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Email: stakeda@szu.edu.cn mones, involves the active catalysis of topoisomerase IT (TOP2) at transcription

receptors. Early transcriptional response to various stimuli, including hor-

regulatory sequences. TOP2 untangles DNAs by transiently generating double-
fsli;d;fKEf\;{rlmgt;oI: /Award Numbers: strand breaks (DSBs), where TOP2 covalently binds to DSB ends. When TOP2
16H06306, 16H12595, 18H03992, fails to rejoin, called “abortive” catalysis, the resulting DSBs are repaired by
19H04267, 19K20449, 20K16280, tyrosyl-DNA phosphodiesterase 2 (TDP2) and non-homologous end-joining
20K21525, 20KK0186, 21K07148 (NHEJ). A steroid, cortisol, is the most important glucocorticoid, and dexa-
Communicated by: Akira Shinohara methasone (Dex), a synthetic glucocorticoid, is widely used for suppressing
inflammation in clinics. We here revealed that clinically relevant concentra-
tions of Dex and physiological concentrations of cortisol efficiently induce
DSBs in G; phase cells deficient in TDP2 and NHEJ. The DSB induction
depends on glucocorticoid receptor (GR) and TOP2. Considering the specific
role of TDP2 in removing TOP2 adducts from DSB ends, induced DSBs most
likely represent stalled TOP2-DSB complexes. Inhibition of RNA polymerase 11
suppressed the DSBs formation only modestly in the G; phase. We propose
that cortisol and Dex frequently generate DSBs through the abortive catalysis
of TOP2 at transcriptional regulatory sequences, including promoters or
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1 | INTRODUCTION

Nuclear receptors induce rapid transcriptional responses
as transcription factors upon binding to ligands, includ-
ing androgen, estrogens, and corticosteroids together
termed “steroid” hormones. Corticosteroids are produced
in the adrenal cortex and include two main classes, glu-
cocorticoids (GCs) and mineralocorticoids. Cortisol is the
most crucial GC in the human body and is essential for
life (Russell & Lightman, 2019). GCs bind to the gluco-
corticoid receptor (GR), and ligand-bound GR regulates
the transcription of numerous GR-target genes as a tran-
scription factor. GR-mediated signaling suppresses
immune cells, and dexamethasone (Dex), a synthetic GC,
has been widely used clinically for suppressing immune
reactions in patients with allergies, autoimmune diseases,
organ transplantations, and COVID-19 (Cain &
Cidlowski, 2020; Strehl et al., 2019). Cortisol binds to
both GR and mineralocorticoid receptors, whereas Dex
binds only to GR (Heming et al., 2018). Dex has ~50
times more potent GR-stimulating activity than the corti-
sol (Heming et al., 2018). Serum cortisol is at 80-700
nano Molar (nM) (Huang et al., 2007; Scheer et al., 2002),
and the clinically relevant concentration of Dex is 6-
250 nM (Spoorenberg et al., 2014; Weijtens et al., 1998).
DNA Topoisomerase II (TOP2) plays a vital role in
transcriptional responses to various extracellular signals,
including nuclear-receptor ligands, cytokines, neuro-
transmitters, and heat shock (Alvarez-Quildn et al., 2014;
Bunch, 2017; Bunch et al., 2014, 2015; Calderwood, 2016;
Haffner et al.,, 2010; Itou et al.,, 2020; Ju et al., 2006;
Madabhushi et al., 2015; McKinnon, 2016; Miyaji
et al., 2020; Sano et al., 2008; Wong et al., 2009) (reviewed
in [Pommier et al., 2022; Pommier et al., 2016]). TOP2 is
also required for the elongation of the transcription
(Austin et al., 2018; Joshi et al., 2012; King et al., 2013).
There are two TOP2 enzymes (TOP2A and TOP2B), and
TOP2A is expressed mainly in cycling cells while TOP2B
is ubiquitously expressed (reviewed in [Austin et al.,
2018]). TOP2A plays essential roles in DNA replication,
decatenation of entangled, newly replicated sister chro-
matids, as well as condensation of mitotic chromosomes
(reviewed in [Nitiss, 2009; Pommier et al., 2016]). TOP2
catalyzes topological changes by strand passage reactions,

enhancers, where active TOP2 catalysis occurs during early transcriptional

cortisol, dexamethasone, DNA topoisomerase II, DSB repair, early transcriptional response,
glucocorticoid, signal-induced transcription, TDP2/EAPII/TTRAP

where one intact double-stranded DNA duplex passes
through a transiently formed enzyme-bridged break in
the other DNA (gated helix) (reviewed in [Austin
et al., 2018; Pommier et al., 2022]). The enzyme-bridged
break consists of a TOP2 homodimer covalently bound to
the 5 DNA ends of the break, forming TOP2-DNA
cleavage-complex intermediates (TOP2ccs). TOP2 seals
TOP2ccs and is released from rejoined genomic DNA.

