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Summary (145)

The chromatin remodeler and helicase CHDS is a tumor suppressor with broad relevance across
several cancers. Here, we identify a role for CHDS in the epigenetic control of DNA double-strand
break (DSB) repair pathway choice. CHDS is recruited to DSBs via PARP1/2-mediated chromatin
relaxation where it acts to remodel the histone modification landscape to control repair pathway
choice. We find that CHDS promotes H3K36me3 deposition through the methyltransferase
SETD2, enabling CtIP loading and homologous recombination (HR) repair of DSBs. CHDS also
suppresses KMTSB/C-dependent H4K20me?2/3, which limits the recruitment of 53BP1 to DSBs
and repair by non-homologous end joining (NHEJ). Therefore, our study illuminates how CHDS
loss disrupts histone distribution at DSBs to drive genomic instability and create a vulnerability to
KMTS5B/C inhibition. These findings define an epigenetic mechanism governed by the CHDS

tumor suppressor whereby its loss rewires DSB repair and exposes a therapeutic opportunity.
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Introduction

Chromodomain Helicase DNA Binding Protein 5 (CHDS) is a member of the SNF2 family of
chromatin remodelers and is the only known CHD family member that functions as a bona fide
tumor suppressor!=. CHDS is located on chromosome 1p36, a genomic region frequently deleted
in a broad range of human cancers, including neuroblastoma, hematological malignancies, glioma,

413 ts recurrent

breast cancer, renal cell carcinoma, melanoma, and colorectal carcinoma
inactivation through multiple mechanisms, including loss of heterozygosity, somatic mutations,
and epigenetic silencing, underscores its central role in tumor suppression* > % 14-24_Significantly,
in a murine model, germline deletion of Chd5 is sufficient to drive spontaneous tumor
development®, supporting the functional relevance of CHDS as a tumor suppressor in vivo. CHD5
has also been reported to function as prognostic factor in a number of cancers'!> 2°-3°, Moreover,

CHDS5 loss is implicated in 1p36 deletion syndrome® 12 24 31, 32

, a developmental disorder
characterized by congenital anomalies and neurodevelopmental deficits. These observations
establish CHDS as a disease-relevant chromatin remodeler; however, whether CHDS plays a role

in genome maintenance is unclear. Moreover, the impact of CHDS5 dysregulation on DNA repair

pathway choice and therapeutic vulnerability is not known.

A critical determinant of genome stability is the repair of DNA double strand breaks (DSBs)33-33,
lesions that, if left unresolved or inaccurately repaired, can result in indels and oncogenic
chromosomal rearrangements®. Cells employ two major pathways to repair DSBs: non-
homologous end joining (NHEJ), a rapid but error-prone process that ligates DNA ends without
requiring sequence homology; and homologous recombination (HR), a high-fidelity pathway that

uses a homologous sequence in the sister chromatid as a repair template, and is thus restricted to
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the S and G2 phases of the cell cycle®® %6, The decision between these pathways is not stochastic
but is tightly regulated by the chromatin landscape at the site of damage3®-4!. Chromatin acts as a
dynamic signaling platform that is actively remodeled and chemically modified in response to
DNA damage to facilitate DNA repair. Specific histone modifications, including acetylation,
methylation, and ubiquitination marks, contribute to regulating the recruitment and activity of HR
and NHEJ effectors36-38 40: 4245 The initiation and progression of HR are critically influenced by
a permissive chromatin landscape. Histone acetylation marks such as H4K16ac and H4K8ac are
associated with open chromatin and facilitate the recruitment of early HR sensors such as the MRN
complex (MRE11-RAD50-NBS1)#-45 while limiting Tumor Suppressor p53-Binding Protein 1
(53BP1) recruitment*® 47, HR is initiated by DNA end resection, a process involving 5’ to 3’
nucleolytic degradation to generate single-stranded DNA (ssDNA)33-3% 4831 3 reaction that
requires the CtBP-Interacting Protein (CtIP) endonuclease and is promoted by H3K36
trimethylation (H3K36me3) mediated by the SET Domain Containing 2, Histone Lysine
Methyltransferase (SETD2)*-30 52-34 The resected ssDNA is coated with Replication protein A
(RPA) and subsequently replaced by the RADS51 recombinase to form a nucleoprotein filament
that catalyzes strand invasion - steps that are also favored by accessible chromatin architecture®.
In contrast, NHEJ is initiated when the Ku complex senses DSBs, subsequently facilitating the
recruitment of 53BP1 through its binding to H4K20me1/2/3-marked histones*” 33-62, This, in turn,
recruits Replication Timing Regulatory Factor 1 (RIF1), which stabilizes DNA ends and protects
them from resection®-%7. Thus, the fidelity of DSB repair hinges on the chromatin context and the
proper deposition and interpretation of histone modifications at sites of damage. CHDS is uniquely
capable of partially unwrapping ~40-50 base pairs of DNA from nucleosome ends without

repositioning the histone octamer®®, potentially enabling selective access to histone tails while
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preserving pre-existing marks. This raises a central question: Does CHDS5 control the histone
modification balance that governs DSB repair pathway choice? If so, its frequent loss in cancer

could disrupt this regulatory axis and create exploitable therapeutic vulnerabilities.

In this study, we elucidate a unique role for CHDS in safeguarding genome stability by directing
epigenetic cues necessary for accurate HR vs inaccurate NHEJ at DSBs for which CHDS
dysregulation leads to genomic instability and vulnerability to KMT5B/C inhibition. We show that
CHDS is rapidly recruited to DNA damage sites following PARP-mediated chromatin relaxation,
where it further promotes chromatin decompaction and facilitates SETD2-dependent deposition of
H3K36me3, a histone mark critical for CtIP recruitment and DNA end resection and permissive
to HR initiation. In contrast, CHDS deficiency promotes NHEJ by the accumulation of
H4K20me1/2/3, thereby directing 53BP1 and in turn RIF1 recruitment. We further show that
CHDS5 coordinates the antagonistic recruitment of the histone methyltransferases SETD2 and
KMTS5B/C to DSB-proximal chromatin, thereby finetuning a repair-associated H3K36me3 and
H4K20me?2/3 histone code directed by CHDS that mechanistically links chromatin remodeling,
histone modification, and repair pathway choice. Our findings show that CHDJ5 deficiency -
present in a wide spectrum of cancers - disrupts this chromatin-based regulatory axis, resulting in
impaired HR and a compensatory shift toward error-prone NHEJ leading to genomic instability
and heightened sensitivity to epigenetic inhibition involving KMTS5B/C, as well as inhibition of

PARP and classical NHEJ factors.

Results

CHDS ATPase-dependent helicase activity mediates resistance to DNA DSBs
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To determine the role of CHDS in responding to DNA damage, we investigated U20S cells
depleted for CHDS for sensitivity to ultraviolet (UV) light, methyl methanesulfonate (MMS),
bleomycin, etoposide, and ionizing radiation (IR). CHDS depletion caused hypersensitivity to
bleomycin, etoposide, and IR but not UV or MMS compared to a non-targeting (NT) control (Fig.
1A-F), suggesting that CHDS5 mediates resistance to agents that induce DSBs. CHDS5 depletion
also caused IR hypersensitivity in HEK293T, PANCI1, and H460 cells (Supplemental Fig. S1A-
F), suggesting that the phenotype is not cell-type specific. Similar to CHDS knockdown, IR
hypersensitivity was observed in multiple U20S CHDS5 knockout (KO) clones generated by
CRISPR/Cas9 (Supplemental Fig. S1G-H) and could be alleviated by expression of CHD5-GFP
wild-type (WT) but not D847A/D848A (DEAA), which abolishes its ATPase-dependent helicase
activity®® (Fig. 1E-F and Supplemental Fig. S1E-H), suggesting that CHDS5 helicase activity
mediates resistance to DSBs, the phenotype is not due to an off-target effect, and that CHDS5-GFP

is functional for rescuing cell survival.

CHDS localizes to and binds DSBs

To determine whether CHDS5 localizes to DSBs, we performed proximity ligation assays (PLA)
for endogenous CHDS5 and YH2AX, a marker for DSBs. A significant increase in CHD5-yH2AX
PLA foci was observed following treatment of U20S cells with IR and etoposide, but not UV or
MMS (Fig. 1G-J and Supplemental Fig. S1I-L), suggesting that CHDS5 specifically localizes to
DSBs. Indeed, endogenous CHDS5 localized to DNA damage sites induced by laser
microirradiation, which were marked with the DNA damage signal yYH2AX (Fig. 1K), and
mCherry-Lacl-Fok1 endonuclease-induced DSBs in U20S cells integrated with lac operator

repeats®® (Fig. 1L), and moreover endogenous CHDS5 also co-localized with I-Scel-induced DSBs
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in U20S-TRE-I-Scel-19 cells (Supplemental Fig. S1N), validating CHDS localization to DSBs.
Additionally, we observed that CHD5 localizes to DSBs induced by laser-microirradiation in both
cells in G1 and S/G2 cell cycle phases (Supplemental Fig. S10-P), suggesting that CHDS
localization to DSBs is not cell cycle specific. To determine whether CHDS binds to DSBs, we
performed chromatin immunoprecipitation (ChIP) with quantitative PCR (qPCR) and found an
enrichment of CHDS5 to Fokl-induced DSBs (Fig. 1M). We also validated that CHDS5 binds to
both HR prone and NHEJ prone DSBs in U20S DIVA cells* 77! (150 AsiSI sequence specific-
DSBs across the genome inducible via 4-hydroxytamoxifen) (Fig. 1N). Collectively, these
findings indicate that CHDS localizes to and binds DSBs induced by multiple sources across

multiple cell lines, independent of cell cycle stage.

