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Hyper-mitogenic drive coexists with mitotic
incompetence in senescent cells
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When the cell cycle is arrested, even though growth-promoting pathways such as mTOR are still active, then cells senesce.
For example, induction of either p21 or p16 arrests the cell cycle without inhibiting mTOR, which, in turn, converts p21/
p16-induced arrest into senescence (geroconversion). Here we show that geroconversion is accompanied by dramatic
accumulation of cyclin D1 followed by cyclin E and replicative stress. When p21 was switched off, senescent cells (despite
their loss of proliferative potential) progressed through S phase, and levels of cyclins D1 and E dropped. Most cells entered
mitosis and then died, either during mitotic arrest or after mitotic slippage, or underwent endoreduplication. Next, we
investigated whether inhibition of mTOR would prevent accumulation of cyclins and loss of mitotic competence in p21-
arrested cells. Both nutlin-3, which inhibits mTOR in these cells, and rapamycin suppressed geroconversion during p21-
induced arrest, decelerated accumulation of cyclins D1 and E and decreased replicative stress. When p21 was switched
off, cells successfully progressed through both S phase and mitosis. Also, senescent mouse embryonic fibroblasts (MEFs)
overexpressed cyclin D1. After release from cell cycle arrest, senescent MEFs entered S phase but could not undergo
mitosis and did not proliferate. We conclude that cellular senescence is characterized by futile hyper-mitogenic drive

associated with mTOR-dependent mitotic incompetence.

Introduction

In cell culture, senescence is characterized by cellular hypertro-
phy, SA-B-Gal staining, hyper-secretory phenotype and perma-
nent loss of regenerative or replicative potential (RP), meaning
that cells cannot restart proliferation after release from cell cycle
arrest.”® These hallmarks of senescence are promoted by growth-
promoting pathways such as mTOR (target of rapamycin), when
the cell cycle is arrested.’ For example, while arresting cell cycle,
p21 and p16 do not inhibit mTOR, which, in turn, converts p21/
pl6-induced arrest into irreversible senescence.”® Thus, active
growth-promoting pathways in resting cells drive a senescent
program, a process named gerogenic conversion or geroconver-
sion.*® Rapamycin and other inhibitors of mTOR as well as
serum starvation decelerate geroconversion, decreasing cellular
hypertrophy and preventing loss of regenerative/proliferative
potential (RP).*” Remarkably, rapamycin slows down aging in
1015 and prevents age-related diseases in animals,'*? sug-
gesting a common basis in cellular senescence and organismal
aging.

Yet, organismal aging is associated not only with decreased
regeneration, but also with hyper-proliferation, such as hyper-
plasia, fibrosis, prostate enlargement, atherosclerotic plaques,
benign tumors and cancer. Inappropriate re-entry into the cell
cycle is involved in many age-related pathologies. This cannot
be easily explained by such a hallmark of cellular senescence as
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loss of regenerative/proliferative potential (RP). Furthermore, it
was noticed previously that senescent cells express high levels of
cyclins D1 and E.*** Here we investigated how these markers
of proliferation (cyclins) can be associated with the loss of RP.
The second question we address here is how inhibitors of mMTOR
affect the ability of cells to re-start proliferation after their release
from p21-induced cell cycle arrest. Is it initiation of the cell cycle,
or its completion affected? We also address the question of how
nutlin-3, a Mdm-2 inhibitor and p53 inducer, preserves RP in
HT1080-p21-9 cells (HT-p21 cells). In HT-p21 cells, nutlin-3
inhibits mTOR and, like rapamycin, suppresses geroconversion
during p21-induced arrest, maintaining quiescence and preserv-
ing RP.7#3% Using time-lapse video microscopy, we demonstrate
that preservation of RP by both rapamycin and nutlin-3 is due
to preservation of mitotic competence, an ability to undergo
mitosis.