TOP2 often fails to seal, called “abortive catalysis”
(Gémez-Herreros et al., 2014; Hoa et al., 2016; Morimoto
et al., 2019; Pommier et al., 2022; Sasanuma et al., 2018;
Tubbs & Nussenzweig, 2017), leading to the generation of
cytotoxic DSBs called stalled TOP2ccs. Their formation is
detectable during early transcriptional responses to
nuclear-receptor ligands, heat shock, and insulin at tran-
scriptional regulatory sequences of responding genes
(reviewed in [Calderwood, 2016; Madabhushi, 2018;
Morimoto et al., 2019; Pommier et al., 2022]). It is contro-
versial whether the generation of stalled TOP2ccs occurs
in a programmed fashion with a physiological function
or in a stochastic manner (reviewed in [Puc et al., 2017;
Morimoto et al., 2019; Pommier et al., 2022]). The latter
is supported by the conformational instability of the
TOP2 enzyme as both a temperature shift and the HSP90
inhibitor increase the frequency of stalled TOP2cc forma-
tion (Karras et al., 2017; Lai et al., 2014).

Re-ligation of stalled TOP2ccs is carried out by coordi-
nated reactions of Tyrosyl-DNA phosphodiesterase
2 (TDP2) and non-homologous end-joining (NHEJ) (Canela
et al., 2019; Sciascia et al., 2020). NHEJ requires DNA-
dependent protein kinase catalytic subunit (DNA-PKcs) and
Ligase IV, which is incapable of joining DSB ends carrying
blocking adducts such as 5 TOP2 adducts (Chappell, 2002;
Robins & Lindahl, 1996). TDP2 removes 5 TOP2 adducts
from stalled TOP2ccs before ligation by NHEJ (Cortes
Ledesma et al., 2009). TDP2 and BRCA1-MRE11 are com-
plementary to each other in removing 5 TOP2 adducts
(Akagawa et al, 2020; Hoa et al., 2016; Sasanuma
et al,, 2018), and NHEJ plays the dominant role in DSB
repair during Go/G, phases (Ghosh & Raghavan, 2021).

A sex hormone, dihydrotestosterone, causes persistent
DSB formation in cells deficient in TDP2 (Al Mahmud
et al., 2020; Gomez-Herreros et al.,, 2014; Sasanuma
et al, 2018). Likewise, physiological concentrations of
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estrogens are highly genotoxic in cells deficient in either et al,, 2018). These data demonstrated the frequent forma-
BRCA1, TDP2, or NHEJ, and the genotoxicity is dependent ~ tion of stalled TOP2ccs during the early transcriptional
on both estrogen receptors (ERs) and TOP2 (Sasanuma response to the sex hormone. However, GCs are believed to
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have no detectable genotoxicity or carcinogenicity (Singh
et al., 1994) since they are one of the most widely pre-
scribed drugs. Previous studies poorly studied GC-induced
DSBs at serum concentrations.

We here revealed that the exposure of primary lym-
phoid cells to Dex at a clinically relevant concentration
(10 nM) induced one yH2AX focus, the biomarker of
individual DSBs, per cell on average, even in the presence
of proficient DSB repair. A physiological concentration
(100 nM) of cortisol and 10 nM of Dex induced multiple
YH2AX foci in each G; phase cell deficient in BRCAL,
TDP2, or NHEJ. This genotoxicity is dependent on both
TOP2 and GR. The inhibition of RNA polymerase II
reduced the number of cortisol-induced DSBs only less
than 50% in the G; phase, which data agree with the
estrogen-induced DSBs (Sasanuma et al., 2018). The data
suggested the frequent formation of irreversible TOP2ccs
at transcriptional regulatory sequences during the early
transcriptional response since it involves active TOP2
catalysis at enhancers and promoters (Pommier
et al., 2022, 2016). Given continuous exposure of cells in
the body to GCs, our data highlights activated GR as the
leading endogenous cause of DSBs in genomic DNA.

2 | RESULTS

2.1 | A physiological concentration of
cortisol induces DSBs in G, phase cells

We explored the induction of DSBs by cortisol in human
MCEF-7 breast cancer cells and TK6 B lymphoblastoid cells.

TK6 has been extensively used by regulatory agencies for
identifying the toxicity of industrial chemical products
through transcriptome analysis (Buick et al, 2015; Li
et al., 2017; Yauk et al., 2016) as well as conventional
genotoxic tests (Fellows & O'Donovan, 2010; Gollapudi
et al., 2019). To exclude an effect of DNA replication on DSB
formation, we examined yH2AX and 53BP1 subnuclear foci,
biomarkers for DSBs, only in cyclin-A-negative G; phase
cells. The cyclin-A-negative cells account for 90% of the
serum-starved MCF-7 cells (Sasanuma et al., 2018). The cells
we examined in this study are summarized in Table S2. The
serum concentration of cortisol in healthy humans is 140-
700 nM and 80-350 nM in the morning and midnight,
respectively (Huang et al., 2007; Scheer et al., 2002).

We did serum-starvation for 24 h, pulse-exposed wild-
type, TDP2~/~, and DNA-PKcs/~ MCF-7 cells to 100 nM
cortisol for 2 h and measured yH2AX and 53BP1 foci at 2 h
after the removal of cortisol (Figure 1a,b and Figure S1). As
expected, YH2AX foci were hardly induced by cortisol in
wild-type cells (Figure 1c and Figure S1). The loss of TDP2
and DNA-PKcs significantly increased the induction of
yYH2AX foci by cortisol (Figure 1c and Figure S1). The num-
ber of 53BP1 foci also increased following exposure of
TDP2~/~ and DNA-PKcs ™/~ cells to cortisol (Figure 1b,d,c
and Figure S1). The prominent induction of DSBs by corti-
sol is also seen in DSB-repair-deficient TK6 cells (Figure 1e
and Figure S1d). One hundred nanometre cortisol-induced
chromosome breaks in mitotic chromosome spreads in the
absence of TDP2 but not in wild-type cells (Figure 1f,g). In
summary, a physiological concentration of cortisol gener-
ates detectable DSBs, and the DSB repair pathway quickly
seals them.

