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The catalytic cycle of topoisomerase 2 (TOP2) enzymes proceeds via a transient DNA double-strand break (DSB)
intermediate termed the TOP2 cleavage complex (TOP2cc), in which the TOP2 protein is covalently bound to
DNA. Anticancer agents such as etoposide operate by stabilizing TOP2ccs, ultimately generating genotoxic
TOP2-DNA protein cross-links that require processing and repair. Here, we identify RAD54 like 2 (RAD54L2) as
a factor promoting TOP2cc resolution. We demonstrate that RAD54L2 acts through a novel mechanism together
with zinc finger protein associated with tyrosyl-DNA phosphodiesterase 2 (TDP2) and TOP2 (ZATT/ZNF451) and
independent of TDP2. Our work suggests a model wherein RAD54L2 recognizes sumoylated TOP2 and, using its
ATPase activity, promotes TOP2cc resolution and prevents DSB exposure. These findings suggest RAD54L2-me-
diated TOP2cc resolution as a potential mechanism for cancer therapy resistance and highlight RAD54L2 as an

attractive candidate for drug discovery.

INTRODUCTION

DNA topoisomerases moderate DNA topology during replication,
transcription, recombination, and chromatin remodeling (1). Topo-
isomerase 2a (TOP2a) and TOP2p are unique among eukaryotic
topoisomerases in their ability to form a transient DNA double-
strand break (DSB) intermediate termed the TOP2 cleavage
complex (TOP2cc), in which TOP2 is covalently bound to the
DSB through a 5'-phosphotyrosyl bond (2). Following DNA un-
winding or untangling, a religation reaction occurs, producing a
relaxed DNA product (3). Widely used chemotherapeutic drugs,
such as etoposide, inhibit DNA religation and form abortive
TOP2ccs (4-6). TOP2ccs are primarily processed by tyrosyl-DNA
phosphodiesterase 2 (TDP2), which hydrolyzes the 5'-phosphotyro-
syl bond between TOP2 and DNA (7). This linkage is accessible
after proteolytic degradation of the TOP2cc by the ubiquitin-pro-
teasome system or specialized proteases (8—10). Alternatively, at-
tachment of small ubiquitin-like modifier (SUMO) proteins to
abortive TOP2ccs by zinc finger protein associated with TDP2
and TOP2 (ZATT/ZNF451) enables direct recruitment of TDP2
to the intact TOP2cc through TDP2's split SUMO-interacting
motifs (SIMs) to mediate TOP2 removal (11). Ultimately, process-
ing of abortive TOP2ccs converges in the release of a DSB that can
be religated through canonical nonhomologous end-joining
(NHE]) (12). Distinct from TDP2-mediated repair, abortive
TOP2ccs can also be directly processed by specialized nucleases
that “trim” DNA ends and lead to DSB repair by NHE] or homol-
ogous recombination (HR) (13, 14). The complexity of repairing
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TOP2-mediated DNA damage raises the prospect of as-yet unchar-
acterized proteins being involved in these events.

RESULTS
Focused CRISPR-Cas9 screens identify RAD54L2 as a factor
whose loss confers hypersensitivity to etoposide
To identify factors involved in TOP2 biology, we performed
CRISPR-Cas9 gene inactivation screens in wild-type (WT) and
tumor protein 53 (TP53) knockout (TP53%°) human retinal
pigment epithelial (RPE-1) cells using a focused dual-guide RNA
library targeting 852 DNA damage response (DDR)-related genes
(Fig. 1A) (15). In addition to identifying factors whose loss is known
to cause etoposide hypersensitivity, such as TDP2, ZNF451, and
ataxia telangiectasia mutated (ATM), we identified interesting can-
didates in both WT and TP53%° RPE-1 cell screens (Fig. 1B). These
included RAD54 like 2 (RAD54L2) and ERCC excision repair 6 like
2 (ERCC6L2), two poorly characterized putative DNA helicases.

To validate these results, we tested the sensitivity of ERCC6L2"°
or RAD54L2%° human HAP1 cells (fig. S1A) to etoposide and
various other DNA damaging agents. In line with recent reports
suggesting a role for ERCC6L2 in the DDR (16-19), HAP1
ERCC6L2%® cells were hypersensitive to etoposide (fig. S1B), as
well as to other DNA damaging agents, including camptothecin
and ionizing radiation (fig. S1, C and D). In stark contrast,
RADS54L2%° clones were hypersensitive to etoposide compared to
RAD54L2-proficient parental control (CTRL) (Fig. 1C) but were
not hypersensitive to the topoisomerase I poison camptothecin
(Fig. 1D), ionizing radiation (Fig. 1E), or any of the other chemo-
therapeutic agents that we tested (fig. S1, E to H). Given that
RAD54L2%° cells were specifically sensitive to etoposide, we
decided to focus on this factor for the rest of the study.

We next performed viability assays to test the impact of
RADS54L2 on cell viability in the presence of the TOP2 catalytic in-
hibitor ICRF-193 (6). We observed that, as reported for ZNF451%°
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Fig. 1. Focused CRISPR-Cas9 screens identify factors whose loss imparts etoposide hypersensitivity. (A) Layout of CRISPR-Cas9 screens in WT and TP53"° RPE-1 cells
[multiplicity of infection (MOI), drug concentration reducing cell viability by 50% (ICso)]. Figure generated with BioRender. (B) Biplot showing gene enrichment scores
(NormZ) upon etoposide treatment in WT (x axis) and TP53" (y axis) RPE-1 cells. Blue or orange circles indicate known or previously unknown factors, respectively, to
affect etoposide sensitivity. (C to G) MTT cell viability assays of two HAP1 RAD54L2"° clones upon treatment with etoposide (C), camptothecin (D), ionizing radiation (E),
ICRF-193 (F), or hydroxyurea (G). n = 3 independent experiments. Bars represent means + SEM.

cells (16, 20), RAD54L2%° cells were not more sensitive to ICRF-193
than CTRL cells, suggesting that, like ZNF451, RAD54L2 does not
play a prominent role in resolving lesions caused by this compound
(Fig. 1F). We also observed that RAD54L2%° clones were not hyper-
sensitive to hydroxyurea (Fig. 1G), thus excluding a potential role in
promoting replication fork reversal, as recently proposed for
ZNF451 (21). To extend our findings, we generated RAD54L2"°
clones in RPE-1 cells (fig. S1I) and confirmed their hypersensitivity
toward etoposide treatment (fig. S1J). To validate our findings in a
third cell line and with a different experimental approach, we per-
formed competitive cell growth assays in human osteosarcoma
(U20S) cells stably expressing Cas9. Briefly, we transduced the
cells with two different single guide RNAs (sgRNAs) targeting
RAD54L2 and monitored the relative growth of the edited popula-
tions over time in the presence of selected doses of etoposide. We
observed that sgRNA-mediated depletion of RAD54L2 hypersensi-
tized U20S cells to etoposide treatment (fig. S1, K and L).

RAD54L2 binds SUMO and TOP2a/f and requires its SIMs to
interact with SUMO-modified TOP2a/

To further explore the link between RAD54L2 and TOP2 biology
and identify RAD54L2 interactors, we stably expressed mCherry-
RAD54L2 in RPE-1 cells grown in the presence or absence of etopo-
side and then performed immunoprecipitation experiments fol-
lowed by mass spectrometry (IP-MS; fig. S2A). We observed that
RADS54L2 interacts with TOP2a, TOP2pB, SUMO1, SUMO2, and
SUMO3 in untreated conditions (Fig. 2A). Pathway enrichment
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analysis of enriched proteins using PANTHER GOslim biological
process annotations indicated the most enriched biological
process as “DNA unwinding involved in DNA replication” (table
S4), a process that introduces topological stress and is often resolved
by TOP2 enzymes (22). Moreover, there was a substantial enrich-
ment of interactors in the DNA replication pathway (fig. S2B).
The interactions of RAD54L2 with TOP2a and TOP2f became
further accentuated upon etoposide treatment (Fig. 2B). In addi-
tion, pronounced interaction with the SUMO E3 ligase ZNF451
was observed only upon etoposide treatment. Collectively, the IP-
MS experiments suggested an interplay between sumoylation and
the ability of RAD54L2 to bind TOP2a, TOP2p, and ZNF451. In
line with our data, recent studies have identified RAD54L2 as a
strong SUMO interactor and predicted 12 potential SIMs in
RAD54L2 (23-25).

