presented by senolytics and senostat-
ics, respectively, the implementation of such drugs into
standard EOC therapy should be considered [31].

Methods

Materials

Unless otherwise stated, all chemicals and plastics
were obtained from Sigma (St. Louis, MO) and Nunc
(Roskilde, Denmark), respectively.

Patients

The study was based on tumors obtained from 60 patients
with serous ovarian cancer (stage III or IV according to
the criteria of the International Federation of Gynecol-
ogy and Obstetrics). One half of them were chemother-
apy-naive whereas the other half received CPT and PCT
prior cytoreduction [32]. The patients were between 36
and 88 years old. The tumors were fixed in 4% formalin,
embedded in paraffin, and cut into 3 pm sections. Depar-
affinization, rehydration and epitope retrieval were per-
formed using Envision Flex Target Retrieval Solution
(Dako, Glostrup, Denmark). The cancerous nature of the
tissues was identified using standard H+E staining by a
pathomorphologist. Cytochemical detection of senes-
cence-associated [-galactosidase (SA-B-Gal) was con-
ducted following methodology described by Dimri et al.
[33] and planimetric analyses of a green-stained area
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reflecting the presence of SA-B-Gal-positive cancer cells
were performed as described in [10].

Cells

Primary epithelial ovarian cancer cells (pEOCs) were iso-
lated from tumors obtained during cytoreductive surgery.
The methodology of cell isolation and identification was
previously described in [10]. The cells were maintained
in RPMI 1640 enriched in with L-glutamine (2 mM) and
20% FBS. Primary human peritoneal mesothelial cells
(PMCs) and peritoneal fibroblasts (PFBs) were isolated
by enzymatic dissagregation of the omentum, obtained
from 14 patients undergoing abdominal surgery. PMCs
were propagated in M199 medium supplemented with
L-glutamine (2 mM), penicillin (100 U/mL), strepto-
mycin (100 pg/mL), hydrocortisone (0.4 pg/mL) and
10% FBS, whereas PFBs were grown in Ham’s Nutrient
Mixture F-12 medium supplemented similarly as the
medium for PMCs. Human umbilical vein endothelial
cells (HUVECs) were obtained from Lonza (Walkersville,
MD, USA) and cultured in EBM"™'-2 Basal Medium with
EGM™-2 SingleQuots™ Supplements (Lonza).

Experimental conditions

pEOCs were forced to replicative senescence by serial
passaging at fixed seeding density and time intervals, until
complete exhaustion of their capacity to replicate [10].
Drug-induced senescence of pEOCs was reached by an
exposure of 1% passage cells to 50 uM CPT combined with
25 nM PCT (both from Cayman Chemical, Ann Arbor,
MI, USA) and further procedures, exactly as described in
[11]. In both regimens, senescence was confirmed by cell
hypertrophic appearance, long-term inability to prolifer-
ate, and the presence of senescence biomarkers. As per
terminology used in the study, spontaneous senescence of
pEOC:s refers to the state reached by cells from chemo-
therapy-naive patients in response to their serial passag-
ing in vitro. Drug-inducible senescence refers to the state
reached by cells treated by CPT + PCT in vitro, as well as
to cells from patients subjected to chemotherapy in vivo
that lost their proliferative capacity after serial sub-culti-
vations in the absence of drugs in vitro.

Biomarkers of cell growth and senescence

Colocalization of SA-f-Gal and the phosphoryl-
ated variant of histone H2A.X (y-H2A.X) was per-
formed according to cytochemical detection of the
enzyme combined with a fluorescence-based method
of y-H2A.X foci detection, as described in [33, 34].
Activity of SA-B-Gal was determined using a fluores-
cence-based measurement of the rate of conversion of
4-methylumbelliferyl-B-D-galactopyranose (MUG) to
4-methylumbelliferone (4-MU), as described by Gary and
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Kindell [35]. Expression of p16, p21, and p53 cell cycle
inhibitors was quantified using immunofluorescence, as
described in [10]. Telomere length was evaluated using
Absolute Human Telomere Length Quantification qPCR
Assay Kit (ScienCell, Carlsbad, CA, USA) and telomer-
ase (hTERT) activity using the TRAPEZE XL Telomer-
ase Detection Kit (Merck, Darmstadt, Germany), both
essentially as described in manufacturer’s recommen-
dations. Analysis of telomeric localization of y-H2A.X
foci was conducted using the Telomere PNA FISH Kit/
Cy3 (Dako, Carpinteria, CA, USA), as per manufactur-
er’s instructions. Cell distribution in particular phases of
the cell cycle was examined using flow cytometry with
propidium iodide-stained cells, as described in [36]. An
intensity of apoptosis, determined according to the size
of subG1 cell fraction displaying fragmented, low-molec-
ular weight DNA, was estimated using flow cytometry,
according to methodology described in [37].