Results

Induction of cyclins D1 and E in senescent cells. First, we used
a well-studied model of cellular senescence: HT-p21 cells with
IPTG-inducible p21.3% In these cells, IPTG induces p21 and
irreversible senescence, whereas nutlin-3 induces p53 and revers-
ible arrest.”® Unlike nutlin-3a, IPTG strongly induced cyclin D1
and cyclin E (Fig. 1A). Cyclin E levels continued to rise from
day 1 to day 3 in IPTG-treated cells (Fig. 1A). We conclude that
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Figure 1. Immunoblot analysis of cyclins D1 and E in IPTG-induced senescence in HT-p21-9 and HT-p16 cells. (A) HT-p21-9 cells were treated with 500
nM rapamycin (R) or10 wM nutlin-3 (N) in the presence or absence of IPTG (+). Cells were lysed on day 1 and 3. (B) HT-p21-9 cells were treated with IPTG
and co-treated with (+) or without (-) rapamycin (Rapa) for 3 d. On day 3, cells were either washed (W) or cultured in fresh medium with IPTG (F) plus/
minus rapamycin (+ -) and lysed the next day (day 4). (C) HT-p16 cells were treated with or without IPTG (+/-) and with or without rapamycin (Rapa +/-)

elevated levels of cyclins DI and E were associated with senes-
cence but not with reversible arrest.

Deceleration of cyclin induction by nutlin-3a and rapamycin.
In IPTG-treated cells, rapamycin and nutlin-3 decreased levels of
cyclin D1 and cyclin E on day 1 and also slightly decreased levels
of cyclin E on day 3 (Fig. 1A). This parallels deceleration of gero-
conversion by inhibitors of mTOR. In fact, rapamycin delayed the
appearance of hallmarks of senescence in IPTG-treated HT-p21
cells but did not completely prevent them.*® In agreement with
previous reports,”® rapamycin and nutlin-3 decreased pS6 in
IPTG-treated cells (Fig. 1A). In conditions shown in Figure 1A,
dephosphorylation of S6 by rapamycin and nutlin-3a could be
detectable on day 1 only, because its phosporylation was spontane-
ously inhibited by day 3. This spontaneous deactivation of mMTOR
can be explained by medium exhaustion in relatively dense cell
culture used for immunoblots. Furthermore, since IPTG-treated
cells grow in size exponentially for 3—4 d, they exhaust and
acidify medium as strongly as proliferating cells.** (In low cell
density, S6 remained highly phosphorylated in senescent cells).
To prevent spontaneous deactivation of mTOR, the medium
was changed on day 3 (Fig. 1B), and the effect of rapamycin was
determined the next day. Even in these conditions, rapamycin
only marginally decreased cyclins E and D1 on day 4. Similar
results are also shown in Figure 2A. We conclude that inhibition
of mTOR decelerated but did not prevent accumulation of cyclins.

Similarly, cyclin D1 and E accumulated in HT-pl6 cells, in
which senescence was triggered by p16 instead of p21 (Fig. 1C).
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In pl6-induced senescence, rapamycin also diminished the accu-
mulation of cyclin DI and especially cyclin E.

Hyper-mitogenic drive and cellular senescence was associated
with the appearance of a proportion of TUNEL-positive cells
(Fig. S1), which was partially inhibited by rapamycin.

Normalization of cyclins D1 and E after cell cycle release.
When medium was not only changed to fresh medium (fresh
“F”) but IPTG was also washed out (W), then levels of cyclins
decreased (Fig. 1B, W). This decrease was accelerated by rapamy-
cin (Figs. 1B and 2A). In lower cell density, pS6 was detectable
by day 4 (Fig. 2A, U) and was not affected by neither wash
(W) nor change (F) of the medium (Fig. 2A). Cyclins D1 and
E disappeared when IPTG was washed out (W). These cyclins
remained highly overexpressed in the presence of IPTG though
(F). This disappearance of cyclins may be explained by cell pro-
gression through S-phase (Fig. 2B), when IPTG was washed
out. Importantly, senescent cells not only entered S phase, but
also some cells entered a second S phase without cell division,
as evidenced by cells with 8N DNA (Fig. 2B, circle). This indi-
cates a powerful replicative drive. Notably, these hyperploid cells
showed intermittent levels of Br-dU incorporation, consistent
with abnormal cell cycle progression. Rapamycin did not prevent
S phase progression but diminished a number of hyperploid cells
(Fig. 2B).