RAD54L2 has been described as a transcriptional coregulator
and is a member of the RAD54 subfamily of sucrose nonferment-
able (SNF2)-type chromatin remodeling factors (26, 27). Previous
biochemical characterization unveiled it as a DNA-dependent
adenosine triphosphatase (ATPase) (28). To dissect which proper-
ties of RAD54L2 are relevant in relation to TOP2-mediated DNA
damage, we generated an ATPase catalytic site mutant (K311A),
as previously characterized (26, 29), and a ASIM mutant, point-
mutated at the predicted SIMs identified in previous work
(Fig. 2C and fig. S2C) (23). We monitored the etoposide sensitivity
of RAD54L2"° cells complemented with mCherry alone, mCherry-
RAD54L2"", or mCherry-RAD54L2%™ by clonogenic survival
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Fig. 2. RAD54L2 binds SUMO and TOP2a/p and requires its SIMs to interact with SUMO-modified TOP2a/B. (A and B) Volcano plots showing RAD54L2 interactors
identified by IP-MS in untreated (UT) cells (A) or etoposide (ETP)-treated cells. (B) Green dots bordered by dotted lines indicating P values <0.05 and log, fold changes >2
are significant interactors. (C) Schematic of the putative domains and relevant properties of RAD54L2. The K311A catalytic site mutation is labeled, and the SIMs are
highlighted in blue dots. (D) Clonogenic survival assays of control (CTRL) cells or RAD54L2"° cells complemented with vectors expressing mCherry, mCherry-RAD54L2"",
mCherry-RAD54L23"" mutant, or mCherry-RAD54L2°°™ mutant; n = 3 independent experiments. Bars represent means + SEM. (E) Coimmunoprecipitation (IP) of
mCherry from extracts of untreated or etoposide treated RPE-1 cells stably expressing mCherry (EV), mCherry-RAD54L2"", or mCherry-RAD54L225™ mutant. This exper-

iment was repeated six times with similar results.

assays (Fig. 2D). Notably, while expression of RAD54L2""" comple-
mented the etoposide hypersensitivity of RAD54L2%° cells—and
actually made them more resistant than CTRL cells—ATPase cata-
lytic site or ASIM RAD54L2 mutant proteins did not complement
the etoposide sensitivity (Fig. 2D). These data thus implied that the
ATPase activity and SIMs of RAD54L2 are crucial for its role(s) in
responding to TOP2-mediated DNA damage.

To explore these protein variants biochemically and to validate
the IP-MS results, we coimmunoprecipitated mCherry from ex-
tracts of RPE-1 cells stably expressing mCherry alone [empty
vector (EV)], mCherry-RAD54L2"", or mCherry-RAD54L2™
mutant and grown in the presence or absence of etoposide
(Fig. 2E). We observed that RAD54L2"7T interacted with TOP2a
and TOP2f, with binding to high molecular weight modified
forms of these proteins being dramatically enhanced upon etopo-
side treatment. By contrast, while RAD54L2%%™ still interacted
with lesser/unmodified forms of TOP2a and TOP2p, binding to
etoposide-induced modified forms of TOP2a and TOP2f was no
longer evident. Furthermore, we noted that, in line with our IP-
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MS data, binding of RAD54L2"" to ZNF451 was stimulated
upon etoposide treatment, although this was not the case for the
RAD5412°™ mutant. Knowing that TOP2a and TOP2 are ex-
pressed at different levels in different phases of the cell cycle, we
tested whether RAD54L2 interaction with TOP2 proteins is cell
cycle regulated by performing IPs from extracts of G;- or S-phase
synchronized cells. As expected, TOP2a expression was much lower
in G; compared to S phase, meaning that we could only readily
detect its interaction with RAD54L2 in S phase (fig. S2D).
However, TOP2p expression was essentially equal throughout the
cell cycle, allowing us to show that RAD54L2 interacted similarly
with TOP2p in both G; and S phase cells (fig. S2D). Overall,
these results indicated that RAD54L2 likely affects responses to
TOP2ccs throughout the cell cycle.

RAD54L2 operates in a pathway dependent on ZNF451 and
independent of TDP2

Covalent TOP2-DNA adducts are known to be removed either di-
rectly, through the concerted actions of specialized nucleases, orin a
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TDP2-dependent manner. To explore where RAD54L2 acts in rela-
tion to known TOP2-DNA adduct repair processes and to unveil
potential novel genetic interactions, we performed genome-scale
CRISPR-Cas9 gene inactivation screens in RPE-1 TP53%° (CTRL)
and RAD54L2/TP53%° cells (fig. S3A) in the presence or absence of
etoposide. Ensuing bioinformatics analyses indicated that, as ex-
pected, RAD54L2 was a screen dropout hit in the CTRL background
but not in the RAD54L2"° background. Our analyses revealed that
RADS54L2 was not epistatic with any other factors scoring in the
screens and known to be involved in promoting repair of TOP2-
DNA adducts, including TDP2, ATM, and NHE] components
such as NHEJ1, x-ray repair cross complementing 4 (XRCC4),
and ligase 4 (LIG4) (Fig. 3A; note that in the CRISPR library
used, sgRNAs targeting ZNF451 were likely noneffective since
they were not depleted upon etoposide treatment despite this
factor’s well-established roles in the response to etoposide treat-
ment). To validate the screen results, we generated human RPE-1
and HAP1 TDP2"° and TDP2/RAD54L2"° cells (fig. $3, B and
C) and tested them for etoposide hypersensitivity via clonogenic
survival assays and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT)-based cell viability assays (Fig. 3B and fig.
$3D). In accord with the screening data, RAD54L2"° and TDP2X®
cells showed mild and moderate etoposide hypersensitivity, respec-
tively, while the double TDP2/RAD54L2"° displayed a notable hy-
persensitivity phenotype indicating synergistic effects of TDP2 and
RADS54L2. Similarly to the RAD54L2%° cells, TDP2X° and TDP2/

RAD54L2%° cells were not hypersensitive to ionizing radiation in
either RPE-1 or HAP1 backgrounds (fig. S3, E and F).

To validate the genetic relationships between RAD54L2 and the
HR and NHE] pathways observed in our CRISPR screens, we per-
formed competitive cell growth assays in LIG4* cells (fig. S3G) or
breast cancer 1 (BRCAI)X© cells (30), as models of NHEJ and HR
deficiency, respectively. Thus, we transduced CTRL, LIG4"°, or
BRCAI? cells with lentiviral vectors containing either of two dif-
ferent sgRNAs targeting RAD54L2 and monitored the relative
growth of the gene-edited populations over time in the presence
of selected doses of etoposide. As expected from our CRISPR
screen data, inactivation of RAD54L2 sensitized CTRL, LIG4"°,
and BRCAI®? cells to etoposide (Fig. 3, C to E, and fig. S3, H, J,
and K). Collectively, these experiments suggested that RAD54L2
operates in a hitherto unrecognized pathway for TOP2ccs.

