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SUMMARY

Recent integrative epigenome analyses highlight the
importance of functionally distinct chromatin states
for accurate cell function. How these states are
established and maintained is a matter of intense
investigation. Here, we present evidence for DNA
damage as an unexpected means to shape a protec-
tive chromatin environment at regions of recurrent
replication stress (RS). Upon aberrant fork stalling,
DNA damage signaling and concomitant H2AX phos-
phorylation coordinate the FACT-dependent deposi-
tion of macroH2A1.2, a histone variant that promotes
DNA repair by homologous recombination (HR).
MacroH2A1.2, in turn, facilitates the accumulation
of the tumor suppressor and HR effector BRCA1 at
replication forks to protect from RS-induced DNA
damage. Consequently, replicating primary cells
steadily accrue macroH2A1.2 at fragile regions,
whereas macroH2A1.2 loss in these cells triggers
DNA damage signaling-dependent senescence, a
hallmark of RS. Altogether, our findings demonstrate
that recurrent DNA damage contributes to the chro-
matin landscape to ensure the epigenomic integrity
of dividing cells.

INTRODUCTION

The tightly controlled organization of genomic DNA is essential

for nuclear transactions including gene expression, DNA replica-

tion, and accurate genomemaintenance. This process involves a

diverse and inmany cases evolutionarily conserved set of factors

that maintain metazoan higher-order chromatin structure (Ho

et al., 2014). Recent integrative analyses have identified a range

of distinct chromatin domains, which are centrally defined by
36 Molecular Cell 69, 36–47, January 4, 2018 Published by Elsevier In
differences in nucleosome density as well as histone variant

composition or modification (Kundaje et al., 2015). Dynamic

alterations in the resulting chromatin landscape are closely

linked to cellular differentiation, aging, and malignant transfor-

mation (Booth and Brunet, 2016). Dissecting the processes

that help establish, shape, and maintain chromatin organization

is thus vital for our understanding of both normal and aberrant

cell function.

Over the past decade, DNA damage has emerged as an

important modulator of epigenetic integrity (Dabin et al., 2016;

Price and D’Andrea, 2013). However, chromatin organization is

generally restored upon repair (Soria et al., 2012), and the poten-

tial for DNA damage to shape chromatin may thus be most rele-

vant in the context of chronic genotoxic stress. Amajor source of

chronic DNA damage is replication stress (RS), which results

from impaired DNA polymerase progression and occurs

naturally during each cell division at genomic regions that are

inherently difficult to replicate, including common and early-

replicating fragile sites (CFSs, ERFSs) (Barlow et al., 2013;

Durkin and Glover, 2007). The recognition of RS-associated

single-stranded or double-stranded DNA lesions involves activa-

tion of the DNA damage response (DDR) via ATR and ATM

kinases, respectively (Zeman and Cimprich, 2014). The resolu-

tion of arrested forks, in turn, critically depends on the DDR-

induced recruitment of the tumor suppressors and DNA repair

effectors BRCA1 and BRCA2, among other factors (Schlacher

et al., 2011, 2012; Willis et al., 2014). Moreover, both normal

replication and RS are tightly linked to fork-proximal chromatin

remodeling (Alabert and Groth, 2012), which is emerging as an

important modulator of the repair of RS-associated DNA lesions

(Pellegrino et al., 2017; Saredi et al., 2016) and has the potential

to change replication fork-associated nucleosome composition

(Alabert and Groth, 2012; Jasencakova et al., 2010; Khurana

and Oberdoerffer, 2015). Consistent with this, RS was reported

to cause local gene deregulation in model organisms by altering

the abundance of repressive epigenetic marks at stalled replica-

tion forks (Dubarry et al., 2011; Sarkies et al., 2010). On the other

hand, overall nucleosome turnover is suppressed at RS-prone
c.
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genomic regions in yeast (Taneja et al., 2017). Moreover, post-

replicative chromatin appears to be largely reset during the

S/G2 phase of the cell cycle in mammalian cells (Alabert et al.,

2014; Khurana andOberdoerffer, 2015; Saredi et al., 2016), high-

lighting a remarkable capacity of dividing cells to maintain accu-

rate epigenetic inheritance. The extent and persisting impact of

RS on epigenome integrity therefore remains to be determined

(Jasencakova et al., 2010; Khurana and Oberdoerffer, 2015).

