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define the senescence secretory program
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Abstract

Senescent cells display senescence-associated (SA) phenotypic
programs such as stable proliferation arrest (SAPA) and a secretory
phenotype (SASP). Senescence-inducing persistent DNA double-
strand breaks (pDSBs) cause an immediate DNA damage response
(DDR) and SAPA, but the SASP requires days to develop. Here, we
show that following the immediate canonical DDR, a delayed chro-
matin accumulation of the ATM and MRN complexes coincides
with the expression of SASP factors. Importantly, histone deacety-
lase inhibitors (HDACi) trigger SAPA and SASP in the absence of
DNA damage. However, HDACi-induced SASP also requires ATM/
MRN activities and causes their accumulation on chromatin,
revealing a DNA damage-independent, non-canonical DDR activity
that underlies SASP maturation. This non-canonical DDR is
required for the recruitment of the transcription factor NF-kB on
chromatin but not for its nuclear translocation. Non-canonical
DDR further does not require ATM kinase activity, suggesting struc-
tural ATM functions. We propose that delayed chromatin recruit-
ment of SASP modulators is the result of non-canonical DDR
signaling that ensures SASP activation only in the context of senes-
cence and not in response to transient DNA damage-induced
proliferation arrest.
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Introduction

Cellular senescence is a tumor suppressor mechanism that relies on
a stable senescence-associated (SA) proliferation arrest (SAPA) to
limit the multiplication of cells at risk for neoplastic transformation
(Lowe et al, 2004; Rodier & Campisi, 2011; van Deursen, 2014;
Gonzalez et al, 2016; Lee & Schmitt, 2019). Unlike apoptotic cells,
which are rapidly eliminated (Christophorou et al, 2005, 2006; Roos
& Kaina, 2013), senescent cells remain viable and have multifaceted
biological functions. These include roles in embryonic development
(Munoz-Espin et al, 2013; Storer et al, 2013), viral infection (Appay
et al, 2007), placental biology (Chuprin et al, 2013), wound healing
(Demaria et al, 2014), and tissue remodeling that occurs during
cancer treatment (Gonzalez et al, 2016; Demaria et al, 2017; Mila-
novic et al, 2018; Fleury et al, 2019). Senescent cells are found with
increased frequency in aging tissues and at sites of age-associated
pathologies, including cancer, while their targeted elimination can
restore naturally or prematurely aged tissue functions and extend
lifespan in mice (Dimri et al, 1995; Herbig et al, 2006; Baker et al,
2011, 2016; Burd et al, 2013; van Deursen, 2014; Chang et al, 2016;
Demaria et al, 2017; Fuhrmann-Stroissnigg et al, 2017; Jeon et al,
2017). Although SAPA largely accounts for tumor suppression
aspects of senescence, most beneficial and detrimental microenvi-
ronmental functions of senescent cells are mediated via their para-
crine pro-inflammatory SASP (Krtolica et al, 2001; Parrinello et al,
2005; Coppe et al, 2008; Alspach et al, 2014; Laberge et al, 2015;
Malaquin et al, 2016).

Establishing the SASP following senescence induction requires a
complex multiday genetic program that involves temporally inter-
laced molecular pathways converging toward the activation of NF-
kB, the major transcription factor regulating the SASP (Acosta et al,
2008; Rodier & Campisi, 2011; Baker & Sedivy, 2013; Ito et al,
2017). Cellular senescence is almost always a consequence of
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genotoxic stresses (i.e., telomere shortening, oncogene-induced mitotic
stress, irradiation) that cause DNA double-strand breaks (DSBs) and a
DNA damage response (DDR) signaling cascade (d’Adda di Fagagna
et al, 2003; Bartkova et al, 2005; Di Micco et al, 2006; Mallette et al,
2007). In senescent cell nuclei, irreparable DSBs generate continuous
DDR signaling from persistent DNA damage foci (DDF) or ‘DNA
segments with chromatin alterations reinforcing senescence’ (DNA-
SCARS) (Rodier et al, 2011; Fumagalli et al, 2012; Hewitt et al, 2012;
Fuhrmann-Stroissnigg et al, 2017). In addition to DNA-SCARS and rein-
forcing the link between DNA damage and senescence, TREX1-, PARP-,
GATA4-, p38MAPK-, or cGAS/STING-related damage responses have
been linked to both SAPA and SASP (Freund et al, 2011; Ohanna et al,
2011; Kang et al, 2015; Dou et al, 2017; Ito et al, 2018; Takahashi et al,
2018; De Cecco et al, 2019). The DDR is necessary for both SAPA and
SASP, but important differences in the temporal kinetics of each SA
phenotype can be noted (Rodier et al, 2009; Coppe et al, 2011; Pazolli
et al, 2012; Kang et al, 2015; Malaquin et al, 2015, 2016). For example,
DSBs trigger immediate local recruitment of the MRE11-Rad50-NBS1
(MRN) complex on nearby chromatin. This promotes near-simulta-
neous ATM kinase recruitment and activation (phosphorylation at
serine 1981 [S1981-ATM]) that leads to DDR signaling and cell cycle
checkpoints activation, including the CHK2 and p53/p21°P' pathways
controlling SAPA (Chen et al, 1995; Serrano et al, 1997; d’Adda di
Fagagna et al, 2003; Beausejour et al, 2003; Herbig et al, 2004; Rodier
et al, 2009). Alternatively, the DDR-dependent expression of many
SASP factors develop over a period of many days after the formation of
senescence-inducing DNA lesions, long after the initial canonical DDR
signal has emerged from DSBs. In this context, persistent DDF have
been proposed as reservoirs of active DDR signaling (Coppe et al, 2008,
2011; Rodier et al, 2009, 2011; Freund et al, 2011; Baar et al, 2017).
Thus, despite its absolute requirement for the initiation and mainte-
nance of SASP, the canonical early activation of ATM and the DDR at
DSBs are not sufficient to trigger the SASP program, suggesting that
delayed partnered ATM activity, perhaps at persistent DDF could be
involved (Rodier et al, 2009, 2011). Some evidence has shown that
histone deacetylase inhibitors (HDACis) can trigger a p53/p21- and
pl6-dependent SAPA and SA-B-galactosidase activity (SAPGAL),
another key senescence hallmark (Dimri et al, 1995; Ogryzko et al,
1996; Munro et al, 2004). HDACi-induced senescence was also shown
to trigger the expression of IL-6 and IL-8 (Orjalo et al, 2009; Pazolli
et al, 2012), in the absence of global YH2AX phosphorylation (Pazolli
et al, 2012), suggesting that part of the DDR-associated SASP may occur
independently of DSBs (Bakkenist & Kastan, 2003; Pazolli et al, 2012).
Here, we compared SA secretory programs triggered by HDACi
(sodium butyrate [NaB]) or DNA damage (X-Ray irradiation [XRA]).
We found that NaB triggered a full SASP, similar to the XRA-induced
SASP, but in the absence of persistent DDF or classical DDR activa-
tion. Strikingly, despite an apparent lack of DDR, the genetic deple-
tion of ATM, MRE1l or NBS1 completely abrogated the NaB-
induced SASP as previously observed for the XRA-SASP (Rodier
et al, 2009, 2011). Accompanying this discordance, we observed
that while classical DDR activity appeared within minutes of DNA
damage exposure, the NaB-induced SASP occurred within days and
the XRA-SASP required up to a week to manifest. In line with a late
role for the DDR in SASP maturation, for both XRA and NaB, we
observed a delayed global accumulation of MRN complex on chro-
matin, which coincided with NF-xB chromatin recruitment and
SASP development. Finally, we observed that the role of ATM in
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SASP is independent of its kinase activity while the nuclease activi-
ties of MRE11 are partially involved. Overall, we suggest that the
SASP is regulated by delayed non-canonical, chromatin-associated
DDR signaling outside of persistent DDF essential for NF-kB activity,
providing additional novel pharmaceutical targets to regulate SA
phenotypes.

