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ABSTRACT
Previously we demonstrated that endometrium-derived human mesenchymal stem cells (hMESCs) via
activation of the ATM/p53/p21/Rb pathway enter the premature senescence in response to oxidative
stress. Down regulation effects of the key components of this signaling pathway, particularly ATM and
p53, on a fate of stressed hMESCs have not yet been investigated. In the present study by using the
specific inhibitors Ku55933 and Pifithrin-a, we confirmed implication of both ATM and p53 in H2O2-
induced senescence of hMESCs. ATM or p53 down regulation was shown to modulate differently the
cellular fate of H2O2-treated hMESCs. ATM inhibition allowed H2O2-stimulated hMESCs to escape the
permanent cell cycle arrest due to loss of the functional ATM/p53/p21/Rb pathway, and induced bypass of
mitosis and re-entry into S phase, resulting in tetraploid cells. On the contrary, suppression of the p53
transcriptional activity caused a pronounced cell death of H2O2-treated hMESCs via autophagy induction.
The obtained data clearly demonstrate that down regulation of ATM or p53 shifts senescence of human
endometrial stem cells toward tetraploidization or autophagy.
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Introduction
Already six years past since the first evidence that human mes-
enchymal stem cells may undergo premature senescence in
response to sublethal stress.1 To date this phenomenon seems
to be of a great importance due to the obvious fact that adult
stem cell senescence is equal to the reduction of their regenera-
tive ability, what directly concerns the effectiveness of their
potential clinical application.2,3,4,5 Cellular senescence is typi-
cally defined as a process in which cells cease dividing and
undergo distinctive phenotypic alterations, including enlarged
and flattened morphology, increased SA-b-Gal staining as well
as the profound secretome changes termed senescence-associ-
ated secretory phenotype (SASP).6,7 According to the recent
data, senescent cells through autocrine/paracrine pathways
may initiate premature senescence or even transformation of
the neighboring cells,8,9 what in context of adult stem cells is of
a particular importance as it may limit their use in regenerative
medicine. These notions raise a question of the elimination of
aging cells from the population in order to prevent further
senescence expansion.

It is well known that cell aging may be triggered either by
telomere shortening10 or by the variety of stresses;11,12 however
despite the nature of the senescence inductor, the typical “start-
ing point” is the DNA damage response (DDR) activation.13,14

Although the initial goal of the DDR is to repair damaged

DNA and restart the cell cycle, in case of irreparable damage it
eventually induces an irreversible cell cycle arrest leading to
senescence, or programmed cell death. DDR is a signaling path-
way mediated by the phosphoinositide-3-kinase (PI-3K)-
related protein kinases (PIK kinases) including ataxia-telangi-
ectasia mutated (ATM), ATM and RAD3-related (ATR) and
DNA-dependent protein kinase (DNA-PK). In undamaged
cells, ATM is inactive however following DNA damage it
immediately undergoes autophosphorylation, resulting in the
formation of the active ATM monomers.15,16,17 Once activated
ATM is recruited to the sites of the DNA damage and initiates
cell-cycle progression arrest through phosphorylation of direct
downstream targets.

One of the most important ATM substrate is a tumor sup-
pressor protein p53.6 Following activation p53 is translocated
into the nuclei where it modulates transcription of various
genes. Due to the differential activation of target genes p53 gov-
erns pathways that direct cells either to cell cycle arrest, senes-
cence, or apoptosis, thus preventing the propagation of
damaged DNA.18 Crucial transcriptional target and mediator
of p53-dependent senescence is a cyclin-dependent kinase
inhibitor – p21.19 An enhanced expression of p21 leads to
hypophosphorylation, and thus activation, of retinoblastoma
protein (Rb) what in turn results in cell cycle and proliferation
arrest.20 Noteworthy, the described above DDR-mediated cell
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cycle arrest typically concerns to senescence initiation, however
for further development toward irreversible, phenotypically
complete senescence ATM/p53/p21/Rb pathway should be
held in an active state long after senescence initiation.21,22,23

