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Tumor cellular senescence induced by genotoxic treatments has recently been found to be paradoxically linked to
the induction of “stemness.” This observation is critical as it directly impinges upon the response of tumors to current
chemo-radio-therapy treatment regimens. Previously, we showed that following etoposide (ETO) treatment embryonal
carcinoma PA-1 cells undergo a p53-dependent upregulation of OCT4A and p21Cip1 (governing self-renewal and
regulating cell cycle inhibition and senescence, respectively). Here we report further detail on the relationship between
these and other critical cell-fate regulators. PA-1 cells treated with ETO display highly heterogeneous increases in
OCT4A and p21Cip1 indicative of dis-adaptation catastrophe. Silencing OCT4A suppresses p21Cip1, changes cell cycle
regulation and subsequently suppresses terminal senescence; p21Cip1-silencing did not affect OCT4A expression or
cellular phenotype. SOX2 and NANOG expression did not change following ETO treatment suggesting a dissociation of
OCT4A from its pluripotency function. Instead, ETO-induced OCT4A was concomitant with activation of AMPK, a key
component of metabolic stress and autophagy regulation. p16ink4a, the inducer of terminal senescence, underwent
autophagic sequestration in the cytoplasm of ETO-treated cells, allowing alternative cell fates. Accordingly, failure of
autophagy was accompanied by an accumulation of pl16ink4a, nuclear disintegration, and loss of cell recovery.
Together, these findings imply that OCT4A induction following DNA damage in PA-1 cells, performs a cell stress, rather
than self-renewal, function by moderating the expression of p21Cip1, which alongside AMPK helps to then regulate
autophagy. Moreover, this data indicates that exhaustion of autophagy, through persistent DNA damage, is the cause

of terminal cellular senescence.

Introduction

The relationship between cancer cells, normal stem cells, and
cancer stem cells represents a question of substantial current
interest." It has been proposed that transcription networks that
confer stem cell properties such as self-renewal, plasticity, or an
increased resistance to genotoxic stimuli in normal stem cells
may perform a similar function in cancer cells.” This hypothesis
is supported by the growing clinical evidence that expression of
key embryonal stem cell (ESC) transcription factors POU1F5
(OCT4A), NANOG and SOX2, are associated with poorer

prognosis through tumor resistance, recurrence and progression
in a wide variety of cancers.>® Furthermore, it has been demon-
strated by several groups that ESC transcription factors can be
upregulated in response to DNA damage where they likely play a
role in regulating survival.'*"?

Conversely, accelerated cellular senescence is a phenomenon
that has also been shown to be induced by genotoxic treatments
of cancer cells."® Cellular senescence has traditionally been con-
sidered a terminal cell fate.'">'* However, more recently it has
been shown to be reversible at early stages, at least in tumor
cells.">'® Furthermore, a direct link between senescence and
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“stemness,” essential cytological characteristics of a stem cell that
distinguishes it from ordinary somatic cells, emerged in experi-
ments where pluripotency is induced in normal cells.'”*

The molecular regulators of these processes in normal embry-
onal development, such as p21Cip1, are slowly becoming dis-
cerned.”’ One intriguing observation is that embryonal cellular
senescence is associated with upregulation of the same pathways
which govern the epithelial-mesenchymal transition (EMT).*?
This, apparently paradoxical, link between opposites in cell fate
provides a challenge for scientific reasoning.

We have previously observed in IMR90 fibroblasts that a pre-
senescent phenotype is associated with the appearance of self-
renewal and senescence markers coupled to DNA damage.*” We
also demonstrated co-incident p53-dependent upregulation of 2
opposing cell fate regulators, p21Cipl and OCT4A in embryo-
nal carcinoma PA-1 cells treated with Etoposide (ETO).>* We
hypothesized that this bi-potential state favors DNA damage
repair (DDR) while preventing full commitment to either senes-
cence or self-renewal. In this system, p53 silencing promoted ter-
minal senescence and premature mitosis. Together these data
support the presence of a pre-senescent cell state which can arise
in response to both senescence and stemness programmes being
coactivated in response to genotoxic damage.

In the present study, we asked how key regulators of stem-
ness (OCT4A, SOX2 and NANOG) and senescence
(pl6inka4a) behave in individual PA-1 cells during the
response  of ETO-induced DNA damage. Using siRNA
silencing approaches we addressed the effect of OCT4A and
p21Cipl expression on each other and subsequent cell fates,
determining the role of autophagy and how OCT4A activa-
tion impacts on the energy and genomic stress sensor and
master metabolic regulator and activator of autophagy AMP-
activated protein kinase (AMPK).

Results

Etoposide-treatment elicits a senescence-like phenotype
in PA-1 cells

Following ETO treatment many PA-1 cells undergo gradual
cell apoptosis and anoikis, while the remainder arrest in G2M
and upregulate p53 and p21Cip.** G2M arrest and nuclear
swelling were evident on day 3 after ETO treatment, with resto-
ration of normal cell cycle and nuclear size 4 d later (Fig. 1A and
B). Concurrent nuclear area assessments and DNA content meas-
urements demonstrate that the nuclei of ETO treated cells
increased in size irrespective of the stage of the cell cycle, but was
most evident in G2M and polyploid cells (Fig. 1C and D).
Increased nuclear area and DNA content were also accompanied
by an increase in cellular granularity, as determined by an
increase in side scatter detected by flow cytometry analysis
(Fig. 1E), and autophagy (see below). The majority of cells dis-
played flattened morphology (Fig. 1F), but only a proportion
displayed pl6Ink4a nuclear positivity (Fig. 1 G, H). Further-
more, pl6Ink4a expression was largely confined to the cytoplasm
(Fig. 1 G). All of these features are indicative of senescence.
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Heterogeneous expression of OCT4A and p21Cipl
following Etoposide treatment