Results

HDAC inhibition triggers a rapid SASP in the absence of DNA
damage and canonical DDR activation

To investigate whether a canonical DDR is both essential and directly
responsible for the SASP, we exposed normal immortalized human
fibroblasts (HCA2-hT) to the HDACi NaB. Alternatively, we exposed
these cells to a single dose of 10 Gray (Gy) XRA, which is known to
trigger a full senescence program associated with persistent DDR
signaling and DNA-SCARS (Coppe et al, 2008; Rodier et al, 2009,
2011). As expected, we observed stable proliferation arrest using
either NaB or XRA (Fig 1A), and long-term treatment (9 days) gener-
ated SABGAL and IL-6 secretion as previously observed (Ogryzko
et al, 1996; Pazolli et al, 2012) (Figs 1B and C, and EV1A). Using
non-immortalized HCA2 cells, we then probed whether sustained
NaB treatment generated a SASP profile similar to that from two typi-
cal models of DNA damage-induced senescence (replicative senes-
cence [REP] or irradiation). Quantitative antibody arrays revealed
that the six most secreted proteins in REP or irradiated (XRA) cells
were also significantly increased by NaB (IL-6, GM-CSF, GRO, GRO-
alpha, IL-8, and ICAM-1; P < 0.05), and overall, 17 proteins were dif-
ferentially secreted at similar levels in both XRA- and NaB-treated
cells (P < 0.05; Fig 1D). Importantly, factors that were secreted at
lower levels after REP or XRA senescence also decreased after NaB
treatment, suggesting that HDACI does not trigger a global upregula-
tion of secreted factors. Accordingly, the secretory profile (120
proteins) of NaB-treated cells positively correlated with the profiles of
cells that senesced by replicative exhaustion and irradiation, support-
ing common NaB-XRA SASP programs (Appendix Fig S1A).
Interestingly, we noticed that the IL-6 secretion induced by NaB
occurred much earlier than the XRA-induced 11-6 secretion in HCA2-
hT cells (Fig 1E). Indeed, IL-6 secretion significantly increased 2—
3 days following the NaB treatment compared to 8-9 days for XRA
(Fig 1E). This pattern of IL-6 secretion was observed with another
HDACI (Trichostatin A [TSA]; Appendix Fig S1B) and was similar
for independent normal human fibroblasts cultures (BJ, IMR90 and
WI38 cells; Fig 1F-H), which was also accompanied by increased
SABGAL (Fig EV1B). NaB-induced senescence and SASP were indis-
tinguishable from XRA-induced phenotypes and were also detected
in aggressive PC-3 prostate cancer cells, overall suggesting that
NaB-induced senescence phenotypes are broadly conserved in cells
that can undergo senescence (Appendix Fig S2). We further charac-
terized the temporal kinetics of SASP factors induced by HDACi
using sensitive multiplex immunoassays and compared the secre-
tory profiles of 40 cytokines and chemokines from NaB-exposed
cells (NaB-SASP) and irradiated cells (XRA-SASP). As expected, irra-
diation gradually increased the secretion of pro-inflammatory
factors including IL-6, IL-8, and GM-CSF, reaching maximal SASP
levels in 10 days (Fig 11, right panel). In contrast, NaB triggered
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secretion of SASP levels or higher in only 3 days (Fig 11, compare absent in corresponding XRA-SASP. Thus, HDACIi strongly acceler-
left and right panels). Levels of SASP factors that were elevated in ated the expression of a mature SASP when compared to DNA
the NaB-SASP at 24-48 or 48-72 h were comparably lower or damage.
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Figure 1. Characterization of SASP induced by HDACi.

A HCA2-hT cells that were untreated, irradiated (10 Gy of XRA), or treated with 5 mM of sodium butyrate (NaB) were fixed at 2, 4, and 6 days following treatment.
Cell proliferation was evaluated using DRAQS staining. Fluorescence intensity was reported on day 0. Data are means =+ SD of triplicates and are representative of
two independent experiments.

B SA-R-galactosidase assays of HCA2-hT cells fixed 9 days post-XRA (10 Gy) or NaB treatment (2 mM). Data are means + SD of triplicates and are representative of
two independent experiments.

C IL-6 secretion was analyzed by ELISA in conditioned media (CM) of HCA2-hT cells that were collected 9 days after XRA (10 Gy) or NaB (2 mM). Data are the
means =+ SD of triplicates and are representative of three independent experiments.

D Soluble factors secreted by untreated or senescence-induced HCA2 cells: replicative senescence (REP), 10 days post-XRA(10 Gy) or treated 10 days with 2 mM of
NaB were analyzed by antibody arrays.

E-H (E) HCA2-hT, (F) BJ, (G) WI-38, or (H) IMR-90 cells were treated with NaB (5 mM) or XRA (10 Gy). CM were collected for the indicated period and IL-6 secretion was
assessed by ELISA. Data are means =+ SD of triplicates and are representative of three independent experiments.

| HCA2-h cells were treated with NaB (5 mM) or XRA (10 Gy) and CM were collected for the indicated period. Secretion of 40 soluble factors was measured by a
multiplex immunoassay (40-Plex MSD"). Data represent the means of two independent experiments.

