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SUMMARY
Repair of genetic damage is coordinated in the context of chromatin, so cells dynamically modulate acces-
sibility at DNA breaks for the recruitment of DNA damage response (DDR) factors. The identification
of chromatin factors with roles in DDR has mostly relied on loss-of-function screens while lacking robust
high-throughput systems to study DNA repair. In this study, we have developed two high-throughput sys-
tems that allow the study of DNA repair kinetics and the recruitment of factors to double-strand breaks in
a 384-well plate format. Using a customized gain-of-function open-reading frame library (‘‘ChromORFeome’’
library), we identify chromatin factorswith putative roles in the DDR. Among these, we find the PHF20 factor is
excluded from DNA breaks, affecting DNA repair by competing with 53BP1 recruitment. Adaptable for ge-
netic perturbations, small-molecule screens, and large-scale analysis of DNA repair, these resources can
aid our understanding and manipulation of DNA repair.
INTRODUCTION

Cells are constantly subjected to DNA damage generated by

environmental sources or damage emerging during endogenous

cellular metabolic reactions and physiological processes (Ciccia

and Elledge, 2010; Tubbs and Nussenzweig, 2017). Accurate

repair of such DNA lesions is essential to prevent mutations

and chromosomal rearrangements that could both compromise

organismal survival and development and that are at the origin of

pathologies such as cancer, immunodeficiencies, neurodegen-

eration, and premature aging (Jackson and Bartek, 2009). To

counteract the threats compromising DNA integrity, cells have

evolved mechanisms that detect DNA lesions and activate a

signaling-transduction pathway to promote DNA repair, termed

the DNA damage response (DDR) (Harper and Elledge, 2007;

Zhou and Elledge, 2000). One of the earliest events in the DDR

is the recruitment of poly(ADP-ribose) polymerase 1 (PARP1) to

the site of damage through its binding to DNA, resulting in its
C
This is an open access article under the CC BY-N
activation and the synthesis of poly(ADP-ribose) (PAR) chains

on histones, non-histone proteins, and on itself (Jungmichel

et al., 2013). PARylation is involved in the early recruitment of

DDR proteins, such as the sensor complex MRN (Mre11,

Rad50, Nbs1) that in turn recruits ATM to breaks (Haince et al.,

2008) leading to its activation. ATM initiates a series of phosphor-

ylation events including the phosphorylation of histone variant

H2AX on serine 139 (also termed gH2AX) (Rogakou et al.,

1999). Phosphorylation of H2AX by the PI3-K-like kinases

ATM, ATR, and DNA-PKcs is required for DNA damage signal

amplification and subsequent accumulation of numerous DDR

proteins at double-strand break (DSB) sites, including 53BP1,

MDC1, and specific components of the main repair pathways

homologous recombination (HR) and non-homologous end-

joining (NHEJ) (Ciccia and Elledge, 2010).

DNA repair does not occur on naked DNA, but in the context of

chromatin. Upon DNA damage, post-translational modifications

such as phosphorylation, poly(ADP-ribosyl)ation, acetylation,
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methylation, ubiquitylation, and sumoylation in histones and in

chromatin proteins are key for the ordered recruitment of DNA

repair factors (Altmeyer and Lukas, 2013; Clouaire and Legube,

2019; Pinder et al., 2013). For instance, accumulation and reten-

tion of p53-binding protein 1 (53BP1) to DNA lesions requires

chromatin modifications such as H3 dimethylated at K79 and

H4 dimethylated at K20 that are recognized by 53BP1 through

its Tudor domains (Botuyan et al., 2006; Huyen et al., 2004) but

also de novo histone modifications such as H2A monoubiquiti-

nation at K15 (H2AK15Ub) by RNF8 and RNF168 and H2AX

phosphorylation (Doil et al., 2009; Fradet-Turcotte et al., 2013;

Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007; Stewart

et al., 2009). 53BP1 recruitment to DSBs protects DNA broken

ends from resection and promotes NHEJ over HR repair

(Bothmer et al., 2010; Bunting et al., 2010). Recent studies iden-

tified the Shieldin complex as a major modulator of 53BP1

recruitment (Ghezraoui et al., 2018; Mirman et al., 2018; Noor-

dermeer et al., 2018). On the other hand, acetylation of H4K16

by Tip60 prevents 53BP1 binding to chromatin and promotes

HR repair (Tang et al., 2013), a function related to the ability of

the MBDT1 subunit of Tip60 to both bind H4K20me2 (and

compete with 53BP1) and acetylate H2AK15, which inhibits its

ubiquitylation (Jacquet et al., 2016). JMJD2A, by directly

competing with 53BP1 for H4K20me2 binding, also prevents

the formation of 53BP1 foci after damage when overexpressed

(Mallette et al., 2012).

Laser microirradiation and electron microscopy techniques

have shown that chromatin undergoes a rapid decondensation

at sites of DNA damage (Dellaire et al., 2009; Kruhlak et al.,

2006; Strickfaden et al., 2016) accompanied by rapid accumu-

lation of proteins and followed by a re-compaction phase

(Burgess et al., 2014) dependent on PARP and chromatin re-

modelers (Luijsterburg et al., 2016; Sellou et al., 2016; Smith

et al., 2019) and involving the displacement of histones at sites

of breaks (Strickfaden et al., 2016). In this context, histone

acetylation is dynamically regulated at sites of breaks. The his-

tone acetyltransferase Tip60 increases the acetylation of his-

tones and ATM to improve recruitment of repair factors (Kusch

et al., 2004; Murr et al., 2006; Sun et al., 2005), while recruit-

ment of the histone deacetylase SIRT6 drives local H3K56 de-

acetylation and the recruitment of the chromatin remodeler

SNF2H for fast decompaction, to also facilitate recruitment of

DNA repair factors (Toiber et al., 2013).

Since the seminal identification of DNA repair factors by

means of classical mutagenesis in yeast and the discovery of

mutations in human cancer, the search for unknown DDR genes

has been constant. The use of RNA interference screens led to

the discovery of a number of components of the DDR (Adamson

et al., 2012; Floyd et al., 2013) despite intrinsic drawbacks such

as off-target effects or poor knockdown efficiency. While loss-

of-function screens using Crispr/Cas9 KO technology circum-

vent some limitations of RNAi, the essentiality of a significant

fraction of DDR factors may prohibit the further discovery of

DDR genes. In this sense, overexpression-based or gain-of-

function (GOF) screens, which to date have not been fully ex-

ploited for DNA repair studies, offer the possibility to further

delineate the order of events and factors in the orchestrated

DDR. In addition, the limited throughput of most of the DNA
2 Cell Reports 37, 110176, December 28, 2021
repair assays that are currently in use is a major disadvantage

for unbiased screening approaches.

Here, we describe a GOF approach, based on the expression

of chromatin factors, to screen for previously unknown modula-

tors of DNA repair using two high-throughput systems. The first

one is a specific tailored readout of kinetics of DNA repair based

on the sequential accumulation and decrease of gH2AX and

53BP1 at breaks, analyzed in a 384-well format using machine

learning, which identified numerous previously unknown factors

to influence repair kinetics. The second system is a complemen-

tary platform developed specifically to allow the monitoring of

the recruitment of tagged-proteins to DNA breaks in an arrayed

format. This screen led to the identification of a number of can-

didates not previously linked to DNA damage that are recruited

to or excluded from DNA breaks. We further provide proof-of-

principle characterization of the PHD finger protein 20 (PHF20),

which we discovered to be excluded from DNA breaks within

seconds following damage and independent of PARP activity.

Further, we found PHF20 to compete with 53BP1 for binding

to H4K20me2, inhibiting recruitment of this factor to DSBs, and

altering proper DNA repair. Our strategy defines a system that

should allow for the interrogation of novel factors modulating

DNA repair in a relatively unbiased way and in a high-throughput

manner.

RESULTS

A high content screen for assessing chromatin
regulation of DNA repair
To assess the contribution of novel chromatin factors to DNA

repair, we first developed a high-throughput microscopy (HTM)

assay for the analysis of kinetics of DNA repair in cells. For this

purpose, we employed an immunofluorescence (IF) readout for

repair based on the quantification of gH2AX and 53BP1 foci ki-

netics (formation and resolution) in cells that have been previ-

ously damaged with 3 Gy of gamma irradiation. The choice of

gH2AX and 53BP1 among other markers of DNA breaks was

based on their well-established dynamics in the DDR (Ciccia

and Elledge, 2010) and the availability of high-quality reagents

at low cost with high sensitivity for IF. To evaluate if quantification

of nuclear foci over time (dynamics of foci) was a suitable readout

for a high content DNA repair screen, we conducted a large-

scale pilot experiment in human U2OS cells in a 96-well plate

format. Non-irradiated (control) and irradiated cells (fixed at

15 min, 1.5 h, 6 h, and 24 h post-damage) were immunostained

and images were acquired in a high content fluorescence micro-

scope followed by analysis with the Cell Profiler Image analysis

software (see STAR Methods).

As expected, phosphorylation of H2AX and formation of gH2AX

and 53BP1 foci was readily detected 15 min after DNA damage,

and foci persisted for at least 90 min, decreased at 6 h, and

were only occasionally detected 24 h after damage (Figure 1A).

High-throughput (HT) image analysis and quantification of

gH2AX intensity, gH2AX foci number, and 53BP1 foci number

per nucleus confirmed the kinetics observed (Figure 1B). The

number of gH2AX and 53BP1 foci per cell temporally mirrored

each other during the time course, since these proteins colocalize

at DNA breaks (Bekker-Jensen and Mailand, 2010). As expected,
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this HTmethodology clearly detected the absence of H2AX phos-

phorylation in irradiated cells pretreated with ATM inhibitor (Fig-

ure S1A) and the impairment in 53BP1 foci formation in cells

defective for RNF8 (Figure S1B).

We next built an arrayed GOF library of open-reading frames

(ORFs) by selecting chromatin-related ORFs from the human

ORFeome collection developed at the Broad Institute (Yang

et al., 2011), which we referred to as ‘‘ChromORFeome’’ library

(Table S1). By conducting a multistep in silico selection, we

compiled a list of 338 genes (in 348 clones) based on the

following criteria: (1) proteins containing chromatin binding or

DNA binding structural domains (such as Bromo-, Chromo-,

PWWP-, JmjC, MBD, HMG box, SAND, among others), (2) pro-

teins holding structural domains frequently reported in DDR

pathways (such as BRCT, Tudor, MBT, SET, zinc finger, among

others), (3) reported nuclear localization, and (4) proteins with a

chromatin-related function, such as histone modifiers, histone

readers, and chromatin remodelers (Figures S1C and S1D).

This preliminary list was curated with (1) ORFeome availability

and (2) sequencing validation of the clones.

Upon viral preparation of the library, we first optimized infec-

tion conditions in U2OS cells to maximize infection efficiency

and minimize toxicity (Figures S1E and S1F). For ChromOR-

Feome high content screen (HCS) for DNA repair (see workflow

in Figure 1C), U2OS cells were infected with the ChromOR-

Feome library in arrayed 384-well format (a single ORF per

well) in five replicate plates, one per time point. On each plate,

several control ORFs known to be irrelevant for kinetics of repair

(Luciferase, eGFP, HcRed, and BFP) were included to define

normal repair kinetics. After selection of infected cells, all plates

except one were irradiated, and cells were fixed at 15 min, 1.5 h,

6 h, and 24 h after DNA damage. An automated immunostaining

was performed for detection of gH2AX and 53BP1, and nuclei

were counterstained with DAPI. Ten images per well were ac-

quired with the Opera High Content Screening System.

Collected images were analyzed with the Columbus platform

for the detection and quantification of intranuclear foci up to

24 h after damage in every ORF-expressing cell line (Figure 1C)

(see STAR Methods).

Analysis of the HCS for DNA repair revealed an increase in

gH2AX intensity, gH2AX foci, and 53BP1 foci 15 min after DNA

damage, as expected, for most of the ORF-expressing cell lines

in the ChromORFeome and a subsequent decline after 90 min

(Figures 1D and S1G). This transient increase and subsequent
Figure 1. A high content screen for assessing chromatin regulation of

(A and B) Proof-of-concept high-throughput microscopy (HTM) assay for kinetics

DNA breaks in nuclei of U2OS cells after exposure to gamma irradiation (3 Gy) a

images of immunostaining for gH2AX (red) and 53BP1 (green). Nuclei were counte

of the kinetics of the DDR. Relative intensity of gH2AX staining per nucleus, num

determined in U2OS cells at the indicated times after DNA damage (3 Gy). Red b

(C) Schematic of the ChromORFeome HCS for DNA repair.

