ATM-dependent phosphorylation of CHD7
regulates morphogenesis-coupled DSB stress
response in fetal radiation exposure
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ABSTRACT Following radiation exposure, unrepaired DNA double-strand breaks (DSBs)
persist to some extent in a subset of cells as residual damage; they can exert adverse ef-
fects, including late-onset diseases. In search of the factor(s) that characterize(s) cells bear-
ing such damage, we discovered ataxia-telangiectasia mutated (ATM)-dependent phos-
phorylation of the transcription factor chromodomain helicase DNA binding protein 7
(CHD7). CHD7 controls the morphogenesis of cell populations derived from neural crest
cells during vertebrate early development. Indeed, malformations in various fetal bodies
are attributable to CHD7 haploinsufficiency. Following radiation exposure, CHD7 becomes
phosphorylated, ceases promoter/enhancer binding to target genes, and relocates to the
DSB-repair protein complex, where it remains until the damage is repaired. Thus, ATM-de-
pendent CHD7 phosphorylation appears to act as a functional switch. As such stress re-
sponses contribute to improved cell survival and canonical nonhomologous end joining, we
conclude that CHD?7 is involved in both morphogenetic and DSB-response functions. Thus,
we propose that higher vertebrates have evolved intrinsic mechanisms underlying the mor-
phogenesis-coupled DSB stress response. In fetal exposure, if the function of CHD7 be-
comes primarily shifted toward DNA repair, morphogenic activity is reduced, resulting in
malformations.
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INTRODUCTION

Vertebrate embryogenesis is a sophisticated process involving pre-
cise timelines for cell division and differentiation, the driving force of
which includes programmed changes in chromatin structure and
corresponding transcription factors that induce the expression of
key proteins for cell division, locomotion of cell populations for mor-
phogenesis, and differentiation. A classical question of develop-
mental biology concerns the mechanisms underlying development,
which can be clarified through cell lineage tracking. In current mole-
cular biology studies, methods to investigate chromatin modifica-
tion and transcription factor expression at single-cell resolution are
applied (He et al., 2020; Fan and Huang, 2021).

Among the transcription factors that control embryogenesis,
chromodomain helicase DNA binding protein 7 (CHD7) (Woodage
et al., 1997, Vissers et al., 2004; Basson and van Ravenswaaij-Arts,
2015) regulates the expression of many genes by binding to
targeted gene promoter/enhancer sequences to form a specific
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FIGURE 1: Characterization of human diploid fibroblast cells bearing radiation-induced
unrepaired DSBs by cell morphology and specific gene expression. (A) Unrepaired DSB foci in
the nucleus as revealed by 53BP1 antibody staining. They tend to form pairs. The image shows
cell nuclei 1 mo after the 6 Gy exposure. Scale bar, 20 pm. (B) Such DSB foci also carry YH2AX
proteins, and the cells often exhibit SA-B-Gal positivity and (C) dysmorphic nuclei by DAPI
staining, as previously reported (Noda et al., 2012, 2015a). Scale bar, 5 pm. (D) Quiescent culture
of 10 Gy-1 Mo cells carrying unrepaired DSBs appeared to be healthy and stable. (E) RNA was
extracted from the control, 10 Gy-1.5 h, and 10 Gy-1 Mo cells and subjected to Agilent
expression array analysis. (F) Genes that showed less than twofold up- or down-regulation at

10 Gy-1.5 h and then significant up-regulation at 10 Gy-1 Mo.

transcription complex (Schnetz et al., 2009, 2010), where the CHD7
partners vary among cell types during development (Martin, 2010;
Engelen et al., 2011; Feng et al., 2017; Whittaker et al., 2017). For
instance, in neuronal stem cells, CHD7 binds SOX2 to target pro-
moter/enhancer sequences in JAGT, GIL3, and MYCN to induce
gene expression. Hence, depending on the tissues, various part-
ners, including Nanog1, p300, PBAF, BAF, BRG1, PPAR, PARP,
WDRS5, and SMADs, join the transcription complex (Liu et al., 2014).
Moreover, binding of H3K4Me3, H3K27Ac, and HDAC1/2 has also
been reported (Schnetz et al., 2009; Feng et al., 2017; Rother et al.,
2020). ChlIP sequencing has further identified myriad CHD7-binding
sequences through the genome (Schnetz et al., 2009, 2010). Hence,
by changing the target, CHD7 functions to selectively control time-
dependent gene expression by altering chromatin accessibility (Yao
et al., 2020).

In early embryos, CHD7 can induce morphogenesis and differen-
tiation of neural crest-derived cell populations. Given that neural
crest cells differentiate into various tissues (Bajpai et al., 2010; Pauli
et al., 2017; Yan et al., 2020), a decrease in CHD7 protein abun-
dance, or its dysfunction, causes abnormal heart and neurosensory
organ development, resulting in neonatal deformities (Sperry et al.,
2014, Payne et al., 2015). In humans, heterozygous CHD7 loss of
function results in multiple congenital malformations known as
CHARGE syndrome (coloboma of the eye, heart defects, atresia of
the choanae, retardation of growth/development, genital or urinary
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abnormalities, and ear abnormalities)
(Vissers et al., 2004; Bosman et al., 2005;
Zentner et al., 2010). Meanwhile, its homo-
zygous mutants in mice are lethal to em-
bryos (Hurd et al., 2007; Layman et al., 2009;
Zentner et al., 2010; Basson and van Raven-
swaaij-Arts, 2015), indicating that CHD7 is a
typical haploinsufficient gene.

Radiation exposure interferes with early
embryogenesis, resulting in embryonic
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involved in radiation injury and embryonic
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Are there any active factors that secure nor-
mal development? If such a factor exists, it
will promote the recovery of damaged cells
in the DNA damage stress response. How-
ever, the embryo has no additional time in
the predetermined morphogenic move-
ment to briefly stop cell division and
promptly repair the damage via conven-
tional checkpoint signals, implying that an
alternate mechanism is required.

The current study sought to elucidate
the biological effects of unrepaired DNA
damage. While characterizing cells bearing unrepaired DNA dam-
age, we observed that CHD7 underwent ataxia-telangiectasia mu-
tated (ATM)-dependent phosphorylation. This protein was quickly
phosphorylated upon irradiation and then released from the original
transcription regulatory position and localized at double-strand
break (DSB) sites, where it stayed until the damage was repaired.
This dual function of CHD7 in morphogenesis and damage re-
sponse implies that morphogenesis and DNA repair are coupled
during early embryonic development. For strict progression of de-
velopment, vertebrate organisms may have evolved mechanisms to
simultaneously tackle morphogenesis and DSB repair to maintain
the timetable of development. Herein, we discuss the universality of
this coupling of the genome damage response mechanism and
morphogenesis.