Mitotic catastrophe and lacerosis limits proliferation of
senescent cells. It was previously shown that following removal
of IPTG, senescent HT-p21 cells enter mitosis and die.* Here,
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we employed time-lapse video microscopy to observe
whether treatment with rapamycin and nutlin-3 dur-
ing geroconversion (IPTG treatment) affects mitotic
events. HT-p21 cells were treated with IPTG for 3 d
to induce senescence, and then IPTG was washed out.
In IPTG-treated cells, at the time when IPTG was
just washed out (time = 0), IPTG-treated cells were
flat and large (Fig. 3). After 4 d, a number of cells in
the same field decreased, consistent with dead cells in
the view (Fig. 3). The remaining alive cells included
two very large flat cells and a thread-like cell (Fig. 3).
Time-lapse video microscopy (Vid. S1) revealed three
main scenarios. Some cells entered mitosis, becom-
ing round and remaining round for 8—12 h and then
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underwent morphological apoptosis (Fig. 4, yellow
arrows). Other cells exited mitosis as morphologically
multi-nucleated cells (red points), some of which even-
tually died. These two scenarios are consistent with
mitotic catastrophe.?” The third scenario is unusual
and according to our knowledge has not described
previously. Without rounding (mitosis), cells became
increasingly long and thin, thread-like, tearing them-
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Fig. 4A) and die after several hours. Although this
needs additional investigation, we can interpret this as
attempted division before cells actually entered mito-
sis. Since “lacero” in Latin means “tear” we named this
kind of cell death “lacerosis.”

Rapamycin and nutlin-3 preserves mitotic com-
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cells to proliferate and form colonies when IPTG was

washed out.” Initially (at time 0), there were only a

few cells in a view field (Fig. 3). Rapa+IPTG-treated
cells had similar morphology (large and flat, although
smaller than IPTG-treated cells) to IPTG-treated cells
(although smaller), whereas Nutlin+IPTG-cells were
elongated and fibroblast-like (Fig. 3). After 4 d, cells
started to form colonies (Fig. 3, encircled), suggest-
ing either successful replication or conglomeration or
both. Time-lapse video microscopy (Vid. S2: rapamy-
cin) and nutlin-3 (Vid. S3) showed that all cells that

Figure 2. Levels of cyclins and Br-dU incorporation after release from cell cycle
arrest. (A) Immunoblot analysis. HT-p21 cells were treated with IPTG and rapamycin
(as indicated +/-) for 1 and 3 d and lysed forimmunoblot. In addition, on day 3, IPTG-
treated cells (+/- Rapa) were either washed and further cultured without IPTG (W) or
placed in fresh medium with IPTG (F) and left unchanged (U). Rapamycin was pres-
ent as indicated (+/-) at the bottom. (B) Flow cytometry. HT-p21 cells treated with
IPTG and rapamycin (Rap) for 3 d and then labeled with BrdU for 1 h. In parallel, HT-
p21 cells treated for 3 d with IPTG or IPTG +Rap were washed (wash) and incubated
overnight without drugs and then labeled with BrdU. Fixed cells were then stained
using anti-BrdU antibody and propidium iodide and analyzed by flow cytometry as
described in Materials and Methods.

entered mitosis in fact divided and survived. As exam-
ples, successful mitoses are shown (Fig. 4). No single
cell died (in view fields) neither via mitotic catastrophe nor via
lacerosis.

DNA damage response is not increased upon cell cycle pro-
gression. Next we tested whether DNA damage could explain
mitotic incompetence of senescent cells. We have shown that
senescence, triggered by agents that do not damage DNA, is still
manifested by atypical DNA damage response (pseudo-DDR).»
This may be a marker of hyper-activation of signaling pathways.”
Not mutually exclusive, this may be a marker of replicative
stress,?® which is observed during mitogenic activation.” Pseudo-
DDR is decreased by rapamycin® and metformin,* inhibitors of
“proaging” signaling pathways. It is noteworthy that metformin

4644

Cell Cycle

can extend lifespan in mice.”” Therefore, pseudo-DDR may be
a marker of hyper-mitogenic drive in senescent HT-p21 and
HT-p16 cells. Actual DNA damage is not detectable.® In theory,
actual DNA damage may arise after IPTG is washed out, so cells
enter S-phase. Here we measured phospho-H2AX and direct
DNA damage (comet assay) after IPTG was washed out (Fig. 5).
In agreement with a previous report,” gamma-H2AX was ele-
vated in senescent (IPTG-treated cells) without detectable DNA
damage by comet assay (Fig. 5A). Rapamycin partially decreased
gamma-H2AX (Fig. 5A; Fig. S1B). When IPTG was washed
out, phospho-H2AX levels slightly decreased. Most impor-
tantly, comet assay still did not reveal detectable DNA damage
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Figure 3. Time-lapse video microscopy of HT-p21 cells released from cell cycle arrest. HT-p21 cells were treated with IPTG with or without rapamy-

cin and nutlin-3 for 3 d, and then drugs were washed out (day 0) and cells were allowed to re-grow in the fresh medium for 4 d. Video was recorded
throughout the incubation time. Microphotographs on day 0 and day 4 are shown.