PARP-mediated chromatin relaxation facilitates CHDS localization to DSBs

Having identified the recruitment of CHDS to DSBs, we next examined the underlying mechanism
governing its mobilization to damage sites. To test this, we used a laser micro-irradiation assay in
U20S cells overexpressing CHD5-GFP. Treatment with the ATM inhibitor KU55933, ATR
inhibitor VE821, or DNA-PKcs inhibitor NU7441 did not significantly affect CHDS5 recruitment
to DSBs (Supplemental Fig. S2A-B). However, treatment with the poly ADP-ribose polymerase
(PARP) inhibitor olaparib significantly decreased CHDS recruitment (Supplemental Fig. S2A-
B), suggesting that PARP activity is essential for this process. A similar phenotype was observed
upon siRNA-mediated depletion of PARP1 and PARP2 (Supplemental Fig. S2C-D), suggesting
that CHDS recruitment is facilitated by both proteins and that the effect is not due to an off-target
inhibitor effect. To determine if PARP enzymatic activity and/or trapping influences CHDS

recruitment to DSBs, we treated cells with olaparib and AG14361. Both inhibitors, olaparib (with
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strong PARP trapping activity)’> 3 and AG14361 (with weaker trapping activity)’*, were equally
potent in impairing CHDS recruitment (Fig. 2A-B and Supplemental Fig. S2A-B), indicating that
CHDS localization depends on PARP enzymatic activity rather than trapping. Furthermore, ChIP-
qPCR assays of CHDS5 in U20S-FoklI cells validated that PARP1/2 facilitates CHDS recruitment
and binding to DSBs (Fig. 2C-D). Next, co-immunoprecipitation of CHD5-FLAG in HEK293T
cells revealed no evidence for CHDS binding to or modification by poly(ADP-ribose) (PAR)
chains (Supplemental Fig. S2E), suggesting that CHDS is neither PARylated nor directly interacts
with PAR. Together, these data suggest that the presence and enzymatic activity of PARP1 and
PARP2, but not direct PAR binding, are required for efficient CHDS recruitment to DSBs. Indeed,
to distinguish whether CHDS recruitment to DSBs relies on PAR chain binding or PARP-mediated
chromatin relaxation, we performed an independent assay in U20S cells exposed to laser micro-
irradiation. At 170 seconds post-irradiation, following PAR-dependent chromatin relaxation, we
introduced PARPI to acutely inhibit PARP enzymatic activity. Under these conditions, proteins
reliant on PAR chains, such as the WWE domain of RNF1467>77, were quickly released from the
irradiated area (Fig. 2E-F). By 300 seconds post-irradiation, this protein was nearly completely
absent from DNA lesions likely due to rapid PAR degradation by sustained PAR glycohydrolase
activity. In contrast, CHDS5, which is not PARylated, continued to accumulate (Fig. 2G-H),
indicating that its recruitment does not require direct PAR binding. In a complementary approach,
we compared CHDS5 recruitment in U20S cells overexpressing either ALC1 WT, a chromatin
remodeler, whose ATPase activity drives chromatin relaxation at DNA damage sites or ALC1
E175Q, a catalytically inactive mutant’® 7, Our results showed that CHD5 accumulation at
damage sites was impaired in cells overexpressing ALC1 E175Q but not WT (Fig. 21-J). This

result demonstrates that CHDS recruitment depends on chromatin relaxation rather than PAR chain
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binding. Collectively, these data imply that PARP activity-mediated chromatin relaxation

facilitates the recruitment of CHDS5 to DSBs.

CHDS directs DSB repair pathway choice

PARP inhibitor sensitivity is associated with deficiency in HR3% 8! Indeed, CHD5 depletion in
U20S cells caused hypersensitivity to rucaparaib, veliparib, and talazoparib, which could be
rescued by expression of CHD5-GFP WT but not DEAA (Fig. 3A-C), suggesting that CHDS5 may
function in HR. Additionally, CHDS5 depletion caused sensitivity to veliparib and next generation
PARP inhibitors saruparib, a PARP1-selective inhibitor®> #3, and UPF1035, a PARP2-selective
inhibitor®*, in H460 cells (Fig. 3D-F), suggesting that PARPi sensitivity phenotype is not specific
to PARP1 or PARP2 activity or a particular cell type. To directly determine if CHDS functions in
HR, we examined CHDS5 depletion in HEK293 and U20S cells integrated with the direct-repeat
(DR)-GFP reporter substrate in which expression of the I-Scel rare cutting endonuclease induces
a DSB that when repaired by HR results in GFP expression®-%8. CHDS5 depletion caused an
impairment in HR in both HEK293 and U20S cells, which was alleviated by expression of CHDS5-
RFP WT but not DEAA (Fig. 3G and H and Supplemental Fig. S3A and E), implying directly
that CHDS helicase activity promotes HR. To determine whether CHDS functions in NHEJ, we
examined CHDS5 depletion in U20S EJ5 total NHEJ (t-NHEJ), HEK293 EJ7 classical NHEJ (c-
NHEYJ), and U20S EJ2 alternative NHEJ (alt-NHEJ) reporter cells3* 33 87 8 CHD35 depletion
caused an increase in both t-NHEJ (Supplemental Fig. S3B and F) and c-NHEJ (Fig. 31 and J)
but no significant difference in alt-NHEJ (Supplemental Fig. S3C and G), suggesting that CHDS5
plays a role in determining DSB repair by HR vs ¢c-NHEJ but not alt-NHEJ. Importantly, no

decrease in cells in S-phase was observed following CHDS5 depletion in U20S cells
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(Supplemental Fig. S3D), suggesting that the observed phenotypes are not indirect effects of
changes in cell cycle. Consistent with our findings, CHDS5 depletion in U20S cells impaired
RADS1 localization to Fokl-induced DSBs (Fig. 3K-L) and IR-induced RADSI1 foci (Fig. 3M-
N), and impaired etoposide and IR-induced RADS51 foci was observed in U20S CHDS5 KO cells
(Supplemental Fig. S3H-I and L-M). In contrast, CHDS depletion in U20S cells caused an
increase in RIF1 localization to Fok1-induced DSBs (Fig. 30-P) and IR-induced RIF1 foci (Fig.
3Q-R). An increase in etoposide and IR-induced RIF1 foci were also observed in U20S CHDS5
KO cells (Supplemental Fig. S3J-K and Fig. S3N-0O). Collectively, these results suggest that

CHDS directs DSB repair pathway choice by promoting HR while suppressing c-NHEJ.

CHDS helicase activity promotes DNA end resection

Given that DNA end resection is crucial for initiating HR and antagonistic to ¢-NHEJ** 3% we
sought to examine the localization of RPA70, a protein that binds to ssDNA, following the
induction of DSBs. CHDS depletion in U20S cells impaired RPA70 localization to Fok1-induced
DSBs (Fig. 4A-B) and IR-induced RPA70 foci (Fig. 4C-D). Consistent with this finding, CHDS5
depletion also impaired RPA32 Ser4/8 phosphorylation® but not total RPA32 levels, which was
alleviated by expression of CHD5-GFP WT but not catalytic dead DEAA (Fig. 4E). To directly
determine the role of CHDS5 in DNA end resection, we labeled cells with BrdU, treated the cells
with IR, and probed the cells for BrdU exposure under nondenaturing conditions to label ssDNA°!,
CHDS5 depletion impaired BrdU exposure under these conditions, which was rescued by
expression of CHDS5-GFP WT but not DEAA (Fig. 4F-G). To more quantitatively measure
resection of ssDNA at DSBs, we performed qPCR of ssDNA at AsiSI-induced DSBs at RBMXL1

loci in DIVA cells®? and measured ssDNA at 350, 1500, and 3500 base pairs (bp) upstream of the

10
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DSB. A significant decrease in ssDNA was measured at each of these sites following CHDS5
depletion, which was alleviated by CHDS5-GFP expression (Fig. 4H-I). As CtIP is involved in the
early steps of DNA end resection®* 33, we examined CtIP localization to DNA damage sites
following CHDS5 depletion. A significant impairment in CtIP-yH2AX PLA foci was observed
following CHDS depletion in U20S cells (Supplemental Fig. S4A-B). CHDS5 depletion or
knockout also impaired the localization of CtIP and/or GFP-CtIP to Fokl-induced DSB (Fig. 4J-
K), IR-induced foci (Fig. 4L-M and Supplemental Fig. S4C-D), and DNA damage sites induced
by laser micro-irradiation (Supplemental Fig. S4E-F). As ATRIP localization to DNA damage
sites is dependent on its interaction with RPA-ssDNA%, we also examined its localization
following CHDS5 depletion and found an impairment in localization of GFP-ATRIP to DNA
damage sites induced by laser micro-irradiation (Supplemental Fig. S4G-H). These data
demonstrate that CHDS helicase activity is required for efficient DNA end resection, facilitating

RPA and CtIP recruitment, and establishing a permissive substrate for HR.

CHDS promotes chromatin relaxation at DSBs

Given its established role as a chromatin remodeler, we investigated whether CHDS affects
chromatin accessibility at DSBs using ATAC-seq in DIVA cells, with and without 4-OHT
treatment. To precisely identify and map AsiSI-induced break sites, we next aligned our ATAC-
seq results with DSB sites previously identified in an independent study by using breaks labeling
In Situ and sequencing (BLISS) approach®®.Interestingly, our results showed a minimal change in
chromatin accessibility at DSBs upon CHDS5 knockdown in DIVA cells which were untreated for
4-OHT (Fig. 5A). Conversely, CHDS depleted cells challenged with 4-OHT showed a marked

reduction in chromatin accessibility at DSBs (Fig. SB), suggesting that CHDS5 promotes chromatin

11
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relaxation at DSBs. Additionally, this change in accessibly was further validated upon CHDS

depletion at HR-prone DSBs in DIVA cells utilizing a PCR-based micrococcal nuclease assay (Fig.

5C). Together, these results underscore CHD5’s critical role in promoting chromatin relaxation at

DSB:s.

CHDS ATPase-dependent helicase activity promotes H3K36me3

Histone H3K36me3 facilitates the recruitment of CtIP to DSBs via LEDGF, thereby promoting
DNA end resection and HR>* 32, To determine whether CHD5-mediated chromatin remodeling
activity promotes DNA end resection by facilitating specific histone modifications, we performed
ChIP-gPCR at HR-prone DSBs in DIVA cells. CHDS depletion at HR-prone DSBs led to a
significant reduction in H3K36me3 but not H3K36mel or H3K36me2, which was rescued by
expression of CHDS5-GFP WT but not DEAA (Supplemental Fig. SSA-C). Importantly, CHDS5
depletion in U20S-265 cells, which are not biased towards HR or NHEJ, also resulted in decreased
H3K36me3 at Fokl-induced DSBs (Fig. SD-E). This effect was rescued by CHD5-GFP WT but
not DEAA. Moreover, global H3K36me3 levels remained unchanged following CHDS5 depletion
(Supplemental Fig. S5G), suggesting that impaired H3K36me3 resulting from CHDS5 deficiency
is likely specific to DSB sites and not a result of overall turnover of H3K36me3 marks. These
findings support CHDS5-mediated chromatin relaxation at DSBs in creating a permissive

environment for site-specific H3K36me3 deposition to promote DNA end resection and HR.