RESULTS

Identifying specific genes with increased expression in cells
bearing unrepaired DSBs

We previously detected unrepaired DSBs as persistent DSB foci
(DSB-repair protein complexes) in nuclei 1 mo (month) post-radia-
tion exposure, which constituted nearly 1% of the originally formed
DSB foci (Noda et al., 2012, 2018), with pairs in each nucleus ap-
pearing as torn-off DNA end structures (Figure 1A and data in our
previous studies). These cells exhibited a senescent phenotype
(Figure 1B), often forming dysmorphic nuclear membrane structures
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10 Gy-1.5 h or 0 Gy (control cultures; Figure
1E). Using comparative hybridization screen-
ing with the Agilent human gene expression
array, we selected genes with expression
that had remained relatively unchanged or
had become down-regulated at 1.5 h and
© that had, subsequently, become specifically
up-regulated at 10 Gy-1 Mo (log2 ratio >1).
A total of 196 genes were ultimately se-
lected, including hypothetical genes (Sup-
plemental Data 1); however, further selec-
tion of genes coding for nuclear proteins
and chromatin factors revealed 16 genes
that might be unique to cells bearing unre-
paired DSBs (Figure 1, D-F). These included
HSF5, TOP2A WDRé5, TP63, ATM, MDM1,
and FANCA.
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remains at unrepaired DSBs with a turnover
rate less than 1 d (Noda et al., 2012). Thus,
ATM signaling must become activated at
the unrepaired DSB foci. As ATM signaling
has wide-ranging implications through its
kinase activity—ATM kinase may have as
many as 700 potential target proteins (Mat-
suoka et al., 2007)—each ATM downstream
effector protein may exert unique biological
roles. Subsequently, CHD7 was identified
from searches for proteins containing the
ATM kinase target serine-glutamine (SQ) se-
quence that were encoded by the above-
mentioned 16 candidate genes.

Detection of radiation-induced unrepaired DSBs by anti-pCHD7 antibody staining.
(A) Structure of the CHD7 protein and (B) potential site of ATM kinase-mediated
phosphorylation. (C) pCHD7 and YH2AX antibody staining of 10 Gy-3 wk cultured cells.
(D) Western blot analysis with anti-pCHD7, CHD7, and TBP antibody. TBP: TATA-binding protein
as internal control. (E) Effect of ATM kinase inhibitor, KU55933, on the repair foci formation in
cells at 1 Gy-1 h. pCHD?7 staining appears red. (F) The effect of the polyubiquitination inhibitor
MG132 on the repair foci formation in 1 Gy-1 h cells. Note that contrast was enhanced in some
of the photo images, for example, in F, MG132 (+) 53BP1, to confirm the lack of positive signals

in the very dark nuclear images. Scale bar, 5 pm.

(Figure 1C) (Noda et al., 2015a). Such quiescent cells appeared to
be alive and healthy (Figure 1D) in a prolonged culture.

To characterize the cells at the molecular level, total RNA was
extracted from quiescent cultures of human diploid fibroblasts
(HCA2) 1 mo after exposure to 10 Gy (abbreviated 10 Gy-1 Mo),
in which all the cells carried several pairs of unrepaired DSBs, or
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Generation and validation of
antibodies against phosphorylated
CHD7

Considering that CHD7 contains a serine at
position 2255 that can form the SQ se-
quence (Figure 2, A and B), it may represent
an ATM target (Matsuoka et al., 2007;
Zentner et al., 2010). Therefore, we created
a rabbit polyclonal antibody against the
52255 phosphorylated form of CHD7 (here-
after, pCHD?7). This antibody detected the
localization of pCHD?7 (stained red) in unre-
paired DSBs, together with YH2AX (Figure
2C) long time after high-dose radiation
exposure. These unrepaired DSB foci also
included 53BP1 and polyubiquitin. Western
blotting using the HCA2 cell nuclear lysate
detected a specific band at an expected
molecular size, further revealing that phos-
phorylation of CHD7 was initiated within 1 h
following irradiation and continued for more
than 1 mo unless the damage was repaired
(Figure 2D).

Next, we assessed the ATM dependency of CHD7 phosphory-
lation. Because the formation of DSB foci by pCHD7 occurred
rapidly and the pCHD?7 foci colocalized with yH2AX foci (forming
nearly 30 DSB foci 1 h post-1 Gy exposure), we assessed the foci
formation at 1 Gy-1 h. Overnight pretreatment of cells with 10 yM
KU55933, an inhibitor of ATM kinase, completely abolished ATM

Role of CHD7 in embryonic development | 3
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Characterization of pCHD7 antibody by immunoprecipitation and cell staining.
(A) Cell lysates from 5 Gy-1 h HCA2 were subjected to immunoprecipitation using the pCHD7
antibody. Then, the samples were analyzed by Western blotting using pCHD7, CHD7, or 53BP1
antibodies. Individual lanes indicate: T, total nuclear proteins; N, normal goat IgG used for the
control of immunoprecipitation; and I.P, a pCHD7 antibody was used for immunoprecipitation.
(B) Four-aa SSQP sequence including ATM kinase target SQ at the serine 2255 in CHD7 also
exists at serine 831 in 53BP1. Furthermore, the serine position of CHD7 also matches at the
serine 25 in 53BP1, with one aa shifted to make the four-aa sequence SQPE. (C) pCHD7 foci
formation at DSB sites following irradiation in 53BP1-KO MEFs. Colocalization of pCHD7
and YH2AX was observed after irradiation (1 Gy in right panel) but no 53BP1 foci were observed

(1 Gy in left panel). Scale bar, 5 pm.

self-phosphorylation and its accumulation in DSB sites after irra-
diation (Figure 2E). Additionally, YH2AX foci formation was sig-
nificantly, although not completely, reduced. Meanwhile, in the
control that was not treated with KU55933 (KU55933 [-]), DSB
foci, containing pATM and pCHD7 were relatively similar to those
observed with YH2AX and pCHD? foci. In this setting, the forma-
tion and accumulation of pCHD7 was completely inhibited in
KU55933 (+) cells (Figure 2E and Supplemental Figure 1).

Formation of DSB foci with YH2AX and 53BP1, as well as subse-
quent initiation and propagation of stress signals, requires polyubig-
uitination of the focus proteins (Kolas et al., 2007; Noda et al., 2012).
Pretreating cells for 2 h with 5 pM MG132, an inhibitor of substrate
polyubiquitination, completely inhibited 53BP1 and pCHD7 accu-
mulation after irradiation, whereas the YH2AX foci were unaffected
(Figure 2F), indicating that serine 2255 phosphorylation of CHD7 is
ATM dependent and the process occurs downstream of YH2AX foci
formation.