Both ATM and p53, being critical regulators of cell fates
after DNA damage, may induce a variety of cellular
responses, including induction of cell cycle arrest, DNA
repair, maintenance of genomic stability, induction of pre-
mature senescence and cell death.24,25 Published data con-
cerning cellular responses to ATM down regulation are
rather controversial. In non transformed human senescent
cells down regulation of ATM signaling most commonly
leads to cell cycle re-entry and proliferation recovery,26,27,28

whereas in both senescent tumor and hematopoietic pro-
genitor cells it triggers apoptosis.29,30.31,32,33 The modern
knowledge regarding the consequences of ATM inhibition
in senescent human mesenchymal stem cells is very limited.
In g-irradiated human mesenchymal stem cells (MSC) iso-
lated from dental pulp and periodontal ligament, early
changes in DDR signaling induced by ATM activity sup-
pression were evaluated.34 The effects of p53 inhibition on
the fate of senescent cells are rather diverse. Depending on
the cell context, p53 inactivation has been shown to pro-
voke either senescence reversal or autophagy.35,36,37,38

In the recent study we have convincingly shown that human
endometrium-derived mesenchymal stem cells (hMESCs)
under oxidative stress enter the premature senescence that is
accompanied by the activation of the main DDR members,
including ATM, and by the irreversible growth arrest via the
functional activation of the p53/p21/Rb pathway.23 hMESCs
are the perspective source of mesenchymal stem cells for trans-
plantation in cell-based therapy.39,40 However a loss of regener-
ative potential during senescence in oxidative stress conditions,
as well as the senescence expansion due to SASP may dramati-
cally diminish the effectiveness of transplantation. In this
regard, down regulation of either ATM or p53, implicated in
hMESCs senescence managing, may be considered as a strategy
directed to eliminate potentially dangerous senescent cells.
Thus, the present study aimed to elucidate the impact of ATM
and p53 inhibition on the cell fate of the senescent hMESCs.

Results

ATM inhibition does not prevent H2O2-induced
senescence of hMESCs

In order to elucidate a possible role of ATMkinase in the regulation
of hMESCs senescence, we applied a specific inhibitor of ATM
kinase activity – Ku55933 (Ku).29 Cell pretreatment with 10 mM
Ku had no significant effect on cell viability, but effectively blocked
H2O2-induced ATM phosphorylation (Fig. 1A, B). Taking into
account our previous data that persuasively indicate the key role of
ATM/Chk2/p53/p21/Rb pathway in the initiation and develop-
ment of the hMESCs senescence,23 first we investigated the effects
of ATM blocking on function of this signaling cascade. As
expected, ATM inhibition resulted in the phosphorylation decrease
of direct ATM targets - Chk2 and p53. In Ku-treated cells we
observed a prolonged down-regulation of p21 expression and slight
increase in Rb phosphorylation compared with H2O2-treated

hMESCs (Fig. 2). Thus, ATM activity suppression led to the func-
tional inactivation of Chk2/p53/p21/Rb pathway that persisted for
a long time after senescence initiation.

Based on these observations further we checked whether
ATM inhibition may reverse the proliferation arrest induced by
H2O2. Interestingly, pretreatment with Ku had no effect on cell
proliferation compared with those exposed to H2O2 alone
(Fig. 3A). Moreover, blocking ATM activity had no influence
on senescent phenotype of H2O2-treated cells, which was char-
acterized by cell hypertrophy (Fig. 3B) and enhanced SA-b-Gal
staining (data not shown). Thus, despite the down regulation
of Chk2/p53/p21/Rb pathway, responsible for senescence initi-
ation and development, ATM inhibition was not able to pre-
vent H2O2-induced senescence of hMESCs.

Blocking ATM activity leads to the prolonged G2/M
accumulation of senescent hMESCs

Earlier we have shown that hMESCs treatment with 200 mM
H2O2 led to the prolonged irreversible cell cycle arrest in all
phases.41 Therefore further we checked whether cell pretreat-
ment with Ku might affect H2O2-induced cell cycle arrest of
hMESCs. Analysis of the cell cycle phase distribution revealed a
persistent Ku-induced accumulation of H2O2-treated cells in
G2/M phase. The increase of the cell proportion in the G2/M

Figure 1. Dose-dependent effects of Ku application. (A) Cells were either treated
or not with Ku at indicated concentrations. The percentage of viable cells was eval-
uated in 24 h after treatment using MTT assay as described in “Materials and Meth-
ods” section. Results are shown as a percent of control. M § SD, N D 3. (B)
Immunoblot analysis of H2O2-induced ATM phosphorylation. Representative results
of the three experiments are shown in the figure. (Ctr – control). GAPDH was used
as loading control.
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phase (from 50% at day 5 up to 60% at day 7) indicates the
absence of a multiphase cell cycle block after Ku treatment
(Fig. 4). In contrast, H2O2-treated cells with intact ATM dis-
played the expected cell cycle arrest in all phases, and besides
the cell cycle phase ration in such cells remained constant at
least for 7 d. It should be noted that in the absence of the oxida-
tive stimulation, Ku had no effect on the cell cycle distribution
of hMESCs during the investigated time frame (Fig. 3).