Impairment in CHDS helicase activity increases NHEJ epigenetic marks at DSBs

Methylation states of histone H4 at lysine 20, particularly H4K20me2 and H4K20me3 facilitate c-

NHEJ repair through the recruitment of 53BP1%3-%. Given that CHD5 promotes HR, and its

12
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depletion leads to an increase in c-NHEJ, we performed ChIP-qPCR upon CHDS5 depletion at
NHEJ-prone DSBs in DIVA cells. Consistent with the increased ¢c-NHEJ phenotype observed,
CHDS5-depletion in DIVA cells showed an enrichment of H4K20mel, H4K20me2, and
H4K20me3, which was rescued to a greater extent by expression of CHD5-GFP WT but not DEAA
(Supplemental Fig. SSD-F), suggesting that impairment in CHDS5 helicase activity, at least in
part, results in the increase of NHEJ epigenetic marks at DSBs and that there could also be a
potential noncatalytic CHDS role. Importantly, CHD5 depletion in unbiased U20S-265 cells also
showed enrichment of H4K20mel, H4K20me2, and H4K20me3 at Fok1-induced DSBs (Fig. SF-
K). In contrast, we observed no significant change in global levels of H4K20mel, H4K20me2,

and H4K20me3 following CHDS5 depletion (Supplemental Fig. S5G).

CHDS directs recruitment of epigenetic writers to facilitate CtIP and S3BP1 binding at DSBs
SETD?2 is the key methyltransferase known to catalyze H3K36me34% 4, and SETD2-dependent
H3K36me3 is crucial for CtIP recruitment and promotion of DNA end resection and HR.
Consistent with the impaired deposition of H3K36me3, we observed that CHDS depletion in DIVA
cells impairs the binding of SETD2 but not NSD1, NSD2, or NSD3, which catalyze H3K36mel
and H3K36me2, to HR-prone DSBs®’ (Fig. 6A and Supplemental Fig. S6A-C ). Moreover, a
PLA assay showed that CHDS5 depletion causes an impaired recruitment of SETD2 to DSBs in
DIVA cells, which is rescued by expression of CHD5-GFP WT but not DEAA (Fig. 6B-C),
implying that CHDS helicase activity promotes the recruitment of SETD2 to DSBs. Importantly,
there was no significant decrease in expression of SETD2 (Supplemental Fig. S6D), indicating
that the impaired recruitment of SETD2 to DSBs is not due to an indirect effect of decreased

SETD?2 gene expression. Next, to determine whether CHDS facilitates CtIP binding to DSBs, we
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performed ChIP-qPCR following CHDS5 depletion in DIVA and U20S-265 cells. We observed a
marked reduction in CtIP binding to HR-prone DSBs and Fok1-induced DSBs, which was rescued
by expression of CHD5-GFP WT but not DEAA (Fig. 6D). To investigate whether CHDS5 and
SETD?2 act in a common pathway to promote HR, we performed an epistasis analysis using the
DR-GFP reporter assay. Individual depletion of CHDS or SETD2 resulted in a marked reduction
in HR efficiency (Fig. 6E-F). Notably, concurrent depletion of both CHD5 and SETD2 did not
further impair HR, suggesting that CHDS and SETD2 function in a common pathway to facilitate
HR. Collectively, these data indicate that CHD5-mediated chromatin relaxation facilitates SETD2
recruitment to DSBs to catalyze H3K36me3, which in turn promotes CtIP binding to DSBs to

promote HR.

Given the role of KMT5 family methyltransferases in establishing H4K20me states®®, we used
proximity ligation assays (PLA) to assess their recruitment to DSBs. CHDS5 depletion in U20S
cells led to increased localization of KMTS5SA, KMT5B and KMTS5C to DSBs (Fig. 6G-J;
Supplemental Fig. S6E-F). CHD5-GFP WT but not DEAA rescued the increased recruitment of
KMTS5C to DSBs (Fig. 61-J), while both CHDS5-GFP WT and DEAA respectively partially
alleviated and failed to alleviate the increased recruitment of KMT5B and KMTS5A to DSBs (Fig.
6G-H and Supplemental Fig. S6E-F), suggesting that CHDS5 helicase activity limits KMT5C
recruitment to DSBs while KMTS5B recruitment to DSBs may be attributed to a non-catalytic role
of CHDS5 and the role of CHDS in mediating KMTS5A recruitment is unclear. ChIP-qPCR
confirmed enhanced KMT5B binding to DSBs in CHDS5-depleted cells (Fig. 6K) (similar assays
for KMTS5A and KMTSC were not feasible due to lack of ChIP-grade antibodies), and expression

analysis suggested that these phenotypes are not an indirect result of transcriptional changes in
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KMTS5A-C (Supplemental Fig. S6I-K). H4K20 methylation governs 53BP1 binding at DSBs to
promote c-NHEJ*7>33-61.89 In DIVA cells, CHDS5 depletion led to increased enrichment of 53BP1
at NHEJ-prone DSBs, as measured by ChIP-qPCR, which was rescued by re-expression of CHDS5-
GFP WT but not DEAA (Fig. 6L). Moreover, CHDS depletion in U20S-265 cells led to increased
recruitment of both 53BP1 and its effector RIF1 (Supplemental Fig. S6L.—O). Collectively, these
findings identify CHDS5 as a regulator of KMT5C recruitment to DSBs via its ATPase activity,
thereby limiting H4K20me2/3 deposition and downstream 53BP1-RIF1 loading. In contrast,
KMTS5A and KMTS5B recruitment may be CHDS helicase activity-independent, pointing to distinct
regulatory mechanisms among KMTS5 family members and a non-catalytic structural role of

CHDS.

CHDS deficiency leads to genomic instability

Given that CHDS deficiency impairs HR but increases error-prone c-NHEJ, we next determined
the extent to which CHDS5 deficiency leads to spontaneous accumulation of 53BPI1 nuclear
bodies®’, a marker for genomic instability. An increase in 53BP1 nuclear bodies was observed
following CHDS5 KO in U20S cells or knockdown in U20S or H460 cells compared with CHDS
WT cells, which could be rescued at least in CHDS5 KO U20S cells by expression of CHD5-GFP
WT but not DEAA (Fig. 7A-C and Supplemental Fig. S7TA-D), suggesting that CHDS helicase
activity is critical for maintaining genome stability. CHDS depletion in U20S cells led to an
increase in spontaneous accumulation of micronuclei®® (Fig. 7D-F) and more directly, increased
chromosomal breaks® 1% were observed in U20S CHD5 KO compared with WT cells (Fig. 7G-
H), providing further support that CHD5 deficiency leads to genomic instability. To determine the

association of CHDS5 levels with genomic instability in patients, we examined The Cancer Genome
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Atlas (TCGA) Pan-Cancer database!'%% 1°! and found an association of low CHD3 expression with
low homologous recombination deficiency (HRD) score, high mutation count, high tumor
mutation burden, and high aneuploidy score (Fig. 71 and Supplemental Fig. STE-G), suggesting
that CHDS deficiency in human patient tumors leads to genomic instability. Together, these
cellular and patient clinical data demonstrate that CHDS5 loss compromises accurate DNA repair

and drives genomic instability, highlighting its role as a key genome caretaker.

CHDS deficiency causes vulnerability to KMTSB/C-NHEJ inhibition

CHDS5 depletion redirects DSB repair toward a 53BP1-dependent NHEJ pathway, generating a
selective reliance on end-protection mechanisms®. As 53BP1 recruitment to DSBs is governed by
H4K20me?2/3 marks deposited by the methyltransferases KMT5B/C that are facilitated by CHDS,
we hypothesized that disrupting this chromatin-based licensing step would unveil a therapeutic
vulnerability in CHDJ5-deficient cells exposed to IR. Indeed, IR-treated H460 and H1299 cells
depleted for CHDS5 showed increased sensitivity to A196, a KMT5B/C inhibitor'%? (Fig. 7J-L).
To further substantiate that the observed sensitivity in CHDS-deficient cells arises from a
compensatory reliance on the c-NHEJ pathway, we targeted core effectors of the DNAPKcs—
XRCC4 axis. Indeed, CHDS5 depletion in H460 cells, which was associated with an increase in IR-
induced 53BP1 and RIF1 foci (Supplemental Fig. S7TH-K), showed increased sensitivity to NHEJ
inhibition of DNA-PK (Nu7441)'% LIG1 (L189), and LIG4 (L189 and SCR7)!%** (Supplemental
Fig. STL-0). Collectively, these findings indicate that CHDS deficiency fosters a dependency on
the KMT5B/C-H4K20me2/3-53BP1 axis for efficient NHEJ, which causes synthetic lethality to

epigenetic inhibition involving KMTS5B/C and classical NHEJ factors.
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Discussion

Our findings define an unrecognized role for the CHDS tumor suppressor in directing histone
modifications that govern DSB repair pathway choice for which CHDS loss disrupts this histone
code, driving genomic instability and vulnerability to KMT5B/C inhibition. These findings
identify CHDS as a critical factor governing DSB repair pathway choice via regulation of a repair
histone code, provide insight into how Chd5 loss results in an in vivo tumor permissive phenotype,
and reveal an epigenetic mechanism by which tumor suppressor loss rewires DSB repair pathway
choice, which unmasks vulnerability to epigenetic inhibition. In this regard, we found that CHD5
helicase activity mediates resistance of multiple cancer types to DSB-inducing agents, and that
CHDS localizes and binds to DSBs in a manner facilitated by PARP1/2-mediated chromatin
relaxation. CHDS helicase activity further mediates resistance of cancer cells to PARP1/2
inhibition and CHDS deficiency causes impaired HR but increased c-NHEJ, demonstrating a role
for CHDS in promoting DSB repair pathway choice. Moreover, CHDS deficiency impairs DNA
end resection that facilitates HR. Significantly, we found that CHDS5 promotes chromatin
relaxation at DSBs to facilitate H3K36me3, which directs CtIP recruitment to promote DNA end
resection and HR. In contrast, CHDS deficiency leads to the accumulation of H4K20me2/3 at
DSBs, thereby facilitating the recruitment of 53BP1 and in turn RIF1 to promote c-NHEJ. We
further defined the mechanism for CHDS5-directed histone marks by showing that CHDS
coordinates the antagonistic recruitment of SETD2 and KMT5B/C to DSBs, thereby finetuning a
repair-associated H3K36me3 and H4K20me2/3 histone code directed by CHDS that
mechanistically links chromatin remodeling, histone modification, and repair pathway choice. As
such, CHDS5 deficiency, which is prevalent in many cancers and causes increased error-prone