We next assessed possible interactions between pCHD7 and
53BP1 using coimmunoprecipitation and Western blot analyses
(Figure 3A). Antibodies against pCHD7, CHD7 (nonphosphorylated
form), and 53BP1 detected specific bands in an immunoprecipitate
with the anti-pCHD7 antibody. However, the 53BP1 protein band ap-
peared to overlap with pCHD7 and was indistinguishable even in nor-

4 | A Nodaetal.

Hence the human CHD7 serine 2255 site,
which formed an SQ sequence for ATM tar-
geting, matches human 53BP1 with two four-
aa sequences. In mouse 53BP1, only the
SQPE sequence is conserved at serine 30.
Therefore, our anti-pCHD7 antibody may
cross-react with phosphorylated forms of
53BP1 if the four-aa sequence including SQ
has sufficient antigenicity. To address this is-
sue, we created a FLAG-tagged CHD7 cDNA
plasmid construct, which was used to trans-
fect Hela cells. Immunoprecipitation with the
anti-FLAG antibody strongly reacted with
pCHD7 and CHD?7 antibodies but scarcely
with the 53BP1 antibody (Supplemental
Figure 2B), suggesting phosphorylation of
exogeneous FLAG-CHD? following irradia-
tion. In contrast, when the FLAG-53BP1 con-
struct was transfected, immunoprecipitation
with an anti-FLAG antibody revealed that the
precipitate strongly reacted with the anti-
pCHD?7 antibody (Supplemental Figure 2C,
right panel). This might be caused by binding
of the pCHD7 antibody with phosphorylated
FLAG-53BP1 or coimmunoprecipitation of
FLAG-53BP1 and pCHD7. Meanwhile, 53BP1 was not detected in the
immunoprecipitate with a CHD7 (nonphosphorylated) antibody (Sup-
plemental Figure 2D), and the anti-CHD7 antibody failed to detect
CHD?7 in the immunoprecipitate from FLAG-53BP7-transfected cell
lysate using an anti-FLAG antibody (Supplemental Figure 2E). Hence,
we concluded that the generated antibody against pCHD7 cross-re-
acts with the phosphorylated form of 53BP1. However, considering
that Western blot analyses did not reveal any other bands, we postu-
late that no other cross-reactivity occurred. With anti-FLAG antibody
staining, we confirmed that exogenously introduced FLAG-CHD7
was phosphorylated (Supplemental Figure 2B) and accumulated to
form DSB foci after irradiation (Supplemental Figure 2F), further dem-
onstrating DSB foci formation of phosphorylated CHD7 protein irre-
spective of the antibody specificity.

Anti-pCHD?7 antibodies were generated twice (n =4 total); all of
them exhibited comparably strong reactivities. Furthermore, to im-
prove antibody specificity, we made slight alterations to the antigen
epitope sequence, from KSEESpSQPEAG to DDDKSEESpSQ; how-
ever, another two rabbits immunized with the latter sequence also
produced antibodies with the same potency and specificity. The aa
sequence DDDKSEESSQPEAGA (Figure 2B), which includes the
targeted SQ, is completely conserved among many species, includ-
ing mouse, rat, chicken, cow, elephant, and chimpanzee.

Molecular Biology of the Cell
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CHD?7 expressed in tissues derived
from neural crest cells forms DSB foci
after radiation exposure in an
11.5-d-old mouse embryo

Considering that the morphogenesis of
neural crest-derived tissue peaks on day
11.5 of the embryo, wild-type (WT) (C57BL)
mouse embryos aged 11.5 d were collected
from the uterus, irradiated at 5 Gy, and incu-
bated in culture media for 1 h. Whole em-
bryo sections were prepared and stained
with pCHD?7 antibody. The antibody strongly
reacted with the developing organs (Sup-
plemental Figure 3, 5 Gy), which was not
observed in unirradiated littermate embryos
(Supplemental Figure 3, 0 Gy). In particular,
the developing heart, inner ear, trifacial
nerve, telencephalon, and eyes exhibited
strong staining (Supplemental Figure 3,
D-F), and typical DSB foci were observed
(Supplemental Figure 3, G and H, enlarged
views).

Next, we performed the same experi-
ment in 53BP1-KO mouse embryos and ob-
tained similar results: pCHD7-positive cells
were clearly observed during the morpho-
genesis stage of the telencephalon, eyes,
and heart after radiation exposure (Figure 4,
A-G). Background staining of pCHD7 was
much lower in 53BP1-null embryos and was
not observed in the 0 Gy controls. Western
blot analyses of whole embryo extracts fur-
ther confirmed CHD7 phosphorylation
upon irradiation in a 53BP1-null background

Embryo Embryo (Figure 4H). Given that pCHD7 foci formed

H C 0Gy 5Gy 0Gy 5Gy in a 53BP1-null background (Figure 4, F and
kDa G) and that Western blot analyses did not

460 o 0 o : reveal any extra bands, we concluded that

268 ,"' il wy e CHD7 CHD7 becomes phosphorylated and accu-

s === TBP

pCHD7 immunostaining in an 11.5-d-old 53BP1-KO embryo 1 h post a 5-Gy
exposure. pCHD7 staining showed green color, and DAPI showed blue. (A) 0 Gy control,
scale bar, 500 pm; (B-E) pCHD?7 staining 1 h after 5 Gy exposure: (B) whole embryo; (C) the
front of the head, scale bar, 30 pm; (D) head; (E) enlarged view of the heart, scale bar 150 pym.
(F, G) Enlarged view of inner ear and heart, scale bar 20 pm. (H) Western analyses of whole

embryo lysate.

Accumulation of pCHD7 at DSB foci in a 53BP1-null
background

As the anti-pCHD7 antibody has been suggested to cross-react with
the phosphorylated form of 53BP1, we assessed the radiation re-
sponse of CHD7 in a 53BP1-null background (Ward et al., 2003). The
results confirmed pCHD7 accumulation in DSB foci (Figure 3C). The
cells used were MEFs derived from a 53BP1-KO mouse embryo,
and 53BP1 expression was not detected. These results confirmed
that CHD?7 is phosphorylated upon radiation exposure and accumu-
lates in DSB foci.

Volume 34 May 1, 2023

mulates at DSB sites following radiation ex-
posure in certain developing organs.