FIGURE 1 A physiological serum concentration of cortisol induces DSBs in G; cells. (a) Representative images of YH2AX focus formation in
G;-arrested MCF-7 cells following treatment with 100 nM cortisol (+) or solvent (—) for 2 h. After 2 h of cortisol treatment, cells were washed
with PBS and further incubated for 2 h with a drug-free medium. Dashed lines indicate outlines of nuclei defined by nuclear DAPI staining. Scale
bar, 20 pm. (b) Representative images of cortisol-induced 53BP1 focus formation. Data are shown as in Figure 1a. (c) Fractions of YH2AX-positive
cells (>10 foci per nucleus) following treatment with 100 nM cortisol (4) or solvent (—) in 24 h serum-starved MCF-7 cells. Data are presented as
mean + SD from three independent experiments (100 cells were counted for each replicate). “Induced” was calculated by subtracting the fraction
of YH2AX-positive cells in the solvent-treated samples from that in the cortisol-treated samples. SD values for “Induced” were calculated
considering the propagation of error. *** p < .001 (Student's ¢-test). See also Figure S1 for distributions of YH2AX focus counts per cell for each
treatment group. (d) Fractions of 53BP1-positive cells (>10 foci per nucleus) following treatment with 100 nM cortisol (+) or solvent (—) in 24 h
serum-starved MCF-7 cells. Data are shown as in Figure 1c. ** p < .01 (Student's ¢-test). See also Figure S1 for distributions of yH2AX focus counts
per cell for each treatment group. (e) Fractions of YH2AX-positive TK6 cells (>5 foci per nucleus) in the cyclin-A-negative. G; phase cells after

100 nM cortisol treatment. Data are presented as in Figure 1c. ** p < .01, *** p < .001(Student's ¢-test). See also Figure S1 for distributions of
YH2AX focus counts per cell for each treatment group. (f) Cortisol-induced chromosome aberrations in mitotic chromosome spread of MCF-7
cells. Cells were cultured in the absence (—) and presence (+) of 100 nM cortisol for 36 h. At least 100 mitotic chromosome spreads were
analyzed for counting the number of chromatid exchanges, isochromatid breaks (both sister chromatids broken at the same site), and chromatid
breaks (one of the two sister chromatids broken) in each experiment. Induced chromosomal breakage significantly increased compared between
wild-type and TDP2~/~. Data are presented as mean + SD from three independent experiments. n.s. = non-significant, ** p < .01 (Student's t-test).
(g) Cortisol-induced chromosome aberrations in TK6 cells. Cells were cultured in the absence (—) and presence (+) of 100 nM cortisol for 15 h.
Induced chromosomal breakage significantly increased compared between wild-type and TDP2 ™/~
*** p < .001 (Student's t-test).

. Data are presented as in Figure 1f. ** p < .01,
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2.2 | Aclinically appropriate concentration
of Dex induces DSBs at the G, phase

We next examined whether Dex induced DSBs at its
clinically relevant serum concentration, 6-250 nM
(Spoorenberg et al., 2014; Weijtens et al., 1998). We quanti-
fied YH2AX foci in serum-starved MCF-7 cells following
exposure to 10 nM Dex (Figure 2 and Figure S2). Dex
induced yH2AX foci in both DNA-PKcs/~ and TDP2 ™/~
cells but not in wild-type MCF-7 cells at Go/G; phase

Genesto el QBSACE

(Figure 2a and Figure S2). Likewise, Dex induced yH2AX
foci in both DNA-PKes™/~ and TDP2~/~ lymphoid cells at
cyclin-A-negative G; cells (Figure 2b and Figure S2). Like
cortisol, Dex-induced chromosome breaks in mitotic chro-
mosome spreads in TDP2~/~ cells (Figure 2c,d). We con-
clude that both cortisol and Dex cause DSB formation
detectable by the immunocytochemical method in the Go/
G; phase. Considering the specific role of TDP2 in remov-
ing 5 TOP2 adducts from DSB ends, DSBs induced by corti-
sol and Dex most likely represent stalled TOP2ccs.
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Dex induces DSBs in the G, phase, and they are rapidly repaired by TDP2 and NHEJ in wild-type. (a) Fractions of YH2AX-

positive MCF-7 cells (>10 foci) in the G, phase. Cells were treated with 10 nM Dex (+) or ethanol (—). Data are presented as mean + SD
from three independent experiments. yH2AX-foci in at least 100 cells were counted for each replicate. *** p < .001 (Student's ¢-test). The

increase in the fraction of YH2AX-positive cells following the cortisol treatment (Induced) was calculated as in Figure 1c. See Figure S2 for

the distributions of YH2AX focus counts per cell in each treatment group. (b) Fractions of YH2AX-positive TK6 cells (>5 foci) in the cyclin-A-

negative G; phase cells after Dex treatment. Data are presented as in Figure 1e. See Figure S2 for the distributions of yH2AX focus counts

per cell in each treatment group. ** p < .01, *** p < .001 (Student's t-test). (c) Dex-induced chromosome aberrations in mitotic chromosome
spread of MCF-7 cells. Cells were cultured in the absence (—) of Dex, with 10 nM Dex (+), or with 100 nM Dex (++) for 36 h. At least
50 mitotic chromosome spreads were analyzed for counting the number of chromatid exchanges, isochromatid breaks (both sister

chromatids broken at the same site), and chromatid breaks (one of the two sister chromatids broken) in each experiment. The same

background level of chromosomal breakage (Cortisol [—]) data of WT and TDP2 from Figure 1f are used in Figure 2c. Induced chromosomal

breakage significantly increased compared between wild-type and TDP2~/~. Data are presented as mean + SD from three independent

experiments. n.s. = non-significant, * p < .05 (Student's t-test). (d) Dex-induced chromosome aberrations in TK6 cells. Cells were cultured in

the absence (—) and presence (+) of 10 nM dex for 15 h. The same background level of chromosomal breakage (Cortisol [—]) data of WT and