Tetraploidization of senescent hMESCs as a result of ATM
kinase inhibition

Simultaneously with the accumulation of Ku-pretreated cells in
G2/M phase, ATM kinase inhibition caused tetraploidization
of H2O2-stimulated hMESCs, resulting in 8n DNA content.
The tetraploid cell fraction gradually increased up to 16%
within 7 d after the oxidative stress (Fig. 5A, B). The FACS

profile of these cells showed discrete peaks suggesting that the
whole genome was duplicated. In order to elucidate the survival
of the tetraploid cell fraction, Ku-treated cells were reseeded in
5 d after oxidative stress and additionally cultured for 7 d. As a
result, we did not observe the disappearance of the tetraploid
cell fraction in reseeded cells, suggesting their long-term viabil-
ity (Fig. 5C). Summarizing these findings, we can assume that
ATM kinase inhibition allows H2O2-treated hMESCs to escape
permanent cell cycle arrest due to loss of the functional ATM/
p53/p21/Rb pathway however it causes the emergence of the
tetraploid cells.

Ku blocks entry of H2O2-treated hMESCs into mitosis

Having identified an increasing fraction of tetraploid cells in
senescent hMESCs under Ku treatment, further we tried to
enlighten the possible mechanism of tetraploidization. Theoret-
ically, increased nuclear DNA amounts can result from endore-
duplication cycles. Endoreduplication is a form of somatic
polyploidy in which the chromosomes replicate time after time
with no chromosome condensation and no mitosis. In favor of
this assumption, we did not observe any metaphase cells bear-
ing condensed chromosomes among the population of H2O2-
treated hMESCs in presence of Ku using Giemsa banding (data
not shown). The absence of mitotic cells allows us to suggest
that they have become arrested in cell cycle prior to mitosis. To
test this idea, we performed a set of experiments with the use of
nocodazole (Noc). It is well known that Noc inhibits microtu-
bule polymerization, thereby activating the spindle assembly
checkpoint and preventing the cell exit from mitosis. The cell
treatment with Noc for 16 h at a low concentration (0.04 mg/
ml) resulted in accumulation of almost 40% of control
(untreated) cells in G2/M phase without evident apoptosis. In
24 h after washing off Noc, more than 70% of control cells
entered G0/G1 phase indicating the successful escape from
Noc-induced G2/M block (Fig. 6). Of note, in response to Noc
the cycle phase distribution of Ku-alone-treated cells and con-
trol cells were alike. In contrast to control hMESCs, H2O2-stim-
ulated cells both in absence and presence of Ku were not able to
accumulate in G2/M phase under Noc. Remarkably,
(KuCH2O2)-stimulated hMESCs accumulated in G2 phase of
the cell cycle in 1 or 2 d after washing off Noc, and besides the
phase distribution of these cells was similar to that without Noc
treatment. The obtained data indicate the disturbance of G2-M
transition, resulting in failure of Ku-treated senescent hMESCs
to reach mitosis.

These observations were additionally verified by Western
blot analysis with the use of specific antibody against phosphor-
ylated histone H3 (Ser10). Due to the fact that site-specific
phosphorylation of histone H3 at Ser10 tightly correlates with
chromosome condensation and becomes maximal during
metaphase of the mitosis, it is regarded as a reliable mitotic
marker.42 ATM inhibition completely abolished H3 prosphory-
lation in H2O2-treated hMESCs in comparison to control cells
both in presence and absence of Noc (Fig. S1). Taking together,
the results presented indicate that ATM down regulation, on
the one hand, allows H2O2-treated hMESC to escape multi-
phase cell cycle arrest due to loss of the functional ATM/p53/
p21/Rb pathway, and, on the other hand, it can induce bypass

Figure 2. Application of 10 mM Ku led to the down regulation of the ATM/Chk2/
p53/p21/pRb pathway in H2O2-treated hMESCs. The functional status of the tested
proteins was detected by Western blotting with the use of specific antibodies. Rep-
resentative results of the three experiments are shown in the figure. GAPDH was
used as loading control.
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of mitosis and re-entry into S-phase, resulting in the emergence
tetraploid cells.