== === TBP

Upon phosphorylation, CHD7 loses
enhancer binding activity and moves
to DSB sites

Next, we used a typical CHD7-binding se-
quence, the HS2 enhancer of the locus con-
trol region (LCR) of the globin gene pro-
moter (Schnetz et al., 2009), and assessed
CHD?7-binding activity after radiation in cul-
tured DLD-1 cells. More specifically, chro-
matin immunoprecipitation (ChIP) was em-
ployed to evaluate CHD7-binding activity to the LCR, revealing that
this binding activity rapidly decreased following irradiation (Figure
5A), while the binding of histone H3K4Me3, a marker of active chro-
matin, did not exhibit marked changes or showed a gradual decline
(Figure 5B). Moreover, pretreatment of cells with KU55933 signifi-
cantly protected them from the radiation-induced decrease in
CHD?7 binding to the LCR (HS2) sequence, suggesting that this de-
cline was attributable to the phosphorylation of CHD7 by ATM
(Figure 5C). However, no such effect was observed in H3K4Me3
binding to LCR.

Role of CHD7 in embryonic development | 5
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FIGURE 5: Release of CHD7 proteins from the LCR HS2 sequence in the globin gene after radiation exposure.

(A-C) ChlIP assay. (A) Relative amount of CHD7 bound to LCR (HS2) sequence. (B) Relative amount of histone H3K4Me3
bound to LCR (HS2) sequence. (C) Relative amount of CHD7 or H3K4Me3 bound to LCR (HS2) 10 min after exposure at
5 Gy in cells with or without KU55933 pretreatment. The data are the average of four experiments with SD, t test,

*p < 107, (D, E) Gel mobility shift assay of LCR sequence; in D the arrow in the left panel indicates the decrease of the
LCR shifted band following irradiation. The arrow in the right panel indicates no change in the PE21 shifted band after
irradiation in the control. Probe, radiolabeled LCR or PE21; NE, nuclear extract; competitor, excess amount of
nonradiolabeled LCR or PE21. (E) Relative amount of nuclear protein binding to LCR or PE21. The data are the average

of two experiments with SD; * p < 0.01.

Next, a radiolabeled LCR probe was used for gel mobility shift
analysis to monitor LCR binding proteins, revealing a reduction fol-
lowing radiation exposure (Figure 5, D and E, left panel). The speci-
ficity of the shifted bands was confirmed via the addition of excess
unlabeled probes (10x) as competitors. The control PE21 probe is a
transcriptional element in the p53 promoter that does not respond to
ionizing radiation exposure (Figure 5, D and E, right panel) (Noda
etal., 2000). As in previous experiments, KU55933 pretreatment sup-
pressed the reduction in shifted bands following radiation (Supple-
mental Figure 4A; compare lanes 4 and 8 in B). These results further
suggest that CHD7 is phosphorylated following radiation exposure,
after which it translocates from the promoter/enhancer to DBS sites.

In vitro CHD7 knockout causes moderate radiation
sensitivity and cells exhibit unexpected response following
additional 53BP1 knockout

To determine the role of CHD7 in the radiation-stress response, we
first examined the effect of CHD7 knockdown (KD). In Hela cells,
KD induced radiation sensitivity, depending on the degree of
decreased CHD7 expression (Supplemental Figure 5). Next, we cre-
ated CHD7-knockout (KO) cells using HT1080 cells carrying a stable
diploid karyotype. For comparison, 53BP1-KO and CHD7/53BP1-
double KO (DKO) cells were also created (Supplemental Figure 6).

6 | A.Noda etal

The growth rate of CHD7-KO HT1080 cells was comparable to that
of parental WT cells and became moderately radiation sensitive
(10% sensitization when evaluated with D37: 37% survival dose)
(Figure 6, A and B). In contrast, 53BP1-KO cells exhibited apparent
growth retardation (12% lower growth rate), with a considerable in-
crease in radiation sensitivity (40% sensitization at D37). In DKO cells
the growth rate was further decreased by 24%; that is, the doubling
time extended from 29.5 h in WT to 38.6 h in DKO cells. However,
the radiation sensitivity of DKO cells was reversed, with them be-
coming more resistant than the 53BP1-KO cells. In fact, they seemed
to be comparable to CHD7-KO cells, indicating that the CHD7 de-
fect helped the 53BP1-KO cells survive (Figure 6, B and C).

Loss of CHD7 induces error-prone nonhomologous end
joining

Although we confirmed that CHD7 is phosphorylated and accumu-
lates in DSB foci, it remained uncertain whether the protein directly
participates in the DSB repair process as cells lacking CHD7 did not
exhibit high sensitivity to radiation. Therefore, we evaluated the ef-
fect of CHD7 deficiency on nonhomologous end joining (NHEJ) ac-
tivity. To this end we utilized the green fluorescent protein (GFP) re-
porter system, in which the occurrence of NHEJ can be monitored
in cells integrated with the plasmid pEJ via transient introduction of

Molecular Biology of the Cell



>
w

Cell growth
20 1
2 7K0
o P1KO
g 15 7K0/53BP1KO 0.1
5 ©
3 10 | s
2 & 0.01
RS
® 5T
a
3 0.001
0 0
1 2 3 4 5
Culture passages
C

CHD7KO

FIGURE 6: Targeted disruption of CHD7 and/or 53BP1 changes cell growth and radiation
sensitivity. (A) Growth curve of each cell strain in comparison with WT HT1080. (B) Cell survival
following radiation exposure. (C) Colony formation of each cell strain; 1600 cells of each strain
were inoculated in duplicate dishes, and after 8 Gy x-ray irradiation, cells were cultured for 12 d

to fix and stain. The data are shown as average with SD.

DSBs (Mansour et al., 2010) at two predetermined adjacent posi-
tions, where the DSBs produce noncompatible (noncohesive) over-
hangs (Supplemental Figure 7). In CHD7-KO cells, the system pro-
duced an increased number of GFP-positive cells, indicating
enhanced NHEJ (Figure 7, A-C). Sequencing of the junction at the
DSB rejoining portion in GFP(+) cells revealed an increase in dele-
tion size in CHD7-KO cells (Figure 7D; Supplemental Figure 8). In
fact, WT HT1080 cells showed 0.04-2.5 base deletions on average
in two independent clones, respectively (indicating typical NHEJ) at
the DSB sites, CHD7-KO cells had an average deletion size of 20.3—-
37.0 bases. Furthermore, we often observed cell clones with >100
base pair deletions at DSB sites, which was not seen in WT cells.
Therefore, it is noted that CHD7-KO cells have a potential for pro-
ducing both small (typical NHEJ) and larger deletions (nontypical
NHEJ); the latter tends to increase. When defining typical NHEJ as
Indel production within 1-5 bases, large deletions (>5 base pairs)
were significantly more prevalent in CHD7-KO cells compared with
Parental, 53BP1-KO, and DKO cell lines (all p < 0.001).