Having found that RAD54L2 likely interacts with sumoylated
TOP2 via its SIMs, and considering that we observed the SUMO
E3 ligase ZNF451 as a strong RAD54L2 interactor after etoposide
treatment, we tested whether ZNF451 and RAD54L2 act in the
same pathway. To monitor whether RAD54L2 loss enhanced the
etoposide sensitivity of CTRL or ZNF451%° cells (fig. S31), we per-
formed clonogenic survival assays in CTRL or ZNF451%° cells
transduced with sgRNAs targeting RAD54L2. We observed that
CTRL cells transduced with sgRNAs targeting RAD54L2 became
hypersensitive to etoposide (Fig. 3F). However, ZNF451%° cells
transduced with sgRNAs targeting RAD54L2 were not further
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Fig. 3. RAD54L2 operates through a mechanism dependent on ZNF451 and independent of TDP2. (A) Biplot showing gene enrichment scores (NormZ) upon
etoposide treatment in TP53%C (x axis) and TP53/RAD54L2%° (y axis) RPE-1 cells. Orange dots relate to well-characterized DDR factors, most discussed in the text. (B)
Clonogenic survival assays of CTRL, RAD54L2"C, TDP2¥°, and TDP2/RAD54L2"° RPE-1 cells upon treatment with etoposide. n = 3 independent experiments. Bars represent
means + SEM. Competitive growth assays of RPE-1 CTRL (C), LIG41%° (D), BRCAT* (E), and ZNF451%° (G) cells transduced with virus expressing the indicated sgRNAs in the
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proteins. This experiment was repeated three times with similar results.
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sensitized to etoposide, implying an epistatic relationship between
ZNF451 and RAD54L2. In addition, competitive cell growth assays
in these same cell lines confirmed that sgRNA targeting RAD54L2
hypersensitized CTRL but not ZNF451%° cells to etoposide (Fig. 3G
and fig. S3L). Collectively, these data supported a model in which
RAD54L2 acts in processes controlled by the SUMO E3 ligase
ZNF451 in response to etoposide.

In line with the above findings, we observed that interactions
between RAD54L2 and etoposide-induced posttranslationally mod-
ified forms of TOP2a and TOP2p were essentially abolished when
cells were preincubated with the sumoylation inhibitor ML-792 (fig.
S3M). Furthermore, by performing IPs of RAD54L2 from extracts
of CTRL or ZNF451%° cells, we observed that RAD54L2 was not
able to effectively interact with etoposide-induced post-translation-
ally modified TOP2a and TOP2p in the absence of ZNF451, while it
still interacted with unmodified TOP2 (Fig. 3H). Collectively, these
data are in accord with there being key functional connections
between ZNF451 and RAD54L2 in response to etoposide treatment.

RAD54L2 counters TOP2ccs formation and prevents DSB
generation upon etoposide treatment
To investigate cellular readouts of such a mechanism, we tested
levels of chromosomal DSB formation and resolution in CTRL,
RAD54L2%°, TDP2"°, and TDP2/RAD54L2%° cells by analyzing
formation of YH2AX foci (markers of DSBs) after etoposide treat-
ment (Fig. 4A). Notably, RAD54L25° cells started with significantly
higher numbers of yH2AX foci than CTRL and TDP2*® cells. Upon
removal of etoposide, however, RAD54L2"° cells resolved damage
at a much faster rate than TDP2"® cells, implying that RAD54L2
functions specifically on TOP2cc resolution and not DSB repair.
The TDP2/RAD54L2%° cells displayed higher levels of yH2AX
throughout the experiment, reinforcing our conclusion that
RAD54L2 and TDP2 act synergistically and in different pathways.
We next used the detection of ubiquitylated and sumoylated
TOP-DNA-protein cross-links (DPCs) (DUST) assays to monitor
levels and SUMO posttranslational modifications of trapped
TOP2a and TOP2P (8). In this assay, only proteins covalently
bound to DNA copurify with nucleic acids and are readily detected
by Western blotting using antibodies targeting SUMO1, SUMO2/3,
TOP2a, or TOP2B. We observed that in the presence of etoposide,
levels of SUMOI1- or SUMO2/3-conjugated DPCs and trapped
TOP2B were higher in RAD54L2%° cells compared to CTRL cells
(Fig. 4, B and C). Overall, these data thus supported a role for
RAD5412 in affecting TOP2cc levels.

DISCUSSION

Collectively, our findings support a model in which RAD54L2 in-
teracts with TOP2a and TOP2, recognizes SUMO-modified
TOP2ccs through its SIMs, and uses its ATPase activity to help
resolve TOP2ccs and prevent DSB exposure. Furthermore, we
have demonstrated that RAD54L2 acts with ZNF451 but in process-
es distinct from those mediated by TDP2, whose role in removing
TOP2ccs is also promoted by ZNF451 activity. Our work thus iden-
tifies a key function for RAD54L2 and adds yet another layer of
complexity to cellular mechanisms that safeguard the genome
from TOP2-mediated DNA damage (Fig. 4D), which occur not
only in response to etoposide but also under normal physiological
conditions. Since TDP2 gene mutations have been linked to
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hereditary neurological disease in individuals with seizures,
ataxia, and intellectual disability (31, 32), we speculate that
RADS54L2 may protect against neurological disorders. In addition,
in line with our finding that overexpression of RAD54L2 in WT
cells generates etoposide resistance (Fig. 2D), high expression of
RAD54L2 was recently associated with inferior event-free and
overall survival of acute myeloid leukaemia (AML) patients in the
AMLO02 cohort (33-35). As RAD54L2-mediated TOP2cc resolution
could represent a mechanism for intrinsic or acquired tumor resis-
tance to chemotherapies including TOP2 poisons, it represents a
potential biomarker and a candidate target for anticancer drug
discovery.

MATERIALS AND METHODS

Cell culture and cell line generation

RPE-1 WT cells were originally obtained from J. Pines. RPE-1
TP53%C cells were generated as described previously (36). HAP1-
Cas9 and RPE-Cas9 RAD54L2 knockout cells were generated by
transduction of a RAD54L2 dual-guide RNA plasmid (guide A:
ATTGGACAGCTGGTAGTAGG, guide B: GTACCCTCACCT-
CATCACCA). For genome-wide screens, RAD54L2 knockout
cells were generated by transient transfection of a synthetic guide
RNA (gRNA) targeting RAD54L2
(CTCTTCTTGCTGTGCTGCTT) in RPE-1 TP53"° cells. TDP2
knockout cells were generated by transient transfection of a synthet-
ic gRNA targeting TDP2 (GTAGAAATATCACATCT). LIG4
knockout cells were generated by transient transfection of a synthet-
ic gRNA targeting LIG4 (GGAAGAATTAGTCTCATTGC) in RPE-
1 TP53% cells. ERCC6L2"® cells were purchased from Horizon
(ID: HZGHC006416c004). RPE-1 cells were cultured at 37°C and
5% CO, in Dulbecco's modified Eagle’s medium:nutrient mixture
Ham's F-12 (DMEM/F-12, Sigma-Aldrich) supplemented with 17
ml of 7.5% NaHCOj; per 500 ml (Sigma-Aldrich), 10% (v/v) fetal
bovine serum (FBS; BioSera), penicillin (100 U/ml), streptomycin
(100 pg/ml) (Sigma-Aldrich), and 2 mM r-glutamine. Blasticidin
(10 pg/ml; Sigma-Aldrich) was used to select for Cas9-expressing
cells. Cells were additionally cultured with puromycin (1.5 pug/ml)
during selection of the transductants in the CRISPR-Cas9 screens.
HAP1 cells were cultured at 37°C and 5% CQ, in Iscove's modified
Dulbecco’s medium (Thermo Fisher Scientific) supplemented with
10% (v/v) FBS (BioSera), penicillin (100 U/ml), streptomycin (100
pg/ml) (Sigma-Aldrich), and 2 mM L-glutamine. LentiX 293T and
U20S cells were cultured at 37°C and 5% CO, in DMEM (Sigma-
Aldrich). RPE-1 cells were synchronized in G, phase by treating
with 5 uM palbociclib (S1116-SEL, Stratech Scientific Ltd.) for 20
hours. S-phase synchronization was obtained by treating with 2
mM thymidine (T1895, SLS Limited) for 20 hours and then releas-
ing in fresh medium for 2 hours. When indicated, 10 pM ML-792
(HY-108702, MedChemExpress) was added for 30 min before eto-
poside treatment.

