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Radiotherapy-induced plasticity of prostate
cancer mobilizes stem-like non-adherent, Erk
signaling-dependent cells

L Kyjacova', S Hubackova', K Krejcikova', R Strauss?, H Hanzlikova', R Dzijak', T Imrichova'?, J Simova®, M Reinis®, J Bartek*'
and Z Hodny*"

Fractionated ionizing radiation combined with surgery or hormone therapy represents the first-choice treatment for medium to
high-risk localized prostate carcinoma. One of the main reasons for the failure of radiotherapy in prostate cancer is
radioresistance and further dissemination of surviving cells. In this study, exposure of four metastasis-derived human prostate
cancer cell lines (DU145, PC-3, LNCaP and 22RV1) to clinically relevant daily fractions of ionizing radiation (35 doses of 2 Gy)
resulted in generation of two radiation-surviving populations: adherent senescent-like cells expressing common senescence-
associated markers and non-adherent anoikis-resistant stem cell-like cells with active Notch signaling and expression of stem
cell markers CD133, Oct-4, Sox2 and Nanog. While a subset of the radiation-surviving adherent cells resumed proliferation
shortly after completion of the irradiation regimen, the non-adherent cells started to proliferate only on their reattachment several
weeks after the radiation-induced loss of adhesion. Like the parental non-irradiated cells, radiation-surviving re-adherent DU145
cells were tumorigenic in immunocompromised mice. The radiation-induced loss of adhesion was dependent on expression of
Snail, as siRNA/shRNA-mediated knockdown of Snail prevented cell detachment. On the other hand, survival of the non-adherent
cells required active Erk signaling, as chemical inhibition of Erk1/2 by a MEK-selective inhibitor or Erk1/2 knockdown resulted in
anoikis-mediated death in the non-adherent cell fraction. Notably, whereas combined inhibition of Erk and PI3K-Akt signaling
triggered cell death in the non-adherent cell fraction and blocked proliferation of the adherent population of the prostate cancer
cells, such combined treatment had only marginal if any impact on growth of control normal human diploid cells. These results
contribute to better understanding of radiation-induced stress response and heterogeneity of human metastatic prostate cancer
cells, document treatment-induced plasticity and phenotypically distinct cell subsets, and suggest the way to exploit their
differential sensitivity to radiosensitizing drugs in overcoming radioresistance.
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Prostate carcinoma (CaP) is the most frequent type of cancer
in men, and the sixth cause of cancer-associated death in men
worldwide.! Despite the advances in diagnosis and therapy of
CaP, the mortality has remained almost unchanged for the
last decades. Currently, the most successful treatment for
localized CaP is prostatectomy with postoperative fractio-
nated radiotherapy, significantly improving metastasis-free
and overall survival, where the median of a 15-year survival is
around 47% of patients.?® The rest of the patients develop a

metastatic disease that is incurable due to the resistance of
CaP to androgen ablation, radiotherapy and chemotherapy.
Therefore, understanding the mechanisms of radioresistance
and chemoresistance of primary and metastatic CaP,
respectively, is fundamental for future efforts to develop more
efficient therapeutic strategies.

The mechanism of radioresistance of CaP is not entirely
clear. Downregulation of some proteins, such as DAB2IP in
metastatic prostate cancer, results in radioresistance and was
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proposed as a predictive marker of aggressive CaP.
The radioresistance in DAB2IP-deficient CaP cells reflects
faster repair of DNA double-strand breaks, combined with
decreased expression of proapoptotic caspases and
enhanced levels of anti-apoptotic proteins Bcl-2 and STAT3.*
IL-6/STATS3 signaling plays an important role in radioresis-
tance of CaP cells®® and malignant properties in general.”
Inhibition of the PI3K-Akt pathway, together with the
MAPK-Erk pathway, sensitizes CaP cells to IR, likely due to
suppression of AP-18 and NFkappaB?® transcription factors.
Radiation-surviving CaP cells exhibit enhanced migration,
higher levels of androgen and EGF receptors and activation of
their downstream pathways, Ras—-MAPK, PI3K-Akt and
Jak-STAT.® Thus the inhibition of IL-6 signaling, which is
highly activated in metastatic CaP cells,'®'" results in
radiosensitization,® inhibition of cell growth, invasion'>~'%
and angiogenesis.'®

The clinical significance of this topic, and the intriguing yet
fragmented insights into the cellular and molecular basis
of CaP radioresistance, including its reportedly ‘heritable’
nature,® and the lack of a model of metastatic human CaP that
would recapitulate the clinically relevant scenario of long-term
fractionated radiotherapy, led us to perform the present study.
To our knowledge, this is the first study of a series of human
metastatic CaP cell lines in terms of their response to long-
term fractionated irradiation (fIR, 35 cycles of 2 Gy, mimicking
the clinical regimen), in a multifaceted biological and
molecular analysis of the resulting CaP cell populations of
both adherent and non-adherent nature. The present data set
documents several novel findings including biological hetero-
geneity of the radiation-surviving cell subpopulations, their
phenotypic plasticity, stem-like cell and tumorigenic proper-
ties. Furthermore, our results reveal differential sensitivity of
the two major subpopulations of the radiation-surviving CaP
cells to inhibition of complementary signaling cascades,
suggesting a strategy for overall elimination of both subsets
of metastatic human radiation-surviving CaP cells by com-
bined targeting of their respective pro-survival signaling
pathways.

Results

Fractionated ionizing radiation of CaP cells induces two
prevalent phenotypes: senescent adherent cells and
anoikis-resistant non-adherent cells. To elucidate radio-
resistance of metastatic CaP cells, we first followed the
clinically used radiotherapy regimen®® and exposed four
human CaP cell lines of metastatic origin (DU145, PC-3,
LNCaP and 22RV1) to cumulative doses of 70Gy (2Gy
applied every 24 h for 35 days). Characteristic phenotypic
changes observed during the fIR course are schematically
depicted in Figure 1a and shown in Figure 1b. As early as
after the third dose of IR, a continuing loss of adhesion was
observed in all four cell lines, such non-adherent cells were
able to reattach within 10-21 days after the last irradiation
time point (re-adherent cells). However, on 35 doses of
irradiation, a small subset of the initial cell population
remained vitally attached (adherent cells). Similar loss of
cell adhesion and subsequent re-adhesion was reproduced
with irradiation regimens consisting of either ten consecutive
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doses of 2Gy or one dose of 10Gy. Therefore, in some
experiments, these shortened irradiation regimens were
used.

Next, we characterized the radiation-surviving adherent
fraction. Cell proliferation in this fraction was largely unaf-
fected until the 10th dose of radiation, as detected by EdU
incorporation in DU145 (39.1% + 11.7 labeled, compared with
29.5% = 5.5 control cells) and PC-3 (36.0% + 10.6 labeled,
compared with 22.5% + 5.9 control cells), while the prolifera-
tion became slower between doses 11-15 (Supplementary
Figure 1a). Among these adherent DU145 and PC-3 cells,
some developed senescence-like morphology. The senes-
cence was progressively developing during the course of
irradiation (active DNA damage signaling was assayed as
phosphorylation of Chk2 and p53, elevated expression of the
p53 target cdk inhibitor p21%a/eP1: Sypplementary Figure 2a
and foci positive for 53BP1 and phosphorylated histone
H2AX; Supplementary Figure 2c) with characteristic cell
enlargement, spreading and vacuolization (Figure 1b),
nuclear  aberrations, abundant chromatin  bridges
(Supplementary Figures 1b and c), positivity for senescence-
associated f-galactosidase (SA-f-gal) (Supplementary
Figure 1d), and an increase of PML NBs (Supplementary
Figure 2b). Notably, senescent DU145 cells pulsed with BrdU
showed asynchronous labeling of nuclei (Supplementary
Figure 1c) indicating ongoing DNA endoreduplication in
adherent survivors. Some cells resumed proliferation ~2
weeks after the end of irradiation (Figures 1b and c and
Figure 4).

As indicated above, small subsets of surviving non-adherent
cells were resistant to anoikis, and resumed adherent
growth (Figures 1b and c; Supplementary Figure 1e). Once
initiated, such re-adhesion was a sudden process lasting
several days and encompassed the majority of non-adherent
cells, many of them utilizing the already attached cells as
adhesion substrate (Figure 1c; Supplementary Figures 1f
and 2d). Formation of rosette-like membrane blebbing
accompanied reattachment (Supplementary Figure 2d), as
did sphere-forming growth (Figure 1c). The tumorigenicity of
the re-adherent DU145 cells in immunodeficient mice was
preserved (Supplementary Figure 2e). The same effect of fIR
was reproduced in the human breast cancer cell line
MCF-7 (Supplementary Figures 1e, f and g) indicating the
phenomenon is not restricted to CaP cells only.

Altogether, fIR of tumor cells led to development
of two phenotypically distinct: adherent and non-adherent
radiation-surviving cell populations, both capable of renewed
proliferation after termination of the radiation stress.

lonizing radiation induces expression of Snail and loss
of cellular adhesion. As the loss of adhesion and resis-
tance to anoikis indicated phenotypic changes, we compared
both the non-adherent and adherent radiation-surviving CaP
cells for factors involved in epithelial-mesenchymal transition
(EMT). We analyzed mRNA levels for EMT-inducers Snalil,
Slug, Twist1, Twist2, Zeb1 and Zeb2 during fIR in all four
populations: parental =non-irradiated, irradiated adherent,
non-adherent and re-adherent. The transcription factors
whose mRNA levels were altered, that is, Snail, Slug, Twist1
and Zeb2 are shown (Figure 2a; Supplementary Figure 3a).
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Figure 1 Generation of adherent and non-adherent radiation-surviving populations in human prostate carcinoma cells by fIR. (a) Schematic representation of the
irradiation protocol using 2 Gy every 24 h resulting in the generation of radiation-surviving populations (adherent, non-adherent and re-adherent) in human prostate cancer cell
lines DU145, PC-3, LNCaP and 22RV1 (See Material and Methods for details). (b) Phase contrast microscopic images of non-irradiated parental cells (par) and fIR-surviving
DU145, PC-3, LNCaP and 22RV1 cell populations after 35 x 2 Gy fIR (adh and non-adh) or 32 days after last dose of fIR (re-adh). Representative phase contrast images of
one from three independent experiments are shown. The image with asterisk represents the re-adherent colony of PC-3 cells obtained after 10 days of fIR. Scale bar, 100 zm.
(c) Phase contrast images of control (parental) and irradiated adherent and re-adherent DU145 single-cell colonies captured at indicated time points after 35 x 2 Gy of fIR.
Note, the 'black’ cells (arrowheads) are non-adherent cells starting to attach to the layer of adherent cells. Scale bar, 100 um. adh, adherent; non-adh, non-adherent;

par, parental; readh, re-adherent

The most consistent changes were observed for Snail,
known to regulate stress resistance, stem cell-like commit-
ment and EMT in various cancer types.'” Snail was induced
by all three irradiation regimens in the non-adherent cells in
both DU145 and PC-3 cells compared with parental
and irradiated adherent cells at mRNA (Figure 2a,
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Supplementary Figure 3b) and protein (Figures 2b and c)
levels (for basal expression of Twist1 in DU145 and PC-3,
see Supplementary Figure 3c). Analogous Snail induction
was observed in MCF-7 exposed to 10 x 2 Gy (Figures 2a
and b). To test whether the loss of cell adhesion depends on
Snail or Twist1, siRNA-mediated knockdown of either factor
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Figure 2 Snail expression in fIR-surviving human cancer cells. Real time qRT-PCR quantification of Snail mRNA levels (a) and Snail inmunoblotting detection (b) in
DU145, PC-3 and MCF-7 control (parental) or irradiated (10 x 2 Gy) adherent, non-adherent and re-adherent cell populations. RPL37a (DU145 and PC-3) and GAPDH
(MCF-7) were used as reference genes in (a); gamma-tubulin was used as a loading control in b. (c) E-cadherin and Snail immunoblotting detection in adherent and
non-adherent control and irradiated (1 x 10 Gy) DU145 cells. GAPDH was used as a loading control. (d) Efficiency of siRNA-mediated knockdown of Snail (siSnail) and Twist1
(siTwist1) estimated by immunoblotting detection of Snail and Twist1 in control or irradiated (1 x 10 Gy) DU145 and PC-3 cells. GAPDH was used as a loading control.
(e) Effect of siRNA knockdown of Snail (siSnail) and Twist1 (siTwist1) on loss of adhesion expressed as relative number of detached cells assessed by FACS in control or
irradiated (1 x 10 Gy) non-adherent DU145 and PC-3 cells. Non-targeting siRNA (siNT) was used as a negative control. Cells were irradiated 24 h after transfection and
FACS-analyzed 48 h after IR. Non-irradiated cells transfected with non-targeting siRNA were set as 100% in both cell lines. (f) Real time gRT-PCR quantification of mRNA
levels of Snail-regulated genes MMP-7, ITGA2, LAMA3, LAMC2 and CDH1 (E-cadherin) in radiation-surviving adherent and non-adherent DU145 cells after irradiation
(10 x 2 Gy). f-actin was used as a reference gene. (g) Effect of siRNA knockdown of Snail (siSnail) on Snail-activated (MMP-7) or -repressed genes (ITGA2, LAMA3, LAMC2
and CDH1) estimated by real time gRT-PCR in control and irradiated (1 x 10 Gy) DU145 cells. $-actin was used as a reference gene. Panels conceming real time gRT-PCR
represent data from at least two (f, g) or three (a) independent experiments executed in triplicates. (e) Represents three independent experiments. Data in a, e, f, g represent
means *S.D. *P<0.05; **P<0.01; ***P<0.001

was performed in DU145 and PC-3 cells before a single dose
of irradiation (10 Gy; Figure 2d). Knockdown of Snail, but not
of Twist1, reverted the enhanced loss of adhesion in
irradiated cells, while having no effect on control cells
(Figure 2e). A similar suppressive impact of Snail down-
regulation on loss of adhesion was obtained using a
tetracycline-inducible Snail shRNA system in DU145 cells
exposed to 10 x 2 Gy fIR (Figures 3d and e).

Furthermore, genes known to be positively regulated by
Snail, such as MMP-7,'® or negatively, for example, integrin

alpha2 (ITGA2'), laminin alpha3 (LAMA3), laminin gamma2
(LAMC2%%) and E-cadherin (CDH12"?2) were consistently
altered in irradiated non-adherent DU145 cells (Figure 2f),
indicating Snail activity. Indeed, knockdown of Snail led to
decreased MMP-7 and increased ITGA2, LAMA3, LAMC2
and E-cadherin (Figure 2g). Furthermore, ITGA2 was
elevated in the non-adherent DU145 cells with doxycycline-
inducible Snail shRNA, consistent with Snail-mediated
repression of this gene (Supplementary Figure 3f). Impor-
tantly, the major epithelial adhesion molecule E-cadherin was
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Figure 3 Non-adherent cells express stem cell-like markers. (a) Real time gRT-PCR detection of CD133, Sox2, Oct-4 and Nanog in control (parental) and irradiated
(10 x 2@y) radiation-surviving DU145 (left) and PC-3 (right) adherent, non-adherent and re-adherent cell populations. RPL37a was used as a reference gene.
(b) Immunoblotting detection of Nanog and Oct-4 in control (parental) and irradiated (10 x 2 Gy) adherent, non-adherent and re-adherent DU145 cells. Gamma-tubulin was
used as a loading control. (¢) Real time gqRT-PCR quantification of Notch signaling ligands DLL1, DLL4, Jag1 and Notch signaling target genes Hes1 and Hey1 by real time
gRT-PCR in control (parental) and irradiated (10 x 2 Gy) DU145 (left) and PC-3 (right) radiation-surviving adherent, non-adherent and re-adherent cell populations. RPL37a
was used as a reference gene. Data in all graphs represent means * S.D. from two independent experiments performed in triplicates

markedly decreased in non-adherent fractions of both
irradiated and control cells (Figure 2c), confirming that EMT
events accompanied the loss of cellular adhesion.

Overall, non-adherent CaP cells lose adhesive properties
via EMT, and this process is amplified on radiation stress
through elevated expression of Snail.

Fractionated irradiation-induced expression of stem cell
markers in the non-adherent cells. The anoikis-resistant
survival of non-adherent CaP cells might be associated with
acquisition of stem cell properties induced during ionizing
radiation. Indeed, compared with all other fractions of control
and irradiated cells, the non-adherent DU145 and PC-3 cells
showed higher mRNA levels of stem cell-associated genes
CD133, Sox2, Oct-4 and Nanog (Figure 3a, Supplementary
Figure 3g). Shortly after cell re-adhesion, these transcripts
returned almost to the pre-irradiation levels observed in the
parental cells, indicating a transiently mobilized stem-like cell
stage during the non-adherent phase. The elevation of
Nanog and Oct-4 protein levels was confirmed (Figure 3b).
Notably, an increased activity of Notch signaling, character-
istic for progenitor cells®*2* was detected as elevated mRNA
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of the NOTCH pathway-regulated genes Hes12® and Hey12®
in the non-adherent irradiated fractions of both DU145 and
PC-3 cells (Figure 3c). The induction of Hes1 and Hey1
transcription factors was accompanied by elevated NOTCH
ligands DLL1 and DLL4 in irradiated cells (Figure 3c;
Supplementary Figure 3h). The transcripts of DLL1, DLL4,
Hes1 and Hey1 in irradiated cells reverted nearly to parental
cell levels after cell re-adhesion (Figure 3c).

Altogether, the non-adherent irradiated cells differ from the
adherent irradiated cells by expression of stem-like cell
markers and progenitor cell-associated Notch signaling, in a
transient manner that reverted on cell re-adhesion.

Irradiated non-adherent cells do not proliferate. To
assess proliferation of the radiation-surviving non-adherent
cells, we labeled cells with the cell proliferation dye. Whereas
the non-irradiated non-adherent cells re-adhered rapidly,
during 24h, and on re-adhesion diluted the dye almost
completely within 28 days consistent with ongoing cell
proliferation, the non-adherent irradiated cells retained
almost the same eFluor670 fluorescence intensity for the
28-day period (Supplementary Figures 4a and b), indicating



lack of cell proliferation. This was confirmed by very low level
of EdU incorporation after a 3-hour pulse of EdU among the
non-adherent cells (less than 2% EdU-positive cells at day 3
after the end of fIR), suggesting very low replicative activity
(Figure 4). However, considering the non-adherent irradiated
cells restarted proliferation shortly after re-adhesion, the
non-adherent fIR survivors represented a pool of transiently
non-proliferating cells capable of proliferation after
reestablishment of the adherent phenotype.

Inhibition of Erk1/2 suppresses Snail expression and
impairs survival of non-adherent cells. Snail levels are
regulated by the Erk1/2 and PI3K/Akt pathways.2”-?8 Indeed,
both Akt and Erk1/2 activities were highest between the
second and third dose of IR (Figure 5a), coinciding with the
highest levels of Snail and preceding the loss of cell
adhesion. The ensuing loss of cell adhesion correlated with
loss of active Akt and partial loss of Erk1/2 activity
(Figure 5b). Consistent with a previous report,?” inhibition
of Erk1/2 with the MEK-Erk inhibitor U0126 (ERKIi)
suppressed the levels of Snail in the adherent fraction
(Figure 5c), while treatment of the non-adherent cells with
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Figure 4 Proliferation of fIR-surviving adherent and non-adherent DU145 cells.
Flow cytometry analysis of EdU incorporation using Click-iT EdU proliferation assay
in irradiated (10 x 2 Gy) non-adherent and adherent DU145 cells, during and after
fIR, expressed as EdU-positive cells (from viable fraction in percentage, numbers
above bars) of total cells analyzed. Non-irradiated adherent cells were used as a
control (ctrl). Data (except adherent cells collected at day 35) represent means
+ S.D. from two independent experiments
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the ERKi resulted in anoikis, and also prevented cell
detachment after a single dose of IR (Figure 5d;
Supplementary Figure 5a). Consistently, activation of the
Erk1/2 pathway by a mixture of FGF and EGF
(Supplementary Figure 5b) resulted in increased total
numbers of detached cells (the sum of live and dead cells;
Supplementary Figure 5¢) and more surviving non-adherent
cells among both the control and irradiated DU145 cells
(Figure 5e). Excluding potential nonspecific effects of the
ERKIi, siRNA-mediated knockdown of Erk1 and/or Erk2
(Supplementary Figure 5e) impaired the loss of adhesion
(Supplementary Figure 5d) and survival (Figure 5f) among
non-adherent control as well as irradiated DU145 cells,
thereby supporting the role of Erk1/2 signaling in the
emerging anoikis-resistant cell survival after irradiation.

Anoikis is Bim-mediated apoptosis,?® and the level (and
activity) of proapoptotic Bim is regulated by Erk1/2.2°-%
Consistent with resistance to anoikis, the level of Bim in
irradiated non-adherent DU145 cells was substantially lower
than in the irradiated adherent cells (Supplementary
Figure 5f). Inhibition of Erk1/2 led to increased levels of Bim
both in control and irradiated cells (Figure 5g). Furthermore,
activation of Erk1/2 by PMA had the opposite effect
(not shown) implicating Erk-dependent ubiquitylation and
degradation of Bim.®2 In contrast, the anti-apoptotic factor
Bcl-XL was increased in non-adherent cells after irradiation
(Supplementary Figure 5f). Inhibition of Erk1/2 led to a
decrease of Bel-XL (Figure 5q) indicating Bcl-XL is controlled
by Erk1/2. Ectopic expression of Bcl-XL in DU145 cells
(Figure 5h) resulted in significantly increased survival of the
non-adherent cells after fIR, whereas inhibition of Erk1/2
suppressed survival among the Bcl-XL-overexpressing cells
(Figure 5i), supporting the role of the Erk1/2-Bcl-XL axis in
radiation-induced anoikis resistance.

In conclusion, loss of cell adhesion, Snail expression, levels
of the apoptotic modulators Bim and Bcl-XL, as well as anoikis
resistance of the radiation-surviving non-adherent cells is
controlled by Erk1/2 activity.

Simultaneous inhibition of Erk1/2 and Akt pathways has
an additive radiosensitizing effect. Enhanced Erk and
PI3K—-Akt signaling contribute to chemo- and radioresistance
of CaP.%%33 Therefore, we exposed DU145 cells to 10 daily
fractions of 2Gy in the presence or absence of chemical
inhibitors of Erk1/2, Akt or their combination (Supplementary
Figure 6b) and followed survival and proliferation of
non-adherent and adherent cells, respectively. Inhibition of
Erk1/2 alone eliminated any live non-adherent cells, while
Akt inhibition alone impacted survival of the non-adherent
cells only modestly (Figure 6a) correlating with low Akt
activity in this fraction (Figure 5a). The combined inhibitors
suppressed survival of IR-exposed non-adherent cells and,
importantly, showed a greater anti-proliferative effect than
treatment with either inhibitor alone on the IR-resistant
adherent CaP cells (Figures 6a and c; Supplementary
Figure 6a). Furthermore, the observed anti-proliferative
effect of the combined inhibitors was greater among
the irradiated, compared with non-irradiated CaP cells
(Figures 6b and c). In contrast to CaP cells, normal human
diploid BJ fibroblasts treated with the radiosensitizing
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Figure 5 Effect of Erk1/2 inhibition on viability of fIR-surviving non-adherent DU145 cells. (a) Immunobloting detection of total Akt, phosphoserine 473 of Akt, total Erk1 and
Erk2, phosphothreonine 204/phosphotyrosine 204 of Erk (pErk1/2) and Snail in control and irradiated (2 — 10 x 2 Gy) DU145 cells. Gamma-tubulin was used as a loading control.
(b) Immunoblotting detection of total Erk1 and Erk2, phosphothreonine 204/phosphotyrosine 204 of Erk1/2 (pErk1/2), total Akt and phosphoserine 473 of Akt in control (parental)
and irradiated (1 x 10 Gy) adherent and non-adherent DU145 cells. GAPDH was used as a loading control. (€) Immunoblotting estimation of inhibition of Erk1/2 activity by Erk
inhibitor U0126 (ERKi) detected as phosphothreonine 204/phosphotyrosine 204 of Erk (pErk1/2) and its effect on Snail expression in control and irradiated (1 x 10 Gy) DU145
cells. GAPDH was used as a loading control. (d) Effect of Erk1/2 inhibition by ERKi on cell survival in control or irradiated (1 x 10 Gy) non-adherent DU145 cells assessed by flow
cytometry 48 hours after IR. Bars represent relative amount (in percentage, numbers above bars) of apoptotic cells (AnnexinV */Hoechst * plus AnnexinV * /Hoechst ) in total
non-adherent fraction. (e) Effect of Erk1/2 activation (mixture of 10 ng/ml EGF and 50 ng/ml FGF) or chemical inhibition (ERKi) on cell survival assessed by flow cytometry in control
or irradiated (1 x 10 Gy) non-adherent DU145 cells analyzed 48h after IR by flow cytometry. Bars represent relative amount (in percentage, numbers above bars) of viable
AnnexinV ~ /Hoechst ~ cells in non-adherent fraction. Non-treated cells were set as 100%. (f) Effect of siRNA-mediated knockdown of Erk1 (siErk1) and Erk2 (siErk2) on cell
survival in control or irradiated (1 x 10 Gy) non-adherent DU145 cells analyzed 48 h after IR and 72 h after transfection by flow cytometry. Non-targeting SiRNA (siNT) was used
as a negative control. The bars represent relative amount (in percentage, numbers above bars) of viable AnnexinV ~/Hoechst ™ cells in non-adherent fraction. Irradiated cells
transfected with control siRNA (siNT) were set as 100%. (g) Effect of Erk1/2 inhibition (ERKi) on Bim (EL) and Bcl-XL levels in control or irradiated (1 x 10 Gy) DU145 cells
assessed by immunoblotting. GAPDH was used as a loading control. (h) Immunobloting detection of Bel-XL in DU145 stable cell lines generated by infection with lentiviruses
possesing pCDH-CMV-MCS-EFI-Neo-empty (empty) or pCDH-CMV-MCS-EFI-Neo-Bcl-XL (Bcl-XL) vector. GAPDH was used as a loading control. (i) Effect of ERKi (10 M for
16h, added after last dose of fIR) on cell survival in control or irradiated (10 x 2 Gy) adherent and non-adherent stable DU145 cells constitutively expressing Bcl-XL (Bcl-XL)
analyzed by flow cytometry. The bars represent relative amount (in percentage) of viable (AnnexinV ~/Hoechst ~) cells. Stable DU145 cell line transduced with pCDH-CMV-MCS-
EFI-Neo-empty vector (empty) was used as a control. Data in d-f represent means + S.D. from two independent experiments. Data in i represent means + S.D from four
(w/o ERKi) or two ( + ERKi) independent experiments performed in duplicates. ***P<0.001
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Figure 6 Differential sensitivity of fIR-surviving adherent and non-adherent DU145 cells to inhibitors of Erk and Akt signaling. (a) Effect of Erk1/2 inhibition (ERKi) and/or
Akt inhibition (AKTi) on cell survival in control or irradiated (1 x 10 Gy) non-adherent DU145 cells analyzed by flow cytometry 48 h after IR. The bars represent relative amount
(in percentage, numbers above bars) of apoptotic cells (AnnexinV ~/Hoechst ~ plus AnnexinV */Hoechst ~) in total non-adherent fraction. (b) Effect of Erk1/2 inhibition
(ERKi) and/or Akt inhibition (AKTi) on proliferation of irradiated (10 x 2 Gy) DU145 cells. Trypan blue-negative cells were counted at time points as indicated. (c) Effect of
Erk1/2 inhibition (ERKi) and/or Akt inhibition (AKTi) on proliferation of control non-irradiated DU145 cells. Trypan blue-negative cells were counted at time points as indicated.
(d) Effect of Erk1/2 inhibition (ERKi) and/or Akt inhibition (AKTi) on proliferation of control or doxorubicine-treated (0.75 M) DU145 cells. Relative numbers of cells were
assessed at day 0 (w/o; without any additives) and day 8. Data in all bars are normalized to control cells (i.e. to doxorubicin-untreated cells) at day 8. Data in a—d represent
mean values + S.D. from two independent experiments. *P<0.05. In b-d, control cells were treated with DMSO diluent (mock)

concentrations of both inhibitors only slowed down prolifera-
tion without cytotoxic effects (Supplementary Figure 6c¢).

Complementary to the radiosensitization experiments, the
combined inhibition of Akt and Erk1/2 completely suppressed
also CaP chemoresistance, otherwise manifested as out-
growth of senescence-resistant colonies of DU145 cells
exposed to a subapoptotic, senescence-inducing treatment
with doxorubicin (Figure 6d).

Overall, the combined inhibition of Akt and Erk1/2 impaired
survival of the anoikis-resistant non-adherent CaP cells and
prevented escape from senescence in the adherent CaP
population both after irradiation and doxorubicin treatment.

Acquired radioresistance of CaP cells after fractioned
irradiation. Conceptually and therapeutically relevant issue
is whether the adherent or the non-adherent cells feature
‘radioresistance memory’, that is, enhanced survival on later
round(s) of irradiation. We noted that the phenotypic switch
(the cycle of irradiation-induced loss of adhesion and
subsequent re-adhesion) was repeatable at least three times
(not shown) indicating stress-induced reversible phenotypic
plasticity. However, several population doublings of the
re-adherent cells were necessary to revert the mesenchymal
phenotype back to the epithelial one (see Supplementary
Figure 7a. for changes in E-cadherin and vimentin after
re-adhesion). To assess whether the fIR survivors are more
radioresistant than the parental cells, we exposed DU145
cells that survived the 35 doses of 2Gy as either adherent

(adherent survivors) or non-adherent fraction after its
re-adhesion (re-adherent survivors) to a single dose of 10
or 40 Gy. Although the overall survival of both adherent and
re-adherent survivors did not differ markedly from the
parental cells (Figure 7a) and the colony-forming ability
was increased only for the adherent survivors compared to
the parental cells (Figure 7b; consistent with Skvortsova
et al.®), the colonies of the re-adherent survivors (although
equally numerous as from the parental cells) featured fewer
colonies composed of senescent-like cells (Figure 7b).
Importantly, the anoikis-resistant survival of the re-adherent
survivors was enhanced compared with both the parental
cells and adherent survivors (Figure 7c).

Altogether, the observed radiation-induced phenotypes
likely reflect contributions from both adaptive (partly transient)
responses due to plasticity of the metastatic CaP cell
populations, and more durable (heritable), selection-acquired
resistance to radiation-evoked cellular senescence or anoikis
(Supplementary Figure 7b).

Discussion

As metastatic CaP is essentially incurable due to radio-
resistance and chemoresistance, we performed this study to
better understand the underlying mechanisms to overcome
the resistance. Our analyses of human metastatic CaP cell
lines DU145, PC-3, LNCaP and 22RV1 during a fractionated
ionizing irradiation regimen that mimicked the schedule used
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Figure 7 Evaluation of radioresistance of fIR-surviving cells. (a) Phase contrast microscopic images of parental (par) and irradiated (35 x 2 Gy) adherent (adh) and
re-adherent (readh) DU145 survivors 3 days after a single dose (40 Gy) or without re-irradiation (ctrl). Scale bar, 100 um. (b) Clonogenic cell survival assay. Parental or
irradiated (35 x 2 Gy) adherent and re-adherent DU145 survivors were counted and 1 x 10° cells seeded into 6-well plates in triplicates. Number of cells from all colonies
(> 10 cells) formed at day 13 following re-irradiation (10 Gy) were counted and plotted. N= number of total colonies formed. S= number of senescent colonies formed/
number of total colonies formed x 100. Each dot in the plot represents one colony characterized by number of cells and presence (red dot) or absence (black dot) of
senescence according to cell morphology. () Anoikis-resistant survival of parental (par) and previously irradiated (10 x 2 Gy) adherent (adh) and re-adherent (readh) DU145
survivors after re-irradiation (40 Gy) assessed by flow cytometry 72 h after IR. Bars represent relative amount (in percentage) of viable cells (AnnexinV ~ /Hoechst ™) in total
non-adherent fraction. Data represent mean values + S.D. from three independent experiments performed in duplicates. *P<0.05; **P<0.01

in clinical radiotherapy revealed three phenotypically termination of irradiation; (2) non-adherent anoikis-resistant
distinct radiation-surviving cell populations: (1) adherent cells and non-proliferating cells with stem cell traits capable of
with senescent/EMT features capable of regrowth after long-term survival, competent to restore adherent growth and
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proliferation; (3) re-adherent cells originating from the
non-adherent pool, with epithelial features and tumorigenic
potential.

One of our key novel results was the role of the Snail-ERK
pathway in the EMT phenotype, loss of adherence, anoikis
and radioresistance. Our findings of decreased E-cadherin in
the radiation-surviving non-adherent cells, accompanied by
enhanced levels of the E-cadherin-repressive EMT-inducer
Snail, 222 support the role of E-cadherin-mediated intercel-
lular contacts in the maintenance of the epithelial pheno-
type,3* the loss of E-cadherin per se as an EMT inducer,*® and
association of EMT with radio- and chemoresistance.36~2°
Using MEKIi and knockdown of Erk1/2 and Snail, we showed
that the loss of adhesion after IR required Erk1/2-mediated
expression of Snail. Consistent changes in gene expression,
including Snail upregulation, and genes of the Notch pathway,
have been independently validated by a comprehensive gene
expression profiling analysis (not shown). The radiation-
induced phenotypic heterogeneity, we report, might reflect
transient cellular plasticity as well as stress-evoked responses
of preexistent subsets cells seen in the parental DU145 and
PC-3 cell populations.*®-%2

lonizing radiation can promote traits of EMT in normal
human mammary epithelium,*' lung carcinoma***® and
colorectal cancer cells.** Furthermore, besides their role in
E-cadherin repression,*®*® Slug and Snail have been
implicated in radioresistance-associated EMT.*”**® Snail
enhances resistance to apoptosis by activating the PI3K/Akt
and Erk1/2 pathways,?® consistent with our data showing
increased radiosensitivity after inhibition of PI3K/Atk and
Erk1/2 and downregulation of Snail. Notably, Snail is a
substrate of the major radiation-induced kinase ATM, and
this phosphorylation is involved in radiosensitivity.*°

Another intriguing aspect of our results is the link between
EMT and stem-like cell traits. Epithelial cancer cells under-
going EMT exhibit also features of stemness,*>*" and Snail
induces both EMT and stem cell-like features in squamous
cell carcinoma.®® We show that besides elevated Snail,
radiation-surviving non-adherent CaP cells featured
enhanced expression of stem cell-associated genes
CD133,%® Oct-4, Sox2 and Nanog, the latter three capable
of reprogramming various differentiated cells toward stem-
ness.’>*®° Besides these stem cell markers, radiation-surviv-
ing non-adherent CaP cells showed increased activity of
Notch signaling, a characteristics of diverse progenitor
cells.?®2* |n breast cancer, IR induces Notch®® and stem-like
phenotype, including Notch-dependent upregulation of
Oct-4.57 Notch signaling can also activate EMT.%® Together
with other evidence,®*®' our data support an emerging
concept that IR promotes a phenotypic switch towards EMT
and stem-like traits in epithelial tumors, also consistent with
the intriguing yet mechanistically unclear resistance of cancer
stem-like cells to genotoxic treatments.

In contrast to reported sphere-forming growth of irradiated
lung cancer cells*® and IR-induced cell cycle entry of breast
CSC,®" the radiation-induced non-adherent CaP cells were
proliferatively dormant even in conditions permissive for
self-renewal of CSCs (not shown). This supports the notion
that EMT-inducing factors reduce cell proliferation,?%2 and
circulating tumor cells (CTCs) with enhanced Twist1 need to
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downregulate Twist1 before regaining the ability to proliferate
and form macrometastases.®®> We propose that during
development of radioresistance in CaP, and possibly other
types of cancer, reversion of EMT is necessary for initiation of
cell proliferation. This is also supported by our data that the re-
adherent CaP cells exhibited an epithelial phenotype and
reduced motility (not shown) indicating reversion of stem-like/
mesenchymal traits during re-adhesion. The phenotypic
changes including cell contact and ECM-adhesive molecules
observed in the non-adherent irradiated population reverted
after cell re-adhesion, coinciding with regained proliferation
and tumorigenicity.

There is evidence that EMT/MET is linked with metastatic
spread, as the number of CTCs with epithelial or mesenchymal
phenotype captured from patients treated for metastatic
breast cancer correlated with type of therapy applied.®*
Whereas positive therapeutic responses were accompanied
by fewer CTCs and increased epithelial phenotype, patients
with progressive disease unresponsive to chemotherapy
possessed higher numbers of predominantly mesenchymal
CTCs in post-treatment samples. The simultaneous inhibition
of Erk and PI3K—-Akt signaling we report here resulted in both
suppression of resistance to anoikis and prevention of
regrowth of adherent CaP in response to IR and doxorubicin,
indicating potential use of this drug combination for radio and
chemosensitization with abrogation of radio-/chemotherapy-
induced tumor cell heterogeneity. Mechanistically, we spec-
ulate that DNA damage signaling from therapy-induced
recurrent and/or persistent DNA lesions (e.g. from senescent
cells®) may promote the observed phenotypic switch via the
ATM-induced cytokine network®® including TGFp family
members that can shape the phenotype of treated cancer
cells toward EMT and stem cell enrichment in a paracrine
manner. Finally, we suggest that such treatment resistance
(see Supplementary Figure 7) could be overcome, and that
the dependency on signaling cascades we report here reveal
vulnerabilities potentially exploitable in cancer treatment.

Materials and Methods

Chemicals and antibodies. MEK-Erk inhibitor U0126 (ERKi; 10 uM),
Akt1/2 kinase inhibitor (AKTi; 1 uM; Cat. No. A6730) doxycycline hydrochloride
(dox) and doxorubicin hydrochloride (doxo), were purchased from Sigma (St Louis,
MO, USA). Epidermal growth factor (EGF) and fibroblast growth factor (FGF)
recombinant proteins were obtained from Peprotech (Rocky Hill, NJ, USA).