In contrast, 53BP1-KO cells did not exhibit an increase in the
average deletion size (1.2-5.0 base deletion) at DSB sites, indicating
that 53BP1-KO increased the NHEJ frequency (Figure 7C); however,
the actual deletion size remained small. Meanwhile, the NHEJ
frequency was significantly reduced in DKO cells, and the deletion
size in GFP(+) cells was not significantly increased (average 4.2-5.9).
There was no evidence of a large difference in prevalence in Paren-
tal versus 53BP1-KO (p = 0.70), Parental versus DKO (p = 0.87), or
53BP1 versus DKO (p = 0.88). In many cases, processing of the non-
compatible overhangs led to simple fill-in of one additional "A” as
in WT cells (Supplemental Figure 8), which was originally reported
by Mansour et al. (2010).
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We also performed a conventional muta-
tion assay using the HPRT gene locus lo-
cated on the X chromosome, where the loss
of the gene activity by mutation can be de-
tected as 6TG resistance of cells. The results
confirmed an increase in radiation-induced
mutations in CHD7-KO cells (Figure 7E).
Radiation-induced mutation was also in-
creased in 53BP1-KO cells; however, the
dose response appeared to be somewhat
complicated, as it did not seem to be dose
dependent. That is, the response was lower
at 6 Gy than at 3 Gy. This may have been
due to the high radiation toxicity to 53BP1-
KO cells. In contrast, CHD7/53BP1-DKO
cells exhibited relatively no increase in
NHEJ events (Figure 7C), even in HPRT lo-
cus mutations after radiation exposure
(Figure 7E). The DKO cells exhibited a very
low background and scarcely detectable
spontaneous mutation frequencies.
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DISCUSSION

In search of proteins that are expressed in
cells bearing unrepaired DSBs, we identified
ATM-dependent phosphorylation of CHD7
at DSB sites, which remained as long as the
damage persisted. Furthermore, most ma-
jor players in DSB foci, such as yH2AX,
53BP1, MDC1, Rap80, and polyUb, along
with pCHD7, remained at unrepaired DSBs,
indicating that repair signaling remains acti-
vated until the damage is removed from the genome (Noda et al.,
2012). Recently, Rother et al. (2020) reported the localization of
CHD?7 at DSBs in U20S cells, while Ahmed et al. (2021) also re-
ported the role of CHD7 in oxygen radical stress in mouse auditory
and sensory hair neurons. In line with these studies, we report, for
the first time, the participation of CHD7 in the DSB repair process
via ATM signaling in early development. Hence, CHD7 belongs to
the ATM-mediated chromatin repair network.

To the best of our knowledge, commercially available CHD7
pan-antibodies, including those manufactured by Cell Signaling,
Abcam, and Novus Bio, do not efficiently detect radiation-induced
DSBs unless the nuclei are substantially damaged, and the use of an
UV laser in combination with bromodeoxyuridine (BrdU) prelabeling
is required (Rother et al., 2020). In contrast, our antibody against
pCHD?7 is able to detect a single DSB. As such, this antibody re-
vealed a new role for CHD7 as a transcription factor indispensable
for neural crest cell differentiation and genome damage response.
We propose a “morphogenesis-coupled repair” in vertebrate em-
bryogenesis, for which 52255 phosphorylation acts as a functional
switch.

CHD?7 induces neural crest cells to differentiate into neurosen-
sory organs and to build craniofacial and heart architecture (Layman
et al., 2010; Schulz et al., 2014, Feng et al., 2017; Whittaker et al.,
2017; Yan et al., 2020). Given the developmental link between the
head and the heart (Maxmen, 2022), the role of CHD?7 is intriguing,
as it controls the morphogenesis of these organs through the small
cell population. Although CHD7 is ubiquitously expressed, its ex-
pression increases during certain stages of development and is in-
dispensable for cerebellar development (E12.5-14.5) (Feng et al.,
2017).
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How does such an important transcription factor respond to ge-
nome stress? Our data indicate that following irradiation, CHD7 is
phosphorylated and moves to the DSB sites. This phenomenon im-
plies that during the “point of no return” biological process, CHD7
has two key functions: progression of development and DNA dam-
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age response. However, as the timeline is strictly predetermined in
early development, priority cannot be given to either. Therefore, the
cells must effectively repair the damage and fulfill morphogenesis
within the scheduled time. If the damage is too extensive, the avail-
able number of transcription factors may become temporarily
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reduced, resulting in a condition similar to CHARGE, by decreasing
the number of differentiated cells or attaining imperfect morpho-
genesis. This is a plausible cause of radiation-induced malforma-
tions in neonates. In this context, our finding that CHD7 phosphory-
lation is strongly induced in the fetal brain and heart after irradiation
(Figure 4, D and E, and Supplemental Figure 3) is significant.

Nevertheless, we still have no direct evidence of the involvement
of pCHD7? in DSB repair. CHD7 ablation in HT1080 cells resulted in
only modest radiation sensitization. However, this improved the sur-
vival of 53BP1-deficient cells. Our results suggest a mechanism by
which CHD7 facilitates less error-prone (smaller deletion size) NHEJ
and show that canonical NHEJ is possible with CHD7, in the ab-
sence of 53BP1. CHD7 has been proposed to relax chromatin to
promote error-free NHEJ (via Ku and ligase) before 53BP1 activation
(Rother et al., 2020), in which the 53BP1 signal handles the remain-
ing DSBs through erroneous NHEJ (Figure 7F). Our data confirmed
increased deletion size at DSB sites in CHD7-deficient HT1080 cells.
In contrast, NHEJ activity of CHD7/53BP1-DKO cells was compara-
ble in WT cells or slightly reduced, resulting in a somewhat hypomu-
table phenotype. Similarly, radiation-induced HPRT gene mutations
were extensively suppressed. Moreover, spontaneous mutations at
the HPRT locus rarely occurred. This may indicate that, in
CHD7/53BP1-DKO HT1080, most DSBs are repaired error-free via
the homologous recombination repair system in a subsequent DNA
replication. However, this might be specific to HT1080 cells, which
divide indefinitely. Cells at the embryonic developmental stage may
not be capable of altering the repair system so readily, resulting in
cell death. Apart from immortalized HT1080 cells, CHD7 expression
in the neural crest cells of embryos was quite high. Assuming that
such cells in the developing embryo are much more radiation sensi-
tive, the CHARGE syndrome phenotype, which includes frequent
malformation of the heart and neurosensory organs, can be easily
explained.