Pifithrin-a triggers autophagy of H2O2-treated hMESCs

p53 was reported to be required to block entry of tetraploid
cells into S phase and to suppress their proliferation.43,44 So,
one of the possible underlying causes of tetraploid cell emer-
gence upon Ku treatment might be downregulation of p53
activity in senescent hMESCs. In order to check this suggestion,
further we applied an inhibitor – Pifithrin-a (PFT) that specifi-
cally blocks transactivation of p53-responsive genes.45 In the

culture studies of p53 functions PFT is typically used at rather
high concentration range from 30 up to 60 mM.46,47 In our
experimental conditions we decided to apply 50 mM PFT and
showed that this concentration PFT had no effect on cell via-
bility, decreased p21 protein levels and restored Rb phosphory-
lation in H2O2-treated hMESCs (Fig. 7). Unexpectedly, we did
not observe any G2/M phase accumulation or tetraploidization
in the population of (PFTCH2O2)-treated hMESCs (Fig. 8A) in
contrast to (KuCH2O2)-treated cells (Figs. 4, 5).

Moreover, PFT-induced inhibition of p53 transcriptional
activity promoted a time-lag cell death of H2O2-treated cells, as
at day 6 about 60% of (PFTCH2O2)-stimulated hMESCs were
propidium iodide (PI)-positive (Fig. 8B). We then performed a
more specific kinetic analysis of H2O2-treated hMESCs death
induced by PFT with the use of Annexin-V/PI (AnV/PI) assay.
As shown in Figure S2, at day 3 the number of AnV positive
cells (AnVC/PI- and AnVC/PIC) increased up to 13% in the
population of (PFTCH2O2) cells. Notably, AnV is known to be
an appropriate marker of both types of programmed cell death
— apoptosis and autophagy — because cells undergoing either
apoptosis or autophagy were shown to externalize phosphati-
dylserine residues, which normally are located on the internal
surface of the plasma membrane.48 At the same time we did
not reveal activation of initiator caspases-8,-9 or effector cas-
pase-3 (data not shown), that are typical of apoptosis.49 This
observation led us to investigate autophagy as a potential mech-
anism of PFT-induced cell death. In favor of this assumption
with we detected approximately a 5-fold PFT-induced increase
in side scatter (SS) at day 6 after the oxidative stress (Fig. 9).
The SS elevation reflects an increase in internal granularity,
corresponding to the increased autophagosome formation.50

These results were further expanded by the LC3-II levels
monitoring at different time points after the oxidative stress.
Being a pivotal component of the autophagic machinery LE3 is
converted to lipidated LC3 (LC3-II) after autophagy induction.
Immunoblotting of LC3 most commonly reveals 2 bands: LC3-I
(18 kDa) and LC3-II (16 kDa). The LC3-II amount correlates
well with the number of autophagosomes.51 Figure 10 clearly
shows that selective inhibition of p53 by PFT resulted in the

Figure 3. Cell treatment with 10 mM Ku was not able to prevent H2O2-induced senescence of hMESCs. (A) Ku had no effect on the cell proliferation of H2O2-treated
hMESCs. Cell number was determined by FACS at indicated time points (M § SD, N D 3, ��p<0.01, ���p<0.005, versus control). (B) ATM inhibition with Ku did not pre-
vent H2O2-induced increase in the cell size. Forward scatter (FS) reflects the average cell size. M § SD, N D 3, �p<0.05, ��p<0.01, versus control, xp<0.05, versus H2O2-
treated cells. Ctr – control. “Cell treatment with 10 mM Ku was not able to prevent H2O2-induced senescence of hMESCs. (A) Ku had no effect on the cell proliferation of
H2O2-treated hMESCs. Cell number was determined by FACS at indicated time points (M § SD, N D 3, ��p<0.01, ���p<0.005, versus control). (B) ATM inhibition with Ku
did not prevent H2O2-induced increase in the cell size. Forward scatter (FS) reflects the average cell size. M § SD, N D 3, �p<0.05, ��p<0.01, versus control, xp<0.05,
versus H2O2-treated cells. Ctr – control.