The following antibodies were used for immunoblotting: mouse monoclonal
antibody against Erk1 (ECM Bioscience, Versailles, KY, USA), goat polyclonal
antibody against DLL1 and mouse monoclonal antibody against Twist1 from Santa
Cruz Biotechnology (Dallas, TX, USA), rabbit monoclonal antibodies against Snail
(SNAI1), Akt, Nanog XP, Oct-4A, Bcl-XL and phosphoserine 473 of Akt, rabbit
polyclonal antibodies against Chk2, p53 and Bim and mouse monoclonal antibodies
against p21*3"Pphosphoserine 15 of p53 and phosphothreonine 68 of Chk2, all
from Cell Signaling Technology (Danvers, MA, USA). Mouse monoclonal antibody
against GAPDH was purchased from GeneTEX (Irvine, CA, USA), mouse
monoclonal antibody against phosphoserine 139 of histone H2AX from Millipore
(Billerica, MA, USA), mouse monoclonal antibody against E-cadherin from BD
Biosciences (San Jose, CA, USA) and rabbit polyclonal antibody against
phosphothreonine 202/phosphotyrosine 204 of Erk1/2 from Promega (San Luis
Obispo, CA, USA). Mouse monoclonal antibody against y-tubulin was provided by
Pavel Draber (Institute of Molecular Genetics, Prague, Czech Republic). Mouse
monoclonal antibody against Erk2 (B3B9) was prepared by Mike Weber and
provided by Tomas Vomastek (Institute of Microbiology, Prague, Czech Republic).

The following antibodies were used for indirect immunofluorescence: mouse
monoclonal antibody PG-M3 against PML, rabbit polyclonal antibody against 53BP1
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both from Santa Cruz Biotechnology, mouse monoclonal antibody against
phosphoserine 139 of histone H2AX (Millipore), mouse monoclonal antibody
against E-cadherin from BD Biosciences, rabbit polyclonal antibodies against
vimentin from Cell Signaling Technology. Secondary antibodies anti-mouse 19G
conjugated with Cy3 from Jackson Immunoresearch Laboratories (West Grove, PA,
USA), anti-rabbit IgG antibody Alexa 568 and anti-mouse IgG antibody Alexa 488
were from Invitrogen (Carlsbad, CA, USA).

Cell cultures. Human prostatic carcinoma cell lines DU145, PC-3, LNCaP,
22RV1, human breast carcinoma cell line MCF-7, human embryonic kidney cells
HEK293T stably expressing the SV40 large T antigen and human fibroblast cells
BJ were obtained from American Type Culture Collection (ATCC, Manassas, VA,
USA). DU145, PC-3, MCF-7 and HEK293T cells were cultivated in DMEM
(glucose 4.5g/l), LNCaP and 22RV1 in RPMI-1640 (both media from Biochrom,
Cambridge, UK) and BJ in DMEM (glucose 1g/l; Invitrogen) supplemented
with 10% fetal bovine serum (PAA, Pasching, Austria), 100 U/ml penicillin and
100 pg/ml streptomycin sulfate (Sigma). Cells were kept at 37 °C under 5% CO,
atmosphere and 95% humidity.

Cells were irradiated with orthovoltage X-ray instrument T-200
(Wolf-Medizintechnik GmbH, St. Gangloff, Germany) using 0.5 Gy/min dose rate
and thorium filter daily with 10 or 35 doses 2 Gy (fIR) or with single dose 10 Gy.
Non-adherent cells generated during fIR were collected both during fIR (35 x 2 Gy)
or 24 h after last dose (10 or 35 x 2 Gy). There was no analytical difference between
these two modes of cell collection. However, to avoid possible contamination of
non-adherent fraction by mitotic cells of adherent fraction (10 x2Gy fIR),
non-adherent cells were transferred through another cultivation flask to enable
attachment of mitotic cell contaminants (6-8 h), then moved to a new flask and daily
carefully checked for ‘prematurely’ attached cells. Using such procedure, potential
contamination was practically eliminated.

To obtain re-adherent colonies from non-adherent cells, irradiated non-adherent
prostate cancer cells were separated from adherent fraction as stated above and
observed for initiation of adherent growth. After re-adherence, cells were cultivated
as described above. As non-adherent control, DU145 cells were kept in confluence
for 3-5 days and then non-adherent cells were collected.

Images of live cells were captured by inverted tissue culture microscope Nicon
Eclipse TE300 (Nicon, Tokyo, Japan) equipped with Leica DFC490 camera and
LAS AF software (Leica Microsystems, Germany).

Lentiviral constructs and transduction. Lentiviral vector pCDH-EFI-
Neo-Bcl-XL, constitutively expressing Bcl-XL, was generated by subcloning the
EcoRl fragment from pSFFV-Neo-Bcl-XL (#8749 Addgene, Cambridge, MA, USA)
into pCDH-CMV-MCS-EFI-Neo (Systems Biosciences, CA, USA). pLKO-Tet-On-
shRNA-Snail was generated by ligation of the double stranded oligo 5’-CCGGCCA
GGCTCGAAAGGCCTTCAACTCGAGTTGAAGGCCTTTCGAGCCTGGTTTTT-3
between the Agel and EcoRl sites in the pLKO-Tet-On vector as described.®” To
produce DU145-empty and DU145-Bcl-XL cell lines, DU145 cells were transduced
either with  pCDH-CMV-MCS-EFI-Neo or with pCDH-EFI-Neo-Bcl-XL viral
particles.% For inducible RNAi of Snail, DU145 were transduced with pLKO-Tet-
On-shRNA-Snail particles. To obtain stabile expression, 72h post transduction
cells were plated into media containing G418 (800 p«g/ml) or puromycin (2 z.g/ml)
and selected for further 10 or 3 days. Snail shRNA expression was induced
with 0.7 ug/ml doxycycline (dox), supplied every 48h to the cultivation media.
Non-transduced DU145 cells (wt) treated with corresponding amounts of dox were
used as a control.

Magnetic-activated cell sorting. AnnexinV-negative fraction of irradiated
non-adherent DU145, PC-3 and MCF-7 cells was obtained by incubation with
Dead Cell Removal MicroBeads (Dead Cell Removal Kit, Miltenyi Biotec,
Germany) for 15 min and separation in magnetic field of AutoMACS Pro magnetic
separator (Miltenyi Biotec). The separated cells were harvested for immunoblotting
or real time gRT-PCR analysis.

Fluorescence-activated cell sorting

AnnexinV-FITC/Hoechst 33258 staining and analysis: Cell survival of
non-adherent DU145, PC-3, LNCaP, MCF-7 and 22RV1 cells after single dose or
multiple doses of IR was assessed by staining with 1-5 ug/ml Hoechst 33258
(Invitrogen) in  combination with AnnexinV-FITC (AnnexinV: FITC Apoptosis
Detection Kit, BD Biosciences) according to manufacturefs protocol. Cells were
collected in PBS (300 g at 4 °C for 10 min), stained in AnnexinV binding buffer
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(BD Biosciences) for 15min at RT and then analyzed using the LSRII flow
cytometer (BD Biosciences). Cells from following quadrants were analyzed: viable
AnnexinV-FITC ~ /Hoechst 33258~ cells (A-/H-), early apoptotic AnnexinV-
FITC * /Hoechst 33258 ~ cells (A +/H — ) and late apoptotic AnnexinV * /Hoechst
33258 cells (A+/H4). To assess radiation-induced loss of adhesion,
non-adherent control and irradiated cells (1 x 10 Gy) were washed twice with
PBS and collected (300 g at 4 °C for 5min) in 300 ul of AnnexinV binding buffer
(BD Biosciences). Defined volume of cell suspension was analyzed to assess the
total number of cells. The precision of volume intake by high throughput sampler
(HTS) unit of LSRII flow cytometer was checked using fluorescent AlignFlo Flow
Cytometry Alignment Beads, 2.5 um (Invitrogen) excitable at 488nm. Volume
intake error was estimated as +5.13%.

eFluor670 staining and analysis: Proliferation of irradiated adherent DU145
cells was estimated with Cell Proliferation Dye eFluor670 (eBioscience, San
Diego, CA, USA), which binds unspecifically membrane proteins and is distributed
equally between daughter cells during division. Dye fluorescence intensity in APC
channel was measured by LSRII flow cytometer. Control and irradiated adherent
cells were detached by Versene after 10th dose of irradiation (Gibco, Carlsbad,
CA, USA), stained with eFluor670 and either immediately analyzed by FACS or
further irradiated (five daily doses of 2 Gy) and analyzed after 11, 13 and 15 dose.
To assess the proliferation of irradiated (10 x 2 Gy) non-adherent cells, cells were
collected in PBS after last dose of irradiation (300 g at 4 °C for 10 min), stained
with eFluor670 and further cultivated in new Petri dish for 28 days. At 28th day
after staining, non-adherent and newly established re-adherent cells were
analyzed by FACS as described above.

Click-iT EdU proliferation assay and analysis: Proliferation of non-
adherent DU145 cells was assessed during fIR (after 7 x 2 Gy and 10 x 2 Gy) and
at several post-fIR time points (3, 7 and 10 days after fIR). First, cells were pulse-
labeled with 10 «M EdU for 3 h, washed with PBS and stained with fixable viability
fluorescent dye eFluor780 (eBioscience) according to manufacturefs protocol.
Second, cells were fixed (4% formaldehyde, 15min at RT), washed twice with
PBS and stored at 4 °C. In the post-fIR time points, medium with non-adherent
cells was transferred to a new Petri dish 1 day before EdU pulse to prevent mitotic
cell contamination from adherent layer. DNA replication was measured using the
Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen), customized for flow
cytometry. EdU was detected after permeabilization (0.2% Triton X-100, 5 min at
RT) by staining cells with Click-iT chemistry for 25 min at RT (azide labeled by
Alexa Fluor 488, CuSO, and EdU buffer additive in 100 mM Tris, pH 8.5). Samples
were analyzed using LSRII flow cytometer with 488 nm excitation. Background
values were estimated by measuring non-EdU labeled, but Click-IT chemistry
stained cells.

Indirect immunofluorescence. Cells grown on glass coverslips were fixed
by methanol:acetone (1:1) at 4°C or by 4% formaldehyde at RT and
permeabilized by 0.2% Triton X-100 15min at RT. After washing with PBS,
cells were incubated in 10% FBS diluted in PBS to block unspecific signal. Cells
were subsequently incubated with diluted primary antibodies for 1h at RT and
then extensively washed with PBS. The incubation with secondary antibodies was
performed for 1h at RT. Nuclei were counterstained with 4’,6-diamidino-2-
phenylindole staining (DAPI; Sigma) followed by mounting in Mowiol
(Sigma) or Vectashield HardSet Mounting Medium containing DAPI (Vector
Laboratories, Burlingame, CA, USA). Images were captured by
fluorescent microscope Leica CTR6000 (Leica Microsystems) equipped with
monochrome digital camera DFC350 FX and Leica LAS AF Lite software or
Zeiss Axio Imager.A2 equipped with Zeiss AxioCam HR camera and
Metamorph software.

SDS-PAGE and immunoblotting. Cells were washed with PBS,
harvested into Laemmli SDS sample lysis buffer (2% SDS, 50mM Tris-HCI,
10% glycerol in double-distilled H,0) and sufficiently sonicated (3 x 15 seconds at
4 micron amplitude with 15 sec cooling intervals) on Soniprep 150 (MSE, London,
UK). Concentration of proteins was estimated by the BCA method (Pierce
Biotechnology, IL, Rockford, USA). A quantity of 100mM DTT and 0.01%
bromphenol blue was added to lysates before separation by SDS-PAGE (10 and
12% gels were used). The same protein amount (25 or 30 ug) was loaded into
each well. Proteins were electrotransferred onto a nitrocellulose membrane using
wet transfer and detected by specific antibodies combined with horseradish
peroxidase-conjugated secondary antibodies (goat anti-rabbit, goat anti-mouse,



Bio-Rad, Hercules, CA, USA). Peroxidase activity was detected by ECL
(Pierce Biotechnology) or SuperSignal West Femto Substrate (Thermo Fisher
Scientific, Waltham, MA, USA). GAPDH or y-tubulin was used as a marker of
equal loading.

Quantitative real time PCR. Total RNA samples were isolated using
RNeasy Mini Kit (Qiagen Sciences, Germantown, MD, USA) as described.®®
Briefly, first strand cDNA was synthesized from 200 ng of total RNA with random
hexamer primers using High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Foster city, CA, USA).

qRT-PCR was performed in ABI Prism 7300 (Applied Biosystems) using SYBR
Select Master Mix containing SYBR GreenE dye (Applied Biosystems). The relative
quantity of cDNA was estimated by AACT method and data were normalized to
RPL37a, GAPDH or f-actin. Following primers were purchased from East Port
(Prague, Czech Republic): Snail (SNAI1): 5'-TGC CCT CAA GAT GCA CAT CCG
A-3,5-GGG ACA GGA GAA GGG CTT CTC-3'; Slug (SNAI2): 5'-ATC TGC GGC
AAG GCG TTT TCC A-3'; 5’-GAG CCC TCA GAT TTG ACC TGT C-3'; Twist1:
5-GCC AGG TAC ATC GAC TTC CTC T-3', 5'-TCC ATC CTC CAG ACC GAG
AAG G-3'; Zeb2: 5'-AAT GCA CAG AGT GTG GCA AGG C-3',5'-CTG CTGA TGT
GCG AAC TGT AGG-3'; CDH1: 5'-TGA AGG TGA CAG AGC CTC TGG AT-3,
5'-TGA AGG TGA CAG AGC CTC TGG AT-3'; MMP-7: 5'-TCG GAG GAG ATG CTC
ACT TCG A-3', 5'-GGA TCA GAG GAA TGT CCC ATA CC-3’; ITGA2: 5'-TTG CGT
GTG GAC ATC AGT CTG G-3, 5'-GCT GGT ATT TGT CGG ACA TCT AG-3/;
LAMAS3: 5'-CCG ATA GTA TCC AGG GCT ACA AC-3, 5'-AAC CAG ATG AGC
ATCACATTC CTG-3'; LAMC2: 5'-ACC TGT GAA GCG GTG ACA CTG-3',5'-TAC
AGA GCT GGA AGG CAG GAT G-3’; CD133: 5'-TTT TGC GGT AAA ACT GGC
TAA-3',5'-CCATTT TCC ATATTT TTC ATG G-3'; Sox2: 5'-CAA GAT GCA CAA
CTC GGA GA-3/, 5'-GCT TAG CCT CGT CGA TGA AC-3; Oct-4: 5'-CAG CTT
GGG CTC GAG AAG-3, 5'-CCT CTC GTT GTG CAT AGT CG-3'; Nanog: 5'-CTC
CAA CAT CCT GAA CCT CAG C-3, 5'-CGT CAC ACC ATT GCT ATT CTT CG-3/;
DLL1: 5-TGC CTG GAT GTG ATG AGC AGC A-3', 5'-ACA GCC TGG ATA GCG
GAT ACA C-3’; DLL4: 5'-CTG CGA GAA GAA AGT GGA CAG G-3, 5'-3'; Jag:
5-TGC TAC AAC CGT GCC AGT GAC T-3', 5'-TCA GGT GTG TCG TTG GAA
GCC A-3'; Hes1: 5'-GGA AAT GAC AGT GAA GCA CCT CC-3', 5'-GAA GCG GGT
CAC CTC GTT CAT G-3; Hey1: 5'-TGT CTG AGC TGA GAA GGC TGG T-3,
5-TTC AGG TGA TCC ACG GTC ATC TG-3' RPL37a: 5'-AGG AAC CAC AGT
GCC AGA TCC-3', 5'-3'; GAPDH: 5'-GTC GGA GTC AAC GGA TTT GG-3;
p-actin: 5'-CCA ACC GCG AGA AGA TGA-3', 5'-CCA GAG GCG TAC AGG GAT
AG-3'. The data are expressed as the means +S.D. of a minimum of two
independent experiments performed in triplicates. The P-values were estimated using
two-tailed Student’s ttest. P-values < 0.05 were considered statistically significant.

Senescence-associated f-galactosidase assay. Staining for SA-f-
Gal activity was performed by Senescence [3-Galactosidase Staining Kit from Cell
Signaling Technology according to manufacturefs protocol. Coverslips were
mounted in Mowiol containing 4’,6-diamidino-2-phenylindole (DAPI; Sigma) and
images were captured by fluorescent microscope Leica DM6000 (Leica
Microsystems) equipped with color camera DFC490 and Leica LAS AF Lite
software.

BrdU incorporation assay. Cells cultured on glass coverslips were pulse-
labeled with 10 M BrdU (Sigma) for 24 h before fixation with 4% formaldehyde for
15min at RT. After DNA denaturation in 2M HCI (30 min), cells were washed in
PBS, incubated with mouse monoclonal antibody against BrdU (GeneTex).
Images of cells with DAPI-counterstained nuclei were captured by fluorescence
microscope Axio Imager.A2 (Zeiss, Germany) using Metamorph software (version
6.2r6; Molecular Devices, Sunnyvale, CA, USA).

siRNA-mediated gene knockdown. Specific siRNAs were introduced
into cells using Lipofectamine RNAIMAX (Invitrogen). All siRNAs were purchased
from Applied Biosystems. Non-targeting siRNA (siNT) sequences were used as a
negative control siRNA. Sense sequences of used siRNAs are listed below:
siErk1: 5-GGA CCG GAU GUU AAC CUU Utt-3, siErk2: 5’-CAA CCA UCG AGC
AAA UGA tt-3 siSnail: 5-GAA UGU CCC UGC UCC ACA Att-3', siTwist1: 5'-AGA
ACA CCU UUA GAA AUA Att-3'.

Cell proliferation. DU145 and BJ proliferation curves were estimated by
counting trypan blue-negative cells with Countess automated cell counter
(Invitrogen) every 2 days during 8-10 day time course. ERKi (10 uM) and AKTi
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(1 uM) were changed with fresh culture medium every 2 days 30-45min
before irradiation. Data represent the means +S.D. of two independent
experiments.

Clonogenic cell survival assay. Clonogenic assay of control (parental)
and irradiated ‘radioresistant’ (adherent and re-adherent) DU145 cells were
performed as described.”® Briefly, cells were seeded on 6-well plates in triplicates
and subsequently (6 h post seeding) irradiated with 10 or 40 Gy. Cells were fixed
with ice-cold 100% methanol (10min at — 20 °C) and stained with 0.5% crystal
violet in 20% methanol (10min at RT) at day 13th, and groups in excess of 10
cells were counted as colonies. In some experiments, the size of the colonies
above the threshold and presence of senescence-like cells in colonies were
examined.

Estimation of tumorigenicity. Immunodeficient male SCID mice (6 weeks
old) purchased from AnLab, s.r.0. (Prague, Czech Republic) were acclimated for 2
weeks. Experimental protocols were approved by the Institutional Animal Care
Committee of the Institute of Molecular Genetics ASCR, Prague. 1 x 10° or
1% 10° control (parental) or irradiated (10 x 2 Gy) re-adherent DU145 cells in
300 ul of DMEM were injected subcutaneously into the right flank of the mice.
Cells were stained with trypan blue and counted for viability using Countess
automated cell counter before injection (Invitrogen). Tumor onset and tumor size
were measured weekly with the use of calipers and calculated by length x width.
N=5. Statistical significance was estimated by Newman-Keuls multiple
comparison test.

Data processing and statistical analysis. FACS data were analyzed
using FlowJo 9.6.4 cytometric analytical software (TreeStar, Stanford University,
USA). Graphs were generated using Prism 5 (GraphPad Software, La Jolla, CA,
USA). P-values were calculated using Student’s t-test for two samples assuming
unequal variances (Microsoft Excel 2010, Microsoft, Redmond, WA, USA).
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Supplementary Figure 1. fIR-associated senescence-like phenotype in carcinoma cell lines.
(a) Flow cytometric estimation of cell proliferation by eFluor670 dye dilution in adherent control
(red line) and irradiated (blue line) DU145 cells (11, 13 and 15 x 2 Gy daily; see Material and
Methods for details) expressed as histogram of fluorescence intensity. Note, control (orange line)
and irradiated (10 x 2 Gy; green line) were labeled and analyzed immediately after staining (day
0). (b) Fluorescence detection of micronuclei formation (arrowheads) using DAPI (blue) in
DU145 and PC-3 cells estimated three days after 10 x 2 Gy. Bar, 15 um. (¢) Indirect
immunofluorescence detection of BrdU incorporation (green) after 1 x 10 Gy in DU145 cells.
Nuclei were visualized by DAPI (blue). Yellow arrows illustrate sites of active replication. (d)
Senescence-associated -galactosidase activity in DU145 and PC-3 cells estimated 10 days after
10 x 2 Gy. Yellow arrowheads indicate senescent cells. Bar, 100 pm. (e) Flow cytometry
viability analysis of DU145, PC-3, LNCaP, 22RV1 and MCF-7 non-adherent cells exposed to
different irradiation regimens (1 x 10 Gy, 10 x 2 Gy and 35 x 2 Gy) expressed as relative amount
(in percentage, numbers above bars) of viable AnnexinV7/Hoechst™ cells in total non-adherent
fraction. Values represent means £S.D. from two independent experiments. (f) Phase contrast
image of irradiated re-adherent MCF-7 single-cell colony. Note, non-adherent cells (yellow
arrowheads) starting to attach to the layer of adherent cells. Bar, 100 um. (g) Phase contrast
microscopic images of non-irradiated parental cells (par) and radiation-surviving MCF-7 cell
populations after 10 x 2 Gy fIR (adh and non-adh) or 14 days after fIR (re-adh). Representative
phase contrast images of one of two independent experiments are shown. Bar, 100 pum.
Representative images from two (f and g) or three (b - d) independent experiments are shown.

Supplementary Figure 2. (a) Inmunoblotting detection of total Chk2, phosphothreonine 68 of
Chk2, total p53, phosphoserine 15 of p53, phosphoserine 139 of H2AX and p21%¥P (p21) in
control and irradiated (2 — 10 x 2 Gy) DU145 and PC-3 cells. GAPDH was used as a loading
control. (b) Indirect immunofluorescence detection of PML (red) in irradiated (10 x 2 Gy)
DU145 and PC-3 three weeks and three days after irradiation, respectively. Nuclei were
visualized by DAPI (blue). Bars, 50 um. (¢) Immunofluorescence detection of 53BP1 (red) and
YH2AX (green) foci in DU145 and PC-3 cells three days after irradiation (10 x 2 Gy). Nuclei
were visualized by DAPI (blue). Bar, 50 um. (d) Phase contrast microscopic images of radiation
surviving re-adherent DU145 cell populations after 35 x 2 Gy fIR. Non-adherent cells with
membrane blebbing (arrowheads) attaching to the layer of adherent cells are shown. (e) Kaplan-
Meier survival plot (left) and tumor growth curve (right) reflecting percentage of tumor-free
SCID mice and mean tumor area, respectively, at indicated times after subcutaneous injection of
either control or 10 x 2 Gy-irradiated re-adherent DU145 cells. P < 0.05 estimated by the
Newman-Keuls multiple-comparison test (N = 5).

Supplementary Figure 3. Radiation-induced EMT and stem cell-related factors in prostate
cancer cells. (a) Real time qRT-PCR quantification of Slug, Twistl and Zeb2 in control
(parental) and irradiated (10 x 2 Gy) adherent, non-adherent and re-adherent DU145 (left) and
PC-3 (right) cells. RPL37a was used as a reference gene. (b) Real time qRT-PCR estimation of
Snail mRNA level detected in control (parental) and irradiated (35 x 2 Gy) adherent and non-



adherent DU145 cells. RPL37a was used as a reference gene. (¢) Immunoblotting detection of
Twistl in non-treated DU145 and PC-3 cells. Gamma-tubulin was used as a loading control. (d)
Effectiveness of doxycycline-induced (dox, 0.7 pg/ml) shRNA-mediated Snail knock-down in
lentivirally transduced DU145 cells during fIR (10 x 2 Gy) verified by immunoblotting. Gamma-
tubulin was used as a loading control. Non-transduced cells were used as a control (wt). (e)
Effect of doxycycline-induced shRNA-mediated Snail knock-down on loss of adhesion during
fIR (10 x 2 Gy) expressed as the relative number of detached cells (40 pl/sample) assessed by
flow cytometry in control non-transduced DU145 cells (wt) and stable DU145 cell line generated
by lentiviral transduction with the pLKO-Tet-On-shRNA-Snail (shSnail) vector. Non-transduced
control cells (wt) were set as “1”. (f) Effect of doxycycline-induced (dox, 0.7 pg/ml) shRNA-
mediated Snail knock-down in lentivirally transduced DU145 (shSnail) cells on integrin alpha2
(ITGA2) protein level with or w/o irradiation (10 x 2 Gy) detected by immunoblotting. Gamma-
tubulin was used as a loading control. (g) Real time qRT-PCR quantification of stem cell-related
genes CD133, Sox2, Oct-4 and Nanog in control and irradiated (35 x 2 Gy) adherent and non-
adherent DU145 cells. (h) Immunoblotting detection of DLL1 in control (parental) and irradiated
(10 x 2 Gy) adherent, non-adherent and re-adherent DU145 cells. GAPDH was used as a loading
control. Values in a, b and g represent means +S.D. from at least two independent experiments
performed in triplicates. Bars in panel e represent mean £S.D from two independent experiments
performed in duplicates. *P<0.05.

Supplementary Fig. 4. Proliferation of radiation-surviving non-adherent and re-adherent
DU14S cells. (a) Schematic representation of the irradiation protocol using 2 Gy every 24 hours
for 10 days. Generation of radiation surviving non-adherent population of DU145 cell line is
depicted. Non-adherent cells were stained with eFluor670 immediately after last dose of
irradiation. Approximately one week after staining small fraction of non-adherent cells became
re-adherent. Both non-adherent and re-adherent cells were analyzed by FACS at 28th day after
staining. (b) Flow cytometric estimation of proliferation of irradiated (10 x 2 Gy) non-adherent
and re-adherent DU145 cells using the eFluor670 dye dilution assay at 28th day after staining.
Note, the eFluor670 dye is diluted with progression of cell divisions, see the left side "shift" of
the peak in the histogram in case of proliferation. Fraction of irradiated non-adherent DU145
cells reattached and were FACS-analyzed simultaneously with residual non-adherent cells. Non-
stained cells were used as a negative control (NC).

Supplementary Figure 5. (a) Effect of Erk1/2 inhibition by ERKi (49 hours) on irradiation-
induced (1 x 10 Gy) loss of adhesion expressed as the relative number of detached cells in
control or irradiated non-adherent DU145 cells assessed by flow cytometry 48 hours after IR.
Bars represent relative amount (in percentage) of total cells. Non-irradiated control cells were set
as 100%. (b) Efficiency of Erk1/2 inhibition (ERK1i) and/or activation (mixture of 10 ng/ml EGF
and 50 ng/ml FGF) on Erk1/2 activity in control or irradiated (1 x 10 Gy) DU145 cells detected
by immunoblotting. GAPDH was used as a loading control. (¢) Effect of Erk1/2 activation
(mixture of 10 ng/ml EGF and 50 ng/ml FGF) or chemical inhibition (ERKi) on irradiation-
induced (10 Gy) loss of cell adhesion expressed as the relative number of detached DU145 cells
analyzed 48 hours after IR by flow cytometry. The bars represent relative amount (in percentage)
of total cells. Non-irradiated control cells were set as 100%. (d) Effect of siRNA-mediated
knock-down of Erkl (siErkl) and Erk2 (siErk2) on irradiation-induced (10 Gy) loss of cell
adhesion expressed as the relative number of detached DU145 cells analyzed 48 hours after IR



(72 hours after transfection) by flow cytometry. Non-targeting siRNA (siNT) was used as a
control. The bars represent relative amount (in percentage) of total cells. Non-irradiated control
cells were set as 100%. (e) Efficiency of siRNA-mediated knock-down of Erkl (siErkl) and
Erk2 (siErk2) on Erk1/2 activity in control or irradiated (1 x 10 Gy) DU145 cells detected by
immunoblotting. Non-targeting siRNA (siNT) was used as a control. GAPDH was used as a
loading control. (f) Immunoblotting detection of Bim (EL, extra large form) and Bcl-XL levels
in control or irradiated (1 x 10 Gy or 10 x 2 Gy) adherent or non-adherent DU145 cells. GAPDH
was used as a loading control. Data in a, ¢ and d represent means +S.D. from two independent
experiments. *P<0.05; **P<0.01.

Supplementary Figure 6. Effect of Erk and Akt inhibition on survival of prostate cancer
cells. (a) Phase contrast microscopic images of control or irradiated adherent (10 x 2 Gy) DU145
cells after Erk (ERKi) and/or Akt (AKTi) inhibition captured at day 10 after IR. Bar, 100 um. (b)
Immunoblotting estimation of efficiency of Erkl1/2 inhibition (ERKi) and/or Akt inhibition
(AKTi) detected as activity of Erk1/2 (phosphothreonine 204/phosphotyrosine 204) and Akt
(phosphoserine 473), respectively, in control or irradiated (1 x 10 Gy) DU145 cells. GAPDH was
used as a loading control. (¢) Effect of Erk inhibition (ERKi) and/or Akt inhibition (AKTi) on
proliferation of control (untreated) BJ cells. Trypan blue negative cells were counted during the
time course of 10 days. Data represent mean values £S.D. from two (BJ) or three (DU145)
independent experiments.

Supplementary Fig. 7. (a) Indirect immunofluorescence detection of the epithelial marker E-
cadherin (green) and mesenchymal marker vimentin (red) in control (parental) and irradiated (10
x 2 Gy) adherent and re-adherent (passages 2, 4 and 9) DU145. Nuclei were visualized by DAPI
(blue). Bar, 100 um. Representative images from two independent experiments are shown. (b)
Schematic representation of fIR-induced EMT/MET-associated changes. The differential
sensitivity of adherent and non-adherent cells to Erk and Akt inhibitors is depicted.
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ABSTRACT

Standard-of-care chemo- or radio-therapy can induce, besides tumor cell death,
also tumor cell senescence. While senescence is considered to be a principal barrier
against tumorigenesis, senescent cells can survive in the organism for protracted
periods of time and they can promote tumor development. Based on this emerging
concept, we hypothesized that elimination of such potentially cancer-promoting
senescent cells could offer a therapeutic benefit. To assess this possibility, here
we first show that tumor growth of proliferating mouse TC-1 HPV-16-associated
cancer cells in syngeneic mice becomes accelerated by co-administration of TC-1
or TRAMP-C2 prostate cancer cells made senescent by pre-treatment with the
anti-cancer drug docetaxel, or lethally irradiated. Phenotypic analyses of tumor-
explanted cells indicated that the observed acceleration of tumor growth was
attributable to a protumorigenic environment created by the co-injected senescent
and proliferating cancer cells rather than to escape of the docetaxel-treated cells
from senescence. Notably, accelerated tumor growth was effectively inhibited by cell
immunotherapy using irradiated TC-1 cells engineered to produce interleukin IL-12.
Collectively, our data document that immunotherapy, such as the IL-12 treatment,
can provide an effective strategy for elimination of the detrimental effects caused by
bystander senescent tumor cells in vivo.

INTRODUCTION

Cellular senescence, an irreversible cell-cycle
arrest, represents a principal barrier against tumorigenesis
[1-3]. Senescent cells do not proliferate, however, they
remain metabolically active and are able to further
influence biological processes within the body [4]. These
‘bystander’ effects are mediated by numerous molecules
produced by the senescent cells, commonly termed
senescence-associated secretory phenotype (SASP; [5, 6]).
SASP comprises mainly growth factors, extracellular

matrix components and remodeling factors, cytokines and
chemokines including proinflammatory species as well
as other factors mediating intercellular communications
[7]. Besides cell death, senescence can be induced in
tumor cells during chemotherapy or radiotherapy [8, 9].
In such case, the fate and the function of surviving
senescent tumor cells, including the effects of SASP
on tumor microenvironment, are considered to play an
important role in tumor progression with influence on the
effectiveness of antitumor therapy. There is accumulating
evidence that the presence of senescent cells in the tumor
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and their SASP-related effects can be tumor growth-
promoting [10]. It can be presumed therefore that not only
the induction of cancer cell senescence itself, but also
subsequent elimination of senescent cells will contribute,
in a tumor-stage-dependent manner, to the overall anti-
tumor barrier capacity. Indeed, it has been shown that
oncogene-induced senescent murine hepatocytes were
cleared by the immune system, through a process termed
‘senescence surveillance’ [11]. Importantly, impaired
senescence surveillance in this model resulted in the
induction of hepatocarcinoma. Furthermore, in MMT V-
Wntl-driven mammary tumors, persistence of senescent
cells secreting senescence-associated cytokines displayed
protumorigenic potential and contributed to tumor
relapse [12]. The importance of senescence surveillance
in aging has also been demonstrated in a study in which
clearance of senescent cells (p16™“?) suppressed and/or
delayed development of ageing-associated symptoms in a
progeroid mouse model [13].

The first example documenting tumor-promoting
effects of senescent cells co-administered with
proliferating tumor cells was reported by Krtolica et al.
[14] who showed that co-injection of senescent fibroblasts
with human mammary tumor cells accelerated tumor
growth in immunocompromised mice. Later on, however,
it was shown that although senescent human prostate
cancer cells increased proliferation of co-cultured tumor
cells in vitro, such accelerating impact on xenograft
tumor cell growth in nude mice was not observed [8]
indicating impact of some still unidentified factors on this
phenomenon.

Interleukin 12 (IL-12), a cytokine connecting innate
and adaptive immunity, represents one of the important
players in induction of anti-tumor immune response [15].
Produced mainly by antigen presenting cells, such as
dendritic cells, macrophages, monocytes or B cells upon
their activation, IL-12 exerts its effects mainly through
induction of IFNy, as well as NK and T cell activation
[16, 17]. Antitumor immunotherapy with IL-12
administered in different forms, including the usage of
irradiated tumor cells producing IL-12, has been studied
[15, 18, 19]. In several experimental tumor models,
including those used in our laboratory, anti-tumor
immunogenicity could be enhanced by administration of
IL-12 or by gene therapy with tumor cells engineered to
produce IL-12 (for reviews, see [20-22]).

This intriguing accumulating data inspired our
present working hypothesis, namely that IL-12-based
immunotherapy might be able to mitigate or entirely
eliminate the pro-tumorigenic effects of bystander
senescent cells. Indeed, here we document an acceleration
of tumor growth, when proliferating TC-1 tumor cells
were co-administered into syngeneic mice together
with syngeneic tumor cells that had been subjected to
senescence-inducing treatment with docetaxel (DTX).

Furthermore, we also document effective treatment of such
tumors by cell therapy using irradiated IL-12-producing
tumor cells.

RESULTS

DTX induces senescence in mouse tumor cells
TC-1 and TRAMP-C2

First, we evaluated the impact of DTX in terms of
senescence induction, using two C57Bl/6 mice-derived
tumor cell lines TC-1 and TRAMP-C2 of lung and prostate
epithelial origin, respectively. Both TC-1 and TRAMP-C2
cells were susceptible to DTX and underwent senescence
after a four-day incubation with 7.5 uM DTX [23]. After
this treatment, the vast majority of TC-1 and TRAMP-C2
cells were alive but senescent, as characterized by the lack
of cell proliferation, increased senescence-associated-
B-galactosidase activity, characteristic cell morphology
and increased expression of pl6INK4a and p2lwafl
inhibitors of cyclin-dependent kinases. Most of the
senescent cells showed persistent DNA damage response,
as judged from the presence of DNA damage foci positive
for serine 139-phosphorylated histone H2AX (yH2AX;
Figure 1, Figure 3B). Cessation of DNA replication was
verified by incorporation of EdU. Only limited subsets
of EdU-positive cells were observed in both TC-1 and
TRAMP-C2 cell populations by FACS analysis (Figure
2A). Such residual EdU positivity can most likely be
accounted for by ongoing DNA repair of the observed
DNA damage (YH2AX) and/or aberrant endoreduplication
uncoupled  from cell division (Figure 2B)
as we did not observe any proliferation of cells upon the
DTX-treatment (Figure 3A). Most importantly for our
subsequent experiments, subcutaneous administration
of such senescent cells into animals did not lead to
development of tumors (Figure 3C).

Pro-tumorigenic effects of senescent cells are believed
to be mediated through their secretome [5]. Therefore,
we analyzed any potential expression changes among
84 cytokines/chemokines evaluated during the course of
the DTX-induced senescence in TC-1 and TRAMP-C2
cell lines. Indeed, expression of more than two dozens of
cytokines was altered (either upregulated or downregulated,
fold change > 2) in both TC-1 and TRAMP-C2 tumor cell
lines. Elevated mRNA levels of a number of inflammatory
and immunoregulatory factors, such as CSF2, CXCLI,
CXCL16, TNFSF13b, adiponectin, CCL19, CCLI20,
CCL4, CCLS5, CD70, CNTF, CSF3, CXCL10, HC, IL-
10, IL-13, IL-17f, IL-27, IL-6, LIF, TNF were observed
(Supplementary Table 1). Notably, some of these factors are
endowed with documented pro-tumorigenic properties, such
as CXCL1 or IL-6 [7]. Elevated mRNA levels of the TNF
family (FasL, TNSFS13b, TNF-a) were observed as well.
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Admixture of senescent cells accelerates
tumorigenic potential of proliferating TC-1 cells

In order to test whether ‘bystander’ senescent cells
can influence tumor growth, proliferating TC-1 tumor cells
were injected into mice either alone (3 x 10* cells/mouse)
or admixed with docetaxel-induced senescent TC-1
cells (3 x 105 cells/mouse). As shown in Figure 4A, co-
administration of the bystander DTX-treated (senescent)
cells and proliferating TC-1 cells into syngeneic animals
resulted in significantly accelerated tumor growth,
as compared to the tumors when the proliferating
TC-1 cells were injected alone. Next, we performed
an analogous experiment in which TC-1 proliferating
cells were co-administered with senescent TRAMP-C2

cells (Figure 4B). Again, the presence of syngeneic
bystander senescent cells accelerated the tumor growth.
Significantly accelerated tumorigenicity was achieved also
with admixture of proliferating TRAMP-C2 cancer cells
(Figure 4C), as expected, and, interestingly, by adding
lethally irradiated tumor cells (Figure 4D). Flow cytometry
phenotypic analysis of cells explanted from the tumors and
cultured for seven days ex vivo, taking advantage of the
TC-1 and TRAMP-C2 mutual discrimination using the
CD80 cell surface marker (TC-1 cells are CD80-positive
while TRAMP-C2 are CD80-negative), revealed that the
vast majority of tumor cells present in the tumors that
had arisen from co-injection of TC-1 proliferating cells
with senescent TRAMP-C2 cells were TC-1 tumor cells
(Figure 5). This indicates that the senescent cells did not
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Figure 1: Docetaxel induces senescence in TC-1 and TRAMP-C2 cells. Senescence-associated B-galactosidase activity in TC-1
and TRAMP-C2 cells treated with DTX (7.5 pM) for 4 days (A). Phase contrast microscopic images of control and DTX-treated (7.5 pM)
TC-1 and TRAMP-C2 cells at day 4 after the treatment (B). Immunoblotting detection of mouse pl6INK4A (p16) and p21wafl/cipl (p21)
in control and DTX-treated (7.5 uM) TC-1 and TRAMP-C2 cells harvested at day 4 and 6 after the treatment. GAPDH was used as a
loading control (C). qRT-PCR quantification of p16 and p21 in control and DTX-treated (7.5 pM) TC-1 and TRAMP-C2 cells harvested at
day 4 and 6 after the treatment. Data represent means + S.D. *p < 0.05, **p < 0.005 (D).
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bypass senescence in vivo in our settings and thus they
did not contribute to the growing cell mass of the tumor.
On the other hand, admixture of proliferating instead of
senescent TRAMP-C2 cells resulted in tumors consisting
of both TC-1 and TRAMP-C2 cells, in spite of the fact that
the TRAMP-C2 cells were injected in a number lower than
the number of cells sufficient to ensure tumor growth in
all injected animals. Collectively, these data demonstrate
that bystander senescent tumor cells can evoke a tumor
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growth-promoting microenvironment, a property shared
by bystander lethally irradiated tumor cells.