IPTG

IPTG +Rapa IPTG + Nutlin

Figure 4. Mitotic cell fate revealed by time-lapse video microscopy. HT-p21 cells were treated as described in Figure 3 legend. Microphotographs at

indicated time are shown. Individual cells are marked with arrows and stars of the same color and shape. Microphotographs were taken at indicated
time (hours and minutes on the left or right of each panel).
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Figure 5. Effects of cell cycle release on pseudo-DDR in senescent HT-p21 cells. (A) Levels of gamma-H2A.X by flow cytometry. HT-p21 cells were
treated with IPTG +/- rapamycin for 4 d (left column) and cells were washed off drugs (wash/W) and incubated in fresh medium for 14 h (right column).
Fixed cells were stained using anti-phospho H2A.X antibody and propidium iodide and analyzed by flow cytometry. As a positive control, cells treated
for 1 h with10 ug/ml etoposide (Etop). (B) Comet assay. Cells were treated as in (A) and subjected to single-cell electrophoresis under denaturing

conditions (comet assay).

(Fig. 5B). Based on these data, we cannot explain mitotic incom-
petence of senescent cells by DNA damage during progression
through S phase.

Mitogenic drive and mitotic incompetence in senescent
MEFs. We next investigated whether hyper-mitogenic drive is
coupled with mitotic incompetence in senescent normal cells. In
mouse embryonic fibroblasts (MEFs), senescence can be caused by
nutlin-3, which arrests cell cycle but does not inhibit the mTOR
pathway in these cells.* MEFs become hypertrophic, flat, 3-Gal-
positive® and highly positive for nuclear cyclin D1 (Fig. SIC).
This is a convenient model of senescence, because nutlin-3 can be
easily washed out, revealing irreversible loss of RP. In fact, there
was no cell proliferation after nutlin-3 was washed out (Fig. 6A).
For comparison, serum starvation caused a reversible arrest (qui-
escence): MEFs resumed proliferation when serum was re-added
(Fig. 6A). Yet, nutlin-3-induced senescent MEFs incorporated
Br-dU when nutlin-3 was removed (Fig. 6B). Both senescent and
quiescent cells retained the ability to enter and progress through
S phase, as evidenced by incorporation of Br-dU (Fig. 6C).
Furthermore, removal of nutlin-3 caused 40-fold induction in
Br-dU incorporation compared with 16-fold induction caused by
re-addition of serum to starved cells (Fig. 6C). Therefore, hyper-
mitogenic drive in senescent MEFs ensured their robust re-entry
in cell cycle but not proliferation.

Discussion

The precise link between organismal aging and cellular senes-
cence remains to be elucidated. Here we demonstrated that
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cellular senescence is associated with both hyper-mitogenic drive
(during arrest) and failure to undergo mitosis (after release). As
theoretically predicted,® when the cell cycle is blocked by CDK
inhibitors in the presence of mitogenic stimulation, then cells
grow in size without cell cycle progression, becoming senescent.
Mitogenic and growth stimulation induces cyclins in a futile
attempt to override cell cycle block. Cyclins D1 and E are highly
expressed in senescent cells, even compared with proliferating
cells. Elevated cyclin D1 and active mTOR cause cellular hyper-
trophy, especially given that not only mTOR but also cyclin D1
is involved in metabolic switch and cell growth in size.**¢ Also,
cyclin E induces HIF-1,¥ and this may contribute to the hyper-
secretory phenotype of senescent cells. Both cyclins E and D1
induce chromosomal instability.**° Finally, cyclins push cells
into S-phase. This may explain an inappropriate cell cycle entry
of post-mitotic cells in aging. For example, in Alzheimer disease
and other neurodegenerative disorders, neurons re-enter S phase