Figure 4. Down regulation of ATM activity by Ku resulted in the prolonged G2/M
accumulation of H2O2-treated hMESCs. Flow cytometric analysis of cell cycle phase
distribution: the percentage of cells in the G0/G1, S, and G2/M phases. M § SD, N
D 3, �p<0.05, ���p<0.005, versus control, xp<0.05, xxp<0.01, xxxp<0.005, versus
H2O2-treated cells. Ctr – control.
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appearance of a distinct LC3-II band at day 4 after H2O2 treat-
ment that persisted up to day 7. These data support the hypoth-
esis of autophagy initiation in H2O2-stimulated hMESCs upon
PFT.

Another important protein involved in the initiation of
autophagosome formation is Unc-51-like kinase 1 (Ulk1).52

Previously it has been demonstrated that adenosine monophos-
phate-activated protein kinase (AMPK) activates autophagy by
Ser555 phosphorylation of Ulk153, thus we analyzed the Ulk1
phosphorylation levels upon p53 inhibition in H2O2-treated
hMESCs. Indeed, already in 2 d after the oxidative stress we
revealed an enhanced phosphorylation of Ulk1 at Ser555 in
PFT-treated cells compared to H2O2-stimulated cells (Fig. 10).
Summarizing the obtained results, we conclude that the major
cause of stressed cells’ death induced by p53 inhibition was not
apoptosis, but autophagy.

Discussion

In the present study we investigated the effects of ATM as well
as p53 down-regulation on the oxidative stress-induced
hMESCs senescence development. Earlier we discovered that
hMESCs treatment with sublethal H2O2 resulted in a rapid
ATM activation that persisted for several days, suggesting its
role in both initiation and stabilization of the premature senes-
cence in hMESCs.23 It is well documented that ATM is involved
in various cellular stress responses, including cell cycle arrest,
senescence and apoptosis.24,25 Using a specific inhibitor of
ATM activity – Ku, firstly we estimated ATM contribution to
H2O2-induced senescence of hMESCs. ATM down regulation
did not prevent the premature senescence of hMESCs, as Ku
treatment had no effect on either proliferation restoration or
the main H2O2-induced phenotypic changes, in particular

increased cell size and enhanced SA-b-Gal staining. In contrast
to our findings, recent reports claimed that Ku-induced ATM
inhibition prevented the oxidative stress-induced senescence of
biliary epithelial cells,54 as well as H2O2-or high glucose-
induced senescence of human umbilical vein endothelial
cells.14,55 However we cannot agree with the authors that a
decrease in SA-b-Gal staining without any correlation to the
cell proliferation recovery may serve as a convincing argument
to postulate the complete senescence reversal. In case of
hMESCs, we suppose that in the absence of functional ATM
kinase another sensor kinase - ATR might be responsible for
H2O2-induced senescence development. In favor of this
assumption, it was shown that dual downregulation of both
kinases by either CGK733 – a selective inhibitor of ATM/ATR,
or siRNA-mediated knockdown of ATM/ATR promoted the
proliferation and thus significantly increased lifespan of normal
human cells.27

Our previous data clearly demonstrated that hMESCs sub-
jected to sublethal oxidative stress displayed the multiphase cell
cycle arrest with preferable accumulation of cells in G1 phase.41

As ATM kinase commonly via Chk2/p53/p21 pathway medi-
ates G1/S cell cycle checkpoint, which prevents cells with dam-
aged DNA from entering S-phase,56 theoretically ATM down
regulation should abolish this checkpoint. Indeed, after Ku
treatment we revealed a prolonged accumulation of H2O2-stim-
ulated hMESCs in G2/M phase of the cell cycle. Likewise, IR-
treated normal human fibroblasts and etoposide-treated
SW620 tumor cells also were arrested in G2 phase in response
to ATM inhibition.29 DNA damaged A-T cells lacking active
ATM were also shown to be blocked at the G2 phase of cell
cycle.57 By contrast, Ku application led to the abolishment of
G2 phase arrest in IR-exposed human embryonic stem cells.58