IL-12-based immunotherapy suppresses
senescence-accelerated tumor growth

We have previously reported induction of IFNy
upon in vivo administration of an IL-12-producing cellular
vaccine by ELISPOT analysis of spleen cells, as well as
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Figure 3: Docetaxel-induced DNA damage and senescence in TC-1 and TRAMP-C2 cell lines ir vitro and in vivo. Cells
were seeded onto 6-well plates in triplicates and treated with 7.5 uM docetaxel (DTX) or left untreated (control). Cell proliferation was
determined by counting cell number every 24 h and plotted as log, ratio of final cell number to number of seeded cells, to compensate
for differential seeding capacity of control versus the DTX-treated cells (A). To detect DNA damage, control and DTX-treated cells were
stained with phosphoSer139 H2AX (YH2AX) antibody and mounted with Mowiol containing DAPI (B). Mice were transplanted s.c. on day
0 with TC-1 cells (3 x 10%) or with senescent DTX-treated cells at the doses 3 x 10*[TC-1/DTX(a)] or 5 x 10°[TC-1/DTX(b)] tumor cells,
respectively, and the tumor growth was monitored. The experiment was repeated three times with similar results (C).
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determination of the IFNy levels in plasma by ELISA [24].
Given that IL-12-mediated antitumor effects are associated
with induction of IFNy, we have hypothesized that
immunotherapy with IL-12 could be effective against
both the proliferating and senescent tumor cells by
concomitantly inducing non-specific as well as specific
immune responses and thereby inhibiting growth of
the senescent cell-accelerated tumors. To test this
working hypothesis, here we employed irradiated 1L-12-
producing TC-1-derived cells, injected into the vicinity of
in vivo growing tumors in two scenarios: i) either tumors
growing from proliferating TC-1 cells alone, or ii) tumors
growing in an accelerated fashion upon co-injection of
the proliferating TC-1 cells with TC-1/DTX senescent
cells. Consistent with our hypothesis, compared to rapid
growth of mock-treated tumors, treatment with the I1L-12-
producing TC-1-based cellular vaccine greatly inhibited
tumor growth under both tumorigenic scenarios (Figure 6).
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We conclude from these in vivo experiments that I1L-12-
based immunotherapy strategies analogous to the one we
evaluated in this pre-clinical study may be effective also
against the accelerated tumor growth fueled by the local
microenvironment modified by the presence of bystander
tumor senescent cells.

DISCUSSION

From a broader perspective, our present results
contribute to the field of tumor cell senescence and
immunotherapy in several ways.

First, we show that chemotherapy-induced (here
by DTX treatments) tumor cell senescence can indeed
exert a tumor-promoting effect under syngeneic in vivo
conditions. DTX, a chemotherapeutic agent used either
alone or in standard-of-care combination treatments
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Figure 4: Co-administration of DTX-treated senescent cells accelerates tumor growth. Mice were transplanted s.c. on day 0
with TC-1 cells (3 x 10* cells per mouse) admixed with senescent, DTX-treated TC-1 cells (TC-1/DTX; 3 x 10°) (A); with senescent, DTX-
treated TRAMP-C2 cells (TRAMP-C2/DTX; 3 x 10°cells per mouse) (B); with irradiated TC-1 cells (150 Gy; 3 x 10° cells per mouse) (C);
or proliferating TRAMP-C2 cells (3 x 10°) (D). Controls were mice transplanted s.c. on day 0 with proliferating TC-1 cells (3 x 10* cells
per mouse) only. In all experiments, significant acceleration of the tumor growth was observed (p < 0.05). The experiments were repeated

three times with similar results.
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for various types of human malignancies, has been
previously shown to induce massive cellular senescence
in several tumor cell lines [23, 25]. In this study, we
have demonstrated that DTX, when administered to two
tumorigenic cell lines TC-1 and TRAMP-C2 in vitro in
subapoptotic doses, induced persistent DNA damage
response, cell cycle arrest and development of senescence-
like phenotype accompanied by complex alteration of
cytokine expression/secretion. This is in agreement
with the current views that DNA damage signaling
and repair networks are closely tied with the immune
response signaling pathways [26]. Dependent on (patho)

physiological context, such links can have either positive
or detrimental impact on organismal health. Although pro-
tumorigenic effects of senescent cells, namely fibroblasts,
mediated by their SASP have been studied in the past
[6], there has been paucity of studies documenting pro-
tumorigenic effects of tumor cells brought into senescence
by genotoxic chemotherapeutic agents, a gap in our
knowledge partly filled by our present results.

Second, our major objective was to set up an
in vivo model in which the impact of senescent cells on
tumor growth could be investigated in the context of
non-immunocompromised syngeneic animals, to better

TC-1/TRAMP-C2

100 7

80 7]

-
60
=

[+]

S ol TC-1 medium

207

TRAMP-C2 medium

TC-1/TRAMP-C2

A Explanted tumour cells
TCA1 TC-1/TRAMP-C2/DTX
E 60 E 60—
3 ‘ 3
8 40 \ O 407
§ 60
O 404
CD80 expression
B Control cell culture
TCA1 TRAMP-C2
3 60 7] |
O 407

CD80 expression

Figure 5: Cell surface marker analysis of explanted tumor cells. Explanted tumor cells were cultured for seven days and
analyzed for the proportion of TC-1 (CD80") and TRAMP-C2 (CD80") cells by flow cytometry using CD80 as a marker (filled histograms;
empty histograms represent isotype controls). To exclude leukocytes from the analysis, CD45" cells were gated out. For comparison,
explanted cells were cultured in the culture medium optimized either for TC-1 cells (upper row) or for TRAMP-C2 cells (lower row) (A).
Flow cytometry analysis of the CD80 cell surface expression on cultured TC-1 and TRAMP-C2 cells, as well as their mixed culture (B).
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mimic the clinical human scenario. We argued that
such model would help elucidate the biological impact
of bystander senescent tumor cells under conditions
permissive for interactions of the growing tumor with
the host immune system, a complex interplay that
can dramatically influence tumor microenvironment
and cancer development in general. This fundamental
biological aspect of tumorigenesis is unfortunately
missing in the widely used xenograft tumor models based
on immunodeficient animals, and it is a major advantage
of the dataset presented here.

Another major advantage of our present study
is the nature of the senescent cells used in our in vivo
experiments. Thus, most previous studies dealt with
the effects of senescent fibroblasts present in the tumor
stroma on the proliferation of human tumor cells. Bavik
et al. have demonstrated that both direct co-culture and
conditioned medium from senescent fibroblasts stimulated
neoplastic epithelial cells proliferation in vitro [27].
Further, senescent fibroblasts have been shown to promote
neoplastic transformation of partially transformed ovarian
epithelial cells in a three dimensional spheroid cell
culture model [28]. Moreover, in vivo experiments were
performed using nude mice in which xenograft tumor
growth was monitored. Accelerated tumor growth was
observed when senescent fibroblasts (1.5 x 10° cells) were
co-injected with the same number of proliferating MDA-
231 human breast cancer cells into (nu/nu) mice [14].
However, in the study performed by Ewald et al., the
admixture of 0.5 x 10° senescent doxorubicin-treated DU-
145 human prostate cancer cells with the equal number of
proliferating cells did not result in any growth acceleration
of the xenografted tumor [8]. In contrast, in our present

3.5 4

study using syngeneic immunocompetent C57BL/6 model,
we observed that the presence of senescent syngeneic tumor
cells did augment the growth of tumors in vivo. We propose
that the apparent discrepancy between the negative data of
Ewald et al. [14] on the one hand, and our positive results
documenting tumor growth acceleration on the other, might
be attributable to better fitness and proliferation potential
of tumor cells in the syngeneic system, cell type specific
sensitivity or differences in the SASP of senescent cells
or, importantly, the requirement of interactions between
the senescent cells and the immune system or developing
tumor stroma. Indeed, these important factors that are
present in our syngeneic, immunocompetent model system,
cannot be established in any heterologous system due to
an uneven compatibility of mouse and human signaling
components and compromised immunity. In addition,
we believe that using much fewer senescent cells in
our present experiments (we used the ratio between the
proliferating tumor cells: 3 x 10* cells/mouse, and the
admixed docetaxel-treated senescent TC-1 or TRAMP-C2
cells at 3 x 105 cells/mouse), compared to higher
amounts of senescent cells in the previous studies [14],
is a more realistic scenario that further supports the value
of our model system.

Notably, our analysis of cytokine and chemokine
transcript levels in the DTX-treated senescent tumor
cells demonstrated upregulation of numerous cytokine
species including those implicated in supporting tumor
growth (such as CXCLI1, IL-1 or IL-6). This effect of
docetaxel is in accord with previous studies showing that
persistent DNA damage response induced by various
chemotherapeutics results in complex changes in cytokine
expression and secretion (reviewed in [6]). As expected,
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Figure 6: IL-12-based immunotherapy suppresses senescence-accelerated tumor growth. Mice were transplanted on day
0 s.c. with TC-1 cells (3 x 10%), docetaxel-induced senescent TC-1/DTX (3 x 10°) or TC-1 cells (3 x 10*) admixed with TC-1/DTX. IL-12
producing TC-1/IL-12 cells were administered on day 3 in the vicinity of transplanted control TC-1 cells and TC-1 cells admixture with
TC-1/DTX senescent cells. The experiment was repeated twice with similar results. p < 0.05 TC-1 as compared to TC-1/DTX; p < 0.05
TC-1 as compared to TC-1 + TC-1/IL-12; p < 0.05 TC-1 + TC-1/DTX vs. TC-1 + TC-1/DTX + TC-1/IL-12.
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when comparing cytokine profiles among different cell
lines, there are some variations in the levels of specific
cytokines. However, some shared, consistently altered
species found in human senescent cells such as IL6 and
CSF2 are also present in the secretome of the DXT-
induced mouse senescent cells used here. For given
tumor cells, these variations in secreted signaling ligands
can have specific contributions to their respective tumor
microenvironment and can possibly result in distinct
responses to the same therapeutics.

In control experiments, we have proved that the
growth acceleration could be achieved also by a senescent
tumor cell type distinct from the proliferating one. This
suggests that senescent cells can promote growth of tumor
cells of different tissue origin, thus potentially fueling
secondary malignancies of either the same or different
tissues exposed to chemotherapy. Furthermore, relevant
to radiotherapy and its potential late adverse effects, we
show here in yet another set of experiments that also cells
in which genotoxic stress was induced by irradiation,
rather than chemotherapy, share the capacity to promote
accelerated tumor growth.

There is still debate on ‘stability’ versus reversibility
of the senescence phenotype, and there is mounting
evidence that senescent cells can sometimes bypass their
growth arrest and re-enter the cell cycle [29]. Interestingly,
docetaxel-treated tumor cells can form polyploid senescent
cells and subsequently re-enter the cell cycle and acquire a
chemoresistant phenotype [30]. However, our analyses of
the cell surface markers of the explanted tumor cells that
formed the established tumors after TC-1 inoculation, the
growth of which had been accelerated by the presence of
senescent TRAMP-C2 cells, did not suggest any significant
degree of senescence bypass among the TRAMP-C2 cells,
since the vast majority of the explanted tumor cells were
of TC-1 origin. These data suggest that the tumor growth
was accelerated by paracrine pro-tumorigenic effects of
the bystander senescent tumor cells. Unfortunately, in
the scenario we have used, it is impossible to distinguish
between direct effects on tumor cell proliferation versus
more indirect impact through the tumor microenvironment
or antitumor immunity, as the critical processes probably
occurred shortly upon tumor cell administration when
they are very difficult to follow. In a control experiment,
in which TC-1 tumor cells were co-administered with
proliferating TRAMP-C2 cells (although in suboptimal
dose), analysis of cells from explanted tumors revealed
that both TC-1 and TRAMP-C2 cells were present, as
expected.

The major objective of our study was to develop
a murine model that would enable us to test the
immunotherapy efficacy in elimination of senescent cells
and/or their detrimental tumor promoting effects and to
demonstrate the effectiveness of the immunotherapy

approach. Although senescent cells do not proliferate,
they remain alive in vitro for long periods of time. Using
a mouse liver carcinoma model, it has been demonstrated,
that senescent tumor cells induced innate immune response
due to their inflammatory cytokine secretion, accompanied
by increase of leukocyte attracting molecules like ICAM1
or VCAMI1. Consequently, senescent tumor cells were
cleared from the organism [31]. Senescent cells can also
induce specific immunity, as has been illustrated through
their use as experimental cellular vaccines [32]. These
facts suggest that detrimental effects of senescent cells
can be eliminated using effective immunotherapy. I1L-12,
as a cytokine bridging innate and adaptive immunity,
capable of activating NK cells, as well as inducing Th1
immune responses, appears to be a suitable candidate for
such treatment. We have previously demonstrated the
potential of IL-12-producing cellular vaccines that can be
conveniently administered in the tumor vicinity, in several
therapeutic chemo-immunotherapeutic settings. Here,
we advance such studies and clearly document that the
IL-12-based therapy can effectively inhibit development
of tumors, including those whose growth was accelerated
by the presence of bystander senescent cells.

Collectively, our work presented here has
established a murine model that is beneficial for research
into pro-tumorigenic effects of senescent cells, as well
as innovative therapeutic strategies. Last but not least,
our present dataset has documented that IL-12-mediated
therapy may represent a feasible way to minimize or
eliminate the adverse tumor-promoting effects of bystander
senescent cells that may accumulate in vivo either due to
endogenous oncogene-induced stimuli or insults caused by
genotoxic chemotherapy and radiotherapy.

MATERIALS AND METHODS

Cell culture

TC-1 cell line was obtained by in vitro co-
transfection of murine lung C57BL/6 cells with HPV16
E6/E7 and activated human H-Ras (G12V) oncogenes [33].
IL-12-gene modified TC-1/IL-12 (231/clone 15) cells used
for immunotherapy produced in vitro 40 ng IL-12/1 x 10°
cells/ml medium/48 h and were irradiated (150 Gy) before
use [34]. TC-1 cells were cultured in RPMI 1640 medium
supplemented with 10% fetal calf serum, L-glutamine and
antibiotics. TRAMP-C2 prostate carcinoma cells [35] were
obtained from ATCC collection. TRAMP-C2 cells were
maintained in D-MEM medium (Sigma-Aldrich, Saint
Louis, MO, USA) supplemented with 5% FCS, Nu-Serum
IV (5%; BD Biosciences, Bedford, MA, USA), 5 mg/ml
human insulin (Sigma-Aldrich), dehydroisoandrosterone
(DHEA, 10 nM; Sigma-Aldrich) and antibiotics [36].
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Induction of senescence and characterization of
senescent cells

To induce senescence in tumor cells, cells were
cultured for 4 days in medium containing 7.5 puM
DTX (Actavis, North Brunswick, NJ). Senescence was
evaluated by using Senescence B-galactosidase Staining
Kit (Cell Signaling Technology, Danvers, MA, USA)
according to manufacturer’s instructions. Images were
captured by Dino-Lite (Dino-Lite Europe (Naarden,
Netherlands) by using inverted tissue culture microscope
Nicon TMS (Nicon, Tokyo, Japan) and by inverted tissue
culture microscope Nicon Eclipse TE300 (Nicon, Tokyo,
Japan) equipped with Leica DFC490 camera and LAS AF
software (Leica Microsystems, Wetzlar, Germany).

Antibodies

The following antibodies were wused for
immunoblotting: anti-mouse p21¥ferl (p21) rabbit
monoclonal antibody (ab109199) and anti-mouse

pl6INK4A (p16) rabbit polyclonal antibody (ab189034)
were purchased from Abcam (Cambridge, UK), anti-
mouse GAPDH rabbit monoclonal antibody (14C10) was
purchased from Cell Signaling Technology (Danvers,
MA, USA). IgG-HRP anti-rabbit secondary antibody
produced in goat (170-6515) was purchased from Bio-Rad
Laboratories (Hercules, CA, USA).

SDS-PAGE and immunoblotting

Cells were washed with PBS, harvested into
Laemmli SDS sample lysis buffer (2% SDS, 50 mM
Tris-Cl, 10% glycerol in double distilled water) and
sufficiently sonicated (3 x 15 seconds at 4 micron
amplitude with 15 seconds cooling intervals) on Soniprep
150 (MSE, London, UK). Concentration of proteins was
estimated by the BCA method (Pierce Biotechnology, IL,
Rockford, USA). 100 mM DTT and 0.01% bromphenol
blue was added to lysates before separation by SDS-PAGE
(14% gel was used). The same protein amount (35 pg) was
loaded into each well. Proteins were electrotransferred
onto a nitrocellulose membrane using wet transfer and
detected by specific antibodies combined with horseradish
peroxidase-conjugated secondary antibody. Peroxidase
activity was detected by ECL (Pierce Biotechnology).
GAPDH was used as a marker of equal loading.

Quantitative real time PCR (qRT-PCR)

Total RNA samples were isolated using RNeasy
Mini Kit (Qiagen Sciences, Germantown, MD, USA).
First strand ¢cDNA was synthesized from 500 ng of
total RNA with random hexamer primers using High-
Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Foster City, CA, USA). qRT-PCR was

performed in ABI Prism 7300 (Applied Biosystems)
using SYBR Select Master Mix containing SYBR
GreenE dye (Applied Biosystems). The relative quantity
of cDNA was estimated by AACT method and data were
normalized to B-actin (ACTB). Following primers were
purchased from East Port (Prague, Czech Republic):
ACTB_fw: 5'-CATTGCTGACAGGATGCAGAAGG-3,
ACTB rev: 5'-TGCTGGAAGGTGGACAGTGAGG-3;
p21 fw: 5'-CAGATCCACAGCGATATCCA-3', p2l_
rev: 5'-ACGGGACCGAAGAGACAAC-3'; and pl6_
fw: 5-CGTGAACATGTTGTTGAGGC-3', pl6 rev:
5'-GCAGAAGAGCTGCTACGTGA-3'. Data represent
values from three independent experiments performed in
3 technical replicates.

EdU incorporation, Click-iT reaction and FACS
analysis

TRAMP-C2 and TC-1 cells were driven to
senescence by DTX as described above. On the fourth
day of DTX treatment, cells were incubated with 10 uM
5-ethynyl-2'-deoxyuridine (EdU) for 6 h. For Click-iT
reaction cells were washed by PBS, detached by trypsin,
washed by PBS again and fixed by 4% formaldehyde for
15 min. The fixed cells were washed in PBS, permeabilized
by 0.2% Triton X-100 for 5 min and washed by 1% BSA/
PBS. Click-iT reaction was performed with Click-iT EAU
Alexa Fluor 647 Kit (Invitrogen, Carlsbad, CA, USA)
according to manufacturer’s instructions. After that, cells
were washed twice in PBS and resuspended in fresh PBS
for FACS analysis. FACS analysis was performed using
an LSR 1II flow cytometer (BD Biosciences) and data
analyzed by FlowJo 7.6.5 software.

FACS analysis of explanted tumor cells

Cell surface expression of CD45 and CDS80 on
the tumor cells explanted from tumor bearing mice was
analyzed by flow cytometry. Cell suspensions were washed
and preincubated with anti-CD16/CD32 antibody to
minimize non-specific binding for 15 min at 4°C following
washing step and incubation with labeled primary antibody
for 30 min at 4°C. Relevant isotype controls of irrelevant
specificity were used. FACS buffer (PBS, 1% FBS, 0.1%
NaN,) was used for all washing steps and analysis. The
following antibodies were used: PE anti-CD80 (16-10A1),
PE anti-CD86 (GL1), BV421 anti-CD45 (30-F11) (BD
Biosciences, San Jose, CA); FACS analysis was performed
using an LSR II flow cytometer (BD Biosciences) and data
analyzed by FlowJo 7.6.5 software.

Immunolabeling and fluorescence microscopy

Cells were grown on glass coverslips were driven to
senescence by DTX as described above. On the fourth day
of DTX treatment, cells were fixed by 4% formaldehyde
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for 20 min and permeabilized by 0.2% Triton X-100
for 5 min. Subsequently, cells were washed with PBS,
blocked in 25% FBS/PBS for 30 min and stained with
primary antibodies diluted in 1% BSA/PBS for 1 h. After
double-wash by PBS cells were stained with secondary
antibody diluted in 1% BSA/PBS for 45 min, double-
washed by PBS again and mounted in Mowiol, containing
4',6-diamidine-2-phenylindole (DAPI; Sigma) counter-
stain (1 mg/ml). Fluorescence microscopy was performed
using fluorescence microscope Leica CTR6000 (Leica
Microsystems) equipped with monochrome digital camera
DFC350 FX and Leica LAS AF Lite software.

The antibodies used: phospho-Ser139 H2AX, rabbit,
polyclonal, Cell Signaling, 1 : 200; Alexa 488 goat anti-
rabbit, Invitrogen, 1 : 1000.

Cytokine array

Cells were seeded into 75 cm? flasks (1 — 3 x 10¢
cells/flask) and after 6 h, DTX was added to a final
concentration of 7.5 uM and cells were cultivated for 96 h
with/without DTX (7.5 uM). Expression of selected
chemokines/cytokines by tumor cells was analyzed using
Mouse Cytokines & Chemokines PCR Array (PAMM-
150ZG-4, QIAGEN) according to the manufacturer’s
instructions.

Mice

C57BL/6 male mice, 6 - 8 weeks old, were obtained
from AnLab Co., Prague, Czech Republic. Experimental
protocols were approved by the Institutional Animal Care
Committee of the Institute of Molecular Genetics, Prague.

In vivo experiments

Mice (8 - 10 per group) were transplanted on day
0 s.c. with control TC-1 cells (3 x 10%), DTX-induced
senescent TC-1/DTX or TRAMP-C2/DTX cells (3 x 10°)
or control TC-1 cells (3 x 10*) admixed with TC-1/DTX
or TRAMP-C2/DTX cells. For control, irradiated TC-1
cells (150 Gy), TRAMP-C2 cells injected in admixture
with TC-1 cells were used. To characterize growing
tumors, some tumors were explanted, cultured in vitro for
7 days and the surface expression of CD80 was analyzed
by FACS. IL-12 producing TC-1/IL-12 cells were used in
therapeutic experiments. Cells were administered on day 3
in the vicinity of transplanted control TC-1 cells and TC-1
cells admixture with TC-1/DTX senescent cells. Mice
were observed twice a week and the size of the tumors was
recorded. Two perpendicular diameters of the tumors were
measured with a caliper and the tumor size was expressed
as the tumor area (cm?).

Data processing and statistical analyses

For evaluation of in vitro experiments, graph
concerning qRT-PCR data was generated using Prism 5
(GraphPad Software, La Jolla, CA USA). qRT-PCR data
represent mean = S.D. p-values were calculated using
student - Test for two samples assuming unequal variances
(Microsoft Excel 2010, Microsoft, Redmond, WA, USA).
p <0.05 was considered statistically significant.

For evaluation of in vivo experiments, Analysis of
Variance (ANOVA) from the NCSS, Number Cruncher
Statistical System (Kaysville, Utah, USA) statistical
package was utilized. Standard deviations are indicated in
the Figures.
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Supplementary Table S1: Cytokine and chemokine mRNA levels of TC-1 and TRAMP-C2 cell lines
treated with DTX

TC-1 TRAMP-C2
Gene Description Fold change*  Fold change*
Csf3 Colony stimulating factor 3 (granulocyte) 22.94 5.94
Tnfsfl3b | Tumor necrosis factor (ligand) superfamily, member 13b 12.21 7.89
Csf2 Colony stimulating factor 2 (granulocyte-macrophage) 8.94 11.39
Tnf Tumor necrosis factor 8.57 10.13
Ccl4 Chemokine (C-C motif) ligand 4 8.57 7.84
Ccl3 Chemokine (C-C motif) ligand 3 6.32 1.73
Fasl Fas ligand (TNF superfamily, member 6) 6.28 4.66
Ccl20 Chemokine (C-C motif) ligand 20 5.70 4.96
1113 Interleukin 13 5.70 3.63
1122 Interleukin 22 5.58 1.73
1110 Interleukin 10 5.39 4.92
Cxcl1 Chemokine (C-X-C motif) ligand 1 5.35 3.10
Cxcl16 Chemokine (C-X-C motif) ligand 16 4.76 3.53
Hc Hemolytic complement 4.69 13.74
Bmp2 Bone morphogenetic protein 2 4.59 1.33
Nodal Nodal 4.32 1.87
Cxcl10 Chemokine (C-X-C motif) ligand 10 4.14 18.00
127 Interleukin 27 3.84 2.30
Adipog Adiponectin, C1Q and collagen domain containing 3.76 7.84
Ccl5 Chemokine (C-C motif) ligand 5 3.66 2.97
I11a Interleukin 1 alpha 3.53 1.28
Cd70 CD70 antigen 2.89 2.14
H1rf Interleukin 17F 2.73 2.95
Ifng Interferon gamma 2.68 1.73
Lif Leukemia inhibitory factor 2.66 5.28
Cxcl11 Chemokine (C-X-C motif) ligand 11 2.66 1.73
Ccl22 Chemokine (C-C motif) ligand 22 2.62 1.73
Bmp6 Bone morphogenetic protein 6 2.58 -1.27
13 Interleukin 3 2.48 1.73
116 Interleukin 6 2.45 3.10




Cntf Ciliary neurotrophic factor 2.40 2.36
Ccl19 Chemokine (C-C motif) ligand 19 2.35 5.46
111b Interleukin 1 beta 214 1.73
14 Interleukin 4 1.97 -1.35
1123a Interleukin 23, alpha subunit p19 1.88 16.00
1112a Interleukin 12A 1.88 7.41
Bmp7 Bone morphogenetic protein 7 1.88 1.73
1124 Interleukin 24 1.78 4.89
Ifna2 Interferon alpha 2 1.78 3.05
Cxcl13 Chemokine (C-X-C motif) ligand 13 1.69 25.63
Ccl2 Chemokine (C-C motif) ligand 2 151 4.72
Cxcl3 Chemokine (C-X-C motif) ligand 3 1.32 5.98
I1rn Interleukin 1 receptor antagonist 1.29 4.08
15 Interleukin 5 1.23 5.39
17 Interleukin 7 1.14 -1.62
Tnfsfll Tumor necrosis factor (ligand) superfamily, member 11 1.13 -1.15
Ltb Lymphotoxin B 1.12 1.69
Pf4 Platelet factor 4 1.10 8.63
Xcll Chemokine (C motif) ligand 1 1.10 8.17
Cxcl9 Chemokine (C-X-C motif) ligand 9 1.10 7.06
Ccl12 Chemokine (C-C motif) ligand 12 1.10 6.02
Ppbp Pro-platelet basic protein 1.10 3.68
Osm Oncostatin M 1.10 2.99
Ccll Chemokine (C-C motif) ligand 1 1.10 2.58
Tnfrsfllb | Tumor necrosis factor receptor superfamily, member 11b 1.10 1.93
Ccl24 Chemokine (C-C motif) ligand 24 1.10 1.73
Cd4o0lg CDA40 ligand 1.10 1.73
1117a Interleukin 17A 1.10 1.73
112 Interleukin 2 1.10 1.73
1121 Interleukin 21 1.10 1.73
119 Interleukin 9 1.10 1.73
Mstn Myostatin 1.10 1.73
1112b Interleukin 12B 1.10 1.69




Tgfb2 Transforming growth factor, beta 2 1.10 -1.09
Mif Macrophage migration inhibitory factor 1.05 2.73
Vegfa Vascular endothelial growth factor A -1.04 1.53
Lta Lymphotoxin A —-1.08 1.73
111 Interleukin 11 —-1.09 1.10
Sppl Secreted phosphoprotein 1 -1.14 —4.00
Cxcl5 Chemokine (C-X-C maotif) ligand 5 -1.19 4.92
Ccl11 Chemokine (C-C motif) ligand 11 -1.21 3.76
1115 Interleukin 15 -1.25 2.99
Thpo Thrombopoietin -1.32 1.06
Ctfl Cardiotrophin 1 -1.37 7.62
Cx3cl1 Chemokine (C-X3-C motif) ligand 1 -1.56 —2.22
Csfl Colony stimulating factor 1 (macrophage) -1.58 1.39
Bmp4 Bone morphogenetic protein 4 -1.84 1.32
Gpil Glucose phosphate isomerase 1 -1.93 1.28
1118 Interleukin 18 —2.09 3.71
Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 —2.22 4.56
Ccl7 Chemokine (C-C motif) ligand 7 —2.79 1.28
1116 Interleukin 16 —2.95 3.36
Cxcl12 Chemokine (C-X-C motif) ligand 12 —2.97 3.94
Ccll7 Chemokine (C-C motif) ligand 17 -4.03 —1.45

*Fold change:

treated cells vs. untreated cells.
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ABSTRACT

Aging involves tissue accumulation of senescent cells (SC) whose elimination through senolytic approaches may
evoke organismal rejuvenation. SC also contribute to aging-associated pathologies including cancer, hence it is
imperative to better identify and target SC. Here, we aimed to identify new cell-surface proteins differentially
expressed on human SC. Besides previously reported proteins enriched on SC, we identified 78 proteins
enriched and 73 proteins underrepresented in replicatively senescent BJ fibroblasts, including LLCAM, whose
expression is normally restricted to the neural system and kidneys. LICAM was: 1) induced in premature forms
of cellular senescence triggered chemically and by gamma-radiation, but not in Ras-induced senescence; 2)
induced upon inhibition of cyclin-dependent kinases by p16™*?; 3) induced by TGFbeta and suppressed by
RAS/MAPK(Erk) signaling (the latter explaining the lack of LLCAM induction in RAS-induced senescence); and 4)
induced upon downregulation of growth-associated gene ANT2, growth in low-glucose medium or inhibition of
the mevalonate pathway. These data indicate that L1ICAM is controlled by a number of cell growth- and
metabolism-related pathways during SC development. Functionally, SC with enhanced surface LLCAM showed
increased adhesion to extracellular matrix and migrated faster. Our results provide mechanistic insights into
senescence of human cells, with implications for future senolytic strategies.

INTRODUCTION highlighting the urgent need to better understand the

process of aging at the molecular, cellular and
Human population is aging rapidly, raising serious organismal levels. Recent research has revealed aging-
global health and societal concerns, at the same time associated accumulation in diverse tissues of the so-
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called senescent cells (SC) which, along with their
secreted products, appear to causally contribute to aging
[1, 2]. From a broader perspective, the process of
senescence is a cellular stress response leading to
persistent activation of cell-cycle checkpoints and long-
lasting cell-cycle arrest caused predominantly by lasting
DNA damage signaling. SC play important patho-
physiological roles in a number of processes during
ontogenetic development of the mammalian organism
[3]; for instance, senescence response takes part in
wound healing [4] and tissue regeneration [5]. As a
cellular fate commonly triggered by DNA damage
response, cellular senescence is considered as a primary
tumorigenesis barrier [6-8]. DNA damage-induced
cellular senescence also accompanies genotoxic cancer
therapies [9, 10]. Long-lasting persistence of senescent
cells in tissues can also induce various pathological
changes affecting organismal homeostasis (see, e.g.
references [1, 2]). These effects are thought to be
elicited by secretion from SC of a complex mixture of
factors comprising components of the extracellular
matrix, its modifiers such as proteases and their
regulators, reactive oxygen species [11] and particularly
cytokines including morphogens from the TGFf} family,
pro-inflammatory species (e.g., IL1, IL6, IL8; [12]), and
chemokines (such as MCP-1; [13]). The composition of
the SC secretome (denoted as senescence-associated
secretory phenotype; SASP) varies according to the cell
type and mechanism of senescence induction [14].
Additional factors influencing the secretory response of
SC, such as interactions of SC with surrounding cells
and specific tissue microenvironment, likely exist at the
organismal level. This complexity and variability of
SASP is the reason why the effects of SASP on the
tissue microenvironment and the pathogenic role of
various types of SC remain poorly understood.
Nevertheless, it was plausibly demonstrated that
senescent cells can affect neighboring cells by induction
of oxidative stress and DNA damage resulting in
secondary (‘bystander') senescence [11, 15, 16]. This
'domino’ effect might contribute to the spread of a mild
but chronic inflammatory environment especially in
aging tissues [17]. It should also be noted that certain
chemotherapeutic drugs are able to induce cellular
senescence in normal tissues within the close proximity
of tumors, which can also promote local inflammation
and self-sustaining genotoxic environment.

Of the various interactions of SC with their milieu, the
interaction with the immune system is especially
important. SC interact with the immune system in a
mutual way — besides being a target of the immune
system (senescence immunosurveillance; [18]), SC can
modulate the immune system function by either
immunoactivation [18] or immunosuppression [19, 20].

Intriguingly, observations that genetically engineered
removal of SC from the mouse organism induced a
'rejuvenating' effect [2] and the presence of SC affected
the rate of mouse aging [1] both indicate aging-
promoting harmful effects of SC in vivo. Indeed, there
is accumulating evidence that SC contribute to
pathogenesis of several aging-associated degenerative
diseases including atherosclerosis [21], cartilage
degeneration leading to osteoarthritis [22, 23], cardiac
fibrosis [24], liver fibrosis [25], type 2 diabetes [26],
and Alzheimer’s and Parkinson’s diseases [27, 28]. In
addition, elimination of senescent cells from the tumor
environment is believed to improve the health condition
of patients with cancer [29].

Based on the negative effects of SC in tissues, there is a
prevailing view that prevention of SC accumulation or
support of their elimination would be beneficial for the
health span of the organism. The prerequisite for this
ambition is our ability to unambiguously detect SC in
tissues. However, reliable biomarkers strictly specific to
SC are still missing, despite the SC undergo profound
changes of their phenotype deviating extensively from
their parental cells [30]. The purpose of this study was
to identify candidate protein markers differentially
expressed on the cell surface of proliferating versus
replicatively senescent human fibroblasts using
quantitative proteomic analysis. Apart from several
previously reported proteins such as PVR, TIMP3,
GGT2, and ADAMTSI, we identified the neural
adhesion factor LICAM as being overrepresented on
the surface of the replicatively SC. Further analysis of
L1CAM whose expression is physiologically restricted
to neural and kidney tissues revealed that except for
oncogenic Ras-induced senescence, other pro-
senescence stimuli can induce LICAM. Also intrigued
by the known association of LICAM with cancer and
poor prognosis of cancer patients [31-37], we then
pinpointed several cellular signaling and metabolic
pathways involved in regulation to LICAM expression,
as well as functional impact of elevated L1CAM
expression, using several human models of SC. Both the
overall spectrum of the cell-surface proteins identified
in our unbiased proteomic screen, and the insights into
L1CAM regulation and potential roles in senescence are
presented in this dataset.

RESULTS

L1CAM is enriched on the cell surface of
replicatively senescent fibroblasts

In our search to identify proteins differently expressed
on the plasma membrane of senescent cells, we per-
formed quantitative proteomic analysis of cell surface
proteins of proliferating (PD 28) and replicatively
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senescent (PD 84) BJ fibroblasts (see Supplementary
Figure 1A, B for activity of senescence-associated -
galactosidase and markers of persistent DNA damage
response, respectively). For enrichment of cell surface
proteins we utilized biotin labeling of cell surface
proteins (see Materials and Methods for details). Out of
650 quantified proteins identified by mass spectrometry,
151 proteins showed differential expression (Supple-
mentary Table 1). Within this group we focused on the
candidate proteins whose expression on the surface of
senescent fibroblasts was increased more than four fold
over the level in proliferating counterpart cells. In
addition to several proteins already reported as
overexpressed in senescent cells, such as metallopro-

teinase inhibitor 3 (TIMP3) [38], vy-glutamyl-
transpeptidase 2 (GGT2) [39] and ADAMTSI [40], our
analysis revealed some previously unrecognized
proteins such as THY1, BST1, FATI1 (for full list of
differentially changed proteins, see Supplementary
Table 1) and neural cell adhesion molecule L1, LICAM
(Figure 1A). Thirty six most upregulated proteins were
selected and analyzed for mRNA levels, of which more
than dozen was significantly elevated (see Sup-
plementary Figure 1C). The changes of total protein
level of five selected proteins (fibronectin, L1ICAM,
collagen IV, integrin a2 and PVR) in replicative senes-
cent BJ cells were verified by immunoblotting (see
Supplementary Figure 1D).
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Figure 1. LLCAM is enriched on the surface of replicatively senescent fibroblasts. (A) Proteomic analysis of the surface of
senescent cells. Down- (green dots < four fold) and up-regulated (red dots > four fold) proteins in senescent cells. (B) Cell surface
proteins of proliferating (Ctrl) and replicatively senescent (RS) BJ fibroblasts were modified by biotin and captured on a streptavidin
column (see Material and Methods for details), and fractions were validated for the presence of LICAM by Western blotting. L — load
(total protein); FT — flow through (non-biotinylated protein fraction), E — elution (biotinylated protein fraction). Ponceau S staining is
shown to demonstrate protein loading. (C) FACS analysis of the surface level of LLCAM in BJ fibroblasts. (D) mRNA level of L1ICAM
normalized to GAPDH in replicatively senescent BJ cells. (E) Live cell immunofluorescence detection of LICAM in proliferating (Ctrl)
and replicatively senescent (RS) BJ (upper panel) and MRC5 (lower panel) fibroblasts. Scale bar, 50 um. All experiments were
performed in biological triplicates. For statistics, two-tailed Student’s t-test was used: p <0.05 (*); p <0.01 (**); p <0.001 (***).
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L1CAM attracted our attention as it is expressed
physiologically in neural and renal tissues and
pathologically in several types of human tumors (see
Discussion for further details). To validate the mass
spectrometry data, we compared the LICAM mRNA,
total and surface protein expression in young/prolife-
rating versus senescent BJ cells. As shown by immuno-
blotting of biotin/streptavidin immunoprecipitates, the
total level of LICAM was increased in replicatively
senescent BJ cells compared to the proliferating cells
(compare lanes 'L' for proliferating and replicatively
senescent cells in Figure 1B). The increased cell surface
protein level in replicatively senescent cells was
verified by comparing the amount of eluted biotinylated
L1CAM from streptavidin matrix (see lines 'E' in Figure
1B). This was further confirmed by flow cytometry
analysis using live cell staining with L1CAM antibody,
where the surface protein level of LICAM was
markedly elevated in replicatively senescent BJ cells
(Figure 1C). Note, similar cell surface enhancement of
L1CAM in replicative senescent BJ cells was observed
also for fibronectin and PVR (Supplementary Figure
1E). The L1CAM protein elevation was concordant
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with the changes of the LICAM mRNA levels (Figure
1D and Supplementary Figure 1C, D). Using indirect
immunofluorescence, we observed marked hetero-
geneity of LICAM cell surface levels among individual
cells in both populations of proliferating and senescent
BJ cells (Figure 1E; for wvalidation of antibody
specificity, see Supplementary Figure 1F, G; note that
the LICAM antibody staining of formaldehyde-fixed
cells was nonspecific).