NHEJ, leads to the spontaneous accumulation of 53BPI1 nuclear bodies, micronuclei, and
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chromosomal breaks in cancer cells and impaired HRD score, high mutational burden, and high
aneuploidy in cancer patients, suggesting that CHDS5’s role in tumor suppression may, at least in
part, be due to a role in promoting genome stability. Importantly, CHD5 deficiency by augmenting
c-NHEJ via H4K20me2/3 engenders vulnerability to epigenetic inhibition involving KMT5B/C as
well as classical NHEJ factors, providing a rationale-driven therapeutic strategy for targeting
CHDS dysregulated cancers. Our findings thus lead to a model in which under conditions of CHDS5
proficiency, PARP1/2-mediated chromatin relaxation facilitates CHDS localization and binding to
DSBs (Fig. 7M). CHDS in turn remodels chromatin to facilitate SETD2 recruitment to breaks
where it catalyzes H3K36me3 that binds CtIP to promote DNA end resection and HR, thereby
promoting genome stability. In CHDS5 deficient cancers, SETD2-mediated H3K36me3 is
impaired, whilst KMT5B/C are recruited to catalyze H4K20me2/3 which binds 53BP1 leading to
error-prone c-NHEJ and genomic stability thereby causing vulnerability to inhibition of KMT5B/C
as well as classical NHEJ factors.

CHDS is a well-characterized tumor suppressor in multiple cancer types® 7> 8 14-24

, including in a
murine model whereby Chd5 deficiency in a dosage-dependent manner leads to the spontaneous
development of squamous cell carcinomas, lymphomas, and hibernomas in vivo®. Our finding that
CHDS5 chromatin remodeling activity promotes genome stability may help explain how CHDS5
dysregulation leads to this in vivo tumor suppressive phenotype although our model is not mutually
exclusive with other possibilities such as via CHD5 PHD-mediated histone H3 binding!%.
Consistent with our findings, CHDS5 deficiency has been reported to lead to the accumulation of
DNA damage?® %, and an in silico analysis suggested that CHD5 non-coding head and neck

107

cancer variants lead to defective DNA repair'?’. Furthermore, low CHDS5 levels in a number of
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cancer types have consistently been reported to be associated with worse outcomes, including in

919 " renal cell carcinoma!'!, gastric cancer?®, and

pancreatic cancer?’, neuroblastoma'%, glioma
colorectal cancer'!?, Given that CHD35 dysregulation leads to genomic instability, reduced HRD
scores, increased mutational burden, and chromosomal instability, it is possible that this could

could help explain how CHDJS dysregulation may contribute to a more aggressive phenotype

thereby leading to worse outcomes.

There is increasing evidence that DSB repair is regulated in the context of the chromatin landscape.
Our findings define a critical role for CHDS in promoting chromatin relaxation at DSBs to
positively regulate SETD2-mediated H3K36me3 and negatively regulate KMT5B/C-mediated
H4K20me?2/3 that govern DSB repair pathway choice. Thus, these results support a model in which
CHDS controls an epigenetic code that dictates HR vs c-NHEJ permissive states at DSBs.
Significantly, we found no evidence for a global change in H3K36me3 and H4K20mel-3 levels
in the absence of DSBs, suggesting specificity for CHDS in controlling histone modifications at
DSBs vs global changes in histone methylation marks. It is possible that CHDS5’s unique chromatin
remodeling activity in unwrapping nucleosomal DNA without disrupting nucleosome positioning
may facilitate its activity at DSBs. It has been reported that H3K36me3 are pre-existing at DSBs*”
48,49, 111 while there is conflicting data on the induction of H4K20me1/2/3 at DSBs37: 4756, 60,62, 112,
13 Our data suggest that CHD5-mediated chromatin remodeling may help maintain specific
histone methylation states permissive to HR vs NHEJ. While our data indicate that CHDS controls
repair pathway choice at least in part via SETD2-mediated H3K36me3 and KMT5B/C-mediated
H4K20me2/3, our model does not exclude the possibility that other histone modifications

regulated by CHDS5 such as H3K27me3, H3K27ac, and H4ac!%® !4 or other well-defined
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epigenetic changes important for regulating DSB repair may also have a role and thus should be
investigated in future studies. Furthermore, we found that the impairment in SETD2-mediated
H3K36me3 of CHD) deficiency is rescued by expression of CHDS WT but not DEAA, suggesting
that CHDS chromatin remodeling activity promotes SETD2-mediated H3K36me3. In contrast,
while we found that the increase in H4K20mel-3 of CHDJ5 deficiency is rescued to a greater extent
by CHDS5 WT compared with DEAA and the increase in KMTS5C recruitment of CHDS deficiency
is rescued by CHDS WT but not DEAA, suggesting that CHDS chromatin remodeling activity, at
least in part, limits KMT5C-mediated H4K20me2/3, CHDS5 DEAA also alleviated H4K20mel-3
and KMT5B recruitment, suggesting that there may also be a non-catalytic structural role for
CHDS in limiting KMT5B recruitment and H4K20mel-3, potentially by physically blocking

KMTS5B recruitment.

Given that CHDS is a wide-spread tumor suppressor that is dysregulated in many cancer types, our
finding that CHDS5 deficiency upregulates KMT5B/C mediated H4K20me2/3 and therefore
engenders heightened sensitivity to KMTS5B/C inhibition establishes a paradigm whereby tumor
loss rewires epigenetic control of DSB repair to expose a therapeutic opportunity. Moreover, we
found that CHDS deficiency causes synthetic lethality to DNA-PK, LIG1, LIG4, and PARP
inhibition, providing rationale for treating CHDS dysregulated cancers with multiple DNA repair

targeted therapies.

Methods

Cell Culture
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HEK293T, H460, PANCI1 and U20S cell lines were purchased from the American Type Culture
Collection (ATCC). U20S-235 mCherry-Lacl-Fok1 cell line was a kind gift from Dr. Roger
Greenberg. U20S-DR-GFP, U20S-EJ5. U20S-EJ2, HEK293-DR-GFP, and HEK293-EJ7 cell
line was a kind gift from Dr. Jeremy Stark. Additionally, AsiSI-ER-U20S (DIvA-DSB inducible
via AsiSI) cells was obtained from Dr. Gaélle Legube. All cell lines were cultured in DMEM
(Dulbecco's Modified Eagle Medium). The U20S-235 cell line was cultured with the addition of
2 pg/mL puromycin and 100 pg/mL hygromycin. The DIVA cells were cultured with 1 pg/mL
puromycin. HEK293-DR-GFP, and HEK293-EJ7 cells were seeded on poly-lysine (sigma
#p4832) coated cell culture plates and additionally cultured in high glucose DMEM supplemented

with L-glutamine but devoid of sodium pyruvate.

CHDS Knockout cell generation

CHDS5 guide RNA (gRNA) targeting exon 15 at GTTCTCCCGAATCACCGAG cloned in all-in-
one Cas9-GFP and gRNA expression were purchased from sigma (Sigma#HSPD0000077294).
Briefly, U20S cells were transfected with the indicated guide RNAs, and 48 h post transfection
cells were sorted for GFP positive population. The GFP-positive cells were then seeded in 96 well
plates at a dilution of one cell per well. Cells were then allowed 4 weeks to recover to from single

clones and subsequently analyzed for colonies positive for CHDS5 knockout using western blot.

Transfections
For transfections 2-3 million cells were seeded in 60 mm plates and siRNA or cDNA of interest
were transfected using Lipofectamine RNAi-Max, Lipofectamine 2000 or 3000 (Invitrogen) and

performed as per the man- facture’s instructions. For overexpression 5 to 10 microgram of the

21



495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

CHD?S directs histone modifications in DSB repair

indicated plasmids were used. 4 hours post transfection fresh media were added and the cells

were left to incubate for next 48-72 hours. The siRNA used in the study are listed in Table 1.

Cell and protein lysate treatments

To induce DNA damage U20S and HEK293T cells were treated with 10 gray dosage of IR using
X-Ray 320 irradiator (Precision X-Ray Inc., N. Brandford, CT). For inducing damage with UV
treatment, cells were treated 50 J/m2 of UV for 3 h using Spectrolinker XL-1500 UV crosslinker
(Spectronics Corp., Westbury, NY). The following drugs and inhibitors were used in the
experiments Methyl methanesulfonate (MMS; Sigma # 129925), (TEVA pharmaceuticals),
bleomycin  (Selleckchem#s1214), BrdU (BD Biosciences # 347580), Veliparib
(Selleckchem#s7048), Talazoparib (Selleckchem#s1004), Rucaparib (Selleckchem#s4948),
Saruparib (Synthesized by lab of Steven Liang), UPF1035 (Synthesized by lab of Steven Liang),
KU55933 (Selleckchem#s1092), VE821 (Selleckchem#s8007), NU7441 (Selleckchem#s2638).
Cells were treated with 10 Gy of IR for 4 h using X-Ray 320 irradiator (Precision X-Ray Inc., N.
Brandford, CT) and 50J/m2 of UV for 3h using Spectrolinker XL-1500 UV crosslinker
(Spectronics Corp., Westbury, NY). To induce FOK1- or AsiSI-dependent DSB 1 uM Shield-1
(Takara # 632189) for 4 h; 2 mM or 500 nM 4-Hydroxytamoxifen (4-OHT; Sima # H7904) for 4 h

were used, respectively.