We previously showed that the senescence marker p21Cipl
and the stemness marker OCT4A simultancously increase and
co-exist in the same cells following ETO treatment.** After con-
firming the pre-senescent phenotype of these cells, we next
wished to explore how these critical factors for cell fate were
dynamically regulated, integrated and diversified. As judged by
flow cytometry 60% of the cells become positive for both
markers at the peak of the response (day 5), thereafter the expres-
sion of both markers and the proportion of double positive cells
gradually decreases (Fig. 2A) as clonogenic, mitotic division
ensues. To exclude the possible impact of the senescence-associ-
ated cytoplasmic and nuclear area changes on the flow cytometry
measurements, semi-automatic image cytometry was undertaken,
measuring the expression of both factors in the cell nucleus (apo-
ptotic cells possessing very high p21Cipl positivity lacking
OCTH4A were deliberately excluded from this analysis as distort-
ing stoichiometry of measurements). Both the expression and
variation of expression of OCT4A and p21Cipl increased on
day 3 after ETO treatment; and increased further on day 5
(Fig2B and C, Fig. S1) and a high number of double-positive
cells confirmed (Fig. 2B).

OCTH4A upregulation is not accompanied by changes in
SOX2 or NANOG

In its function as a master regulator of pluripotency and self-
renewal, OCT4A cooperates with SOX2 and NANOG whose
expression are therefore required for maintaining the embryonic
stem cell phenotype.”> We thus explored the expression of these
transcription factors in the DNA damage response of PA-1 cells.
Immunoblotting confirmed that p53 increased in response to
ETO from day 1, resulting in the induction of p21Cip1, which
reached its maximum on day 5 (Fig 3A). As documented previ-
ously, OCT4A expression was present in control cells and
increased following ETO treatment, coincident with p53 upregu-
lation.* Weak expression of SOX2 was found in untreated cells
but did not alter following ETO-treatment (Fig. 3A); a result
confirmed by image cytometry measurements in individual cells
(Fig3B, Fig. S1). NANOG was not detected in PA-1 cells by
immunoblotting (Fig 3A) although rare NANOG positive cells
(less than 5%) were found in control and ETO-treated samples
by 3 different antibodies (Supplementary Fig. 1). Intriguingly,
SOX2 failed to show unambiguous antagonism with p21Cipl,
which has previously been reported as directly inhibiting SOX2
in neurodifferentiation.?® Furthermore, SOX2 expression did
not show significant correlation with its self-renewal partner
OCTH4A (data not shown). Together, these data suggest a dissoci-
ation of OCTH4A from its self-renewal capacity when it is induced
by p53 (in the presence of p21Cipl) in response to DNA
damage.

OCTH4A suppresses p21Cipl and promotes an enhanced
senescence phenotype
Given its potential lack of self-renewal capacity, we next inves-

tigated the role of OCT4A in PA-1 cells following ETO
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Figure 1. Senescent-like phenotype of ETO-treated PA-1 cells. PA-1 cells were treated with 8 uM ETO for 20 h before being replaced with fresh media.
(A-D) DNA content and nuclear area were assessed using toluidine blue staining at indicated time points. (A) Images of toluidine blue stained nuclei at
indicated time points. (B) Histograms of DNA content were produced and used to determine the cell cycle stage of individual cells. (C) Dot-plots of DNA
content versus nuclei area with each cell colored according to cell cycle stage as determined by DNA content histograms: G1 (blue); S phase (green); G2
(red); purple (polyploid). A statistically significant difference in nuclear size between treated and non-treated cells was observed in G2 and polyploid frac-
tions (*p < 0.05, n = 3 ). (E) Granularity of cells (SSC) was measured at indicated time points by flow cytometry. (F) Phase contrast microscopy of PA-1
cells displaying a flattened morphology. (G) Immunofluorescence staining for p16ink4a (red) and counterstained with DAPI at indicated time points dem-
onstrating an increase in p16ink4a following ETO treatment. (H) Quantification of p16ink4a expression determined in individual cells by image cytometry
displayed as a box plot showing its increase after ETO treatment. Images are representative for at least 3 individual experiments.
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Figure 2. Expression of OCT4A and p21Cip1 following ETO treatment of PA-1 cells. (A) Dual staining for OCT4A and p21cip1 by immunofluorescence 3 d
after ETO treatment. (B) Quantitation of OCT4A and p21Cip1 expression on day 3 and day 5 after ETO treatment as measured by image cytometry. (C)
Detection of OCT4A and p21Cip1 by flow cytometry after ETO treatment. Data collected over 11 d indicate an increasing expression and heterogeneity,
with numerous double positive cells at the time of maximal increase (day 5). Starting from day 7 their expression, double-positive population and degree
of heterogeneity gradually decreases during the recovery of clonogenic growth.
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treatment using siRNA. Prior to this
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immunoblotting revealed that OCT4B = £ 20
. p21Cipl | —— == | 21kDa

was undetectable in these cells both 2%
before and after ETO treatment (Fig. OCT4A | - . . == —] 48 kDa E‘—é . ' [
S2), consistent with published previ- i o £ 10 -l. T
ously RT-PCR data.* NANOG | = = 42 kDa 2 —EE B o = }—

Having established that OCT4B was . .. g E 3 | 7] ' [
not expressed in PA-1 cells, siRNA s = > - S — 2 o ]
silencing was used to assess the role of ROX2 | - __'J 42%Da NT ETOD3 ETO D5
OCTH4A in their response to ETO treat- GAPDH |- [ —— _] 37 kDa
ment. Efficient (80-95%) knock-down

of OCT4A was confirmed with 3 differ-

ent siRNA, in addition to a 3 siRNA
pool (Fig. 83) and the molecular
response to ETO was then examined by
immunoblotting (Fig 4A) for key regu-
lators of DNA damage, (pCHK2, p53,
p21Cipl, and RADS51). These experi-
ments revealed p53, RADS51 and
pCHK2 were all upregulated from day

Figure 3. Analysis of pluripotency transcription factors in response to ETO treatment in PA-1 cells. (A)
Protein expression of p53, p21Cip1, OCT4A, SOX2 and NANOG were analyzed by immunoblotting at
indicated time points after ETO-treatment. GAPDH was used as a loading control NT2 cells were used
as a positive control for pluripotency genes OCT4A, SOX2 and NANOG. p53 and p2Cip1 protein
expression was upregulated in the DNA damage response. An upregulation of the OCT4A protein was
detected from day 1 post ETO treatment, while SOX2 remained low and unchanged post ETO expres-
sion. NANOG was not detected in NT or ETO treated PA-1 cells. Results are representative of 3 inde-
pendent experiments. (B) Semi-automatic image cytometry of SOX2 expression was performed on the
nuclei of individual cells. Box-plots indicate the heterogeneity and expression levels measured. The
data show that SOX2 remains unresponsive to ETO-treatment.