5657 and liver cells’® become

and die’" Aging arterial muscle cells
polyploid. In agreement with previous reports,®> when the cell
cycle was released (removal of p21), some cells entered mitosis
and underwent mitotic catastrophe. As demonstrated by time-
lapse video microscopy, overactivated and hypermitogenic cells
attempted to undergo cell division without even entering mito-
sis, becoming thin and very long, damaging and tearing them-
selves to death. Treatment with rapamycin or nutlin-3a during
geroconversion prevented mitotic catastrophe: cells that entered
mitosis completed it and then underwent second mitosis, eventu-
ally forming colonies. Also, cells were not hyper-active and did
not attempt to divide without entering mitosis. Here we not only
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Figure 6. Regenerative/proliferative potential in senescent MEFs. (A) Regenerative/prolifera- Immunoblot analysis. Whole-cell lysates

tive potential. MEFs were treated with 10 uM nutlin-3 (Nutlin) or starved (starv) in 0.2% FBS were prepared using boiling lysis buffer

for 6 d. Then MEFs were washed (day 0)‘and allowed to re-grow ih drug-free 10% FBS medium (1% SDS, 10 mM Tris. HCI, pH 7'4)' Equal
for 4 d and counted. (B) EAU incorporation. MEFs were treated with 10 wM nutlin-3 for 4 d, . :

then washed and incubated in fresh medium for 1 d and labeled with EdU. Fixed cells were amounts of proteins were separated using
stained for EdU and counterstained with DAPI and microphotographed. Merged images are 10% SDS—polyacrylamide minigels and
shown. (C) Br-dU incorporation by flow cytometry. MEFs were incubated with 10 WM nutlin-3 transferred to nitrocellulose membranes. The
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confirmed paradoxical suppression of senescence by p53, but also
demonstrated the mechanism: preservation of mitotic compe-
tence. Similarly, rapamycin preserved mitotic competence, sup-
porting the notion that inhibition of mTOR by p53 may account
for its gerosuppressive effect. Still, as evidenced by time-lapse
video microscopy, both morphology and migratory activities of
cells pretreated with rapamycin and nutlin-3 were rather differ-
ent, indicating additional pathways affected by nutlin-3. Neither
rapamycin nor nutlin-3 suppressed hypertrophy completely, but
rather decelerated the process.’ Here we showed that inhibition of
mTOR did not prevent accumulation of cyclins but only deceler-
ated this accumulation. Some questions remain. May this explain
why rapamycin decreases but does not prevent hypertrophy? Is
there any mechanistic link between deceleration of cyclin D and
E accumulation and preservation of mitotic competence? Or
are these markers independent? And most importantly, are any
other signal transduction pathways (besides mTOR) responsible
for markers of senescence? Our additional study demonstrated
that U0126, which targets both MEK and mTOR/pS6,¢° espe-
cially ponently prevented cyclin D1 accumulation, suggesting the
involvement of the MEK/ERK pathway in senescence-associated
overexpression of cyclin D1 (MS in preparation).
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and mouse anti-p53 (Ab-6) from Oncogene,
mouse anti-cyclins D1 and E were from Santa
Cruz Biotechnology. Secondary anti-rabbit and anti-mouse HRP
conjugated antibodies were from Cell Signaling Biotechnology.

Levels of gamma-H2A.X. Treated cells were fixed in 1%
paraformaldehyde/80% ethanol (at -20°C), stained with mouse
anti-phospho histone H2A. X (Ser 139) antibody (clone JBW301,
Millipore), and followed by incubation with anti-mouse Alexa
Flour 488 secondary antibody (Invitrogen). Cells were counter-
stained with propidium iodide and analyzed by FACScan.

Br-dU incorporation. Treated cells were labeled with 100 wM
BrdU for 1 h and fixed in ice-cold 70% ethanol, stained with rat
anti-BrdU antibody (Accurate Chemicals and Scientific Corp),
followed by incubation with anti-rat Alexa Flour 488 antibody
(Invitrogen). Cells were counterstained with propidium iodide
and analyzed by FACScan (Fig. 6B). Br-du incorporation shown
in Figure 2A was performed as described previously.®

Comet assay. Comet assay was performed using Trevigen
CometAssay kit according to the manufacturer’s instructions.

EdU assay. Cells were labeled with Edu overnight, fixed and
stained for EdU and DAPI using Click-It EAU HCS assay kit
(Invitrogen).

TUNEL assay. TUNEL assay was performed as described
previously.®!
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Phase contrast time-lapse sequences were collected as previously

Live-cell multimode time-lapse imaging (video microscopy).

described.®
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