CRISPR-Cas9 screens

For DDR-focused CRISPR-Cas9 screens, biological duplicates of
RPE-1 WT and TP53%° Cas9-expressing cells were transduced at
a multiplicity of infection (MOI) of 0.3- and 1000-fold coverage
of the custom dual-gRNA DDR library as described previously
(15). Afterward, transductants were selected with puromycin for
12 days before treatment with dimethyl sulfoxide (DMSO) or
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Fig. 4. RAD54L2 counters TOP2ccs by promoting their resolution. (A) Quantification of yH2AX foci in G; cells (cyclin A negative). Cells were treated with 30 pM
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Bars represent means + SEM. (D) Proposed mechanism for RAD54L2 in TOP2cc resolution. UBC9, SUMO conjugating enzyme 2 ligase. Figure generated with BioRender.

ns, not significant.

etoposide [drug concentration reducing cell viability by 50% (ICs)]
for 7 days with three additional days without any drug. Library
preparation and next-generation sequencing of the samples were
performed as described previously (15). Guide enrichment analysis
was performed using DrugZ to compare DMSO-treated to etopo-
side-treated samples (37).

For the genome-wide CRISPR-Cas9 screens, RPE-1 TP53%C or
RPE-1 TP53/RAD54L2"° Cas9-expressing cells were transduced at
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an MOI of 0.2- and 500-fold coverage of the Gattinara library (38).
Afterward, transductants were selected with puromycin for 8 days
and either left untreated or treated with etoposide (ICs) for 15 days.
Genomic DNA from cell pellets was isolated using the QIAamp
Blood Maxi Kit (Qiagen), and genome-integrated sgRNA sequences
were amplified by polymerase chain reaction (PCR) using the Q5
Mastermix (New England Biolabs Ultra IT) and i7 multiplexing bar-
coded primers. The final gel-purified products were sequenced on
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Ilumina NovaSeq 6000 systems. Guide enrichment analysis was
performed using DrugZ to compare DMSO-treated to etoposide-
treated samples (37).

MTT viability and clonogenic survival assays

For MTT cell viability assay, 1000 HAP1 cells were plated in 96-well
plates in triplicate and treated with the indicated drugs 24 hours
later. Four days later, the medium was removed, and cells were in-
cubated with MTT (0.5 mg/ml). Four hours later, 10% SDS was
added, and absorbance was read the day after at 595 nm. For clono-
genic assays, 200 RPE-1 cells were plated in six-well plates, treated
with drugs 24 hours later, and stained and counted 10 to 12 days
later, when visible colonies were formed. Cells were treated with eto-
poside (VP-16, Cayman Chemicals), carboplatin (C2538, Sigma-
Aldrich), camptothecin (C9911, Sigma-Aldrich), 5-aza-2'-deoxycy-
tidine (Merck, A3656), formaldehyde (Sigma-Aldrich, F1635), ola-
parib/AZD2281 (Stratech Scientific, A4154), ICRF-193 (GR332,
BIOMOL International), or hydroxyurea (H8627, Sigma-Aldrich).

Competitive cell growth assay

CTRL or ZNF451%° human RPE-1 cells were transduced (MOI >1)
with mCherry-sglacZ or green fluorescent protein (GFP)-
sgRAD54L2 (#1 or #2). Transduced cells were selected with puro-
mycin 2 days after transduction and cultured for 2 more days until
non-transduced cells were dead. In six-well plates, 50,000 cells ex-
pressing mCherry-sgLacZ were mixed with 50,000 cells expressing
GFP-sgRAD54L2 (#1 or #2) and plated with DMSO or etoposide.
Cell mixtures were collected at the indicated days and subcultured
(to prevent confluency) into fresh medium containing DMSO or
etoposide. Cell mixtures were analyzed by fluorescence-activated
cell sorting (Beckman Coulter, Cytoflex S) for cells expressing
GFP or mCherry. The ratio of GFP*/mCherry" cells was analyzed
with FlowJo v9. To calculate the efficiency of indel formation after
sgRNA transduction, DNA was extracted from cells 4 days after
transduction and regions near the cut site were PCR-amplified, se-
quenced, and analyzed by TIDE (Netherlands Cancer Institute,
http://shinyapps.datacurators.nl/tide/).

Plasmid, siRNA transfection, and viral transduction

The mCherry plasmid was obtained from VectorBuilder
(VB200726-1045daz). Cloning of RAD54L2 cDNA into the
mCherry vector was done by Gibson assembly (New England
Biolabs) following PCR of RAD54L2 using the forward primer 5'-
AGGATGACGATGACAAGAGCTCAGACGAATCTGCCTCAGG
and reverse primer 5-TCGAGGTCGACACGCGTGTTTTTCC-
CAGTGACCTCTATCAC and vector digestion with Hpa I/Afe I
(New England Biolabs) restriction enzymes. RAD54L2 K311A
mutant was generated by mutagenesis using primers 5-GAGAT-
CACTTGCAAAGTTGCCCCCAGACCCATGCTGTG and 5'-CA-
CAGCATGGGTCTGGGGGCAACTTTGCAAGTGATCTC.
RAD54L2 ASIM mutant (mutant details in table S2) was generated
by gene synthesis (GeneWiz). The synthesized open reading frame
was then cloned into the mCherry vector by Gibson assembly using
the same conditions as above with the reverse primer 5'-
CGAGGTCGACACGCGTGTTTTTCCCAGTGGCCTCTGCCGC.
To generate stable cells, virus was first produced in LentiX 293T
cells by cotransfecting the packaging constructs psPAX2
(Addgene, #12260) and pMD2.G (Addgene, #12259) with the
plasmid of interest using TransIT-LT1 (Mirus Bio) according to
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the manufacturer’s protocol. Viral particles were then incubated
with cells in the presence of polybrene (10 ug/ml) (Merck), followed
by positive selection with geneticin (Gibco).

Immunofluorescence and microscopy imaging

For imaging purposes, cells were plated in 24-well imaging plates,
treated with etoposide (30 uM, 30 min), washed, and released for
the indicated period of time. After treatments, cells were fixed in
4% paraformaldehyde for 10 min, permeabilized in phosphate-buft-
ered saline (PBS)—0.2% Tween for 10 min, and blocked in PBS—-5%
bovine serum albumin (BSA) for at least 30 min. After 1 hour of
incubation at room temperature with primary antibodies
(YH2AX, Cell Signaling Technology, 2577 and cyclin A, BD Biosci-
ences, 611268), cells were washed in PBS—0.2% Tween three times
and incubated with secondary antibodies for 45 min. After three
more washes in PBS-0.2% Tween, nuclei were stained with 4’,6-di-
amidino-2-phenylindole for 10 min. Images were acquired and an-
alyzed using the Opera Phoenix microscope.

Immunoblotting

Cells were lysed in Laemmli buffer [2% SDS, 10% glycerol, and 60
mM tris-HCI (pH 6.8)], incubated for 5 min at 95°C, and resolved
by SDS—polyacrylamide gel electrophoresis (SDS-PAGE). After
transferring onto a nitrocellulose membrane, the membranes were
blocked with 5% milk or BSA in TBS-T buffer (tris-buffered saline
with Tween 20, 0.1%) and incubated with primary antibodies
diluted in 5% milk or BSA in TBS-T. The membranes were
washed in TBS-T and probed with secondary antibodies. After sec-
ondary antibody incubation, membranes were washed in TBS-T, in-
cubated with enhanced chemiluminescence (ECL) mixture for 5
min in the dark, and developed using films or a ChemiDoc
imaging system (Bio-Rad). Antibodies used were as follows:
RAD54L2 (Abcam, ab86063), TOP2a (Bethyl Laboratories, A300-
054A), TOP2B (BD Biosciences, 611493), mCherry (Abcam,
ab167453), tubulin (Sigma-Aldrich, T9026), TDP2 (Bethyl, A302-
737A), ZNF451 (Sigma-Aldrich, SAB2108741), LIG4 (ab193353,
Abcam), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (ab8245, Abcam).