Defects in the molecular pathways that control RS can cause

DNA breakage, which may ultimately result in genomic aberra-

tions and malignant transformation (Durkin and Glover, 2007;

Zeman and Cimprich, 2014). Moreover, RS was found to pro-

mote aberrant DDR signaling, which can trigger irreversible

cell-cycle arrest in primary cells (Bartkova et al., 2006; Di Micco

et al., 2006). While the resulting senescent phenotype protects

from excessive cell growth upon oncogene activation, it is

frequently associated with features of age-associated organ

decline and can further indirectly contribute tomalignancy (Cam-

pisi, 2013; He and Sharpless, 2017). Altogether, these observa-

tions point to an intricate yet poorly understood interplay

between DNA replication, the DDR, and (epi)genome mainte-

nance, which is likely to control the functional integrity of dividing

cells.

Here, we uncover a protective epigenetic response to RS as

an unexpected means to demarcate expansive, RS-prone

regions across the genome. This process involves the targeted

deposition of the macro-histone variant macroH2A1.2 at sites

of RS-induced DNA damage, which requires the FACT (facili-

tates chromatin transcription) complex and ensures a BRCA1-

permissive and hence repair-promoting chromatin environment.

Three major conclusions arise from this work: (1) DNA damage

plays an important role in shaping a protective chromatin land-

scape at fragile genomic regions, (2) macroH2A1.2 emerges as

a critical modulator of RS and cellular senescence, and (3)

manipulating macroH2A1.2 abundance may provide a means

to interfere with malignant transformation and tumor growth.

RESULTS

MacroH2A1.2 Accumulates at Sites of Replication
Stress
We recently identified macroH2A1.2 as a mediator of homology-

directed DNA repair (HR) by promoting a chromatin environment

that facilitates BRCA1 retention at DNA double-strand breaks

(DSBs) (Khurana et al., 2014). Given the essential role for

BRCA1 in response to RS, we hypothesized that macroH2A1.2

may be implicated in RS-associated chromatin reorganiza-

tion. To test this, we performed genome-wide mapping of

macroH2A1.2 occupancy using chromatin immunoprecipitation

followed by deep sequencing (ChIP-seq) in K562 erythroleuke-

mia cells in the presence or absence of the DNA polymerase

inhibitor aphidicolin (Aph) (Figure 1A). Sites of RS-induced DNA

damage were identified based on S139 phosphorylation of

histone H2AX (g-H2AX). We observed a significant and

reproducible overlap of macroH2A1.2 peaks with �40% of

Aph-induced g-H2AX domains (Figure 1A; Figures S1A and

S1B). Non-random colocalization of macroH2A1.2 and g-H2AX

was confirmed using the Jaccard index, a statistic for measuring
sample set similarity, comparing the overlap between observed

and randomly shuffled (permuted) peaks of equal size (Fig-

ure 1B). No correlation was observed between macroH2A1.2

and H2AZ or H3K9me3, two unrelated chromatin marks with

genomic coverage comparable to Aph-induced g-H2AX peaks,

ruling out high genomic peak coverage as a major contributing

factor for peak colocalization (Figure 1C). Of note, macroH2A1.2

peak coverage increased upon RS, with newly formed mac-

roH2A1.2 domains being significantly enriched near pre-existing

macroH2A1.2 peaks (Figure 1D; Figures S1D and S1E). More-

over, compared to macroH2A1.2 regions devoid of detectable

DNA damage, g-H2AX-associated macroH2A1.2 domains

were enriched for replication origins as well as repetitive DNA

elements, indicative of active DNA replication and DNA fragility,

respectively (Barlow et al., 2013; Fungtammasan et al., 2012;