Data information: For (D) and (1), average secretion of control cells was a reference for baseline. Heat map key indicates log,-fold changes from the control. Only factors
that were significantly modulated between control and senescent cells at P = 0.05 are displayed. Unpaired t-test: *P < 0.05, **P < 0.01, ***P < 0.001.
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Since the SASP has been previously linked to persistent DDR
signaling (Rodier et al, 2009, 2011), we evaluated the presence of
DDF characterized by the colocalization of 53BP1 and yH2AX. As
expected, 10 Gy of XRA triggered a large number of DSBs foci
(1 day), which were mostly repaired within a few days, leaving
behind residual persistent DDF in senescent cells (10 days; Fig 2A—
C) (Rodier et al, 2011). In contrast, NaB-treated cells did not display
any yYH2AX or 53BP1 nuclear foci even after 72 h of treatment
(Fig 2A-C). We further probed DDR activation via detection of the
phosphorylated form of ATM at serine S1918 (S1981-ATM) in whole
cell extracts (Fig 2D). As expected, the total level of S1981-ATM
rapidly increased following exposure to XRA and gradually decayed
to normal levels over 10 days as cells repaired part of their DNA
lesions and entered senescence (Fig 2D and E). In contrast, S1981-
ATM remained undetectable in NaB-treated cells even several days
after treatment when cells have already developed a mature SASP
profile (Fig 2D and E). Alternatively, phosphorylation of the ATM
target and cell cycle regulator CHK2 (phospho T68-CHK2; (Ahn
et al, 2000)) was rapidly observed and was maintained after irradia-
tion for up to 10 days, but remained undetected following NaB
exposure, suggesting that canonical DDR signaling was not activated
in this context (Appendix Fig S3A). To probe ATM activity following
XRA or NaB treatment at the single-cell level, we analyzed nuclear
foci of S1981-ATM by immunofluorescence (Fig 2F). Similar to
DDF, a large number of S1981-ATM foci were present early follow-
ing XRA (24 h), and a few residual foci persisted until senescence
(Fig 2F and G). Analysis of integrated single-cell mean fluorescence
intensity (MFI) of nuclear S1981-ATM was consistent with whole
cell extracts, revealing low ATM activity in either XRA- or NaB-
induced senescent cells (Appendix Fig S3B). Taken together, these
results suggest that the SASP does not always correlate with the
formation of persistent DSBs or with the degree of canonical ATM-
dependent DDR activity detected, particularly in HDACi-induced
senescent cells.

The MRN complex and ATM are required for NaB-SASP

Because ATM is crucial for the production of oncogene-, XRA-, and
REP-induced SASPs (Rodier et al, 2009, 2011; Freund et al, 2011;
Pazolli et al, 2012; Kang et al, 2015), we examined whether ATM
and the ATM-recruiting DNA damage sensor MRN complex were
involved in NaB-SASP, despite the absence of persistent DDF. We
infected normal human fibroblasts with lentiviruses expressing
short-hairpin RNA against green fluorescent protein (shGFP;
control), ATM (shATM), NBS1 (shNBS1), and MRE11 (shMRE11)
and validated the protein depletion by Western blot (Fig 3A-C). As
previously observed for the depletion of ATM and NBS1 (Rodier
et al, 2009), shMRE11 prevented the secretion of 1I-6 (Fig EV2A)
and of most SASP factors at 10 days post-XRA (Fig EV2B), reinforc-
ing the importance of the MRN complex in this context. Strikingly,
the genetic depletion of ATM, MRE11, or NBS1 also prevented the
IL-6 secretion triggered by NaB (Fig 3D), a finding validated by
multiplex immunoassay profiling that revealed a systematic reduc-
tion in SASP factors following MRE11 depletion (Fig 3E). To note
that the depletion of MRE11 can also reduce the basal secretion of
several cytokines (i.e., IL-1o and B, IP-10...; Figs 3E and EV2B).
These results suggest that NaB-induced SASP depends on the ATM/
MRN DDR pathway, yet possibly act in a non-canonical way
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uncoupled from persistent DSBs-type DNA lesions. Indeed, we con-
firmed that SASP-negative senescent ATM-deficient cells, as well as
the MRE11- and NBS1-depleted cells, still displayed DDF in response
to XRA probably via ATR/DNAPK compensation mechanisms
following the loss of ATM, as previously reported (Appendix Fig S4)
(Katyal et al, 2014). Overall, these results demonstrate that SASP
correlates with non-canonical DDR ATM activity rather than with
DSBs-type DNA lesions.

ATM kinase activity is not required for the SASP

The kinase activity of ATM is required for canonical DDR immedi-
ately following the generation of DSBs (Malaquin et al, 2015; Black-
ford & Jackson, 2017). However, in the context of SASP, the levels
of phospho-ATM (S1981-ATM) are very low or absent (Fig 2D-G).
To determine whether the kinase activity of ATM was involved in
the expression of SASP factors we used chemical inhibitors against
ATM kinase activity (ATMi, Ku55933). Using a dose of XRA (1 Gy)
to allow for easy visualization of individual DDF, we validated that
ATMi completely prevented the formation of S1981-ATM nuclear
foci (Fig 4A) and negatively modulated the intensity of YH2AX DDF
(Fig 4B). In the context of XRA, the early canonical DDR is key for
effective proliferation arrest (Abraham, 2001). Indeed, if we blocked
ATM Kkinase activity early simultaneously with irradiation and main-
tained inhibition for 10 days (ATMi DO0), we observed increased
genomic instability and increased yH2AX-positive persistent DDF in
SABGAL-positive senescent cells (Fig EV3A-C and Appendix Fig
S5A and B). ATMi DO also increased IL-6 secretion by about
twofold, consistent with an increased DNA damage load
(Appendix Fig S5C, ATMi D0). To avoid altering canonical DDR
signaling early after XRA, we treated cells with ATMi starting 8 days
post-XRA (ATMI D8; Fig 4C) and we did not observe any significant
increase in the number of YH2AX-positive persistent DDF (Figs 4D
and EV3A-C) nor in the percentage of SAPGAL-positive cells
(Fig 4E), suggesting a more limited impact on proliferation and
DNA damage phenotypes. Again, we observed that the inhibition of
ATM kinase activity at day 8 post-XRA did not have any significant
impact on II-6 secretion or more globally, on the pro-inflammatory
XRA-SASP (Fig 4F-H). Similarly, ATMi did not prevent the secretion
of 1l-6 induced by NaB or the NaB-SASP (Fig 4F-H). In summary,
although ATM is essential for the SASP, as validated using genetic
depletion approaches, the canonical kinase activity of ATM is appar-
ently not required.