Immunoprecipitation

For IP, around 2 million RPE-1 cells were plated in 15-cm dishes (2
per condition). Two days later, the cells were treated with 100 uM
etoposide for 1 hour. After treatment, the cells were washed twice
with cold PBS and lysed in 1.5 ml of IP buffer [20 mM tris-HCI (pH
7.5), 150 mM NaCl, 2 mM MgCl,, 10% glycerol, 0.5% NP-40, 20
mM N-ethylmaleimide (NEM), and EDTA-free protease and phos-
phatase inhibitors] and 15 pul of benzonase (Millipore) for 45 min.
Lysates were centrifuged at 15,000 rpm for 10 min, and supernatants
were incubated with 20 ul of RFP-Trap magnetic beads (Chromo-
Tek) for 2 hours at 4°C. The samples were washed 4x with IP buffer
and finally eluted in 40 pl of lithium dodecyl sulfate (LDS) buffer 2x
+ 1 mM dithiotheitol (DTT).

MS-based proteomics

Bound proteins were eluted in NuPAGE LDS Sample Buffer (Life
Technologies) supplemented with 1 mM DTT and boiled at 75°C
for 15 min. The eluates were alkylated with 5.5 mM chloroaceta-
mide for 30 min in the dark before being loaded onto 4 to 12% gra-
dient SDS-PAGE gels. Proteins were stained with the Life
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Technologies Colloidal Blue Staining Kit and digested in-gel using
trypsin. Peptides were extracted from the gel and desalted on re-
versed-phase C18 StageTips. Peptide fractions were analyzed on a
quadrupole Orbitrap mass spectrometer (Q Exactive or Q Exactive
Plus, Thermo Fisher Scientific) equipped with an ultrahigh-perfor-
mance liquid chromatography system (EASY-nLC 1000, Thermo
Fisher Scientific) as described (39, 40). Peptide samples were
loaded onto C18 reversed-phase columns (15 cm length, 75 pm
inner diameter, 1.9 um bead size) and eluted with a linear gradient
from 8 to 40% acetonitrile containing 0.1% formic acid over 2 hours.
The mass spectrometer was operated in data-dependent mode, au-
tomatically switching between MS and MS? acquisition. Survey full-
scan MS spectra [mass/charge ratio (m/z) 300 to 1700] were ac-
quired in the Orbitrap. The 10 most intense ions were sequentially
isolated and fragmented by higher-energy C-trap dissociation
(HCD) (41). An ion selection threshold of 5000 was used. Peptides
with unassigned charge states, as well as with charge state less than
+2, were excluded from fragmentation. Fragment spectra were ac-
quired in the Orbitrap mass analyzer.

Analysis of MS data

Raw data files were analyzed using MaxQuant (development version
1.6.14.0) (42). Parent ion and MS2 spectra were searched against a
database, and peptide lists were searched against the human
UniProt FASTA database released in February 2021 using the An-
dromeda search engine (43). Spectra were searched with a mass tol-
erance of 6 parts per million (ppm) in MS mode, 20 ppm in HCD
MS? mode, strict trypsin specificity, and allowing up to three mis-
cleavages. Cysteine carbamidomethylation was searched as a fixed
modification, whereas protein N-terminal acetylation and methio-
nine oxidation were searched as variable modifications. The dataset
was filtered on the basis of posterior error probability to arrive at a
false discovery rate (FDR) of below 1% estimated using a target-
decoy approach (44). The “match between run algorithm” in the
MaxQuant quantification was enabled (45). The MaxLFQ protein
groups data calculated by MaxQuant were further analyzed with
the Perseus (v1.6.13.0) of the MaxQuant computational platform
(46). Identified peptides were filtered for potential contaminants
and reverse reads localization probability (>75%). Missing values
were replaced by random numbers drawn from a normal distribu-
tion with a width of 0.3 and down shift of 1.8. Protein groups with
no proteotypic and less than two peptide identifications were ex-
cluded. Only protein groups identified in three of five replicates
in at least one treatment group were included. Label-free protein
quantitation (LFQ) was performed with a minimum ratio of 2
(47). LFQ intensities normalized by the MaxLFQ algorithm were
log,-transformed and calculated for the average log,(FC) (fold
change). P values were calculated by Student's ¢ test (48). For
RAD54L2 interactors, protein groups with fold change 2 and P
value <0.05 were considered significant interactors. Volcano plots
were made in RStudio (v1.3.1093) with customized scripts. For
pathway enrichment analysis, significant interactors (FDR < 0.05)
from the untreated IP-MS experiments (RAD54L2-UT/RFP-UT)
were used for a statistical overrepresentation test with the whole
human genome as reference using PANTHER GOslim biological
process annotations (http://pantherdb.org/). Significant interactors
linked to DNA replication in the untreated samples were identified
as significantly enriched using the Reactome (v80) pathway browser
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(https://reactome.org). Full results and enrichment analyses are
available (table S3 and S4).

DUST assay

The DUST assay (8) is an extension of the RADAR assay developed
by Maizels and colleagues for detecting proteins covalently bound
to DNA (49, 50). The DUST assay is an extension of the assay that
also allows detection of posttranslational modifications on proteins
covalently bound to DNA by using antibodies directed against the
modifications. The RADAR purification scheme eliminates pro-
teins that are not covalently bound to nucleic acids. For the exper-
iments described here, cells were grown in 60 mM dishes to around
50 to 70% confluence. After specific treatment conditions as de-
scribed, the medium was removed by aspiration and cells were re-
suspended in 600 pl of DNAzol (Invitrogen), which also contained
1x protease inhibitor cocktail (Sigma-Aldrich), 1 mM DTT, and 20
mM NEM (Sigma-Aldrich). After 10 min of incubation at 4°C with
gentle rocking, 300 ul of ice-cold 100% ethanol was added to each
plate and the plate was agitated until a white precipitate formed. The
lysate was transferred to a microcentrifuge tube and centrifuged at
maximum speed for 15 min at 4°C. The supernatant was removed,
and the pellet was washed with 75% ethanol and spun for 2 min. All
the supernatant was removed, and the pellet was air-dried briefly.
The pellets were resuspended in 200 pl of tris-ethylenediaminetet-
raacetic acid (EDTA) (TE) buffer overnight at 4°C. The following
day, the samples were sonicated for 10 s two times using the
Branson 450 Sonifier with a small probe and set at 30% power.
The DNAs were quantitated using the Qubit dsDNA BR Assay.
Then, 5 ug of DNA was digested by adding CaCl, to a final concen-
tration of 5 mM and 1 pl of micrococcal nuclease (Thermo Fisher
Scientific) and incubating the samples for 30 min at 37°C digest
DNA; RNA is also digested by micrococcal nuclease, eliminating
the need for a ribonuclease step. The reactions were stopped by
adding Laemmli buffer and boiled for 5 min. The samples were
loaded on 4 different 4 to 15% TGX Mini-protean precast gels
(Bio-Rad) and each indicated protein was probed on a separate
blot. After wet transfer to polyvinylidene difluoride, the membranes
were blocked and incubated with the indicated antibodies [TOP2a
(Bethyl Laboratories, A300-054A), TOP2B (BD Biosciences,
611493), SUMO2/3 (ab3742, Abcam), SUMOI1 (Abcam ab11672)]
overnight at 4°C. The following day, the membranes were washed
and incubated with secondary antibodies [GE Healthcare,
NAV931V, ECL-anti-mouse horseradish peroxidase (HRP)-
linked antibody; GE Healthcare, NAV9340V, ECL-anti-rabbit
HRP-linked antibody] and visualized using Femto or Atto ECL re-
agents (Thermo Fisher Scientific).