(D) Diagram showing the kinetics of nuclear gH2AX foci in cells expressing indivi

expressing cell line). gH2AX foci number at each well and time point was obtained

and it is displayed with a color code. In gray, ChromORFeome control wells; in b

(E) Kinetics of nuclear gH2AX intensity in the two ChromORFeome HCS for DNA

pressing cells in the ChromORFeome follow the expected kinetics of DNA repair. N

was obtained by calculating nuclear gH2AX intensities for cells expressing individ

by one-way ANOVA with multiple comparisons, for each time point vs. non-irrad
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decrease in DNA damage signaling was also revealed when

pooling all ORFs together during the time course of the experi-

ment (Figure 1E) supporting the notion that most wells in the

ChromORFeome screen follow the typical kinetics of DNA repair.

The experiment was performed twice with high reproducibility

(Figure 1E; Tables S2 and S3). Altogether, these results prove

the sensitivity, robustness, and reproducibility of our method

and support the potential application in determining different

DNA repair kinetic patterns using this HT screening platform.

Analysis of the ChromORFeome HCS by machine
learning uncovers chromatin factors that influence
kinetics of DNA repair
The image analysis of the HCS resulted in a collection of param-

eters at three different levels: data per well, per nucleus, and per

DNA damage focus. Among more than 30 different parameters

from over one thousand cells (at each time point), we selected

(1) the number of nuclei, (2) the intensity of gH2AX per nucleus,

and (3) the number of gH2AX foci and 53BP1 foci per nucleus,

for subsequent analysis and interpretation of the HCS.

We performed machine learning (ML) analysis to interpret the

data obtained in the HCS (see STAR Methods). Nuclei number

per well, mean and median intensities of gH2AX per nucleus,

and mean and median number of gH2AX and 53BP1 foci per nu-

cleus of the two replicates were introduced as input data for the

ML analysis. Unsupervised ML using k-Means resulted in two

distinct clusters. The ML analysis clustered all non-irradiated

samples in the same cluster, suggesting the IR versus non-IR

status was a main determinant for the clustering of the data

even though it was not computed in the algorithm. We hypothe-

sized that cluster 1 contained a non-active DDR andwas referred

to as DDR OFF. The second cluster contained all wells that

significantly differed from cluster 1, as defined by the algorithm,

and was named DDR ON. Next, we determined the clustering

profiles for each ORF across the non-irradiated and the

15 min, 1.5 h, 6 h, and 24 h timepoints after damage and defined

four qualitatively distinct phenotypes of DDR kinetics: A, B, C,

and D (Figures 2A and 2B).

The most abundant phenotype (phenotype B) was character-

ized by the activation of DNA damage signaling 15 min after

damage (ON), the persistence at 1.5 h (ON), and its extinction

at 6 h (OFF), and it represents standard kinetics of DNA repair.

Phenotype C showed delayed kinetics of DNA repair and differed

from B in the persistence of signaling at the 6-h time point (ON)
DNA repair

of DNA repair. (A) Accumulation of DNA damage response (DDR) proteins at

nd recovery for the indicated times. Representative examples from the HTM

rstained with DAPI (blue). Scale bars, 10 mm. (B) HTM-mediated quantification

ber of gH2AX foci per nucleus, and number of 53BP1 foci per nucleus were

ars represent the mean.

dual ORFs in the ChromORFeome HCS (each well contains a particular ORF-

by getting the average of gH2AX foci per nucleus for all the nuclei in that well,

lue, empty wells. These are the results of a single experiment.

repair performed (replicate A and replicate B). The collection of all ORF-ex-

uclear gH2AX intensity for the entire ChromORFeome library-expressing cells

ual ORFs of the library at each time point (mean ± SD; **p < 0.01; ****p < 0.0001

iated control).



Figure 2. Analysis of the ChromORFeome HCS by machine learning uncovers chromatin factors that influence kinetics of repair

(A) The 384-well plate layout showing the DDR kinetics phenotype for each ORF in the two ChromORFeome HCSs performed (replicate A and replicate B).

(B) Different DDR kinetics phenotypes A (blue), B (red), C (green), D (yellow) were pre-defined by the DDR status ON or OFF across the time points and are shown

in a color code in the plate layout. The phenotype E (orange) consists of a different pattern of ON/OFF clusters over the time course that is not represented in the

phenotypes A, B, C, or D. The control ORFs (surrounded by a black empty square in the plate layout) show a phenotype B (red) defined by an extinction of the DDR

6 h after DNA damage; we consider phenotype B the standard kinetics of the DDR. Fifteen hits were found under phenotype C (green) in both replicate ex-

periments and are noted as purple circles in the plate layout. Phenotype C is characterized by a later extinction of theDDR (DDROFF at 24 h after damage). No hits

were found with phenotype A (blue) or D (yellow) in either replicate experiment.

(C) Table showing the list of 15 ORFs exhibiting delayed repair kinetics (phenotype C) by ML in the ChromORFeome HCS.

(D) Heatmaps of intensities of gH2AX per nucleus and number of gH2AX and 53BP1 foci per nucleus (mean and median per well) of the control ORFs and the 15

ORF hits found by ML at each time point. CHD2 was excluded by manual curation due to its anomalous gH2AX mean intensity signal.

(E) Representative images of a UV laser microirradiation experiment in U2OS cells stably expressing MAX-V5 and immunostained for gH2AX and V5-tag; nuclei

were counterstained with DAPI. Arrows indicate the path of the UV laser inducing DNA breaks. Scale bars, 10 mm.
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Figure 3. Downregulation of hits identified in the ChromORFeome HCS impacts DNA repair kinetics

(A) Schematic of the esiRNA small screen for DNA repair. An esiRNA library containing esiRNA targeting 13 hits identified in our HCS for DNA repair was

transduced in U2OS cells. Untransduced U2OS cells and U2OS cells transduced with an esiRNA targeting Renilla Luciferase (esiRLUC) were used as negative

controls. esiRNA against human KIF11 inducing mitotic arrest was used as positive control of transfection. Transfection of U2OS cells with esiRNA targeting

RNF168 or siRNA targeting RNF8, as well as treatment with the ATM inhibitor KU55933 (10 mM, 2 h prior to irradiation), were used as positive controls in the assay.

(legend continued on next page)
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and its disappearance only 24 h after damage (OFF). Much less

abundant among the ORFs in the ChromORFeome was pheno-

type A, in which the signaling was already extinguished as early

as 1.5 h after damage (OFF), suggesting a more efficient repair.

Wells under this phenotype were not consistent among repli-

cates, thus precluding further analysis of phenotype A. No can-

didates showed a permanent activation of DNA damage

signaling (phenotype D) across all timepoints. Control ORFs,

noted as black squares in the plate representation of the ML re-

sults (Figure 2A), followed a typical kinetics of DNA repair

(phenotype B), reaffirming the validity of the ML analysis. Fifteen

ORFswere clustered under phenotype C in both replicates of the

HCS (marked as purple circles in Figure 2A). The 15ORF hits (AT-

F7IP, CHD2, FKBP2, H2AFX, H2AFZ, HDAC10, ING2, LBR,

MAX, MORF4L1, RBBP8, SETDB1, SETDB2, SMAD1, and

TRIM3) followed a kinetics of delayed repair (Figure 2C). Heat

maps generated with input data used by the ML analysis re-

vealed that the 15 hits showed an increased number of 53BP1

foci at the 6-h time point after DNA damage, compared with con-

trols (Figures 2D). This was consistent with their classification

under a delayed repair phenotype by the ML approach. Notably,

the hit list includes factors with known roles in DNA repair, such

as H2AX itself (phosphorylated and accumulated at the sites of

DNA damage), RBBP8 (also known as CtIP, recruited by

MRE11 to DNA breaks to promote resection of DNA ends and

HR) (Escribano-Dı́az et al., 2013; Paull et al., 2000; Rogakou

et al., 1998; Sartori et al., 2007; Yun and Hiom, 2009), and

MORF4L1 (partner of the BRCA complex and involved in HR

repair) (Figure S2A) (Sy et al., 2009). The fact that both H2AFX

and H2AFZ are hits in our screen is supported by their well-es-

tablished roles in chromatin remodeling after DNA damage (Ro-

gakou et al., 1998; Xu et al., 2012). The presence of such proteins

among the identified hits attests to the strength and specificity of

this kinetics screen. Our hit list is enriched in proteins that accu-

mulate at DNA breaks (SETDB1, RBBP8, and gH2AX) and further

characterization revealed that, for instance, MAX is also re-

cruited to damaged chromatin upon UV laser microirradiation

colocalizing with gH2AX (Figure 2E). In addition, in silico analysis

of protein interactions among our hits evidenced the association

that exists between proteins involved in DNA repair (H2AFX,

H2AFZ, RBBP8) and chromatin remodelers and modifiers

(MORF4L1, CHD2, ING2, HDAC10) and the connection between

SETDB1, SETDB2, and ATF7IP, through the epigenetic mark H3

trimethylated at K9 (Figure S2B).

Downregulation of hits identified in the ChromORFeome
HCS impacts DNA repair kinetics
We sought to validate the role of the hits obtained in the Chro-

mORFeome HCS in DNA repair by assessing the impact of their

downregulation, an assay that could provide an orthogonal

approach to validate the HCS. An esiRNA (endoribonuclease-
(B) Relative intensity of gH2AX staining per nucleus and number of 53BP1 foci pe

U2OS cells transfected with the negative control esiRNA (RLUC) or with esiRNA ta

The impact in DNA repair kinetics of the downregulation of four hits (RBBP8, AT

gH2AX intensity and increased number of 53BP1 foci after damage (esiRBBP8),

early time points after damage, and decreased 53BP1 foci after damage (esiCHD

bars represent the mean. (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by o
prepared siRNA) library individually targeting ATF7IP, CHD2,

FKBP2, H2AFZ, ING2, LBR, MAX, MORF4L1, RBBP8, SETDB1,

SETDB2, SMAD1, and TRIM3 was transduced into U2OS cells

(in addition to negative and positive controls), and DNA repair ki-

netics was evaluated by HTM as described before (see workflow

in Figure 3A). Transfection of U2OS cells with esiKIF11

decreased dramatically the number of cells detected by HTM,

an expected phenotype upon downregulation of KIF11 (an

essential factor of the mitotic spindle), therefore indicating suc-

cessful transfection of esiRNA in our setup (Figure S3A). Treat-

ment with an ATM inhibitor and transfection with siRNA against

RNF8 or esiRNA against RNF168 abolished phosphorylation of

H2AX and formation of 53BP1 foci in damaged cells, respec-

tively, as expected (Figure S3B). Downregulation of RBBP8 (a

critical player in DNA-end resection, also known as CtIP) with

esiRNA enhanced 53BP1 foci formation, indicative of the abol-

ishment of DNA-end resection and the promotion of NHEJ

(mediated by 53BP1) over HR (Figure 3B). An increase in phos-

phorylation of H2AX was observed concomitant to the increase

in 53BP1 foci in esiRNA RBBP8-transfected U2OS cells. For

the vast majority of hits, the depletion by esiRNA induced a

decrease in the number of 53BP1 foci after DNA damage:

esiRNA targeting ATF7IP, SETDB1, SETDB2, H2AFZ, ING2,

CHD2, LBR, FKBP2, and MAX (Figures 3B and S3C). The

decrease in 53BP1 foci was accompanied by increased phos-

phorylation of H2AX at early time points after damage in cells

transfected with esiRNA targeting CHD2, LBR, and FKBP2 or

by reduced phosphorylation of H2AX at early time points after

damage (esiRNA targeting MAX). Transfection with esiRNAs tar-

geting TRIM3 or SMAD1 had no effect in DNA repair, and U2OS

cells transfected with esiRNA against MORF4L1 only showed a

transient increase in gH2AX phosphorylation immediately after

damage. Of note, of 13 hits analyzed, 9 led to decreased

53BP1 foci, the opposite phenotype observed during the overex-

pression ChromORFeome screen. These findings validate our

HCS strategy and provide support for a role in DNA repair for

most of the hits identified in the screen.