Plasmids
CHDS5-GFP and CHDS5-RFP tagged plasmids were generated by cloning CHDS into the EcoRI
and BamHI1 restriction sites of pcDNA3.1-GFP (Addgene#70219), pcDNA3.1-GFP

(Addgene#13032), and pcDNA-3XFLAG (obtained from Emory Integrated Genomics Core)
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respectively. GFP-CtIP were obtained from Dr. Steven Jackson (Sartori et al., 2007; Schmidt et
al., 2015). ATRIP-GFP plasmid was obtained from Dr. Akira Matsuura (Itakura et al., 2005).
Helicase mutant CHDS5-GFP and RFP tagged plasmids were generated by introducing mutations
D847A and D848 site using Quick-change site-directed mutagenesis kit (Agilent). pCBAScel
expressing [-Scel endonuclease was obtained from Addgene. PA-GFP-H2A, GFP-WWE, ALCI1
WT and ALCIE 175Q were kind gift from Dr. Sebastien Huet. Cas-9a/9b plasmids were kind gift
from Dr. Jeremy Stark. Plasmid transfections were performed using lipofectamine 3000 reagent as

per the manufacture’s instruction.

BrdU foci DNA end resection assay

The BrdU assay was conducted following previously established protocols®* °!. In brief, U20S
cells transfected with the siRNA of interest (non-silencing or CHD5-UTR or CtIP) were seeded
on coverslips and treated with 30 uM BrdU for 36 hours and then exposed for an additional 4h in
presence of IR. Cells were then washed twice with ice-cold PBS and exposed to pre-extraction
buffer 1 (containing 10 mM HEPES at pH 7.0, 100 mM NaCl, 3 mM MgClz, 300 mM sucrose, and
0.5% Triton X-100) for 20 minutes on ice. Cells were subsequently incubated using extraction
buffer 2 (containing 10 mM Tris—HCI at pH 7.5, 10 mM NaCl, 3 mM MgClz, 0.5% sodium
deoxycholate, and 1% Tween-20) for 15 minutes on ice. Cells were then washed thrice with ice-
cold PBS, followed by fixing with 4%PFA and permeabilization with 0.1% PBST. Cells were then
incubated overnight at 4 °C with a primary antibody specific to BrdU (obtained from Millipore)

and DAPI (Southern Biotech # 0100-20) staining was performed to label the cell nuclei.

Clonogenic assay

23



541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

CHD?S directs histone modifications in DSB repair

U208, HEK293T, PANCI, H460, and H1299 cells silenced for endogenous CHDS5, and U20S
cells silenced for endogenous CHDS5 rescued with CHD5-GFP wildtype and mutants were plated
and treated with various dosage of IR or concentrations of rucaparib, olaparib and talazoparib.
Briefly, 500 cells was seeded for each condition. After 10-12 days of proliferation, surviving
colonies containing 50 cells or more than that were counted and analyzed from three independent
experiments. Plating efficiency (PE) was determined by dividing the number of colonies obtained
by the number of cells seeded under untreated conditions. Surviving fractions were normalized

according to the PE conditions.

Chromatin Immunoprecipitation (ChIP) assay

The ChIP assay was conducted using the ChromaFlashTM One-Step ChIP Kit (P-2025, Epigentek,
Farmingdale, NY, USA) following the manufacturer's instructions. Briefly, DIVA cells were fixed
with 1% formaldehyde (Sigma-252549) for 15 minutes at room temperature to crosslink DNA -
protein interactions. The excessive crosslinking reaction of formaldehyde was quenched by adding
0.125 M glycine for 5 minutes. Cells were then washed three times with ice-cold PBS for 5 minutes
each and cell lysate was prepared using lysis buffer containing (10 uM MG-132, 10% glycerol,
150 mM NaCl, and 50 mM Tris at pH 7.5) 0.375% CHAPS for histone writers and 1X RIPA buffer
for histone marks. The lysed cells were then subjected to sonication using a Branson microtip
SFX250 sonicator to fragment the chromatin into an average size of 500—800 base pairs. For
immunoprecipitation, specific antibodies as described above in the antibodies section were used
to selectively pull down the protein of interest along with its associated DNA sequences. As a
negative control, IgG was used in place of the specific antibodies. For histones, H3 and H4 served

as a positive control. The immunoprecipitated chromatin was then subjected to DNA isolation, and
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quantitative real-time PCR was performed using PowerTrack™ SYBR Green Master Mix A46012
on a PCR 7500 Fast Real-Time PCR system (ThermoFisher). The assay utilized primers specific
for various DNA regions, including HR1, HR2 and c-NHEJ prone repair sites in DIVA cells. The

primers sequence utilized in this assay are listed in Table 2.

ChIP qPCR-based DNA end resection assay in DIVA cells.

Briefly, genomic DNA was isolated from DIVA cells treated with or without 4OHT.
Approximately, 140 ng of genomic DNA was then digested with 20 units of restriction enzymes
BsrG1 (NEB # R3575) or subjected to mock digestion using 1x NEB restriction enzyme buffer-4
at 37°C overnight. Later ~3 pl of digested DNA were used as template in a 25 pl qPCR reaction
with 12.5 ul of PowerTrack™ SYBR Green Master Mix A46012, x 0.5 uM of forward and reverse
primer. The qPCR was performed PCR 7500 Fast Real-Time PCR system (ThermoFisher). The
percentage of single-stranded DNA (ss-DNA%) generated by resection at specific sites was
calculated by the equation ssDNA% = 1/(2*(ACt-1) + 0.5) *100, wherein for each sample, a ACt
value was calculated by subtracting the Ct value of the mock-digested sample from the Ct value

of the digested sample. The primer sequence utilized in this assay are listed in Table 3.

ATAC-seq Sample Preparation and Analysis

ATAC-seq was performed to profile genome-wide chromatin accessibility. Fresh or cryopreserved
cells (50,000 cells per sample) with viability >90% were submitted to Genewiz (Azenta Life
Sciences, USA) for sample processing and library preparation. Cells were first washed with ice-
cold phosphate-buffered saline (PBS) and lysed using a cold lysis buffer (10 mM Tris-HCI pH 7.4,

10 mM NaCl, 3 mM MgCL, 0.1% IGEPAL CA-630) to release intact nuclei. Nuclei were
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immediately subjected to the transposition reaction using Tn5 transposase from the Nextera DNA
Library Prep Kit (Illumina). This reaction simultaneously fragmented DNA and inserted
sequencing adapters at regions of open chromatin and was carried out at 37°C for 30 minutes with

gentle agitation.

Transposed DNA was purified using a silica column-based method and subsequently PCR-
amplified using indexed primers. The optimal number of PCR cycles was determined by a side
gPCR reaction to prevent amplification bias. The resulting libraries were size-selected (~200—700
bp) using dual-SPRI bead purification (AMPure XP) and assessed for quality and concentration
using an Agilent Bioanalyzer and Qubit fluorometer, respectively. Libraries passing quality
thresholds were sequenced on an Illumina NovaSeq platform, generating paired-end 2x50 bp

reads, with an average depth of ~50 million read pairs per sample.

Dragen was used to trim adapters align paired end reads to the hg38 reference genome and remove
duplicates. Bam files were processed using samtools such that the final bam file only contains
high-quality, primary, properly mapped reads. Biological replicates were merged using the
MergeSamFiles function in Picard. Bam files were normalized by counts per million (CPM) to
account for differences in sequencing depth and converted to bigwig files with bamCoverage from
deepTools. ATAC-seeq signal from the bigwig file was visualized using deepTools at annotated
break sites in DIVA cells, as determined by Breaks Labeling /n Sifu and Sequencing (BLISS) at

AsiSI motifs from a publicly available GEO dataset GSE97589%
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FACS

Briefly, 50000 cells per ml U20S cells were seeded in a 6-well plate treated with indicated
siRNA for 48h. Post-transfection cells were washed twice with ice-cold PBS and fixed with 70%
ethanol. Fixed cells were then treated with 50 pl of a 100 pg/ml stock of RNase inhibitor and
200 pl PI (from 50 pg/ml stock solution). Cells were then subjected to FACS to measure forward
scatter (FS) and side scatter (SS) to identify single cells. The acquired population is then gated

for cell cycle analysis using the Flow-Jo software.

Western Blotting

Harvested cells of interest were washed twice in PBS buffer and then resuspended in RIPA with
2% SDS with protease inhibitors except for probing histones and p-RPA. Cells were lysed for 1h
on ice, and lysate was subjected to sonication for 10 sec on/off for 15 minutes. The sonicated
lysates were then spun down at 15000g for 10 minutes and supernatant was collected. For probing
CHDS, lysates were additionally treated with nuclease (Santa-cruz-cas 9025-65-4) (1l from Stock
for every 100ul lysate) as per manufacturer's recommendation. Protein concentration was
determined using Bradford’s reagent according to manufacturer’s instructions. 50-100 pg of
protein lysates were loaded onto SDS-PAGE gel and transferred to PVDF membrane to probe

antibodies of interest.

Immunoprecipitation
Briefly, cells were harvested and washed twice with PBS. Cells were then lysed for 1 h on ice with
0.75% CHAPS buffer (10% (vol/vol) glycerol, 150 mM NaCl, 50 mM Tris pH 7.5, 0.75% CHAPS)

with the cocktail protease inhibitors added fresh. The cells were then spun down at 15000g for 10
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minutes at 4 °C and the resulting pellet were discarded. An equal volume of lysis buffer without
CHAPS (10% (vol/vol) glycerol, 150 mM NaCl, 50 mM Tris pH 7.5) was added to the supernatant
to dilute the total CHAPS concentration to 0.375%. The cell lysate was then precleared for 3 h
with 30 pl of either protein G or A agarose beads. 10% of input was collected from the precleared
lysate and rest of the supernatant was then IP’d overnight on a rotator at 4°C with antibodies pre-
conjugated protein G or A agarose beads. Next day, the beads were washed thrice with 0.375%
CHAPS buffer and finally resuspended in 20 pl of 0.375% CHAPS buffer (without inhibitor) and
4X SDS. The samples were then boiled for 7 minutes at 100°C, subsequently followed by
centrifuging down at 8000g for 10 minutes. The supernatant was then collected and run on SDS-

PAGE gel.

DNA repair reporter assay

HEK293 or U20S stably integrated DR-GFP, EJ-5, EJ-2 and EJ-7 cells®® 8- 115 were transfected
with the indicated siRNA. 24h post transfection, fresh medium was added, and cells were
transfected with either 2.5 pg I-Scel for HEK293 or U20S DR-GFP, EJ-2 and EJS5 cells, except
for EJ-7 cells were transfected with cas9a and cas9b guide RNAs. All the reporter cells were
transfected with 3-5ug of either the empty RFP plasmid or the indicated CHDS5-RFP rescue
plasmid. 72 h post transfection, cells were harvested, washed twice with ice cold PBS. Cell pellet
was then resuspended in 500 pl PBS and subjected to flow cytometry (Aurora Cytek) to measure

GFP and RFP positive cells. Acquired FACS data was analyzed using the FlowJo software.