Statistics and reproducibility

Graphs and statistical tests were made using Prism v9 (GraphPad
Software). One-way analysis of variance (ANOVA) was used to
analyze the data in Fig. 4A.

Figures and schematics

Schematics were made using BioRender (https://biorender.com/),
and figures were made with Adobe Illustrator.

8 of 10


http://pantherdb.org/
https://reactome.org
https://biorender.com/

SCIENCE ADVANCES | RESEARCH ARTICLE

Supplementary Materials
This PDF file includes:

Figs. S1to S3

Tables S1 and S2

Legends for tables S3 and S4

Other Supplementary Material for this
manuscript includes the following:
Tables S3 and S4

REFERENCES AND NOTES

1.

D'Alessandro et al., Sci. Adv. 9, eadl2108 (2023)

Y. Pommier, Y. Sun, S. N. Huang, J. L. Nitiss, Roles of eukaryotic topoisomerases in tran-
scription, replication and genomic stability. Nat. Rev. Mol. Cell Biol. 17, 703-721 (2016).

. J.E. Deweese, N. Osheroff, The DNA cleavage reaction of topoisomerase II: Wolf in sheep's

clothing. Nucleic Acids Res. 37, 738-748 (2009).

. J.J. Champoux, DNA topoisomerases: Structure, function, and mechanism. Annu. Rev.

Biochem. 70, 369-413 (2001).

. B. J. Evison, B. E. Sleebs, K. G. Watson, D. R. Phillips, S. M. Cutts, Mitoxantrone, more than

just another topoisomerase Il poison. Med. Res. Rev. 36, 248-299 (2016).

. A. Montecucco, F. Zanetta, G. Biamonti, Molecular mechanisms of etoposide. EXCLI J. 14,

95-108 (2015).

. J. L. Nitiss, Targeting DNA topoisomerase Il in cancer chemotherapy. Nat. Rev. Cancer 9,

338-350 (2009).

. F. Cortes Ledesma, S. F. El Khamisy, M. C. Zuma, K. Osborn, K. W. Caldecott, A human 5'-

tyrosyl DNA phosphodiesterase that repairs topoisomerase-mediated DNA damage. Nature
461, 674-678 (2009).

. Y. Sun, L. M. Miller Jenkins, Y. P. Su, K. C. Nitiss, J. L. Nitiss, Y. Pommier, A conserved SUMO

pathway repairs topoisomerase DNA-protein cross-links by engaging ubiquitin-mediated
proteasomal degradation. Sci. Adv. 6, eaba6290 (2020).

. F. Gomez-Herreros, G. Zagnoli-Vieira, |. Ntai, M. |. Martinez-Macias, R. M. Anderson,

A. Herrero-Ruiz, K. W. Caldecott, TDP2 suppresses chromosomal translocations induced by
DNA topoisomerase Il during gene transcription. Nat. Commun. 8, 233 (2017).

. R.Gao, M. J. Schellenberg, S. Y. Huang, M. Abdelmalak, C. Marchand, K. C. Nitiss, J. L. Nitiss,

R. S. Williams, Y. Pommier, Proteolytic degradation of topoisomerase Il (Top2) enables the
processing of Top2.DNA and Top2.RNA covalent complexes by tyrosyl-DNA-phosphodi-
esterase 2 (TDP2). J. Biol. Chem. 289, 17960-17969 (2014).

. M.J.Schellenberg, J. A. Lieberman, A. Herrero-Ruiz, L. R. Butler, J. G. Williams, A. M. Munoz-

Cabello, G. A. Mueller, R. E. London, F. Cortes-Ledesma, R. S. Williams, ZATT (ZNF451)-
mediated resolution of topoisomerase 2 DNA-protein cross-links. Science 357,
1412-1416 (2017).

. F. Gomez-Herreros, R. Romero-Granados, Z. Zeng, A. Alvarez-Quilon, C. Quintero, L. Ju,

L. Umans, L. Vermeire, D. Huylebroeck, K. W. Caldecott, F. Cortes-Ledesma, TDP2-depen-
dent non-homologous end-joining protects against topoisomerase ll-induced DNA breaks
and genome instability in cells and in vivo. PLOS Genet. 9, €1003226 (2013).

. G.Zagnoli-Vieira, K. W. Caldecott, TDP2, TOP2, and SUMO: What is ZATT about? Cell Res. 27,

1405-1406 (2017).

. N.N.Hoa, T. Shimizu, Z. W. Zhou, Z. Q. Wang, R. A. Deshpande, T. T. Paull, S. Akter, M. Tsuda,

R. Furuta, K. Tsutsui, S. Takeda, H. Sasanuma, Mre11 is essential for the removal of lethal
topoisomerase 2 covalent cleavage complexes. Mol. Cell 64, 580-592 (2016).

. A.R.Bowden, D. A. Morales-Juarez, M. Sczaniecka-Clift, M. M. Agudo, N. Lukashchuk,

J. C. Thomas, S. P. Jackson, Parallel CRISPR-Cas9 screens clarify impacts of p53 on screen
performance. eLife 9, 55325 (2020).

.M. Olivieri, T. Cho, A. Alvarez-Quilén, K. Li, M. J. Schellenberg, M. Zimmermann, N. Hustedt,

S. E. Rossi, S. Adam, H. Melo, A. M. Heijink, G. Sastre-Moreno, N. Moatti, R. K. Szilard,

A. McEwan, A. K. Ling, A. Serrano-Benitez, T. Ubhi, S. Feng, J. Pawling, I. Delgado-Sainz,
M. W. Ferguson, J. W. Dennis, G. W. Brown, F. Cortés-Ledesma, R. S. Williams, A. Martin, D. Xu,
D. Durocher, A genetic map of the response to DNA damage in human cells. Cell 182,
481-496.e21 (2020).

. C.J.Carnie, L. Armstrong, M. Sebesta, A. Ariza, X. Wang, E. Graham, K. Zhu, D. Ahel, ERCC6L2

mitigates replication stress and promotes centromere stability. Cell Rep. 42, 112329 (2023).

. S. Zhang, C. Pondarre, G. Pennarun, H. Labussiere-Wallet, G. Vera, B. France, M. Chansel,

1. Rouvet, P. Revy, B. Lopez, J. Soulier, P. Bertrand, I. Callebaut, J.-P. de Villartay, A nonsense
mutation in the DNA repair factor Hebo causes mild bone marrow failure and micro-
cephaly. J. Exp. Med. 213, 1011-1028 (2016).

. P. Francica, M. Mutlu, V. A. Blomen, C. Oliveira, Z. Nowicka, A. Trenner, N. M. Gerhards,

P. Bouwman, E. Stickel, M. L. Hekkelman, L. Lingg, I. Klebic, M. van de Ven, R. de Korte-
Grimmerink, D. Howald, J. Jonkers, A. A. Sartori, W. Fendler, J. R. Chapman,

6 December 2023

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

T. Brummelkamp, S. Rottenberg, Functional radiogenetic profiling implicates ERCC6L2 in
non-homologous end joining. Cell Rep. 32, 108068 (2020).

J.-M. Park, H. Zhang, L. Nie, C. Wang, M. Huang, X. Feng, M. Tang, Z. Chen, Y. Xiong, N. Lee,
S.Li, L. Yin, T. Hart, J. Chen, Genome-wide CRISPR screens reveal ZATT as a synthetic lethal
target of TOP2-poison etoposide that can act in a TDP2-independent pathway. Int. J. Mol.
Sci. 24, 6545 (2023).