Overall, our strategy constitutes a valid platform for the anal-

ysis of kinetics of DNA repair in a high-throughput manner. As

proof of principle, we used a chromatin ORF library (ChromOR-

Feome) and assessed successfully the involvement of some of

these factors in kinetics of repair. This platform could be ex-

ploited in a variety of different formats, including genetic and

small-molecule screens (see discussion below).

A high-throughput platform to identify factors recruited
to damaged chromatin
Recruitment to damaged chromatin is an intrinsic property of

DNA repair factors (Aleksandrov et al., 2018). This characteristic

is indeed shared by some of our ChromORFeome HCS hits iden-

tified by ML (H2AX, RBBP8, SETDB1, MAX). To directly evaluate
r nucleus were determined at the indicated times after DNA damage (3 Gy) in

rgeting a particular chromatin factor identified byML in the HCS for DNA repair.

F7IP, CHD2, MAX) compared to control cells (esiRLUC) is shown: increased

decreased 53BP1 foci after damage (esiATF7IP), increased gH2AX intensity at

2) and decreased gH2AX intensity and 53BP1 foci after damage (esiMAX). Red

ne-way ANOVA with multiple comparisons, for each time point vs. esiRLUC).
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recruitment of chromatin factors to DNA breaks, we designed an

HT screen to identify proteins that localize to DNA lesions. Each

clone of the ChromORFeome library carries a tag (V5-tag) that

enables the detection of the subcellular localization with a unique

specific antibody.

We developed a straightforward HT method based on laser-

induced DNA damage to track the recruitment to DNA breaks

of all 348 clones in the ChromORFeome library. Although previ-

ous studies have performed screens from pooled libraries (for

instance, Izhar et al., 2015), our assay successfully attained laser

breaks in a 384-well format. U2OS cells were infected in an ar-

rayed 384-well format as described in the kinetics screen of Fig-

ure 1, and prior to the microirradiation, cells were pre-sensitized

with Hoechst, a DNA intercalating agent, for efficient DNA

breakage upon UV light excitement (Figure 4A).

For this screen, we utilized a PALMMicrobeammicrodissector

equipped with a solid-state pulsed laser at 355 nm that allows

the generation of large amounts of single-strand and double-

strand DNA breaks in restricted subnuclear regions when sensi-

tizing cells with Hoechst. To repurpose the microdissector for its

use in an HT configuration, we used the Robosoftware to delin-

eate a defined path of DNA breaks through a 384-well plate. The

path of DNA breaks across the wells was detected via immuno-

staining against gH2AX (see STARMethods) (Figure 4B). Twenty

minutes after microirradiating the ChromORFeome infected

cells, these were fixed and processed for immunostaining

against V5-tag and gH2AX. The presence of DNA breaks across

the 384-well plate was observedwith a fluorescencemicroscope

by the accumulation of gH2AX along the laser path. Wemanually

scanned each well to score the colocalization of V5 and gH2AX

double-positive stripes.

The performance of the screen was determined by assessing

the localization of DNA repair factors known to be recruited to

DNA breaks. For instance, the well containing the ORF for DNA

ligase III (LIG3), a factor recruited to DNA breaks (Abdou et al.,

2015), was clearly identified in the screen (Figure S4A). Image

analysis revealed unknown factors recruited to sites of breaks,

as detected by V5 and gH2AX colocalization in a striped pattern,

and factors that were excluded from gH2AX stripes, showing an

anti-stripe pattern (Figure 4C). In the screen, RNF166 (ring finger

protein 166), with unknown role in DNA repair, was recruited to

DNA breaks by exhibiting a very distinctive pattern of stripes co-

localizing with gH2AX accumulation at laser-induced breaks

(Figure 4D). Independent experiments showed the recruitment

of RNF166 to DNA breaks is dependent on PARP activity (Fig-

ure 4E). By contrast, the histone methyltransferase SUV420H1

(KMT5B) showed exclusion from DNA breaks in the screen (Fig-

ure 4F). All newly identified hits (RNF166, PHF20, SUV420H1,

DBF4B, PIAS4, LIG3, SMARCD1, TCF7L1, ATRIP, and HDAC1)

were next validated in independent experiments where U2OS

were infected de novo with the ChromORFeome clone and

sensitized either with Hoechst or BrdU prior to lasermicroirradia-

tion (Figure S4B). All the proteins (RNF166, PIAS4, LIG3,

SMARCD1, TCF7L1, ATRIP, and HDAC1) reproduced the

striped pattern colocalizing with gH2AX confirming the recruit-

ment to DNA breaks, whereas PHF20 and SUV420H1, but not

DBF4B, confirmed the exclusion from DNA breaks (Figures 5A

andS4B). In summary, the HT platform we developed for locali-
8 Cell Reports 37, 110176, December 28, 2021
zation of proteins to DNA breaks enabled the evaluation of

more than 300 individual factors by generating DNA breaks in

a single experiment and in a short period of time. Importantly,

we detected the recruitment or exclusion of proteins from

damaged chromatin in cell populations that presented a vast

range of expression levels for the proteins investigated, further

proving the high sensitivity of the HT recruitment assay.

PHF20 is excluded from damaged chromatin
As mentioned earlier, we identified PHF20 as a protein excluded

from sites of DNA breaks in the HT recruitment screen (Figures

4C and S5A). PHF20 is a component of the MOF-NSL histone

acetyltransferase protein complex with roles in transcriptional

activation and acetylation of histone 4 (at lysine 16) and p53

(Cai et al., 2010; Mendjan et al., 2006). PHF20 levels are found

altered in different tumor types (Bankovic et al., 2010; Wang

et al., 2002), and PHF20 stabilizes and activates p53 (Cui et al.,

2012), but no active role of PHF20 in the regulation of DNA repair

has been reported. Indeed, Phf20-null mice display a variety of

phenotypes and die shortly after birth, presumably as a result

of PHF20 functions in transcriptional regulation (Badeaux et al.,

2012).

To validate PHF20 exclusion from DNA breaks in our recruit-

ment screen, a freshly generated U2OS cell line overexpressing

PHF20-V5 was tested in independent experiments of laser mi-

croirradiation confirming the anti-stripe pattern of PHF20 at

damaged chromatin (Figure 5A). Although anti-stripes are un-

usual, previous studies have described an anti-stripe pattern

for proteins TAF15, THRAP3, ATAD2, SP140, SAFB1, CIRBP,

and RBMX where the exclusion from DNA breaks was, in most

cases, preceded by a transient initial recruitment (Adamson

et al., 2012; Beli et al., 2012; Chen et al., 2018; Gong et al.,

2015; Izhar et al., 2015). Thus, we sought to investigate if

PHF20 was transiently recruited before its exclusion observed

at 20 min after laser-induced damage. We tracked by live imag-

ing a PHF20 protein fused to the green fluorescent protein

variant Clover (PHF20-Clover) upon DNA damage. Notably, we

found PHF20 excluded as early as 4 s after damage without ev-

idence of a previous recruitment to DNA lesions (Figure 5B and

see Video S1, where exclusion happened already 4 s after

irradiation).

We next generated PHF20 knockout cells with CRISPR/Cas9

technology (Figure S5B; see STAR Methods) and assessed the

impact of PHF20 deletion on the ability to repair DNA damage.

In the absence of PHF20, cells were more sensitive to gamma

irradiation (Figures 5C and S5C) and showed increased gH2AX

and 53BP1 nuclear foci compared to wild-type cells immediately

after damage, a pattern that persisted for at least 24 h after dam-

age (Figures 5D–5F, S5D, and S5E). Ectopic expression of a

CRISPR-resistant PHF20-GFP in PHF20-KO cells fully rescued

the increase in 53BP1 foci observed in the absence of PHF20

(Figures S5F–S5H). Together, these results argue that PHF20 is

important for the regulation of kinetics of the DDR and is required

for proper DNA repair.

PHF20 binds H4K20me2 through its Tudor domains (Cui et al.,

2012). Interestingly, this histone mark is crucial for 53BP1 bind-

ing and stabilization at sites of breaks (Botuyan et al., 2006). The

H4K20me2 mark is abundant throughout the genome and not



Figure 4. A high-throughput laser microirradiation platform identifies chromatin factors recruited to DNA damage

(A) Schematic of the high-throughput (HT) laser-induced DNA damage assay employing the ChromORFeome library.

(B) Immunofluorescence image showing gH2AX response (green) to DNA damage induced by 355-nm laser irradiation in a representative well of the 384-well

plate. The image shows two consecutive fields within the well acquired with a 103 objective. Nuclei were identified with Hoechst.

(C) Table containing the list of the 10 ORFs that showed a phenotype of recruitment to laser-induced DNA breaks or exclusion from laser-induced DNA breaks in

the ChromORFeome 384-well recruitment screen. The position of the 10 hits in the ChromORFeome plate is indicated.

(D) Representative micrographs from the 384-well recruitment screen showing the accumulation of the ChromORFeome protein RNF166 (in well I3 of the

ChromORFeome library), immunostained with anti-V5 and shown in red, at laser microirradiation sites colocalizing with gH2AX stripes (green). Scale bars, 10 mm.

(E) Independent UV laser microirradiation experiment confirming the recruitment of RNF166 to DNA breaks in U2OS cells stably expressing the RNF166-V5 ORF

construct. gH2AX staining is shown in green and RNF166 staining (anti-V5) is shown in red. Treatment with PARPi (AZD2281, Olaparib) 10 mM for 24 h prior to laser

microirradiation abolished the formation of RNF166 stripes at damaged chromatin in U2OS cells. Scale bars, 10 mm.

(F) Representative micrographs from the ChromORFeome 384-well recruitment screen depicting the exclusion pattern showed by the ChromORFeome protein

SUV420H1 (in well I23 of the ChromORFeome library), immunostained with anti-V5 and shown in red, at laser microirradiation sites colocalizing with gH2AX

stripes (green). Scale bars, 10 mm.
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affected by DNA damage, and previous work has suggested

H4K20me2 may become exposed locally after damage to allow

for 53BP1 binding and stabilization at DNA breaks (Acs et al.,

2011; Mallette et al., 2012). Thus, we hypothesized that PHF20

could be masking H4K20me2 to prevent erratic binding of

53BP1. Consistent with this idea, knockout of PHF20 resulted

in increased 53BP1 foci even without exogenous damage (Fig-

ure 5E). A prediction from such model is that PHF20 should

exhibit stronger affinity than 53BP1 for the H4K20me2 histone

mark. To test this, we performed an in vitro competition binding

assay for H4K20me2 and observed that PHF20 out-competed a

53BP1 peptide (53BP1 Tudor-GFP) better than a full-length

53BP1 (Figures 5G and 5H), indicating that PHF20 binds

H4K20me2 with stronger affinity than 53BP1.

Next, we evaluated the dynamics of 53BP1 and PHF20 at

damaged chromatin by testing whether 53BP1 binding to DNA

breaks displaced PHF20 from damaged chromatin. Downregu-

lation of RNF168, critical for 53BP1 recruitment to DNA breaks,

impaired 53BP1 recruitment to laser-induced breaks, as ex-

pected, but had no effect on PHF20 (Figures 5I, S5I, and S5J),

suggesting that PHF20 displacement from damaged chromatin

is upstream of 53BP1 recruitment. We next tested whether en-

forced expression of PHF20 could inhibit recruitment of

53BP1. Strikingly, acute overexpression of PHF20 prevented

the recruitment of 53BP1 to foci after gamma irradiation, while

increasing gH2AX foci at late time points, in comparison to

wild-type (WT) cells (Figures 5J, 5K, and S5H), indicating unre-

solved DNA damage. To directly assess whether PHF20 affects

DNA repair, we took advantage of an NHEJ-repair assay (Ben-

nardo et al., 2008), a pathway dependent on 53BP1 (Scully et

al., 2019). Notably, acute overexpression of PHF20 significantly

impaired NHEJ (Figure 5L), providing further support to the
Figure 5. PHF20 is excluded from damaged chromatin, regulates the D

(A) Independent UV laser microirradiation experiment confirming the exclusion fro

gH2AX staining is shown in green and PHF20 staining (anti-V5) is shown in red.