Altogether, our data show that LICAM is
overrepresented on the cell surface of replicatively
senescent BJ fibroblasts; and L1CAM’s enhanced
surface protein level corresponds to the increased
expression of L/CAM mRNA.

L1CAM expression is cell type- and senescence
stimulus-dependent

During serial cultivation of cells in vitro there is a
likelihood of selection of clones with enhanced
replicative potential [41]. To examine whether in-
creased LICAM expression in replicatively senescent
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Figure 2. LLCAM expression in premature senescence induced by various stimuli. BJ fibroblasts were brought to
premature senescence by y-irradiation (PD 32, IR 20 Gy), 100 uM 5-bromo-2'-deoxyuridine (PD 32, BrdU), 500 U/ml IFNy
(PD35), or by induction of oncogenic HRAS using the Tet on system (see Materials and Methods). Cell surface expression of
L1CAM estimated by live cell immunostaining with L1CAM antibody was detected microscopically (A) or (B) by FACS. The
values representing three independent experiments are shown as a fold induction relative to control. (C) Real time RT-qPCR
quantification of mRNA levels of LLCAM in BJ cells brought to premature senescence as in A. The values representing three
independent experiments are shown as a fold induction relative to control. GAPDH was used as a reference gene. For
statistics, two-tailed Student’s t-test was used; p < 0.05 (*); p <0.01 (**); p <0.001 (***). Scale bar, 50 um.
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BJ cells was due to clonal selection of cells bearing
higher LICAM expression, we followed the expression
of LICAM in a scenario of prematurely induced
senescence in BJ cells triggered by ionizing radiation
(IR) [42], 5-bromo-2'-deoxyuridine (BrdU) [43], and
interferon-y (IFNy) [16, 44], or overexpression of onco-
genic H-Ras(V12) [46]. With the exception of H-Ras-
induced senescence, the cell surface expression of
L1CAM was increased in BJ fibroblasts upon exposure
to all other stimuli (Figure 2A, B; see Supplementary
Figure 1A for SA-B-gal staining), indicating that cell
surface expression of LICAM is not the result of a
clonal selection during serial passaging. The lack of
LICAM induction in H-Ras oncogene-induced
senescence suggested the dependence of LICAM
expression on the type of senescence-inducing stimulus.
Moreover, we observed that the L/ CAM transcript level
remained unchanged after BrdU treatment despite
enhanced L1ICAM cell surface expression (Figure 2C),
indicating that both de novo synthesis and/or enhanced
(re)localization of LICAM to the cell surface can take
part in a mechanism of its enhanced cell surface
expression. The heterogeneity of LICAM expression in
the population of SC was apparent among prematurely
senescent cells as well.

To determine whether the heterogeneous expression of
L1ICAM in senescent cells stems from clonal
heterogeneity present already in proliferating BJ cells,
we sorted proliferating BJ cells according to their
surface LICAM level by FACS to populations with low
(L1ICAM™) and high (L1CAM"€") expression (Supple-
mentary Figure 2A) and followed the L1ICAM levels for
several population doublings. Notably, the differences
in L1ICAM levels between the sorted subpopulations
balanced out after approximately ten population
doublings (Supplementary Figure 2B) indicating that
epigenetic rather than genetic factors likely determine
the LICAM heterogeneity. No differences in
proliferation of LICAM 'high' versus 'low' cells were
observed (Supplementary Figure 2C), consistent with
the notion that LICAM expression is not linked with
proliferation advantage of any subpopulation. In
addition, there were no significant differences in the
occurrence of DNA damage foci (detected as 53BP1
and serine 139 phosphorylated histone H2A.X) between
LICAM"®" and LICAM"" cells (see Supplementary
Figure 2 D and E). We also did not observe any marked
morphological differences among senescent L1CAM™"
and LICAM"" populations of BJ cells, except that
LICAM"®" cells were slightly larger in size (mean area
+ SEM: 327.6 + 5.317 pum? for LICAM™" and 344.9 +
4.113 pum? for LICAM™®"; two-tailed paired test, p =
0.0123; Supplementary Figure 2F). Furthermore, down-
regulation of LICAM in replicatively senescent cells
did not result in escape of cells from senescence

(Supplementary Figure 2G), indicating that L1ICAM is
not involved in senescent cell cycle arrest.

Next we tested a panel of other human cell types,
including normal and cancerous cells, for LICAM
expression during the development of premature
senescence. Figure 3 summarizes L1ICAM mRNA, total
and cell surface protein levels in a variety of cell types
brought to senescence by IR or BrdU (Supplementary
Figure 3A). In accord with a previous study [47],
pancreatic carcinoma PANC-1 cells featured high
L1CAM cell surface expression even under unperturbed
conditions (see Supplementary Figure 3B for the
relative transcript level of LICAM in all cell types
analyzed). IR but not BrdU induced both L1ICAM
transcript level and cell surface expression in PANC-1
and similarly in osteosarcoma U20S cells (Figure 3A,
B). In contrast, BrdU induced LICAM expression in
prostate cancer PC3 and melanoma A375 cells more
potently than IR. Normal diploid fibroblasts MRC-5 and
HSF-1, and immortalized retinal pigment epithelial
RPE-1 cells responded by elevation of LICAM mRNA
and total protein levels in dependence on the stimulus
but without concomitant protein expression on the cell
surface, indicating again that cell surface exposure of
L1CAM is regulated. Note that the expression of
L1CAM is the lowest in RPE-1 among the tested cell
lines (Supplementary Figure 3B); therefore, it is
possible that the observed elevation of the L1CAM
level after senescence induction was not sufficient for
detection of the surface protein level. The transcript
levels of LICAM were only slightly induced in prostate
cancer DU145 cells exposed to either IR or BrdU; and
the LICAM protein remained undetectable (Figure 3C).
In general, our data showed that higher levels of
LICAM transcriptional induction appear to be
necessary for the increase of the total protein level;
however, even an increased total protein level is not
always expressed as the enhanced presence of protein
on the cell surface.

To investigate whether the LICAM is also induced
during senescence in different species, we triggered
premature senescence in three mouse cell lines
TRAMPC2, TC1 and B16F10 by exposure to docetaxel
(7.5 uM, 4 days) as reported previously [48, 49]. In all
three cell lines, LICAM transcript levels were elevated
after docetaxel treatment (see Supplementary Figure 4A
for LICAM level and Supplementary Figure 4B for
senescence-associated ~ beta-galactosidase  staining)
indicating that LICAM induction during senescence is
not restricted to human cells.

To conclude, the senescence-associated expression of
L1CAM on the cell surface is feature shared in normal
and cancerous cells of human and mouse origin, but
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dependent on cell type and senescence-inducing surface expression is a complex process regulated both

stimulus. Our findings also indicate that LICAM cell at the level of transcription and posttranscriptionally.
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L1CAM expression is a downstream event linked to
inhibition of cyclin-dependent kinases by pl16ink4a

Next, to decipher the mechanisms mediating L1CAM
expression during induction of senescence, we first
investigated to which phase of the cell cycle checkpoint
cascade the expression of LICAM is linked. To
uncouple the inhibition of cell cycle from upstream
events of DNA damage response we utilized ectopic
expression of tetracyc1ine—.re§ulatable inhibitor of
cyclin-dependent kinases p16™* (p16) in human meso-
thelioma H28 cells in comparison to ectopic expression
of p21Wafl (p21) known to induce DNA damage
response [50]. Doxycycline induction of both p16 and
p21 in two single cell-derived clones (pl16) and one
single-derived p21 clone led to cell cycle arrest
(Supplementary Figure 5A; for senescence-associated
[-galactosidase staining, see Supplementary Figure 5B),
as observed previously [51]. In contrast to p21, no signs
of enhanced DNA damage response detected as
53BP1/yH2AX foci were observed after p16 induction
when compared to non-induced cells (Supplementary
Figure 5C). A reproducible increase of LICAM mRNA
(Figure 4A) and protein (Figure 4B) was observed
after induction of both p16 (Figure 4C) and p21 (not
shown), however, without detectable increase of the
LICAM cell surface protein level. These findings
indicated that the induction of L1ICAM expression is a
downstream event following induction of cdk protein
inhibitor(s).

Cell type-dependent and mutual interaction of
L1CAM and Erk signaling pathways

It has been reported that activation of the L1CAM
signaling pathway by antibody-mediated L1ICAM cross-
linking or manipulation with its level affect the activity
of Erk1/2 [52-54]. Indeed, we observed that the basal

activity of Erk1/2 was higher in LICAM™" human
melanoma A375 and BJ cells when compared to
LICAM"® cells (Figure 5A). Additionally, knockdown
of LICAM in BIJ cells increased Erkl/2 phospho-
rylation (Figure 5B). This data obtained in unperturbed
cell culture conditions underscored the role of LICAM
in the regulation of activity of Erk1/2.

The other way around, inhibition of Erk1/2 activation
by selumetinib, a chemical inhibitor of MEK, in A375
(Figure 5C) and HeLa (data not shown) cells resulted in
marked elevation of LICAM mRNA, total and cell
surface protein expression (Figure 5D, E), which
indicated that the MAPK pathway may operate in a
negative feedback loop to suppress L1CAM, thus
balancing its own activity. Further, combined
knockdown of Erkl and/or Erk2 by RNA interference
resulted in elevation of LICAM mRNA (Figure 5F) and
surface protein expression (Figure 5G), further
supporting the interplay between LICAM and Erk
pathways. Nevertheless, the exposure of BIJ cells to
selumetinib did not show any effect on LICAM mRNA
and protein levels (not shown), indicating cell type-
specific regulation of the L1ICAM expression.

These findings fit well with the absence of L1ICAM
expression during H-RAS oncogene-induced senes-
cence (OIS). To exclude the possibility that our strain of
BJ fibroblasts with tetracycline-inducible RAS onco-
gene lost the competence to induce L1ICAM (due to
cloning of cells with aberrant L1CAM regulation), we
exposed Ras-induced senescent BJ cells presorted for
low level of LICAM to MEK inhibitor selumetinib. As
shown in Figure 5], the inhibition of MEK resulted in
an increased L1CAM protein level, indicating unper-
turbed sensitivity of L1ICAM to Erk1/2 inhibition in
OIS cells, supporting the suppressive role of the
Ras/MAPK pathway on L1CAM expression.
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Figure 5. Interaction of LLCAM with the Erk signaling pathway. (A) Erk 1/2 activity detected as phosphorylation of Erk1/2
(pErk1/2) compared in BJ and A375 cells sorted for LLCAM high and low cell surface level. (B) The effect of LLCAM downregulation
using RNA interference on Erk1/2 activity detected by immunoblotting in BJ fibroblasts. (C) LLCAM mRNA level estimated by real
time RT-PCR after inhibition of MEK by selumetinib (10 uM; MEKi) in A375 cells. Total (D) and surface L1CAM levels (E) detected by
immunoblotting and live cell staining, respectively, in A375 cells after MEK inhibition using selumetinib (10 uM; MEKi). LLCAM
mRNA (F) and surface protein level (G) in A375 after downregulation of Erk1/2 using RNA interference (siErk1/2). LLCAM mRNA (H)
and total protein (I) levels in control (-DOX) and H-RAS-induced (+DOX) BJ cells before (ctrl) and after inhibition of MEK using
selumetinib (10 uM; MEKi). (J) The effect of MEK inhibition by selumetinib (10 uM; MEKi) on the L1CAM total protein level in H-
RAS-induced senescent BJ cells sorted for low LLCAM level. Non-template siRNA was used as a control (siNT). For immunoblotting,
TFIIH or B-actin were used as a control of equal protein loading. For real time RT-PCR, GAPDH was used as the reference gene. Scale
bar, 100 um. All experiments were performed in three independent replicates. p < 0.05 (*), two-tailed Student’s t-test.

Overall, our results indicate a crosstalk between
L1CAM and Ras/MAPK pathways, where the elevated
level of L1CAM is associated with lower Erkl/2
activity and the Ras/MAPK signaling exerts a suppres-
sive effect on LICAM gene expression.

L1CAM expression is linked to metabolic changes

Given that L1CAM transcription is regulated by hypoxia
in tumor cells [55], we asked whether metabolic
changes associated with senescence (see e.g. references
[56-58]) contribute to regulation of LICAM gene
expression. We noted that the concentration of glucose
in culture medium affected the expression of L/CAM in
U20S and HeLa cells. Both cell types cultured in higher
concentration of glucose (4.5 g/L) expressed lower
levels of LICAM compared to cells cultured in1 g/L

glucose, indicating that the expression of L1ICAM might
be linked to glycolytic energy metabolism of tumor
cells (Figure 6A, B). Furthermore, the level of LICAM
transcript and protein increased after inhibition of the
mevalonate pathway (chosen here for being one of the
pathways that utilize acetyl-CoA, derived from glucose
metabolism) in BJ fibroblasts by cerivastatin (Figure
6C). As reported previously, various forms of cellular
senescence are accompanied by repression of solute
carrier family 25 member 5 (SCL25A5) coding for
ADP/ATP translocase 2 (ANT2; [59, 60]), which has
been implicated in glycolytic metabolism of tumor cells
[61-63]. RNA interference-mediated downregulation of
ANT2 but not ANT3 (Supplementary Figure 6A) in
HeLa and BJ cells led to marked elevation of LICAM
both at mRNA and protein levels (Figure 6E). The
intrapopulation heterogeneity of L1CAM expression
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was diminished after ANT2 knockdown (data not
shown). Interestingly, the inhibition of MEK by
selumetinib in A375 cells resulted in suppression of the
ANT2 mRNA level associated with the increase of
L1CAM expression (see Figure 5C and Figure 6F),
suggesting a reciprocal link between ANT2 and
L1CAM expression. In support of this notion, there was
also an inverse relationship between the mRNA levels
of both genes in A375 cells exposed to IFNy and TGFf3
(Figure 6G), the cytokines reported to induce
senescence [16, 60]. Note that TGF( alone strongly
induced cell surface expression of LICAM in A375
cells (Figure 6H), which was associated with stronger
cytostatic effect compared to IFNy (Supplementary
Figure 6B).

Altogether our data indicate that the induction of
L1CAM during senescence might be linked to
accompanying metabolic changes, specifically to
suppression of the SCL2545/ANT?2 gene expression.

L1CAM increases cell migration and adhesion of
both proliferating and senescent BJ cells

Several studies reported the role of LICAM in
enhanced migration of tumor cells (see, e.g., references
[31, 64]). Indeed, in a wound healing assay, young BJ
cells with downregulated LICAM using lentivirally
transduced short hairpin RNA recovered the disrupted
area significantly slower than control cells (Figure 7A),
indicating that migration of normal cells can also be
affected by LICAM surface expression (see reference
[54]). Next we asked whether enhanced expression of
L1CAM is linked with the migratory properties of
senescent cells. Utilizing heterogeneity of L1CAM
expression in the cell population of BJ senescent cells,
we tested migration of BJ cells sorted by FACS
according to LICAM cell surface expression. Replica-
tively senescent BJ cells sorted for higher surface
L1CAM levels healed the scratch more efficiently than
their counterparts with lower cell surface expression of
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Figure 6. LICAM expression is linked to metabolic changes. The effect of high (4.5 g/L) and low (1.0 g/L) glucose
concentration in cultivation medium on total L1ICAM protein (A) and LLCAM mRNA levels (B) in U20S and Hela cells detected by
Western blotting and real time RT-PCR, respectively. (C) The effect of inhibition of the mevalonate pathway by cerivastatin on the
L1CAM total protein level in BJ fibroblasts. LICAM mRNA in Hela and BJ cells (D) and total LICAM protein in Hela cells (E) after
downregulation of ANT2 using RNA interference. (F) ANT2 mRNA level after inhibition of MEK by selumetinib (10 uM; MEKi) in A375
cells. LLCAM and ANT2 transcripts (G) and LLCAM surface expression (H) in A375 cells exposed to 500 U/ml IFNy, 10 ng/ml TGF, or
their combination for 4 days. For real time RT-qPCR experiments, GAPDH was used as the reference gene. For immunoblotting,
GAPDH or a-actinin were used as loading controls. p <0.05 (*); p <0.01 (**); p <0.001 (***), two-tailed Student’s t-test. Scale bar,
100 um. All experiments were performed in three independent replicates.
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L1CAM (Figure 7B). To further corroborate these
findings, we employed a 3D migration assay to follow
cell motility induced by fetal bovine serum as attractant.
Using time-lapse cell tracking, several parameters such
as velocity, Euclidean distance (length of migration that

the cell overcomes directly from the start point to the
endpoint), and accumulated distance (cell’s trajectory)
were evaluated. Notably, senescent BJ cells with high
L1ICAM cell surface expression migrated faster and
covered longer Euclidean and accumulated distances
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Figure 7. L1ICAM levels correlate with enhanced cell migration and adhesion both in proliferating and senescent
cells. (A) Wound healing assay of proliferating BJ after RNA interference-mediated knockdown of LLCAM and (B) replicatively
senescent BJ fibroblasts sorted according to cell surface expression of LICAM. (C) 3D migration assay of replicatively senescent
BJ sorted according to L1CAM cell surface expression presented as velocity (left chart), Euclidian distance (middle chart) and
accumulated distance (right chart). (D) 3D migration assay of unsorted replicatively senescent BJ. Left chart — velocity; middle
chart — Euclidian distance; and right chart — accumulated distance. (E) Adhesion assay of replicatively senescent BJ fibroblasts
sorted according to cell surface LLCAM expression and (F) after LLCAM knockdown. All experiments were performed in three
independent replicates. p <0.05 (*); p <0.01 (**); p <0.001 (***), two-tailed Student’s t-test.
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(Figure 7C). To exclude the possibility of an impact of
growth conditions on the tested subpopulations, a 3D
random migration assay of non-sorted but LICAM
antibody-labeled senescent BJ fibroblasts was also
performed. The results revealed a similar trend as in the
case of LICAM-sorted BJ cells. LICAM™®" BJ cells
migrated faster and travelled further distances (Figure
7D) compared to LICAM™" BJ cells. The migration of
proliferating BJ fibroblasts in the wound healing assay
was faster compared to replicatively senescent cells,
where young BJ covered the disrupted area approxi-
mately three times faster (by 16 hours) compared to
senescent cells (48 hours; see references [65, 66]). The
proliferation of young cells contributed to faster wound
recovering as well; however, the difference in the
velocity was significant (Supplementary Video 1 and 2).

Next we asked whether the cell surface level of LICAM
correlates with the cell adhesive properties. As shown in
Figure 7E, replicatively senescent LICAM™" BJ cells
showed 10, 17 and 20% higher adhesion to the
components of extracellular matrix laminin, fibronectin,
and collagen 1, respectively, compared to senescent
LICAM"" BJ cells. To confirm the contribution of
L1CAM to cell adhesive properties, LICAM was down-
regulated in senescent BJ fibroblasts by RNA
interference (Figure 7F; for the level of LICAM down-
regulation, see Supplementary Figure 6C). Indeed,
control cells adhered more efficiently compared to the
cells with a decreased LICAM level.

Taken together, the enhanced level of LI1CAM
correlates with increased migratory properties not only
of proliferating but also senescent BJ cells. The
expression of LICAM affects the adhesion of BJ cells
to the components of extracellular matrix.

DISCUSSION

Despite that cellular senescence is a phenomenon well
characterized and recognizable in vitro and the detection
of SC in tissues is now less problematic due to the
recently published robust method for their detection
[67], there is a lack of strictly specific markers that
would unambiguously allow targeting of SC for
therapeutic purposes [68]. In search of cell-surface
determinants overrepresented on senescent cells, we
identified adhesion molecule LICAM as being
enhanced on replicatively senescent BJ fibroblasts.
Further analysis of LICAM expression in different
senescence-inducing scenarios revealed that L1CAM
expression depends on cell type and senescence-
inducing stimulus, it shows marked intra-population
heterogeneity and multiple levels of control, including
regulation of the cell surface exposure. Our data also
show that the L1ICAM signaling pathway is interlinked

with Erk signaling in a reciprocal manner. Stimuli
changing cellular metabolism such as glucose levels,
inhibition of the mevalonate pathway, and suppression
of ANT2 (SCL325A5) all affected the level of LICAM
expression, suggesting that L/CAM gene expression
might be controlled by the metabolic changes accom-
panying the development of cellular senescence. The
L1CAM level correlated with increased migratory
properties of both proliferating and senescent BJ cells
and with enhanced adhesion of cells to the components
of extracellular matrix.

Our proteomic comparative analysis of cell surface
proteins of proliferating and senescent BJ cells based on
surface protein biotinylation revealed more than 70
proteins significantly enhanced on the plasma mem-
brane of senescent cells. In previous studies using
different methodological approaches, several of these
proteins, such as tissue inhibitor of metalloproteinase 3
(TIMP3) [38], y-glutamyltranspeptidase 2 (GGT2) [39]
and ADAMTSI1 [40] have already been reported as
being overrepresented in senescent cells, thereby
validating the technique employed in this study.

The LICAM/L1 cell adhesive molecule is a
transmembrane glycoprotein originally discovered as a
cell adhesion molecule in the nervous system [69],
where it plays a crucial role during the brain develop-
ment, being specifically involved in the neurite
outgrowth [70] and fasciculation [71], adhesion of
neurons and astrocytes [72], and cell migration [73].
L1ICAM attracted our attention due to its aberrant
expression in several types of human tumors, where it
acts as a promalignant factor and progression marker.
For instance, LICAM expression increases with
progression of breast cancer [31]. Further, L1ICAM
promotes tumor progression and metastasis in
melanoma [32] and ovarian [33], gastric [34], lung [35],
and pancreatic cancers [36, 37], where its presence is
associated with a poor prognosis. Besides promoting
cancer cell migration (see, e.g., [36]), including
perineural invasion of cancer cells (for a review, see ref.
[74]), L1ICAM confers anti-apoptotic protection,
chemoresistance [75] and radioresistance [76], stimu-
lates cell survival [77] and acts as a pro-angiogenic
factor [78].

Analysis of LICAM induction in various cell types and
senescence conditions revealed that the increase of the
L1ICAM total protein level during senescence was
mostly associated with the increase of LICAM
transcript, indicating senescence-induced de novo
transcription. Nevertheless, as in the case of HSF and
RPE-1, the elevation of the total LICAM protein must
not necessarily be accompanied by the increase of its
mRNA level indicative of senescence-mediated
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posttranscriptional regulation of L1CAM. Moreover,
the increase of the LICAM total protein level was not
always associated with its enhanced cell surface
presence, indicating that the exposure of LICAM on the
cell surface of senescent cells is a complex process
involving regulation at the transcriptional, post-
transcriptional, and posttranslational levels.

Regulation of the L/CAM gene expression is controlled
by diverse stimuli such as hypoxia or TGFf signaling. It
has been shown that inhibition of HIF-1 leads to
inhibition of LICAM and subsequent blockage of tumor
growth and metastasis in lung cancer [55].

The cell cycle block responsible for premature
senescence provoked by BrdU or IR is mediated by
DNA damage response-induced expression of p2l
and/or p16. In our attempt to understand the mechanism
of LICAM induction in premature senescence we found
out that artificial expression of pl6 itself is capable of
elevating LICAM transcript and protein levels,
indicating that upstream DNA response signaling is not
a prerequisite for senescence-mediated transcriptional
induction of LICAM. The notion that induction of
LI1CAM transcription was entirely absent in oncogenic
Ras-induced senescence (Figure 2) led us to investigate
the role of Ras/MAPK signaling in the control of
LICAM gene expression. Several reports point to the
role of LICAM signaling in augmentation of Erk
activity ([52-54]). Based on observed intrapopulation
variability where the LICAM levels inversely
correlated with Erk1/2 'basal' activity which increased
after LICAM downregulation, our results showed rather
opposite relationship indicating cell type differences. In
contrast, chemical inhibition of MAP kinase MEK or
downregulation of Erk1 or Erk2 resulted in elevation of
the LICAM transcript and protein levels. This suggests
the suppressive role of the Ras/MAPK pathway on the
L1CAM expression and the existence of a regulatory
circuit controlling the mutual balance of LICAM and
the Ras/MAPK signaling, where the expression of
L1CAM is controlled by the Erk pathway in a negative
feedback loop. It is therefore likely that the level of
L1CAM expression in a particular cell type depends on
the equilibrium of interlinked activities of Erk and
L1CAM pathways. Furthermore, we found that L1ICAM
expression was also upregulated in A375 cells exposed
to TGFP in concordance with previous reports [79, 80].
Multiple interactions between TGFB/SMAD and the
Ras/MAPK pathways have been described (reviewed,
e.g., in [81]). For instance, the Ras/MAPK pathway can
suppress the activity of SMAD3 by Erk-dependent
phosphorylation of SMAD3 [82]. It is therefore likely
that chemical inhibition of MEK relieves the
Ras/MAPK-mediated inhibition of the TGFp pathway,
resulting in increased expression of L1CAM; however,

this warrants further investigation. The reciprocal
expression of SCL2545/ANT2 and L1CAM genes could
reflect their reverse transcriptional regulation by the
TGFB pathway. The ANT2 gene belongs to early
immediate genes induced by mitogens such as platelet-
derived growth factor and epidermal growth factor [83],
indicating the role of the MAPK pathway in ANT2 gene
expression. Expression of ANT2 is strictly growth-
dependent, and ANT2 is suppressed during growth
cessation mediated by TGFB-activated NFI/SMAD
transcription factor complexes [59, 84]. In contrast,
L1CAM expression is induced by TGFp ([79, 80] and
this study) and suppressed by Ras/MAPK signaling
(Figure 5). However, it seems that LICAM expression
might be ANT2-dependent, as RNA interference-
mediated knockdown of ANT2 resulted in L1CAM
induction. As LICAM is induced by metabolic signals,
we propose that changes in the energy metabolism in
response to the cell cycle arrest induce L1CAM. Further
study is needed to reveal the mechanism of LICAM
induction in SC.

The cause of heterogeneous expression of LICAM in
proliferating and senescent cell populations in vitro is
unclear. We observed that cells sorted according to the
LICAM surface level sustained its level of expression
for several consecutive population doublings prior the
establishment/return to the original heterogeneity,
indicative of the role of epigenetic rather than genetic
factors (clonal evolution) in the L1CAM  intra-
population heterogeneity. Based on our results we
propose that the individual cell-specific sensitivity to
Ras/MAPK and TGFf signaling sets the level of the
L1CAM surface expression.

In accord with previous study showing that
manipulation of the level of LICAM affects the mig-
ration properties of breast cancer cells [31], we
observed that downregulation of LICAM attenuates
migration of proliferating BJ cells, supporting the role
of LICAM in cell locomotion. Intriguingly, also SC
with a higher level of L1CAM surface expression
migrated faster, which was accompanied by increased
adhesion to extracellular matrix proteins laminin-1,
collagen-1, and fibronectin. Senescent cells migrated
significantly slower compared to proliferating cells,
which may reflect overall changes in the adhesion
apparatus and cytoskeleton of senescent cells, and likely
an aberrant cell polarity and response to chemotactic
stimuli. We attempted to decipher the mechanism of
enhanced locomotory properties of cells with elevated
L1CAM. To this end, we analyzed the number and
shape of focal adhesions, the RhoA activity, integrin
021 and integrin aV levels, and the cell polarization to
a wound; however, we did not find any significant

WWWw.aging-us.com

AGING



differences among LICAM high and low cell
subpopulations (see Supplementary Figure 7A, B, C, D,
E, and F). Our results are also broadly consistent with
the L1CAM participation in axon guidance and
neuronal migration, in a pathway culminating in MEK
and Erk activation [85]. Furthermore, a very recent
study showed that ionizing radiation reduces ADAM10
expression in brain microvascular endothelial cells and
this indirectly leads to enhanced L1CAM protein level
[86], suggesting yet another level of stress-responding
L1CAM regulation.

Senescent cells represent premalignant cellular forms
[6], and the expression of the LICAM oncoprotein in
senescent cells may provide them with specific features
that can be inherited by tumor cells bypassing the
senescence state [87]. There is accumulating evidence
supported by experimental animal models that cancer
cells can disseminate early during tumor development
to form metastases later, after a shorter or longer period
of dormancy (see, e.g. [88, 89], for a review, see [90]),
sometimes even without observable formation of a
primary tumor. Although it has not yet been proved
experimentally that senescent cells can spread to distant
tissues from the site of their origin, such possibility
cannot be ruled out. Provided cellular senescence may
be bypassed, as supported by several experimental
findings (see, e.g., refs. [91, 92]), the migratory and
invasive properties of senescent cells might become
important. Based on the correlation between the
L1CAM level and tumor invasiveness it cannot be
excluded that migration of senescent cells in the tissues
might also be affected by LICAM expression. Given
the emerging roles of SC in promoting both tumo-
rigenesis and organismal aging, our present results may
inspire future senolytic approaches through exploiting
the cell-surface expression of L1ICAM in cellular
senescence.

MATERIALS AND METHODS
Chemicals and antibodies

Laminin-1 (human fibroblast-derived) and fibronectin
(human plasma) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Rat tail collagen type I was
purchased from Millipore. Recombinant IFNy was
purchased from Peprotech (Rocky Hill, NJ, USA).
Mouse monoclonal antibody against LICAM from
Sigma-Aldrich (Sigma-Aldrich), mouse monoclonal
antibody against phosphoserine 139 of histone H2AX
(Millipore, Billerica, MA, USA), rabbit polyclonal
antibody against 53BP1 (Santa Cruz, CA, USA), and
rabbit polyclonal antibody against y-tubulin (Sigma
Aldrich) were used for indirect immunofluorescence.

Mouse monoclonal antibody against GAPDH (Gene-
TEX), rabbit polyclonal antibody against pan-actin
(Sigma-Aldrich, St. Louis, MO, USA), and rabbit poly-
clonal against o TFIIH (Santa Cruz), rabbit polyclonal
antibody against integrin aV (Cell Signaling), and mouse
monoclonal antibody against integrin a231(Abcam) were
used for immunoblotting. Anti-mouse IgG antibody
Alexa 555 (Invitrogen, Carlsbad, CA, USA) and anti-
rabbit IgG antibody Alexa 488 (Invitrogen) were used as
secondary antibodies.

Cell cultures and senescence induction

Human cancer cell lines (PC3 (ATCC® CRL-1435™),
DU145 (ATCC® HTB-81"), A375 (ATCC® CRL-
1619™), U20S (ATCC®HTB-96"), PANC-I
(ATCC® CRL-1469™) ) and immortalized human
epithelial cells (\TERT RPE-1, ATCC® CRL-4000")
were cultured in Dulbecco’s modified Eagle’s medium
(D-MEM, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS,
Gibco/Thermo Fisher Scientific) and 4.5 g/I of glucose.
Primary human diploid fibroblast BJ (ATCC" CRL-
2522™,  population  doubling  25-85), MRC5
(ATCC® CCL-171"", population doubling 24-61), and
human skin fibroblasts (HSF-1; population doubling 20
- 26) were cultured in Dulbecco’s modified Eagle’s
medium (D-MEM, Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (FBS,
Gibco/Thermo Fisher Scientific) and 1 g/l of glucose.
Both cell culture media were supplemented with
penicillin/streptomycin (Sigma-Aldrich). Cells were
plated to match the equal cell density of control and
senescent cell culture at the time of harvest.

Cells were kept at 37°C under 5% CO, atmosphere and
95% humidity. To bring cells to replicative senescence,
BJ cells were split in ratio 1:2 until proliferation
exhaustion (population doubling 85). To induce
premature senescence, cells were treated either with 100
uM BrdU (BJ, MRC5, HSF-1, RPE, PC3, DUI145,
U20S, PANC-1) for 10 days or with 10 pM BrdU
(A375) for 7 days, 500 U/ml IFNy (BJ) for 21 days, or
irradiated with a dose of 10 or 20 Gy, as indicated.
Oncogenic mutant H-Ras''> expressed in BJ was
prepared as described earlier [93, 94]. H-Ras was
induced by addition of 2 pg/ml of doxycycline every 48
hours for 16 days.

Preparation of tet-one p16 and p21 constructs

cDNA sequences for p16 and p21 were synthesized in
Genescript. The cDNAs were subcloned to the Lenti-
X™ Tet-One™ Inducible Expression System, which
was obtained from Clontech (631847).
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Preparation of recombinant lentiviruses,
transduction of cells and clonal expansion

Recombinant lentiviruses were obtained from calcium-
phosphate transfected HEK 293T cells using packaging
plasmids psPAX2 (Addgene, 12260) and pMD2.G
(Addgene, 12259) together with either tet-one empty or
tet-one p16 and p21 constructs. The medium containing
lentiviral particles was harvested 36 to 48 h post-
transfection, and the viral particles were precipitated
using PEG-it (System Biosciences). Target cells H28
were transduced with viruses at multiplicity of infection
MOI 5-10 and selected for puromycin resistance (2
pg/ml; Invivogen). For clonal expansion of each
transduced cell type, single cells were sorted by BD
FACSaria and the clones were then selected according
to the expression profile of p16 or p21 protein.

Senescence-associated-f-galactosidase assay

Cells grown on glass coverslips were fixed with 0.5%
glutaraldehyde at room temperature for 15 minutes,
washed with PBS supplemented with 1 mM MgCl,, and
then incubated with pre-warmed X-gal solution (1
mg/ml X-gal (Sigma-Aldrich), 0.12 mM K;Fe[CN]g,
0.12 mM K4Fe[CN]¢ x 3 H,O, 1 mM MgCl, in PBS, pH
6.0) at 37°C and 5% CO, for 4 to 24 hours (depending
on the cell type) according to Dimri et al. [95]. After
development of visible blue coloring inside the cells,
coverslips were mounted in Mowiol containing 4',6-
diamidino-2-phenylindole (DAPI; Sigma-Aldrich) and
viewed by fluorescence microscope Leica DMRXA
(Leica Microsystems, Germany) equipped with a color
camera.

Live cell immunofluorescence

Cells grown on glass coverslips were incubated with
primary antibodies at room temperature for 15 minutes
in PBS supplemented with Ca®* and Mg®" (PBS"). After
washing with PBS”, incubation with secondary antibody
was performed at room temperature for 15 minutes.
After washing with PBS’, cells were fixed with 4%
formaldehyde at room temperature for 15 minutes.
Coverslips were mounted in Mowiol containing DAPI
to counterstain nuclei and viewed by fluorescence
microscope Leica DMRXA.

Indirect immunofluorescence

Cells grown on glass coverslips were fixed with 4%
formaldehyde and permeabilized with 0.1% Triton X-
100 in two consecutive steps, each at room temperature
for 15 minutes, and blocked with 10% FBS at room
temperature for 30 minutes. After washing with PBS,
cells were incubated with diluted primary antibodies at

room temperature for 1 hour and then extensively
washed with PBS/0.1% Tween 20. The incubation with
secondary antibodies was performed at room
temperature for 1 hour. Coverslips were mounted in
Mowiol containing DAPI to counterstain nuclei and
viewed by fluorescence microscope Leica DMRXA.

Cell sorting

Cells were washed two times with PBS and detached
from the cultivation plates by incubation with accutase
(Accumax, Merck Millipore, USA) at 37°C and 5%
CO, for 2 to 3 minutes. To stop the protease, cultivation
medium was added to the detached cells. Cell
suspension was centrifuged at 700 x g for 5 minutes.
The pellet was once washed with cultivation medium to
get rid of the accutase, and the suspension was again
centrifuged. Cell pellets were then stained with LICAM
antibody diluted 1: 100 in cultivation medium on ice
for 20 minutes, centrifuged, washed twice with culture
medium and incubated with secondary antibody (diluted
1:500 in cultivation medium) on ice for 15 minutes.
Cells were then washed twice with culture medium and
after the last wash, they were resuspended in cultivation
medium without serum and subjected to cell sorting.

Cell cycle measurement

Cells were washed with PBS, trypsinized, and
subsequently collected into fresh medium. After
centrifugation (500 x g at 4°C for 3 min), the cell pellet
was resuspended in PBS. For fixation, a suspension
drop was let drop into a centrifuge tube with -20°C
100% ethanol while vortexing and kept in -20°C for at
least 2 hours. Fixed cells were collected by centrifuga-
tion, the cell pellet washed with PBS, resuspended in
PBS containing RNase A (final concentration 0.2
mg/ml; Thermo Fisher Scientific, Waltham, MA, USA)
and incubated at RT for 30 min. Prior to FACS
measurement, propidium iodide (final concentration
12.5 pg/ml)/NP40 (final concentration 0.1%) solution
was added to the samples.