Interestingly, dental pulp and periodontal ligament human

Figure 5. Tetraploidization of senescent hMESCs induced by Ku application. (A) hMESCs were left untreated (Ctr-control) or were treated either with H2O2 alone or in
presence of the inhibitor and analyzed by FACS at indicated time points. The percentage of cells with DNA content > 4n is given. Representative FACS analyses are
shown. (B) Quantification of tetraploidy induced by Ku. hMESCs were treated and analyzed as in (A). M § SD, N D 3, ���p<0.005, versus control, xxxp<0.005, versus
H2O2-treated cells, ns – not significant (Ctr – control). (C) Viability of the Ku-induced tetraploid cells. hMESCs were treated as in (A), then cells were reseeded in 5 d, addi-
tionally cultured for 7 d and analyzed by FACS. M § SD, N D 3, ���p<0.005, versus control, xp<0.05, versus H2O2-treated cells. Ctr – control.
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mesenchymal stem cells subjected to IR were characterized by
the ATM-independent G2 arrest.34 We can assume that
observed differences in the cell cycle phase distribution under
ATM inhibition are associated with the cell specificity.

According to modern concepts, there are several consequen-
ces of a prolonged cell accumulation in G2 phase. One is a so-
called checkpoint adaptation, meaning cycle re-entering follow-
ing prolonged G2 accumulation in presence of irreparable
DNA damage, thus transmitting damaged DNA to daughter
cells.59 Previously this phenomenon was described mainly in
human cancer cells,59,60 however further similar results were
obtained in non-transformed human cells.61,62,63 Another out-
come of G2 cell accumulation suggests bypass of mitosis and

re-entry into S phase resulting in tetraploid cells.44 In favor of
this statement, we observed the emergence of the tetraploid cell
fraction in the population of Ku-treated hMESCs that increased
in time and persisted even if cells were reseeded, suggesting
their long-term viability. Based on the presented findings we
conclude that ATM inhibition firstly allowed H2O2-treated
hMESCs to escape permanent cell cycle arrest due to down reg-
ulation of the ATM/p53/p21/Rb pathway, and secondly pre-
vented damaged cells from the mitosis entry and caused the
emergence of the tetraploid cells.

Taking into account that suppression of the ATM activity did
not lead to the desired elimination of the senescent cells from the
hMESCs population, further we focused on the investigation of

Figure 6. Cell cycle phase distribution of H2O2-treated hMESCs in presence of Ku was unaffected by Noc application. Control, Ku-, H2O2-, and (Ku+H2O2)-treated hMESCs
were exposed to 0.04 mg/ml Noc for 16 h. After Noc treatment cells were either analyzed by FACS or washed and additionally cultured in the fresh medium with the
following analysis in 24 or 48 h. To reveal the effect of Noc, (Ku+H2O2)-treated hMESCs without 16 h Noc application were analyzed at the same time points. The percent-
age of cells in G0/G1, S and G2/M is given. Representative FACS analyses are shown.
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p53 inhibition impact. Earlier it was postulated that various
tumor suppressor genes, including p53 actively repress tetra-
ploidy because their removal can either stimulate the spontane-
ous tetraploidization of cells or facilitate the tetraploid cells’
survival.44,64,65 Therefore, we hypothesized that p53 down regu-
lation may underlie the observed tetraploidization of hMESCs.
Contrary to our assumptions, p53 activity suppression caused a
postponed and pronounced death of H2O2-treated hMESCs via
autophagy. Autophagy is defined as an evolutionary conserved
catabolic pathway by which cellular proteins and organelles are
delivered to lysosomes for degradation and recycling.66,67 Previ-
ous reports postulated a dual role of p53 in the autophagy regula-
tion: it is capable both to enhance and to repress autophagy.36,66

Our data confirm the results obtained on the cultures of various
mammalian cells, indicating that p53 inactivation triggered
autophagy.36,37,38

In conclusion, hMESCs outline an easily available source for
tissue regeneration due to their multilineage differentiation
capacity, immunomodulatory properties and non-invasive isola-
tion procedures.39,40 Presently, there are the positive clinical

results in hMESCs-based therapies of heart failure, Duchenne
muscular dystrophy, type I diabetes, infertility.68,69,70 Being
transplanted hMESCs often get into the oxidative stress condi-
tions which accompany the progression of many diseases what
potentially may lead to loss of their regenerative potential and to
the premature senescence. The findings presented in this study
imply that continuously activated ATM is essential for genomic
stability of the senescent hMESCs, as ATM down regulation
causes the emergence of tetraploid cells. On the contrary, senes-
cent hMESCs death occurred only under p53 suppression, there-
fore not ATM, but p53 down regulation could be considered as
an effective tool for the elimination of the senescent cells from
the population of H2O2-stimulated hMESCs.