TDP2 from Figure 1g are used in Figure 2d. Induced chromosomal breakage significantly increased compared between wild-type and
TDP2~/~.* p < .05, *** p < .001 (Student's t-test). Data are presented as in Figure 2c.
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yH2AX-foci in at least 100 cells were counted for each replicate. ** p < .01, *** p < .001 (Student's t-test). See Figure S3 for the distributions
of YH2AX focus counts per cell (b) DNA-PKes ™/~ (green) and wild-type (blue) MCF-7 cells were treated with 10 nM Dex, 10 pM DNA-PKcs
inhibitor (DNA-PKi), and 10 pM glucocorticoid receptor inhibitor (GRi) as shown at the bottom. Dex induced yH2AX foci no decreased after
the treatment with GRi. Fractions of yH2AX-positive cells were calculated as in Figure 1c. Data are presented as mean + SD from three
independent experiments. yH2AX-foci in at least 100 cells were counted for each replicate. ** p < .01, *** p < .001 (Student's ¢-test). (c) DNA-
PKes™~ (green) and wild-type (blue) TK6 cells were treated as shown at the bottom, and fractions of yH2AX-positive cells were calculated as
in Figure le. Data are presented as mean + SD from three independent experiments. YH2AX-foci in at least 100 cells were counted for each
replicate. *** p < .001 (Student's t-test).

2.3 | Induction of DSBs by et al., 2018). The serum starvation of TOP2B™/~ cells pro-
glucocorticoids requires both TOP2 and GR  vides a unique opportunity to examine the role of TOP2s
in G, cells by inactivating both of them (Figure S3). We analyzed

53BP1™/~/BRCA1/~ and 53BP' "~ /BRCA1/~/TOP2B ™/~
We examined whether TOP2 was required for GC-induced cells because the former genotype, but not the latter, show
DSBs in MCF-7 cells. TOP2A and TOP2B have substan-  the accumulation of estrogen-induced stalled TOP2ccs
tially overlapping roles in the transcription (Austin due to BRCAIl-dependent removal of 5 TOP2 adducts
et al., 2018; Madabhushi, 2018). The serum starvation of (Sasanuma et al., 2018) (Figure 3a and Figure S3). We also
MCF-7 depletes TOP2A more than 20 times (Sasanuma  disrupted the TOP2B gene in DNA-PKcs/~ cells
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(Figure S3 and Table S2) and examined GC-induced DSBs
in the resulting cells.

We then measured the genotoxic effect of cortisol on
DNA-PK~~ and 53BP1~/"/BRCAI /" cells, comparing
the absence and presence of the TOP2B gene in the
TOP2A-depleted serum-starved condition (Sasanuma
et al., 2018). Like TDP2~/~ and DNA-PKcs™/~ cells in
Figure 1c, 53BP1~/~/BRCA1~’~ MCF-7 cells displayed a
prominent induction of YH2AX foci following exposure
to cortisol (Figure 3a and Figure S3). The loss of TOP2B
reduced the median number of cortisol-induced YH2AX
foci by around 50% in both 53BP1/~/BRCA1~’~ and
DNA-PKcs ™/~ cells (Figure S3). yH2AX foci remaining in
the absence of TOP2B may result from DSB formation by
residual TOP2A. In conclusion, most DSBs induced by
cortisol represent stalled TOP2ccs in Go/G;.

We next investigated the requirement of GR for the
induction of DSBs by Dex, which stimulates only the GR
(Heming et al., 2018). We examined the effect of a GR
inhibitor (RU-43044) (Morgan et al, 2002) on Dex-
induced yH2AX focus formation in DNA-PKes ™/~ cells
and wild-type treated with a DNA-PKcs inhibitor
(NU7441) (Figure 3b,c). Ten micrometre RU-43044
completely suppressed the induction of yH2AX foci,
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indicating the requirement of GR for the Dex-dependent
induction of DSBs. In conclusion, ligand-bound GR trig-
gers very active catalysis of TOP2, and its abortive cataly-
sis during the transcriptional response generates stalled
TOP2ccs, as indicated previously (Morimoto et al., 2019;
Puc et al., 2017).