Functional tests

Adhesion of calcein-AM-probed (Molecular Probes, Inv-
itrogen, Eugene, OR, USA) cancer cells to PMCs or PFBs
was performed as described in [38]. Cell proliferation
was tested in a 24-h protocol using Cell Proliferation Kit
I (PromoKine; Heidelberg, Germany), as per manufac-
turer’s instructions. Migration of cells towards a condi-
tioned medium used as a chemoattractant (for 4 h) was
determined using ChemoTx migration chambers (Neuro
Probe, Gaithersburg, MD, USA), as per manufacturer’s
instructions. Cancer cell invasion was measured with
a Cultrex 96 Well BME Cell Invasion Assay (Trevigen
Inc., Gaithersburg, MD), as described in [39]. To evalu-
ate epithelial-mesenchymal transition (EMT), expression
of occludin (a marker of the epithelial phenotype) and
vimentin (a marker of the mesenchymal phenotype) was
quantified using immunofluorescence-based methods,
essentially as described in [39, 40]. During the functional
tests, behavior of non-senescent cancer cells, endothe-
lial cells, and normal PMCs and PFBs was investigated
upon their exposure to conditioned medium (CM) gener-
ated by young and senescent pEOCs in the presence of
reduced (from 20 to 5%) FBS.

Cell secretome

To generate samples of CM for cell secretome measure-
ments, pEOCs were subjected to serum-free medium
for 72 h. The samples of CM were then filtered and fro-
zen at —80 °C until required. Concentrations of ANG1,
bFGF, CXCLS8/IL-8, VEGF, ADAM12, PDGEF-D, tPA,
TGE-p1, TIMP-1, TSP-1, uPA, CCL2/MCP-1, ICAM-1,
IL-6, VCAM-1, CCL11, CXCL1/GRO-1, CXCL12/SDE-
1, CXCL5, EGE, HGF, IGF-1, and NRP-1 were quantified
using appropriate DuoSet® Immunoassay Development
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kits (R&D Systems, according to the manufacturer’s
instructions. FGF5 was quantified using an assay pur-
chased from ABCbiolab (Anaheim, CA, USA).

Drug-resistance genes

Cells were lysed using the CellAmp Direct RNA Prep Kit
for RT-PCR (Takara Bio, Otsu, Japan). Quantitative PCR
was performed using the Takara PrimeScript RT Mas-
ter MIX (Perfect Real Time) (Takara Bio) with the Fast
Start Essential DNA Green Master (Roche, Basel, Swit-
zerland) and appropriate primers (Sino Biological Inc.,
China). All reactions were performed on Light Cycler
480 (Roche) under following conditions: 5 min at 95 °C,
45 cycles of 10 s at 95 °C, and 1 min at 65 °C. The quality
of each amplicon was evaluated on the basis of the course
of dissociation curves obtained via Melt Curve Stage at
the end of each PCR. The relative expression levels were
determined according to the 272" method with the
B-actin (ACTB) gene as the reference. The measurements
included: ABCB1/MDR1 (cat. no. HP101566), ABCC4
(cat. no. HP104135), AKT1 (cat. no. HP100902), PLK2
(cat. no. HP101256), BIRC5/Survivin (cat. no. HP100392),
CHEK1 (cat. no. HP100555), CHEK2 (cat. no. HP101292),
PHBI1/Prohibitin-1 (cat. no. HP101569), PHB2/Prohibi-
tin-2 (cat. no. HP104907), and CCND1/cyclin D1 (cat. no.
HP100789), and ACTB (cat. no. HP100001).

In vivo experiments

Experiments were performed on 5 week old immuno-
compromised Scid mice (CB17/ I cr-Prkdc/I crl coCrl;
Charles River, Wilmington, MA, USA). The animals
were housed in individually ventilated cages (5/cage).
After a quarantine period, the animals were injected i.p.
with 2 x 10° of young pEOCs or with a mixture of young
pEOC:s with senescent pEOCs (1:1 ratio) in 100 pl of ster-
ile PBS. Health and welfare of the animals, including the
progression of the intraperitoneal tumors was inspected
every day. Starting from day 3 after cell implantation,
CPT (80 mg/kg) and PCT (5 mg/kg) were administered
i.p. to some animals every 3 days. The experiment was
terminated after 21 days by animal scarification using
carbon dioxide intoxication. After the euthanasia, the
peritoneal cavity of experimental animals was inspected
and tumors that developed in the peritoneum were
excised, counted, weighed, and photographed.