Surface protein purification and mass spectrometry

BJ cells were labeled with '*C4 arginine. The surface
proteins were isolated using the biotinylation method
(according to manufacturer’s protocol, Thermo Fisher
Scientific). Briefly, cells growing on a 10 cm” dish were
washed with ice-cold DPBS and incubated with
0.25 mg/ml  sulfoNHS-S-S-biotin (Thermo Fisher
Scientific) solution in DPBS at 4°C for 15 min. Cells
were washed three times and the remaining unreacted
NHS ester was quenched with 100 mM glycine in
DPBS. After 10 min at 4°C, the unreacted NHS ester
was washed away with DPBS. Cells were then lysed on
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the dish by adding 500 pl of lysis buffer (0.5% SDS,
500 mM NaCl, 50 mM Tris, pH 7.4). The lysate was
denatured at 95°C for 5 min and sonicated. Total protein
in light and heavy labeled samples was measured by the
BCA method and samples were mixed in a 1 : 1 protein
concentration ratio. One hundred pl of pre-equilibrated
streptavidin-sepharose (GE Healthcare, USA) was
mixed with the lysate and agitated at room temperature
for 1 hour. After extensive washing four times with 1
ml of lysis buffer followed by washing four times with
1 ml of 1 M NaCl, 50 mM Tris (pH 7.4) and 2 x 1 ml of
distilled water, the bound proteins were eluted three
times with 200 pl 0.5% SDS, 50 mM Tris (pH 6.8),
10% glycerol, 50 mM TCEP at 95°C for 5 minutes. The
pooled eluate was concentrated on a 10 kDa cut-off
Microcon ultrafiltration column (Merck Millipore,
USA) and loaded on the SDS-PAGE gel. After
electrophoresis, each gel lane was cut into six slices, the
protein reduced and alkylated by iodoacetamide, and
digested with trypsin.

Digested peptides were desalted and peptide mixtures
were measured using LC-MS consisting of a Dionex
UltiMate 3000 RSLCnano system (Thermo Fisher
Scientific) coupled via an EASY-spray ion source
(Thermo Fisher Scientific) to an Orbitrap Elite mass
spectrometer (Thermo Fisher Scientific). Purified
peptides were separated on 15 cm EASY-Spray column
(75 um ID, PepMap C18, 2 um particles, 100 A pore
size; Thermo Fisher Scientific). For each LC-MS/MS
analysis, about 1 pg peptides were used for 165 min
runs. First 5 min, peptides were loaded onto 2 cm trap
column (Acclaim PepMap 100, 100 um ID, C18, 5 pm
particles, 100 A pore size; Thermo Fisher Scientific) in
loading buffer (98.9%/ 1%/0.1%, v/v/v, water/
acetonitrile/ formic acid) at a flow rate of 6 ul/min.
Thereafter has been switched valve and peptides were
loaded in buffer A (0.1% v/v formic acid in water) and
eluted from EASY-Spray column with a linear 120 min
gradient of 2% - 35% of buffer B (0.1% v/v formic acid
in acetonitrile), followed by a 5 min 90% B wash at a
flow rate 300 nl/min. EASY-Spray column temperature
was kept at 35°C. Mass spectrometry data were
acquired with a Topl2 data-dependent MS/MS scan
method. Target values for the full scan MS spectra were
1 x 10° charges in the 300-1700 m/z range, with a
maximum injection time of 35 ms and resolution of
120,000 at m/z 400. A 2 m/z isolation window and a
fixed first mass of 110 m/z was used for MS/MS scans.
Fragmentation of precursor ions was performed by CID
dissociation with normalized collision energy of 35.
MS/MS scans were performed in an ion trap with ion
target value of 5 x 10* and maximum injection time of
100 ms. Dynamic exclusion was set to 70 s to avoid
repeated sequencing of identical peptides.

MS raw files were analysed by MaxQuant software
(version 1.4.1.2), and peptide list were searched against
the human Uniprot FASTA database and common
contaminants database by the Andromeda search engine
with cysteine carbamidomethylation as a fixed
modification and N-terminal acetylation, methionine
oxidations and thioacyl-lysine as variable modification.
The false discovery rate was set to 0.01 for both
proteins and peptides with a minimum length of six
amino acids and was determined by searching a reverse
database. Trypsin was set as protease, and a maximum
of two missed cleavages were allowed in the database
search. Peptide identification was performed with an
allowed initial precursor mass deviation up to 7 ppm
and an allowed fragment mass deviation of 0.5 Da.
Matching between runs was performed. Quantification
of SILAC pairs was performed by MaxQuant with
standard setting using a minimum ratio count of 2.

Bioinformatics analyses were performed with the
Perseus software.

Quantitative real time reverse transcription
polymerase chain reaction (QRT-PCR)

Total RNA was isolated using RNeasy Mini Kit
(Qiagen, MD, USA) according to the manufacturer’s
protocol. First strand cDNA was synthesized from 200
ng of total RNA with random hexamer primers using
TagMan Reverse Transcription Reagents (Applied
Biosystems). qRT-PCR was performed in ABI Prism
7300 (Applied Biosystems) using SYBR Green I Master
Mix (Applied Biosystems).

The following sets of primers were used:

L1CAM: forward: 5° -CGGCTACTCTGGAGAGGAC
TAC-3’, reverse: 5°- CGGCACTTGAGTTGAGGAT-
3’

ANT2: forward: 5’-GCCGCCTACTTCGGTATCTAT
G-3’, reverse: 5’-CAGCAGTGACAGTCTGTGCGAT-
R

GAPDH: forward: 5’-GCCAAAAGGGTCATCATCT
C-37, reverse: 5’-CTAAGCAGTTGGTGGTGCAG-3".

The relative quantity of cDNA was estimated by the
AACt method [96]; data were normalized to GAPDH.
Samples were measured in triplicates.

SDS-PAGE and immunoblotting

Cells were washed two times with PBS and then
harvested into Laemmli SDS sample lysis buffer, soni-
cated, and centrifuged at 1600 x g for 10 min.
Concentration of proteins was estimated by the BCA
method (Pierce Biotechnology Inc., Rockford, USA).
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Before separation by SDS-PAGE (9% and 14% gels
were used), 100 mM DTT and 0.01% bromophenol blue
were added to the cell lysates. The same protein amount
(40 pg) was loaded into each well. After electro-
phoresis, proteins were electrotransferred from the gel
onto a nitrocellulose membrane using the wet transfer
method and detected by specific antibodies combined
with horseradish peroxidase-conjugated secondary
antibodies (donkey anti-mouse, Bio-Rad, Hercules, CA,
USA). Peroxidase activity was detected by ECL (Pierce
Biotechnology Inc.). GAPDH or pan-actin were used as
a marker of equal loading, as indicated.

Wound healing assay

A confluent monolayer was disrupted with 10 pul
micropipette tip. To remove floating cells, the culture
medium was removed and replaced by fresh medium.
Recovery of the disrupted area was monitored with
time-lapse Leica Microscope DMI6000 for 32 to 48
hours. Cell migration was quantified by comparing the
corrupted area with the recovered area according to
formula: % of recovering = [(corrupted area — recovered
area) / corrupted area] x 100. The size of the area was
measured using ImagelJ Software; velocity was analyzed
with tracking plug-in.

3D migration assay

BJ cells sorted according to the LICAM surface level
were serum-starved for 24 hours and then seeded into
collagen-containing Matrigel inserted in the column (p-
Slide Chemotaxis 3D, Ibidi, Munich, Germany)
according to the manufacturer’s protocol. Migration
directed towards serum-containing medium was
monitored with time-lapse Leica Microscope DMI6000
for 8 hours. Cell tracking was performed using Imagel]
Software. For estimation of velocity and distance of the
tracked cells, Chemotaxis and Migration Tool Software
(Ibidi) was used. To evaluate random migration, the
same procedure was used except that BJ cells were
stained with antibody against LICAM prior to seeding
into Matrigel (to discriminate cells according to the
L1CAM level based on the intensity of LICAM surface
staining (no fluorescence signal referred to cells with a
low L1ICAM level; in contrast, high LICAM cells were
those that showed strong fluorescence signal).

Adhesion assay

A 96-well cell culture plate was coated with laminin-1
(10 pg/ml in Hank's balanced salt solution),
fibronectin (20 pg/ml in H20), or rat tail collagen 1 (2
pg/ml in H20) at 37°C at 5% CO2 for 1 hour. After
washing with 0.1% BSA dissolved in DMEM (WB),
the wells were blocked with blocking buffer (0.5%

BSA in DMEM) at 37°C at 5% CO2 for 1 hour. After
subsequent washing with WB, the plate was chilled on
ice for 5 minutes, cell suspensions were seeded into
the wells and left to adhere in a CO2 incubator at 37°C
for 30 minutes. Next, the plate was shaken at 200 rpm
for 10 to 15 seconds and washed three times with WB.
Cells were then fixed with 4% formaldehyde at room
temperature for 15 minutes, washed with WB and
stained with crystal violet (5 mg/ml in 2% ethanol) for
10 minutes. The plate was subsequently washed
several times with H20 to get rid of the remains of
crystal violet. After drying up the plates, 2% SDS (in
H20) was added and incubated at room temperature
for 30 minutes. Optical density at 550 nm was estimated
by a spectrophotometer (Multiskan EX, Thermo
Scientific, USA).

RNA interference

siRNAs targeting LICAM (sense: GCAAGAGACAUA
UCCACAATtt, antisense: UUGUGGAUAUGUCUCUU
GCtg) were introduced into the cells using Lipo-
fectamine™ RNAIMAX (Invitrogen, Carlsbad, CA,
USA). Nonsense siRNA sequences (siNT; Ambion, CA,
USA) were used as a negative control. shRNAs
targeting L1CAM were introduced into the cells using a
lentiviral vector. The shRNA vector targeting L1ICAM
was obtained by insertion of double-stranded oligo:
5-CGGCAGCAAGAGACATATCCACAACTCGAG
TTGTGGATATGTCTCTTGCTGTTTTT-3" into the
Agel and EcoRI sites in the pLKO.1 vector. A non-
target ShRNA plasmid was obtained from Sigma (cat.
No. SHCO016). Lentiviral particles were produced by co-
transfection with pMD2.G and psPAX2 (a kind gift
from Didier Trono) in HEK293T cells as described
previously [93]. Stably transduced cells were selected
after 7 days by growing in media containing 2.5 pg/ml
of puromycin.

RhoA activity measurement

RhoA activity was measured using G-LISA Activation
Assay (Cytoskeleton, Inc). The procedure was
performed according to manufacturer’s protocol.

Determination of cell nuclei polarization

Confluent cell monolayer was scratched by pipette tip.
After 4 hours, cells were stained (live) with the LICAM
antibody, then fixed, permeabilized and stained with
antibody against a marker of MTOC, y-tubulin. For
determination of cell polarization, the position of
MTOC was measured relatively to perpendicular lines
(90°) positioned toward the scratch line [97]. The nuclei
with MTOC present within the perpendicular lines were
considered as polarized.
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Abbreviations

ADAMTSI: a disintegrin and metalloproteinase with
thrombospondin motif 1; ANT2: adenine nucleotide
translocase 2; BrdU: 5-bromo-2'-deoxyuridine; DAPI:
4',6-diamidino-2-phenylindole; FACS: fluorescence-
activated cell sorting; GAPDH: glyceraldehyde 3-
phosphate dehydrogenase; GGT2: gamma-glutamyl-
transpeptidase 2; IFNy: interferon gamma; IL:
interleukin; IR: ionizing radiation; MAPK: mitogen-
activated protein kinase; MCP-1: monocyte chemotactic
protein 1; NFI: nuclear factor I; NFxB: nuclear factor
kappa B; PD: population doubling; PVR: poliovirus
receptor; SASP: senescence-associated secretory pheno-
type; SA-B-gal: senescence-associated beta-galacto-
sidase; SC: senescent cells; SMAD: small mothers
against decapentaplegic; TGFp: transforming growth
factor beta; TIMP3: tissue inhibitor of metallopro-
teinase 3.
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SUPPLEMENTARY MATERIAL

Please browse the Full Text version to see:

Supplementary Table 1. List of proteins with
significantly changed expression identified by mass
spectrometry.

Supplementary Video 1. Wound healing assay of
proliferating BJ fibroblasts.

Supplementary Video 2. Wound healing assay of
replicatively senescent BJ fibroblasts.

prolif. (DOX-) RAS (DOX+)

Supplementary Figure 1. (A) Senescence-associated B-galactosidase staining of BJ fibroblasts brought to senescence by
various means: replicatively senescent (by splitting cell culture in ratio 1:2 until proliferation exhaustion at PD 85), by
treatment of BJ cells (PD 32) with 100 uM BrdU, by irradiation of BJ cells (PD 32; IR, 20 Gy), by exposure of BJ cells (PD 35) to
IFNy (500 U/ml; for 21 days) and by tetracycline-inducible oncogenic H-RAS (see Materials and Methods and reference [94]). (B)
DNA damage response of proliferating (PD 30) and replicatively senescent (PD 85) BJ fibroblasts detected as DNA damage foci
with antibodies against yH2AX and 53BP1. Scale bar, 20 um.

WWwWw.aging-us.com 456 AGING



20 7 I B crl
1 RrRs
15 I

10 —
7

Fold change

3 s

Hk

%k

2 oy

1l I 11

WS TN SR FUR . S 2 N e PO B S P 0 S oW P o
O DA (2T WV (PPl 0L AP ;s e . I DX N ST T aS
NS O QU P EE & éoe"g\x@ Vo O8I0 oo 79
© Q R v
D E G
BJ: Ctl RS
150001 —Jctrl
10000 EEIRS 2
Fibronectin - $
270 kDa - > A 2
X T 5000
c 1
220 kDa 2

fixed cells

1000+
Collagen IV ey 500
200kDa > 0

. fibronectin PVR
150 kDa
PVR F
shL1 shNT
95kDa | W .
o TFIIH
I L B =

Supplementary Figure 1. (C) Transcript levels estimated by real time quantitative RT-PCR in subset of most upregulated hits
obtained by mass spectrometry analysis in proliferating (Ctrl) and replicatively senescent (RS) BJ fibroblasts. GAPDH was used as
a reference gene. Measurements were performed in two independent replicates. p <0.05 (*); p < 0.01 (**); p <0.001 (***), (D)
Immunoblot comparing total protein levels of fibronectin, LLCAM, collagen 1V, integrin a2 and PVR in proliferating (Ctrl) and
replicatively senescent (RS) BJ fibroblasts. oTFIIH was used as a loading control. (E) FACS analysis of surface expression of
fibronectin and PVR in proliferating (Ctrl) and replicatively senescent (RS) BJ cells. (F) Effectiveness of shRNA-mediated
downregulation of LLCAM using lentiviral transduction (shL1) compared to control U20S cells transduced with non-targeting
shRNA (shNT) detected by Western blotting. GAPDH was used as a loading control. (G) Immunofluorescence staining of live
control (shNT) and shL1CAM-treated U20S cells (shL1) with LLCAM antibody (upper row) and after cell permeabilization (lower
row; note that the signal in permeabilized cells is nonspecific). Scale bars, 50 um.
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Supplementary Figure 2. (A) Fluorescence-associated cell sorting of replicatively senescent BJ fibroblasts. Live cells were sorted
according to their surface LICAM level into two subpopulations with low L1CAM and high L1CAM. Scale bar, 50 um. (B)
Immunofluorescence staining of surface LLCAM in sorted BJ fibroblasts (PD 40) and after additional 11 population doublings (PD
51). Scale bar, 50 um. (C) Comparison of proliferation of LLCAM 'high' and 'low' BJ cells sorted by FACS. Quantification of number of
YH2A.X (D) and 53BP1 (E) DNA damage foci per cell nucleus plotted relative to the LICAM surface fluorescent intensity.

Replicatively senescent BJ fibroblasts were presorted according to L1ICAM surface level by FACS (L1ICAM

Meh versus LICAM'™Y). (F)

Cell area of BJ fibroblasts sorted for LLCAM high and low level. (G) FACS analysis of DNA content in replicatively BJ fibroblasts after
knockdown of L1ICAM (right) using propidium iodide staining. Control cells were transfected with non-specific siRNA (siNT; left).
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Supplementary Figure 3. (A) Senescence-associated B-galactosidase staining of PANC-1, PC3, A375, U20S, MRC5, HSF-
1, RPE-1 and DU145 cells brought to premature senescence by BrdU and IR (10 Gy). Scale bar, 50 um. (B) Comparison of
basal LLCAM transcript levels in different cell types calculated as an average GAPDH to L1CAM Ct values ratio.
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Supplementary Figure 4. L1CAM transcript levels (A) and senescence-associated B-galactosidase activity (B) estimated
in mouse cell lines B16F10, TC1, and TRAMPC2 after exposure to docetaxel (0.75 UM, 4 days). Scale bar, 50 um.
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Supplementary Figure 5. (A) Cell cycle arrest after overexpression of cyclin-dependent kinase inhibitors p16 and p21
(induction with doxycycline, DOX+). (B) Senescence-associated P-galactosidase staining of H28 clones after cell cycle
arrest (DOX+). (C) DNA damage markers (yH2AX and 53BP1) staining. Cells irradiated with dose of 1Gy were used as a
staining control (40 minutes after irradiation). Scale bars, 20 um.
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Supplementary Figure 6. (A) mRNA of ANT3, ANT2, and L1CAM after downregulation of ANT3 using RNA interference
in Hela and BJ cells (upper chart) and total LLCAM protein in Hela and BJ cells after downregulation of ANT3 using RNA
interference (lower panel). GAPDH was used as a loading control. (B) Phase contrast microscopic images of A375 cells
after exposure to 500 U/ml IFNy, 10 ng/ml TGFB, or their combination for 4 days. (C) Effectiveness of L1CAM
downregulation by LICAM siRNA in replicatively senescent BJ fibroblasts detected by Western blotting (siNT, control;

L1CAM). GAPDH was used as a loading control. Scale bar, 100 um.
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Supplementary Figure 7. (A) Fluorescence staining of LLCAM (surface labeling) and paxillin (after permeabilization) in
non-sorted replicatively senescent BJ fibroblasts. (B) The ratio of adhesion (paxillin) numbers and area in low LLCAM and
high L1CAM BJ replicatively senescent cells. (C) Circularity of adhesions in individual area categories. (D) Western blot
detecting integrins in low and high LICAM cells (BJ replicatively senescent fibroblasts). f—actin was used as a loading
control. (E) RhoA activity in low and high LLCAM cells. “RhoA control” was part of the kit compounds; as negative control
(NTC) were used cells with overnight serum starvation and control cells (Ctrl) were cells treated with 2 pM
lysophosphatidic acid. (F) Polarization of nuclei after wound healing. Yellow line represents the direction of scratch
(“wound) in cells monolayer. “v’-shaped perpendicular yellow lines for determination of nuclei polarization. Scale bar, 50
um. All experiments were performed in three independent replicates. For statistics, two-tailed Student’s t-test was used.
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ABSTRACT

Diverse stress insults trigger interactions of PML with nucleolus, however, the function of these PML nucleolar
associations (PNAs) remains unclear. Here we show that during induction of DNA damage-induced senescence in
human non-cancerous cells, PML accumulates at the nucleolar periphery simultaneously with inactivation of RNA
polymerase | (RNAP I) and nucleolar segregation. Using time-lapse and high-resolution microscopy, we followed the
genesis, structural transitions and destiny of PNAs to show that: 1) the dynamic structural changes of the PML-
nucleolar interaction are tightly associated with inactivation and reactivation of RNAP I-mediated transcription,
respectively; 2) the PML-nucleolar compartment develops sequentially under stress and, upon stress termination, it
culminates in either of two fates: disappearance or persistence; 3) all PNAs stages can associate with DNA damage
markers; 4) the persistent, commonly long-lasting PML multi-protein nucleolar structures (PML-NDS) associate with
markers of DNA damage, indicating a role of PNAs in persistent DNA damage response characteristic for senescent
cells. Given the emerging evidence implicating PML in homologous recombination-directed DNA repair, we propose
that PNAs contribute to sequestration and faithful repair of the highly unstable ribosomal DNA repeats, a
fundamental process to maintain a precise balance between DNA repair mechanisms, with implications for genomic
integrity and aging.

INTRODUCTION preventing tissue renewal; and secretion of pro-
inflammatory molecules, leading to chronic inflammation

One of the biological processes contributing to aging and and tissue deterioration (reviewed in refs. [1, 2]).

age-related diseases is cellular senescence — a cell
response to various stresses, characterized by protracted
halt of cell cycle due to supra-threshold elevation of
inhibitors of cyclin-dependent kinases (iCdk). Cellular
senescence participates in aging by two main
mechanisms: cell cycle arrest of progenitor cells,

Accordingly, elimination of senescent cells in mice has a
positive effect on their health and lifespan [3, 4]. The
upstream insults leading to senescence via iCdk of Kip
and INK4 families are diverse, encompassing oncogene
activation, oxidative or genotoxic stress, often involving
cytokine signaling, phenomena commonly leading to
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DNA damage and persistent DNA damage response
(DDR; reviewed in ref. [5]). The persistent DDR due to
irreparable or perpetual DNA damage is thought to be the
main mechanism behind most forms of cellular
senescence. The nature of this senescence-associated
DNA damage seems to be complex and multifactorial
though irreparability of telomeres is the factor most
frequently cited [6, 7]. A decade ago, it has been proposed
that rDNA instability is the major determinant of life-span
in budding yeast [8, 9]. Recently, the direct evidence that
damage of ribosomal DNA (rDNA) loci can also cause
senescence has been reported [10, 11].

Nucleolus is a membrane-less organelle formed around
the active rDNA repeats through a biophysical
phenomenon known as liquid-liquid phase separation
[12]. The main function of this compartment is
ribosome biogenesis; however, in recent years, the role
of nucleolus in cellular stress responses has been
increasingly recognized. In short, various stress stimuli
deregulate ribosome biogenesis, which results in
activation of multiple nucleolus-associated molecular
pathways that cause p53-dependent and -independent
cell cycle arrest (reviewed in refs. [13—16]). Dependent
on cellular context, this cell-cycle arrest may ultimately
lead to, or reinforce, senescence [17, 18].

The PML is a structural component of specific nuclear
compartment termed PML nuclear bodies (PML NBs;
[19]) that is comprised of hundreds of proteins and
involved in multitude of cellular functions such as
transcription, posttranslational modifications, protein
sequestration and degradation, antiviral response, DNA
repair, cellular senescence and apoptosis (reviewed in
ref. [20]). PML NBs co-associate with late (irreparable)
DNA damage foci [21-24] characteristic for senescent
cells [25-27]. The exact function of PML and PML
NBs in DNA repair is still under investigation, however,
emerging evidence indicates their involvement in DNA
repair by homologous recombination [25, 28].

Replicative senescence of human mesenchymal stem cells
is associated with interaction of PML with the surface of
the nucleolus [29]. The association of PML with
nucleolus was also observed after treatment of various cell
types with several senescence-inducing stimuli, for
instance mouse and human embryonic fibroblasts with
doxorubicin and  y-irradiation (IR) and human
mesenchymal stem cells (hMSC) with actinomycin D
(AMD; [29-32]). Strikingly, the association of PML with
nucleoli of most cancer cell lines is rather low [29]. Two
general structural types of PML association with the
nucleolus were described after AMD treatment of hMSC
[29]. The first type is characterized by association of PML
with the border of a segregated nucleolus during
functional inactivation of DNA-dependent RNA

polymerase I (RNAP I). The second type termed PML
nucleolus-derived structure (PML-NDS; [29]) is localized
tightly to reactivated/active nucleolus as a structure of
sub-nucleolar size accumulating some nucleolar proteins
and appearing in increasing frequency with time after
AMD removal during pre-rRNA transcription recovery.
Based on indirect evidence, it was proposed that these two
structures resemble two developmental stages of the same
process triggered by nucleolar stress, however, no direct
proof for such concept has been provided.

In this study we employed a long-term live-cell time-
lapse imaging with 3-D image reconstruction and super-
resolution microscopy to provide evidence that the PML
nucleolar compartment is dynamic, including several
structural transition states that are associated with
inactivation and reactivation of nucleolar transcription
during nucleolar stress, respectively. All forms of PML
nucleolar associations including the late forms of PNAs,
the PML-NDS, colocalized with DNA damage markers
indicating a role of PML in DNA repair of nucleoli-
associated rDNA loci. PML-NDS may last for very long
periods of time despite some of them can eventually
lose the DNA damage signal. The persistence of PML-
NDS associated with DNA damage suggests that
irreparable damage of rDNA loci might contribute to
the pool of damaged DNA responsible for maintenance
of the cellular senescent phenotype.

RESULTS

Senescence-inducing doses of doxorubicin provoke
structurally variable association of PML with
nucleoli

Several classes of compounds including topoisomerase
and RNAP [ inhibitors can induce the association of PML
with nucleolus in human non-cancerous cells ([29-32]
and our unpublished data). For the purpose of this study,
we selected the topoisomerase II inhibitor doxorubicin
used clinically as a chemotherapeutic agent for treatment
of several human malignancies as a DNA damaging
agent, and the human telomerase-immortalized retinal
pigment epithelial cell line RPE-1"7ERT a5 an easily
manipulatable non-transformed model. At first, we
determined the senescence-inducing dose of doxorubicin
(0.75 uM) in RPE-1TERT a5 the treatment with the highest
ratio of the extent and variability of PNAs to cell death
(Supplementary Figure 1A). After two weeks, RPE-1"7ER"
cells treated with this dose of doxorubicin developed
cellular senescence as shown by loss of proliferation,
presence of DNA damage detected as yH2A.X foci,
characteristic morphological changes, and positivity for
senescence-associated [B-galactosidase staining
(Supplementary Figure 1B—1E). Senescent cells survived
at least for four weeks without regaining cell proliferation

WWWw.aging-us.com

AGING



(data not shown). The formation of diverse PML
nucleolar associations was followed by wide field
microscopy of formaldehyde-fixed cells harvested at
several time points after doxorubicin addition (12, 24 and
48 hours) and after doxorubicin washout (24 and 96
hours; see scheme in Figure 1A). The relative presence of
specific forms of PNAs resembling caps, forks, circles
and PML-NDS (termed according to their 2-D
appearance) clearly changed during the time of
doxorubicin treatment and washout (Figure 1B, 1C). The
proportion of PML ‘cap-like’ nucleolar structures
dominated in the 12-hour sample and coincided with the
stress-induced elevation of the PML protein levels (note,
unperturbed RPE-1"7ERT cells showed a very low level of
PML and number of PML NBs). The appearance of PML
‘fork-like’ and ‘circle-like’ nucleolar structures followed
the PML caps as could be detected in the 48-hour samples
and these structures persisted even after doxorubicin
removal. PML-NDS were almost undetected until 48
hours after doxorubicin addition, however, their presence
strongly increased after doxorubicin washout and was
associated with the decrease of other PNAs forms as can
be observed at 96 hours after doxorubicin removal. All
forms of PNAs were positive for other constituents of
PML NBs such as Sp100, Daxx and SUMO1 (Figure 1D).
Note, not all cell nucleoli contained PNAs at the same
time and some cells contained nucleoli with different
forms of PNAs simultaneously, indicating asynchronous
changes in functional states of individual nucleoli
(Supplementary Figure 2A, 2B). The formation of PNAs
was not restricted to doxorubicin-treated RPE-1"75R7 cells,
as human mesenchymal stem cells (hMSC) or normal
diploid BJ fibroblasts showed similar extents and patterns
of PNAs formation (Supplementary Figure 2C).

Altogether, this data shows that PML protein can
associate with nucleoli during senescence-inducing
stress to form structurally variable accumulations at
nucleolar periphery. This newly formed PML nucleolar
compartment was relatively stable, however, not all
nucleoli of a given cell were affected at the same time
indicating their asynchronous response to the stress.

Structural transitions of PML nucleolar associations
follow the activity state of the nucleolus

Doxorubicin inhibits rDNA transcription resulting in
nucleolar segregation [33], a well-established nucleolar
restructuring process ensuing inhibition of RNAP I
activity [34]. To link specific types of PNAs to the
RNAP 1 activity, the distribution of RNAP I subunit
PAF49 was followed after the exposure of cells to
doxorubicin by indirect immunofluorescence. As shown
in Figure 2A, the presence of PML caps, forks and
circles was always linked to the PAF49 segregated to
nucleolar periphery pointing to their association with

the RNAP 1 inhibition. In fact, the PML cap-like
structures tightly co-associated with the PAF49
segregated into a structure termed nucleolar cap [34].
This association was even more apparent in the PML
fork-like PNAs where PAF49 localized directly in
between the fork arms (Figure 2A).

The PML-NDS were usually present next to the active
nucleolus, indicating their association with a recovery
of pre-rRNA transcription. Indeed, the gradual onset of
RNAP [ activity after doxorubicin washout was verified
by 5-fluorouridine (5-FUrd) incorporation (see
Supplementary Figure 3A, 3B) when a fraction of 5-
FUrd-positive nucleoli was detected already 3 hours
after doxorubicin washout. 24 hours after drug removal,
most of the nucleoli were 5-FUrd-positive indicating
almost complete restoration of rDNA transcription.
Notably, PML-NDS accumulating B23 and DHX9 were
present in the cells even 17 days after doxorubicin
washout (Figure 2B) indicating their strong association
with long-term cell-cycle arrest and senescent state [29].

The characteristic  feature of the PML-NDS,
distinguishing them from the large PML NBs, is
an accumulation of nucleophosmin (B23), and DNA
helicase II (DHX9) (Figure 2B, 2C; [29]). Sequestration
of these proteins into PML-NDS is most likely a selective
process, as several other nucleolar proteins, such as
fibrillarin, Nopp140, PAF49 and UBF, localized into
PML-NDS only partly or not at all (Supplementary
Figure 4). To test whether the genesis of these
accumulations requires PML, we utilized the RPE-1/7ERT
cells in which PML had been completely ablated by gene
knock-out (PML-KO; [25]). The PML wild-type (PML-
WT) and PML-KO cells were stained for DHX9 and
subjected to quantitative analysis by Olympus ScanR at
96 hours after doxorubicin washout, i.e. at a time-point
when PML-NDS were readily detectable in PML-WT
cells. As shown in Figure 2D, a five times higher number
of PML-WT cells with DHX9 spots — compared to PML-
KO cells — was detected, indicating a functional role of
PML in the formation of PML-NDS. It should be
emphasized that the DHX9 accumulations identified in
PML-KO cells were overall less intense and of irregular
shape (Supplementary Figure 5A), suggesting they
reflected rather random spots of higher DHX9 signal
accumulation, unlikely representing the proper PML-
derived DHX9 accumulations. To elucidate whether
DHX9 might be primed for degradation in PML-NDS, we
measured the total protein level of DHX9 in PML-WT
and PML-KO cells at several time-points after
doxorubicin addition and found that even though DHX9
was gradually degraded after doxorubicin treatment, the
degradation was not dependent on PML, as there was no
significant difference in DHX9 level between PML-WT
and PML-KO cells (Supplementary Figure 5B).
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Figure 1. Time-dependent differences in structural forms of PML nucleolar associations induced by doxorubicin. As
schematically depicted (A), RPE-1"5RT were treated with 0.75 uM doxorubicin and diverse types of PNAs were quantified by analysis of
microscopic images in several time-points as indicated in the scheme. (B) Representative images of structural categories of PNAs obtained by
wide-field indirect immunofluorescence microscopy of nuclei immunostained for PML (green). Nuclear and nucleolar compartments were
visualized with DAPI (blue) and TOTO-3 (red), respectively. The images were captured with 63x/1.4 objective. Bar, 10 um. (C) The percentage
of cells containing specific structural subtypes of PNAs categorized as 'circles', 'caps', 'forks' and 'PML nucleoli-derived structures' (PML-NDS)
was estimated. Over 200 cells in three biological replicates were evaluated for each time-point. Results are presented as a mean + s.d. (D)
Indirect immunofluorescence showing the colocalization of PNAs with proteins of PML nuclear bodies (PML-NBs). PML (green) and PML-NBs
proteins (red) are visualized with respective antibodies, the nucleus was stained with DAPI (blue) and the nucleolus with TOTO-3 (cyan). The
images were captured with 63x/1.4 objective. Bar, 10 um.
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Altogether, these findings indicate that the structural
changes of PML nucleolar compartment reflect the state
of rDNA transcription inhibited by the topoisomerase
inhibitor doxorubicin, when PML can associate with
either of the two distinct nucleolar states: inactive
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(segregated) or reactivated nucleolus. The Ilatter is
represented as small relatively long-lived nucleolar
accessory structures (PML-NDS) with PML-dependent
accumulation of specific proteins such as DHX9 and
localization juxtaposed to the reactivated nucleolus.
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Figure 2. The association of specific subtypes of PNAs with different functional states of nucleoli. (A) The activity of RNAP |,
evaluated as relocalization (segregation) of RNAP | subunit PAF49 and the presence of specific forms of PNAs were visualized by wide-field
immunofluorescence microscopy of PAF49 (red) and PML (green) in RPE-1""ERT during different time-points of doxorubicin-treatment
(0.75 uM) and its removal (WO). The insets show selected nucleoli with different states of RNAP I. Bars, 10 um for whole cells and 4 um for
insets. (B) Long-term persistence (17 days after doxorubicin removal) of PML-NDS marked by PML (green) with accumulations of nucleolar
proteins DHX9 and B23 (both in red). Bar, 10 um. (C) Accumulation of B23 and DHX9 inside PML-NDS was visualized by immunostaining with
respective antibodies (accumulated proteins — red, PML — green). Nuclei (A—C) and nucleoli (C) were visualized by DAPI (blue) and TOTO-3
(cyan), respectively. The images were captured with 63x/1.4 objective. Bar, 10 um. (D) RPE-1""EfT PML-WT and PML-KO cells were treated
with 0.75 uM doxorubicin for 48 hours; after that doxorubicin was removed and the cells were further cultured. 96 hours after doxorubicin
washout the cells were fixed, stained with antibodies against DHX9 and PML and imaged with the Olympus ScanR microscope. The
occurrence of cells with DHX9 accumulations were analyzed by the ScanR analysis software. The relative occurrence of cells with
accumulations of DHX9 is shown. Two biological replicates were evaluated. Results are presented as a mean + s.d.
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High-resolution 3-D structures of individual PNAs

To obtain detailed information about a 3-D structure of
PNAs, we performed live-cell imaging analysis of RPE-
IMERT cells stably expressing EGFP-PML IV, a PML
isoform with the highest capacity to form PNAs after
doxorubicin  [31], wusing structured illumination
microscopy (SIM) after doxorubicin treatment. We
noted that in 3 dimensions, the structures represented in
2-D as caps, circles and forks were in fact bowls and
hollow balloons and funnels, respectively (Figure 3A—
3C and Supplementary Videos 1-3). Importantly, we
could clearly differentiate the two distinct shapes,
balloons and funnels, confirming that the formerly
observed circles and forks are not the same type of PNA

A B
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PML fork

EGFP-PML IV

CTRL

Nucleolus #1

EGFP-PML IV EGFP-PML IV
RFP-B23 RFP-B23
SiR-DNA dye SiR-DNA dye

EGFP-PML IV

seen from different angles but rather two structurally
separate types of PNAs.

To unambiguously dissect the position of the PNAs
relative to nucleoli, we employed SIM on doxorubicin-
treated live cells expressing ectopic EGFP-PML 1V, and
RFP-B23 as a nucleolar marker. In this setting, we could
observe that both the balloons and the funnels undeniably
enclose the nucleolus (Supplementary Figure 6A, 6B).
Furthermore, we confirmed that also PML-NDS contain
nucleolar material. The RFP-B23 signal inside PML-
NDS was very dense without observable small pores;
whereas the RFP-B23 signal in adjacent nucleoli was less
intense with numerous pores and holes, resembling the
nucleoli of untreated cells (Figure 3D). On the other

Cc

48 h doxo
PML circle

EGFP-PML IV

24 h WO

Figure 3. Three-dimensional reconstruction of structural subtypes of PNAs. High resolution live-cell structured illumination
microscopy of the cap- (A), fork- (B) and circle-like (C) PNAs of RPE-1"TERT cells stably expressing the EGFP-PML IV isoform harvested 24 and 48
hours after doxorubicin-treatment. Central layer of the whole cell (upper images; bar, 5 um) and central layer of respective type of PNAs
(lower-left images; bar, 2 um) are shown together with reconstructed 3-D images (lower-right images) from 28 (cap), 30 (fork) and 54 (circle)
layers using Imagel) 3D viewer plugin. (D) High resolution live-cell SIM images of RPE-1""£*T stably expressing EGFP-PML IV and RFP-B23. A
control untreated cell (left) and a cell containing PML-NDS, imaged 24 hours after doxorubicin washout (right). The central layer of whole
cells (bar, 10 um) are shown together with three insets of nucleoli (1 layer for the nucleolus of control cell and 16 layers for the nucleoli with

adjacent PML-NDS; bar, 4 um). DNA was labeled with SiR-DNA dye.

WWWw.aging-us.com

AGING



and balloon-like PNAs indicating their similar metabolic
state (Supplementary Figure 6A, 6B). To exclude
artifacts that could result from the use of ectopically
expressed fluorescently tagged PML protein, we hand,
the density and structure of RFP-B23 in the PML-NDS
was comparable with RFP-B23 enclosed in funnel-
employed stimulated emission depletion (STED) super-
resolution microscopy of fixed cells with endogenous
PML and B23 stained by indirect immunofluorescence.
Although the sample preparation caused reduction of
cell volume and compromised the continuity of the
PML shell, we could still detect the PML signal around
the whole nucleolus, confirming our SIM data
(Supplementary Figure 6C, 6D).

Overall, using two super-resolution techniques, we
confirmed that the PML can form several structurally
variable interactions with the nucleolar periphery.

Evolution and fate of ‘early’ PNAs

To track the genesis of the PNAs formation and to
assess whether there is a direct temporal relation/
continuum among their individual subtypes we followed
the development of the PNAs in RPE-1"7ERT cells stably
expressing the EGFP-PML 1V by live-cell imaging after
doxorubicin exposure (0.75 pM). In concert with the
results showed above in Figure 1C, the cap-like
accumulations of otherwise diffuse PML at the
nucleolar periphery at 4.5 hours after doxorubicin
addition, were the first type of PNAs that appeared (see
Figure 4A and complementary Supplementary Videos
4-7). It should be emphasized that new caps emerged in
cells continuously during the whole monitoring time (60
hours) after doxorubicin addition, indicating that the
signal for the formation of PNAs is not limited to the
specific time but present for a long time period. The
percentage of cells with the new cap peaked around 28
hours after doxorubicin addition suggesting the period
of the highest manifestation of the signal for PNAs
formation (Figure 4B).

The caps then gradually evolved into either the fork-like
structures or the circles but a reversion between the
forks and circles was observed as well (see Figure 4C
and complementary Supplementary Videos 8-11).
Figure 4D shows quantification of a proportion of
individual PNAs during the entire monitored period of
72 hours divided into three intervals: 1-24, 24-48 and
4872 hours. The total extent of PNAs formation was
highest in the 24—48-hour interval consistently with the
non-continuous, time-course end-point observations of
the PNAs formed by endogenous PML (Figure 1C). The
stability and frequency of transitions among specific
PNAs during 72 hours of doxorubicin exposure is
shown in Figure4E. The most frequent PNAs

transitions observed were cap-to-fork, the less frequent
cap-to-circle, fork-to-circle and circle-to-fork. Based on
quantitative evaluations it was also evident that most
forks and circles were stable over 5 hours.