2.4 | Characterization of GC-induced
DSBs in primary mouse lymphocytes and
human breast cancer cells

To characterize the nature of yH2AX foci, we examined the
relationship between the dose of cortisol (Figure 4a-c and
Figure S4) and Dex (Figure 4d-f and Figure S4) with the
number of induced yH2AX foci in MCF-7 cells at Gy/G,
phase, thymocytes, and peripheral T cells. To sensitively
measure the number of GC-induced yH2AX foci, we exam-
ined the freshly prepared primary cells from wild-type mice
in addition to the cancer cell line for the following reason.
The number of spontaneously arising faint yH2AX foci is
considerably higher in cancer cell lines than in primary cells
(Yu et al., 2006). Accordingly, GC-induced faint yH2AX foci
are detectable as GC-induced foci in primary cells but not
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FIGURE 4

1 nM Dex induces DSBs in TDP2-deficient MCF-7 cells and primary murine thymocytes and T cells. Serum-starved MCF-7

cells and thymocytes, and T cells in lymph nodes were treated with the indicated doses of cortisol and Dex. The number of YH2AX foci per
cell was counted in three independent experiments. yH2AX-foci in at least 100 cells were counted for each replicate. The average value of
each experiment was calculated, and the average of three independent experiments + SD is presented on Y-axis. * p < .05, ** p < .01, ***

D < .001 (Student's t-test). (a-c) The average number of yH2AX foci in cortisol-treated MCF-7 cells at G, (a), thymocytes (b), and

T cells (c). (d-f) The average number of yH2AX foci in Dex-treated MCF-7 cells at G; (d), thymocytes (e), and T cells (f). See Figure S4 for
the distributions of YH2AX focus counts per cell.
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cell lines. When we exposed TDP2 "/~ cells to 1 nM, 10 nM,
and 100 nM cortisol and Dex, we found that the number of
detectable YH2AX linearly increased (Figure 4a and
Figure S4 and Figure 4d and Figure S4). Similarly, the expo-
sure of primary thymocytes and T lymphocytes to 1 nM,
10 nM, and 100 nM GCs caused a linear increase in the
number of yH2AX foci (Figure 4b,c,e,f and Figure S4). It
should be noted that the low background of YH2AX in these
primary cells allows for the sensitive detection of GC-
induced DSBs even in DSB-repair-proficient cells. The linear
relationship between dose (log scale) and response (YH2AX
foci number at a linear scale) agrees with the linear relation-
ship between GC doses and the level of transcriptional
response at GC-target genes (Guess et al., 2010).

We characterized Dex-induced yH2AX foci in murine
primary thymocytes and peripheral T cells (Figure 5a,b
and Figure S5). The addition of DNA-PKcs inhibitor
(NU7441) increased the number of Dex-induced yH2AX
foci in thymocytes (compare lane 9 with 10 in Figure 5a)
and T cells (compare lane 9 with 10 in Figure 5b), indi-
cating that 40% to 50% of the Dex-induced DSBs are

(a) Thymocytes

*k

No of yH2AX foci per cell (median)
o

0
Dex - - + - + + Induced
DNA-PKi - - - + + o+ - +
GRi - + - + + - 4+ - -
1 3 4 5 6 7 8 9 10
2h Wash---——---?-—h---» harvest

+ Dex/ DNA-PKi/ GRi

repaired by NHEJ. The GR inhibitor completely sup-
pressed Dex-induced DSBs (lanes 4 and 8 in Figure 5a,b).
Collectively, 10 nM Dex generates detectable DSBs, most
likely stalled TOP2ccs, in a GR-dependent manner in pri-
mary lymphocytes and human breast cancer cells.

2.5 | Most cortisol-induced DNA breaks
in the G, phase are independent of the
elongation of RNA synthesis

We explored whether cortisol-induced stalled TOP2ccs
occur at transcriptional regulatory sequences or during
transcriptional elongation at the gene body. To block the
elongation, we added RNA polymerase II inhibitors,
5,6-dichloro-1-p-D  ribofuranosylbenzimidazole (DRB)
and a-amanitin, 3 h before the exposure of 53BP1 /=y
BRCAI1~/~ MCF-7 cells to cortisol (Figure 6a) and con-
firm the transcription inhibition (Figure S6). We mea-
sured yYH2AX foci in cyclin-A-negative G; cells following
serum starvation. The inhibitors only modestly decreased
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FIGURE 5

Functional GR is required for Dex-induced DSB formation in primary thymocytes and T cells. (a) Mouse primary

thymocytes were treated with 10 nM Dex, 10 pM DNA-PKcs inhibitor (DNA-PKi), and 10 pM GR inhibitor (GRi) following the protocol
shown at the bottom. The Y-axis is the average median number of YH2AX foci per cell. The average is calculated from the median of three

independent experiments. Data of lane 9 (Dex-induced yYH2AX foci) was the subtracted value of data of lane 1 from that of lane 3. Data of

lane 10 (Dex-induced yH2AX foci in the presence of DNA-PKi) was the subtracted value of data of lane 5 from that of lane 7. The error bar
represents the standard deviation (SD) from three independent experiments (100 cells were counted for each replicate). * p < .05, ** p < .01
(Student's t-test). Schematic diagrams of experimental designs are shown in lower panels. See Figure S5 for the distributions of YH2AX focus
counts per cell. (b) Mouse primary T cells were treated with 10 nM Dex, 10 p M DNA-PKi, and 10 pM GRi as shown at the bottom, and data
are presented as in Figure 5a. See Figure S5 for the distributions of YH2AX focus counts per cell.

8518017 SUOWWIOD 3AIIaID 3|qedljdde au Aq pauenob a1e Saplie VO ‘SN Jo S8 104 Akeiq1T 8UI|UO AB]IM UO (SUORIPUOD-pUR-SWLBH LD A8 |IM"AeIq1[BUI U0//SdNY) SUORIPUOD Pue SWie | 8Ly 88S *[2202/2T/yT] uo AriqiTauliuo A8|im ‘“AIseAIIN 0104 Aq £662T DIB/TTTT OT/I0p/L00 A8 |IM AeIq1jBul|Uo//SdNY WO papeojumod ‘0 ‘EyZGOET



AKTER ET AL.