MRE11 nuclease activities contribute to the NaB- and XRA-SASPs

We next investigated whether the MRE11 exo- and/or endonuclease
activities were involved with the non-canonical DDR activity and
the expression of SASP factors. We used two different MRE11 inhibi-
tors which have demonstrated inhibitory effects on exonuclease
activity (Mirin) or endonuclease activity (PFMO01) (Shibata et al,
2014). As expected, inhibition of the nuclease activities of MRE11
by Mirin or PFMO1 altered the canonical DDR as illustrated by
decreased Rad51 nuclear DDF at 2 h post-XRA (Fig 5A). As for
ATMi, cells were treated at 8 days post-XRA in order to specifically
target the MRE11 nuclease activities associated with the non-cano-
nical DDR, which did not alter the number of persistent DDF and
the percentage of the SABGAL-positive cells (Fig 5B-D). Unlike for
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ATMi, usage of Mirin or PFM01 from day 0 (concomitantly with of MRE11 nuclease activities from day 8 during the non-canonical
irradiation) did not have a measurable impact on persistent DDF or DDR was enough to reduce about 40% the secretion of 11-6 (Fig 5E)
on the percentage of SABGAL-positive senescent cells 10 days later and decrease the secretion of most pro-inflammatory SASP factors

(Fig EV4AA—C and Appendix Fig S6A and B). Importantly, inhibition (Fig 5G). Similarly, a strong reduction of Il-6 secretion was observed
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Figure 2. HDACIi does not trigger DSBs or canonical DDR activation.

BJ cells were untreated, irradiated with 10 Gy of XRA, or treated with 5 mM of NaB.

A Fluorescence images of 53BP1 and yH2AX stained by immunofluorescence in cells fixed at the indicated times. DAPI was used for nuclear counterstain.
Bar scale = 25 uM.

B, C Quantification of the number of (B) yH2AX or (C) 53BP1 foci per nucleus (n = 150) using Image). Means & SEM of foci per nucleus were represented.
Western blot analysis of phosphorylated ATM (S1981-ATM) or total ATM expression in B) cells untreated (time 0), treated with NaB or XRA. Stain-free (SF) imaging
of the membrane was used as loading control.

E Quantification of S1981-ATM and ATM expression detected in D using Image Lab (Bio-Rad). Bars represent the ratio of expression related to the control.

F Images of S1981-ATM immunofluorescence (green) and DAPI staining in control, irradiated or NaB-treated B) cells. Bar scale = 25uM

G Quantification of S1981-ATM foci per nucleus (n = 150) using Image]. Means £ SEM of foci per nucleus were represented.

Data information: Unpaired t-test: P < 0.05, **P < 0.01, ***P < 0.001, ns: non-significant. Data are representative of three or more independent experiments.
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Figure 3. Genetic ablation of MRN and ATM impairs NaB-induced SASP.

BJ cells were infected with lentiviruses expressing shGFP.3, shATM.11 or .12, shMRE11.3 or .5, or shNBS1.6 or .7 and selected with puromycin.

A-C Depletion of (A) ATM, (B) MRE11, or (C) NBS1 proteins was validated by Western blot. Stain-free (SF) imaging of the membrane or GAPDH was used as loading

control.

D Cells were treated with 5 mM of NaB for 3 days and the conditioned media (CM) of the last 16 h were collected and assessed for IL-6 secretion by ELISA. Data are
the means =+ SD of triplicates and represent at least three independent experiments. Unpaired t-test: ***P < 0.001.

E

BJ-shGFP.3 and BJ-shMRE11.5 cells were either untreated or exposed to 5 mM NaB for 2 days, and CM were collected for the next 24 h. Secreted soluble factors

were evaluated using a multiplex immunoassay (40-Plex MSD"). Average secretion of untreated BJ-shGFP.3 cells was used as baseline. Heat map key indicates log,-

fold changes from control. Data represent two independent experiments.

if Mirin was added from day O concomitantly with XRA
(Appendix Fig S6C). Mirin and PFM01 were also able to partially
reduce the I1-6 secretion induced by NaB and the NaB-SASP (Fig 5F
and G). We then compared the effect of MRE11 nuclease inhibition
by Mirin with the genetic depletion of MRE11 on Il-6 secretion
induced by NaB (Fig 5H). Interestingly, the genetic depletion of
MRE11 by shRNA reduced the NaB-induced I1-6 secretion more effi-
ciently than exonuclease inhibition by Mirin (Fig 5H), suggesting
that similar to ATM, the canonical enzymatic nuclease activities of
MREL11 are only partially involved in the SASP.

The SASP is correlated with an accumulation of ATM, MRE11, and
NF-kB on the chromatin

Canonical DDR activity requires the association of the MRN
complex and ATM with the chromatin in the vicinity of DSBs
(Blackford & Jackson, 2017) as illustrated by the formation of DDF
in Fig 2. Despite the absence of obvious DDF, we investigated
whether ATM and the MRN complex still bound chromatin during
the SASP-associated non-canonical DDR. We isolated proteins from
the nucleus and from the chromatin in XRA- or NaB-treated fibrob-
lasts using subcellular fractionation. As expected for the canonical
DDR, a strong increase of S1981-ATM was observed 1 day following
XRA in both the nuclear soluble and chromatin fractions (Fig 6A
and B), confirming the rapid canonical DDR activation induced by
DSBs. A strong increase of S1981-ATM 1 day after XRA was also
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observed in the cytosolic fraction but rapidly returned to basal levels
(Appendix Fig S7). Over time nuclear soluble S1981-ATM gradually
decreased similarly returning to basal levels (or lower) a few days
post-XRA (Fig 6A and B). Alternatively, a large proportion of S1981-
ATM persisted on the chromatin even 10 days after XRA (Fig 6A
and B). Unlike S1981-ATM, chromatin-associated MRE11 was not
enriched during early canonical DDR, but like S1981-ATM, MRE11
gradually accumulated in the chromatin fraction a few days follow-
ing XRA (Figs 6A and B, and EV5A). Thus, the persistence of almost
all residual S1981-ATM nuclear activity in the chromatin fraction
and more importantly the unique enrichment of chromatin-asso-
ciated MRE11 could characterize the non-canonical DDR. In line
with this suggestion, subcellular fractionations of NaB-treated cells
that did not display any apparent DDF or focal accumulation of
S1981-ATM (Fig 2F and G) revealed an accumulation of MRE11,
ATM, and S1981-ATM proteins on chromatin a few days following
treatment initiation while no noticeable difference was observed in
the nuclear soluble fraction (Figs 6C and D, and EV5A). Altogether
these results suggest that senescence is associated with delayed
non-canonical DDR functions independent of DSBs.

The non-canonical DDR contributes to the binding of NF-kB
on chromatin

The expression of SASP factors requires the activation of the NF-kB
pathway, involving NF-kB translocation into the nucleus and

© 2020 The Authors
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Figure 4. ATM kinase activity is not involved in NaB- and XRA-SASPs.