1 independently of OCT4A expression.
p21Cipl expression rose gradually from
day 1 throughout the course of experi-
ment as seen in previous experiments. Silencing of OCT4A
resulted in a marked increase in p21Cipl expression from day 1.
These results imply that the presence of OCT4A induced by
DNA damage suppresses p21Cipl expression despite comparable
levels of p53 expression and equivalent DNA damage as judged
by RAD51 and pCHK2 expression.

When investigating the cell cycle response, loss of OCT4A
caused an almost identical phenotype to that previously reported
with p53 silencing®® i.e. OCT4A-silenced cells underwent a pro-
found G2M arrest with apoptosis being greatly reduced (Fig. 4B
and C). The cells displayed the large, flattened morphology and
Sa-B-gal staining associated with senescence on day 5 (Fig. 4D),
identical to that previously reported when silencing p53. Thus,
the increase in G2M arrest and increased accelerated senescence
previously observed with p53 silencing appears to be entirely due
to the loss of the induction of OCT4A. Prolonged loss of
OCTH4A lead to the polyploidisation of these senescent cells and
a reduction in clonal recovery (Fig. 5). The absence of off target
effects was confirmed by repeating silencing and cell cycle analy-
sis experiments with 3 separate siRNA molecules targeting differ-
ent sequences of OCT4A mRNA (Supplementary Fig. 4).

p21Cipl silencing does not affect OCT4A expression or cell
cycle arrest

Having established that OCT4A suppresses p21Cipl and a
senescent phenotype we sought to investigate the possibility of a
reciprocal suppression of OCT4A by p21Cipl. To do this
p21Cipl was silenced using siRNA. Silencing of p21Cipl was
efficient as judged by immunoblotting but was not found to
affect the expression of OCT4A in the presence or absence of
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ETO treatment (Fig. 6). Furthermore, we detected no difference
in the cell cycle profiles of p21Cipl-silenced cells compared to
control siRNA treated cells following ETO treatment.

In summary, we found that OCT4A tempers p21Cipl upre-
gulation, restricting entry into senescence, indicating that co-
expression defines the pre-senescent state. While p21Cipl did
not regulate OCT4A expression or change the cell cycle, deple-
tion of OCT4A profoundly impacted it. We also found that
p53-activated OCT4A does not support the pluripotency net-
work in pre-senescent cells (owing to the lack of SOX2/NANOG
co-ordination), leaving its biological role unclear. We, therefore,
interrogated its possible role as a stress responder where one of
these stresses may be metabolic. AMPK is a key sensor of metabo-
lism and energy status.”” Therefore, we next explored the activa-
tion of AMPK by virtue of its phosphorylation at Threonine 172
(PAMPK™72) 'in relation to OCT4A expression.

AMPK and OCT4A are coordinately activated in response
to ETO-treatment

The results of this comparative study are shown in Fig. 7.
Microscopy of control, untreated, cells revealed heterogeneous
pAMPK™™172 activation with expression in some cell nuclei and
also in centrosomes, central spindle and mid-bodies of mitotic
cells as described previously,28 and rarely ( <1% cells), in the
cytoplasm (Fig. 7A, upper row). In ETO-treated cells the stain-
ing for AMPK increased and strikingly coincided with the locali-
zation and intensity of staining for OCT4A in most cells
(Fig. 7A, second row) as also confirmed by IF measurements,
where clear correlation was shown (Fig. 7B). However, while
OCT4A is seen homogenously throughout the nucleus
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have shown that autophagy is implicated
in the chemo-resistance to ETO and this
effect is reversed by inhibition of AMPK,
which led to cell death by apoptosis.”
Conversely, cellular senescence is

ntg-siRNA

also associated with autophagy”” repre-
senting another potential cell fate phe-
notype following ETO-treatment.**
pl6ink4a is believed to drive irrevers-
ible senescence. *' Therefore, we next
decided to explore the relationship of
pl6ink4a and macroautophagy.

pl6ink4a is sequestered by
autophagy in ETO-treated cells

Autophagy was verified using
immunofluorescence for p62 as a
marker of autophagy. Post ETO treat-
ment, an increase in the number of

p62 foci/cell was observed by immuno-

B-gal activity.

Figure 4. OCT4A suppresses p21, G2 arrest and induces senescence. PA-1 cells were treated with ntg-
SiRNA or OCT4-siRNA for 24 h before treatment with 8 wM ETO for 20 h and replacement with fresh
media. (A) Protein expression was assessed at the indicated time points by immunoblotting. Cell lysates
were made and assessed by immunoblotting for pCHK2, RAD51, p53, p21Cip1, OCT4A and GAPDH as a
loading control. (B) Cells were fixed, stained with PtdIns and analyzed by flow cytometry. Both ntg-
siRNA treated and OCT4-siRNA treated cells underwent a G2M arrest followibg ETO treatment, which is
more profound at day 3 and 5 in OCT4A-siRNA-treated cells. There is subsequently a much lower extent
of cell death (sub G1) in OCT4A-siRNA treated cells. (C) The G2M arrest was calculated from the DNA
histograms shown in (B) and demonstrate significantly higher levels in OCT4A-silenced cells (*p < 0.05,
n = 3). (D) PA-1 cells were treated with ETO as above and assessed for Sa-B-gal activity after 5 d Senes-
cence, as monitored by Sa-B-gal activity, was increased by OCT4A-silencing. Both ntg-siRNA and
OCT4A-siRNA treated cells became large following ETO treatment but non-silenced cells lacked Sa-