DRB/a-amanitin

(a) Serum starvation
\Ij \f \r Cortisol
A

//
4 A A Harvest
—24 -3 0 4h

(b) MCF-7 53BP1--/BRCA1--

8 G4
5 6
o
o]
[N
° = n.s.
£E 4
> 8 n.s.
SE
g E
ES
o
S 2 %
=4
0 —
Cortisol - + Induced
Il Vehicle [® WithDRB [ With a-amanitin
FIGURE 6 Cortisol induces DSBs independently of ongoing

transcription in the G, phase. (a) Schematic diagram of
experimental design to examine the effect of RNA polymerase II
inhibitors (DRB and a-amanitin) on cortisol-induced yYH2AX-focus
formation in 24 h serum starved G, arrested cells. Either 25 pM
DRB or 100 pM a-amanitin was added to serum-starved 53BP1~"~/
BRCAI1~/~ MCF-7 cells 3 h before the addition of cortisol. Red
triangles indicate the time points for the analysis of YH2AX foci
before or after the addition of cortisol. (b) A modest effect of DRB
or a-amanitin on cortisol-induced yH2AX focus formation. The
Y-axis is the average of the median number of YH2AX foci per cell.
The average is calculated from the median of three independent
experiments. The error bar represents the standard deviation

(SD) from three independent experiments (100 cells were counted
for each replicate). “Induced” indicates the subtracted value of the
yYH2AX focus number in the absence of treatment with cortisol (—)
from that following treatment with cortisol (4). See Figure S6 for
the distributions of YH2AX focus counts per cell.

the number of cortisol-induced yH2AX foci (Figure 6b
and Figure S6). Thus, most of the GC-induced DSBs are
independent of ongoing transcription in the G; phase,
and this conclusion agrees with the data on the estrogen-
induced DSBs (Sasanuma et al., 2018). These observa-
tions suggest that stalled TOP2ccs occur at transcriptional
regulatory sequences during signal-induced transcription,
as previously indicated (Pommier et al., 2016; Puc
et al., 2017).

3 | DISCUSSION

We demonstrate that cortisol and Dex induce DSBs by
activating GR and generating stalled TOP2ccs in Go/G;
cells (Figure 1-5). NHEJ very efficiently seals these DSBs
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as DSB-repair-proficient cells poorly exhibited GC-
induced yH2AX and 53BP1 foci. This conclusion agrees
with the fact that GCs do not have any mutagenic poten-
tial (Singh et al., 1994). GCs induced stalled TOP2ccs
even when the productive elongation of transcription was
inhibited before the addition of GCs (Figure 6), indicating
that stalled TOP2ccs are formed independently of tran-
scriptional elongation and occur probably at the pro-
moter and enhancer sequences (reviewed in [Pommier
et al., 2016; Puc et al., 2017; Pommier et al., 2022]). In
conclusion, cortisol and Dex generate many
TOP2-dependent DSBs during the transcriptional induc-
tion of target genes.

An important question is the number of GC-induced
stalled TOP2ccs subjected to the re-ligation by NHEJ.
The actual number of GC-induced stalled TOP2ccs may
be much higher than the number of yYH2AX foci because
5" TOP2 adducts suppress DNA damage response and the
phosphorylation of H2AX (Sciascia et al., 2020). Due to
this suppression, we were likely to underestimate the
actual number of GC-induced stalled TOP2ccs. Moreover,
each prominent YyH2AX and 53BPlfocus we counted
(Figures la-d) may consist of many DSBs. This idea is
supported by the accumulation of numerous genes acti-
vated by GR and estrogen receptors in the subnuclear
area, called the phase-separated transcriptional conden-
sate (Boija et al., 2018; Stortz et al., 2020). Thus, each
YyH2AX and 53BP1 focus may contain multiple GC-
induced stalled TOP2ccs. This idea explains why increas-
ing the concentration of cortisol and Dex from 1 nM to
100 nM increased the number of YH2AX foci in primary
lymphocytes, only one per cell (Figure 4b,c,e,f). We pro-
pose that 100 nM cortisol and 10 nM Dex induce multiple
DSBs at phase-separated transcriptional condensates in
each cell.

TOP2 catalysis is required for the initiation and produc-
tive elongation of transcription. Stalled TOP2ccs forming
during early transcriptional response does not occur in the
gene body, since the RNA polymerase inhibitors only mod-
estly decreased the number of cortisol-induced YH2AX foci
(Figure 6b and Figure S6). Thus, Stalled TOP2ccs are likely
to arise at transcriptional regulatory sequences to initiate
transcription. Accumulating evidence has demonstrated
that stalled TOP2ccs occur at promoters and enhancers dur-
ing the early transcriptional response to various extracellu-
lar stimuli (Alvarez—Quilén et al.,, 2014; Bunch, 2017
Bunch et al., 2014, 2015; Calderwood, 2016; Haffner
et al., 2010; Itou et al.,, 2020; Ju et al., 2006; Kouzine
et al., 2014; Madabhushi et al., 2015; McKinnon, 2016;
Miyaji et al., 2020; Sano et al., 2008; Wong et al., 2009)
(reviewed in [Pommier et al., 2016, 2022]). Dynamic change
of chromatin loop structures ensures physical enhancer-
promoter interactions necessary for the early transcriptional
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response. Active catalysis of TOP2 is required for this
dynamic change (reviewed in [Pommier et al., 2022]). We
propose that the active catalysis of TOP2 causes the forma-
tion of stalled TOP2ccs at transcriptional regulatory
sequences.