Shah and Mirkin, 2015) (Figure 1E; Figure S1F). Consistent with

the latter, macroH2A1.2 was more abundant at CFSs than

non-fragile regions of the genome. Perhaps more importantly,

macroH2A1.2 peak coverage directly correlated with CFS break

susceptibility, as did g-H2AX peak coverage (Figure 1F). Of note,

macroH2A1.2 occupancy at CFSs was already apparent in the

absence of damage, albeit to a lower extent (Figures 1D and

1F), pointing to macroH2A1.2 as an epigenetic mark of fragile

regions, the continued deposition of which may be functionally

linked to RS. Unlike macroH2A1.2, H3K9me3 and H2AZ showed

little or no enrichment at break-prone CFSs, demonstrating that

the latter was not simply an artifact of abundant peak coverage

(Figure 1G). Confirming RS-mediated accumulation of mac-

roH2A1.2, ChIP qPCR revealed increased macroH2A1.2 levels

at select fragile sites in response to both Aph and the ribonucle-

otide reductase inhibitor hydroxyurea (HU), two independent

sources of RS (Zeman and Cimprich, 2014). No change in mac-

roH2A1.2 occupancy was observed at two non-fragile control

loci (Figure 1H; Figures S2A–S2C). Moreover, RS did not alter

overall macroH2A1.2 protein levels (Figures S3A and S3B) or

fragile site-associated enrichment of two unrelated H2A variants,

H2AX and H2AZ (Figure S2D). RS-induced macroH2A1.2 accu-

mulation at CFSs was an active consequence of DNA damage

signaling, as it was ablated by inhibition of ATR or ATM kinases

(Figures 1H and 1I; Figures S2E and S2F). Of note, 3 of 4 CFSs

tested were exclusively responsive to ATR inhibition (Figure 1H;

Figure S2E), whereas recruitment to the remaining CFS was

predominantly dependent on ATM (Figure 1I). These findings

indicate that, in the context of RS, macroH2A1.2 accumulation

can occur in both the presence and absence of DSB formation.

To independently validate the impact of RS on the mac-

roH2A1.2 chromatin landscape at single-cell resolution, we

took advantage of a tractable, imaging-based approach to follow

replication fork blockage at Lac operon arrays (LacO x 256) sta-

bly integrated into U2OS osteosarcoma cells (Figure 2A)

(Burgess et al., 2014). LacO arrays pose an obstacle to DNA

polymerase progression when bound by the Lac repressor

(LacR), resulting in S phase-specific, localized DNA damage

accumulation (Beuzer et al., 2014). Consistent with this, expres-

sion of an mCherry-LacR fusion protein, which simultaneously

allowed for fork blockage and LacO array detection, resulted

in robust accumulation of BRCA1 at the arrays of actively

replicating cells, as identified based on incorporation of the
Molecular Cell 69, 36–47, January 4, 2018 37
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Figure 1. RS Promotes MacroH2A1.2 Accumulation at Fragile Sites

(A) Overlap in megabase pairs (Mb) between macroH2A1.2 and g-H2AX peaks for untreated and Aph-treated cells. The indicated p values are the result of

permutation tests (n = 1,000 trials). MacroH2A1.2 antibody specificity was confirmed by macroH2A1.2 knockdown (Figure S1C).

(B) Jaccard index for g-H2AX coverage of observed macroH2A1.2 peaks and randomly shuffled (permuted) peaks of equal size, in the absence (top) or presence

of Aph (bottom). Values on the y axis represent the intersection divided by the union in base pairs.

(C) Jaccard index for H2AZ (top) or H3K9me3 coverage (bottom) of observed and permuted macroH2A1.2 peaks from Aph-treated samples in (A). H2AZ and

H3K9me3 data were from the Roadmap Epigenomics Consortium.

(D) Browser view of macroH2A1.2 and g-H2AX ChIP-seq data within the FRA1I CFS. Data are log2 ChIP/Input, and tracks are displayed on scales from 0 to 1.8.

(E) Overlap of macroH2A1.2 peaks with various repeat classes, when overlapping g-H2AX (g-H2AX+) or not (g-H2AX�). A randomly shuffled set of peaks is

presented as a control. MIR, mammalian-wide interspersed repeat; LINE, long interspersed nuclear element.

(F) Peak coverage of macroH2A1.2 and g-H2AX within CFSs partitioned by break/gap frequency per 10 metaphases in Aph-treated K562 cells (Table S1). Non-

fragile sites (NFS) are given as control.