Materials and methods

Cell culture

Human mesenchymal stem cells were isolated from desquamated
endometrium in menstrual blood from healthy donors (hMESCs,

Figure 7. (A) Application of 50 mM PFT had no effect on viability of H2O2-treated hMESCs. Cells were either pretreated or not with 50 mM PFT for 2 h, then subjected to
200 mM H2O2 for 1 h with following H2O2 replacement and cell cultivation under normal conditions. The percentage of viable cells was evaluated in 24 h after treatment
by FACS analysis as described in “Materials and Methods” section. Results are shown as a percent of control. M § SD, N D 3, �p<0.05, versus control. (B) Western blot
analysis of p53 and Rb phospohorylation, as well as p21 protein expression. Representative results of the three experiments are shown in the figure. GAPDH was used as
loading control. Ctr – control.

Figure 8. (A) p53 inhibition by PFT had no significant effect on the cell cycle phase distribution of H2O2-treated hMESCs. Flow cytometric analysis of cell cycle phase distri-
bution: the percentage of cells in the G0/G1, S, and G2/M phases. M § SD, N D 3, �p<0.05, ���p<0.005, versus control, <p<0.05, xxp<0.01, versus H2O2-treated cells.
(Ctr – control). Representative FACS analyses are shown. (B) PFT-induced cell death of H2O2-treated hMESCs. Dead cells were determined at indicated time points after
the treatment by FACS analysis as the percent of PI-positive cells. M § SD, N = 3, �p<0.05, ���p<0.005, versus control, xxxp<0.005, versus H2O2-treated cells.

CELL CYCLE 123



line 2304) as described previously.71 hMESCs have a positive
expression of CD73, CD90, CD105, CD13, CD29, and CD44
markers and absence of expression of the hematopoietic cell sur-
face antigens CD19, CD34, CD45, CD117, CD130, and HLA-
DR (class II). Multipotency of isolated hMESCs is confirmed by
their ability to differentiate into other mesodermal cell types,
such as osteocytes and adipocytes. Besides, the isolated hMESCs
partially (over 50%) express the pluripotencymarker SSEA-4 but
do not express Oct-4. Immunofluorescent analysis of the derived
cells revealed the expression of the neural precursor markers nes-
tin and beta-III-tubulin. This suggests a neural predisposition of
the established hMESCs. These cells are characterized by high
rate of cell proliferation (doubling time 22–23 h) and high clon-
ing efficiency (about 60%). hMESCs were cultured in complete
medium DMEM/F12 (Gibco BRL, USA) supplemented with
10% FBS (HyClone, USA), 1% penicillin-streptomycin (Gibco
BRL, Gaithersburg, MD, USA)and 1% glutamax (Gibco BRL,
USA) at 378C in humidified incubator, containing 5% CO2. Cells
were harvested by trypsinization and plated at a density of
15�103 cells per cm2. To avoid complications of replicative

senescence, cells at early passages (between 5 and 9 passages)
were used in all experiments.

Cell treatments

H2O2 treatment was performed on the subconfluent cells to
avoid variability of H2O2 toxicity. H2O2 stock solution in
serum-free medium was prepared from 30% H2O2 (Sigma,
USA) just before adding. Cells were treated with 200 mM H2O2

for 1 h, then washed twice with serum-free medium to remove
H2O2, and re-cultured in fresh complete medium for various
durations as specified in individual experiments. To inhibit
ATM kinase activity, 10 mM Ku55933 dissolved in DMSO
(Merk, Germany) was added in the culture medium 40 min
before H2O2-treatment. To suppress p53 activity, cells were
treated with 50 mM Pifithrin-a (Merk, Germany) during 2 h
before H2O2 treatment. Both inhibitors were presented in the
culture medium during oxidative stress and then have been
added daily to avoid their degradation. In the set of experi-
ments with nocodazole, cells were either pretreated or not with
Ku for 40 min, followed by H2O2 stimulation for 1 h, and then
treated with 0.04 mg/ml nocodazole for 16 h.