fluorescence (Fig. 8A and B) and mean
number of p62 foci/cell in 3 indepen-
dent experiments was shown to
increase > 5-fold (Fig 8C). Bafilomy-
cin A (Baf) halted autophagic flux in
ETO-treated cells (shown as an accu-
mulation of LC3B in relation to
LC3A), confirming functional autoph-
agy and its suppression (Fig. 8D). Baf
treatment also enhanced cell death pre-
venting clonogenic recovery only in

pAMPK ™72 staining revealed a fine (euchromatic) nuclear pat-
tern, which indicates binding to chromatin, unlike OCT4A.
Intense staining of pAMPKThr172 was also found in apoptotic
cell nuclei and bodies, while OCT4A was not (Fig. 7C). In
arrested metaphases appearing after  ETO on day 4,
pAMPK™172 \as localized to multiple centrosomes, while
OCTA4A was not (Fig. 7A, second row). This difference in stain-
ing was confirmed by co-staining for y-tubulin and AURORA B
kinase (not shown). Together, these data indicate that OCT4A is
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ETO-treated cells (Fig. S5), which
indicates the importance of autophagy
for cell survival after DNA damage.
We then assessed immunostaining for p16ink4a and LAMP2
in the presence and absence of Baf post ETO treatment. LAMP2
is an important regulator of lysosomal biogenesis, required for
the maturation of functional autophagosomes. In control,
untreated cells, pl6ink4a was observed in 5% of cells as small
aggresomes, surrounded by LAMDP2-positive foci (data not
shown). In ETO-treated cells (day 4), the cytoplasm was highly
enriched with LAMP2, while pl6ink4a-positive aggresomes
(larger and more numerous than in control) were sequestered in
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Figure 5. OCT4A silencing inhibits clonal recovery of ETO-treated PA-1
cells. PA-1 cells were treated with ntg-siRNA or OCT4A-siRNA for 24 h
before treatment with 8 uM ETO for 20 h and replacement with fresh
media. Cells were maintained until day 11. Clonal recovery was observed
in non-silenced cells but not in OCT4A-silenced cells, which maintained
a flat senescent like morphology. (B) Cells were fixed, stained with Pl and
analyzed by flow cytometry. A return of the G1 peak was observed in
non-silenced ntg cells whereas OCT4A-silenced cells maintained a pro-
found G2 arrest. OCT4A-silenced cells entered rounds of endoreduplica-
tion with genomes as large as 32C observed.

autophago-lysosomes (Fig. 9 A and B). Approximately 30% of
cells were seen to accumulate large amounts of p16ink4a in mul-
tiple aggresomes, as measure by >3 aggresomes and/or diffusely
detected within cytoplasm, or in large vacuoles (Fig. 9A-C), and
often showed DNA in cytoplasm (Fig. 9C). The proportion of
such cells, with high levels of p16ink4a, increased fold2- (29 + 6
.5 and 58 £ 3 .5, +/— Baf, respectively) as measured on day 4.
These observations indicate the important role of autophagy in
sequestering and degrading p16ink4a in ETO-treated PA-1 cells,
thus preventing senescence. They also show that a considerable
proportion of ETO-treated cells suffer from exhaustion of
autophagy.

Failure of autophagy to sequester p16ink4a in the cytoplasm
is accompanied by drastic nuclear changes and loss of DNA

In ETO-treated samples counterstained with DAPI, we noted
that the failure of macroautophagy to control and sequester
pl6ink4a in the cytoplasm coincided with prominent changes in
cell nuclei, particularly following Baf treatment. Nuclei became
thinner, less intensely DAPI-stained (e.g. Fig. 9C), or, more fre-
quently, displaced to one of the cell poles by large autophagic
vacuoles (Fig. 9B). Twisting, thinning, and disintegrating cell
nuclei were the main phenotypes of ETO+Baf-treated cells. As
detailed above, in their extreme distortions, the cell nuclei were
displaced and squeezed by large autophagic vacuoles and attained
a sickle-like shape (Fig. 9D). It remains possible that the loss of
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sequestration of pl6ink4a, distortion of cell nuclei and loss of
DNA are all linked, belonging to a related series of processes
associated with exhausted autophagy, which is further exagger-
ated by Baf where full disintegration of the cell nucleus and alve-
olar LC3-positive cytoplasm are evident (Fig. 10 A).

Trying to understand how the penetrability of the cell nuclei
was related to DNA damage we stained with an antibody (PL2-
6) which detects a unique epitope involving a ternary complex of
histones H2A and H2B and DNA at the site of the chromatin
attachment to lamin B1.>> We applied it to ETO-treated cell
nuclei (day 4) combining it with a label for DNA damage
(pCHK?2). The result shows (Fig. 10B) bright nuclear staining
with PL2-6 in cell nuclei without DNA damage and its reduc-
tion in cell nuclei containing DNA damage, possibly suggesting
that binding to lamin B receptors in compromised.

In view of this data, we decided to use detailed stoichiometric
DNA image cytometry following ETO treatment in the presence
or absence of Baf. Typical histograms from one representative
experiment are shown in Fig. 10C, while in Fig. S6 comparative
DNA histograms of selected normal- and sickle-shaped cell
nuclei from ETO+Baf treatment are presented. Measurements
from ETO-treated cells revealed a peak of delay in late S-phase,
which was augmented after Baf treatment showing apparent
redistribution from G2 (4C) into <4C, which was exaggerated
in selected sickle-type nuclei of ETO+Baf-treated cells (Fig. S6).
These data support our microscopic observations that DNA is
preferentially lost from the sickle-like shape nuclei in the cells as
a result of failed autophagic processing with the proportion of
sickle-like nuclei cells with sickle-like nuclei in ETO-treated sam-
ples increased more than 2-fold (2.38 % 0.2) following Baf treat-
ment (n = 3).