A, B HCA2-hT cells were treated with 5 uM of Ku-55933, an ATM inhibitor (ATMi), for 2 days and irradiated with 1 Gy of XRA. Two hours post-XRA, cells were fixed and
analyzed for S1981-ATM or yH2AX immunofluorescence. (A) Fluorescence images of S1981-ATM (red) and DAPI staining (left panel), and quantification of the
$1981-ATM mean fluorescence intensity (MFI) per nucleus (n = 150; right panel). (B) Fluorescence images of yH2AX (red) and DAPI staining (left panel), and
quantification of the yH2AX foci number per nucleus (n = 150; right panel). Means of foci or MFI per nucleus + SEM are shown, representative of two independent

experiments. Bar scale = 10uM

C  Timeline summarizing the sequence of XRA (10 Gy), NaB (5 mM), and Ku-55933 (ATMi, 5 pM) treatments and the collection of the conditioned media (CM) used for

figures D-H.

D Quantification of the yH2AX foci per nucleus (n = 150) of HCA2-hT cells untreated (Control), treated with ATMi for 2 days (ATMi), 10 days post-XRA with DMSO
(XRA) or ATMi (XRA + ATMi D) added for the last 2 days. Representative images of the immunofluorescence are given in Fig EV3A. Means of foci or MFI per
nucleus 4 SEM are representative of two independent experiments.

E BJ and HCA2-hT cells were treated with the same conditions as in (D) and assessed for SA--galactosidase assay. Data are mean =+ SD of triplicates and are

representative of two independent experiments.

F, G IL-6 secretion assessed by ELISA in CM of (F) HCA2-hT or (G) BJ cells untreated, irradiated or treated with NaB +/— ATMi. Data are the means 4 SD of triplicates

and are representative of three independent experiments.

H Secreted soluble factors by HCA2-hT cells untreated (Control), irradiated, or treated with NaB +/— ATMi were quantified using multiplex immunoassay (40-Plex
MSD®). Average secretion of control cells was used as baseline. Heat map key indicates log,-fold changes from control. Data represent two independent

experiments.

Data information: Unpaired t-test: **P < 0.01; ***P < 0.001, ns, non-significant.
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Figure 5. Inhibition of MRE11 nuclease activities partially reduce NaB- and XRA-SASPs.

A HCA2-hT cells infected with mAG-Geminin lentivirus were treated with 5 pM of Mirin or PFMO1 for 2 days and irradiated with 1 Gy of XRA. Two hours post-XRA,
cells were fixed and assessed for Rad51 immunofluorescence. Left panel: Fluorescence images of Rad51 (red), Geminin (Green), and DAPI staining Bar
scale = 10 pM. Right panel: quantification of the Rad51 foci number per nucleus in Geminin-positive nuclei (cells in G2-phase; n = 50). Means of foci or MFI per
nucleus = SEM are shown and are representative of two independent experiments.

B Timeline summarizing the sequence of XRA (10 Gy), NaB (5 mM), and Mirin (5 uM) and PFMO1 (5 pM) treatments and collection of conditioned media (CM) used
for panels (D-G).

C  Quantification of the yH2AX foci per nucleus (n = 150) of HCA2-hT cells treated with DMSO, with Mirin for 2 days (Mirin), 10 days post-XRA (XRA) or 10 days
post-XRA with Mirin added for the last 2 days (XRA + Mirin D8). Representative images of the immunofluorescence are given in Figure EV4A. Means of foci or MFI
per nucleus + SEM are representative of three independent experiments.

D  SA-R-galactosidase assay in B) and HCA2-hT cells that were irradiated and treated with DMSO or treated with Mirin or PFMO1. Data are mean + SD of triplicate
and are representative of two independent experiments.

E, F IL-6 secretion assessed by ELISA in CM of HCA2-hT and B cells that were (E) irradiated or (F) NaB-treated and treated with DMSO or treated with Mirin or PFMO1.
Data are the means + SD of triplicates and are representative of four independent experiments.

G Secreted soluble factors by HCA2-hT cells untreated (CTRL), irradiated, or treated with NaB +/— Mirin were quantified using a multiplex immunoassay (40-Plex
MSD®). Average secretion of control cells was used as baseline. Heat map key indicates log,-fold changes from control. Data represent two independent
experiments.

H

BJ cells infected with lentiviruses expressing shGFP.3 or shMRE11.5 were treated with NaB (5 mM) for 3 days with DMSO or Mirin (5 uM). CM of the last 16 h were
collected and assessed for 11-6 secretion. Secretion of BJ-shGFP.3 treated with DMSO was used as baseline. Data are the means + SD of triplicates and represent

two independent experiments.

Data information: Unpaired t-test: *P < 0.05; **P < 0.01; ***P < 0.001, ns, non-significant.
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binding on the chromatin at SASP promoter sites (Chien et al, EV5B) or 2-3 days following NaB treatment (Figs 6G and H, and
2011). Consistent with this idea, we observed that the p65 subunit EV5B), which correlated with the expression of SASP factors. To
of NF-kB was increased first in the nuclear soluble fraction and then determine whether the delayed non-canonical DDR can impact the

in the chromatin fractions > 4 days after XRA (Figs 6E and F, and nuclear or chromatin localization of NF-kB, we performed cell
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Figure 6. Chromatin localization of DDR components and p65 in NaB- and XRA-induced senescent cells.

A-H HCA2-hT cells were untreated (time 0), irradiated with 10 Gy of XRA or treated with 5 mM of NaB. At the indicated times, cells were collected and protein from the
nuclear soluble and chromatin fractions were isolated by subcellular fractionation. Expression of S1981-ATM, ATM, MRE11, or p65 was assessed by Western blot.
(A) Western blot images and (B) quantification of S1981-ATM, ATM, and MRE11 protein expression from irradiated HCA2-hT cells. (C) Western blot images and
(D) quantification of S1981-ATM, ATM, and MRE11 protein expression from HCA2-hT cells treated with NaB. (E) Western blot images and (F) quantification of p65
protein expression from irradiated HCA2-hT cells. (G) Western blot images and (H) quantification of p65 protein expression from HCA2-hT cells treated with NaB.