Real time quantitative PCR
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Total RNA was extracted from cells using TRIzol Reagent (Life technologies, Carlsbad, USA),
Subsequent RNA purification procedure was performed by PureLink RNA Mini Kit (Ambion,
Carlsbad, USA) according to the manufacturer’s protocol. Each experiment was done in triplicate
with four internal replicates per sample. QPCR was performed on a 7500 Fast Real-Time PCR
system (ThermoFisher). Results were analyzed using a paired two-tailed t test using GraphPad

Prism. The primer sequence utilized in this assay are listed in Table 4.

Immunofluorescence

U20S cells were grown on coverslips and treated with indicated CHDS5 siRNA with 10 Gy IR for
4 h. Post transfection coverslips were washed thrice with PBS and fixed in prechilled methanol for
20 minutes at 4°C. Cells were then blocked for 1h with 5% BSA at room temperature and incubated
with the indicated primary antibody overnight at 4°C in humidified condition. Next day cells were
washed thrice for 10 minutes with 0.1 % PBST (PBS with Tween-20) and then incubated with
secondary antibodies for 1 hour each at 37°C. To visualize nuclei cells was stained with DAPI and
mounted on cover slides. Immunofluorescence signals were visualized either by Leica SP8
inverted confocal microscope at 63X magnification or on a Zeiss Observer Z1 microscope

equipped with Axiovision Rel 4.8 software.

Antibodies, siRNA and Primers: Sequence and details of siRNA, all antibodies, qPCR, ChIP
primers, and antibodies used in this study are provided in a separate excel sheet labelled as Table

1-5

Proximity ligation (PLA) assay
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Briefly, cells were seeded at a density of 10* cells per well on cover slips. The cells were fixed and
permeabilized as described above in immunofluorescent assay. Cells were incubated then with
blocking buffer provided in the mouse/rabbit red starter Duolink kit (Olink, Uppsala, Sweden) for
2 hours at 37°C in a humidified chamber. The primary antibodies were then conjugated with the
probes provided within the kit and incubated for 1 hour at room temperature at 37°C in a
humidified chamber. They were then washed 3 times in Buffer A (provided in the kit). The cells
were then combined with amplification buffer and enzymes as per the manufacturer’s protocol and
incubated for 90 minutes at 37°C. Next, cells were washed with 1x Buffer B (supplied with the
kit) for 10 minutes; this was followed by a 1-minute wash with 0.01X Buffer B. To visualize nuclei
cells was stained with DAPI supplied with the kit and mounted on cover slides. The red foci

indicated the proximity between 2 cellular-bound antibodies.

MTT assay

Cell viability was assessed using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay as described before. Briefly, H460 and H1299 cells were seeded into 96-well plates
at a density of 5,000 cells per well and allowed to adhere overnight. Cells were transfected with
control or CHDS5-targeting siRNAs and treated with 4 Gray radiation and A916 inibitor
(selleckchem-Catalog No0.S7983, stock 10 mM) as indicated. At the designated time points
(typically 96 hours post-transfection), 10 uL of MTT solution (5 mg/mL in PBS) was added to
each well and incubated at 37°C for 4 hours. The resulting formazan crystals were solubilized by
the addition of 100 pL DMSO, and absorbance was measured at 570 nm using a microplate reader
(with reference wavelength at 630 nm). Relative cell viability was normalized to untreated or

siRNA control-treated cells.
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Resazurin Assay

Cell viability was assessed using the resazurin reduction assay. H460 cells were seeded at 7,500
cells/well in 96-well plates, treated as indicated, and incubated for 96 hours. Cells were transfected
with control or CHD5-targeting siRNAs and treated with 4 Gray radiation and NHEJ inibitors
DNAPKCs-Nu7441 (Selleckchem-S2638), Lig IV ihnibitor-SCR7 ((Selleckchem-S7742), Lig -
LIII and IV inhibitor-L189 (Santacruz-cas 64232-83-3) as indicated Resazurin solution (Biotium-
10054); 10 puL of 0.01% w/v was added to each well and incubated at 37°C for 4 hours.
Fluorescence was measured at 560 nm excitation and 590 nm emission. Viability was calculated

relative to control-treated cells.

Laser Microscopy

For laser micro irradiation 30,000 U20S cells were plated on 35-mm glass bottom dishes (MatTek
Corporation) and transfected with indicted CHD5-GFP, GFP-CtIP or GFP-ATRIP plasmids for 48
h. For CHDS5 depletion induced impairment of CtIP or ATRIP, cells were transfected with
indicated siRNA 12 hours post plasmid overexpression. Laser micro irradiation was performed on
a Zeiss Observer Z1 microscope equipped with the Andor Micropoint® Laser Illumination and
Ablation System (Photonic Instruments). The laser output was set to 85 %, and the GFP stripes
were recorded at indicated time points and then analyzed with Fiji software. For assays involving
endogenous proteins, localization to laser site cells were fixed in ice cold methanol post micro
irradiation and visualized using 63X magnification Zeiss Observer Z1 microscope equipped with

Axiovision Rel 4.8 software.
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Statistical analysis

Statistical details of each experiment are explained in the figure legends. Statistical comparisons
include two-tailed Student’s t-test and one -way or two-way ANOVA analysis. Statistical
comparisons are computed using Prism Software (GraphPad Version 9.3.1 (350), December 7,
2021). Statistical significance was set at * indicates p<0.05, ** indicates p<0.01; and *** indicates
p<0.005. Data represented in graph are shown as mean and SEM from three independent replicas,

unless stated otherwise.
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Figure Legends

Figure 1. CHDS ATPase-dependent helicase activity mediates resistance to DNA DSBs and
CHDS localizes to and binds to DSBs. A-D. Colony survival assays in U20S cells transfected
with CHDS5 siRNA and exposed to indicated doses of ultraviolet-B (UV-B), methyl
methanesulfonate (MMS), bleomycin, or etoposide. Data represent mean £ SEM from three
independent replicates; ***p < 0.001. E. Colony survival assay in U20S cells transfected with
three independent CHDS siRNAs and rescued with CHD5-GFP wild-type (WT) or ATPase-dead
mutant (DEAA; D847A, E848A), followed by treatment with indicated doses of ionizing radiation
(IR). Data represent mean = SEM from three independent replicates; ***p < 0.001. F. Western
blot confirming CHDS5 knockdown and expression of CHDS5-GFP WT and DEAA in U20S cells
from panel (E). G-J. Representative proximity ligation assay (PLA) images and quantification of
CHDS5-yH2AX co-localization in U20S cells treated with 10 Gy IR or 10 uM etoposide for 4 h.
Data represent mean = SEM from three independent replicates. K. Representative
immunofluorescence (IF) images showing CHDS5 recruitment to sites of laser microirradiation-
induced DNA damage in U20S cells fixed 5 min post-irradiation. L. Representative images
showing CHD)S localization at FokI-induced DSBs in U20S-265 cells treated with 1 uM Shield-1
and 1 uM 4-OHT for 4 h. M. ChIP-qPCR analysis of CHDS5 enrichment at the p1 and p4 DSB sites
in U208S-265 cells following induction of DSBs using 1 uM Shield-1 and 1 uM 4-OHT for 4 h.
Data represent mean = SEM from three independent replicates. N. ChIP-qPCR analysis showing
enrichment of CHDS5, CtIP, and 53BP1 at control (no DSB), HR-prone (HR1, HR2), and c-NHEJ-
prone repair sites in DIVA cells following induction of DSBs with 500 nM 4-OHT for 4 h. Data

represent mean £ SEM from three independent replicates.
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Figure 2. PARP mediated chromatin relaxation facilitates CHDS localization to DSBs. A-B.
Representative confocal images and quantification of CHD5-GFP recruitment kinetics in U20S
cells treated with or without 30 pM PARP inhibitor (PARPi, AG14361) following laser micro-
irradiation. C. ChIP-qPCR analysis showing CHDS enrichment at p1, p3, and p4 DSB sites in
U208S-265 cells transfected with indicated siRNAs targeting PARP1 or PARP2. DSBs were
induced by treatment with 1 pM Shield-1 and 1 pM 4-OHT for 4 h. D. Western blot analysis
confirming knockdown efficiency of PARP1 and PARP2 in U20S-265 cells used in panel (C). E-
F. Representative confocal images and quantification of GFP-WWE recruitment to laser-induced
DNA lesions in U20S cells treated with or without PARPi (AG14361). G-H. Representative
confocal images and quantification of CHD5-GFP recruitment to laser-induced DNA lesions in
U20S cells treated with or without PARPi (AG14361). I-J. Representative images and
quantification of CHD5-GFP recruitment kinetics following laser micro-irradiation in U20S cells
overexpressing ALC1 WT or ATPase-dead mutant (E175Q). Data represent mean £ SEM from

three independent replicates. *p < 0.05, **p < 0.01, ***p <0.001.