Discussion

In this study, we expanded our investigation of the response of
PA-1 embryonal carcinoma cells to DNA damaging chemother-
apy. We previously observed,”* a concurrent p53-dependent
increase in OCT4A and p21Cip1 protein expression after ETO-
treatment, with the resulting cells transiting through an appar-
ently bi-potential state with hallmarks of both premature multi-
centriolar mitoses and senescence. Herein, we extended our anal-
ysis and highlight a hitherto unobserved DNA damage response
(DDR) function of OCT4A following ETO treatment, which is
different from its established pluripotency and self-renewal
functions. This p53-dependant DDR-induced OCT4A is not
coordinated with SOX2 or NANOG activity, but does serve
to suppress p21Cipl. This finding is in accord with the pre-
viously shown observation that OCT4A can directly repress
p21Cipl expression by binding its promoter in the absence
of SOX2 and NANOG. ** Although not yet confirmed in
other cell types or following different stimuli, this phenome-
non likely relates to properties evidenced during embryonal
‘stemness’, as similar nuclear accumulation of OCT4A was
similarly recently reported following laser beam damage of

live ESC cells.*
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Figure 6. p21Cip1 expression does not affect G2M arrest in response to ETO treatment of PA-1 cells. PA-1 cells were treated with ntg-siRNA or p21Cip1-
siRNA for 24 h before treatment with 8 wM ETO for 20 h and replacement with fresh media. (A) Expression of OCT4A, p21Cip1 and p53 were assessed at
the indicated time points by immunoblotting. GAPDH was used as a loading control. (B) Cells were fixed, stained with Ptdins and analyzed by flow
cytomtery. Both ntg-siRNA treated and p21Cip1-siRNA treated cells underwent a comparable G2M arrest after ETO treatment. (C) There was no signifi-
cant difference in G2M arrest between p21Cip1 silenced and non-silenced cells.

Our measurements of OCT4A and p21Cipl expression in
individual cells revealed that cell fate, in response to extensive
DNA damage, occurs with high levels of heterogeneity. Both fac-
tors increase coordinately with huge variations in expression, cov-
ering (at day 5) a wide spectrum of p21Cipl and OCT4A
expression.”” These observations demonstrate a typical character-
istic of self-organizing, adapting systems, using heterogeneity
over time to provide bifurcations of cell fate choice.*®®” The
increased variance in both factors — from day 3 until day 7 — cor-
responds to the period with most prominent cell death (99% cells
will die and only <1% has the chance to survive, likely represent-
ing the degree of challenge that they must overcome).”* When
OCTH4A is silenced the level of p21Cipl increases, more cells
enter senescence and mitotic recovery is reduced, abrogating frag-
ile balance in bifurcation point and removing the possibility for
rare cells to choose survival as their fate. It is worth noting that
this response was phenotypically identical to that seen when
silencing p53.2% We hypothesize that the loss of p53 or OCT4A
in silencing experiments causes the loss of the embryonal G2M
checkpoint leading to increased mitotic slippage, ultimately end-
ing in terminal senescence rather than executing the G2M check-
point function via apoptosis. Continued silencing of OCT4A
inhibited clonogenic recovery post ETO treatment highlighting
the importance of the pre-senescent G2M arrest for clonogenic
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recovery of the small percentage of cells that are able to repair
their DNA damage. Silencing of OCT4A also leads to endorepli-
cation in senescent cells further eluding to the presence of mitotic
slippage.”® p21Cip1 silencing experiments demonstrated that the
observed G2M arrest was independent of p21Cip1 expression.

Mitotic survival of the ETO-treated cells ultimately originates
from metastable pre-senescence. Theoretically, this means that
the self-renewal function of OCT4A is finally restored. The
attractor  of self-renewal fate in individual cells is high
NANOG,? released from direct suppression by p53*° and acti-
vated by OCT4A-SOX2 heterodimer. Although NANOG is
only found in a very small number of PA-1 cells, its role requires
further exploration.

This moderator function of DDR-induced OCT4A occurs
alongside activation of AMPK. AMPK is an evolutionary con-
served low-energy checkpoint that operates as a master regulator
of cellular metabolism and activator of autophagy. AMPK also
acts as a genomic stress sensor that is required for the adaptation
of metabolism switches and the DDR for efficient repair of
DNA.*" We previously observed a bidirectional relationship
between AMPK and ATM/CHK2 pathways that integrates both
the metabolic and DNA damage stress signaling.42 AMPK activa-
tion was previously shown as necessary for maximal stress-
induced transcription of p53-dependent genes that promote cell
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ple centrosomes of arrested metaphases, while OCT4A does not; (B) scatterplot of image cytometry of OCT4A and pAMPK in individual cells assessed on
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Figure 8. Assessment of macroautophagy following ETO treatment (day 4). PA-1 cells were treated
with 8 uM ETO for 20 h and replacement with fresh media in the presence or absence of Baf. Cells
were then stained for p62 and the number of p62 positive bodies per cell counted. (A) Immunofluror-
escent examples of staining for p62 showing foci (p62 bodies) in control and ETO-treated cells. (B) Rep-
resentative histograms of p62 bodies/cell. (C) The average number of p62 bodies per cell was
compared for NT and ETO treated cells from 3 independent experiments (* p< 0.05, n = 3 ) indicating
activation by autophagy. (D) Immunoblotting analysis of the ratio of LC3A and LC3B with and without
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survival.®? Interestingly, AMPK has also been shown to activate
and stabilize p53.“** Thus, the energetic stress-response of
AMPK is tightly linked to the DDR of p53. The role of AMPK
in the autophagy and cell death response after ETO has previ-
ously been reported.”