(B) Time-lapse video frames from U2OS cells overexpressing PHF20 subjected

transfected with PHF20-Clover; cells were laser microirradiated and imaged. Tim

(C) Wild-type (WT) and PHF20-KO U2OS cells were exposed to increasing doses

assay (mean ± SD; multiple t test, **p < 0.01; ****p < 0.0001; n = 3).

(D–F) Wild-type (WT) and two PHF20-KO U2OS cell lines were subjected to DNA d

HTM at the indicated times after irradiation. Quantification of gH2AX foci numbe

****p < 0.0001 by one-way ANOVAwithmultiple comparisons, for each time point c

of gH2AX and 53BP1 immunostaining in WT and PHF20-KO cells 24 h after gam

(G) Pull-down competition assay. H4K20me2 peptide was used to pull down the

amounts of 53BP1 Tudor-GST or PHF20 Tudor-GST (0, 0.05, 0.1, 0.5, 1, 5 mg). In

(H) Quantification of the in vitro competition assay shown in (G); 53BP1 Tudor-G

(I) Representative images of UV laser microirradiation experiment in U2OS cells sta

and inhibitors. ATMi (KU-55933) 10 mM for 1 h; ATRi (Toledo et al., 2011) 1 mM for 1

gH2AX staining is shown in green and PHF20 staining (anti-V5) is shown in red.

(J and K) Evaluation of DDR kinetics in WT and PHF20 overexpressing U2OS cells

to GFP (PHF20R-GFP). GFP-positive (transfected) and GFP-negative (non-trans

gH2AX foci (K) at the indicated time points after IR (3 Gy). WT cells overexpressing

0.25, 1.5, and 6 h after IR) and increased levels of gH2AX nuclear foci in non-irradia

Red bars represent the mean. (****p < 0.0001 by one-way ANOVA with multiple c

(L) Left: Schematics of I-SceI assay employing EJ5-GFP cells (adapted from Benn

with CTRL-mCherry or PHF20R-mCherry (red) and I-SceI enzyme. GFP-positive

Right: Quantification of NHEJ efficiency (percentage of GFP signal over mCherry

(M) Quantification of PHF20 levels in U2OS cells transfected with PHF20-Clover

treated with the PARPi Olaparib (blue line).
importance of a fine balance between PHF20 and 53BP1 for

appropriate NHEJ function.

Together these results suggests that (1) the displacement of

PHF20 from damaged chromatin may license the correct

53BP1 binding to H4K20me2, which positions PHF20 displace-

ment as a potential checkpoint to avoid spurious activation of the

DDR, and (2) in damaged chromatin, PHF20may buffer transient,

physiological exposures of the H4K20me2 mark to raise the

threshold for the triggering of the DDR cascade.

To further explore the molecular determinants of PHF20 exclu-

sion from damaged chromatin, we pretreated cells with selective

ATM, ATR, or DNA-PK inhibitors before inducing laser breaks.

We observed PHF20 exclusion occurred independent of ATM,

ATR, DNA-PK signaling and gH2AX accumulation at damaged

chromatin (Figures 5I and S5K). These results suggest that

PHF20 exclusion might be dictated by a different, non-canonical,

upstream signaling in the DDR. In that regard, one of the earliest

events in DNA damage signaling and an important mediator of

the accumulation of DNA repair factors is the synthesis of PAR

chains by PARP at DNA lesions. PAR structures not only serve

as docking platforms for accumulation of DNA repair factors

but also generate conformational changes in the chromatin

that facilitate re-localization of proteins upon damage (Chou

et al., 2010; Smith et al., 2019). Remarkably, inhibition of paryla-

tion with a PARP inhibitor (Olaparib) (Figures 5I, 5M, and S5L) or

downregulation of PARP1 with siRNA (Figures S5M and S5N) did

not impair the exclusion of PHF20 from microirradiation tracks in

U2OS cells. Taken together, our data show that PHF20 is rapidly

excluded from sites of damage independently of other known

damage signaling factors, including those of early recruitment

to sites of damage, such as ATM, ATR, DNA-PK, PARP1, and

53BP1.
DR by competing with 53BP1, and is required for DNA repair

m DNA breaks of PHF20 in U2OS cells carrying the PHF20-V5 ORF construct.

Scale bars, 10 mm.

to live imaging laser-track irradiation (see also Video S1). U2OS cells were

e-lapse video stills at 15 s and 15 min after irradiation are shown.

of gamma irradiation (IR), and cell viability was determined by colony survival

amage (gamma irradiation 3 Gy), and gH2AX and 53BP1 foci were analyzed by

r (D) and quantification of 53BP1 foci number per cell (E) is shown (*p < 0.05;

ompared toWT cells). Red bars represent themean. (F) Representative images

ma irradiation (3 Gy). Scale bars, 10 mm.

Tudor domain of 53BP1 fused to GFP in the presence of increasing competing

put samples and eluted samples were immunoblotted with anti-GFP antibody.

FP levels were measured and normalized to control (0 mg) sample.

bly carrying the PHF20-V5 ORF construct and treated with the indicated siRNA

h; DNA PKi (NU-7441) 3 mM for 1 h; PARPi (AZD2281, Olaparib) 10 mM for 24 h.

Scale bars, 10 mm.

by HTM. U2OSWT cells were transfected with a Crispr-resistant PHF20 fused

fected) cells coexisting in the same well were analyzed for 53BP1 foci (J) and

PHF20 (GFP positive cells) showed decreased levels of 53BP1 nuclear foci (at

ted conditions and at late time points after DNA damage (6 h and 24 h after IR).

omparisons, for each time point compared to GFP negative cells).

ardo et al., 2008).Middle: Representative images of U2OS cells co-transfected

cells indicate NHEJ, while mCherry represents either CTRL or PHF20 signal.

signal). *p < 0.05 by Fisher’s exact test. Scale bars, 25 mm.

at the laser-track site in live imaging experiments, untreated (black line) and
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Our model postulates that localized chromatin conformational

changes occurring immediately after damage may be respon-

sible for the displacement of PHF20 that enables efficient recruit-

ment of 53BP1. Cells lacking PHF20 are more sensitive to

gamma irradiation and retain more damage at later time points,

suggesting that PHF20 is an important contributor for the ki-

netics of the DDR, which provides a strong validation to our HT

screen.

DISCUSSION

We have developed two HT screening platforms for the discov-

ery of proteins involved in the repair of DNA lesions. We used a

highly sensitive methodology to quantify DNA repair kinetics

through gH2AX and 53BP1 nuclear foci, both robust indicators

of DSB in individual cells. The imaging platform was coupled to

ML tools for computing thousands of data in an unbiased

fashion. ML analysis of data across wells, plates, and timepoints

allowed the monitoring of foci from a basal control condition,

through exogenous DNA damage perturbation and over time of

DNA repair, in thousands of cells. A second imaging screen

determined the localization of more than 300 proteins to

damaged chromatin in a single, rapid experiment by means of

HT laser microirradiation of 384-well plates. The scalability of

both systems into multiple 384-well plates represents an addi-

tional technical advance that will potentiate the utility of both

screening platforms. We employed a library of putative DNA

and chromatin binding factors tailored for the purpose aimed in

this study. The library was in an ORF format, providing several

advantages: (1) overexpression systems are under-represented

in research and therefore could provide additional discoveries,

and (2) it allowed us to track the localization of more than 300

proteins upon DNA damage.

Both platforms demonstrated high sensitivity: (1) in the identi-

fication of expected phenotypes under different genetic contexts

and inhibitory drugs (gene knockdown, esiRNA library, and treat-

ment with drugs of broad interest in the DNA field) and (2) in the

identification of distinct phenotypes across the library, such as

delayed and accelerated DNA repair, recruitment, and exclusion

from damaged chromatin.

Among the hits identified, we focused on PHF20, a protein we

found to be excluded from damaged chromatin. It was previ-

ously shown that PHF20 Tudor domains bind the same histone

modifications as 53BP1 (H3K9me2 and H4K20me2) (Badeaux

et al., 2012). Although only transcriptional roles have been iden-

tified so far for PHF20, PHF20 is part of the NSL-MOF complex

together with MOF protein, for which functions in DNA repair

have been described. We hypothesized that PHF20 could be

masking H4K20me2 in non-damaged chromatin to prevent

53BP1 binding, and its exclusion immediately after DNA damage

could define a role for PHF20 as a licensing factor for 53BP1. We

show that PHF20 competes with 53BP1 (in vitro) for the histone

mark H4K20me2, an important regulator for 53BP1 recruitment

to damaged chromatin, and that overexpression of PHF20

blocks recruitment of 53BP1 to DSBs, inhibiting NHEJ repair.

Moreover, the absence of PHF20 impacts DNA repair by impair-

ing extinction of the DDR and sensitized cells to DNA damage,

without affecting cell cycle distribution (Figures S5O and S5P).
12 Cell Reports 37, 110176, December 28, 2021
The fact that other components of the MOF-NSL complex

such as ASH2L, MCRS1, and WDR5 do not show exclusion or

recruitment to damaged chromatin suggests that PHF20 func-

tions in damaged chromatin may be independent of canonical

functions of the MOF-NSL complex. The lack of transcriptional

changes in main DDR proteins upon PHF20 depletion (Fig-

ure S5Q) supports a function for PHF20 different from its tran-

scriptional role attributed as part of the MOF-NSL complex. In

addition to recognizing the same histone modifications, Tudor

domains of both PHF20 and 53BP1 bind to the samemethylated

residues of p53 (Lys370 and Lys382), recognized by MDM2 and

leading to degradation of p53 (Cui et al., 2012).We can speculate

that 53BP1 and PHF20 binding to H4K20me2 would influence

binding to p53 or vice-versa, linking the roles in damaged chro-

matin to the regulation of p53 activity.

Webelieve ourmethodologies could be useful for a large variety

of screens to helpelucidate the complexity of the cellular response

to DNA damage. Both systems can be exploited for the discovery

of DNA repair factors by using chemical and genetic libraries in ar-

rayed format. Such libraries could be screened in specific genetic

backgrounds andwith different genotoxic agents (such as alkylat-

ingagents, radiomimeticdrugs, topoisomerase II inhibitors),where

the efficiency of independent DNA repair pathways could be as-

sessed through dynamics of different DNA repair foci. For

instance, RPA foci could be quantified in cyclin B-positive cells

upon gamma irradiation for monitoring repair by HR. Chemical

and genetic libraries could as well be exploited using the HT plat-

form for recruitment to laser-induced DNA breaks, in order to

investigate themolecular requirements for tethering both unidenti-

fied and known repair proteins to damaged chromatin, such as

53BP1, ATM, RPA, and BRCA1.

Limitations of the study
During the analysis of the results obtained in the repair screen,

we encountered limitations that can be overcome by introducing

minor technical modifications in the screen. For instance,

discriminating between a defect in DNA repair and a checkpoint

adaptation in cells that present an active DDR 24 hours after

damage (phenotype D, yellow) is not possible in our experi-

mental conditions. Hence, we recommend an additional immu-

nostaining against phosphorylated H3Ser10 (or cyclin B1)

together with gH2AX and 53BP1 staining that will suffice to

discern whether those cells have entered mitosis with DNA dam-

age and therefore exhibit checkpoint adaptation.

On the other hand, the HT laser microirradiation generates a

clear delay in DNA damage between the individual wells across

the 384-well plate. As a consequence, it does not allow the

comparability in terms of recruitment time. This minimal caveat

does not undermine the potential and significance of the

approach to discover proteins recruited to DNA damage since

we have identified in a single experiment nine proteins recruited

to or excluded from laser breaks, with a validation rate of 90%.

The time lapse between DNA damage and fixation was

20 min +/�28 min for the whole ChromORFeome library. This

is consistent with previousworks showing that while a small frac-

tion of DDR factors is quickly recruited to DNA lesions and imme-

diately removed, a larger fraction of proteins that is recruited to

DNA breaks remain at damaged chromatin for longer times, or
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is recruited later after damage and remain at DNA lesions up to

120 min after damage (Aleksandrov et al., 2018; Gaudreau-Lap-

ierre et al., 2018; Mistrik et al., 2016). In addition, this methodol-

ogy is not intended to compare recruitment kinetics of proteins

to damaged chromatin nor claim the recruitment status of a pro-

tein at a specific time point after damage. Variations of the

screen can be performed, by fixing cells at later time points after

damage and to identify factors required to reset the chromatin

after DNA repair has occurred, something for which we still

know very little. As well, if a single time point after damage is

required for a given experiment, successive wells could be fixed

every 17 s using a microplate washer dispenser as in the DNA

repair kinetics screen.
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M.J., and Poirier, G.G. (2008). PARP1-dependent kinetics of recruitment of

MRE11 and NBS1 proteins to multiple DNA damage sites. J. Biol. Chem.