Data information: Stain-free (SF) imaging of the membrane was used as loading control. For quantification (Image Lab™, Bio-Rad), data were normalized using the total
protein quantification from the SF imaging. Protein expression at time O was used as baseline. These data are representative of three independent experiments.
Source data are available online for this figure.
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fractionation of fibroblasts depleted of MRE11 and treated with NaB
or XRA. Interestingly, the depletion of MRE11 in combination with
NaB treatment did not impact p65 kinetics in the nuclear soluble
fraction (Appendix Fig S8A and B, but completely prevented the
accumulation of chromatin-associated p65 (Fig 7A). Similar results
were obtained following exposure to XRA (Fig 7B and Appendix Fig
S8C and D). Alteration of p65 accumulation on chromatin was also
observed with the depletion of ATM (Fig EV5C) or NBS1
(Fig EV5D), suggesting that non-canonical functions of MRN/ATM
are essential for p65 recruitment on the chromatin, but not for
nuclear accumulation of the transcription factor. Notably, the deple-
tion of ATM altered the recruitment of MREI1 on chromatin
(Fig EVS5C), while the depletion of MRE11 did not impact ATM bind-
ing (Fig 7A and B). Finally, to determine whether the exo- and/or
endonuclease activities of MRE11 were involved in the accumula-
tion of p65 on the chromatin, we performed cell fractionation on
fibroblasts treated with Mirin and PFMO1 in similar conditions
described in Fig 5B. Consistent with the effects observed on the
SASP, the addition of Mirin or PFMO1 at 8 days post-XRA partially
reduced the accumulation of both p65 and MRE11 in the chromatin
fraction, while no significant change was observed in the nuclear
soluble fraction (Fig 7C and Appendix Fig S9A and B). We observed
a similar partial reduction of p65 and MRE11 accumulation on the
chromatin when the cells were treated with NaB (Fig 7D and
Appendix Fig S9C and D). Overall, the genetic depletion of MRE11
was more efficient than the inhibition of MRE11 nuclease activities,
which was consistent with their impact on IL-6 secretion (Fig SH).
These results reveal that the non-canonical DDR is required for the
recruitment of NF-kB on chromatin, a key transcription factor that
establishes the SASP.

Discussion

The SASP shapes the tissue microenvironment of senescent cells in
physiological and pathological contexts and represents a potential
target to improve the manipulation of senescence in age-related
pathologies or cancer (Baker et al, 2011, 2016; Zhu et al, 2015,
2017; Chang et al, 2016; Oubaha et al, 2016; Fuhrmann-Stroissnigg
et al, 2017; Jeon et al, 2017). Following exposure to senescence-
inducing stimuli, the SASP evolves over time and at least two speci-
fic secretomes are now distinguished (Acosta et al, 2008; Kuilman
et al, 2008; Rodier et al, 2009; Kang et al, 2015; Hoare et al, 2016;
Malaquin et al, 2016; Ito et al, 2017; De Cecco et al, 2019): (i) an
early TGF-B-rich anti-inflammatory secretome dependent on
NOTCH-1 is first expressed; and (ii) a late pro-inflammatory SASP
follows, containing IL-6 and IL-8 and dependent on the NF-kB and
C/EBP transcription factors (Acosta et al, 2008; Rodier et al, 2009;
Hoare et al, 2016). NOTCH-1 is essential to coordinate the switch
between these two secretomes by promoting secretome (i) and
repressing secretome (ii), while many senescence-activated signal-
ing pathways including the DDR, p38MAPK, or the inflammasome
apparently converge to collectively promote NF-kB activity and
secretome (ii). However, it remains unclear how secretome (ii) or
the late pro-inflammatory SASP is established (Rodier et al, 2009;
Freund et al, 2011; Laberge et al, 2015; Malaquin et al, 2016).
Although we and others have previously shown that ATM is
required for the establishment of both SAPA and the late SASP
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(d’Adda di Fagagna et al, 2003; Herbig et al, 2004; Rodier et al,
2009), we noted an unexplained disconnection between the kinetics
of rapid canonical DDR activity and the delayed expression of SASP
factors (Rodier et al, 2009). Indeed, the canonical DDR is activated
within minutes following DSBs-type DNA lesions resulting in imme-
diate cell cycle checkpoints and proliferation arrest, but the DDR-
dependent SASP is expressed much later and is perhaps related to
unresolved persistent DSBs or DNA-SCARS (Rodier et al, 2009,
2011). Here, we highlighted that the expression of SASP factors
depends on delayed non-canonical DDR activity independent of
rapid canonical DSBs-type DDR signals. Unlike the canonical DDR,
the non-canonical DDR is characterized by a persistent binding of
almost all available active ATM on the chromatin as well as a grad-
ual accumulation of MRE11 on the senescent cell’s chromatin in the
absence of obvious DSBs. Importantly, this enrichment of ATM and
MRN complex on chromatin was not directly linked to unresolved
persistent DSBs nor to the rapid canonical DDR activity where chro-
matin-associated MRE11 enrichment was undetectable by cell frac-
tionation.

The specific role of non-canonical DDR complexes in the regula-
tion of specific SASP factors expression remains unclear and will
require further exploration, but nonetheless appears directly related
to the regulation of NF-kB chromatin binding. This is consistent
with NF-«xB being the major transcription factor regulating the SASP
in multiple senescence contexts. For example, the genetic inhibition
of the NF-«kB subunit (p65) or other components of the NF-kB path-
way (IkBa) prevents the SASP in XRA-, RAS-, and even HDACi-
induced senescent fibroblasts (Chien et al, 2011; Freund et al, 2011;
Pazolli et al, 2012). The non-canonical DDR triggered by HDACi
generates a SASP that is indistinguishable from the pro-inflamma-
tory SASP produced by DNA damage in fibroblasts. Along those
lines, HDACi-induced senescent cells co-injected with cancer cells in
xenografts can stimulate cancer cell growth (Pazolli et al, 2012).
Overall, given our findings and the fact that HDACi induce a stable
SAPA and SASP in the absence of DNA damage or classical DDR
activity in normal cells (Ogryzko et al, 1996; Pospelova et al, 2009;
Pazolli et al, 2012), it appears likely that the non-canonical activities
of ATM/MRN described here are more important for the SASP than
the immediate DDR activated in response to DSBs.

Previous studies have shown that in response to DNA damage,
ATM can be translocated into the cytosol, contributing to the activa-
tion of NF-kB (Hinz et al, 2010; Wu et al, 2010; Wang et al, 2017).
In this condition, ATM interacts with NEMO, a regulator of the IKK
complex (Miyamoto, 2011). The translocation of the ATM/NEMO
complex into the cytoplasm results in the activation of IKKa/f3, lead-
ing to the degradation of IxB proteins, which initiate nuclear translo-
cation of NF-xB (Wu et al, 2006; Miyamoto, 2011). However, we
observed only a transient increase of S1981-ATM in the cytosolic
fraction the first day following the XRA (Appendix Fig S7), which is
not consistent with the timing of SASP factors expression. More-
over, the non-canonical DDR was essential for NF-kB binding on the
chromatin, but not for nuclear translocation, highlighting a new
layer of NF-«B regulation in this context. Only the chromatin frac-
tion of S1981-ATM, and MRE11, persisted over time suggesting that
the role of non-canonical DDR could be directly associated with the
final steps of transcriptional regulation for SASP factors. Recent
evidence demonstrates that DDR signaling can be involved in tran-
scriptional initiation and elongation (Bunch et al, 2015; Puc et al,
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Figure 7. Impact of MRE protein depletion or MRE nuclease activity inhibition on p65 chromatin localization.