Figure 3. CHDS directs DSB repair pathway choice. A-C. Colony survival assays in U20S
cells transfected with CHDS5 siRNA and rescued with CHD5-GFP WT or DEAA, treated with
increasing doses of the PARPi rucaparib (A), veliparib (B), or talazoparib. (C). D-F. Colony
survival assays in H460 cells transfected with CHDS siRNA, treated with increasing doses of
veliparib (D), sauraparib (E), UPF1035 (F). G. Homologous recombination (HR) repair efficiency
in HEK293 cells stably integrated with the DR-GFP HR reporter, transfected with indicated
siRNAs and I-Scel, and rescued with CHD5-RFP WT or DEAA. RFP-positive cells were analyzed

by flow cytometry, and the percentage of GFP-positive cells within this population was quantified
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to assess HR activity. H. Western blot confirming CHDS5 knockdown and expression of CHDS5-
RFP WT and DEAA in HEK293 DR-GFP cells used in panel (G). I. Classical non-homologous
end joining (c-NHEJ) repair efficiency in HEK293 cells integrated with the EJ7-GFP reporter,
transfected with indicated siRNAs and Cas9/sgRNA targeting the reporter locus. J. Western blot
confirming CHDS5 knockdown in HEK293 EJ7-GFP cells used in panel (I). K-L. Representative
IF images and quantification of RADS51 (green) foci at FokI-mCherry—induced DSBs in U20S-
265 cells. Each dot represents a single cell. K-L. Representative IF images and quantification of
RADS1 (purple) localization at FokI-mCherry—induced DSBs in U20S-265 cells. Each dot
represents a single cell. M-N. Representative IF images and quantification of RADS51 (red) and
YH2AX (purple) foci in U20S cells transfected with CHDS5 or NT siRNAs and treated with 4 Gy
IR for 4 h. Quantification is based on at least 150 cells; each dot represents an individual cell. O-
P. Representative IF images and quantification of RIF1 (purple) localization at FokI-mCherry—
induced DSBs in U20S-265 cells. Each dot represents quantification from a single cell. Q-R.
Representative IF images and quantification of RIF1 (red) and YH2AX (purple) foci in U20S cells
transfected with CHDS or NT siRNAs and treated with 4 Gy IR for 4 h. Each dot represents an
individual cell. Data in panels (A-E, I, K, M, O) represent mean = SEM from three independent

replicates. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 4. CHDS helicase activity promotes DNA end resection. A-B. Representative [F images
and quantification of RPA70 (green) and FokI-mCherry (red) localization in U20S-265 cells
transfected with CHDS or NT siRNA, treated with 1 pM Shield-1 and 1 pM 4-OHT for 4 h. Data
represent mean £ SEM from 150 cells across three independent replicates. ***p < 0.001. C-D.

Representative IF images and quantification of YH2AX (red) and RPA70 (green) foci in U20S
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cells transfected with CHDS5 or NT siRNA and treated with 10 Gy IR for 4 h. Data represent mean
+ SEM from 150 cells across three independent replicates. ***p < 0.001. E. Western blot analysis
of U20S cells transfected with CHDS or NT siRNA and rescued with CHD5-GFP WT or DEAA,
treated with 10 Gy IR, and harvested 4 h post-treatment. Blots were probed with the indicated
antibodies. F-G. Representative images and quantification of BrdU incorporation in YH2AX-
positive U20S cells transfected with CHDS5, CtIP, or NT siRNAs and rescued with CHD5-GFP
WT or DEAA. Cells were incubated with 30 uM BrdU for 36 h, treated with 10 Gy IR for 4 h, and
fixed under denaturing conditions for IF. Data represent the percentage of YH2AX-positive cells
with BrdU foci (mean = SEM from three independent replicates).; *p < 0.00332, **p < 0.0021,
*#%p < 0.0002. H. Quantitative PCR analysis of single-stranded DNA (ssDNA) at 350 bp, 1500
bp, and 3500 bp upstream of the RBMXL1 DSB site in DIVA cells transfected with CHDS5 or NT
siRNA and rescued with CHD5-GFP WT. DSBs were induced with 500 nM 4-OHT for 4 h. Data
represent mean + SEM from three independent replicates. *p < 0.00332, **p < 0.0021, ***p <
0.0002. I. Western blot confirming CHDS knockdown and CHD5-GFP WT expression in DIVA
cells used in panel (H). J-K. Representative IF images and quantification of CtIP (green) and FokI-
mCherry (red) localization in U20S-265 cells transfected with CHDS or NT siRNA and treated
with 1 uM Shield-1 and 1 pM 4-OHT for 4 h. Data represent mean + SEM from 150 cells across
four independent replicates. ***p < 0.001. L-M. Representative IF images and quantification of
CtIP (green) and YH2AX (red) foci in U20S cells transfected with CHDS or NT siRNA and treated
with 10 Gy IR for 4 h. Data represent mean + SEM from 150 cells across four independent

replicates. ***p < 0.001.
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Figure 5. CHDS-mediated chromatin relaxation directs HR and NHEJ histone methylation
marks at DSBs. A-B. Representative ATAC-seq analysis showing chromatin accessibility in
U20S DIVA cells transfected with control or CHDS5 siRNA and treated with or without 4-OHT at
AsiSI induced DSBs. Biological duplicates are performed. C. Chromatin relaxation measured at
HRI1 repair-prone sites in DIVA cells using a micrococcal nuclease (MNase)-based qPCR assay.
Cells were transfected with CHDS5 or NT siRNA and treated with 4-OHT for 4 h. D-E. ChIP-qPCR
analysis showing enrichment of H3K36me3 at p1 (D) and p4 (E) DSB sites in U20S-265 cells
transfected with CHDS or NT siRNA, rescued with CHD5-GFP WT or DEAA, and treated with 1
uM Shield-1 and 1 pM 4-OHT for 4 h. F-K. ChIP-qPCR analysis showing enrichment of
H4K20mel (F, I), H4K20me2 (G, K), and H4K20me3 (H, K) at p1 and p4 DSB sites in U20S-
265 cells transfected with CHDS or NT siRNA, rescued with CHD5-GFP WT or DEAA, and
treated with 1 uM Shield-1 and 1 uM 4-OHT for 4 h. Data in panels (C—K) represent mean + SEM

from three independent replicates. *p < 0.05, **p <0.01, ***p < 0.001.

Figure 6. CHDS directs recruitment of epigenetic writers to facilitate CtIP and 53BP1
binding at DSBs. A. ChIP-qPCR analysis showing enrichment of SETD2 at HR1-prone DSB
repair sites in U20S DIVA cells transfected with CHDS or NT siRNA and rescued with CHDS-
GFP WT or DEAA, treated with or without 500 nM 4-OHT for 4 h. B-C. Representative PLA
images and quantification showing SETD2—yH2AX co-localization in U20S DIVA cells treated
with or without 500 nM 4-OHT for 4 h. Nuclei were stained with DAPI (blue). Quantification was
based on 50 nuclei from three independent replicates. D. ChIP-qPCR analysis of CtIP enrichment
at HR1-prone repair sites in U20S DIVA cells transfected with CHDS5 or NT siRNA and rescued

with CHD5-GFP WT or DEAA, treated with or without 500 nM 4-OHT for 4 h. E. HR repair
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efficiency in U20S cells stably integrated with the DR-GFP reporter, transfected with siRNAs
targeting CHDS, SETD2, or CtIP along with I-Scel endonuclease. GFP-positive cells were
quantified by flow cytometry. F. Western blot confirming CHDS5 and SETD2 knockdown in U20S
DR-GFP reporter cells used in panel G and H. PLA images and quantification showing KMT5B—
YH2AX co-localization in U20S DIVA cells treated with or without 500 nM 4-OHT for 4 h. I and
J. PLA images and quantification showing KMT5C—yH2AX co-localization in U20S DIVA cells
treated with or without 500 nM 4-OHT for 4 h. K. ChIP-qPCR analysis showing enrichment of
KMT5B at ¢c-NHEJ prone DSB repair sites in U20S DIVA cells transfected with CHDS or NT
siRNA and treated with or without 500 nM 4-OHT for 4 h. L. ChIP-qPCR analysis showing
enrichment of 53BP1 at c-NHEJ—prone DSB repair sites in DIVA cells transfected with CHDS5 or
NT siRNA and rescued with CHD5-GFP WT or DEAA, treated with or without 500 nM 4-OHT
for 4 h. Data in panels A-L represent mean + SEM from three independent replicates. *p < 0.05,

*#p < 0.01, ***p < 0.001.

Figure 7. CHDS dysregulation causes genomic stability and vulnerability to KMTSB/C
inhibitor. A-B. Representative images and quantification of 53BP1 nuclear bodies (red) in CHDS5
knockout (KO#3) U20S cells rescued with CHDS5-GFP WT or DEAA. Each dot represents a single
cell. Data represent mean + SEM from three independent replicates. ***p <0.001. C. Western blot
analysis confirming CHD5-GFP WT and DEAA expression in U20S CHDS5 KO cells used in
panels A-B. D-E. Representative IF images and quantification of micronuclei formation in CHDS-
depleted U20S cells. Each dot represents a single cell. Data represent mean = SEM from three
independent replicates. ***p < 0.001. F. Western blot confirming CHDS5 knockdown in U20S

cells used in panel (D). G-H. Representative confocal images and quantification of metaphase
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spread aberrations in U20S CHDS5 KO cells. Data represent mean + SEM from three independent
replicates. ***p < 0.001. I. Heatmap retrieved from the UCSC Xena database showing that low
CHDS expression (blue) correlates with increased homologous recombination deficiency (HRD)
score (red) across cancer patient samples. J-K. Cell viability assay in H460 and H1299 cells
transfected with CHDS or NT siRNA and treated with increasing concentrations of A196
(KMTS5B/C inhibitor), followed by exposure to 4 Gy IR. Cell viability was measured 72 h post-
treatment using the MTT assay. L. Western blot analysis of H460 cells transfected with indicated
CHDS5 siRNAs and A196 inhibitor. M. Model showing CHDS5 governed DSB repair. Left: In
CHDS5-proficient cells, PARP recruits CHDS5, which remodels chromatin at DSBs and
promotes SETD2-mediated H3K36me3 deposition,  enabling CtIP  loading and  high-
fidelity homologous recombination (HR). Right: In CHDS5-deficient cells, loss of CHDS
favors KMT5B/C-mediated H4K20me2/3 and 53BP1 recruitment, blocking end resection and
driving error-prone c-NHEJ. Bottom: CHD5-deficient tumors rely on c¢-NHEJ and are

hypersensitive to KMT5B/C, NHEJ, and PARP inhibitors, revealing a therapeutic vulnerability.
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Figure 3. CHD5 directs DSB repair pathway choice
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Figure 5. CHD5-mediated chromatin relaxation directs HR and NHEJ histone methylation marks at DSBs
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SUPPLEMENTAL DATA