Developing embryos exhibit high radiation sensitivity. In experi-
mental animals, embryos are most sensitive during the morphoge-
netic stage (Rugh and Wohlfromm, 1965; Hall, 1994; ICRP, 2003).
The p53 protein, as a guardian of the genome, suppresses malfor-
mation by inducing apoptosis in damaged cells (Norimura et al.,
1996; Nomoto et al., 1998). In contrast, CHD7 may suppress em-
bryonal death and malformation through the DNA damage re-
sponse, likely by promoting DSB repair. In both systems, excessive
damage may cause the embryo to either die or survive with mor-
phological failure. In that sense, CHD7 and p53 are the two sides of
the same coin, as positive or negative regulators. Indeed, inappro-
priate activation of p53 in developing embryos causes CHARGE-like
symptoms by producing multiple deformities (Van Nostrand et al.,
2014). Moreover, Wang et al. (2022) recently demonstrated that p53
promptly (within seconds) binds to damaged sites through its C-
terminal polyadenylation and promotes error-free NHEJ. Thus,
CHD7 and p53 may also cooperate, or compete, during the very
early stage of the damage response, for chromatin relaxation, not
through their transcriptional activities (Figure 7F). While Rother et al.
(2020) proposed PARP-triggered accumulation of CHD7, they did
not elucidate the role of ATM; however, our results clearly show
ATM-dependent phosphorylation at DSBs. Meanwhile, Wang et al.
(2022) suggested an initial role of p53 PARylation, but not CHD7, in
chromatin relaxation at DSBs. Further analysis will provide clearer
insights into the role of these proteins in chromatin relaxation.

The effects of fetal radiation exposure have been investigated in
humans. For instance, in utero exposure of atomic bomb survivors in
Hiroshima and Nagasaki resulted in cranial nerve system abnormali-
ties during the second stage of gestation (8-15 wk), with dose-de-
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pendent increases in mental illness and microcephaly (Otake et al.,
1991; Otake and Schull, 1998; Hall, 1994). Our results provide novel
insights into the role of CHD7 in radiation stress and cranial nerve
system development.

Our findings may be further generalized by including develop-
ment- and differentiation-related transcription factors. More specifi-
cally, the key transcription factors that control development may
have a direct or indirect function in the genome stress response.
There are three such examples: 1) Pax2 transcription factor—interact-
ing protein 1 (PTIP1) physically interacts with Pax2, a key protein in
kidney morphogenesis (Dahl et al., 1997). Neonates born following
PAX2-KO lack kidneys (Torres et al., 1995). PTIP1 was subsequently
found to serve as a typical DSB foci protein after radiation exposure
(Gong et al., 2009; Mufioz and Rouse, 2009; Callen et al., 2020). 2)
Cofactor of BRCAT (COBRA1), which controls mammary gland de-
velopment, is physically associated with BRCA1, suggesting that the
BRCA1/COBRAT complex regulates DSB repair and mammary
gland morphogenesis (Nair et al., 2016). 3) BRCT-repeat inhibitor of
hTERT expression 1 (BRIT1), also known as microcephalin 1
(MCPH1), is a transcription factor that suppresses hTERT expression
in differentiated cells and is responsible for microcephaly; however,
it is also a typical DSB foci protein that responds to radiation (Lin
et al., 2005).

Taking the data together, we propose that vertebrates have
evolved a morphogenesis-coupled genome stress response in early
embryogenesis. The central mechanisms involved in maintaining
the continuity of life consist of DNA replication/transcription and cell
division/ontogenesis. As DNA replication has proofreading mecha-
nisms, and for transcription, the mechanism itself includes a tran-
scription-coupled repair system, it is reasonable to suppose that
morphogenesis-coupled repair is part of vertebrate embryogenesis.
Future studies will delineate the precise molecular mechanisms of
how pCHD7 modulates the activity of the DSB repair protein com-
plex during embryonal morphogenesis stages to ensure genome
integrity and progression of normal development.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell lines and culture
HCA2, a normal human diploid fibroblast cell line, also known as
MJ90 (Noda et al., 2012, 2015a), 53BP1-KO MEFs, and tumor cell
lines (HeLa S3, HT1080, and DLD-1, all purchased from the Ameri-
can Type Culture Collection) were cultured in 5% CO; at 37°C with
EMEM (Earl's salts) supplemented with 10% fetal calf serum (FCS).
53BP1-KO MEFs were a gift from David Chen of MD Anderson
(Houston, TX) (Ward et al., 2003). Human diploid fibroblasts were
deemed suitable for observing unrepaired DSBs as they can create
a stable G, phase. Meanwhile, HelLa S3 and HT1080 were deemed
suitable for IP and gene transfer, while HT1080 cells were particularly
appropriate for creation of KO cells by gene editing. DLD-1 is a cell
for which the CHD7-binding sequence has been reported, and data
are available on LCR (H2 enhancer) binding (Schnetz et al., 2009).
To observe unrepaired DSB foci, HCA2 cells were transferred to
EMEM containing 0.1% FCS and cultured for more than 1 wk to
become quiescent (G,) cells. Such G, cells can be maintained for
more than 1y in stable quiescence by weekly medium changes
(Noda et al., 2012). X-ray irradiation was carried out using these qui-
escent cells, and the cells were periodically stained to observe unre-
paired DSB foci or harvested to extract total RNA. Cells that could
not be maintained in 0.1% FCS (MEFs and tumor cells) were cultured
with 10% FCS. For treatment with an ATM kinase inhibitor, cells were
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treated with 10 pM KU55933 (Tocris, Bristol, UK; cat. 3544) over-
night, and then 1 h after 1 Gy exposure, cells were fixed and stained
with various antibodies. Inhibition of polyubiquitination was carried
out by 2 h of pretreatment with 5 pM MG132 (Boston BioChem,
Cambridge, MA; cat. I-130), and 1 h after 1 Gy exposure, cells were
fixed and stained. SA-BGal staining was carried out with 6 Gy-1 Mo
cells using the Senescent Cells Staining Kit (Sigma-Aldrich, St Louis,
MOQO; cat. CS0031-1KT).

Cell growth rate and x-ray survival were determined by con-
ventional methods. For the growth test, 10° cells were inoculated
in 6-cm dishes, harvested every 4 d, and counted, and the number
of population doublings was calculated. Then, 10° cells from the
culture were again inoculated. This process was repeated to ob-
tain the growth curve. To determine the cell survival rate, a prede-
termined number of cells were inoculated onto 6-cm dishes, x-ray
irradiated at a dose rate of 1 Gy/min, cultured for approximately
12 d, and then fixed and stained to count the cell colonies. Figure
6C shows the colony formation in duplicated dishes, in which
1600 cells were inoculated in each dish, irradiated with 8 Gy, and
cultured for 12 d.

C57BL/6J and 53bp1-KO mice

C57BL/6J mice and BS6:129-Trp53bp1tm1Jc/J mice (stock no.
006495) (Ward et al., 2003) were purchased from Charles River Lab-
oratories Japan and the Jackson Laboratory (Bar Harbor, ME), re-
spectively. The Radiation Effects Research Foundation (RERF) Ani-
mal Care and Use Committee approved this research under animal
study protocol A-04.