A B BJ cells infected with lentiviruses expressing shGFP.3 or shMRE11.5 were treated with (A) NaB (5 mM) or (B) 10 Gy of XRA. At the indicated times, cells were
collected and protein from chromatin fractions was isolated by subcellular fractionation.

C, D HCA2-hT cells were (C) irradiated with 10 Gy and at 8 days post-XRA, Mirin (5 nM).or PMFOL (5 uM) were added for 2 days or (D) cells were treated with NaB
(5 mM) +/— Mirin or PFMO1 added 24 h after NaB. Alternatively, non-irradiated HCA2-hT cells were treated with DMSO, Mirin or PFMOL for 2 days. Ten days
post-XRA or after 3 days of NaB treatment, cells were collected and protein from the chromatin fraction were isolated.

Data information: (A-D) Expression of p65, MRE-11 and ATM were analyzed by Western blot. Stain-free (SF) imaging of the membrane was used as loading control. For
each panel, expression of p65 were quantified using Image Lab™ (Bio-Rad) and data were normalized using the total protein quantification from the SF imaging. Protein
expression at time O or in control was used as baseline. These data are representative of at three independent experiments.

2015; Singh et al, 2015; Capell et al, 2016). For example, in onco-
gene-induced senescence, an enrichment of YH2AX at the promoters
and gene bodies of the most highly up-regulated SASP genes has
been observed (Capell et al, 2016). Another study showed an inter-
play between HMGA2 (HMG AT-hook 2 protein), ATM, and H2AX
as a novel mechanism of transcription initiation for TGFf1-induced
gene expression (Singh et al, 2015). Finally, it has been demon-
strated in prostate cancer cells that androgen-regulated gene expres-
sion involves the recruitment of MRE11 and the DDR machinery on
enhancers of actively transcribed genes (Puc et al, 2015). In NaB-
and XRA-induced senescence, we demonstrated that the MRN
complex and ATM are required for both the chromatin binding of
NF-kB and the presence of SASP factors. Surprisingly, as demon-
strated via a combination of genetic and chemical approaches, this
non-canonical role of MRN/ATM was independent of the classical
kinase activity of ATM and only partially dependent on the nuclease
activities of MRE11, suggesting a structural function. We also found
that ATM appeared first on the chromatin during non-canonical
DDR signaling and was required for the delayed chromatin binding
of MRE11, which itself is not required for ATM recruitment. This
suggests that unlike canonical DDR, ATM precedes MRE11 during
non-canonical DDR signaling. In support of non-canonical functions
for the MRN/ATM duo, recent mouse models expressing kinase-
dead (KD) ATM have also revealed unexpected structural functions

© 2020 The Authors

of ATM since these mice displayed more severe genomic instability
compared to a simple ATM deletion (Yamamoto et al, 2012; Menolfi
& Zha, 2020).

Overall, we propose that the delayed chromatin recruitment of
the MRN/ATM complex during the senescence program is the result
of non-canonical DDR signaling essential for the chromatin recruit-
ment of the NF-kB transcription factor. This delayed non-canonical
DDR cascade ensures SASP activation only in the context of cellular
senescence, and not in response to a transient DNA damage-induced
proliferation arrest regulated by rapid canonical DDR signaling.
Recognizing the tissue consequences of paracrine senescence activa-
tion, this multistep process may provide time for cell repair before
initiating broader tissue repair. We believe that this knowledge may
provide new ways to pharmacologically exploit the DDR without
necessarily impacting its key functions in DNA repair and cell cycle
checkpoints. In the future, further understanding of the crosstalk
between low-level, chromatin-associated, non-canonical DDR
signaling and well-established SASP regulators, including p38MAPK,
mTOR, cytokine loops, and possibly the epigenetic regulation
network, will help further decipher SA extracellular communication
programs. This may serve as a template to understand how senes-
cent cells shape their microenvironment, which will be key to
exploit senescence in an intelligent way during the development of
new therapies for SA human diseases.
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Materials and Methods

Cells and culture conditions

Primary fibroblasts (HCA2 and BJ foreskin fibroblasts, WI-38 and
IMR-90) were obtained from J. Smith (University of Texas, San
Antonio) and cultured under ambient oxygen levels in Dulbecco’s
modified Eagle’s media (DMEM) supplemented with 10% fetal
bovine serum (FBS), 2.5 pg/ml fungizone, and 100 U/ml penicillin/
streptomycin. Unless specified, early passage fibroblasts were used
and defined by < 35 cumulative population doublings (PD) and a
24-h BrdU labeling index of > 75%. PDs of primary cells were deter-
mined as follows: current PD = last PD + log,(cell number/cells
seeded). Cell populations were considered replicatively senescent
when cells achieved 24-h labeling indices of < 5%. The 293FT pack-
aging cells (Invitrogen) were used to generate lentiviruses as previ-
ously described (Rodier et al, 2011). When indicated, the media
was supplemented with sodium butyrate (Sigma-Aldrich) at 5 mM,
Trichostatin A (Sigma-Aldrich) at 100 ng/ml, Mirin (Sigma-Aldrich)
at 5 pM, PFMO1 (Sigma-Aldrich) at 5 pM, or KU-55933 (Sigma-
Aldrich) at 5 uM.

Irradiation

Cells were X-irradiated with a total dose of 10 Gy at rates equal to
or above 0.75 Gy/min using Gammacell® 3000 irradiator Elan.

Viruses and infections

Viruses were produced as described previously (Campeau et al,
2009; Rodier et al, 2011). Briefly, mAG-hGeminin(1/110)/pCSII-EF-
MCS, given by Dr Jean-yves Masson (Université de Laval, Quebec,
Canada), was cloned into a Gateway entry vector and transferred to
a lentiviral destination vector under the control of the CMV
promoter (Campeau et al, 2009). The plasmid containing TRC
lentiviral human shRNA against GFP (control), ATM, MRE11, and
NBS1 were purchased from Open Biosystems and had the following
target sequences: shATM.11, TRCN0000039951, 5 - AAACCCAGG
GCTGCCTTGGAAAAG - 3’; shATM.12, TRCN0000039952, 5 - AAA
CCCAGGGCTGCCTTGGAAAAG - 3’; shATM.13, TRCN0000010299,
5" - AAACCCAGGGCTGCCTTGGAAAAG - 3'; shMRE11.3, TRCN00O
0039869, 5" - AAACCCAGGGCTGCCTTGGAAAAG - 3’; shMRE11.5,
TRCN0000039871, 5 - AAACCCAGGGCTGCCTTGGAAAAG - 3; shN
BS1.6,TRCN0000010393, 5'-AAACCCAGGGCTGCCTTGGAAAAG- 3/;
shNBS1.7, TRCN0000010392, 5’ - AAACCCAGGGCTGCCTTGGAAA
AG - 3.