Altogether, the time-lapse analysis revealed that the
formation of PNAs started by the accumulation of the
initially diffuse PML on the pole of the nucleolus and
the signal for such association persisted over several
days after stress initiation. This data also clearly
demonstrates that structurally different PNAs are
actually temporally distinct, dynamic developmental
stages of newly formed PML nucleolar compartments.

Genesis, stability and fate of late PNAs: PML-NDS

As shown above, PML-NDS represent the specific type
of PML nucleolar associations that developed as the
final structural subtype after stress initiation, in
connection with stress release (drug removal) and rDNA
transcription re-initiation. To trace unambiguously the
evolution and fate of such PML-NDS structures, the
RPE-1"ERT cells expressing EGFP-PML IV together
with B23-RFP as a nucleoli-specific marker were
exposed to doxorubicin for 48 hours and followed by
time-lapse imaging divided into two capture sessions of
2—15 and 24-34 hours after the drug removal. As shown
in Figure 5A and Supplementary Video 12, PML-NDS
originated predominantly from forks by stripping and
enclosing a part of nucleolar material from originally
segregated nucleolus immediately after the drug
removal. The first PML-NDS were detected 3 hours
after the drug removal and they continued to appear
during the next 12 hours, indicating that the signal for
fork transformation into the PML-NDS lasted during the
early period of drug washout (Supplementary Figure 7A)
concurrently with the recovery of RNAPI activity
(Supplementary  Figure 3). As documented in
Supplementary Figure 7B, the lifetime of PML-NDS
was variable, from 0.8 to 13 hours. Note the exact
estimation of PML-NDS lifetime was partly limited due
to escape of some cells from the visual field or
emergence of some PML-NDS close to the end of the
capture interval. However, we can conclude that the
maximal lifetime of single PML-NDS was at least 13
hours. The destiny of PML-NDS was variable (see
Figure 5B for quantitative cumulative data and
Supplementary Figure 7B for the fate of individual
PML-NDS). Thus, whereas most PML-NDS were quite
stable (74 and 61% in 2—-15- and 24-34-hour interval,
respectively; Figure 5C and Supplementary Video 13),
another three, less frequent modes of their fate were
recorded: 1) fusion with the nucleolus with simultaneous
reduction of PNAs into the residual regular PML nuclear
body (6 and 21% in 2-15- and 24-34-hour interval,
respectively; Figure 5D and Supplementary Video 14),
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2) stripping of PML into PML NBs with persistence of
B23 (14% in both intervals; Figure S5E and
Supplementary Video 15), and 3) fusion with the fork-
like PNAs (6 and 4% in 2—15- and 24-34-hour interval,
respectively; Figure SF and Supplementary Video 16).

Hence, the PML-NDS appeared apparently as the final
stage of the transition sequence of cap/fork/PML-NDS

>

5 min capture interval
—_—

4.5

>

=

(see Figure 5G for scheme). Note, however, that we also
detected de novo initiation of this complete sequence
during the doxorubicin removal phase (Supplementary
Figure 7C and Supplementary Video 17). The PNAs
transition sequence from the cap to the PML-NDS after
doxorubicin removal lasted between 2-6.5 hours;
nevertheless, an incomplete PNAs transition sequence
could be observed as well.
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Figure 4. Structural transitions of PNAs subtypes. RPE-1""57 stably expressing EGFP-PML IV were analyzed by live-cell imaging in three
consecutive capturing sessions spanning 2—24, 24-48 and 48-72 hours after doxorubicin treatment (0.75 uM). (A) Series of sequential images
of four individual cap formations (cap#1-4) that initiated 4.5, 9.5, 43 and 63 hours after doxorubicin addition. (B) Plot of all genesis of PML-
caps recorded during three capturing intervals. Dots represent de novo formation of individual PML-caps. (C) Time-dependent evolution and
transition of subtypes of PNAs. The four characteristic transitions — 'cap-to-fork', 'cap-to-circle', 'fork-to-circle' and 'circle-to-fork' — are
represented by series of sequential images. The initiation of capturing and the length of recorded time (in parentheses) are given for each
type of transition. (D) The quantitative distribution of specific subtypes of PNAs in three capturing sessions (see Figure 1B for comparison). (E)
The quantitative distribution of specific PNAs subtype transitions in three capturing sessions. The PNAs that did not change for over 5 hours

were considered as stable. Bars, 4 um.
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Figure 5. The genesis, stability and fate of PML-NDS. RPE-1""6RT stably expressing EGFP-PML IV (green) and RFP-B23 (red) were
treated with 0.75 uM doxorubicin for 48 hours and analyzed by live-cell imaging after doxorubicin washout (up to 34 hours) for the
presence of PML-NDS. (A) Series of sequential images mapping the genesis of PML-NDS. (B) Comparison of proportional representation of
PML-NDS fates between two time-lapse capturing sessions (experiment I: 2-15 and 24-34 hours; experiment Il: 2-14 and 24-30 hours)
after drug removal. Four different fates of PML-NDS were monitored: persistence (no change) (C), fusion with nucleolus (D), stripping of
PML with B23 persistence (E), and fusion with fork-like PNAs (F). EGFP-PML 1V, green; RFP-B23, red; bars, 4 um. The initiation of capturing
and the length of recorded time are given for each type of transition. (G) Schematic representation of PNAs transmutations recorded by
time-lapse microscopy. The bold arrows show the main transition pathways observed.

It should be stressed that PML-NDS were the only
PNAs structures present when very low doses of
doxorubicin (0.075 and 0.375 uM) were applied (see
Supplementary Figure 1A), suggesting that a low-level
nucleolar stress may induce them directly, without the
preceding stages of the PML nucleolar associations
(caps, forks, circles), i.e. in a transient period of
inhibition of RNAPI activity and nucleolar
segregation. Whether these two forms of PML-NDS are
functionally equivalent or not needs to be further
elucidated.

To conclude, the formation of PML-NDS was linked to
restoration of nucleolar activity by transition from early
PML nucleolar associations in a process comprising a
separation of a part of nucleolar and nucleoplasmic
content into a detached body. This structure can either
fuse with nucleolus or persist for a long time, the latter
pattern indicating a block or irreversibility of a normal
PNAs transition sequence.

PNAs co-associate with DNA damage foci

As PML nuclear bodies associate with irreparable DNA
damage foci [21-24] characteristic for senescent cells
[25, 26] and doxorubicin induces DNA damage and
DNA damage response (DDR), we analyzed next
whether there is an association of the PNAs with a
DNA damage marker, histone H2A.X phosphorylated
on serine 139 (yH2AX; [35]). Using confocal
fluorescence microscopy, we found that 48 hours after
doxorubicin addition all types of PNAs (caps, forks,
circles and PML-NDS) associated with YH2AX signal
(Figure 6A). Furthermore, to examine whether all the
PML-NDS stay in contact with the DNA lesions
we compared the cells 48 hours after addition of
doxorubicin with those 24 and 96 hours after
doxorubicin washout. We found out that all PML-NDS
captured before doxorubicin washout (i.e. 48 hours
after doxorubicin addition) associated with yH2AX,
which was very similar to the sample obtained 24 hours
after doxorubicin washout (the YH2AX signal was not
detected only in one PML-NDS from 13 captured).
However, 96 hours after doxorubicin washout only
60% of analyzed PML-NDS (n = 14) contained
detectable YH2AX signal (Figure 6B).

The association of early PNAs with YH2AX was further
assessed by super-resolution microscopy. Using the
STED microscopy, a clear co-association of the PML
with YH2AX on the nucleolar border was detected
(Figure 6C). Intensity profiling of STED images of cap-
, fork-, circle-like and PML-NDS forms of PNAs
(Supplementary Figure 8) showed both overlapping and
flanking patterns of both signals, the latter indicating
similar juxtaposition of the PML to the DNA damage
foci as described for the nuclear PML NBs/DNA
damage lesions [25].

To conclude, the PNAs formed and localized closely with
the DNA damage lesions at the nucleolar periphery in
cells exposed to doxorubicin. These findings indicate that
PML can be involved in the repair of lesions formed
either in rDNA or DNA in the close proximity to rDNA
arrays. The persistence of DNA damage response close to
nucleoli suggests that the damage of nucleolus-associated
DNA can contribute to the pool of irreparable DNA
lesions responsible for senescence induction.

DISCUSSION

Cellular senescence emerges as an important factor
contributing to aging and aging-associated diseases (for a
review, see ref. [2]). Mechanistically, cellular senescence
is a long-lasting cell cycle arrest due to prolonged activity
of cell cycle checkpoints. DNA damage is considered as a
key upstream activator of checkpoint response of
senescent cells, however, the nature of the DNA
“irreparability” or DDR signaling persistency has not
been fully resolved yet. The elucidation of the causal
mechanisms of cellular senescence might facilitate a
discovery of new approaches to control aging.

The interaction of PML with nucleolar components was
reported as a characteristic feature of replicative
senescence of human mesenchymal stem cells [29]. In
our present study, as a basic prerequisite for
understanding the role of the PML-nucleolar
subcompartment in development of cellular senescence,
we analyzed the genesis and dynamics of PML-
nucleolar structures in the context of premature
senescence induced by the chemotherapeutic drug
doxorubicin. Employing live-cell imaging time-lapse
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and high-resolution microscopy, we have found that 1)
the dynamic changes of PML-nucleolar associations are
intimately linked to inactivation and reactivation of
RNAPI transcription, respectively; 2) the PML-
nucleolar compartment develops dynamically in a
sequence of events that includes structurally distinct, yet
temporally linked PNAs, eventually leading to either

their resolution or persistence; 3) all the PNA subtypes
associate with the markers of DNA damage; 4) the
long-lasting PML nucleolar structures (PML-NDS) also
commonly associate with markers of DNA damage,
thereby implicating the PNAs in persistent DDR typical
of senescent cells; and 5) the formation of such PNAs
depends on intact PML.

48 h doxo

Circle PML-NDS

96 h WO

yH2AX-positive yYH2AX-negative

PML-NDS

A
Cap Fork
DAPI
PML
yH2AX
TOTO-3 D
B 24 h WO
PML-NDS: yYH2AX-positive yH2AX-negative
DAPI
PML
yH2AX
TOTO-3
C
Cap
DAPI
yYH2AX
PML

Figure 6. PNAs colocalize with persistent DNA damage foci. Co-association of DNA damage foci and PNAs detected by yH2AX (green)
and PML (red) immunostaining, respectively, in RPE-1""ERT treated with 0.75 pM doxorubicin for 48 hours (A) and 24 and 96 hours after drug
removal (B). Higher magnifications of confocal microscopic images of PML/yH2AX co-associations (insets) are shown in the lower rows. Bars,
10 uM for the whole cells and 3 uM for the insets. (C) High resolution STED microscopic images of PNAs/yH2AX co-associations in RPE-1"TERT
treated with 0.75 uM doxorubicin for 48 hours and followed for PML-NDS appearance 24 hours after drug removal (WO). Nuclei are stained

with DAPI (blue). Bars, 4 pM.

WWWw.aging-us.com

AGING



We provide evidence that the PML nucleolar
compartment undergoes continuous structural
reorganizations associated with the repression of RNA
polymerase I activity. It was reported that after RNAP 1
inhibition by actinomycin D or after rDNA damage,
several proteins including subunits of RNAP I and also
rDNA relocate from nucleolar interior to the nucleolar
periphery forming the so-called nucleolar cap [34, 36, 37].
Importantly, we revealed an intimate relationship between
the ‘cap’ and ‘fork’ subtypes of PNAs with the canonical
nucleolar caps (i.e. those formed by segregated PAF49),
where the PNAs form structural shields/covers juxtaposed
to nucleolar caps, a scenario suggesting that the cap-
specific factors could interact with the PML.
Nevertheless, despite all nucleoli were segregated at the
specified time, only fraction of them formed the PNAs.
This indicates that individual nucleoli could be in different
functional states, and that the nucleolar segregation itself
is not sufficient to provide the signal for accumulation of
PML at the nucleolar surface, a process that seems to
require an additional factor(s).

The dynamic nature of the structural reorganization of
PNAs reported here raises a question about forces
governing the process. The PML nuclear bodies and
nucleoli are membrane-less compartments and it is
postulated that the chemico-physical nature of formation
of these structures is a liquid-liquid phase separation
([12], for reviews, see refs. [38, 39]). It should be
emphasized that the PML interacts with the nucleolus
only under specific stress conditions. Ectopic
(over)expression of the PML isoforms was insufficient to
establish PML interaction with the nucleoli (our
unpublished data) indicating that this interaction was not a
result of a saturation of the PML NB compartment.
Moreover, the formation of asymmetric funnel-like shape
PNAs can be hardly accounted for by liquid-liquid phase
separation as a sole mechanism of its genesis. Although
the forces behind the transition sequence of PNAs are
unknown, several mechanisms including the asymmetric
flux of ribosome biogenesis components linked to the
asymmetry of segregated nucleolus, perinucleolar
chromatin movement or an involvement of mechanical
forces of nucleolar motors during the DNA damage
response and repair (see further) can be assumed.

Arguably the most intriguing feature of the PNAs was
their intimate and long-term co-association with markers
of the DNA damage. Even the early-stage PNAs were
positive for phosphorylated histone H2AX. From the
dynamics of PNAs and the presence of DNA damage
foci in a fraction of the persistent PML-NDS we assume
that during the cap/fork/PML-NDS transition sequence
the PML concentrates the damaged DNA originally
spread on nucleolar surface to one pole of the nucleolus,
the tip of the funnel-like structure, which is then further

detached from the functionally restored nucleoli into a
separated structure, PML-NDS. Such sequestration of
damaged DNA could serve as a mechanism protecting
the interference of ongoing DNA repair with
reestablished nucleolar transcription. Notably, recent
evidence indicates that B-actin and nuclear myosin I are
the factors necessary for repositioning of RNAP I and
rDNA back into nucleolar interior after successful
completion of rDNA repair [40]. Whether also the
structural transitions of PNAs are the results of similar
mechanical forces should be explored.

The last stage of PNAs, the PML-NDS, emerges almost
exclusively from the tip of the funnel-shaped PNAs
during stress release (here drug removal). The presence of
highly concentrated proteins such as DHX9 and B23 in
these structures indicates ongoing active sequestration of
nucleolar factors into this structure. The force behind the
genesis of PML-NDS might be a tendency of PML to
form a balloon-like structure with the lowest energy state
like in the PML NBs. Alternatively, the transmutation of
funnel-like PNAs into PML-NDS may be a consequence
of the transition of segregated nucleolus into the active
one. Reactivation of nucleoli is accompanied by volume
growth and reorganization of the nucleolar interior that
may cause an alteration of nucleolar surface weakening
the interactions essential for maintenance of the PNAs.
However, the external (mechanical) forces cannot be
excluded either.

The further fate of the DNA segregated in PML-NDS
may be multiple, including its degradation or repair,
consistent with the notion we present here, namely that
only a fraction of PML-NDS remains positive for
phosphorylated histone H2AX at later time-points after
doxorubicin washout.

We observed that a significant subset of PML-NDS decays
by three distinct mechanisms which, however, could
be functionally equivalent. We propose that a loss of
phosphorylated histone H2AX from the PML-NDS or a
disappearance of the whole PML-NDS reflect a successful
DNA repair event, whereas those PML-NDS remaining
persistently positive for phosphorylated histone H2AX
likely highlight persistence of unrepaired rDNA lesions.

Notably, some PML-NDS can persist for very long time
periods (at least 17 days after doxorubicin washout). This
is further underscored by the presence of PML-NDS in
senescent cells [29], the co-association of PML NBs with
persistent DNA lesions [26], and the recent evidence that
an introduction of DNA double strand breaks into rDNA
loci results in premature senescence [10], all indicating
that nucleoli-associated chromatin is, besides telomeric
loci [6, 7, 41], another type of DNA locus sensitive to
specific senescence-inducing genomic damage.
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The exact function of PML in the DNA repair is still
under investigation. Recent evidence points to the
involvement of PML and PML nuclear bodies in
homologous recombination-directed DNA repair (HDR;
[25, 28]). Boichuk et al. showed that knockdown of
PML affected HDR efficiency, possibly reflecting an
inability to accumulate several HDR proteins (Rad51,
Mrell and BRCAL) in DNA lesions [28]. Recently,
Vancurova et al. reported that PML knockout cells
revealed higher sensitivity to treatments causing DNA
lesions requiring repair by HDR [25]. Both findings
indicate that PML may modulate the HDR and thus the
cell fate under genotoxic stress. As shown recently,
proteins of both pathways (NHEJ and HR) colocalized
with DSB presented in rDNA [36, 37, 42]. Warmerdam
et al. implied that HR-directed repair can block the
repair of rDNA breaks inserted by I-Ppol or
CRISPR/Cas9 and when HR is involved in repair of
such rDNA breaks the rDNA copy number is
significantly reduced [42]. In general, HDR is
considered less erroneous compared to NHEJ [43],
however, in case of rDNA, there is a substantial risk of
recombination event occurring between two rDNA
repeats in trans or cis, resulting in extensive
translocations and deletions, both leading to genomic
instability [42]. Nevertheless, the several variants of
HDR pathways were described [44, 45] and some of
them may specifically participate in rDNA maintenance
by proper repair of rDNA, as was proposed recently
[46, 47]. One of the regulators of HDR is BLM helicase
[48-51], depletion of which destabilized rDNA [52].
Notably, our results indicate that BLM accumulated in
PNAs (see Supplementary Figure 9) implying that
PNAs may modulate the local concentration of proteins
involved in DDR and thus contribute to regulation of
HDR. Altogether, it can be proposed that the PNAs are
involved in a specific form of DNA repair, likely of
difficult-to-repair DNA breaks in damaged rDNA
repeats. Although a direct evidence that PML associates
with damaged rDNA loci was not provided, the findings
that the damage of ribosomal DNA is linked to
relocation of rDNA to nucleolar caps [36, 37, 53]
underscores such notion.

In conclusion, the interaction of PML with the
nucleolus is a dynamic process linked to inactivation of
RNA polymerase I, with the ensuing nucleolar
segregation in response to stress. The association of
PML nucleolar compartment with the tDNA damage
lesions implicates the dynamic PNA structures reported
here in DNA repair and separation of unrepaired DNA
from nucleoli especially during the period of subsiding
stress and reconstitution of nucleolar function. Whether
senescence-inducing insults other than those examined
here, such as oncogene-induced stresses that are
associated with enhanced PML bodies accumulation

[54] and DNA breakage [55] also lead to formation of
PML-NDS reminiscent of those we describe in this
study, remains to be elucidated.

MATERIALS AND METHODS
Chemicals and antibodies

4',6-diamidino-2-phenylindole (D9542), doxorubicin
hydrochloride (D1515), 5-fluorouridine (F5130), G418
disulfate salt (G5013) and puromycin dihydrochloride
(P7255) were obtained from Sigma-Aldrich/Merck
(Darmstadt, Germany); Click-iT EdU Alexa Fluor 488
Imaging Kit (C10337) and TOTO-3 (T-3604) were
obtained from Thermo Fisher Scientific (Waltham, MA,
USA); SiR-DNA dye (SC007) was purchased from
Spirochrome (Stein am Rhein, Switzerland); Antifade
Pro-long Gold Mounting Media (AF-400-H) was
obtained from Immunological Sciences, Rome, Italy).
Specification of primary and secondary antibodies used
throughout the study is listed in Supplementary Table 1.

Cell culture

Immortalized human retinal pigment epithelial cells
(RPE-1"TERT - ATCC), RPE-1""ER" PML knockout cells
[25], RPE-1"TERT cells stably expressing EGFP-PML IV
or EGFP-PML 1V together with RFP-B23, and primary
human diploid fibroblasts (BJ, ATCC), all checked for
absence of mycoplasma infection, were cultured in
Dulbecco’s modified Eagle's medium (Gibco/Thermo
Fisher Scientific, Waltham, MA, USA) containing 1.5 g/L
(BJ) or 4.5 g/L (RPE-1) glucose and supplemented with
10% fetal bovine serum (Gibco/Thermo Fisher Scientific,
Waltham, MA, USA) and antibiotics (100 U/mL
penicillin and 100 pg/mL streptomycin sulfate, Sigma, St.
Louis, MO, USA). Primary human mesenchymal stem
cells (hMSC, ATCC) were grown in mesenchymal stem
cells growth medium (composed of medium PT 3238 and
supplements PT 4105, Lonza, Basel, Switzerland). The
cells were cultivated in normal atmospheric air containing
5% CO; in a standard humidified incubator at 37°C, on a
tissue culture dish (TPP Techno Plastic Products AG,
Trasadingen, Switzerland). Doxorubicin was used at final
concentrations 0.75, 0.375 or 0.075 uM

Plasmid construction and lentiviral transduction

For stable expression of PML isoform IV tagged with
EGFP at N-terminus, lentiviral vector pCDH-EGFP-
PML IV was prepared as follows: PCR-amplified PML
IV ¢cDNA was inserted into Hincll-digested pGEM4z
plasmid (P2161, Promega, Madison, WI, USA) and
PML IV was subsequently excised and inserted into
pEGFP-C3  plasmid (6082-1, Clontech/TaKaRa,
Kusatsu, Shiga, Japan) via the Hindlll/BamHI sites.
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Finally, EGFP-PML IV was excised and inserted into
the Bmtl/BamHI sites of pCDH-CMV-MCS-EF1-Puro
vector (CD510B-1, System Biosciences, Palo Alto, CA,
USA). For stable expression of B23 tagged with RFP at
N-terminus, lentiviral vector pCDH-RFP-B23 was
prepared as follows: RFP-B23 was excised by
BamHI1/Nhel from the mRFP-C2-B23 plasmid that was
kindly provided by A. Holoubek [56]. The fragment
was inserted into pCDH-CMV-MCS-EF1-Neo vector
(CD514B-1, System Biosciences, Palo Alto, CA, USA),
digested by the same restriction enzymes. The stable
RPE-1"TERT cell lines expressing EGFP-PML IV and
RFP-B23 were generated by lentiviral infection using
the respective pCDH-CMV-MCS-EF1 vectors and
subsequent selection with puromycin (15 pg/mL) and
neomycin (1.12 mg/mL). Afterwards, the cells were
sorted for low expression of the fluorescence markers
using a cell sorter (BD Influx Cell Sorter, BD
Biosciences, San Jose, CA, USA).

Indirect immunofluorescence, confocal microscopy,
ScanR microscopy and stimulated emission
depletion (STED) microscopy

Cells grown on glass coverslips were fixed with 4%
formaldehyde in PBS for 15 min, permeabilized in 0.2%
Triton X-100 in PBS for 10 min, blocked in 10% FBS
in PBS for 30 min, and incubated with primary
antibodies for 1 hour, all in RT. In case of BLM
staining, pre-extraction with a specific pre-extraction
buffer (0.5% Triton X-100, 20 mM HEPES pH 7.4, 50
mM NaCl, 3 mM MgCI2, 1 mM PMSF, 10 mM B-
glycerol phosphate) for 10 min was done before cell
fixation. After that, cells were washed three times 5 min
in PBS, and secondary antibodies (Alexa Fluor 555
used specifically for STED) were applied in RT for
1 hour. For some experiments, TOTO-3 was applied
together with secondary antibodies. Subsequently, cells
were counterstained with 1 pug/mL DAPI for 2 min,
washed 3 times with PBS for 5 min, let dry and
mounted with Antifade Pro-long Gold Mounting Media.
The wide-field images were subsequently acquired on
the Leica DM6000 fluorescent microscope using the
HCX PL APO 63x/1.40 OIL PH3 CS and HCX PL
APO  40x/0.75 DRY PH2 objectives and
monochromatic CCD camera Leica DFC 350FX (Leica
Microsystems GmbH, Wetzlar, Germany); the confocal
images were acquired on microscope DMI6000 with
laser scanning confocal head Leica TCS SP5 AOBS
Tandem, using the HC PL APO 63%/1.40 OIL CS2
objective (Leica Microsystems GmbH, Wetzlar,
Germany). High-content image acquisition was done on
the Olympus IX81 microscope (Olympus Corporation,
Tokyo, Japan) equipped with ScanR module using the
UPLFN 40%/1.3 OIL objective and sCMOS camera
Hamamatsu =~ ORCA-Flash4.0 V2  (Hamamatsu

Photonics, Shizuoka, Japan). The data were analyzed in
ScanR  Analysis software (Olympus Corporation,
Tokyo, Japan). The DHX9 accumulations and YH2AX
foci were detected by the Spot detector function. The
percentage of cells containing 3—15 YH2AX foci was
counted from EdU-negative cells only, since untreated
S-phase cells often exhibit high YH2AX signal and
would therefore perturb the analysis. For super-
resolution STED microscopy, the cells were mounted
with glycine/N-propyl gallate and imaged on the
microscope DMi8 with laser scanning confocal head
Leica TCS SP8 and STED 3X module using the HC PL
APO100%/1.40 OIL STED WHITE CS21 objective.
Image deconvolution of confocal and STED images was
done using Huygens Professional software (Scientific
Volume Imaging B.V., Hilversum, The Netherlands).

Live-cell structured illumination microscopy (SIM)
and time-lapse microscopy

RPE-1"TERT cells stably expressing EGFP-PML IV or
EGFP-PML IV and RFP-B23 were seeded on glass-
bottom plastic dishes (HBST-3522, WillCo Wells,
Amsterdam, The Netherlands) and cultivated in
FluoroBrite™ DMEM (A1896701, Gibco/Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10%
FBS. This medium was also used instead of classical
DMEM for all indicated doxorubicin treatments and
removals. For super-resolution SIM microscopy, 1 pM
SiR-DNA dye was added to the cells at least 1 hour before
capturing and the live cells were then imaged on the
DeltaVision OMX™ V4 imaging system with the Blaze
SIM Module (Applied Precision/GE Healthcare, Chicago,
IL, USA), using the PLAN APO N 60%/1.42 OIL
objective (Olympus Corporation, Tokyo, Japan) and
pco.edge 5.5 sCMOS cameras (PCO AG, Kelheim,
Germany). Image reconstruction and registration was
done in softWoRx software (Applied Precision/GE
Healthcare, Chicago, IL, USA). For time-lapse
microscopy, the live cells were imaged on the inverted
fluorescence  Olympus microscope version IX-71
(Olympus Corporation, Tokyo, Japan) coupled with the
Delta Vision Core system (GE Healthcare, Chicago, IL,
USA), using the U APO/340 40x/1.35-0.65 CORR OIL
objective (Olympus Corporation, Tokyo, Japan) and
CoolSANP HQ CCD camera (Teledyne Photometrics,
Tucson, AZ, USA). All live-cell imaging was done at
37°C in normal atmospheric air containing 5% COs.
Tracking of selected cells was done post-imaging in
Imagel, using the Resolve3D plugin.

5-Fluorouridine incorporation assay
Cells were incubated with 1 mM 5-fluorouridine (5-FUrd)

for 30 min, at indicated time-points after doxorubicin
treatment and removal. After that, cells were fixed with
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4% formaldehyde at RT for 15 min and the 5-FUrd
incorporation was visualized using anti-BrdU antibody
cross-reacting with 5-FUrd. The standard protocol for
immunofluorescence described above was used.

Cell proliferation assay

Cells were incubated with 10 uM S5-ethynyl-2'-
deoxyuridine (EdU) for 6 hours and fixed with 4%
formaldehyde at RT for 15 min at indicated time-points.
To visualize EdU incorporation, click chemistry was
performed with Click-iT EdU Alexa Fluor 488 Imaging
Kit according to manufacturer’s instructions.

Senescence-associated beta-galactosidase assay

Cells were fixed with 0.5% glutaraldehyde at RT for 15
min at indicated time-points. After that, cells were washed
twice with 1 mM MgCl/PBS and incubated with X-Gal
staining solution for 3 h at 37 °C. The staining was
terminated by three consecutive washes with ddH»O.
Finally, the cells were let dry, mounted with Antifade Pro-
long Gold Mounting Media and imaged on the Leica
DM6000 fluorescent microscope using the HC PLAN
APO 20%/0.70 DRY PH2 objective and color CCD
camera Leica DFC490 (Leica Microsystems GmbH,
Wetzlar, Germany).

SDS-PAGE and immunoblotting

Cells were harvested into Laemmli SDS sample lysis
buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 10%
glycerol), boiled at 95°C for 5 min, sonicated and
centrifuged at 18,000 x g for 10 min. Concentration of
proteins was estimated by the BCA method (Pierce
Biotechnology Inc., Rockford, USA). Equal amounts of
total protein were mixed with DTT and bromphenol blue
to final concentration 100 mM and 0.01%, respectively,
and separated by SDS-PAGE (8% or 12% polyacrylamide
gels were used). The proteins were electrotransferred to a
nitrocellulose = membrane  using  wet  transfer.
Immunostaining followed by ECL detection was
performed. The intensity of DHX9 bands was measured
in Image] Gel Analyzer plugin. The DHX9 level was
calculated as the intensity of DHX9 bands related to the
intensity of loading control, while the relative intensity of
untreated PML-WT cells was set as one.
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SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. The dose-dependent formation of PML nucleolar associations (PNAs) and doxorubicin-induced
senescence. (A) RPE-1"ERT were treated with 0.075 uM, 0.375 uM and 0.75 uM doxorubicin for 48 hours and PNAs were detected by PML
indirect immunofluorescence. Wide-field immunofluorescence images of cell populations (upper row; bar, 50 um) and individual cells (lower
row; bar, 10 um) are shown. The images were captured with 40x/0.75 objective. (B—D) RPE-1""ERT were treated with 0.75 uM doxorubicin for
48 hours, after that the drug was removed and the cells were further cultured. At two time-points after drug removal (96 h WO, 12 d WO),
the cells were incubated with EdU for 6 hours and stained for yH2AX foci. ScanR microscopic images were analyzed for percentage of EdU-
positive cells (B), percentage of cells with 3—15 yH2AX foci (C), and the mean area of the nucleus (D). (E) RPE-1""ERT were treated as in (B-D).
Senescence-associated B-galactosidase activity was estimated in untreated and doxorubicin-treated cells at two time-points after drug
removal (96 h WO, 13 d WO) and the cells were imaged with 20x/0.70 objective and color CCD camera; bar, 100 um. To estimate the
percentage of B-galactosidase-positive cells, 178, 128 and 92 cells were counted for control, 96 h WO and 13 d WO samples, respectively. (B—
E) The charts present the data from one experiment.
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Supplementary Figure 2. The diversity of PML nucleolar associations (PNAs) and their occurrence in different cell types. PNAs
detection by PML immunostaining (green) in RPE-1"TEfT treated with 0.75 uM doxorubicin for 48 hours and after drug removal (up to
96 hours). Wide-field immunofluorescence images show representative cells, in which nucleoli with and without PNAs (A) or with different
types of PNAs (B) occur at the same time. (C) The immunofluorescence detection of PNAs by PML immunostaining in human BJ fibroblasts
and mesenchymal stem cells (hMSC) exposed to 0.75 pM doxorubicin. Nuclei and nucleoli were stained with DAPI (blue) and TOTO-3 (red),
respectively. The images were captured with 63x/1.4 objective. Bar, 10 um.
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Supplementary Figure 3. RNAP | transcription in the nucleolus is gradually restored during 24 hours after doxorubicin
removal. As shown in the scheme of the experiment (A), RPE-1""ERT were treated with 0.75 uM doxorubicin for 48 hours; after that
doxorubicin was removed and cells were further cultured. Transcription in the nucleolus was estimated by incorporation of 5-fluorouridine
(5-FUrd) at indicated time-points. (B) The immunofluorescence detection of 5-FUrd (green), representing newly synthesized nucleolar RNA,
and localization/segregation of RNAPI subunit PAF49 (red) was performed. The nuclei and nucleoli were stained with DAPI (blue) and TOTO-3
(yellow), respectively. The images were captured with 40-/0.75 objective. Bar, 10 um. For selected nucleoli, plot profiles of TOTO-3 and 5-
FUrd signal were generated, to clearly demonstrate the absence of 5-FUrd signal in inactive nucleoli.
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Supplementary Figure 4. Accumulation of proteins into PML-NDS is a selective process. RPE-1""5T were treated with 0.75 uM
doxorubicin for 48 hours; after that doxorubicin was removed and cells were further cultured for 24 or 96 hours. Accumulation of selected
nucleolar proteins within PML-NDS was examined by immunostaining with specific antibodies (the proteins of interest — red, PML — green).
The nucleoli were visualized by TOTO-3 (cyan). The images were captured with 63-/1.4 objective. Bars, 10 um (whole cells), 3 um (insets).
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Supplementary Figure 5. Cells identified as positive for DHX9 accumulations and total levels of DHX9 after doxorubicin. RPE-
17TERT PML-WT and PML-KO cells were treated with 0.75 uM doxorubicin for 48 hours; after that doxorubicin was removed and cells were
further cultured. (A) 96 hours after doxorubicin washout the cells were fixed, stained with antibodies against DHX9 (red) and PML (not
shown) and imaged with the ScanR microscope. The galleries of cells identified as positive for DHX9 accumulations were generated as part of
the ScanR analysis. Here, thirty-six cells from each gallery are shown. (B) At selected time-points during doxorubicin treatment and washout,
cell lysates were harvested for SDS-PAGE and immunoblotting (left panel). The DHX9 level was then calculated as the intensity of DHX9 bands
related to the intensity of a loading control, while the relative intensity of untreated PML-WT cells was set as one (right panel). Mean values
and standard errors of means from three independent experiments are given.
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Supplementary Figure 6. PNAs are hollow shells enclosing nucleolar material. PML circles and forks were imaged with two different
high resolution microscopy techniques: structured illumination microscopy (SIM) of live doxorubicin-treated RPE-1"TERT cells stably expressing
EGFP-PML IV and RFP-B23 (A, B); and stimulated emission depletion (STED) of fixed doxorubicin-treated RPE-1""ER" cells with endogenous
PML and B23 stained by antibodies (C, D). Central layers of whole cells (left images; bar, 5 um) and respective PNAs (middle images; bar, 2
um) are displayed together with 3-D-reconstructed PNAs (right images, for SIM displayed as ortho-views, for STED displayed as whole
surfaces). The 3-D reconstruction was done from 22 (A), 24 (B), 15 (C) and 21 (D) layers in ImageJ program, using the ImageJ 3D viewer
plugin. The distance between two layers is 0.125 pm for SIM and 0.05 um for STED images; i.e. the depths of the stacks are, namely: 2.75 pm
(A), 3 um (B), 0.75 um (C) and 1.05 um (A).
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Supplementary Figure 7. PML-NDS originate preferentially from PML-nucleolar forks in early time-points after doxorubicin
removal. (A) Quantitative analysis of the genesis of PML-NDS in RPE-1"TER" stably expressing EGFP-PML IV and RFP-B23 after the treatment
with 0.75 uM doxorubicin and the drug removal. The appearance of PML-NDS was followed by time-lapse microscopy in two sequential
sessions from two independent experiments after the drug removal (experiment I: 2-15 and 24-34 hours; experiment |l: 2-14 and 24-30
hours). PML-NDS that were already present in the beginning of the observation are marked by black dots; PML-NDS that emerged from forks
during the observation time are marked by red dots and placed on the time scale according to the time when they emerged. (B) The genesis,
stability and destiny of individual PML-NDS was followed in two sequential sessions from two independent experiments after the drug
removal (experiment I: 2-15 and 24-34 hours; experiment II: 2—14 and 24-30 hours). The life-time of individual PML NDS is represented by
solid lines with different endings marking the fates of PML-NDS: black line segment mark, end of capture session or cell escape from the view
field; green arrow, fusion of PML-NDS with fork/cap; blue arrow, loss of PML but with persistence of B23; and red arrow, fusion of PML-NDS
with nucleolus. (C) Time-lapse microscopy of the nucleolus illustrating the formation of PML-NDS. Note on the right side of the nucleolus, the
whole transmutation cycle of PNAs was captured, i.e. the genesis of PML-cap on the border of the nucleolus, its transition into PML-fork, and
finally into PML-NDS. EGFP-PML IV is shown in green, RFP-B23 in red. The initiation of capturing and the length of recorded time are given for
each type of transition. Bar, 4 um.

Www.aging-us.com 26 AGING



Intensity profile
Cap, 48 h doxo

— yH2AX

MM i
0.0

1.0

0.8

0.6

0.44

0.24

LA VAN
0.0

Relative intensity

Relative intensity

— yH2AX

— PML
0.8

0.6+
0.4+

0.2

Relative intensity

0.0

—

Fork, 48 h doxo

1.07 — yH2AX
— PML

0.8
0.6

0.4
O'Z_J{d
0.0

1.0 —H2AX
— PML

Relative intensity

0.8

0.6

0.4

02

Relative intensity

1.0 — yH2AX

— PML
0.8+

0.6+
0.4+

0.2+

Relative intensity

0.0

Supplementary Figure 8. PNAs associate with yH2AX. RPE-1""ERT were treated with 0.75 uM doxorubicin for 2 days; after that
doxorubicin was removed and cells were further cultivated. Super-resolution STED microscopy images of cells at different time-points are
shown, and intensity profiles of yH2AX signal (green) and PML signal (red) at the border of each PNA are presented. The white and black
arrows show the direction of intensity profile. Bar, 4 um.
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Supplementary Figure 9. BLM localizes to PNAs. RPE-1""5RT were treated with 0.75 uM doxorubicin, harvested after 1 and 2 days and
stained for PML (green) and BLM (red). The nuclei were counterstained with DAPI. The images were captured with 63x/1.4 objective. Bar,
10 uM.
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Supplementary Videos

Please browse Full Text version to see the data of Supplementary Videos 1-17

Supplementary Video 1. 3-D structure of cap shown in Figure 3A. RPE-1""ER" expressing EGFP-PML IV were treated for 24 hours with
doxorubicin and analyzed by live-cell SIM. “Volume” 3-D model was prepared from 28 layers using Imagel 3D viewer plugin.

Supplementary Video 2. 3-D structure of fork shown in Figure 3B. RPE-1""5"" expressing EGFP-PML IV were treated for 24 hours with
doxorubicin and analyzed by live-cell SIM. “Volume” 3-D model was prepared from 30 layers using ImageJ 3D viewer plugin.