Creation of specific antibodies against phosphorylated
CHD7

An oligopeptide sequence (KSEESpSQPEAG) containing phosphor-
ylated serine at position 2255 of human CHD7 was synthesized and
used to immunize two rabbits. Both animals showed a strong anti-
body titer at the initial immunization and could react with DSB foci.
After the third immunization, the antiserum was affinity purified by a
phosphorylated peptide column and then a nonphosphorylated
peptide column was used to remove antibody fractions against the
nonphosphorylated form of the same peptide sequence. The
pCHD?7 antibody against the peptide sequence that slightly shifted
the antigen epitope (DDDKSEESpSQ) was also created in the same
manner. This antibody showed comparable potency to detect DSB
foci. Peptide synthesis, rabbit immunization, and antibody purifica-
tion were performed by Scrum Co., Ltd. (Tokyo, Japan).

Expression array analysis

Quiescent (G,) cultures of HCA2 cells were irradiated with 10 Gy and
cultured for 1.5 h or 1 mo, and then total RNA was extracted with
TRIzol (Ambion, Austin, TX). The Agilent Expression array (SurePrint
G3), which screened relative levels of gene expression across the
entire genome, was performed by Takara Co., Ltd. (Kyoto, Japan).
By comparing the expression levels of the 0 Gy control, 10 Gy-1.5 h,
and 10 Gy-1 Mo, genes with expression levels that were compara-
ble, or reduced, at 10 Gy-1.5 h and then subsequently increased by
more than twofold at 10 Gy-1 Mo were selected (Supplemental Data
1). Nuclear genes that were already known to be involved in chroma-
tin regulation/nucleic acid metabolism were selected.

Immunofluorescence analysis
Immunocytochemistry was performed using conventional methods.
Briefly, cells grown on a coverslip in a 35-mm culture dish were

10 | A.Noda etal.

washed with phosphate-buffered saline (PBS), fixed with 3.7% form-
aldehyde/PBS for 10 min at room temperature (approximately
20°C), and then treated with 0.5% Triton X-100/PBS for 5 min on ice.
After blocking the cells with 10% normal goat serum (Invitrogen,
Waltham, MA; cat. 50-0627) for 10 min at room temperature, the
first antibody was applied for 30 min at 37°C. The cells were then
washed, and secondary antibodies conjugated with fluorescent
probes were added. The antibodies used were 53BP1 (Bethyl,
Montgomery, TX; A300-272A), yH2AX (Millipore, Burlington, MA;
JBW301), and pATM (CST, Danvers, MA; 4526), all of which were
diluted 1000-2000%. The secondary antibodies used were TRITC
goat anti-rabbit immunoglobulin G (IgG) (Jackson, West Grove, PA)
and Alexa Fluor 488 goat anti-mouse or anti-rabbit IgG (Invitrogen).
The pCHD7 antibody we created was also used at 1000-2000x
dilution.

Immunoprecipitation and Western blot analyses

Nuclear protein crude extracts were prepared from 3 x 10¢ irradi-
ated cells using the Active Motif Co-IP kit (cat. 54002), mixed
with 1 pg of the anti-pCHD7 antibody, and then immunoprecipi-
tated using protein G-Fe beads. The bead-binding fractions
were lysed with 2x Laemmli sample buffer and subjected to
SDS-PAGE Western blotting using anti-pCHD7 and anti-CHD7
(CST; cat. 6505) and the anti-53BP1 antibody as noted above,
respectively.

In a separate experiment, nuclear extracts from irradiated cells
were subjected to immunoprecipitation with the anti-CHD7 anti-
body, followed by Western blotting using pCHD7 and 53BP1
antibodies. In experiments with FLAG-CHD7 and FLAG-53BP1
transfection and FLAG antibody pull down, plasmid vector pCMV-
(DYKDDDDK)-N (Clontech, Mountain View, CA; 635688) and full-
length cDNAs of CHD7 and 53BP1 were used to construct ex-
pression plasmids; then, 4 pg of each plasmid was transfected
into 5 x 10° HelLa S3 cells. Two days after x-ray irradiation, cells
were lysed, mixed with 1 pg of the anti-FLAG antibody (Clontech
635691 or Sigma F1804), and then the bead-binding fractions
were analyzed by Western blotting with anti-pCHD7, CHD7, and
53BP1 antibodies.

Mouse whole embryos

Mouse embryos (E11.5) carrying WT or 53bpTKO backgrounds
were collected from pregnant mice, 5 Gy irradiated in a culture
medium, and incubated for 1 h. Whole embryos were fixed with
4% paraformaldehyde/PBS, paraffin embedded to create whole
embryo sections, and used for immunohistochemistry. Embryo im-
munofluorescence imaging with pCHD7 and 53BP1 antibodies
was conducted at the Biopathology Institute Co., Ltd. (Ohita), us-
ing an Olympus Virtual Slide VS120 system. In a separate experi-
ment, the head regions of the embryos were lysed with 2x Laem-
mli sample buffer or Active Motif’s lysis buffer and subjected to
Western blotting. The 0 Gy controls were littermates. The original
images of the whole embryo virtual slides presented in Figure 4
and the Supplemental Figures can also be viewed on the web us-
ing Olympus OIyVIA (Freeware, https://www.olympus-lifescience
.com/en/downloads/detail-iframe/?0[downloads][id]=847253503,
or https://olyvia.software.informer.com/).

Virtual slide images are provided at https://drive.google.com/
drive/folders/1z0CySF4JYSMoimOovvIU3pKtTén5a95R?usp
=share_link.

Note that the web images must be downloaded first and then
unzipped to be visualized in OlyVIA.
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CHD7-knockdown

The CHD7 small interfering RNA expression vector was constructed
using the pBAsi-hU6Pur plasmid (Takara; cat. 3224); stably inte-
grated Hela cell clones were isolated. The relative amounts of
CHD7-KD and changes in cell radiosensitivity were compared.