Figure S1. CHDS ATPase-dependent helicase activity mediates resistance to DSBs and
CHDS localizes and binds to DSBs. A. Colony formation assay in HEK293T cells transfected
with two independent CHDS siRNAs and treated with indicated doses of IR. Data represent mean
+ SEM from three independent replicates. ***p < 0.001. B. Western blot analysis confirming
CHDS knockdown in HEK293T cells used in panel (A). C-F. Colony survival assays in PANCI1
(C-D) and H460 cells (E-F) transfected with two independent CHDS siRNAs and rescued with
CHDS5-GFP WT or DEAA, following treatment with indicated doses of IR. Data represent mean
+ SEM from three independent replicates. *p < 0.01, ***p < 0.001. G. Colony formation assay in
U20S CHD5 WT and KO cells reconstituted with CHD5-GFP WT or DEAA, treated with
indicated IR doses. Mean + SEM from three independent replicates is shown. **p < 0.01. H.
Western blot confirming CHDS5 knockout in U20S cells used in panel (G). I-L. Representative
images and quantification of proximity ligation assay (PLA) showing CHDS and YH2AX co-
localization (red foci) in U20S cells treated with (I-J) UV (6 J/m?) or (K-L) MMS (2 mM). Nuclei
were counterstained with DAPI (blue). Quantification was based on 150 nuclei from three
independent experiments. M. Representative images showing CHDS5-GFP or CHDS-FLAG
localization to Fokl-induced DSBs in U20S-2-6-5 cells treated with 1 uM Shield-1 and 1M 4-
OHT for 4 h. N. Representative IF image showing co-localization of CHDS (green) and YH2AX
(red) at I-Scel-induced DSBs in U20S-TRE-I-Scel-19 cells. These cells harbor a ~200-copy
transgene array (pTRE/I-Scel) adjacent to 96 TRE repeats. Upon tamoxifen induction, Cherry-
tTA-ER translocates into the nucleus to activate DSB formation. O-P. Representative IF images

and quantification showing CHDS5 (green), YH2AX (red), and Cyclin A localization at laser-



induced DNA damage sites in U20S cells. Quantification includes 20-30 cells from three

independent experiments. Data are presented as mean + SEM.

Figure S2. PARP1/2 inhibition and knockdown impair CHDS localization to DNA damage
sites. A-B. Representative images and quantification of CHD5-GFP recruitment to laser-induced
DNA damage sites in U20S cells pretreated for 4 h with either 10 uM olaparib (PARP inhibitor),
10 uM KU-55933 (ATM inhibitor), 10 uM VE-821 (ATR inhibitor), or 10 uM NU7441 (DNA-
PKcs inhibitor). C-D. Representative images and quantification of CHDS5-GFP recruitment to
laser-induced DNA damage sites in U20S cells transfected with the indicated siRNAs targeting
PARP1 and PARP2. E. HEK293T cells overexpressing CHD5-FLAG or empty vector were [P ed
using anti-FLAG antibody. Input and IP’ed protein were run on SDS-PAGE and immunoblotted
with indicated antibodies (PAR and Flag). For B and D, mean +/- SEM from three independent

replicas are shown. ** p <0.01, *** p <0.001.

Figure S3. CHDS directs DSB repair pathway choice. A-C. Homologous recombination (HR),
classical non-homologous end joining (c-NHEJ), and alternative NHEJ (alt-NHEJ) repair
efficiencies in U20S cells harboring DR-GFP (HR), EJ5-GFP (c-NHEJ), and EJ2-GFP (alt-NHEJ)
reporter constructs. Cells were transfected with the indicated siRNAs and [-Scel endonuclease and
rescued with CHDS5-RFP WT or DEAA. Live cells were analyzed by flow cytometry. The RFP-
positive population was sorted, and the percentage of GFP-positive cells within this population
was used to quantify repair efficiency. Data represent mean + SEM from three independent
replicates. *p < 0.05, ***p < 0.001. D. Cell cycle analysis of U20S cells transfected with the

indicated CHDS siRNAs. E. Western blot confirming CHDS5 knockdown and rescue with CHD5-



RFP WT or DEAA in U20S DR-GFP HR reporter cells used in panel (A). F. Western blot
confirming CHDS5 and 53BP1 knockdown in U20S EJ5-GFP c¢-NHEJ reporter cells used in panel
(B). G. Western blot confirming CHDS5 and CHD7 knockdown in U20S EJ2-GFP alt-NHEJ
reporter cells used in panel (C). H-I. Representative IF images and quantification of RADSI
(green) and YH2AX (red) foci in U20S CHDS5 WT and KO cells treated with 10 uM etoposide for
4 h. Each circle represents a single data point; 150 cells were analyzed. ***p < 0.001. J-K.
Representative IF images and quantification of RIF1 (green) and YH2AX (red) foci in U20S
CHDS5 WT and KO cells treated with 10 uM etoposide for 4 h. Each circle represents a single data
point; 150 cells were analyzed. ***p < 0.001. L-M. Representative IF images and quantification
of RADSI (green) and YH2AX (red) foci in U20S CHDS5 WT and KO cells exposed to 10 Gy IR
for 4 h. Each circle represents a single data point; 150 cells were analyzed. ***p < 0.001. N-O.
Representative IF images and quantification of RIF1 (red) and YH2AX (purple) foci in U20S
CHDS5 WT and KO cells exposed to 10 Gy IR for 4 h. Each circle represents a single data point;
150 cells were analyzed. Data in panels (A—C, H-O) represent mean + SEM from three

independent replicates. ***p < 0.001.

Figure S4. CHDS promotes CtIP and ATRIP localization to DNA damage sites. A-B.
Representative IF images and quantification of proximity ligation assays (PLA) detecting co-
localization of YH2AX and CHDS5 (red foci) in U20S cells treated with 10 Gy IR for 4 h. Nuclei
were stained with DAPI (blue). Each circle represents a single cell; data from a total of 150 cells
are shown. **p < 0.01. C-D. Representative IF images and quantification of CtIP (purple) and
YH2AX (red) foci in U20S CHDS5 WT and KO cells treated with 10 Gy IR for 4 h. Each circle

represents a single cell; data from a total of 150 cells are shown. **p < 0.01. E-F. Representative



images and quantification of GFP-CtIP recruitment to laser-induced DNA damage sites in U20S
cells transfected with the indicated CHDS5 siRNAs. *p < 0.05. G-H. Representative images and
quantification of GFP-ATRIP recruitment to laser-induced DNA damage sites in U20S cells
transfected with the indicated CHDS5 siRNAs. Data in panels (A—H) represent mean = SEM from

three independent replicates. *p < 0.05, **p < 0.01.

Figure S5. CHDS-mediated chromatin relaxation directs HR and NHEJ histone methylation
marks at DSBs. A-C. ChIP-qPCR analysis showing enrichment of H3K36mel (A), H3K36me2
(B), and H3K36me3 (C) at HR-prone repair sites in DIVA cells transfected with CHD5 or NT
siRNA, rescued with CHD5-GFP WT or DEAA, and treated with or without 4-OHT for 4 h. D-F.
ChIP-gPCR analysis showing enrichment of H4K20mel (D), H4K20me2 (E), and H4K20me3 (F)
at NHEJ-prone repair sites in DIVA cells transfected with CHDS or NT siRNA and treated with 4-
OHT for 4 h. G. Representative western blot analysis of H3K36mel, H3K36me2, H3K36me3,
H4K20mel, H4K20me?2, and H4K20me3, as well as total histone H3 and H4 expression, in U20S
DIVA cells transfected with indicated CHDS5 siRNAs and rescued with CHD5-RFP WT or DEAA,
treated with or without 4-OHT, corresponding to panels (A—F). Data in panels (A—F) represent

mean = SEM from three independent replicates. *p < 0.05, **p < 0.01.

Figure S6. CHD5-mediated chromatin relaxation directs recruitment of epigenetic writers
to facilitate CtIP and 53BP1 binding at DSBs. A-D. qPCR analysis of NSD1, NSD2, NSD3,
and SETD2 mRNA expression levels following CHDS5 knockdown in U20S cells. E-F. ChIP-
qPCR analysis showing CtIP enrichment at pl and p4 DSB sites in U20S-265 cells transfected

with CHDS or NT siRNA and rescued with CHD5-GFP WT or DEAA, following treatment with



4-OHT for 4 h. G-H. Representative PLA images and quantification showing KMT5A—-yH2AX
co-localization in U20S DIVA cells treated with 500 nM 4-OHT for 4 h. Nuclei were stained with
DAPI (blue). Quantification was based on 50 nuclei from three independent replicates. I-K. gPCR
analysis of KMT5A, KMT5B, and KMTS5C mRNA expression levels following CHDS5 knockdown
in U20S cells. L-O. ChIP-qPCR analysis showing 53BP1 and RIF1 enrichment at p1 and p4 DSB
sites in U20S-265 cells transfected with CHDS5 or NT siRNA and treated with 4-OHT for 4 h. For
panels (A—F) and (I-O), data represent mean + SEM from three independent replicates. *p < 0.05,

*4p < 0.01, **%p < 0.001.

Figure S7. CHDS dysregulation promotes genomic instability and sensitizes NSCLC cells to
NHEJ inhibitors. A, C. Representative IF images and quantification of 53BP1 nuclear bodies
(green) in Cyclin A-negative (red) U20S cells treated with the indicated CHDS5 siRNAs. Data
represent mean £ SEM from three independent replicates. ***p < 0.001. B, D. Representative IF
images and quantification of 53BP1 nuclear bodies (green) and spontaneous YH2AX foci (red) in
H460 cells treated with the indicated CHDS siRNAs. Data represent mean + SEM from three
independent replicates. ***p <0.001. E-G. Correlation of CHD5 mRNA expression with mutation
count (E), tumor mutational burden (TMB) (F), and aneuploidy score (G) in a cohort of 10,953
cancer patients from the c-Bio-Portal database. H-K. Representative IF images and quantification
of 53BP1 or RIF1 (green) and YH2AX (red) foci in H460 cells transfected with the indicated CHDS5
siRNAs and exposed to 4 Gy IR for 4 h. A total of ~450 cells were analyzed from three independent
experiments. Data represent mean = SEM. ***p < 0.001. L-N. Cell viability assay in H460 cells
transfected with CHDS or NT siRNAs and treated with increasing concentrations of (H) NU7441

(DNA-PKcs inhibitor), (I) SCR-7 (DNA Ligase IV inhibitor), or (J) L189 (DNA Ligase I/III/V



inhibitor), followed by exposure to 4 Gy IR. Cell viability was assessed 72 h post-treatment using
the Alamar Blue assay. O. Western blot confirming CHD5 knockdown in H460 cells used in panels

H-N.
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Figure S3. CHD5 directs DNA repair pathway choice
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