Supplementary Video 3. 3-D structure of circle shown in Figure 3C. RPE-1""ER" expressing EGFP-PML IV were treated with doxorubicin
for 24 hours and analyzed by live-cell SIM. “Volume” (left position) and “orthoslice” (right position) 3-D model was prepared from 54 layers
using Image) 3D viewer plugin.

Supplementary Video 4. Genesis of EGFP-PML IV cap#1 as shown in Figure 4A captured between 4.5 and 5.5 hours after
doxorubicin addition.

Supplementary Video 5. Genesis of EGFP-PML IV cap#2 as shown in Figure 4A captured between 9.5 and 10.5 hours after
doxorubicin addition.

Supplementary Video 6. Genesis of EGFP-PML IV cap#3 as shown in Figure 4A captured between 43 and 44 hours after
doxorubicin addition.

Supplementary Video 7. Genesis of EGFP-PML IV cap#4 as shown in Figure 4A captured between 63 and 64 hours after
doxorubicin addition.

Supplementary Video 8. Transition EGFP-PML IV “cap to fork™ presented in Figure 4C captured between 36 and 44 hours
after doxorubicin addition.

Supplementary Video 9. Transition EGFP-PML IV “cap to circle” presented in Figure 4C captured between 16 and 18 hours
after doxorubicin addition.

Supplementary Video 10. Transition EGFP-PML IV “fork to circle” presented in Figure 4C captured between 34 and 40 hours
after doxorubicin addition.

Supplementary Video 11. Transition EGFP-PML IV “circle to fork” presented in Figure 4C captured between 40 and 45 hours
after doxorubicin addition.

Supplementary Video 12. Genesis of PML-NDS from fork presented in Figure 5A captured between 2 and 5.2 hours after
doxorubicin washout. EGFP-PML IV (green) and RFP-B23 (red).

Supplementary Video 13. Persistence of PML-NDS presented in Figure 5C captured between 3.3 and 13.8 hours after
doxorubicin washout. EGFP-PML IV (green) and RFP-B23 (red).

Supplementary Video 14. Fusion of PML-NDS with nucleolus presented in Figure 5D captured between 2.8 and 5.7 hours
after doxorubicin washout. EGFP-PML IV (green) and RFP-B23 (red).
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Supplementary Video 15. Stripping of PML from PML-NDS with persistence of B23 presented in Figure 5E captured between
27.8 and 32.3 hours after doxorubicin washout. EGFP-PML IV (green) and RFP-B23 (red).

Supplementary Video 16. Fusion of PML-NDS with fork-like PNA presented in Figure 5F captured between 12 and 14.6 hours
after doxorubicin washout. EGFP-PML IV (green) and RFP-B23 (red).

Supplementary Video 17. Whole sequence of genesis of PML-NDS (cap — fork — PML-NDS) presented in Supplementary
Figure 7C captured between 3.5 and 6.4 hours after doxorubicin washout. EGFP-PML IV (green) and RFP-B23 (red).
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Introduction

One of the factors that are recognized as the cause of aging and age-related diseases is cellular senescence [1, 2]. It
is defined as an irreversible cell cycle arrest, induced by inhibitors of cyclin-dependent kinases that are activated
upon persistent or perpetual DNA damage signaling. This kind of damage often evolves at telomeres, and telomeric
loci are therefore commonly put into connection with an onset of senescence [3, 4]. However, recent evidence
suggests that also ribosomal DNA (rDNA), given its repetitive nature, is difficult to repair and might serve as a
source of long-term DNA damage that leads to development of senescence [5, 6].

The promyelocytic leukemia protein (PML) is a multifunctional protein that is known, above all, for its ability to
form non-membrane nuclear compartments, called PML nuclear bodies (PML NBs) [7]. The function of PML NBs
spans from anti-viral response and DNA damage repair, through tumor suppression, cell cycle inhibition and
senescence, to transcription regulation and post-translational modifications of proteins. From post-translational
modifications, SUMOylation is especially important and characteristic for this compartment, as it seems that most
constituent proteins of PML bodies, including PML itself, contain either residues that can be SUMOylated or
SUMO-interacting motif (SIM) and the SUMO-SIM based interactions are the force that holds PML bodies together
[8-10].

Importantly, PML comprises seven splicing variants, resulting from alternative splicing of the PML gene. The PML
gene contains nine exons, however, only four of them coding N-terminal part are present in all seven isoforms. The
C-terminus varies among the isoforms and is therefore responsible for the isoform-specific PML properties and
functions [11, 12]. The isoforms I and IV, most examined by us in this study, share seven whole exons and part of
the exon 8. In PML I, these exons are followed by exon 9, while in PML IV, only short exon 8b follows. Exon 8b
seems to be functionally important, as it confers PML IV many specific functions, including interaction with
selected proteins, recruitment and activation of p53 in PML NBs, enhancement of apoptosis and senescence
following various stimuli, destabilization of c-Myc or protection against several viral infections (reviewed in [11]).
Another important exon of PML is the exon 7a. It is present in PML isoforms I - V and it contains two important
domains — the SUMO-interacting motif [8] and a target sequence for casein kinase 2 (CK2) (CK2 phospho-
motif;[13]). The SIM is important for non-covalent binding of PML to SUMOylated partner proteins and
phosphorylation of the adjacent CK2 phospho-motif facilitates this process [14-16]. Interestingly, SIM is
dispensable for PML NBs formation [8, 17], however, it is necessary for attraction of partner proteins to PML NBs
[8]. Another role of SIM and CK2 phospho-motif is in the process of PML degradation, as it has been shown that
PML variant lacking SIM is resistant to A,Os-activated degradation [14, 16] and CK2-mediated phosphorylation
promotes PML degradation after osmotic shock, anisomycin, or UV radiation [18].

Actively transcribed rDNA genes are the core of a non-membrane compartment, the nucleolus. The nucleolus is not
only the site of IDNA transcription and ribosome biogenesis but also an important hub of cellular stress response.
More specifically, various stress stimuli are able to perturb ribosome biogenesis, which is followed by activation of
multiple nucleolus-associated pathways that halt the cell cycle in a p53-dependent or -independent way [19-22]. A

direct damage of rDNA is one of those stimuli. rDNA is prone to DSBs, given its high transcription rate and

Page 2



resulting propensity to frequent collisions with other DNA-related processes [23, 24]. As torsional stress is
inevitable side effect of the transcription process, the proper function of topoisomerases is vital for error-less
transcription, even when a collision with other DNA-binding machineries does not occur (reviewed in [25]). In case
of DSB, there are two main pathways for DSB repair, non-homologous end joining (NHEJ) and homologous
recombination (HR). It has been shown that proteins of both pathways are localized to the nucleolar caps that form
on the nucleolar border following rDNA damage and contain segregated rDNA [26-28], so probably both pathways
can participate on rDNA repair upon certain conditions. Regarding the role of SUMO in the rDNA integrity, it has
been found that several proteins that maintain rDNA, including topo I, topo II, condensins and cohesins ar
SUMOylated in yeast [29, 30] and also many proteins of HR pathway are subject to SUMOylation, including RPA
[31], ATRIP [32] or BRCA1 [33].

In this context, it is intriguing that PML associates with nucleolar compartment, forming structures termed PML
nucleolar associations (PNAs; [74]). PNAs have been documented in replicatively senescent human mesenchymal
stem cells (hMSC) [34] and human fibroblasts [35, 36], in doxorubicin-treated human and mouse fibroblasts [37]
and in actinomycin D (AMD)-treated hMSC and human fibroblasts [34]. Apart from that, PML has been shown to
translocate into the nucleolus after AMD treatment in HeLa cells [38]; upon proteasome inhibition in MCF-7, HeLa
and IB-4 cells [39]; and after doxorubicin, gamma-radiation or proteasome inhibition when ectopically expressed in
MEFs [35].

Doxorubicin is a DNA intercalator [40, 41] and an inhibitor of topoisomerase 2 [42], it is involved in generation of
reactive oxygen species [43] and causes histone eviction [44], all of which leads to DNA damage. Furthermore, it
induces nucleolar stress and inhibits RNA polymerase I (RNAP I) transcription [45]. AMD is a DNA intercalator as
well that binds preferentially GC-rich DNA segments and thus, in low concentrations, specifically inhibits RNAP I
transcription from GC-rich rDNA arrays. By inhibiting rDNA transcription, AMD effectively induces ribosomal
stress and activates p53 [45, 46], while, surprisingly, also several players of the DNA damage checkpoint pathway
are involved in the AMD-mediated p53 activation, suggesting that the pathways are somehow intertwined [20, 47].
Recently, live time lapse cell imaging and super-resolution microscopy revealed that PNAs that were induced by
doxorubicin treatment are formed by several subsequent transitions reflecting the activity of RNAP I [74]. The last
stage of PNAs, termed PML nucleoli-derived structures (PML-NDS), are formed during the recovery of RNAP I
activity. These structures are usually placed next to nucleolus and accumulate some nuclear and nucleolar proteins
[74]. Even these PNAs transmutations in their early phase co-localize with markers of DNA damage. The exact
function of these structures is not known, however, considering that PML and PML NBs have been implicated in
DNA repair by HR [48, 49] and that DNA damage within rDNA locus has been associated with cellular senescence,
it is not unlikely that PML might be involved in HR-based repair of complicated or complex rDNA damage.

In present work, we managed to show that the inhibition of RNAP I together with the inhibition or downregulation
of topoisomerases are necessary for PNAs formation, while the process is independent of p53. Furthermore, we
identified two PML domains — exon 8b and the phospho-SIM domain of exon 7a — as being responsible for the
interaction. Finally, we showed that SUMOylated rDNA is present in all stages of PNAs and might therefore be the
signal that guides PML to the nucleolus. Together with the former notion that the late stages of PNAs persist for
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long time periods in senescent cells, this further supports our previous suggestion that unresolved issues on rDNA

could be intimately linked to senescence induction and maintenance.

Results

Simultaneous inhibition of RNAP | and topoisomerases triggers an association of PML with nucleolus

To reveal a nature of a signal activating the association of PML with nucleolus, we exposed human telomerase-
immortalized retinal pigment epithelial cells (RPE-1"TERT) to various classes of compounds and treatments listed in
Table 1 including inductors of DNA damage or ribosomal and replicative stress, topoisomerase (Topo) and RNAP 1
inhibitors, DNA crosslinkers and DNA G-quadruplex stabilizers. 48 hours after treatments, we followed a
segregation of PAF49 subunit of RNAP I as an indicator of RNAP I inhibition together with quantitative assessment
of the PNAs ([74]; see Figure 1A for their classification) using indirect fluorescence microscopy. On top of that, the
level of p53 protein and DNA damage marker serine 139 phosphorylated histone H2AX (yH2A.X; [50]) was
followed to control an activation of DNA damage response (DDR) for each treatment (Supplementary Figure 1 and
2A). As shown in Figure 1B, this analysis uncovered that both Topo and RNAP I inhibitors are the strongest
inducers of PNAs formation, whereas DNA damaging agents and replicative stressors such as ionizing radiation (IR;
10 Gy), 5-bromo-2'-deoxyuridine (BrdU), aphidicolin and 5-fluorouracil (5-FU) induced PNAs substantially weekly
in less than 1% of cells. The rest of compounds, i.e. proteasome inhibitor MG-132, cyclin-dependent kinase inhibitor
roscovitine, ribonucleotide reductase inhibitor hydroxyurea (HU), quadruplex stabilizer pyridostatin, and DNA
damaging cytokine IFNy did not induce PNAs at all. Altogether, these results indicate that the association of PML
with nucleolus resulted predominantly from processes related to the inhibition of topoisomerases or RNAP I. DNA
damage induced by IR, inhibition of pre-rRNA processing, replicative stress, stabilization of DNA G-quadruplexes
or induction of PML expression by IFNy were no or weak signals to induce PNAs. Further analysis of the data
revealed that the propensity for PNAs formation by compounds referred to inhibit Topo correlated in parallel with
their ability to inhibit RNAP I (Figure 1B and 1C). Note, the application of topoisomerase inhibitors camptothecin,
doxorubicin, topotecan and aclarubicin resulted in simultaneous RNAP I inhibition (PAF49 segregation) nearly in
each nucleolus and the proportion of cells with presence of PNAs was the highest observed (27%, 22%, 13% and
12%, respectively). On the other hand, etoposide, despite its effect on Top2a protein degradation and DNA
damaging activity (Supplementary Figure 1 and 2B), did induce formation of PNAs only in 2% cells. This weak
effect of etoposide on PNAs formation can be accounted for by low inhibition of RNAP I (note, like in untreated
cells, the PAF49 was equally distributed in most nucleoli of cells without marks of segregation), the findings
underscoring the role of RNAP I inhibition in formation of the PNAs. It should be emphasized that RNAP I
inhibition either by AMD or RNAP I inhibitor CX-5461 was accompanied also by a decline of Top2a protein levels
(Figure 1B and Supplementary Figure 2B).
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The requirement for simultaneous inhibition of both RNAP I and topoisomerase activity to reach the high formation
of PNAs was further underscored by treatment with oxaliplatin. This compound, primarily designated as a DNA
cross-linker, showed a combined effect on the RNAP I inhibition and Top2a decline and, indeed, high number of
PNAs (> 10%) after oxaliplatin treatment was detected. Collectively, these findings indicate that simultaneous
defects in Topo and RNAP I activities potentiate the signal for formation of PNAs.

Next, to exclude well-known non-specific pleiotropic effects of topoisomerase inhibitors and to test whether the
signal for association of the PML with nucleolus is directly linked to abrogation of topoisomerase function we
downregulated Topl, Top2a and Top2b using RNA interference (RNAi). Downregulation of Topl and Top2a but
not Top2b induced the formation of PNAs (Figure 2A) indicating the formation of PNAs is related to a loss of
specific topoisomerase function. Three days after knockdown of Top1 and Top2a about 31% and 12% of cells with
the PNAs were identified, respectively. Importantly, knockdown of both Top1l and Top2a topoisomerases resulted in
gradual inhibition of RNAP I activity. Six days after Topl downregulation, the RNAP I in many nucleoli was
segregated, and at this time-point the number of PNAs was much higher than earlier when the RNAP I was still
active. These results underscored again that topoisomerase deficiency is causal for formation of PNAs and that long
term inhibition of Topo results also in the inhibition of RNAP I, and combination of these two conditions induced
PNAs most effectively.

Several of the treatments that caused high number of PNAs are known to interfere with RNAP I transcription.
Therefore, we explored next whether the interference with running rDNA transcription, and resulting topological
problems, might be the reason for generation of PNAs. For this purpose, we inhibited RNAP I by AMD or CX-5461
prior to the addition of doxorubicin or the knock-down of Topl. The effectiveness of RNAP I inhibition at the time
of doxorubicin addition was estimated by 5-FU incorporation (Supplementary Figure 3). Notably, the cessation of
pre-TRNA transcription before the inhibition or downregulation of Topo caused the appearance of higher number of
cells with the PNAs when compared to doxorubicin or esiTopl treatment alone (Figure 3A-C). These findings
indicated that the ongoing pre-rRNA transcription was not necessary for the induction of PNAs by the Topo
inhibitor doxorubicin or esiTopl. Furthermore, these observations pointed to the notion that Topo can be involved in
some process(es) occurring after RNAP I inhibition.

Altogether, our data indicate that the defect in topoisomerase activity after the inhibition of RNAP I formed the

signal for association of PML with nucleolus.

Genesis of PNAs is independent of p53-mediated ribosomal stress response

As expected, the formation of the PNAs induced by inhibition of the RNAP I and topoisomerases was associated
with stabilization of p53 (Supplementary Figure 2A). To test, whether the genesis of the PNAs depends on p53
function, we employed RPE1"®RT cells with complete CRISPR-CAS9-mediated knock-out of p53 (p53” RPE-
I"TERT) and compared the formation of the PNAs to p53 wild type cells after the depletion of Topl or after the
exposure to doxorubicin. Note, to reestablish doxorubicin-induced expression of the PML, which we revealed to be

p53-dependent in RPE-1"TERT cells [51], a pretreatment of cells with IFNy to substitute p53-driven PML expression
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was utilized [52]. As doxorubicin induced the formation of PNAs even in IFNy-treated p53-deficient cells we could
conclude that functional p53 is necessary only for doxorubicin-induced PML transcription but not for the genesis of

PML nucleolar associations (Supplementary Figure 4 A, B).

Cooperative effect of PML exon 8b and phospho-SIM domain (exon 7a) in PML interaction with nucleolus

To identify domains responsible for association of PML with nucleolus induced by doxorubicin we followed at first
the localization of fluorescently tagged PML isoforms PML I-GFP, PML IV-GFP, PML V-GFP and PML VI-GFP
in RPE-1"TERT cells carrying complete CRISPR-CAS9-mediated knock-out of PML (PML”- RPE-1"TERT; [48]) after
their exposure to doxorubicin. PML isoforms differ from each other by C-terminal part. Only PML IV and PML 1
isoforms were capable to associate with nucleolus when expressed individually, mapping the putative interacting
motifs to the C-terminus comprising of exon 8a, 8b and 9 of the PML I and the PML IV (Figure 4A). Hence, we
prepared a set of PML IV-GFP deletion constructs and analysed their localization in the PML-/- RPE-1"TERT cells
treated with doxorubicin (Figure 4B). This analysis revealed two regions of the PML IV which were involved in the
doxorubicin-induced association of the PML with the nucleolus. The first one spanning the amino acids 560 — 570 is
a part of exon 7a and can be phosphorylated with CK2 on serines 560, 561, 562 and 565 ('CK2 target'; [13]). After
deletion of this region the number of cells with the PNAs dropped by 70% relatively to the PML IV wild type cells.
The second region spanning the amino acids 621 to 633 of exon 8b is present only in the PML IV isoform. After
deletion of this motif 80% decrease of cells with the PNAs was identified. As soon as both domains were deleted
simultaneously (PML IV A560 — 633 and PML IV A560 — 570 plus A621 — 633), no cells with the PNAs were
detected (Figure 4B). The role of both PML IV domains in formation of the PNAs was further confirmed by the
deletion of exon 8a comprising amino acids 571 to 619 (PML IV A571 — 619) linking both domains, i.e. only exon
8b and the 'CK2 target' were present and the interlinking sequence of exon 8a was deleted. The ability of the PML
IV A571 — 619 cells to form the PNAs was mostly retained as the number of cells with the PNAs was only slightly
lower (70%) compared to the WT form indicating the exon 8a is dispensable for the formation of PNAs.

The role of the CK2 target domain of the PML I isoform for formation of the PNAs was also confirmed (Figure 4C).
Deletion of this motif in the PML I caused that only 2% of cells relatively to the PML IV WT (and 8% relatively to
the PML I) contained the PNAs pointing to a major contribution of this domain to the formation of the PNAs by the
PML I isoform. However, the residual activity indicated a presence of weak additional nucleolus-interacting motif in
the PML I isoform. A comparison of the PML I and PML 1V ability to form the PNAs revealed that the PML IV
formed the PNAs with four times higher efficiency underscoring the dominant role of the exon 8b in this process.
Altogether, the PML CK2 target domain (the part of exon 7a) and the exon 8b are the main determinants responsible

for stress-induced interaction of the PML with the nucleolus.
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The role of CK2 activity and SUMO interaction motif in the PML nucleolar interaction

Exon 7a of the PML comprises SUMO interaction motif (SIM) and the CK2 target domain (Figure 4A). Given the
phosphorylation status of the CK2 target domain regulates an interaction of neighbouring SIM with SUMO-
modified proteins, we investigated whether the phosphorylation of the CK2 target domain and intact SIM could be
involved in control of PML interaction with the nucleolus. For this purpose we prepared a set of phosphomimetic
and unphosphorable mutants of the CK2 target domain and mutants of the SIM.

As is shown in Figure 4D, unphosphorable mutant of the CK2 target domain formed low number of cells with the
PNAs comparable to the CK2 target deletion indicating the phosphorylation of the CK2 target domain facilitates the
interaction of the PML with the nucleolus. Moreover, the mutation or deletion of the SIM caused a reduction in the
PNAs formation in similar extent as the unphosphorable mutant of CK2 implying that the SUMO-SIM interaction is
involved in the PNAs formation and that the phosphorylation of the neighbouring CK2 target domain positively
regulates this process.

To test whether the CK2 kinase regulates the formation of the PNAs we utilized a chemical or RNAi-mediated
inhibition of the CK2 activity. As shown in Figure 4E and F, both the inhibition of the CK2 by a CK2 inhibitor CX-
4945 and RNAi-downregulation of a regulatory subunit CK2 (see Supplementary Figure SA and B for potency of
CK2 inactivation evaluated as global changes in phosphorylation of CK2 substrate and Supplementary Figure SC for
the effectiveness of the CK2 knock-down) resulted in the significant reduction of the PNAs formation. Note, the
knock-down of catalytic subunit of CK2 (CK2a) did not have a significant effect on a global phosphorylation
pattern of the CK2 substrate and the occurrence of the PNAs even though the level of CK2a protein was
significantly reduced (Supplementary Figure 5B and C).

Collectively, these findings indicate that the PML CK2 target domain/SIM (exon 7a) is functionally involved in the
regulation of the PML nuclear interaction. Our data also suggests that the phosphorylation of exon7a by the CK2
controls the interaction of the SIM with SUMOylated interacting partners of the PML at nucleolar interface.
Coordinated activity of exon 7a and exon 8b of the PML IV is responsible for high frequency of interaction of this
PML isoform with the nucleolus under specific stress conditions.

Altogether, our data indicate that the interaction of PML with the nucleolus is mediated by exon 8b being present
only in PML IV and SIM that is positively regulated with phosphorylation of CK2 target. We can also suppose that
protein that guide PML towards the nucleolus is SUMOylated.

p14ARF is not necessary for PML nucleolar interaction

Given that PML region coded by exon 8b can interact with pl4ARF [53] and this interaction can be responsible for
interaction of the PML with the nucleolus, we analysed next the ARF expression in control and doxorubicin-treated
RPE-1"TERT cells. However, no pl14ARF transcript and protein levels were detected both in control and doxorubicin-
treated cells (Supplementary Figure 6A and B) indicating that the relocalization of the PML to the surface of

lhTERT

nucleolus in RPE- is not dependent on the presence of the p14ARF.
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PML associates with rDNA on the nucleolar surface

As the segregation of the nucleoli is linked to the PML localisation onto the nucleolar border, we asked next whether
a segregated rDNA is in close contact with the PNAs employing stimulated depletion microscopy (STED) of RPE-
INTERT  treated with doxorubicin. The co-localization of the PML and rDNA was followed using
immunofluorescence-in situ hybridisation (immuno-FISH) 24 and 48 hours of doxorubicin treatment and 6 hours
after drug removal. As is shown in Figure 5, we found that at least small portion of the rDNA co-localized with the
PML in most analysed nucleoli, indicating that some rDNA loci tend to accumulate in the close proximity of the
PNAs. The mean size of contact between the rDNA and PML was lower in the PML-capped nucleoli but increased
in later stage represented by fork-shaped PNAs, suggesting that rDNA is gradually enclosed by the PML moiety. In
the newly formed PML-NDS (6 hours after drug washout), the co-localization of rDNA with PML-NDs shell
decreased (Figure 5A), but was localized inside the structure instead. Importantly, concerning the fork-like
structures (Figure 5C), the fraction of total rDNA accumulated in the tip of all analysed PML forks, the site where
the PML-NDS were originating, i.e. during the pre-rRNA transcription recovery [74]. Moreover, we observed that
there was a border formed by the DNA (DAPI positive region; Figure 5D) that separated the PML-NDS
compartment and the original nucleolus. This border was probably formed in later stages of fork, as we detected this
separation from the nucleolus also in several forks (Figure 5D).

Our findings indicate the dynamic relationship between PNAs and rDNA after doxorubicin-induced stress. Part of
rDNA relocalized to specific type of PNAs containing rDNA-processing proteins, indicating that the PNAs are

involved in sequestration and processing of specific rDNA loci.

The SUMO-1 signal is present on rDNA following doxorubicin treatment

As our results pointed to the involvement of the SIM domain of PML in nucleolar interaction, we wanted to estimate
whether rDNA or rDNA-binding proteins might be SUMOylated after treatment that leads to PNAs formation. RPE-
1 "TERT PML** cells were treated with doxorubicin and immuno-FISH with the rDNA probe and an anti-SUMO-1
antibody was performed in early time-points after treatment, when the presence of PML localization signal on the
nucleolus is expected. The cells were imaged with a confocal microscope and analysed for the rate of co-localization
between rDNA and the SUMO-1 signal. We saw an increase in SUMO-1-rDNA co-localization in RPE-1"TERT
PML** cells after doxorubicin treatment (Figure 6). However, as majority of PML is SUMOylated, it is not clear
whether the detected SUMO-1 signal comes from the SUMO bound to rDNA/nucleolar proteins or from the SUMO
bound to nucleolar PML. Therefore, we performed the same analysis in RPE-1"TERT PML cells, assuming that the
rDNA-based processes would progress in the same way in PML"* and in PML" cells. And indeed, we observed
slight increase in SUMO-1 signal on rDNA also in PML"" cells (Figure 6), suggesting that TDNA is SUMOylated in

response to doxorubicin and this modification might be at least partly responsible for PML nucleolar targeting.
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Discussion

In our previous article, we identified dynamics and 3D structure of PML nucleolar associations (PNAs) that form
after doxorubicin treatment. As PNAs co-localized with DNA damage markers, we implied that these structures may
be involved in repair or sorting of damaged rDNA [74]. To better understand these associations, we present here 1)
detailed analysis of nature of PNAs induction; 2) analysis of PML domains that are involved in PNAs formation;
and 3) discussion of possible role of rDNA in PNAs genesis and function.

We found that the highest probability for PNAs formation was after treatments that cause simultaneous inhibition of
RNAP I and an inhibition and downregulation of topoisomerases. Moreover, our results indicate that the signal for
PML association with nucleolus is amplified when the inhibition of RNAP I preceds the inhibition/downregulation
of topoisomerases, excluding the hypothesis that deficiency of topoisomerases during the pre-rRNA transcription
may be the source of damage/signal for PNAs genesis. We found that an exon 8b and the SUMO-interacting motif
of PML are involved in the association with the nucleolus. We proved that a portion of rDNA always co-localizes

with PNAs.

As we showed previously, the doxorubicin-induced PNAs co-localize with YH2A.X, an early marker of DNA
damage (DNA double-strand breaks) and we proposed that PNAs may be involved in repair of damaged rDNA or in
sorting of damaged/irreparable rDNA/DNA out of the nucleolus. In this study, we show that there is no clear
correlation between the presence of YH2A.X and PNAs occurrence: some treatments (e.g., etoposide and IR)
induced YH2A.X foci and at the same time did not lead to formation of high number of PNAs, whereas other
treatments (e.g. oxaliplatin and AMD) caused formation of higher number of PNAs compared to etoposide and IR,
though they induced no or only a few yH2A.X foci. Provided the assumption that formation of PNAs is dependent
on the presence of damage in rDNA region that is buried inside the nucleolus, we could suppose that rDNA has
different sensitivity to applied treatments. E.g., both IR and doxorubicin are inducing robust DNA damage but only
doxorubicin is able to cause the damage of rDNA. Alternatively, both treatments are able to damage rDNA but after
doxorubicin treatment the specific IDNA damage is hardly reparable or irreparable at all. Notably, we were not able
to detect YH2A.X in all PNAs formed after AMD treatment (data not shown). We consider a possibility that after
some forms of DNA damage the YH2A.X signal is too transient or too weak to be detected. For example, it is known
that the classical YH2A.X foci are in fact clusters of several nano-foci. However, not all nano-foci form clusters and
then they are undetectable by conventional microscopy methods [54]. Also, it has to be taken into account that the
DNA damage signalling inside the nucleolus utilizes different histone marks and signalling cascades than in the rest
of the nucleus [55, 56]. In case of CRISPR/Cas9-mediated DSBs, YH2A.X mark is imposed on rDNA as soon as it
forms nucleolar cap [56] but the process is much less described for other types and sources of nucleolar DNA
damage. Finally, it is possible that some other type(s) of DNA damage, different from double strand break but
marked by YH2A.X (or absence of DNA damage), may all be present in subsets of PNAs. In such case, we assume
that other DNA-related processes could be responsible for PNAs formation, while only in specific cases (including

doxorubicin treatment) they are accompanied by DNA double strand breaks and yH2A.X foci formation. As our
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results point to the fact that the highest propensity for PNAs formation is after those treatments when the inhibition
of RNAP I precedes the deficiency or inhibition of topoisomerases, we can speculate that the damage or other
unidentified defects of rDNA are caused by deficiency of topoisomerases during the formation of nucleolar cap

when the rDNA is pulled out from interior of the nucleolus towards its surface.

One of the processes that are related to the nucleolus after various treatments, and might but do not have to involve
DNA damage [46], is nucleolar stress. Importantly, both chemicals that have been previously referred to PNAs
formation, i.e. doxorubicin and AMD [34, 37], are also known to cause nucleolar stress. Multiple chemicals have
been reported to induce nucleolar stress by disrupting individual steps of ribosome biogenesis [45]. We tested
several of them, namely oxaliplatin, AMD and doxorubicin that inhibit rDNA transcription; camptothecin and
roscovitin that inhibit early rRNA processing; and 5-FU and etoposide that inhibit late rRNA processing. However,
the response ranged from very high (camptothecin, > 25%) to no (roscovitine, MG132, both 0%) number of PNAs,
so we concluded that nucleolar stress in general is not responsible for PNAs formation but only its specific form, the

inhibition of RNAP I is able to trigger the association of PML with nucleolus.

Our results indicate that most of the tested inhibitors of topoisomerases and even the downregulation of Topl and
Top2a are able to induce a high amount of PNAs. One would incline to interpret these results in a way that the sole
inhibition of topoisomerases causes defects that are the main signal for PNAs evolving. Nevertheless, when
etoposide, the Top2a inhibitor was applied, only about 2% of cells contained PML-NDS, a subtype of PNAs that is
associated with non-segregated nucleolus (Figure 1A; [34][74]). As is shown in Supplementary Figure 1A, these
cells were YH2A.X-positive and Top2a was degraded, which all proves the presence of topological stress, resulting
in DNA damage and cell cycle arrest. The only difference between etoposide and the other used topoisomerase
inhibitors (doxorubicin, camptothecin and topotecan) was that the applied concentration of etoposide was unable to
inhibit RNAP I. The preserved activity of RNAP I upon application of low concentration of topoisomerase inhibitors
was observed when various concentrations of Top!l inhibitors, camptothecin and topotecan (data not shown), and
Top2 inhibitor doxorubicin [74] were tested. Notably, low concentrations were able to induce DNA damage and cell
cycle arrest, but the long-term inhibition of RNAP I and higher presence of PNAs were not observed. These data
indicate that the mere inhibition of topoisomerases without simultaneous inhibition of RNAP I is not sufficient to
induce PNAs. Thus, the application of higher concentrations of Topo inhibitors might cause some other forms of
DNA damage. For instance, doxorubicin interferes with Top2 cleavage complex by inhibiting DNA re-ligation, but
in higher concentration it is also able to intercalate the DNA [42], so the DNA damage may be caused not only by
inhibition of Top2 but also by its intercalation. In addition, the intercalation into rDNA region might induce the
inhibition of RNAP I. Similarly, camptothecin and topotecan are referred as S-phase-specific anticancer drugs [57,
58] but it was described that at higher concentrations they might be toxic also for non-dividing cells by interfering
with transcription [59, 60]. Importantly, the rDNA damage induced by high dose of camptothecin was reported [61].
Thus, only the drug concentration that is able to inhibit not only the Topo activity but also the pre-rRNA

transcription, is the prerequisite for PNAs formation.
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The connection between the topological stress, RNAP I activity and the probability of PNAs formation, was visible
after the knockdown of Topl. In the first days after siRNA-mediated Topl downregulation, RNAP I was not
segregated and the variability and number of PNAs was relatively low; whereas it increased remarkably in the next
days after Topl downregulation, when RNAP I become segregated (Figure 2C). Hence, RNAP I segregation seems
to be the key determinant of PNAs genesis in the presence of topological stress; however, it is obviously not an
exclusive stimulus, as treatment with a specific RNAP I inhibitor, CX-5461 and actinomycin D induced much lower
number of PNAs than those Topo inhibitors that simultaneously inhibited RNAP I.

One of the most unexpected results was the observation that the probability for PNAs formation significantly
increased when the inhibition of RNAP I preceded the inhibition or downregulation of topoisomerases. rDNA, as a
region that is extensively transcribed, requires a high activity of topoisomerases [62, 63]. One would expect that the
lack of Topo functions upon strong pre-rRNA transcription could cause topological problems that lead to RNAP I
inhibition and rDNA damage followed by PNAs formation. Oppositely, when the transcription of pre-rRNA is
silenced, the defect in Topo activity would not cause such a robust rDNA damage. During testing of this hypothesis,
we inhibited RNAP I by AMD or CX-5461 before the treatment with Top2 inhibitor doxorubicin, or downregulation
of Topl. Surprisingly, the number of PNAs in this scenario did not decrease but actually increased, implying that
ongoing transcription is not required for PNAs formation and, furthermore, that RNAP I segregation is not only a
consequence of topological stress but also one of the prerequisites for PNAs formation. This is further supported by
the fact that the pre-treatment with RNAP I inhibitor CX-5461 increased the amount of PNAs in cells treated with
0.375 pM doxorubicin, i.e. the concentration that itself does not lead to segregation of RNAP I; in contrast to cells
treated with 0.75 uM doxorubicin, as this concentration already inhibits RNAP I and thus the CX-5461 has no
additional effect (Figure 3B). Interestingly, not only the number but also the type of PNAs changed after the pre-
treatment with RNAP I inhibitors, supporting our previous notion that the type of PNAs is linked to the activity state
of the nucleolus [74]. From our observations we concluded that the main signal for PNAs evolution is primarily

generated when RNAP I inhibition occurs before Topo deficiency or inhibition.

These results may be explained in two ways.

First, our observations may indicate a possible role of topoisomerases during formation of segregated nucleolus,
when the transcribed genes of rDNA are pulled from the interior of the nucleolus towards the surface. The
mechanism of this IDNA movement is still unresolved. How the topoisomerases can be involved in this process and
what form of rDNA damage may their deficiency cause must be elucidated as well.

The second explanation may comprise following observations: On the example of Top2a inhibition with etoposide it
has been shown recently that there are two ways how to resolve the trapped complexes of Topo and DNA that form
after Topo poisons. Either topoisomerase is removed from DNA and the remaining DNA break is quickly repaired
by NHEJ; or the enzyme cannot be removed, in which case the more complicated HR takes place. Importantly, the
decision between the two pathways largely relies on the ongoing transcription, as the transcribed loci more
frequently proceed into DSBs, followed by NHEJ [64]. PML is known to participate in DNA repair by HR [48, 49],

therefore, it is possible that it is involved in the decision process or directly in the HR. This would be in agreement
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with our observation that RNAP I stalling contributes to PNAs genesis, as the absence of transcription would shift
the balance between the repair pathways more towards HR and hence towards PML involvement. Moreover, the
transcription in general is needed for an error-free NHEJ [65], therefore, RNAP I inhibition could theoretically
favour HR before NHEJ even without Topo-DNA complex formation. Furthermore, HR at rDNA loci is known to
occur at the outer part of the nucleolus [66]; and indeed, we see the formation of nucleolar cap and so rDNA
segregation and translocation to the nucleolar periphery during the treatments that cause high number of PNAs
(Figure 1C). Finally, YH2A.X signalling is not necessary for HR (reviewed in [67]), which makes this hypothesis

even more plausible.

We identified two domains necessary for PML interaction with nucleolus after doxorubicin treatment: exon 8b and
phospho-SIM domain, coded by exon 7a. The exon 8b of PML has been described to interact with pl4ARF and this
interaction was essential for the induction of cellular senescence [53]. As most of the treatments inducing the PNAs
are also inductors of senescence, we tested the role of pl4ARF in the interaction of PML with the nucleolus.

INTERT cells, with or without doxorubicin

Surprisingly, no p14ARF transcript or protein was detectable in RPE-
treatment. Obviously, pl4ARF is not necessary for PML nucleolar localization. Similar observation was made in
p14ARF”~ MEF cells [37]. Therefore, another protein probably interacts with exon 8b at the nucleolar periphery and
we have been currently employing several methods to find this PML binding partner.

Another domain, identified by us as necessary for PML nucleolar localization, is exon 7a, more specifically its SIM
and neighbouring CK2-phosphorylated motif, the phosphorylation status of which regulates the interaction of SIM
with SUMOylated proteins [15]. Importantly, the deletion of the SIM domain did not impair its localization to PML
nuclear bodies ([8], our observation), indicating that it is mainly required for the interaction of PML with other
proteins and not for the PML multimerization. As phosphorylation of the CK2 motif regulates its SIM-mediated
PML interactions [15], we next examined the role of CK2 in PNAs formation. Indeed, CK2 inhibition or
downregulation lead to substantial decrease of PNAs, while it had no effect on PML levels, even though CK2-
dependent PML degradation has been reported previously [13, 68]. This discrepancy might be accounted for by the
fact that, in contrast to the previous studies, we performed our experiments in a non-cancerous cell line, while a
clear difference between tumour and non-tumour cell lines in terms of CK2 regulation [69] and PNAs formation
[34] has been described previously. Furthermore, serine 565 of PML has been identified as the most important
residue for CK2-mediated PML degradation [13], while in our analysis, serines 560 — 562 showed to be more
important for PML nucleolar interaction. Notably, our results differ from previously published observations by
Condemine et al. [35], as according that work the association with nucleolus is dependent mainly on exon 9 of PML
I isoform but our results did not confirm this observation (Figure 3C). Notably, the SIM domain is presented by the
authors as inhibitiory for the PNAs formation, but our results point to the opposite function. This contradictory
results can be explained by the use of GFP-fused fragments of human PML that do not necessarily have to reflect
the behaviour of the full-length isoforms (e.g., the fragments localized to the nucleolus without additional treatment,

which normally does not happen with the full-length isoforms).
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Previously, we have described the dynamics of PNAs formation, when the last stage are so called PML-NDS that
accumulate proteins involved in DNA metabolism (DHX9 and B23) and they co-localize with YH2A.X at least at
time of their formation [74]. Hence, we inferred that these PML-NDS are a compartment where rDNA is segregated
and processed. However, only now did we provide a direct evidence that rDNA is really present in PML-NDS. What
is more, rDNA was observed in all newly formed PML-NDS, while it could be detected only in part of the PML-
NDS in later time-points (data not shown). This is in agreement with the data we obtained earlier with yH2A.X and
it supports our hypothesis that problematic rDNA is segregated into PML-NDS where it can be either repaired or
degraded and so it remains intact only in part of the PML-NDS. To our knowledge, this is the first proof that rDNA
can be sequestered within small structures containing proteins important in rDNA metabolism and positive for

YH2A.X. What is more, as has been shown previously [74], formation of these structures is fully dependent on PML.