T. Tian, M. Bu, X. Chen, Y. Lei, Q. Li, J. Huang Correspondence, L. Ding, Y. Yang, J. Han, X.-H.
Feng, P. Xu, T. Liu, S. Ying, J. Huang, The ZATT-TOP2A-PICH axis drives extensive replication
fork reversal to promote genome stability. Mol. Cell 81, 198-211.e6 (2021).

R. Bermejo, Y. Doksani, T. Capra, Y. M. Katou, H. Tanaka, K. Shirahige, M. Foiani, Top1-and
Top2-mediated topological transitions at replication forks ensure fork progression and
stability and prevent DNA damage checkpoint activation. Genes Dev. 21,

1921-1936 (2007).

R. Gonzalez-Prieto, K. Eifler-Olivi, L. A. Claessens, E. Willemstein, Z. Xiao, C. M. P. Talavera
Ormeno, H. Ovaa, H. D. Ulrich, A. C. O. Vertegaal, Global non-covalent SUMO interaction
networks reveal SUMO-dependent stabilization of the non-homologous end joining
complex. Cell Rep. 34, 108691 (2021).

0. Barroso-Gomila, F. Trulsson, V. Muratore, |. Canosa, L. Merino-Cacho, A. R. Cortazar,

C. Perez, M. Azkargorta, I. lloro, A. Carracedo, A. M. Aransay, F. Elortza, U. Mayor,

A. C. O. Vertegaal, R. Barrio, J. D. Sutherland, Identification of proximal SUMO-dependent
interactors using SUMO-ID. Nat. Commun. 12, 6671 (2021).

M. J. Cabello-Lobato, M. Jenner, M. Cisneros-Aguirre, K. Bruninghoff, Z. Sandy, I. C. da Costa,
T. A. Jowitt, C. M. Loch, S. P. Jackson, Q. Wu, H. D. Mootz, J. M. Stark, M. J. Cliff, C. K. Schmidt,
Microarray screening reveals two non-conventional SUMO-binding modules linked to DNA
repair by non-homologous end-joining. Nucleic Acids Res. 50, 4732-4754 (2022).

H. Ogawa, T. Komatsu, Y. Hiraoka, K. Morohashi, Transcriptional suppression by transient
recruitment of ARIP4 to sumoylated nuclear receptor Ad4BP/SF-1. Mol. Biol. Cell 20,
4235-4245 (2009).

N. Rouleau, A. Domans’kyi, M. Reeben, A. M. Moilanen, K. Havas, Z. Kang, T. Owen-Hughes,
J.J. Palvimo, O. A. Janne, Novel ATPase of SNF2-like protein family interacts with androgen
receptor and modulates androgen-dependent transcription. Mol. Biol. Cell 13,
2106-2119 (2002).

A. Domanskyi, K. T. Virtanen, J. J. Palvimo, O. A. Janne, Biochemical characterization of
androgen receptor-interacting protein 4. Biochem. J. 393, 789-795 (2006).

M. Tsuchiya, S. Isogai, H. Taniguchi, H. Tochio, M. Shirakawa, K. I. Morohashi, Y. Hiraoka,
T. Haraguchi, H. Ogawa, Selective autophagic receptor p62 regulates the abundance of
transcriptional coregulator ARIP4 during nutrient starvation. Sci. Rep. 5, 14498 (2015).

H. Dev, T.-W. W. Chiang, C. Lescale, |. de Krijger, A. G. Martin, D. Pilger, J. Coates,

M. Sczaniecka-Clift, W. Wei, M. Ostermaier, M. Herzog, J. Lam, A. Shea, M. Demir, Q. Wu,
F.Yang, B. Fu, Z. Lai, G. Balmus, R. Belotserkovskaya, V. Serra, M. J. O'Connor, A. Bruna, P. Beli,
L. Pellegrini, C. Caldas, L. Deriano, J. J. L. Jacobs, Y. Galanty, S. P. Jackson, Shieldin complex
promotes DNA end-joining and counters homologous recombination in BRCA1-null cells.
Nat. Cell Biol. 20, 954-965 (2018).

F. Gdmez-Herreros, J. H. M. Schuurs-Hoeijmakers, M. McCormack, M. T. Greally, S. Rulten,
R. Romero-Granados, T. J. Counihan, E. Chaila, J. Conroy, S. Ennis, N. Delanty, F. Cortés-
Ledesma, A. P. M. de Brouwer, G. L. Cavalleri, S. F. EI-Khamisy, B. B. A. de Vries,

K. W. Caldecott, TDP2 protects transcription from abortive topoisomerase activity and is
required for normal neural function. Nat. Genet. 46, 516-521 (2014).

G. Zagnoli-Vieira, J. Brazina, K. Van, D. Bogaert, W. Huybrechts, G. Molenaers,

K. W. Caldecott, H. Van Esch, Inactivating TDP2 missense mutation in siblings with congenital
abnormalities reminiscent of fanconi anemia, Hum. Genet. 142, 1417-1427 (2023).

J. E. Rubnitz, H. Inaba, G. Dahl, R. C. Ribeiro, W. P. Bowman, J. Taub, S. Pounds, B. I. Razzouk,
N. J. Lacayo, X. Cao, S. Meshinchi, B. Degar, G. Airewele, S. C. Raimondi, M. Onciu, E. Coustan-
Smith, J. R. Downing, W. Leung, C. H. Pui, D. Campana, Minimal residual disease-directed
therapy for childhood acute myeloid leukaemia: Results of the AML02 multicentre trial.
Lancet Oncol. 11, 543-552 (2010).

R. Rafiee, A. Sobh, A. H. Elsayed, A. Tagmount, C. D. Vulpe, J. K. Lamba, Genome-scale
CRISPR-Cas9 synthetic lethal screening of aml cell line identified functional modulators of
etoposide resistance predictive of clinical outcome in AML patients. Blood 134,

2685 (2019).

R. Cetin, E. Quandt, M. Kaulich, Functional genomics approaches to elucidate vulnerabil-
ities of intrinsic and acquired chemotherapy resistance. Cell 10, 260 (2021).

T. W. W. Chiang, C. Le Sage, D. Larrieu, M. Demir, S. P. Jackson, CRISPR-Cas9"'** nickase-
based genotypic and phenotypic screening to enhance genome editing. Sci. Rep. 6,
24356 (2016).

M. Colic, G. Wang, M. Zimmermann, K. Mascall, M. McLaughlin, L. Bertolet, W. F. Lenoir,

J. Moffat, S. Angers, D. Durocher, T. Hart, Identifying chemogenetic interactions from
CRISPR screens with drugZ. Genome Med. 11, 52 (2019).

9 of 10



SCIENCE ADVANCES | RESEARCH ARTICLE

38. P.C.DeWeirdt, A. K. Sangree, R. E. Hanna, K. R. Sanson, M. Hegde, C. Strand, N. S. Persky,
J. G. Doench, Genetic screens in isogenic mammalian cell lines without single cell cloning.
Nat. Commun. 11, 752 (2020).

39. A.Michalski, E. Damoc, J. P. Hauschild, O. Lange, A. Wieghaus, A. Makarov, N. Nagaraj, J. Cox,
M. Mann, S. Horning, Mass spectrometry-based proteomics using Q Exactive, a high-
performance benchtop quadrupole Orbitrap mass spectrometer. Mol. Cell. Proteomics 10,
M111.011015 (2011).

40. C.D.Kelstrup, C. Young, R. Lavallee, M. L. Nielsen, J. V. Olsen, Optimized fast and sensitive
acquisition methods for shotgun proteomics on a quadrupole orbitrap mass spectrometer.
J. Proteome Res. 11, 3487-3497 (2012).

41. J. V. Olsen, B. Macek, O. Lange, A. Makarov, S. Horning, M. Mann, Higher-energy C-trap
dissociation for peptide modification analysis. Nat. Methods 4, 709-712 (2007).