Stalled TOP2ccs at transcriptional regulatory sequences
can change early transcriptional response when these DSBs
are left unrepaired. Because unrepaired stalled TOP2ccs
may affect the dynamic change of chromatin loop struc-
tures and interfere with the enhancer-promoter interaction.
Previous studies documented that TDP2, also called EAPII
and TTRAP, is implicated in broad responsiveness to vari-
ous extracellular signals, including inflammatory cytokines
and virus infection (C. Li et al., 2011). It has been postu-
lated that TDP2 directly controls multiple signal transduc-
tion pathways, including TNF-TNFR, TGFf and MAPK,
and EAPII, thereby regulating extracellular signal-mediated
transcription. Likewise, a previous report documented that
DNA-PKGcs, a key factor of NHEJ, mediates transcriptional
control independent of its function in the DSB repair
(Goodwin et al., 2015). However, the current manuscript
suggests that the role of TDP2 and DNA-PKcs in DSB
repair explains their functioning in signal-mediated tran-
scription and transcriptional control, respectively. Our
study suggests that stalled TOP2ccs frequently form most
likely at transcriptional regulatory sequences during the
early transcriptional response (Figure 6). Thus, TDP2 and
DNA-PKcs affect the transcription of genes as the DSB
repair factor that acts at transcriptional regulatory
sequences. Future studies will reveal the role of DSB repair
in transcriptional response to a wide variety of extracellular
signals and will uncover molecular mechanisms for the
phenotype of many diseases and organ-specific carcinogen-
esis caused by defective DSB repair. We predict that future
studies will also show the genotoxicity of environmental
hormones, such as polychlorinated biphenyls (PCB), during
transcriptional response.

4 | EXPERIMENTAL PROCEDURES

41 | Reagents
All reagents and resources used in this study are listed in
Tables S1-S3.

4.2 | Cell culture

MCEF-7 cells were maintained in Dulbecco's Modified
Eagle Medium (DMEM, Gibco) containing 10% FBS
(Gibco), 100 U/ml penicillin, and 100 pg/ml streptomycin
(Penicillin-Streptomycin Mixed Solution, Nacalai). TK6

cells were cultured in RPMI1640 medium (Nacalai)
supplemented with 5% horse serum (Gibco), 100 U/ml
penicillin, and 100 pg/ml streptomycin (Penicillin-
Streptomycin Mixed Solution, Nacalai), and 200 mg/ml
sodium pyruvate (Thermo Fischer).

43 | Mice

Wild-type adult mice (C57BL/6JJmsSIc) were purchased
from Shimizu Laboratory Supplies Co., Ltd, Japan. Ani-
mal studies were conducted following the institutional
guidelines, and experimental procedures were approved
by the Animal Experimentation Committee of the Insti-
tute for Frontier Life and Medical Sciences, Kyoto
University.

44 | Generation of TOP2B/~/DNA-
PKcs ™/~ MCF-7 cells by CRISPR/
Cas9-mediated genome-editing

gRNA for the DNA-PKcs gene disruption (Table S3) was
designed using the CRISPRdirect software (Naito
et al., 2015). The gRNA sequences were inserted into the
BbsI site of the pX459 plasmid (Addgene). pX459
expresses gRNA under the control of the U6 promoter
and Cas9 under the chicken p-actin promoter. TOP2B~/~
MCEF-7 cells were seeded on a 6 cm dish at around 60%
confluency, and the pX459-gRNA was transfected into
the cells using Fugene HD (Promega) according to the
manufacturer's instructions. Twenty-four hours after the
transfection, the cells were treated with puromycin
(2 pg/ml) for 48 h. The cells were further incubated in a
puromycin-free medium for approximately 2 weeks to
isolate single-cell clones. Gene disruption was confirmed
by western blotting (Figure S3) using the a-DNA-PKcs
antibody (1:200, Abcam ab1832). p-actin was detected as
a loading control using the a-p-actin antibody (1:5000,
Sigma A5411).

4.5 | Glucocorticoids treatment for
immunostaining

MCF-7 cells were arrested in the G; phase by 24-h serum
starvation in phenol-red-free DMEM (GIBCO) without
FBS and subject to glucocorticoid treatment by replacing
the medium containing cortisol or dexamethasone. The
drugs were directly added to the medium for TK6 cells.
After 2 h of the glucocorticoid treatment, cells were
washed with PBS and further incubated in a drug-free
medium.
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Thymuses or lymph nodes were harvested from 3 to
4-week-old wild-type male mice, minced into small pieces
with scalpel blades, and smashed with the rough surfaces
of two slide glasses. The smashed tissues were collected
into a falcon tube with RPMI media (RPMI, 10% FBS,
10 mM Hepes buffer pH 7.4, 50 pM beta-mercaptoetha-
nol, 1% penicillin/streptomycin). Cells were passed
through 48 pm mesh and centrifuged at 1200 rpm at
room temperature for 5 min. After washing with PBS,
cells were treated with glucocorticoids and incubated in
RPMI medium in a humidified CO, incubator at 37°C.
Two hours after the treatment, cells were washed with
PBS a few times, incubated in a drug-free medium, and
harvested at different time points for immunostaining.