The SIM domain of PML showed to be important for PML nucleolar translocation, indicating that the interaction
partner of PML could be SUMOylated. In addition, as we suppose that the signal for PNAs formation is the damage
of rDNA, we assume that protein(s) binding such rDNA might be marked by post-translational modification with
SUMO. Interestingly, we observed an increase in SUMO-1/rDNA co-localization in RPE-1"TERT PML*" cells after
doxorubicin treatment. However, as majority of PML is SUMOylated, it is not clear whether SUMO signal on
rDNA comes from the SUMO bound to rDNA/nucleolar proteins or from the SUMO bound to nucleolar PML.
Therefore, we performed the same analysis in RPE-1"TERT PML"" cells, assuming that the rDNA-based processes
would progress in the same way in PML"" and in PML" cells. And indeed, we observed slight increase of SUMO-1
signal on rDNA also in PML"" cells, suggesting that rDNA is SUMOylated in response to doxorubicin and this
modification might be at least partly responsible for PML nucleolar targeting. Interestingly, SUMOylation of several
proteins, including Topl, Top2, condensins and cohesins, is important for maintenance of rDNA integrity in yeast
[29, 30], suggesting similar role of this modification in mammalian cells. Intriguingly, many proteins of HR
pathway are subject to SUMOylation, including RPA [31], ATRIP [32], and BRCA1 [33]; and SUMOylation also
promotes enrichment of tyrosyl-DNA phosphodiesterase 1 (TDP1), the enzyme that is important for removal of
Topo-DNA adducts on a DNA [70]. This together forms another presumable link between rDNA damage, choice of
the repair pathway, SUMOylation and PML nucleolar association.

Material and Methods

Chemicals and antibodies

4',6-diamidino-2-phenylindole (D9542), aphidicolin (A0781), actinomycinD (50-76-0), 5-bromo-2’-deoxyuridine
(B5002), camptothecin (C9911), CX-5461 (1138549-36-6), daunorubicin (30450), doxorubicine hydrochloride
(D1515), doxycycline hydrochloride (D-9891), etoposide (E1383 ), S-fluorouracil (F6627 ), 5-fluorouridine
(F5130), hydroxyurea (H8627), MG-132 (C2211 ), oxaliplatin (09512), roscovitine (R7772) and topotecan
hydrochloride (T2705) were all purchased from Sigma-Aldrich/Merck (Darmstadt, Germany), aclarubicin (A2601)
was from APExBIO (Houston, TX, USA), CX-4945 (HY-50855 ) was from MedChemExpress (Monmouth
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Junction, NJ, USA), pyridostatin (4763) from TOCRIS (Bristol, United Kingdom), the IFNgamma recombinant
protein (300-02) was from Peprotech (Rocky Hill, NJ, USA), RNAse A (EN0531), TOTO-3 (T-3604) and
Lipofectamine RNAIMAX Reagent (13778075) were obtained from Thermo Fisher Scientific (Waltham, MA,
USA), Antifade Pro-long Gold Mounting Media (AF-400-H) was from Immunological Sciences, Rome, Italy) and
the rDNA probe (LPE NOR) was from Cytocell (Cambridge, UK).

Specification of primary and secondary antibodies used in the study is listed in Supplementary Table 1.

Cell culture

Immortalized human retinal pigment epithelial cells (RPE-1"T5RT, ATCC) or RPE-1"T8RT PML knockout cells [48],
RPE-1"TERT 53 knockout cells (kind gift from Libor Macurek), HeLa cells and H1299 cells (both from ATCC),
checked for absence of mycoplasma infection, were cultured in Dulbecco's modified Eagle's medium
(Gibco/Thermo Fisher Scientific, Waltham, MA, USA) containing 4.5 g/L glucose and supplemented with 10% fetal
bovine serum (Gibco/Thermo Fisher Scientific, Waltham, MA, USA) and antibiotics (100 U/mL penicillin and
100 pg/mL streptomycin sulfate, Sigma, St. Louis, MO, USA). The cells were cultivated in normal atmospheric air
containing 5% CO2 in a standard humidified incubator at 37°C, on a tissue culture dish (TPP Techno Plastic
Products AG, Trasadingen, Switzerland). For most of the treatments the compounds were used in following
concentration: doxorubicin - 0.75 uM, camptothecin - 50 uM, topotecan - 50 uM, aclarubicin - 0.05 uM, etoposide -
5 uM, actinomycin D - 10 nM, CX-5461 - 5 uM, 5-fluorouracil — 200 uM; MG-132 — 10 pM, roscovitine- 20 uM,
aphidicoline - 0.4 uM, hydroxyurea - 100 uM, oxaliplatin — 10 uM, BrdU — 100 puM, pyridostatin — 5 uM; IFNy -
100 U, CX-4945 — 10 pM. When a different concentration was applied it is mentioned in a corresponding Figure or
its legend. The cells were irradiated with orthovoltage X-ray instrument T-200 (Wolf-Medizintechnik) using 10 Gy.

Plasmid constructions

All plasmids used in this study are listed in Supplementary Table 2. Primers used in the construction of plasmids are
listed in Supplementary Table 3. pEGFP-N1-PML IV and pEGFP-N3-PML I were used as template for deletion and
site-directed mutagenesis. Both isoforms fused to EGFP were prepared by PCR-amplification of cDNA and by
insertion of coding region into HinclI-digested pGEM4z plasmid. From this plasmid was the fragment coding PML I
or PML IV transferred into pEGFP-N3 and pEGFP-N1 plasmids, respectively via HindIII and Smal sites. Deletion
mutagenesis was done by one-step PCR-based method for fragment deletion [71], briefly the pEGFP-N1-PML IV
and pEGFP-N3-PML I were amplified using Phusion High-Fidelity DNA Polymerase (M0530L) and corresponding
primers for insertion of desired deletion. Site-directed mutagenesis was done according the QuikChange manual and
the PfuUltra II Fusion HS DNA polymerase (Agilent #600670) for plasmid amplification was used. The primers for
side directed mutagenesis were designed in Primer Design Program

(http://www.genomics.agilent.com/primerDesignProgram).
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Transient transfection with plasmids bearing wild-type and mutated variants of PML IV and PML I-EGFP

The RPE-1"RT PML knockout cells were seeded on coverslips in concentration 27,000 cells/cm2. One day after
seeding, the cells were transfected with desired plasmid using FuGENE HD transfection reagent (Promega; E2311)
in DNA: FuGENE ratio 1:3. 24 hours after transfection were these cells treated with doxorubicin (0.75 uM) for
another 48 hours. After treatment the cells were fixed, stained with B23 and DAPI and analyzed by wide field

fluorescent microscopy.

Indirect immunofluorescence, confocal microscopy, and stimulated emission depletion (STED) microscopy

Cells grown on glass coverslips were fixed with 4% formaldehyde in PBS for 15 min, permeabilized in 0.2% Triton
X-100 in PBS for 10 min, blocked in 10% FBS in PBS for 30 min, and incubated with primary antibodies for 1 hour,
all in RT. After that, cells were washed three times 5 min in PBS, and secondary antibodies (Abberior STAR 635P
used specifically for STED) were applied in RT for 1 hour. For some experiments, TOTO-3 was applied together
with secondary antibodies. Subsequently, cells were counterstained with 1 pg/mL DAPI for 2 min, washed 3 times
with PBS for 5 min and let dry. For wide-field and confocal microscopy, the glasses were mounted with Antifade
Pro-long Gold Mounting Media. The wide-field images were subsequently acquired on the Leica DM6000
fluorescent microscope using the HCX PL APO 63%/1.40 OIL PH3 CS and HCX PL APO 40x/0.75 DRY PH2
objectives and monochromatic CCD camera Leica DFC 350FX (Leica Microsystems GmbH, Wetzlar, Germany);
the confocal images were acquired on microscope DMI6000 with laser scanning confocal head Leica TCS SP5
AOBS Tandem, using the HC PL APO 63%/1.40 OIL CS2 objective (Leica Microsystems GmbH, Wetzlar,
Germany). For super-resolution STED microscopy, the cells were mounted with glycine/N-propyl gallate and
imaged on the microscope DMi8 with laser scanning confocal head Leica TCS SP8 and STED 3X module using the
HC PL APO100xOIL STED WHITE CS2I objective. Image deconvolution of confocal and STED images was done
using Huygens Professional software (Scientific Volume Imaging B.V., Hilversum, The Netherlands).The

segmentation analysis and co-localization was done with plugin for ImageJ: Mosaic/Segmentation/Squassh [72].

5-FUrd incorporation assay

For 5-FUrd incorporation assay, cells were incubated with 1 mM 5-FUrd for 30 min, at indicated time-points after
doxorubicin treatment and removal. After that, cells were fixed with 4% formaldehyde at RT for 15 min and the 5-
FUrd incorporation was visualized using anti-BrdU antibody cross-reacting with 5-FUrd. The standard protocol for

immunofluorescence described above was used.

rDNA immuno-FISH

For immuno-FISH, the cells were grown on cover glasses, washed with PBS, fixed in 3:1 methanol/acetic acid
solution in -20°C for 1 hour and washed 3x with PBS. After that, the cells were incubated 90 min at 37°C with 10
mg/mL RNase A, washed 2x in 2xSSC, pH 7, and dehydrated in 70%, 85% and 100% ethanol, respectively, 2 min
each. Afterwards, the rDNA probe was administered onto the cells, the DNA was denatured by heating on a hotplate

at 76°C for 5 min and incubated with the probe in a wet chamber overnight. The following day, the cells were

Page 15



washed in 0.4xSSC, pH 7, 72°C for 2 min and in 2xSSC/0.05% Tween-20, pH 7, at RT for 30 s. Afterwards, the

cells were permeabilized, blocked, stained and imaged as described for STED microscopy.

si-RNA-mediated silencing

The cells were plated on 6-well plates one day before esi/si RNA transfection. esiRNAs targeting topoisomerase 1
(EHU101551) and topoisomerase 2a (EHU(073241, Sigma) were purchased at Sigma-Aldrich/Merck (Darmstadt,
Germany) and transfected into cells in a final amount of 300 ng. siRNAs targeting HEATR1 (mix of siRNAs, #1:
$30230, 5'-CCACUUUCCAUUUGCGAUATT-3"; #2: s30231, 5-GAUGUUGUUUUGUCGGCUATT-3"; #3:
$30232, 5'-CACUUUCCAUUUGCGAUAATT-3"), topoisomerase 3a (s14311, 5'-
CAGGUUAAAGUUAAAGUUUTT-3'), ribosomal protein RPS6 (s12270, 5'-CCUUAAAUAAAGAAGGUAATT-
3") and non-targeting siRNA (Silencer® Select Negative Control No. 1, 4390843) were purchased at
Ambion/Thermo Fisher Scientific (Waltham, MA, USA). siRNAs targeting casein kinase 2 subunit o (5'-
GAUCCACGUUUCAAUGAUATT-3') and casein kinase 2 subunit B (5'- AGAGUGACCUGAUUGAGCATT-3")
were purchased at Santa Cruz Biotechnology (Dallas, TX, USA). All si RNAs were transfected into cells at a final
amount of 30 pM. The transfections were performed using Lipofectamine™ RNAIMAX, according to the

manufacturer’s instructions.

SDS-PAGE and immunoblotting

Cells were harvested into Laemmli SDS sample lysis buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol),
boiled at 95°C for 5 min, sonicated and centrifuged at 18,000xg for 10 min. Concentration of proteins was estimated
by the BCA method (Pierce Biotechnology Inc., Rockford, USA). Equal amounts of total protein were mixed with
DTT and bromphenol blue to final concentration 100 mM and 0.01%, respectively, and separated by SDS-PAGE
(8% or 12% polyacrylamide gels were used). The proteins were electrotransferred to a nitrocellulose membrane
using wet transfer. Immunostaining followed by ECL detection was performed. The intensity of the bands was
measured in ImageJ Gel Analyzer plugin; and the protein levels were calculated as the band intensities of the
proteins of interest, related to the band intensities of loading control, while the relative intensity of untreated cells

(or cells treated with a dissolvent — acetic acid or DMSQO) was set as one.

Quantitative real time RT-PCR (qRT-PCR)

Total RNA samples were isolated using RNeasy Mini Kit (Qiagen, MD, USA) according to the manufacturer’s
protocol. First strand cDNA was synthesized from 200 ng of total RNA with random hexamer primers using
TagMan Reverse Transcription Reagents (N8080234, Applied Biosystems/Thermo Fisher Scientific, Waltham, MA,
USA). qRT-PCR was performed in ABI Prism 7300, using SYBR Green I Master Mix (4364344, Applied
Biosystems/Thermo Fisher Scientific, Waltham, MA, USA). Following set of primers were used:

ARF: 5'- CGAGTGAGGGTTTTCGTGGTT-3', 5'- CCATCATCATGACCTGGTCTTCTAG-3";

GAPDH: 5'- GTCGGAGTCAACGGATTTGG-3', 5'-"AAAAGCAGCCCTGGTGACC-3'.
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The relative quantity of cDNA was estimated by AACt [73]; data were normalized to GAPDH. Samples were

measured in triplicates.
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Figure legends

Figure 1: PNAs are formed after simultaneous inhibition of topoisomerasies and RNA polymerase 1. RPE-
1MTERT cells were treated with different compounds for 48 hours (only exception 6 hours long treatment with MG-
132) and the formation of PNAs and other parameters were evaluated. (A) Examples of PML nucleolar associations
(PNAs) occurring in RPE-1"TERT cells after treatment with 0.75 uM doxorubicin. The PML cap, fork, circle and PML
nucleolus-derived structure (PML-NDS) are visualized by indirect immunofluorescence. PML (green) and TOTO-3
(red, visualizes the nucleoli) and DAPI (blue). (B) A chart, showing the percentage of RPE-1"T5RT cells containing
PNAs after treatment with different stress-inducing stimuli. The stressors were divided into five categories
according to their main mechanism of action: blue - inhibitors of topoisomerases, red - inhibitors of RNAP 1, violet -
inhibitors of pre-RNA processing, orange - inductors of replication stress, black - other stressors. In the table below
the chart, p53 stabilization, YH2A.X foci formation, PAF49 segregation and Topl or Top2a decline is shown. (C)
The wide-field immunofluorescence microscopy of RNAP I subunit PAF49 (red; the distribution reflect the activity
of RNAP I) and the PML (green) in RPE-1"TERT cells, 48 hours after selected treatments. Bar, 10 um.

Figure 2: Downregulation of Topl and Top2a induces PNAs formation. (A) The pattern of PML (green) and
B23 (red) in RPE-1"TERT cells, visualized by indirect immunofluorescence, after transfection with esiRNAs targeting
topoisomerases 1 and 2a, with siRNA targeting topoisomerase 2b, or with nonsense siRNA, respectively. The
percentage of cells containing PNAs after downregulation of respective topoisomerase is written below each image.
Bar, 10 pm. (B) Immunoblots with lysates extracted from cells after transfection either with nonsense siRNA or with
esiRNA/siRNA targeting individual topoisomerases. The membranes were probed with indicated anti-Top
antibodies to prove their efficient downregulation. GAPDH was used as a loading control. (C) Illustrative images of
RPE-1"TERT cells in which Topl was downregulated by esiRNA transfection show time-dependent changes in the
pattern of PML (green) and PAF49 (red; subunit of RNAP I, distribution reflect the activity). The number of days
after transfection is written below each image. Bar, 10 pm.

Figure 3: The RNAP I inhibition prior to topoisomerase inhibition/downregulation increase the amount of
PNAs. (A) RPE-1"TERT cells were pre-treated with 10 nM AMD for 5 hours to inhibit RNAP I and then treated with
0.375 pM doxorubicin for another 48 hours. The chart shows the percentage of cells containing either PML-NDSs or
PNCs (forks and circles). Three independent experiments are shown. (B) RPE-1"TERT cells were pre-treated with 5
UM CX-5461 for 2 hours to inhibit RNAP I and then treated with 0.375 uM or 0.75 puM doxorubicin for another 48
hours. The chart shows the percentage of cells containing either PML-NDSs or PNCs (forks and circles) for both
concentrations, within a single replicate. (C) RPE-1"TERT cells were pre-treated with 10 nM AMD for 5 hours to
inhibit RNAP I and then transfected with esiRNA targeting Topl. The chart shows the percentage of cells
containing either PML-NDSs or PNCs (forks and circles), 48 hours after transfection. Three biological replicates
were evaluated. Results are presented as a mean =+ s.d.

Figure 4: The presence exon 8b and the SUMO interactive motif that is regulated by CK2-mediated
phosphorylation are important for PML localization to the nucleolus. (A) The amino-acid sequences of the C-
termini of PML I, IV, V and VI isoform are shown. In the left column the ability to form PNAs is indicated. (B, C
and D) RPE-1"T8RT PML" cells were transfected with PML IV (B) and PML I (C) deletion mutants and PML IV
deletion, phosphomimetic and unphosphorylable mutants (D) and their ability to associate with nucleolus was
assessed 48 hours after treatment with 0.75 pM doxorubicin. The bars to the right of scheme of the mutations
represent the percentage of transfected cells containing PNAs, relative to the cells transfected with the wild-type
PML IV isoform. In each experiment over 60 cells with physiological expression of PML was evaluated. Three
biological replicates were evaluated. Results are presented as a mean + s.d. (E) RPE-1"T5RT cells were treated with
0.75 uM doxorubicin in the presence or absence of CK2 inhibitor CX-4945 and the percentage of cells containing
PNAs was assessed after 48 hours. The percentage of PNAs-positive cells in the sample without CX-4945 was set as
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I"TERT cells were

100%. Three biological replicates were evaluated. Results are presented as a mean + s.d. (F) RPE-
transfected with siRNAs targeting CK2 subunit a, B or their combination. Nonsense siRNA was used as a negative
control. 0.75 pM doxorubicin was added to the cells 3 days after transfection and the percentage of cells containing
PNAs was assessed 48 hours later. The percentage of PNAs-positive cells in the cells transfected with nonsense

siRNA was set as 100%. Three biological replicates were evaluated. Results are presented as a mean = s.d.

Figure 5: rDNA is localizes in PNAs. RPE-1"T5RT cells were treated with 0.75 uM doxorubicin for 24 and 48 hours
to obtain PML caps, forks and 6 hours after doxorubicin washout (WO) to initiate PML-NDS. At selected time-
points, immuno-FISH with rtDNA probe and anti-PML antibody was performed and the cells were imaged on the
super-resolution STED microscope. (A) The chart represents the size of the IDNA-PML co-localization, which was
calculated for different PNAs using plugin Mosaic/segmentation/SQUASSH in Image J. (B, C) Illustrations of
selected caps (B) or forks (C) with low (1, 2, 5, 6) or high (3, 4, 7, 8) co-localization size. IDNA — green, PML —
red. The right columns show the images of PNAs after deconvolution, while the left columns show how the images
are processed during segmentation analysis. (D) Selected images documenting the presence of rDNA within the tip
of PML forks and inside PML-NDS 6 hours after doxorubicin washout. IDNA — green, PML — red, DAPI — blue.

Figure 6: rDNA co-localizes with SUMO-1 after doxorubicin treatment. RPE-1""RT PML" and PML"" cells
were treated with 0.75 uM doxorubicin for 0, 6, 12 or 24 hours. Then, immuno-FISH with rDNA probe and anti-
SUMO-1 antibody was performed and the cells were imaged on the confocal microscope. The chart in the left part
represents the size of the rDNA and SUMO-1 co-localization, which was calculated for different time-points of
doxorubicin treatment in RPE-1"T8RT PML"- and PML"" cells using plugin Mosaic/Segmentation/Squassh in Image
J. In the right part the images (24 hours after doxorubicin addition) obtained by this analysis are presented. In the
upper raw are nucleoli with the highest size (0.5 — 1), in the central raw with medium size (0.2 — 0.5) and in the
bottom raw with low size (0 — 0.1) of rDNA (red) and SUMO-1 (green) co-localization.

Supplementary Figure 1: DNA damage after different treatments. RPE-1"T5RT cells were treated with different
stimuli and the DNA damage, demonstrated as phosphorylation of histone H2AX (YH2AX), was visualized after 48
h by indirect immunofluorescence, using the anti-yH2AX antibody. Bars, 20 pm.

Supplementary Figure 2: The levels of p53, Topl and Top2a after various treatments. RPE-1"T5RT cells were
treated with different stimuli and the levels of p53 (A), Top2a (B) and Topl (C) were detected by western blot. The
same membrane was used for all three proteins, therefore the same loading control (GAPDH) could be used for all
of them. The chart on the right shows relative levels of p53, Top2a and Topl, respectively, related to the loading
control. The protein levels of untreated cells, or cells treated with drug solvents (acetic acid, DMSQO) were set as
one. The two-row tables below the charts show the percentage of cells containing PNAs and the status of PAF49
after each of the treatments.

Supplementary Figure 3: RNAP I inhibition at different times after AMD or CX-5461 treatments. RPE-1"TERT
cells were treated with actinomycin D (10 nM) or CX-5461 (5 uM) for indicated time-points. At each time-point, the
cell were incubated for 30 min with 5-FUrd. The immunofluorescence detection of 5-FUrd (green), representing
newly synthesized nucleolar RNA, and localization/segregation of RNAPI subunit PAF49 (red) was performed. The
nuclei and nucleoli were stained with DAPI (blue) and TOTO-3 (yellow), respectively. Bars, 10 um.

Supplementary Figure 4: PNAs form in absence of p53. (A) RPE-1""8RT p53-- and p53** cells were pre-treated
with IFNy, to induce PML expression in p53” cells that normally lack PML, and subsequently treated with
doxorubicin. The presence of PNAs was estimated by indirect immunofluorescence of PML (green) after 2 days, the
nuclei were stained by DAPI (blue). (B) esiRNA-mediated downregulation of Topl was performed in RPE-1"TERT
p537 and p53** cells. The presence of PNAs was estimated by indirect immunofluorescence of PML (green) after 3
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days, the nucleoli were visualized by B23 (red). Bars, 15 um. (C) The immunoblot of RPE-1"TRT p53-- and p53*/*
cells, non-transfected, or transfected by esiRNA targeting Topl, 3 days after transfection. The levels of Topl and
p53 are shown, GAPDH is used as a loading control.

Supplementary Figure 5: Reduction of CK2 activity after inhibition and downregulation. (A) RPE-1"TERT cells
were treated with the CK2 inhibitor CX-4945 and the lysate was harvested after 2 days. The activity of CK2 was
assessed on immunoblot, using the antibody against phosphorylated CK2 motif. PonceauS is shown as a loading
control. (B, C) RPE-1"T8RT cells were transfected with siRNAs targeting CK2 subunit o, B or their combination.
Nonsense siRNA was used as a negative control. 0.75 pM doxorubicin was added to the cells 3 days after
transfection. The lysates were harvested at the time of doxorubicin treatment and 2 days after doxorubicin adding.
Immunoblot was performed with an antibody against phosphorylated CK2 motif, to detect the activity of CK2 (B)
and with an antibody against CK2a to show its efficient downregulation (C). PonceauS is shown as a loading
control.

Supplementary Figure 6: p14/ARF is undetectable in RPE-1"TERT cells. RPE-1"TERT cells were treated with 0.75
uM doxorubicin for 1, 2, 3 or 6 days and the lysates were harvested together with untreated RPE-1""8RT  HeLa and
H1299 cells. Immunoblot was performed with antibodies against pl4/ARF and GAPDH as a loading control.
Ponceaus is shown as another loading control. (B) Total RNA was isolated from RPE-1"TERT cells treated for 1 day
with 0.75 uM doxorubicin, as well as from untreated RPE-1"T"RT | HeLa and H1299 cells; and RT-qPCR was
performed with primers recognizing pl4/ARF and actin B. The level of pl4/ARF mRNA was normalized to the
level of actin B mRNA and the highest value (detected in H1299) was set as one. The samples were measured in a
triplicate.
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Table 1. List of treatments

Class

Topoisomerase
inhibitors

Compound Specification
camptothecin Top1l poison
topotecan Top1 poison

Top2 poison (< 1 uM), inhibitor of Top2 binding to
doxorubicin DNA (> 10 uM), histone eviction
aclarubicin inhibitor of Top2 binding to DNA, histone eviction
etoposide Top2 poison

RNAP [ inhibitors

actinomycin D

intercalates to DNA, preferentially to GC-rich
sequences

CX-5461 inhibits the formation of RNAP | pre-initiation complex
. 5-FU antimetabolite
rRmzlzlrzc::':sZifng MG-132 proteasome inhibitor
roscovitine kinase inhibitor
Replicative stress | aphidicolin DNA polymerase A, D inhibitor
inducers HU antimetabolite
oxaliplatin alkylating agent, inhibits RNAP |
BrdU nucleotide analogue
Others IR DNA-damaging treatment

pyridostatin

G-quadruplex stabilizer

IFNy

JAK-STAT pathway activator




Supplementary Figure 1

yH2A.X yH2A.X/DAPI yH2A.X yH2A. X/DAPI yH2A.X yH2A.X/DAPI

- . . .

oxaliplatin

.

aphidicolin

B .

CX-5461

.




43
172}
©
2 s
E_o 2g
20 3 £5
23383 ES
5529 5 &
o 0 > e <
5656 Z= E
225 .
2255 flel |
£3589 I[=
EEER IEN
1l
Lol |
I52) el |
10  ——
Q ——
5 m—
=
5 ==
© —
= (5[ |
s i~
» E e
1S
| ——
—
|
[ | §
70 | &
(PR ar Al op g g
1410 0} 8Ae|a) Hadv9/esd
1410 1410
Osna ON
pioe oneoe — 9Sdd |
neag | Wn vedor | _
N Ao 0l -y vedoy
AM G'0 uPayioydwies - Ldop
Qru apisodoje | LYIVAH _
Wu L9vS-X0 | ujoopiyde |
== |\UQ} g uokwounoe _ _ eainAxoipAy
L ANl )
- AU 0€ Q upAwounoe — _
| upediexo | — aunnoosol |
w A 0g ueosjodoy — — ZEL-ON —
Qnu uIoIgnIoxop - — |loBINOION|}-G — —
5] I 52} T
m 2 0o © o
£ = %
Q@ & O & O
Q.
>

1410

pioe onjeoe
oswa
ANAI

BUNIA0OSOI
CEL-ON
n4-s

npig

A9 01 I
apisodole
L9¥G-XO

@ upAwounoe
uneldijexo
uIgnIepe
ueoajodoy
uloIgnJoxop

upayjoydwes

2| wigo
@ Wi Lo
A G070
A G0

< wio
A G070
410

aclarubicin
24 h
anti-p53 [N ——
ANt-GAPDH o s————

AT 0g ueosjodoy

AN G0 ueoejodoy

AT 0g upayiodwed
AT G0 upsyo)dwes —
osiwa |

430 _

anti-p53

anti-GAPDH === e w== w— o= e

25
&g
£ O
£¢
23
=&
— [o] T 1410
[o] | proeonsoe
[=[ ] oswa
[o] | aNai
[ + S |
L [o] | euninoosos
o | : =[] zer-on
8 = ER
2 — | E
Y o
o H S| | npig
2 : BRRELET
° m o~ apisodoje
@ . ——
© : <[] 1evs-x0
m © @ uAwounoe
H & uejdiiexo
H & uigniejoe
H 2 uesajodo}
H _H N uloIgnJoxop
L m N upayjoydwes
T T 1T 1T 17 1 1717
0 OB oWo VYo WwoWwo
W O MMM~ O ©ONN T~ «— O O
1410 0} @A) HAdVYD/ezdo L
| wiso ff
X wio ¥
c
S M GO0
2 ¢
2 nigo f
o< .
g|g| wivo
' 500
1410
LD 1400 | o T
oswa | ON| g B
pioe onaoe — - 9Sdy H %
- = L
neg ) S| wvedo | =
f9 0L - ¥l “| vedos
AT G°0 uayjodwed | Ldop | A 0g ueosjodoy .
apisodojs | LHIVaH | W °0 ueoetodoy — .
L9¥S-XO uljooipiyde "
NU 01 @ uPAwounoe _ eainAxoipAy _ I 0g uostoldue —
U 0€ @ uAwounoe - ANSI u — WM G0 upsyjoydwed _ —
unedijexo — ouNIA0oSOI | | - e — -
T 0g ueosjodoy - va.o_\,_* — ‘
uIoIgnIoxop ” — __omh:oho:c.m_, ‘ [ —
© I S I
g3 S 1 5
S a S o S a
L < L < L <
= O = O = @
c L = L f= N
s £ & E & £
© © @

£g
2§
i
6 W
=&
— T
[o] | proeoneoe
[ | oswa
[ : [o] ] aNai
<[]
_ v ”‘ BUNJIN0OS0J
[ t o] zer-ow
= I H 1S[ | nds
2 I S— )
‘S | W\ npig
.m o — TR
3 i —
o | — 19PS-XD
e — ) WA
[ a— | T
— T
m & ueosjodo}
—(] Y
H S uayio)dwes
w o W © ®© o
o~ o~ - - o o
130 0} AjoAnejal Hadvo/Ldo L
| wiso
Q| Wi Lo
c
S AT 600
e
= M G0
g e
S|yl wito
AT 60’0
110
THLO Y 1410
ow_zn_— ON _
U_omo_«mow— 9Sdy —
nesg | m vedor | |
A -
o0L-yl | vedor ||
W G0 uayjoidweo | LdoL |1 N g ueoejodoy
mn_moncﬁw— REINEL — AT G0 ueosjodoy
19v5-x0 § uyoorpiyde | f ’ ;
Wu 01 @ upkwounoe | _ nH '} _ W' 05 tioatRoIctE
_\,_comn_c_o\goc:om— — ANAI — — AT G°0 urvayodwed |
c:m_a__mxo— — BUIIACOSOI — - osSna
M 0g ueosjodoy — CEL-ON — —
c_o_nEOXOU— — n4-s w - [
-~ ar
Q A -~ I
- g g
- 2 3
Z ® =
& g

anti-Top1

anti-Top1 [E—

anti-GAPDH eSS

ANtI-GAPDH e o e e c



Supplementary Figure 3
AMD (10 nM)

CTRL

—
>
N
~
>

(&)
0
N
>

CX-5461 (5 uM)

1h

(9)]
0
\l
-0




Supplementary Figure 4
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Supplementary Figure 5
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Supplementary Figure 6
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Supplementary Table 1. Specification of antibodies

Antibodies used for immunofluorescence

anti-BrdU mouse, monoclonal | B8434 Sigma-Aldrich/Merck (Darmstadt, Germany) 1:500
anti-PML mouse, monoclonal | sc-966 Santa Cruz Biotechnology (Dallas, TX, USA) 1:200
anti-PML rabbit, polyclonal sc-5621 Santa Cruz Biotechnology (Dallas, TX, USA) 1:200
anti-phosphoserine 139 . .
of histone H2AX mouse, monoclonal | 05-636 Millipore/Merck (Darmstadt, Germany ) 1:500
anti- Invitrogen/Thermo Fisher Scientific (Waltham, .
nucleophosmin/B23 mouse, monoclonal | 32-5200 MA, USA) 1:200
anti-PAF49 rabbit, polyclonal ab92428 Abcam (Cambridge, UK) 1:250
anti-SUMO1 rabbit, polyclonal ab32058 Abcam (Cambridge, UK) 1:300
Alexa Fluor 488 goat . Invitrogene/Thermo Fisher .
anti-mouse goat anti-mouse A-11029 Scientific (Waltham, MA, USA) 1:1000
Alexa Fluor 568 goat . Invitrogene/Thermo Fisher .
anti-mouse goat anti-mouse A-11031 Scientific (Waltham, MA, USA) 1:1000
Alexa Fluor 488 goat . . Invitrogene/Thermo Fisher .
anti-rabbit goat anti-rabbit A-11034 Scientific (Waltham, MA, USA) 1:1000
Alexa Fluor 568 goat . . Invitrogene/Thermo Fisher .
anti-rabbit goat anti-rabbit A-11036 Scientific (Waltham, MA, USA) 1:1000
Abbenor. STAR.635 P goat anti-rabbit ST635P Abberior GmbH (Go6ttingen, Germany) 1:100
goat anti-rabbit
Antibodies used for immunoblotting
anti-ARF mouse, monoclonal | sc-53639 Santa Cruz Biotechnology (Dallas, TX, USA) 1:1 000
anti-GAPDH mouse, monoclonal | GTX30666 GeneTEX (Irvine, CA, USA) 1:10 000
anti-phospho-CK2 1 i Holyclonal #8738 Cell Signaling (Danver, MA, USA) 1:1 000
substrate
anti-CK2 a mouse, monoclonal | sc-373894 Santa Cruz Biotechnology (Dallas, TX, USA) 1:500
anti-p53 mouse, monoclonal | sc-126 Santa Cruz Biotechnology (Dallas, TX, USA) 1:500
anti-topoisomerase | rabbit, polyclonal HPA019039 | Sigma-Aldrich/Merck (Darmstadt, Germany) 1:1 000
anti-topoisomerase Il @ | mouse, monoclonal | sc-365916 Santa Cruz Biotechnology (Dallas, TX, USA) 1:1 000
anti-topoisomerase Il | rabbit, polyclonal sc-13059 Santa Cruz Biotechnology (Dallas, TX, USA) 1:1 000
Irif)::tRP goat anti- goat anti-rabbit 170-6515 Bio-Rad (Hercules, CA, USA) 1:10 000
1gG-HRP i-
gG-HRP goat anti goat anti-mouse 170-6516 | Bio-Rad (Hercules, CA, USA) 1:10 000

mouse




Supplementary Table 2: List of plasmids

Plasmid Construction/origin
pGEM-4z Promega (P2161)
pEGFP-N1 Clontech (6085-1)
pEGFP-N3 Clontech (6080-1)
pPEGFP-N1-PML IV This work
pEGFP-N3-PML | This work
PEGFP-N1-PML IV Aaa556-559 This work
pEGFP-N1-PML IV Aaa560-570 This work
pEGFP-N1-PML IV Aaa560-619 This work
pEGFP-N1-PML IV Aaa560-633 This work
pEGFP-N1-PML IV Aaa571-619 This work
pEGFP-N1-PML IV Aaa571-633 This work
pEGFP-N1-PML IV Aaa621-633 This work
pEGFP-N1-PML IV Aaa560-570+Aaa621-633 This work
pEGFP-N3-PML | Aaa560-570 This work
pEGFP-N1-PML IV S565D This work
pEGFP-N1-PML IV S565A This work
pEGFP-N1-PML IV SSSEDS560-565DDDEDD This work
pPEGFP-N1-PML IV SSSEDS560-565AAAEDA This work
pEGFP-N1-PML IV VVVI556-559AAAS This work

Supplementary Table 3: List of primers

Primers seqguence

Used for

PML556-560_F GAGGAACGCAGCAGCTCGGAAGACTCAGATGCC

PML556-560_R CGAGCTGCTGCGTTCCTCTGCCTCCCCGGCG

Deletion aa556-560 in
PML IV

PML4del560-570_F GTGGTGATCTCCTCCCGAGAGCTGGATGACAG

PML4del560-570_R TCGGGAGGAGATCACCACAACGCGTTCCTCTGCC

Deletion aa560-570 in
PML I and PML IV

PML4del560-619_F GTGGTGATCGAAAGTGGGTTCTCCTGGGGCTACC

PML4del560-619_R CCCACTTTCGATCACCACAACGCGTTCCTCTGCC

Deletion aa560-619 in
PML IV

PML4del560-633_F GTGGTGATCTGGGATCCACCGGTCGCCAC

PML4del560-633_R TGGATCCCAGATCACCACAACGCGTTCCTCTGCC

Deletion aa560-633 in
PML IV

PML4del571-619_F GAAAACTCGGAAAGTGGGTTCTCCTGGGGCTACC

PML4del571-619_R CCCACTTTCCGAGTTTTCGGCATCTGAGTCTTCC

Deletion aa571-619 in
PML IV

PML4del571-633_F GAAAACTCGTGGGATCCACCGGTCGCCAC

PML4del571-633_R TGGATCCCACGAGTTTTCGGCATCTGAGTCTTCC

Deletion aa571-633 in
PML IV

PML4del621-633_F GACAATGAATGGGATCCACCGGTCGCCAC

PML4del621-633_R TGGATCCCATTCATTGTCAATCTTGAGGTCAAAG

Deletion aa621-633 in
PML IV

PML-S565A_F CAGCAGCTCGGAAGACGCAGATGCCGAAAACTC Mutagenesis S565A in
PML-S565A_R GAGTTTTCGGCATCTGCGTCTTCCGAGCTGCTG PML IV
PML-S565D_F GATCAGCAGCTCGGAAGACGATGATGCCGAAAACTCGTCCT Mutagenesis S565D in
PML-S565D_R AGGACGAGTTTTCGGCATCATCGTCTTCCGAGCTGCTGATC PML IV

PMLSSS560AAA_F

GAACGCGTTGTGGTGATCGCCGCCGCGGAAGACGCAGATGCCG

PMLSSS560AAA_R

CGGCATCTGCGTCTTCCGCGGCGGCGATCACCACAACGCGTTC

Mutagenesis SSS560-
562AAA in PML IV-
S565A

PML DDSEDD_F

GGAACGCGTTGTGGTGATCGACGACTCGGAAGACGATGATGCC

PML DDSEDD_R

GGCATCATCGTCTTCCGAGTCGTCGATCACCACAACGCGTTCC

Mutagenesis SS560-
561DD in PML IV-
S565D

PML DDDEDD_F

GCGTTGTGGTGATCGACGACGATGAAGACGATGATGCCGAAAA

PML DDDEDD_R

TTTTCGGCATCATCGTCTTCATCGTCGTCGATCACCACAACGC

Mutagenesis S562D in
PML IV- SSSEDS560-

565 DDSEDD
PML-AAVI-F GGCAGAGGAACGCGCTGCGGTGATCAGCAGCT Mutagenesis VV556-
PML-AAVI-R AGCTGCTGATCACCGCAGCGCGTTCCTCTGCC 557AA in PML IV
PML-AAAS-F GAACGCGCTGCGGCGAGCAGCAGCTCGGAA Mutagenesis VI558-
PML-AAAS-R TTCCGAGCTGCTGCTCGCCGCAGCGCGTTC 559AS in PML IV

VV556-557AA
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