42. K. Hornaeus, J. Guillemant, J. Mi, B. Hernroth, J. Bergquist, S. B. Lind, Mass spectrometry
data from a quantitative analysis of protein expression in gills of immuno-challenged blue
mussels (Mytilus edulis). Data Brief 8, 470-473 (2016).

43. J. Cox, N. Neuhauser, A. Michalski, R. A. Scheltema, J. V. Olsen, M. Mann, Andromeda: A
peptide search engine integrated into the MaxQuant environment. J. Proteome Res. 10,
1794-1805 (2011).

44. J.E. Elias, S. P. Gygi, Target-decoy search strategy for increased confidence in large-scale
protein identifications by mass spectrometry. Nat. Methods 4, 207-214 (2007).

45. N. Nagaraj, N. A. Kulak, J. Cox, N. Neuhauser, K. Mayr, O. Hoerning, O. Vorm, M. Mann,
System-wide perturbation analysis with nearly complete coverage of the yeast proteome
by single-shot ultra HPLC runs on a bench top orbitrap. Mol. Cell. Proteomics 11,
M111.013722 (2012).

46. S.Tyanova, T. Temu, P. Sinitcyn, A. Carlson, M. Y. Hein, T. Geiger, M. Mann, J. Cox, The
Perseus computational platform for comprehensive analysis of (prote)omics data. Nat.
Methods 13, 731-740 (2016).

47. J.Cox, M.Y.Hein, C. A. Luber, I. Paron, N. Nagaraj, M. Mann, Accurate proteome-wide label-
free quantification by delayed normalization and maximal peptide ratio extraction, termed
MaxLFQ. Mol. Cell. Proteomics 13, 2513-2526 (2014).

48. A. Sticker, L. Goeminne, L. Martens, L. Clement, Robust summarization and inference in
proteome-wide label-free quantification. Mol. Cell. Proteomics 19, 1209-1219 (2020).

49. J. L. Nitiss, K. Kiianitsa, Y. Sun, K. C. Nitiss, N. Maizels, Topoisomerase assays. Curr. Protoc. 3,
€250 (2021).

50. K.Kiianitsa, N. Maizels, A rapid and sensitive assay for DNA-protein covalent complexes in
living cells. Nucleic Acids Res. 41, €104 (2013).

51. Y.Perez-Riverol, J. Bai, C. Bandla, D. Garcia-Seisdedos, S. Hewapathirana, S. Kamatchinathan,
D. J. Kundu, A. Prakash, A. Frericks-Zipper, M. Eisenacher, M. Walzer, S. Wang, A. Brazma,
J. A.Vizcaino, The PRIDE database resources in 2022: A hub for mass spectrometry-based
proteomics evidences. Nucleic Acids Res. 50, D543-D552 (2022).

Acknowledgments: We thank all S.P.J. laboratory members for useful discussions and support,
particularly K. Dry for editorial assistance and critical reading of the manuscript and J. Coates for
help with cell line generation. We also acknowledge K. Harnish at the Gurdon Institute in-house

D'Alessandro et al., Sci. Adv. 9, eadl2108 (2023) 6 December 2023

sequencing facility for performing next-generation sequencing of our CRISPR-Cas9 screening
samples and all members of the Gurdon and Cancer Research UK Cambridge Institute facilities
for assistance. Funding: Research in the S.P.J. laboratory is funded by the Cancer Research UK
Discovery grant (DRCPGM\100005), CRUK RadNet Cambridge (C17918/A28870), and ERC
Synergy grant DDREAMM (855741). This project has received funding from AIRC and the
European Union’s Horizon 2020 research and innovation programme under Marie Skodowska-
Curie grant agreement no. 800924 to G.D.A. D.A.M.-J. was funded by a CONACYT-Cambridge
scholarship and received additional support from a gift from La Fondation ARC (to S.P.J.). A.S.-B.,
Y.G., V.G, J.CT, AV, and G.Z-V. were funded by Wellcome Investigator Award 206388/2/17/Z
and ERC Synergy grant DDREAMM; R.B. and S.L.R. by Cancer Research UK Discovery grant
(DRCPGM\100005); and C.G.G. by an A*STAR National Science Scholarship. A.R.B. was funded by
the Wellcome Clinical Fellowship 205253/Z/16/Z. Core infrastructure funding is provided by
Cancer Research UK (C6946/A24843) and Wellcome (WT203144) to the Gurdon Institute and
A29580 to the CRUK Cambridge Institute. Work in the P.B. laboratory is funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)—Project-ID 393547839—SFB
1361 and Project-1D 241324827—Emmy Noether Programme. Research in the J.L.N. laboratory
is supported by National Cancer Institute grants CA 216010 and CA259884. Author
contributions: D.A.M.-J. performed the CRISPR-Cas9 screen in Fig. 1 (with J.C.T. doing the
bioinformatic analyses). D.A.M.-J. performed the competition assay in the ZNF451%° cells (the
remaining competition assay was performed by R.B.and A.V.). G.D.A. generated the HAP1%° cell
lines with help from A.R.B. G.D.A. performed all the immunoprecipitations (except the one in fig.
S2D, performed by S.L.R); in case of subsequent mass spectrometry analysis, this was
performed by J.W. under P.B.s supervision. G.Z.-V. generated the RPE-1 RAD54L2"°, TDP2"°, and
LIG4"© cells. G.Z.-V. and S.L.R. generated the RPE-1 cells overexpressing RAD54L2. A.S.-B.
generated the ZNF451%° cells. G.D.A., G.Z-V. and A.S.-B. performed the CRISPR-Cas9 screen in
Fig. 3 (with V.G. doing the bioinformatic analyses). S.L.R. and C.G.G. assisted with some of the
above. K.C.N. performed the DUST assay. J.L.N. supervised the above and contributed with
inputs and suggestions to the manuscript. G.D.A. and Y.G. initiated the project. G.Z.-V.and A.S.-
B. contributed with insights and suggestions. G.Z.-V. suggested the model. G.D.A. and S.P.J.
coordinated the project. G.D.A., D.A.M.-J., and S.P.J. wrote the manuscript with inputs from all
other authors. Competing interests: S.P.J. is chief research officer (part time) at Insmed
Innovation UK. Ltd. and founding partner of Ahren Innovation Capital LLP. He is a board
member and chair of Scientific Advisory Board of Mission Therapeutics Ltd. and is a consultant
and shareholder of Inflex Ltd. Y.G. is Head of Technology (part time) at Insmed Innovation UK.
The authors declare no other competing interests. Data and materials availability: All data
needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. CRISPR-Cas9 screen data are available on Dryad at 10.5061/dryad.
fj6q57422. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (57) partner repository with the dataset identifier
PXD046611.

Submitted 5 October 2023
Accepted 7 November 2023
Published 6 December 2023
10.1126/sciadv.adl2108

10 of 10


http://dx.doi.org/10.5061/dryad.fj6q57422
http://dx.doi.org/10.5061/dryad.fj6q57422

	INTRODUCTION
	RESULTS
	Focused CRISPR-Cas9 screens identify RAD54L2 as a factor whose loss confers hypersensitivity to etoposide
	RAD54L2 binds SUMO and TOP2α/β and requires its SIMs to interact with SUMO-modified TOP2α/β
	RAD54L2 operates in a pathway dependent on ZNF451 and independent of TDP2
	RAD54L2 counters TOP2ccs formation and prevents DSB generation upon etoposide treatment

	DISCUSSION
	MATERIALS AND METHODS
	Cell culture and cell line generation
	CRISPR-Cas9 screens
	MTT viability and clonogenic survival assays
	Competitive cell growth assay
	Plasmid, siRNA transfection, and viral transduction
	Immunofluorescence and microscopy imaging
	Immunoblotting
	Immunoprecipitation
	MS-based proteomics
	Analysis of MS data
	DUST assay
	Statistics and reproducibility
	Figures and schematics

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