(G) Fold enrichment of macroH2A1.2 and chromatin marks in (C) at CFSs with >2 breaks/10 metaphases compared to NFSs.

(H) ChIP analysis for macroH2A1.2 in untreated or Aph-treated K562 cells in the presence or absence of ATR inhibitor (ATRi). Enrichment relative to untreated cells

is shown at the indicated CFSs. Two NFSs served as control.

(I) ChIP analysis as in (H) in the presence or absence of ATM inhibitor (ATMi). Values in (H) and (I) are expressed as mean and SEM (n = 3). *p < 0.05, **p < 0.01 by

Student’s two-tailed t test.
thymidine analog ethyl-deoxy-uridine (EdU) (Figure 2B). Using

this approach, we observed array-specific accumulation of mac-

roH2A1.2 predominantly in EdU+ cells (Figure 2C). Together, we

thus identify RS as a driver of macroH2A1.2 deposition at fragile

genomic regions.

MacroH2A1.2 Promotes BRCA1 Accumulation at
Replication Forks
We next asked if RS-induced macroH2A1.2 accumulation is

required to protect fragile genomic elements from RS-associ-

ated DNA damage. Consistent with its previously described
38 Molecular Cell 69, 36–47, January 4, 2018
role in DSB repair (Khurana et al., 2014; Leung et al., 2017),

siRNA-mediated depletion of macroH2A1.2 resulted in a signifi-

cant decrease of BRCA1 levels at sites of LacR-associated repli-

cation blockage, particularly in S phase cells (Figures 2B, 2D,

and 2E). Extending this observation to endogenous RS, deletion

of macroH2A1.2 (in this case via CRISPR/Cas9; see Figure S3B)

impaired BRCA1 accumulation on chromatin upon treatment

with either HU or Aph (Figure 3A). Of note, isolation of proteins

on nascent DNA (iPOND) revealed that macroH2A1.2 ablation

impairs BRCA1 accumulation directly at the replication fork,

even in the absence of exogenous RS. MacroH2A1.2 loss did
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Figure 2. MacroH2A1.2 Promotes BRCA1 Accumulation at Blocked Replication Forks

(A) Schematic for LacR-induced replication fork block at transgenic LacO array.

(B) BRCA1 colocalization at LacR-occupied LacO arrays in the presence of the indicated siRNAs in EdU+ and EdU�U2OS cells. Arrowheads depict LacO arrays.

Note that the EdU� subset contains both G1 and G2 phase cells.

(C) MacroH2A1.2 enrichment at LacR-occupied LacO arrays determined by IF in EdU+ and EdU� cells. The percentage of macroH2A1.2+ foci was determined

based on enrichment of macroH2A1.2 intensity at the array relative to total nuclear intensity. *** denotes p < 0.001 by Mann-Whitney U test.

(D) The percentage of BRCA1+ foci in (B), determined based on enrichment of BRCA1 intensity at the array relative to total nuclear intensity. Values represent

mean and SEM (n = 3).

(E) MacroH2A1.2 expression in the presence of the indicated siRNAs in cells from (B). mRNA levels were normalized to rpl13a and b-actin, and samples were

analyzed in triplicate. Values are expressed as mean and SD. Scale bars, 10 mm. **p < 0.01 by Student’s two-tailed t test.
not decrease overall fork abundance, as measured by the DNA

sliding clamp proliferating nuclear antigen A (PCNA), nor did it

alter BRCA1 protein levels (Figure 3B). Providing a molecular

basis for macroH2A1.2-assisted BRCA1 loading, immunopre-

cipitation (IP) of BRCA1 in 293 cells revealed a robust interaction

with Flag-tagged macroH2A1.2 expressed from a single stably

integrated transgene (Figure 3C). Using GST-pulldown of

BRCA1 fragments (Scully et al., 1997), we further found that

macroH2A1.2 specifically associates with a poorly characterized

BRCA1 N-terminal region, whereas no interaction was observed

for H2A or H2AZ (Figures 3D and 3E). GST-BRCA1 association

with macroH2A1.2 was independent of DNA damage (Figures

3C and 3E), in agreement with a model wherein rather than

enhancing protein-protein interactions, RS increases mac-

roH2A1.2 abundance at fragile elements to promote BRCA1

localization and, consequently, fork repair. Altogether, these

findings identify macroH2A1.2 as a modulator of BRCA1 recruit-

ment in the context of RS.