283, 1197–1208.

Harper, J.W., and Elledge, S.J. (2007). The DNA damage response: ten years

after. Mol. Cell 28, 739–745.

Huen, M.S.Y., Grant, R., Manke, I., Minn, K., Yu, X., Yaffe, M.B., and Chen, J.

(2007). RNF8 transduces the DNA-damage signal via histone ubiquitylation

and checkpoint protein assembly. Cell 131, 901–914.

Huyen, Y., Zgheib, O., DiTullio, R.A., Gorgoulis, V.G., Zacharatos, P., Petty,

T.J., Sheston, E.A., Mellert, H.S., Stavridi, E.S., and Halazonetis, T.D. (2004).

Methylated lysine 79 of histone H3 targets 53BP1 to DNA double-strand

breaks. Nature 432, 406–411.

Izhar, L., Adamson, B., Ciccia, A., Lewis, J., Pontano-Vaites, L., Leng, Y.,

Liang, A.C., Westbrook, T.F., Harper, J.W., and Elledge, S.J. (2015). A system-

atic analysis of factors localized to damaged chromatin reveals PARP-depen-

dent recruitment of transcription factors. Cell Rep 11, 1486–1500.

Jackson, S.P., and Bartek, J. (2009). The DNA-damage response in human

biology and disease. Nature 461, 1071–1078.

Jacquet, K., Fradet-Turcotte, A., Avvakumov, N., Lambert, J.P., Roques, C.,

Pandita, R.K., Paquet, E., Herst, P., Gingras, A.C., Pandita, T.K., et al.

(2016). The TIP60 complex regulates bivalent chromatin recognition by

53BP1 through direct H4K20me binding and H2AK15 acetylation. Mol. Cell

62, 409–421.

Jungmichel, S., Rosenthal, F., Altmeyer, M., Lukas, J., Hottiger, M.O., and

Nielsen, M.L. (2013). Proteome-wide identification of poly(ADP-Ribosyl)ation

targets in different genotoxic stress responses. Mol. Cell 52, 272–285.

Kolas, N.K., Chapman, J.R., Nakada, S., Ylanko, J., Chahwan, R., Sweeney,

F.D., Panier, S., Mendez, M., Wildenhain, J., Thomson, T.M., et al. (2007).

Orchestration of the DNA-damage response by the RNF8 ubiquitin ligase. Sci-

ence 318, 1637–1640.

Kruhlak, M.J., Celeste, A., Dellaire, G., Fernandez-Capetillo, O., M€uller, W.G.,

McNally, J.G., Bazett-Jones, D.P., and Nussenzweig, A. (2006). Changes in

chromatin structure and mobility in living cells at sites of DNA double-strand

breaks. J. Cell Biol. 172, 823–834.

http://refhub.elsevier.com/S2211-1247(21)01676-4/sref8
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref8
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref8
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref9
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref9
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref9
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref10
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref10
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref10
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref10
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref11
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref11
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref11
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref11
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref73
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref73
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref73
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref12
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref12
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref12
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref12
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref13
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref13
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref13
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref14
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref14
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref14
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref14
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref15
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref15
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref15
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref16
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref16
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref16
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref16
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref17
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref17
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref17
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref18
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref18
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref18
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref18
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref18
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref19
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref19
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref20
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref20
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref21
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref21
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref21
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref21
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref22
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref22
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref22
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref22
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref23
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref23
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref23
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref24
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref24
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref24
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref24
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref25
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref25
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref25
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref25
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref25
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref26
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref26
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref26
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref26
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref27
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref27
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref27
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref27
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref28
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref28
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref28
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref28
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref29
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref29
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref29
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref30
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref30
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref30
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref30
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref31
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref31
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref31
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref31
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref31
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref32
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref32
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref32
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref32
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref33
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref33
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref34
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref34
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref34
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref35
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref35
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref35
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref35
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref36
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref36
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref36
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref36
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref37
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref37
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref38
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref38
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref38
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref38
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref38
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref39
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref39
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref39
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref40
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref40
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref40
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref40
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref41
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref41
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref41
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref41
http://refhub.elsevier.com/S2211-1247(21)01676-4/sref41


Resource
ll

OPEN ACCESS
Kusch, T., Florens, L., MacDonald, W.H., Swanson, S.K., Glaser, R.L., Yates,

J.R., Abmayr, S.M., Washburn, M.P., andWorkman, J.L. (2004). Acetylation by

Tip60 is required for selective histone variant exchange at DNA lesions. Sci-

ence 306, 2084–2087.

Luijsterburg, M.S., de Krijger, I., Wiegant, W.W., Shah, R.G., Smeenk, G., de

Groot, A.J.L., Pines, A., Vertegaal, A.C.O., Jacobs, J.J.L., Shah, G.M., et al.

(2016). PARP1 links CHD2-mediated chromatin expansion and H3.3 deposi-

tion to DNA repair by non-homologous end-joining. Mol. Cell 61, 547–562.

Mailand, N., Bekker-Jensen, S., Faustrup, H., Melander, F., Bartek, J., Lukas,

C., and Lukas, J. (2007). RNF8 ubiquitylates histones at DNA double-strand

breaks and promotes assembly of repair proteins. Cell 131, 887–900.

Mallette, F.A., Mattiroli, F., Cui, G., Young, L.C., Hendzel, M.J., Mer, G., Sixma,

T.K., and Richard, S. (2012). RNF8- and RNF168-dependent degradation of

KDM4A/JMJD2A triggers 53BP1 recruitment to DNA damage sites. EMBO

J. 31, 1865–1878.

McQuin, C., Goodman, A., Chernyshev, V., Kamentsky, L., Cimini, B.A., Kar-

hohs, K.W., Doan, M., Ding, L., Rafelski, S.M., Thirstrup, D., et al. (2018). Cell-

Profiler 3.0: next-generation image processing for biology. PLoS Biol. 16,

1–17.

Mendjan, S., Taipale, M., Kind, J., Holz, H., Gebhardt, P., Schelder, M., Ver-

meulen, M., Buscaino, A., Duncan, K., Mueller, J., et al. (2006). Nuclear pore

components are involved in the transcriptional regulation of dosage compen-

sation in Drosophila. Mol. Cell 21, 811–823.

Mirman, Z., Lottersberger, F., Takai, H., Kibe, T., Gong, Y., Takai, K., Bianchi,

A., Zimmermann, M., Durocher, D., and de Lange, T. (2018). 53BP1–RIF1–

shieldin counteracts DSB resection through CST- and Pola-dependent fill-in.

Nature 560, 112–116.

Mistrik, M., Vesela, E., Furst, T., Hanzlikova, H., Frydrych, I., Gursky, J., Ma-

jera, D., and Bartek, J. (2016). Cells and Stripes: a novel quantitative photo-

manipulation technique. Sci. Rep. 6, 19567.

Murr, R., Loizou, J.I., Yang, Y.G., Cuenin, C., Li, H., Wang, Z.Q., and Herceg, Z.

(2006). Histone acetylation by Trrap-Tip60 modulates loading of repair pro-

teins and repair of DNA double-strand breaks. Nat. Cell Biol. 8, 91–99.

Noordermeer, S.M., Adam, S., Setiaputra, D., Barazas, M., Pettitt, S.J., Ling,
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Antibodies

Mouse monoclonal anti-53BP1 BD Biosciences Cat# 612522; RRID: AB_399824

Rabbit anti-53BP1 Santa Cruz H-300, Cat# sc-22760; RRID: AB_2256326

Mouse monoclonal anti-Chk1 Cell Signaling Technology 2G1D5, Cat# 2360; RRID: AB_2080320

Mouse monoclonal anti-Chk2 Sigma-Aldrich Clone 7, Cat# 05-649; RRID: AB_2244941

Mouse monoclonal anti-DNA-PKCS Santa Cruz G-4, Cat# sc-5282; RRID: AB_2172848

Mouse monoclonal anti-GFP Santa Cruz B-2, Cat# sc-9996; RRID: AB_627695

Mouse monoclonal anti-phospho H2AX

(Ser139)

Sigma-Aldrich Clone JBW301; Cat# 05-636; RRID:

AB_309864

Rabbit monoclonal anti-phospho H2AX

(Ser139)

Cell Signaling Technology Clone 20 3 103; Cat# 9718;

RRID:_AB_2118009

Rabbit anti-PAR Enzo Lab Sciences Cat# ALX-210-890A-0100

Rabbit mouse monoclonal anti-PHF20 Cell Signaling Technology Clone D96F6; Cat# 3934; RRID:

AB_21655078

Rabbit anti-RNF168 Sigma-Aldrich Cat# ABE367; RRID: AB_11212809

Mouse monoclonal IgG2a anti-V5 tag

antibody

Abcam SV5-Pkl, Cat# ab27671; RRID: AB_471093

Mouse monoclonal anti-b-Actin Sigma-Aldrich Clone AC-74, Cat# A5316; RRID:

AB_476743

Mouse monoclonal anti-GAPDH Sigma-Aldrich Clone 6C5, Cat# MAB374; RRID:

AB_2107445

Mouse monoclonal anti-a-Tubulin Sigma-Aldrich Clone DM1A, Cat# T9026; RRID:

AB_477593

Goat anti-rabbit IgG Alexa Fluor 488 ThermoFisher Cat# A-11008; RRID: AB_143165

Goat anti-mouse IgG2a Alexa Fluor 488 Jackson ImmunoResearch Cat# 115-547-186; RRID: AB_2632535

Goat anti-mouse IgG Alexa Fluor 555 ThermoFisher Cat# A-21422; RRID: AB_2535844

Goat anti-mouse IgG1 Rhodamine Red Jackson ImmunoResearch Cat# 115-297-185; RRID: AB_2632519

Goat anti-rabbit IgG Alexa Fluor 647 ThermoFisher Cat# A-21244; RRID: AB_2535812

IRDye 680RD Goat anti-Mouse IgG LI-COR Cat# 926-68070; RRID AB_10956588

IRDye 800CW Goat anti-Rabbit IgG LI-COR Cat# 926-32211; RRID AB_621843

Chemicals, peptides, and recombinant proteins

Gibco Opti-MEM I reduced serum medium Gibco Cat# 11058021

Lipofectamine RNAiMAX transfection

reagent

Invitrogen Cat# 13778030

Lipofectamine 2000 transfection reagent Invitrogen Cat# 11668019

X-tremeGENE 9 transfection reagent Roche Cat# 6365787001

Paraformaldehyde 16% aqueous solution Electron Microscopy Sciences Cat# 15710

Hoechst 33258 Sigma-Aldrich Cat# B2883

BrdU Sigma-Aldrich Cat# B5002

DAPI Sigma-Aldrich Cat# D9542

KU-55933 (ATM kinase inhibitor) Selleckem Cat# S1092

NU7441 (DNA-PK inhibitor) Selleckem Cat# S2638

Olaparib (AZD2281; PARP inhibitor) Selleckem Cat# S1060

ATR inhibitor Toledo et al. (2011) N/A

Streptavidin agarose beads Millipore Cat# 16-126

(Continued on next page)
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Blasticidin Invivogen Cat# ant-bl-05

Goat serum Sigma Cat# G9023

Critical commercial assays

Pierce BCA protein assay kit Thermo Scientific Cat# 23227

Protein Assay Dye Reagent Concentrate Bio-Rad Cat# 5000006

Experimental models: Cell lines

Human: U2OS ATCC Cat# HTB-96

Oligonucleotides

RNF8 siRNA_1:

CAGAGAAGCUUACAGAUGU

Sigma-Aldrich N/A

RNF8 siRNA_2:

GGAGAUAGCCCAAGGAGAA

Sigma-Aldrich N/A

RNF168 siRNA Dharmacon Cat# J-007152-05-0005

PARP1 siRNA_1 Dharmacon Cat# J-006656-06-0005

PARP1 siRNA_2 Dharmacon Cat# J-006656-07-0005

PHF20 siRNA_1 Dharmacon Cat# J-015234-11-0005

PHF20 siRNA_2 Dharmacon Cat# J-015234-10-0005

PHF20 siRNA_3 Dharmacon Cat# J-015234-09-0005

Control siRNA: MISSION siRNA universal

negative control

Sigma-Aldrich Cat# SIC001

ATF7IP esiRNA Sigma-Aldrich Cat# EHU071481

CHD2 esiRNA Sigma-Aldrich Cat# EHU043581

FKBP2 esiRNA Sigma-Aldrich Cat# EHU124351

H2AFZ esiRNA Sigma-Aldrich Cat# EHU110691

ING2 esiRNA Sigma-Aldrich Cat# EHU048041

LBR esiRNA Sigma-Aldrich Cat# EHU072221

MAX esiRNA Sigma-Aldrich Cat# EHU096141

MORFL1 esiRNA Sigma-Aldrich Cat# EHU127521

RBBP8 esiRNA Sigma-Aldrich Cat# EHU070611

SETDB1 esiRNA Sigma-Aldrich Cat# EHU046261

SETDB2 esiRNA Sigma-Aldrich Cat# EHU140971

SMAD1 esiRNA Sigma-Aldrich Cat# EHU051601

TRIM3 esiRNA Sigma-Aldrich Cat# EHU088111

RNF168 esiRNA Sigma-Aldrich Cat# EHU011891

KIF11 esiRNA Sigma-Aldrich Cat# EHU019931

RLUC esiRNA Sigma-Aldrich Cat# EHURLUC

PARP1-RT-Fw:

TGGAAAAGTCCCACACTGGTA

Sigma-Aldrich N/A

PARP1-RT-Rv:

AAGCTCAGAGAACCCATCCAC

Sigma-Aldrich N/A

ACTIN-RT-Fw:

CATGTACGTTGCTATCCAGGC

Sigma-Aldrich N/A

ACTIN-RT-Rv:

CTCCTTAATGTCACGCACGAT

Sigma-Aldrich N/A

PHF20-sg1-Fw:

CACCGAAGCATCCACCTAACAGACG

Invitrogen N/A

PHF20-sg1-Rv:

AAACCGTCTGTTAGGTGGATGCTTC

Invitrogen N/A

(Continued on next page)
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PHF20-sg2-Fw:

CACCGAACGGTCCCGGGCTTCCAAC

Invitrogen N/A

PHF20-sg2-Rv:

AAACGTTGGAAGCCCGGGACCGTTC

Invitrogen N/A

Recombinant DNA

ChromORFome library This manuscript Table S1

plasmid lentiCRISPR v2 Addgene Plasmid #52961

plasmid plko sh PHF20 Molecular Profiling Laboratory. MGH Clone ID #TRCN0000016316

plasmid PHF20-Clover This manuscript N/A

plasmid PHF20R-GFP This manuscript N/A

plasmid PHF20-mCherry This manuscript N/A

plasmid CTRL-mCherry This manuscript N/A

plasmid EJ5-GFP Bennardo et al., 2008 N/A

Software and algorithms

CellProfiler v2.0 McQuin et al. (2018) https://cellprofiler.org

FlowJo Becton Dickinson https://www.flowjo.com

Prism 7 GraphPad https://www.graphpad.com/

scientific-software/prism/

Columbus Image Data Storage and

Analysis System

Perkin Elmer https://www.perkinelmer.com

/es/product/image-data-storage-and

-analysis-system-columbus

Orange Data Mining Demsar et al. (2013) https://orangedatamining.com/

Palm Robosoftware Zeiss https://www.zeiss.com/microscopy/int/

products/microscope-software/

palm-robosoftware.html

Acapella.2 Software Perkin Elmer N/A

Fiji ImageJ https://imagej.net/software/fiji/

Other

BD Pathway Bioimager 435 with Attovision

v1.5

Becton Dickinson https://www.bd.com/resource.aspx?

IDX=17780

Opera High Content Screening System Perkin Elmer https://www.flyrnai.org/supplement/

BRO_OperaHighContentScreeningSystem.

pdf

Palm Microdissector Zeiss https://www.zeiss.com/microscopy/int/

products/laser-microdissection/

microbeam.html

MMI CellCut Molecular Machines and Industries https://www.molecular-machines.com/

products/cellcut

Leica DMI4000 B Leica https://www.leica-microsystems.com/

products/light-microscopes/p/

leica-dmi4000-b

Marianas spining disk confocal microscope 3i https://www.intelligent-imaging.com/

marianas

Zeiss Axio Observer Zeiss https://www.zeiss.com/microscopy/int/

products/light-microscopes/

axio-observer-for-biology.html

Nikon Eclipse Ti microscope NIkon https://www.microscope.healthcare.nikon.

com/products/inverted-microscopes/

eclipse-ti-series

NUNC Lab-Tek II 8-well chamber slides NUNC Cat# 154534

96-well plate, cell culture, black, CellStarTM Greiner Bio-One Cat# 655087

(Continued on next page)
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96-well black/clear TC-treated imaging

microplate

Falcon-Corning Cat# 353219

384-well plate, cell culture, black,

CellStarTM
Greiner Bio-One Cat# 781090

384-well plate, cell culture, black Perkin Elmer Cat# 6057302
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Raul Mos-

toslavsky (rmostoslavsky@mgh.harvard.edu).

Materials availability
Single DNA clones from the ChromORFeome library can be obtained from the Broad Institute http://www.orfeomecollaboration.org/

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines were originally obtained from the ATCC bioresource. Cells were maintained in Dulbeccós Modified Eagle Medium with high

glucose (Thermo Fisher #11965) supplemented with 10% fetal bovine serum and penicillin-streptomycin and incubated at 37�C and

5% CO2. Cell lines have not been authenticated.

METHOD DETAILS

ChromORFeome viral library preparation and titration
A library of 338 chromatin ORFs and control ORFs (Luciferase, eGFP, HcRed and BFP) was assembled in the lentiviral vector plx304

from the human ORFeome (Yang et al., 2011) and named ‘‘ChromORFeome’’ library. Lentivirus for the ChromORFeome library were

prepared by the Broad Institute Genetic Perturbation Platform and provided in 384well plate format including emptywells as negative

controls for the infection.

The accurate volume of virus in order to achieve maximal infection efficiency and minimal toxicity of the ChromORFeome library

were determined in optimization experiments using the fluorescent reporter virus plx304-HcRed-V5 (ccsbBroad304_99988), a con-

trol ORF from the library. U2OS cells were plated in 384 well plates (Greiner Bio-One # 781090), and infected the following day with

different amounts of virus (0, 0.5, 1, 1.5, 2, 2.5 and 3 ml) per well by spin-infection at 2250 rpm for 1 hour at RT. Twenty-four hours after

infection, blasticidin (Invivogen # ant-bl-05) was added to the cells in order to reach different concentrations (2, 3, 5, 7.5, 10, 15, 20 mg/

ml) in cell culture media and was kept for 5 days. Cells were washed with PBS, fixed with 4% paraformaldehyde (PFA) (Electron Mi-

croscopy Sciences # 15710) in PBS and nuclei were counterstained with DAPI. Images were automatically acquired in a BD Pathway

435 high-througput microscope with AttoVision 1.5 software (Becton Dickinson) using a dry 40x magnification lens and analyzed for

the detection of HcRed-positive and negative cells using CellProfiler2.0 software (McQuin et al., 2018). Maximal infection efficiency

(91% HcRed positive cells) and minimal toxicity was reached with 350 cells per well, 1 ml of virus, 4 mg/ml polybrene and 15 mg/ml

blasticidin (Figures S1E and S1F).

ChromORFeome library transduction
U2OS cells were plated in 384-well plates (350 cells per well). The following day, cells were spin-infected with the lentiviral-packaged

ChromORFeome library (1 ml of virus per well) in the presence of 4 mg/ml polybrene. Twenty-four hours later, blasticidin was added to

cells to a final concentration of 15 mg/ml. Experiments were performed after 5 days of selection with blasticidin.

High Content Screen for DNA repair
A high-throughput microscopy assay for evaluation of DNA repair was developed allowing for the detection and quantification of the

number of gH2AX and 53BP1 nuclear foci, as well as gH2AX levels per cell.
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For experiments performed in 96-well format (Figures 1A, 1B, S1A, and S1B) 8,000 U2OS cells per well were plated in replicate 96-

well plates (Falcon Corning # 353219). The following day, all plates except one (non-irradiated control), were irradiated with 3 Gy of

gamma irradiation to induce DNAbreaks. All irradiated plates were fixed at different time points after damage 15min, 1.5 h, 6 h and 24

h, as well as one non-irradiated control plate. Cells were washed with PBS, fixed with 4% paraformaldehyde (PFA) (Electron Micro-

scopy Sciences # 15710) in PBS for 10min, permeabilized (0.1%NaCitrate, 0.1% Triton X-100) for 5min at RT, washed with washing

solution (PBS with 0.1% Tween-20, 0.25% (w/v) BSA) and incubated with blocking solution (PBS with 0.1% Tween-20, 2.5% (w/v)

BSA and 10% goat serum (Sigma-Aldrich #G9023)) for 30 min at RT. Cells were incubated in the following antibodies and dilutions in

blocking solution: anti-phospho-H2AX (Ser139) 1:1000 (clone JBW301, Sigma-Aldrich #05-636) and anti-53BP1 (Santa Cruz #

sc22760) 1:1000 overnight at 4�C. On the following day, cells were washedwith washing solution twice and incubated in the following

species-specific fluorophore conjugated secondary antibodies for 1 h at RT in blocking buffer: anti-mouse Alexa Fluor 555 (Thermo

Fisher # A-21422) 1:400, anti-rabbit Alexa Fluor 488 (Thermo Fisher # A11008) 1:400. Following secondary antibody incubation, cells

were washed with washing solution twice, nuclei were counterstained with DAPI (Sigma-Aldrich # D9542) 300 nM in PBS for 5 min at

RT and cells were kept on PBS at 4�C until imaging. Pictures were automatically acquired in a BD Pathway 435 high-throughput mi-

croscope with AttoVision 1.5 software (Becton Dickinson) using a dry 40x magnification lens. Nine images per well were acquired in

the DAPI, gH2AX and 53BP1 channels. Images were analyzed with CellProfiler2.0 sofware. Briefly, nuclei were identified using the

‘‘Identify Primary Objects’’ module in the DAPI channel, 53BP1 foci and gH2AX foci were identified using ‘‘Identify Primary Objects’’

module in the 53BP1 and gH2AX channels. The module ‘‘Relate Objects’’ allowed for the matching of foci with their parental nucleus.

Data were exported as .csv files and were analyzed using Excel. Data files contained the parameters measured in each nucleus (foci

number and intensity). Data plotting was performed in GraphPad Prism software. A minimum of 600 cells were analyzed for each

timepoint.

For High Content Screening, 350 U2OS cells per well were seeded in replicate 384-well plates (Greiner Bio-One # 781090). The

following day, cells were spin-infected with the library as described in this section (ChromORFeome library transduction). After a

5-days selection period with blasticidin, all plates except one (non-irradiated control), were irradiated with 3 Gy of gamma irradiation

to induce DNA breaks. Irradiated cells were allowed to recover at 37�C, 5% CO2 for the indicated time points after damage (15 min,

1.5 h, 6 h and 24 h). All plates were fixed with 4% PFA in PBS as previously described, washed with PBS and automated immuno-

staining was performed with a microplate washer-dispenser (Biotek). Permeabilization, blocking and immunostaining for gH2AX and

53BP1 were performed as described before in this section. Nuclei were counterstained with DAPI and cells were kept on PBS at 4�C
until imaging. Plates were scanned using the automated confocal microscope Opera High Content Screening System (Perkin Elmer)

at 40x magnification at the Rubin’s lab in the Harvard Department of Stem Cell and Regenerative Biology. Ten images per well were

acquired in DAPI, gH2AX and 53BP1 channels. Images were analyzed with Columbus software (Columbus Image Data Storage and

Analysis System, Perkin Elmer) and several parameters were measured in all nuclei detected across the kinetics experiment and

across the different ORFs. Data from gH2AX nuclear intensity, number of 53BP1 foci and number of gH2AX foci per nucleus was

utilized in subsequent analysis and data interpretation performed with machine learning. The experiment was performed two times.