Statistics

Statistical analysis was performed using GraphPad
Prism™ 6.00 software (GraphPad Software, San Diego,
USA). The means were compared with repeated ANOVA
with a post hoc Newman-Keuls test. The results are
expressed as the mean + SEM. Differences with a p <0.05
were considered to be statistically significant.

Page 12 of 13

Acknowledgements
Not applicable.

Authors’ contributions

Conceptualization: SR, KK; methodology: SR, PS, MP, JMP; formal analysis: AT;
Investigation: SR, PS, PU, MP, JMP; resources: EN, RM, KK, writing — original
draft: SR, PS, KK; writing—review and editing: KK, supervision: AT, KK; project
administration: KK; funding acquisition: KK. The author(s) read and approved
the final manuscript.

Funding
This research was funded by the National Science Centre, Poland, grant num-
ber 2017/25/B/NZ3/00122.

Availability of data and materials
All data generated or analysed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate

The procedures involving human subjects (the isolation of tumors, omental
tissues, and the cultivation of pEOCs, PMCs, and PFBs) were in accord-

ance with the Helsinki Declaration of 1975. The study was approved by the
Bioethics Committee at the Poznan University of Medical Sciences (resolution
numbers: 543/14,299/17 and 539/21), and all the patients gave their informed
consent. As per experiments on animals, they were carried out in accordance
with the EU Directive 2010/63/EU and were approved by the Local Ethics
Committee for Experiments on Animals (resolution number: 35/2018).

All the patients whose tissues were used in the study gave their written
informed consent.

Consent for publication
Not applicable.

Competing interests
The authors have no relevant financial or non-financial interests to disclose.

Author details

'Department of Pathophysiology of Ageing and Civilization Diseases,

Poznan University of Medical Sciences, Dtuga 1/2 Str, 61-848 Poznan, Poland.
Department of Hypertensiology, Poznah University of Medical Sciences,
Diuga 1/2 Str, 61-848 Poznan, Poland. *General Surgery Ward, Medical

Centre HCP, 28 czerwca 1956 1. 223/229 Str, 61-485 Poznar, Poland. “Division
of Gynecological Surgery, Poznar University of Medical Sciences, Polna 33 Str,
60-535 Poznar, Poland.

Received: 16 February 2022 Accepted: 19 July 2022
Published online: 26 July 2022

References

1. Campisi J. Senescent cells, tumor suppression, and organismal aging:
good citizens, bad neighbors. Cell. 2005;120(4):513-22.

2. YangJ, Liu M, Hong D, Zeng M, Zhang X. The paradoxical role of cellular
senescence in cancer. Front Cell Dev Biol. 2021;9:722205.

3. Coppe JP, Desprez PY, Krtolica A, Campisi J. The senescence-associated
secretory phenotype: the dark side of tumor suppression. Annu Rev
Pathol. 2010;5:99-118.

4. Mikula-Pietrasik J, Uruski P, Sosinska P, Maksin K, Piotrowska-Kempisty H,
Kucinska M, et al. Senescent peritoneal mesothelium creates a niche for
ovarian cancer metastases. Cell Death Dis. 2016;7(12):e2565.

5. Mikula-Pietrasik J, Niklas A, Uruski P, Tykarski A, Ksiazek K. Mechanisms and
significance of therapy-induced and spontaneous senescence of cancer
cells. Cell Mol Life Sci. 2020;77(2):213-29.

6. SalehT, Bloukh S, Carpenter VJ, Alwohoush E, Bakeer J, Darwish S, et al.
Therapy-induced senescence: an ‘old” friend becomes the enemy. Can-
cers (Basel). 2020;12(4):822.



Rutecki et al. Journal of Ovarian Research

20.

21.

22.

23.

24.

25.

26.

27.

(2022) 15:87

te Poele RH, Okorokov AL, Jardine L, Cummings J, Joel SP. DNA damage is
able to induce senescence in tumor cells in vitro and in vivo. Cancer Res.
2002,62(6):1876-83.

Coppe JP, Patil CK, Rodier F, Sun'Y, Munoz DP, Goldstein J, et al. Senes-
cence-associated secretory phenotypes reveal cell-nonautonomous
functions of oncogenic RAS and the p53 tumor suppressor. PLoS Biol.
2008,6(12):2853-68.

Jelovac D, Armstrong DK. Recent progress in the diagnosis and treatment
of ovarian cancer. CA Cancer J Clin. 2011;61(3):183-203.