We previously revealed the p53-dependant DDR-induced ele-
vation in OCT4A in PA-1 cells following ETO treatment.
Therefore, it was not unexpected that DDR-induced OCT4A
and AMPK activation should be coordinately regulated by ETO
as we observed here. We found that while autophagy apparently
remains functional, cells retaining both AMPK and DDR-
induced OCTH4A in cell nuclei are capable of preventing terminal
senescence. This data are in accordance with the report by Chii-
kova and colleagues, *° who demonstrated that silencing mTOR
(the antagonist of AMPK suppressing autophagy) in irradiated,
apoptosis-resistant cells caused a reversal of senescence. Thus
OCT4A  moderating p21Cipl with
pAMPK™"72 supporting cells with metabolites and energy
through autophagy and other means, channel cells through disa-
daptation chaos caused by high DNA damage toward a survival

in collaboration
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with the origin of EMT?* and predicts
poor clinical outcome after cancer
treatment. *®

In our previous and current article
we have partly unravelled a mechanism
showing that in response to DNA dam-
age p53 induces 2 regulators of oppo-
site cell fates. The setting is interesting:
although they both are positively regu-
lated by the same up-stream inducer,
OCTH4A suppresses p21Cipl, while the
latter does not directly suppress
OCTH4A. Nevertheless, the scattering of
the cells in expression of both through
the phase space ending up in one of 2
cell fates presumes their reciprocity.
The observation of cell-to-cell variabil-
ity can also be a result from biological
oscillations in time.*” The best docu-
mented example of this is the p53-
mdm?2 oscillating system in which p53
oscillations are, indeed, crucial for cell
recovery after DNA damage.”® Tt is,
therefore, possible that heterogeneity in
p53 due to oscillations results in down-
stream heterogeneity of both OCT4A
and p21Cip1 in PA-1 cells.

Senescence is intrinsically associated with macroautophagy
induction (regulated by AMPK and persistent DNA damage). ’
Here, we found that persistent DNA damage was associated with
destruction of the ternary complex of histones (H2A and H2B)
and DNA in their attachment to nuclear lamin B1 using a unique
antibody reagent.”> This observation is in keeping with data of
the thinning and disassembly of lamin B1 and leakage of DNA
from cells as a feature of terminal senescence.””

Our DNA cytometric observations revealed a delay in late S-
phase after ETO, augmented by BafAl. The consequence of this
delay would be under-replication of heterochromatin,’ appear-
ance of single strand DNA breaks, demethylation and activation
of the transposable elements (TE) ALU/LINE 1, whose mobility
after ETO has already been described.”® As sequestering ALU
mRNA and LINE 1 by autophagy in the cytoplasm has been
reported as a mechanism for protecting against transposition,” it
therefore remains possible, (although purely speculative) that
functional autophagy prevents terminal senescence in this man-
ner also. The model with the scenario of terminal senescence
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occurring due to activation of TE as

56-58 A.

It follows then that terminal senescence

discussed in several other studies.

may in fact be mainly triggered by sev-
eral mechanisms, which potentiate each
other and result from failure of autoph-
agy. Thus, autophagy should be a key
target for preventing resistance of can-
cer stem cells to genotoxic therapies, a

.. Q
supposition supported by others.>”*

Materials and Methods B.
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PA-1 is an ovarian teratocarcinoma
(a germline tumor) cell-line, obtained
from ATCC, with a stable near-diploid
karyotype.®’ It possesses functional
p53, in spite of possible acquisition of
one mutated allele reported at passages
over 407.°* Importantly it retains the
ability to differentiate into all 3 tssue
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types, thus possessing the features of
embryonal carcinoma.®’ The NTera 2
(NT2) cell line, obtained from ATCC
and used as a positive control for plur-
uipotency genes OCT4A, SOX2 and
NANOG.

Antibodies

Primary antibodies and their uses
are detailed in Table 1. Secondary anti-
bodies and their uses are detailed in

Figure 9. The relationship between autophagy functionality and senescence marker p16ink4ain ETO-
treated PA-1 cells. PA-1 cells were treated with 8 wM ETO for 20 h without or with Baf, prior to media
being removed and replaced with fresh media; cells were harvested 48h later (day 4). (A, B) imuno-
fluorescent staining for p16ink4a (red), LAMP2 (green) or DAPI (blue). (A) As shown via the BRG optical
filter, (B) only the green filter for LAMP2 demonstrating high level of functional autophagy sequestrat-
ing pl16ink4a- containing aggresomes. (B, C) show examples of autophagic failure, where on (B)
sequestration of p16ink4a is partly lost, diffusing in to the cytoplasm, while on (C) the dysfunction of
autophagy is evidenced by a large vacuole overloaded with undigested p16ink4a. In all 3 cases, the
nuclei are impaired: (B) ‘laced’; (C) displaced and twisted by a large autophagic vacuole with some
DNA lost from cell nucleus observed. These processes were observed both in ETO-treated (B) and
more commonly in ETO+BAF(c) treated cells. (D) An image showing cell nuclei of normal and sickle-
type shape as stained specifically for DNA with Toluidine bluein the ETO-teated specimen (sickle-like

Table 2.

Cell culture and treatment

PA-1 cells were cultured in Dulbecco’s modified Eagle’s media
(DMEM) supplemented with 10% foetal bovine serum (FBS) if
not otherwise stated. NT2 cells were cultured in Dulbecco’s
modified Eagle’s media (DMEM) supplemented with 10% foetal
bovine serum (FBS). Cells were grown without antibiotics in 5%
CO, at 37°C. Exponentially growing PA-1 cells were incubated
with 4-8 uM ETO for 20 h. Following ETO treatment, cells
were maintained by replenishing culture medium every 48h.
Bafilomycin A (Baf A, Cayman Chemicals) 50 nM was added to
the culture medium for 24h between day 3 to 4 after 20h treat-
ment with 8 wM ETO.