Targeted disruption of CHD7 and/or 53BP1

HT1080 cells, human fibrosarcoma cells carrying a stable near-dip-
loid karyotype, were used for CRISPR/Cas?-mediated KO of CHD7
and/or 53BP1 genes. For effective KO of CHD7, a previously re-
ported site (Feng et al., 2017) was chosen. The targeted DNA se-
quence for sgRNA (single guide RNA) synthesis was CTTTC-
TAGAGAAACCAGTGC, which was introduced into the plasmid
pGuide-it-ZsGreen (Takara; cat. 632601), and the plasmid construct
was transfected into HT1080 cells. GFP-positive cells were selected
by cell sorting and individually cloned to examine CHD7 gene dis-
ruption. To enhance the targeted KO of the two alleles, we applied
cotransfection using a knock-in vector carrying the neomycin resis-
tance gene. The 230 base pairs of upstream (left arm) and 240 base
pairs of downstream (right arm) sequences of the CRISPR/Cas9 tar-
get site (DSB site) were obtained using PCR amplification of HT1080
genome DNA. Their sequences were inserted into the pBSneo-loxP
vector (Noda et al., 2015b) so that the neomycin resistance gene
was sandwiched between them. Accordingly, the neomycin resis-
tance gene could be inserted into the DSB site to destroy CHD7
function. The PCR primers (5'-3") were GTATTAACTAAAGTGCTATT,
TGCTGAGAGACACAAATAGG (left arm), and GAATGCTCAGC-
TAGTGAAGA, GGTTCCTTCGGGTCAAAAAA (right arm).

After cotransfection with the plasmids, several cell clones bear-
ing Chd7 null (~/-) were obtained. One of the clones, which had a
neomycin resistance gene inserted at one DBS site, was used for
further experiments; for another allele, the 19-base deletion from
the DSB site was observed, resulting in null production of the CHD7
protein. 53BP1-KO HT1080 cells were also created in the same
manner. That is, we set the DNA sequence GAAGTTTCCCCTTCA-
CAGAC for sgRNA synthesis at the human 53BP1 exon 17, which
matched the target site for 53bp1-KO mouse creation (Ward et al.,
2003). In addition, 240 base pair upstream and downstream se-
quences of the target site were PCR amplified and inserted into the
pBSneo-loxP to create knock-in vectors. The primer sequences (5-
3’) were as follows: AAGAACAGATCCTAAATGTT, TCTACAATTG-
GCTCTTCAGT (left arm), and CCTCCAAGGCATCCAGCTTA,
TCCTGTGATATTAAAATGTC (right arm).

After cotransfection of CRISPR/Cas? and knock-in vector plas-
mids, GFP-positive cells were recovered, one of which was used for
further experiments and had a neomycin resistance gene at the DSB
and a single base insertion at another DSB allele (leading to frame-
shift), resulting in null production of 53BP1 protein. To create
CHD7/53BP1-double KO cells, the Cre recombinase expression
plasmid, pcD-Cre, was transiently transfected into CHD7-KO cells;
subsequently, neomycin-sensitive clones were isolated. These cells
were then subjected to further 53bp1-KO, as described above.

ChiP

For the enhancer/promoter binding assay of CHD7, the HS2 se-
quence of the LCR in the B-globin gene enhancer (Schnetz et al.,
2009) was used. Within this, 220 base pairs of the HS2 core se-
quence, isolated via PCR of DLD-1 genomic DNA with the primers
(5-3") CAAGCATGAGCAGTTCTGGC and TTGCCATCTGCCCTG-
TAAGC, was used as the binding probe. DLD-1 cells were irradiated
with 5 Gy, incubated for 10 min or 1 h, and fixed with formaldehyde.
The reaction was stopped via the addition of 1.5 M glycine. Subse-

Volume 34 May 1, 2023

quently, the cells were briefly sonicated. After the debris was re-
moved, an anti-CHD7 antibody (CST; 6505S) was added and incu-
bated overnight at 4°C. Immunoprecipitation was performed
by mixing the Protein A/G-Fe (Millipore; 16-663) beads for 1 h at
4°C; subsequently, the bead-binding fraction was eluted with 1%
SDS/0.1 M NaHCOg. After heating at 65°C for 4 h, CHD7-bound
DNA was recovered by treatment with proteinase K and phenol ex-
traction. The samples were subjected to real-time PCR to measure
the relative amount of LCR (HS2) binding. To examine the effect of
KU55933 on LCR (HS2) sequence binding, the agent was added at
10 uM in the culture 1 d before irradiation. As a control, an anti-
H3K4Me3 antibody (Abcam, Cambridge, UK; ab8580), a marker of
active chromatin, was also used for LCR (HS2) binding.

Gel shift analysis

Gel mobility shift assays were performed as previously reported
(Noda et al., 2000). In brief, nuclear protein extracts were prepared
from control O Gy- and 5 Gy-irradiated and 1 h-incubated cells. The
HS2 core sequence described above was end labeled via 032P-dATP
incorporation with the Klenow polymerase. The radiolabeled probe
(3 x 10° dpm/ng DNA) and 7 ug of nuclear extract were mixed and
incubated at 30°C for 30 min and then run in a neutral gel. As a
competitor to determine the specific band, a 10-fold excess of non-
labeled probe DNA was also added in a parallel experiment. For
comparison, the PE21 DNA element, which controls p53 expres-
sion, was also used for the gel shift. PE21 does not respond to x-ray
exposure (Noda et al., 2000).

Mutation assay

The DSB repair reporter assay (Mansour et al., 2010) was conducted
with HT1080 WT or CHD7-KO and/or 53bp1-KO cells carrying a
single copy integration of plasmid pEJ in their genome. Two micro-
grams of the pCBAScel plasmid, which carries the |-Scel endonucle-
ase gene, was transiently transfected into 4 x 10° cells inoculated on
the dishes. After 2 d of culture, the number of GFP-positive cells was
measured by flow cytometry as cells underwent DSB-mediated
NHEJ. The GFP-positive cells were isolated by cell sorting and indi-
vidually cloned, and base sequences including two I-Scel recogni-
tion sites were PCR amplified using the primers (5-3')
GCAAATGGGCGGTAGGCGTG and TCGGGGCATGGCGGACTT
GAA, which were inserted into the PCR2-Topo vector (Invitrogen) to
determine the junction sequence resulting from the canonical or
noncanonical NHEJ. Plasmids pEJ and PCBAScel were kindly pro-
vided by Wael Mansour (Hamburg, Germany).

The frequency of radiation-induced HPRT gene mutations was
measured as reported previously (Noda et al., 2011). Briefly, 2 x
10¢ cells were x-ray irradiated and cultured for 4 d, and then the
cells were trypsinized and counted, and 10-20 10-cm dishes each
containing 2.5 pg/ml 6-TG (6-thioguanine) were inoculated with
10° cells. Two weeks after drug selection, cells carrying HPRT-inac-
tivating mutations were counted as 6-TG-resistant colonies. In
parallel, the x-ray survival rate was also determined in this experi-
mental setting, and mutation frequencies were calculated per 10°
viable cells.

Statistical analysis

Data variability is expressed as mean + SD or SE. In ChIP and gel
shift experiments, a two-tailed Student's t test was performed to
compare the unirradiated and irradiated samples. In NHEJ assays,
the difference in the number of large (>5 base pairs) deletions be-
tween pairs of cell clones was tested using a two-sided test of
proportions.
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