4.6 | Immunostaining

MCEF-7 cells cultured on coverslips were fixed with cold
methanol for 20 min on ice. TK6 cells were spun onto a
slide using Cytospin (Shandon, Pittsburgh), followed by
fixation with formaldehyde (4% in PBS) at room tempera-
ture for 10 min. Cells were permeabilized with 0.5% Tri-
ton X-100 in PBS for 10 min, followed by blocking with
PBS containing 5% BSA (1% BSA for MCF-7 yH2AX
staining) at room temperature for an hour. Primary anti-
body incubation was performed at room temperature for
an hour or 4°C overnight using a-yH2AX (1:1000, Milli-
pore 05-636) and a-cyclin A (1:500, Santa Cruz sc-596),
or a-53BP1 (1:1000, Calbiochem PC712) and a-cyclin A
(1:500, Santa Cruz sc-271,682). Cells were washed with
PBS three times and stained with the a-mouse Alexa
Fluor 488 antibody (1:1000, Thermo Fisher Scientific A-
11029) and the a-rabbit Alexa Fluor 594 antibody
(1:1000, Thermo Fisher Scientific A11037) at room tem-
perature for an hour. Slides were washed with PBS three
times and mounted in Fluoro-KEEPER containing
4, 6-diamidino-2-phenylindole (DAPI) (Nacalai).

Mouse primary cells were spun onto a slide using
Cytospin, fixed with 4% paraformaldehyde in PBS at
room temperature for 10 min, and washed with TPBS
washing buffer (1% BSA, 0.05% Tween-20 in PBS) three
times. Cells were then blocked with TPBS-Triton buffer
(1% BSA, 0.2% Triton X-100, 5%-10% FBS in PBS) for 1-
2 h. Primary antibody incubation was performed in
TPBS-Triton buffer at room temperature for an hour
(or at 4°C overnight) using a-yH2AX (1:500, Cell Signal-
ing 9718) and APC-conjugated a-mouse CD3e (1:50, BD
Pharmingen 553,066). Slides were washed with TPBS
buffer and incubated with the o-rabbit Alexa Fluor
488 antibody (1:1000, Thermo Fisher A-11034) in TPBS-
Triton buffer. Slides were washed with TPBS and
mounted as described above. The immunofluorescence
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image was captured using a BZ-9000 fluorescence micro-
scope (KEYENCE). Nuclear foci in at least 100 cells were
counted manually for each biological replicate.

4.7 | Chromosome aberration analysis in
mitotic chromosome spreads

MCEF-7 cells were cultured in the phenol red-free DMEM
medium containing 5% charcoal-stripped FBS (Hyclone
SH30068.03) for 24 h, followed by a 36-h treatment with
100 nM cortisol or 10 nM or 100 nM dexamethasone.
TK6 cells were treated with 100 nM cortisol or 10 nM
dexamethasone in RPMI medium for 15 h. Chromosome
aberration analysis was performed as described previ-
ously (Hoa et al., 2015). Briefly, cells exposed to glucocor-
ticoids were treated with 0.1 pg/ml of colcemid (Thermo
Fischer) for 3 h. Cells were then incubated in 75 mM of
potassium chloride for 15 min, washed with Carnoy's
solution (3:1 mixture of methanol and acetic acid), incu-
bated with Carnoy's solution for at least 1 hr, dropped on
slides, and stained with 5% Giemsa solution for 10 min.
Slides were washed with PBS and mounted with MX oil
(Matsunami Glass Industry).

4.8 | Western blotting

One million cells were lysed in 100 pl sodium dodecyl
sulfate (SDS) buffer, containing 25 mM Tris-HCl
(pH 6.5), 1% SDS, 0.24 mM B-mercaptoethanol, 0.1% bro-
mophenol blue and 5% glycerol. The whole-cell extracts
were separated by electrophoresis and transferred onto
polyvinylidene difluoride membranes. Membranes were
blocked in 5% skimmed milk in TBS-T (0.1% Tween-20 in
TBS) and incubated with primary antibodies overnight at
4°C. The membranes were washed with TBS-T and incu-
bated with appropriate HRP-linked secondary antibodies
at room temperature for an hour. Following the TBS-T
wash, the chemiluminescence signal was detected using
ECL reagents.

49 | EU incorporation

Cells were labeled with EU (1 mM) for 2 h and fixed with
paraformaldehyde (4%) for 10 min at room temperature.
After permeabilization with Triton X-100/1X PBS (0.5%)
for 20 min at room temperature. Stained with 100 mM
Tris HCl, pH 8.51mM CuSO4, 1 pM Alexa fluor
647 azide, freshly prepared 100 mM ascorbic acid (added
last from 0.5 M stock in water) for 30 min at room tem-
perature, protected from light as described previously
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(Jao & Salic, 2008). Samples were mounted with Vecta-
shield containing DAPI and imaged using a BZ-9000
(KEYENCE, Japan) using a 100X objective lens.

410 |
analysis

Quantification and statistical

For statistical analyses with p-values, unpaired Student's
t-test was used for the main figures, and Mann-Whitney
U test was used for the supplementary figures. The error
bar represents the standard deviation (SD), as indicated
in the legends. p-values were calculated using at least
three biological replicates.
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