MacroH2A1.2 Protects from RS
Based on the above observations, we sought to assess the

impact of macroH2A1.2 loss on the resolution of RS-associated

DNA damage. Analysis of RS-induced DDR signaling revealed a

dose-dependent increase in the phosphorylation of ATM, RPA
(serine 4/8), and H2AX (Figure S3A) upon macroH2A1.2 knock-

down, indicative of increasedDSB formation uponmacroH2A1.2

loss (Zeman and Cimprich, 2014). Similar effects were observed

following CRISPR/Cas9-mediated deletion of macroH2A1.2

(Figure S3B). Increased DNA damage signaling was not the

result of altered S phase progression, as macroH2A1.2 deletion

had only a minor effect on cell-cycle profiles in K562 cells (Fig-

ures S3C–S3F). The moderate extent of overall DDR activation

was not unexpected given the CFS-specific accumulation of

macroH2A1.2 upon RS (Figures 1F–1I). To determine if mac-

roH2A1.2 loss-associated DNA damage is similarly restricted

to sites of RS, we performed ChIP-seq to assess g-H2AX accu-

mulation genome-wide in control or macroH2A1.2 KO cells.

Indeed, deletion of macroH2A1.2 resulted in an increase in

H2AX phosphorylation that was most pronounced at break-

prone CFSs and further aggravated upon RS, while little DNA

damage accumulation was observed in non-fragile control re-

gions (Figure 4A; Figure S4A). Moreover, the majority of RS-

induced DNA damage occurred in genomic regions normally

occupied by macroH2A1.2 in WT cells (Figure S4B). The CFS-

associated increase in g-H2AX signal was not the result of

altered H2AX abundance (Figure S2D), was independent of the

source of RS, and was observed both in macroH2A1.2 KO and

knockdown cell lines (Figures 4A and 4B; Figures S4A and
Molecular Cell 69, 36–47, January 4, 2018 39
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Figure 3. MacroH2A1.2 Interacts with and

Promotes BRCA1 Accumulation on Chromatin

(A) Western blot analysis of chromatin-bound (Chr)

and non-chromatin-bound (unbound) protein frac-

tions from K562 WT or macroH2A1.2 knockout (KO)

cells treated with HU, Aph, or vehicle (DMSO). BRCA1

levels were normalized to EZH2 and are expressed

relative to respective WT samples.

(B) Western blot analysis of input and iPOND samples

from macroH2A1.2 WT or KO K562 cells in the pres-

ence (stalled fork) or absence of HU (nascent fork).

(C) BRCA1 IP in 293 cells with (F1.2) or without

(parental, P) stably integrated Flag-macroH2A1.2 in

the presence or absence of RS. IgG served as a

control IP.

(D) Western blot of GST-pulldown of the indicated

BRCA1-GST fusion fragments with 293T nuclear ly-

sates overexpressing Flag-macroH2A1.2 (F-mH1.2).

A Coomassie Blue (CB) staining of input protein is

shown. Asterisks indicate expected GST fragments.

(E) Western blot of GST-pulldown using the indicated

BRCA1 fragments with nuclear extracts expressing

F-mH1.2, Flag-H2A (F-H2A), or Flag-H2AZ (F-H2AZ).
S4C). Exacerbated, RS-dependent DNA breakage upon mac-

roH2A1.2 depletion was further confirmed using the alkaline

comet assay (Figure 4C).