Flow cytometry

Cells were harvested at relevant time points, washed in cold
PBS and fixed with 70% ethanol for 20 min at room tempera-
ture. After two washes in tris buffered saline (TBS), cells were
permeabilised with TBS/4% bovine serum albumin (BSA)/0.1%
Triton X-100 for 10 min at room temperature. Samples were
then incubated with mouse monoclonal anti-OCT4 antibody

www.tandfonline.com
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shaped nuclei are shown with arrows).

solution (Santa Cruz) and rabbit polyclonal p21Cip1 (Pierce) in
TBS/4% BSA/0.1% Triton X-100 for 1h at room temperature.
Following two washes in TBS, cells were incubated with goat
anti-rabbit- IgG-Alexa Fluor 488 (A31627, Invitrogen) and
Chicken anti-mouse IgG-Alexa Fluor 647 (A21463, Invitrogen)
(1:200) in TBS/4% BSA/0.1% Triton x 100, for 30 min in the
dark. DNA was counterstained with 10 pg/ml propidium iodide
(PedIns) in PBS, and assessed by flow cytometry using a FACS
Aria (BD Biosciences) using Cell Quest Pro Software). Data was
analyses using Flow]Jo analysis software.

Immunofluorescence

Cells were suspended in warm FBS and cytospun onto glass
slides. Cytospins were fixed in methanol for 7 min at —20°C
and dipped 10 times in ice cold acetone. Slides were then washed
thrice in TBS 0.01% Tween 20 (TBST) for 5 min. Slides were
subsequently blocked for 15 min in TBS, 0.05% Tween 20%,
1% BSA at room temperature. Samples were covered with TBS,
0.025% Tween 20%, 1% BSA containing primary antibody and
incubated overnight at 4°C in a humidified chamber. Samples
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Figure 10. ETO and ETO+Baf impair cell nuclear integrity causing a delay in late S-phase in a proportion of cells with persistent DNA damage. (A) Disinte-
gration of the nucleus is observed in ETO treated cells following prolonged Baf exposure (72h), where impaired autophagic flux is confirmed by alveolar
structure of LC3B-positive cytoplasm in the absence of LC3 foci; Bars = 20 um. (B) Persistent DNA damage leads to destruction of the epichromatin ter-
nary complex (a specific conformation of nucleosomes attached to lamin B1) seen by a decrease in staining by the PI2-6 antibody where Chk2-positive
foci is detected in ETO-treated PA1 cells at day 4. (C) Representative DNA histograms obtained by image cytometry of ETO-treated and ETO+BAF-treated
cells samples (day 4 after treatment); one of 3 independent experiments. BafA alone causes partial arrest in G1 in control (NT)cells and a subsequent
decrease of the G2 fraction; ETO-treatment induces G2-arrest, however, a proportion of cells remain delayed in late S-phase (<4C). Cells with the DNA
content <4C and 4C(G2) still reach peaks of corresponding doubling, <8C and 8C. Suppression of autophagy by Baf in ETO-treated cells favors an
increase of the proportion of cells in the <4C fraction and reduces the number of cells.

were then washed thrice in TBST and covered with TBST con-
taining the appropriate secondary antibodies (Goat anti-mouse
IgG Alexa Fluor 488 (A31619, Invitrogen) and Goat anti-rabbit-
IgG Alexa Fluor 594 (A31631, Invitrogen)) and incubated for
40 min at room temperature in the dark. Slides were washed
thrice for 5 min with TBST and once for 2 min in PBS. Samples
were then counterstained with 0.25 pg/ml DAPI for 2 min, and
finally embedded in Prolong Gold (Invitrogen). When staining
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for p-AMPKa1/2 (alone or in combination with the antibody
for OCT4), fixation in 4% paraformaldehyde for 15 min was
used, followed by washing thrice in PBS 0,1% glycine. Primary
antibodies and their source are listed in Table 1.

Microscopy and immunofluorescence image cytometry

Slides were evaluated using a Leitz Ergolux L03—10 micro-
scope equipped with Sony DXC 390P color video camera, for
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Table 1. Primary antibodies

Antibody against Description Specificity/immunogen Product nr and Manufacturer Use”
AURORA B Rabbit polyclonal Peptide derived from within residues 1 ab2254, Abcam IF
- 100 of Human Aurora B
p16INK4a Rabbit polyclonal C-terminus of human p16 ab7962, Abcam IF
pCHK2 (phospho T68) Rabbit polyclonal Epitope around the phosphorylation ab38461, Abcam IF, W
site of Threonine 68 (VSTpQE) of
human Chk2
GAPDH Mouse monoclonal, clone 6C5 Rabbit muscle GAPDH ab8245, Abcam w
LAMP-2 Mouse monoclonal The details of the immunogen for this ab25631, Abcam IF
antibody are not available.
LC3A/B Rabbit polyclonal Synthetic peptide between amino PA1-16930, Pierce IF
acids 1-100 of the human LC3
protein
LC3B Rabbit polyclonal Peptide derived from within residues 1 ab63817, Abcam IF
- 100 of Human LC3B
NANOG Mouse monoclonal, clone Against human Nanog. N3038, Sigma IF
NNG-811
NANOG (23D2-3C6) Mouse monoclonal Full-length human recombinant MA-1-017, Pierce IF
protein expressed in bacteria
NANOG H-155 Rabbit polyclonal epitope corresponding to amino acids sc-33759, Santa Cruz IF
151-305 mapping at the C-terminus
of Nanog of human origin
OCT3/4 Mouse monoclonal Peptide raised against amino acids 1- sc-5279, Santa Cruz IF, F, W
134 of Oct-3/4 of human origin non
cross-reactive with Oct-3/4 isoforms
B and B1
0oCT4 Rabbit polyclonal, ChIP Grade Peptide derived from within residues ab19857, Abcam IF, W
300 to the C-terminus of Human
Oct4
p21Cip1 Rabbit polyclonal Raised against a peptide mapping at sc-397, Santa Cruz IF
the C-terminusof p21 of human
origin
p21Cip1 Rabbit monoclonal Synthetic peptide corresponding to MA5-14949, Pierce IF,F,W
residues near the carboxy-terminus
of human p21
p-AMPKa1/2 (Thr183/ Rabbit polyclonal Epitope corresponding to sc-101630, Santa Cruz IF
172) phosphorylated Thr 172 of AMPKa 1
of human origin
PL2-6 Mouse monoclonal autoimmune anti-nucleosome A kind gift from Olins.>? IF
antibody specifically recognizes the
peripheral surface of interphase
chromatin and mitotic
chromosomes, epichromatin
epitope
SOX2 Mouse monoclonal Full-length human recombinant MA1-014, Pierce IF, W
protein expressed in bacteria
SOX2 Rabbit polyclonal Epitope corresponding to amino acids sc-20088x, Santa Cruz IF
131-195 of Sox-2 of human origin
SQSTM1 (p62) Rabbit polyclonal Epitope corresponding to amino acids sc-25575, Santa Cruz IF