Machine learning
For each experiment, an inter-plate normalization was performed before the classification. Machine learning clustering was

computed by using as descriptors mean and median intensities for gH2AX and mean and median foci number for gH2AX and

53BP1. This last step was tailored by using k-Means (unsupervised learning algorithm) establishing two clusters. The number of clus-

ters was defined by grouping all non-irradiated samples in one of them. The idea behind it was to find alterations in response to DNA

damage and therefore the wells with differences versus non-irradiated wells should appear in the other cluster. For hit nomination,

only wells containingmore than 100 nuclei and showing up in the same cluster during the two replicate experiments were considered.

Heatmaps for the selected variables show the proximity for the controls and hits found. Normalization, machine learning process,

heat-maps, and graphs were computed by using Orange data mining software (Demsar et al., 2013).

esiRNA small screen for DNA repair
The esiRNA custom library targeting 13 hits from our ChromORFeome HCS for DNA repair, including transfection control (esiRNA

KIF11), positive control (esiRNA RNF168) and negative control (esiRNA RLUC) was purchased from Sigma-Aldrich (MISSION esi-

FLEX, Eupheria Biotech). U2OS cells were transduced with esiRNA in 384-well plates (Perkin Elmer # 6057302) by reverse transfec-

tion using the following amounts per well: 0.125 ml RNAimax; 12.5 ng esiRNA; 15 ml Optimem and 1000 U2OS cells in 35 ml of DMEM

10% FBS without antibiotics. For transfection with RNF8 siRNA: 0.075 ml of RNAimax; 0.2 pmol of a mix of both RNF8 siRNA (CA-

GAGAAGCUUACAGAUGU and GGAGAUAGCCCAAGGAGAA); 15 ml Optimem and 1000 U2OS cells in 35 ml of DMEM 10% FBS

without antibiotics. All transfections were performed in duplicate (2 wells per plate) and in replicate plates (5 plates). Two days after

transfection, all replicate plates, except one (non-irradiated sample), were irradiated with 3Gy and let to recover for the indicated

times before fixation. As additional positive control, cells were treated with ATM inhibitor ((KU-55933, Selleckem # S1092) 10 mM

2 h prior to irradiation. Analysis of DNA repair kinetics (nuclear gH2AX intensity and 53BP1 nuclear foci over time) was performed

as decribed previously in this section, imageswere acquired in anOpera High Content Screening System (Perkin Elmer) and analyzed

in Acapella.2 software.
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High throughput UV laser microirradiation
U2OS cells were infected 384-well plates (Greiner Bio-One # 781090) with the ChromORFeome library as described in this section

(ChromORFeome library transduction). After a 5 days selection periodwith blasticidin, cells reached 90%confluence. Cells were pre-

sensitized with Hoechst 33258 (Sigma-Aldrich # B2883) (10 mg/ml) for 20 min prior to laser microirradiation. Hoescht incubation and

microirradiation experiments were conducted in DMEMwithout phenol red and supplemented with penicillin/streptomycin and 10%

FBS. A Palm Microdissector with Robosoftware was used to induce DNA breaks with a 355 nm solid-state laser (UV-A) in a HT

manner across the 384well plate. First, cells were focusedwith the 20x objective. Then, under the 2.5x objective, a line was ‘‘drawed’’

accross the middle of all the wells in the first row by using the ‘‘Element’’ tool in the Palm Robosoftware menu. Copy and paste of the

line element was performed in all the rows of the plate by using the PalmRobosoftwaremenu. The 20x objective was used to re-focus

the cells and perform the laser irradiation as the following: all the ‘‘line elements’’ created in all rows were selected at a time, or one by

one, then the tool ‘‘start cutting laser’’ was selected to initiate the microirradiation. The microdissector generated a UV laser path

across all the wells in the first row of the 384 well plate and continued irradiating consecutive rows in an automated manner, while

the focus was adjusted manualy during the process. The microdissector took 7 min to irradiate a row. The library was splitted in four

384 well plates that were irradiated consecutively. The conditions used for the laser microbeam were the following: speed 100%,

focus 72 and energy 50%. Twenty minutes after microirradiation, cells were washed with PBS, fixed with 4% PFA in PBS for

10 min and immunostaining was performed as previously described in this section using the primary antibodies: anti-phospho-

H2AX (Ser139) (Cell Signaling # 9718) 1:1000 and anti-V5 tag (Abcam # 27671) 1:500 overnight at 4�C. Following secondary antibody

incubation cells were kept in PBS until imaging. Immunostaining was assessed using a Leica DMI4000 B immunofluorescent micro-

scope. The path of DNA breaks across the nuclei in the plate was detected by the presence of a positive staining of gH2AX stripes in

nuclei. In those nuclei with positive staining of gH2AX, the presence of a stripe colocalizing with gH2AX stripe was assessed in the V5

channel. A positive V5 stripe colocalizing with gH2AX in a well would suggest the recruitment of the candidate protein to DNA breaks

(or chromatin surrounding a DNA break) while an anti-stripe pattern would suggest the candidate protein moving out from damaged

chromatin. Representative images of V5-striped or anti-striped nuclei were acquired using the 40x objective.

Plasmids, lentiviral production and infection, transfection with siRNA
Lentivirus were generated by transfecting 293T cells with the indicated vectors (plx304 or pLentiCRISPRv2) and the packaging plas-

mids deltaVPR and VSVG following the lipofectamine 2000 (Invitrogen #11668019) transfection protocol. 293Tmediumwas changed

24 h post-transfection. Virus-containing supernatants were harvested 48 h post-transfection and passed throught a 0.45 mm filter.

Cells were infected by spin-infection in a centrifuge with equal ratio of supernatant containing viral particles to cell culture medium

and 8 mg/ml polybrene in a 6 well plate, at 2250 rpm for 1 hour at RT. Cells were selected with blasticidin (plx304) or puromycin (plko

and pLentiCRISPRv2) containing media 48 hours after infection. Lentivirus of plx304 from the human ORFeome (Yang et al., 2011)

were produced to generate U2OS cell lines overexpressing candidate hits for validation experiments, lentivirus of plko were used to

knockdown human PHF20 and the lentiviral plasmid pLentiCRISPRv2 (Addgene, 52961 ) was used to express Cas9 and sgRNAs for

the generation of PHF20-KO U2OS cell lines.

For small interfering RNA (siRNA)-mediated knockdown, U2OS cells were transfected with 30 nM of either RNF168 siRNA (Dhar-

macon # J-007152-05-0005), PARP1 siRNA (Dharmacon # J-006656-06-0005 and J-006656-07-0005), custom designed RNF8

siRNA (#1 CAGAGAAGCUUACAGAUGU and #2 GGAGAUAGCCCAAGGAGAA) or a control siRNA (Sigma-Aldrich Mission siRNA

universal negative control, #SIC001) using the reverse protocol for Lipofectamine RNAiMAX (Invitrogen #13778030) as per manufac-

turer’s instructions. Assessment of siRNA-knockdown by immunoblotting was performed 48 h after transfection (siPHF20 and

siRNF168) or by RT-qPCR (siPARP1).

Generation of PHF20-KO cell lines with CRISPR-Cas9
Two sgRNAswere designed to target the first exon of PHF20 (sg1: AAGCATCCACCTAACAGACG and sg2: CAACCTTCGGGCCCTGG

CAA) and cloned into the pLentiCRISPRv2 plasmid. Lentiviral particles containing the pLentiCRISPRv2 construct with the sgRNA tar-

geting PHF20 were produced, and U2OS cells were infected as described above in this Methods section. U2OS PHF20-KO clonal cell

lines were obtained by clonal selection of the infected population after selection with puromycin. PHF20-KO clonal cell lines were sub-

jected towestern blotting to confirm the absence of PHF20 protein andSanger sequencing after Topo cloning to analyze their genotype,

the allelic frequency and the edited sequence. PHF20-KO clonal cell lines were named after the number of the sg followed by a number

unique for that clone (for instance, PHF20 KO 1.1 and PHF20 KO 1.2 were generated with sg1 and KO 2.3 was generated with sg2).

When indicated, polyclonal PHF20 KO populations were used in the experiment. Sequencing results confirmed large deletions and

frameshift mutations in all alleles of the clones used in this manuscript KO 1.1, KO 1.2 and KO 2.3.

Validation of ORF hits recruited to DNA damage
U2OS cells stably overexpressing an ORF hit were generated by de novo infection with the correspondent plx304-ORF as described

before in this section. Validation was conducted by independent UV laser microirradiation experiments either in a Palm Microbeam

(Zeiss) or in aMMI CellCut system (MolecularMachines & Industries) and in live imaging laser track irradiation experiments (described

in this section).
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Immunofluorescence
For quantification of DNA damage foci over time after irradiation, U2OS cells were seeded in 96 well plates (Greiner Bio-One #

655087) (8000 cells per well) exposed to 3 Gy of gamma irradiation and allowed to recover for the indicated time points in a tissue

culture incubator at 37�C and 5% CO2. Cells were washed with PBS, fixed with 4 % PFA in PBS for 10 min and immunostained as

previously described using the following primary antibodies and dilutions: anti-phospho-H2AX (Ser139) 1:1000 (Cell Signaling #

9718) and anti-53BP1 (BD # 612522) 1:1000 overnight at 4�C. Following secondary antibody incubation with anti-mouse Alexa Fluor

555 (Thermo Fisher # A-21422), and anti-rabbit Alexa Fluor 488 (Thermo Fisher # A11008) or anti-rabbit Alexa Fluor 647 (Thermo

Fisher # A21244) 1:400, cells were washed with PBS, nuclei were counterstained with DAPI 300 nM in PBS for 3 min at RT. Plates

were scanned in a automated confocal microscope Opera High Content Screening System (Perkin Elmer) at 40x magnification at the

CNIO (Madrid, Spain). Thirty images per well were acquired in DAPI, gH2AX and 53BP1 channels. Images were analyzed with Aca-

pella 2.0 software (Perkin Elmer) to determine the number of gH2AX and 53BP1 foci per nucleus and gH2AX nuclear intensity in each

cell. A minimum of 500 cells were analyzed per condition.

UV laser microirradiation
U2OS stable cell lines generated by infection with candidate ORFs were seeded in 8-well glass surface chamber slides (Lab-Tek II,

Nunc # 154534) at a density of 50 000-80 000 cells per well in order to have cells at 80%confluency at the time ofmicroirradiation. The

following day, cells were pre-sensitized with the nucleotide analog BrdU (Sigma-Aldrich # B5002) 10 mM for 24 hours, or alternatively,

with the DNA-intercalating dyeHoechst 33258 (Sigma-Aldrich # B2883) 10 mg/ml for 20min prior to lasermicroirradiation. During pre-

sensitization and microirradiation steps cells were kept in in DMEM without phenol red supplemented with penicillin/streptomycin

and 10% FBS. When indicated, the following inhibitors were added to the cells prior to microirradiation and during pre-sensitization:

ATMi (KU-55933, Selleckem #S1092) 10 mM for 1 h; DNAPKi (NU7441, Selleckem #S2638) 3 mM for 1 h; PARPi (AZD2281, Selleckem

# S1060) 10 mM for 24 h and ATRi (Toledo et al., 2011) 1mM for 1 h. Two alternative microdissection systems were used in UV laser

microirradiation experiments: the MMI CellCut system (Molecular Machines & Industries) provided with a 355 nm solid state laser at

4 mW and 56% power using a 40x magnification lens (0.6 aperture) and the PalmMicrobeam (Zeiss) provided with a 355 nm, using a

40x magnification lens and 65% focus; 50% laser speed; 30% or 35% laser energy for Hoechst and BrdU pre-treated cells, respec-

tively. After a recovery time of 20 minutes, cells were subjected to immunostaining as described previously in this section. The

following primary antibodies and dilutions were used: anti-V5 tag (Abcam # ab27671) 1:1000; anti-phospho-H2AX (Ser139) (Cell

Signaling # 9718) 1:1000; anti-phospho-H2AX (Ser139) (Millipore # 05-636) 1:1000; anti-53BP1 (BD # 612522) 1:1000; anti-PAR

(Enzo # ALX-210-890A-0100). For the experiment combining the three PI3K inhibitors, the following antibodies were used: mouse

IgG2a anti-V5 tag (Abcam # ab27671) 1:1000 followed by anti-mouse IgG2a Alexa488 (Jackson ImmunoResearch #115-547-186)

1:200, rabbit anti-PAR (Enzo # ALX-210-890A-0100) followed by anti-rabbit IgG Alexa 647 (Invitrogen #A-21244) 1:250 and mouse

IgG1 phospho-H2AX (Ser139) (Millipore # 05-636) 1:1000 followed by anti-mouse IgG1 Rhodamine Red (Jackson ImmunoResearch

#115-297-185) 1:100. Images were captured in a fluorescence microscope under 20x or 40xmagnification andmanualy analyzed for

the detection of V5-positive stripes or anti-stripes at DNA breaks, through colocalization with gH2AX or PAR stripes.