Pakula M, Maly E, Uruski P, Witucka A, Bogucka M, Jaroszewska N, et al.
Deciphering the molecular mechanism of spontaneous senescence in
primary epithelial ovarian cancer cells. Cancers (Basel). 2020;12(2):296.

. Uruski P, Sepetowska A, Konieczna C, Pakula M, Wyrwa M, Tussupkaliyev

A, et al. Primary high-grade serous ovarian cancer cells are sensitive to
senescence induced by carboplatin and paclitaxel in vitro. Cell Mol Biol
Lett. 2021;26(1):44.

Marchetti C, Pisano C, Facchini G, Bruni GS, Magazzino FP, Losito S, et al.
First-line treatment of advanced ovarian cancer: current research and
perspectives. Expert Rev Anticancer Ther. 2010;10(1):47-60.

Kural KC, Tandon N, Skoblov M, Kel-Margoulis OV, Baranova AV. Path-
ways of aging: comparative analysis of gene signatures in replicative
senescence and stress induced premature senescence. BMC Genomics.
2016;17(Suppl 14):1030.

Aan GJ, Hairi HA, Makpol S, Rahman MA, Karsani SA. Differences in protein
changes between stress-induced premature senescence and replicative
senescence states. Electrophoresis. 2013;34(15):2209-17.
Bielak-Zmijewska A, Wnuk M, Przybylska D, Grabowska W, Lewinska A,
Alster O, et al. A comparison of replicative senescence and doxorubicin-
induced premature senescence of vascular smooth muscle cells isolated
from human aorta. Biogerontology. 2014;15(1):47-64.

Jirsova K, Mandys V. Carboplatin-induced micronuclei formation in
non-neuronal cells of rat foetal dorsal root ganglia cultured in vitro

and comparison with another anticancer drug-cisplatin. Sb Lek.
1996,97(3):331-42.

Branham MT, Nadin SB, Vargas-Roig LM, Ciocca DR. DNA damage induced
by paclitaxel and DNA repair capability of peripheral blood lymphocytes
as evaluated by the alkaline comet assay. Mutat Res. 2004;560(1):11-7.
von Zglinicki T, Saretzki G, Ladhoff J, d"Adda di Fagagna F, Jackson SP.
Human cell senescence as a DNA damage response. Mech Ageing Dev.
2005;126(1):111-7.

Ksiazek K, Piatek K, Witowski J. Impaired response to oxidative stress

in senescent cells may lead to accumulation of DNA damage in
mesothelial cells from aged donors. Biochem Biophys Res Commun.
2008,373(2):335-9.

Ksiazek K, Winckiewicz M, Staniszewski R, Breborowicz A, Witowski J. Cor-
relation between the donor age and the proliferative lifespan of human
peritoneal mesothelial cells in vitro: is TGF-beta1 a link? Exp Gerontol.
2007;42(8):840-3.

Krtolica A, Parrinello S, Lockett S, Desprez PY, Campisi J. Senescent fibro-
blasts promote epithelial cell growth and tumorigenesis: a link between
cancer and aging. Proc Natl Acad Sci U S A. 2001;98(21):12072-7.
Bamberger ES, Perrett CW. Angiogenesis in epithelian ovarian cancer. Mol
Pathol. 2002;55(6):348-59.

Cheng JC, Auersperg N, Leung PC. TGF-beta induces serous borderline
ovarian tumor cell invasion by activating EMT but triggers apoptosis in
low-grade serous ovarian carcinoma cells. PLoS ONE. 2012;7(8):e42436.
Yeung TL, Leung CS, Wong KK, Samimi G, Thompson MS, Liu J,

et al. TGF-beta modulates ovarian cancer invasion by upregulating
CAF-derived versican in the tumor microenvironment. Cancer Res.
2013;73(16):5016-28.

Wang, Li L, Guo X, Jin X, Sun W, Zhang X, et al. Interleukin-6 signaling
regulates anchorage-independent growth, proliferation, adhesion and
invasion in human ovarian cancer cells. Cytokine. 2012;59(2):228-36.
Mikula-Pietrasik J, Uruski P, Matuszkiewicz K, Szubert S, Moszynski R,
Szpurek D, et al. Ovarian cancer-derived ascitic fluids induce a senes-
cence-dependent pro-cancerogenic phenotype in normal peritoneal
mesothelial cells. Cell Oncol (Dordr ). 2016;39(5):473-81.

Wang Y, Hu C, Dong R, Huang X, Qiu H. Platelet-derived growth factor-D
promotes ovarian cancer invasion by regulating matrix metalloprotein-
ases 2 and 9. Asian Pac J Cancer Prev. 2011;12(12):3367-70.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

Page 13 of 13

Baba T, Kariya M, Higuchi T, Mandai M, Matsumura N, Kondoh E, et al.
Neuropilin-1 promotes unlimited growth of ovarian cancer by evading
contact inhibition. Gynecol Oncol. 2007;105(3):703-11.