Cells were infected with virus titered to achieve 90% infectivity
with 4 ng/ml of polybrene in a final volume of 1 ml in six-well
plates. Infections were followed 48 h later by puromycin or hygro-
mycin selection (1 and 100 pg/ml, respectively).

Preparation of conditioned media and analysis of secreted
SASP factors

Cells were seeded in 96-well plates (1,500 cells per well), treated, or
irradiated 24 h after seeding and maintained in culture before the
preparation of conditioned media (CM). CM were prepared as previ-
ously described with minor modifications (Rodier, 2013). Briefly,
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cells were washed three times with serum-free medium, followed by
incubation in 1% FBS DMEM containing antibiotics and when appli-
cable NaB and/or inhibitors (Ku55933, Mirin, PFMO01) for 16 h. CM
were collected and stored at —80°C until assayed. CM were assessed
by ELISAs (Il-6) using kits and procedures from R&D (IL-6 #D06050,
IL8 #DY208). Data were normalized to the cell number determined
by DRAQS™ staining of the nucleus and analyzed by the live-
imaging system Incucyte®. CM were also analyzed using antibody
arrays (Chemicon, Human Arrays VI and VII, cat #AA1001CH-8)
according to the manufacturer’s instructions with modifications as
previously described (Coppe et al, 2008). Finally, CM were also
analyzed using the multispot electrochemiluminescence immunoas-
say system for 40 secreted factors using the V-Plex human kit from
Meso Scale Discovery (MSD; #K15209D) following the manufac-
turer’s instructions.

DNA content-based cell counting with DRAQ5™

Cells were seeded in 96-well plates, treated, or irradiated 24 h after
the seeding and grown for the determined period. At the end,
floating cells were removed with a PBS wash and the attached cells
were fixed 10 min in formalin (Sigma) followed by three quick
washes using PBS. Cells were stained with DRAQ5™ (1:10,000;
Thermo Scientific) for 1 h and washed three times with PBS + 1%
Triton. The far-red fluorescence intensity from each well was
captured using an Odyssey® imaging system (Li-Cor). Fluorescence
intensity was analyzed by Image Studio™ Software (Li-Cor) and
used to determine cell proliferation.

Senescence-associated p-galactosidase detection

Senescence-associated p-galactosidase assays were performed as
previously described (Dimri et al, 1995). Briefly, cells grown in six-
well plates were washed once with 1x PBS and fixed with 10%
formalin for 5 min, then washed again with PBS, and finally incu-
bated at 37°C for 16 h in a staining solution composed of 1 mg/ml
5-bromo-4-chloro-3-indolyl-B-galactosidase in dimethylformamide
(20 mg/ml stock), 5 mM potassium ferricyanide, 150 mM NaCl,
40 mM citric acid/sodium phosphate, and 2 mM MgCl,, at pH 6.0.
Afterward, cells were washed twice with PBS and pictures were
taken for quantification.

Immunofluorescence

Cells seeded onto coverslips in 12-well plates or Falcon™ chambered
cell culture slides were fixed in formalin for 10 min at room temper-
ature (RT), washed once in PBS, and permeabilized in PBS-0.25%
Triton for 10 min. Slides were washed once in PBS and blocked for
1 h in PBS containing 1% bovine serum albumin (BSA) and 4%
normal donkey serum. For Rad51, fixed cells were permeabilized in
PBS-0.25% Triton + 0.2N HCI for 10 min. Slides were washed once
in PBS and blocked for 30-min PBS containing 8% of BSA and 1%
FBS. Primary antibodies (listed in Appendix Table S1) diluted in
blocking buffer were added, and slides were incubated overnight at
4°C. Cells were washed three times and incubated with secondary
antibodies for 1 h at RT, then washed again. Coverslips were
mounted onto slides using Prolong® Gold anti-fade reagent with
DAPI (Life Technologies Inc.). Images (400x magnification) were

© 2020 The Authors



Nicolas Malaquin et al

obtained using a Zeiss microscope (Zeiss Axio Observer Z1, Carl
Zeiss, Jena, Germany). Number of foci or MFI per nucleus were
counted using ImageJ software in > 150 nuclei of each condition.

Protein preparation and Western blot analysis

Cells were seeded in six-well plates for total protein extraction or 100-
mm petri dishes for protein fractionation and immunoprecipitation,
treated, or irradiated 24 h after the seeding and grown for the deter-
mined period. Total protein cell lysates were prepared by scraping
cells with mammalian protein extraction reagent (MPER, Thermo
Fisher Scientific) containing a protease and phosphatase inhibitor
cocktail (Sigma-Aldrich Inc). Subcellular fractionation was performed
using the subcellular protein fractionation kit (Thermo Fisher Scien-
tific; # 78840) according to the manufacturer’s instructions. Briefly,
cells were collected by trypsinization, centrifuged for 5 min at
1,000 g, and proteins were isolated from cytoplasmic, membrane,
soluble nuclear, and chromatin-bound fractions. All collected
proteins were stored at —80°C. Protein concentration was measured
using the bicinchoninic acid (BCA) protein assay (Thermo Fisher
Scientific). Proteins were separated in stain-free, 4-15% gradient
Tris-glycine SDS—polyacrylamide gels (Mini PROTEAN® TGX Stain-
Free™ Gels, Bio-Rad Laboratories). Gels were activated by UV expo-
sure for 45 s using ChemiDoc MP imaging system (Bio-Rad Laborato-
ries). After protein transfer onto PVDF membranes (Hybond-C Extra,
GE Healthcare Life Sciences), membranes were imaged for stain-free
staining and total protein was quantified using ImageLab 6 software
(Bio-Rad Laboratories). Membranes were blocked with 2% BSA in
PBS for 1 h and probed with primary antibodies (see Appendix
Table S1) overnight at 4°C. Bound primary antibodies were detected
with peroxidase-conjugated secondary antibodies (Cell Signaling
Technology) and enhanced chemiluminescence (Bio-Rad Laborato-
ries). Chemiluminescence was detected using the ChemiDoc MP. The
control for protein loading was evaluated using the stain-free technol-
ogy (Bio-Rad Laboratories) or by specific antibodies (GAPDH). Bands
were quantified using ImageLab 6 software and normalized with the
stain-free staining of the total protein.

Expanded View for this article is available online.
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