151-440 of SQSTM1 of human
origin.

*W, western; IF, immunofluorescent staining; F, flow cytometry.

microscopic observations; in addition to separate optical filters, a
3-band BRG (blue, red, green) optical filter (Leica) was used.
Image cytometry was carried out by semi-automatic measuring
fluorescence values for each cell nuclei in all 3 channels and ana-
lyzed using Image-Pro Plus 4.1 software (Media Cybernetics).
Apoptotic cells, determined by nuclear morphology, were omit-
ted from measurements.

www.tandfonline.com

DNA image cytometry

For DNA cytometry measurements, stoichiometric toluidine
blue DNA staining was performed as previously.®> In brief,
cytospins were fixed in ethanol:acetone (1:1) for >30 min at
4°C and air dried. Slides were then treated with 5N HCI for
20 min at room temperature, washed in distilled water (5 X
1 min) and stained for 10 min with 0.05% toluidine blue in

Cell Cycle 2981



Table 2. Secondary antibodies

Antibody Conjugate Product No.and Manufacturer Use”
Goat anti-mouse IgG Alexa Fluor 488 A31619, Invitrogen IF
Chicken anti-mouse IgG Alexa Fluor 647 A21463, Invitrogen F
Goat anti-rabbit- IgG Alexa Fluor 488 A11008, Invitrogen F
Goat anti-rabbit- 1gG Alexa Fluor 594 A31631, Invitrogen IF
Goat anti-rabbit IgG HRP 32460,Thermo Fisher Scientific W
Rabbit anti-mouse IgG HRP 61-6520, Invitrogen W
Goat anti-rabbit IgG IRDye 800CW 926-32211, IRDye Antibodies w
Goat anti-mouse IgG IRDye 800CW 926-32210, IRDye Antibodies W
Goat anti-rabbit IgG Goat anti-rabbit IgG 926-68021, IRDye Antibodies W

*W, western; IF, immunofluorescent staining; F, flow cytometry.

50% citrate-phosphate Mcllvain buffer pH 4. Slides were
rinsed with distilled water, blotted dry and dehydrated in
butanol for 2x3 min at 37°C. Samples were then incubated
twice in xylene for 3 min each at room temperature and
embedded in DPX (Sigma). DNA content was measured as
the integral optical density with a calibrated Sony DXC 3907
video camera in the green channel. Nuclear area was calculated
using Image-Pro Plus 4.1 software (Media Cybernetics). Apo-
ptotic cells were omitted from measurements. The stoichiome-
try of DNA staining was verified using the values obtained for
metaphases compared to anaphases and telophases (ratio 2.0);
the summary error of the method and device was estimated to

be less than 5%.

DNA flow cytometry

Cells (including those in media) were harvested at indicated
time points, washed in PBS and re-suspended in hypotonic fluo-
rochrome solution [50 pg/ml propidium iodide (PI), 0.1% (w/
v) sodium citrate, 0.1% (v/v) Triton-X-100] and stored for at
least 1 h in the dark at 4°C. Flow cytometry was performed using
a FACScan (BD Biosciences) or Accuri'™ C6 Cytometer (BD
Biosciences). Data was analyses using Flow]Jo analysis software.

Detection of sa-3-galactosidase activity
The senescence (-galactosidase (sa-(-gal) staining kit (Cell
Signaling Technology, UK) was used to detect sa-3-gal activity

in cells according to the manufacturer’s protocol.

Immunoblotting

For whole-cell lysates, cells were harvested, washed once with
PBS and lysed using RIPA buffer containing protease inhibitor
cockrail (Sigma P8340). Protein concentrations were determined
by Bradford assay (Thermo Scientific), with 10-30 pg of total
protein separated on 20% SDS polyacrylamide gels followed by
electrophoretic transfer onto BA85 nitrocellulose membranes
(Schleicher & Schuell GmbH) overnight. Equal protein loading
in each lane was confirmed by Ponceau S staining. Blots were
probed with appropriate antibodies primary and secondary
detected using ECL Western Blotting Substrate (Pierce™,

32100).
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For comparison of OCT4 isoforms protein was transferred
onto immobilon-FC transfer membrane and probed with pri-
mary antibodies. Blots were then probed with fluorescent second-
ary antibodies and the signal was visualized using a LICOR
Odyssey imaging system.

Small interfering RNA (siRNA) silencing

FlexiTube siRNA (S104950274, S104950267, S104153835
and S100690382; Qiagen) was used to silence OCT4A expres-
sion, and FlexiTube siRNA (SI00604905, SI00604898 and
S100299810; Qiagen) was used to silence p21Cipl expression.
ON-TARGET plus non-targeting siRNA #1 (Dharmacon) was
used as a negative control. Cells were transfected with siRNA
using HiPerfect (Qiagen) according to the manufacturer’s
protocol.

Methods of statistical analysis

Statistical analysis was performed in GraphPad (GraphPad
Software Ltd). Student t-test was used to calculate the statistical
significance of difference of means where appropriate. Statistical
significance was accepted when p < 0.05. Graphs were plotted in
GraphPad Prism 5 and IBM SPSS statistics 22.
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