Guo Q Gao BL, Zhang XJ, Liu GC, Xu F, Fan QY, et al. CXCL12-CXCR4 axis
promotes proliferation, migration, invasion, and metastasis of ovarian
cancer. Oncol Res. 2014;22(5-6):247-58.

Mikula-Pietrasik J, Sosinska P, Naumowicz E, Maksin K, Piotrowska H,
Wozniak A, et al. Senescent peritoneal mesothelium induces a pro-
angiogenic phenotype in ovarian cancer cells in vitro and in a mouse
xenograft model in vivo. Clin Exp Metastasis. 2016;33(1):15-27.

Short S, Fielder E, Miwa S, von Zglinicki T. Senolytics and senostatics as
adjuvant tumour therapy. EBioMedicine. 2019;41:683-92.

Ozols RF, Bundy BN, Greer BE, Fowler JM, Clarke-Pearson D, Burger

RA, et al. Phase Ill trial of carboplatin and paclitaxel compared with
cisplatin and paclitaxel in patients with optimally resected stage |l
ovarian cancer: a Gynecologic Oncology Group study. J Clin Oncol.
2003;21(17):3194-200.

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, et al. A biomarker
that identifies senescent human cells in culture and in aging skin in vivo.
Proc Natl Acad Sci U S A. 1995;92(20):9363-7.

Mikula-Pietrasik J, Uruski P, Pakula M, Maksin K, Szubert S, Wozniak A, et al.
Oxidative stress contributes to hepatocyte growth factor-dependent
pro-senescence activity of ovarian cancer cells. Free Radic Biol Med.
2017;110:270-9.

Gary RK, Kindell SM. Quantitative assay of senescence-associated
beta-galactosidase activity in mammalian cell extracts. Anal Biochem.
2005;343(2):329-34.

Mikula-Pietrasik J, Kuczmarska A, Rubis B, Filas V, Murias M, Zielinski P, et al.
Resveratrol delays replicative senescence of human mesothelial cells via
mobilization of antioxidative and DNA repair mechanisms. Free Radic Biol
Med. 2012;52(11-12):2234-45.

Ksiazek K, Piwocka K, Brzezinska A, Sikora E, Zabel M, Breborowicz A, et al.
Early loss of proliferative potential of human peritoneal mesothelial cells
in culture: the role of p16INK4a-mediated premature senescence. J Appl
Physiol. 2006;100(3):988-95.

Uruski P, Mikula-Pietrasik J, Pakula M, Budkiewicz S, Drzewiecki M, Gaiday
AN, et al. Malignant ascites promote adhesion of ovarian cancer cells to
peritoneal mesothelium and fibroblasts. Int J Mol Sci. 2021;22(8):4222.
Pakula M, Witucka A, Uruski P, Radziemski A, Moszynski R, Szpurek D, et al.
Senescence-related deterioration of intercellular junctions in the peri-
toneal mesothelium promotes the transmesothelial invasion of ovarian
cancer cells. Sci Rep. 2019,9(1):7587.

Pakula M, Mikula-Pietrasik J, Witucka A, Kostka-Jeziorny K, Uruski P,
Moszynski R, et al. The epithelial-mesenchymal transition initiated by
malignant ascites underlies the transmesothelial invasion of ovarian
cancer cells. Int J Mol Sci. 2019;20(1):137.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Pro-cancerogenic effects of spontaneous and drug-induced senescence of ovarian cancer cells in vitro and in vivo: a comparative analysis
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Senescent cancer cells in ovarian tumors in vivo
	Molecular characteristics of drug-induced senescence in vitro and in vivo
	Senescence-associated secretory phenotype in cancer cells
	Senescent cancer cell-driven progression of non-senescent cancer cells in vitro
	Pro-angiogenic activity of senescent cancer cells
	Senescence-related functional characteristics of normal peritoneal cells subjected to senescent cancer cells
	Secretory properties of normal peritoneal cells subjected to senescent cancer cells
	Senescence of ovarian cancer cells and tumor growth in vivo
	Senescence of ovarian cancer cells and the expression of genes responsible for drug resistance

	Discussion
	Conclusions
	Methods
	Materials
	Patients
	Cells
	Experimental conditions
	Biomarkers of cell growth and senescence
	Functional tests
	Cell secretome
	Drug-resistance genes
	In vivo experiments
	Statistics

	Acknowledgements
	References