Assessment of the cell viability

The cell viability after incubation with the inhibitor was evalu-
ated by the enzymatic conversion of MTT (AppliChem, Ger-
many) to formazan in live cells. The culture medium from the
cells grown in plates was removed, and 3-(4.5-dimethylthiazol-
2-yl)-2.5-diphenyltetrazolium bromide (MTT; 0,715mg/mL) in
serum-containing growth medium was added to each well. In
2 h the solution was changed to DMSO to solve formazan pro-
duced. The plates were shaken for 15 min at room temperature;
thereafter the absorbance was measured at 570 nm using
microplate reader (Fluorofot “Charity,”Russia). All points were
read as parallels of 8 similar samples. The average absorbance
at a given time point was normalized to the start time point.

FACS analysis

FACS analysis for DNA content was performed using standard
procedures and PI DNA staining as described previously.23

Figure 9. PFT promoted an internal granularity increase in H2O2-treated hMESCs. (A) Cells were treated as indicated in legend to Figure 8. Cell granularity was determined
at indicated time points as the side scatter (SS) alterations. M § SD, N D 3, �p<0.05, xxx p<0.005, versus control, xxxp<0.005, versus H2O2-treated cells.
Ctr – control. (B) Typical presentation of SS, reflecting the internal granularity of the cells. Data were obtained by light-scattering cytometry with using Win MDI program
version 2.8.

Figure 10. p53 down regulation by PFT caused the emergence of the typical
autophagy markers in H2O2-treated hMESCs. (A) Cells were treated as indicated in
the legend to Figure 7 and the relative abundance of LC3-I and LC3-II was deter-
mined by immunoblot with the use of specific antibodies. (B) PFT-dependent phos-
phorylation of Ulk1 at Ser555 in H2O2-treated cells was analyzed by Western
blotting at the indicated time points. Representative results of the three experi-
ments are shown in the figure. GAPDH was used as loading control. Ctr –control.
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Flow cytometry was performed using the Coulter EPICS XL
Flow Cytometer (Backman Coulter, USA) and the obtained
data were analyzed using Win MDI software version 2.8. The
cell size was evaluated by cytometric light scattering of PI-
stained cells. To discriminate the live and dead cells, 2-parame-
ter histogram was used (FL4LOG vs. FSLOG). Analysis of each
sample (at least 10,000 cells) was performed for 100 sec with
high sample delivery. Analysis of apoptotic cells was performed
using a FITC-annexin V staining according to standard manu-
facture protocols (BD Pharmingen, USA).

Western blotting

Western blot analysis was performed as described previously.72

SDS-PAGE electrophoresis, transfer to nitrocellulose
membrane and immunoblotting with ECL (Thermo Scientific,
USA) detection were performed according to standard manu-
facturer’s protocols (Bio-Rad Laboratories, USA). Antibodies
against the following proteins were used: glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (clone 14C10), (1:1000,
#2118, Cell Signaling, USA), phospho-ATM (Ser1981) (clone
D6H9) (1:1000, #5883, Cell Signaling, USA), phospho-Chk2
(Thr68) (1:1000, #2661, Cell Signaling, USA), phospho-p53
(Ser15) (clone 16G8) (1:1000, #9286, Cell Signaling, USA),
p21Waf1/Cip1 (clone 12D1) (1:1000, #2947, Cell Signaling,
USA), phospho-Rb (1:1000, Ser807/811) (#9308, Cell Signaling,
USA), phospho-Histone H3 (Ser10) (1:1000, #9706, Cell Signal-
ing, USA), LC3 (1:500, #ABC232, Merk KGaA, Germany),
phospho-Ulk1 (Ser555) (1:5000, #ABC124, Merk KGaA, Ger-
many), as well as horseradish peroxidase-conjugated goat anti-
rabbit IG (1:10000, #7074, Cell Signaling, USA) or horseradish
peroxidase-conjugated goat anti-mouse IG (1:10000, #7076,
Cell Signaling, USA). Hyperfilm (CEA) was from Amersham
(Sweden). Equal protein loading was confirmed by Ponceau S
(Sigma, USA) staining.

Statistics

All data are presented as the mean and standard deviation of
the mean from at least 3 separate experiments performed.
Statistical differences were calculated using the Student’s t-test
and considered significant at �,x p < 0.05; ��,xx p < 0.01;
���, xxx p < 0.005.

Abbreviations

ATM ataxia-telangiectasia mutated
DDR DNA damage response
FACS flow-activated cell sorting
hMESCs human endometrium-derived mesenchymal stem

cells
Noc nocodazole
PFT pifithrin-a
SA-b-Gal senescence-associated b-galactosidase
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