Live imaging laser-track irradiation
For live imaging experiments the plasmid pPHF20-Clover (expressing PHF20 fused to Clover fluorescent protein) was generated by

subcloning PHF20 from the plx304-PHF20-V5 (ccsbBroad304_08258) with XhoI and EcoRI into pClover-J1 (gift fromGrahamDellaire).

One hundred thousand U2OS cells were seeded on a glass bottom 35-mm dish and cultured in DMEM + 10% FBS. Cells were trans-

fected using 2:1 Lipofectamine 2000 (Invitrogen #11668019) to total DNA mg as permanufacture�rs instructions. Plasmid pPHF20-Clover

(0.15 mg)wasmixedwith the non-expressing vector pBluescript (0.6 mg) as a carrier DNA for 0.75 mg of total DNA.On the day of imaging,

cells were treated with 2 mMHoechst 33342 for 20 min and washed 3 times with PBS. Cells were treated with 10 mM of PARP inhibitor

(AZD2281, Selleckem#S1060) for at least of 1 hour in live cellmedia (phenol red-freeDMEMsupplementedwith penicillin/streptomycin,

125 mMHEPES and 10%FBS). Cells were kept at 37�C in a humidified chamber during imaging. Images were captured on aMarianas

spinning disk confocal microscope system (Intelligent Imaging Innovations, 3i) based on a Zeiss Axio Cell Observer. UV laser damage

was induced by a 100mW, 405 nM diode laser using a Vector Scan Unit (3i), in which effective light output was measured as�8 mWat

the objective when using 100% power. A single line scan of the 405 nm laser at 70% power was sufficient to generate DNA DSBs as

demonstrated by the rapid recruitment of KU70 (Andrin et al., 2012), which was estimated to be equivalent to�40–60 Gy cellular dose

by the aforementionedmethod in (Bekker-Jensen et al., 2006). Cells were observedusing a 63x objective (1.4N.A) lens and imageswere

captured on an Evolve 512 electron-multiplying CCD (EMCCD) (Photometrics) using Slidebook 6 software (3i). Recruitment or exclusion

was quantified and normalized against the background within the nucleus. Background was determined as an area far from the

damaged site but of the same size and within the same nucleus. Both parameters were first normalized against the image background

(outside cell area) to account for variabilities (laser power fluctuations, camera gain adjustments) between live-cell imaging experiments.

Twenty two untreated cells and fifteen Olaparib treated cells were used for quantification.

Immunoblotting
Cells were rinsed once with cold PBS and lysed in ice-cold RIPA buffer containing 50 mM Tris-HCL (pH 7.5), 150 mM NaCl, 1% Ige-

Pal, 0.1% sodium dodecyl sulfate (SDS), 5 mM EDTA, protease inhibitor cocktail (Complete Mini, Roche Diagnostics), 2 mM sodium
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orthovanadate (Na3VO4), 1 mM dithiothreitol (DTT), 5 mM trichostatin A (TSA) and 1 mM phenylmethylsulfonyl fluoride (PMSF). Cell

lysates were incubated on ice for 20 min and clarified by centrifuging at 16 000 g for 10 min at 4�C. Protein concentration was quan-

tified using Protein Assay Dye Reagent Concentrate (Bio-Rad #5000006).

Alternatively, for the analysis of PHF20-KO clones (Figures S5B and S5E) cells were collected in lysis buffer (50 mM HEPES (pH

7.4), 40 mM NaCl, 2 mM EDTA, 1.5 mM sodium orthovanadate, 50 mM NaF, 10 mM pyrophosphate, 10 mM glycerophosphate

and 1%Triton X-100 and one tablet of EDTA-free complete protease inhibitors (Roche) per 25ml) and protein content wasmeasured

with BCA (Bicinchoninic acid) using Pierce BCA protein assay kit (Thermo Scientific # 23227).

Equal amounts of protein were denatured with Laemmli buffer, boiled for 5 min and loaded into Tris-Glycine precast gels (4–20%

Mini-PROTEAN� TGXTM precast protein gels from Bio-Rad, or 8% Novex Wedgewell from Invitrogen), resolved by SDS-PAGE and

analyzed by immunoblotting. Western blot analysis was performed according to standard procedures.

Transferred proteins were blocked with 5% non-fat milk powder in PBS with 0.1% Tween-20 (Sigma-Aldrich) for 1 h at room tem-

perature and incubated with the corresponding antibodies in TBS with 0.1% Tween-20 with 5% bovine serum albumin (BSA) over-

night at 4�C. Primary antibodies were used at the following dilutions: anti-PHF20 (Cell Signaling # 3934) 1:1000; anti-phospho-H2AX

(Ser139) (Cell Signaling # 9718) 1:1000; anti-RNF168 (Millipore # ABE367) 1:1000; anti-53BP1(BD Bioscience # 612522) 1:1000; anti-

DNAPK (Santa Cruz # sc-5282) 1:1000; anti-CHK1 (Cell Signaling # 2360S) 1:1000; anti-CHK2 (Millipore # 05-649) 1:1000; anti-

b-ACTIN (Sigma-Aldrich # A5316) 1:5000, anti-a-TUBULIN (Sigma-Aldrich # T9026) 1:5000 and anti-GAPDH (Sigma-Aldrich #

MAB374) 1:5000. Horseradish peroxidase-conjugated secondary antibodies or LI-COR secondary antibodies (IRDYE 800CW, LI-

COR # 926-32211 and IRDYE 680RD, LI-COR # 926-68070) were used for immunodetection. Protein quantification was performed

using Fiji software (Schindelin et al., 2012) and gH2AX levels were normalized against b-ACTIN for each sample.

Survival assay
WT U2OS, PHF20-KO U2OS clonal cell lines were treated with indicated doses of ionizing radiation and seeded in 6 well plates (150

and 1500 cells per well). Plates were stained with crystal violet solution (0.5% (w/v) crystal violet in 20% methanol) when large col-

onies consisting of 50 or more cells were visualy detected, around 8-10 days after plating. All experiments were performed using

technical triplicates. Colonies were manualy counted and the number adjusted by plating efficiency (number of colonies counted

/ number of cells plated) and by surviving fraction ((number of colonies counted/number of cells plated) / plating efficiency). Relative

survival was normalized against non-damaged controls (set as 100%).

Pull-down competition experiments
GFP-53BP1 Tudor (1144-1709aa) plasmid was transiently transfected into HEK293T cells. Transfected cells were harvested at 95%

confluency and lysed in mild immunoprecipitation buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP-40, 5 mM EDTA, 5 mM

EGTA, 15mMMgCl2) with protease inhibitor cocktail (Roche Diagnostics # 04693124001). GST-53BP1 Tudor andGST-PHF20 Tudor

were expressed and purified as previously described (Espejo et al., 2002). For the pull-down experiment, 5 mg of biotinylated

H4K20me2 peptide (synthesized by Keck Biotechnology) was pre-conjugated to streptavidin beads (Millipore # 16-126) in mild IP

buffer described above, with 2 hours of rocking. Pre-conjugated beads were then washed and incubated with the lysate from the

GFP-53BP1 transfected cells, and either GST-53BP1 Tudor or GST-PHF20 Tudor protein for competitive binding. Competition bind-

ing included GST-53BP1 Tudor and GST-PHF20 Tudor protein in amounts of 0, 0.05, 0.1, 0.5, 1 and 5 mg. Immunoblotting analysis

was performed using an antibody against GFP (Santa Cruz # 9996). Quantification was performed using Fiji software (Schindelin

et al., 2012) and 53BP1 GFP-Tudor expression was normalized against 0 mg of either GST-53BP1 Tudor or GST-PHF20 Tudor.

Rescue experiments with a CRISPR-resistant PHF20-GFP (PHF20R-GFP)
To generate a CRISPR-resistant PHF20-GFP (PHF20R-GFP), the eGFPC1-PHF20 plasmid (Biomatik, gift from Mark Bedford) was

modified. The PAM sequence targeted by the PHF20 Crispr guide sg#2 (GTTGGAAGCCCGGGACCGTT) was mutated in one nucle-

otide (C to A) without generating a change in the aminoacid sequence of PHF20 protein (Figure S5F). The point mutation generated in

the PAM sequence was confirmed by Sanger sequencing. Additionaly, a 3xFLAG tag was cloned at the N-terminus of the GFP.

For experiments evaluating kinetics of DNA repair, PHF20R-GFP was transfected in WT cells and PHF20-KO cells plated in 96 well

plates (Greiner Bio-One # 655087) (4000 cells per well) using 0.3 ml of XtremeGENE9 (Roche # 6365787001) and 0.1 ml of plasmid DNA

(per well). All transfections were performed in duplicate (2 wells per plate) and in replicate plates (5 plates). Two days after transfec-

tion, all replicate plates, except one (non-irradiated sample), were irradiated with 3Gy and let to recover for the indicated times before

fixation. Analysis of DNA repair kinetics was performed as decribed previously in this section, images were acquired in an Opera High

Content Screening System (Perkin Elmer) and analyzed in Acapella.2 software as decribed. In a same well, transfected cells (GFP

positive) and non transfected cells (GFP negative) were identified during image analysis and evaluated independently for gH2AX

and 53BP1 nuclear foci.

DNA repair assay
A U2OS cell line bearing a single copy integration of the reporter EJ5-GFP (cNHEJ) was used to analyze NHEJ repair pathway (Ben-

nardo et al., 2008). For the assay, a PHF20-mCherry plasmid was generated by substituting the GFP sequence of the PHF20RGFP

plasmid with the mCherry sequence. To generate CTRL-mCherry, the PHF20 sequence was deleted from the PHF20-mCherry.
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U2OS cells were plated in 12-well plates (80 000 cells per well) in triplicate, 24 h later cells were co-transfected with 0.4 mg of a CTRL-

mCherry or an PHF20-mCherry plasmid and 0.8 mg of I-SceI enzyme by using 3.6 ml of Lipofectamine 2000 (Invitrogen # 11668019)

per well, and themediumwas changed 4 h later. Two days later cells were imaged using aNikon Eclipse Ti microscope. An average of

300 cells per replicate were analyzed in the wells transfected with either CTRL-mCherry and I-SceI or PHF20-mCherry and I-SceI.

The number of double positive cells (eGFP and mCherry) was determined and normalized against the total of mCherry positive cells.

To facilitate the comparison between experiments, the ratio in PHF20-mCherry transfected wells was normalized against the ratio in

CTRL-mCherry transfected wells. Unpaired t-test was used for statistical analysis, *p < 0.05.

Cell cycle distribution
U2OS cells were infected with lentiviral particles generated from plko constructs containing shRNA scramble (sh scr) or shRNA tar-

geting human PHF20 (sh PHF20) (GCATGGGATTACTGGAAGAAA). Cell cycle distribution was evaluated by flow cytometry with pro-

pidium iodide and data were analyzed using with FlowJO software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Prism 7 and Prism 8 were used. Statistical details including the satistical tests used can be found in figure legends. Values represent

the average ± SD or ± SEM. Statistical significance was determined using unpaired Students t-test or one way ANOVA. Differences

were considered statistically significant at a value of p < 0.05.
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