To assess the impact of macroH2A1.2 loss on CFS fragility

beyond DSB-associated H2AX phosphorylation, we performed

IF analyses for FANCD2, a Fanconi anemia repair factor that spe-

cifically associates with under-replicated CFSs in late G2/M, irre-

spective of chromosome breakage (Chan et al., 2009;Madireddy

et al., 2016; Minocherhomji et al., 2015). To enrich for FANCD2-

associated CFSs, Aph-treated cells were arrested in late G2 by

CDK1 inhibition followed by release into mitosis (Minocherhomji

et al., 2015). Consistent with aggravated CFS-associated DNA

damage, macroH2A1.2 loss resulted in an �2-fold increase in

FANCD2 foci (Figure 4D; Figure S4D). Further supporting a role

for macroH2A1.2 upstream of RS-associated chromosome

breakage, loss of this variant caused a pronounced increase in

the Aph-induced phosphorylation of RPA on serine 33 (pRPA-

S33), an ATR-dependent early marker of RS-associated ssDNA

(Figure 4E; Figures S4E and S4F). Altogether, these findings

demonstrate a protective role for macroH2A1.2 at sites of RS,

including but not necessarily limited to CFSs. To determine if

the latter involves repair of stalled replication forks in cis, we

asked if macroH2A1.2 can counteract RS-associated DDR

signaling induced by LacR-induced fork blockage. To mimic

macroH2A1.2 accumulation specifically at blocked forks, we

fused mCherry-LacR to the macro-domain of macroH2A1.2

(LacR-macro). Tethering of LacR-macro resulted in a significant

reduction in g-H2AX signal at LacO arrays when compared to

mCherry-LacR alone (Figure 4F), supporting a site-specific role

for macroH2A1.2 in counteracting RS-associated DNA damage.

FACT Promotes RS-Specific MacroH2A1.2 Deposition
We next sought to identify the molecular basis for RS-induced

macroH2A1.2 deposition. Although macro-histones were

discovered more than two decades ago, their incorporation
40 Molecular Cell 69, 36–47, January 4, 2018
into chromatin remains enigmatic (Buschbeck and Hake,

2017). Given the RS-dependent nature of CFS-associated

macroH2A1.2 accumulation, we focused on the FACT histone

chaperone complex, which associates with the replicative heli-

case MCM, promotes removal and reassembly of histone H2A/

H2B dimers at replication forks, and protects from RS sensitivity

in yeast and human cells (Herrera-Moyano et al., 2014; Kurat

et al., 2017; Tan et al., 2006; Yang et al., 2016). To assess a po-

tential role for FACT in macroH2A1.2 variant deposition, we

analyzed macroH2A1.2 levels at LacR-associated RS foci in

the presence or absence of either of the two FACT subunits,

SUPT16H or SSRP1, and observed a pronounced decrease in

macroH2A1.2 accumulation specifically in EdU+ cells (Figures

5A and 5B; Figure S5A). Next, we performed macroH2A1.2

ChIP to assess macroH2A1.2 accumulation at endogenous sites

of RS upon depletion of SUPT16H with two independent

shRNAs. Confirming our LacO array data, SUPT16H was strictly

required for both Aph- and HU-induced macroH2A1.2 deposi-

tion at CFSs, whereas SUPT16H depletion had little to no effect

on overall macroH2A1.2 levels in the absence of RS or at a non-

fragile control region (Figure 5C; Figures S5B–S5E). Of note,

FACT depletion did not alter overall nucleosome density, as

H2B levels remained unchanged (Figure S5F). Moreover, in

contrast to macroH2A1.2, RS-dependent g-H2AX abundance

was moderately increased in cells depleted of SUPT16H (Fig-

ure 5C), consistent with previous work demonstrating a role for

FACT in fork protection (Herrera-Moyano et al., 2014). To deter-

mine if FACT can directly act on macroH2A1.2, we compared

FACT binding to H2A/H2B and macroH2A1.2/H2B histone

dimers, using a fluorescence polarization assay that permits

precise quantification of dissociation constants (KD) for FACT:

histone interactions in vitro (Winkler et al., 2011). These analyses

demonstrate that FACT can bind macroH2A1.2/H2B histone

dimers with an affinity that is only moderately weaker than

that for major-type histones (Figures 5D and 5E). To determine
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Figure 4. MacroH2A1.2 Protects against RS-

Induced DNA Damage

(A) Peak coverage of g-H2AX within CFSs in mac-

roH2A1.2 WT or KO K562 cells in the presence or

absence of Aph. CFSs are partitioned by break

frequency (see Figure 1F).

(B) ChIP analysis for g-H2AX in presence or absence

of HU inmacroH2A1.2 knockdown and control K562

cells. Values are expressed asmeanandSEM (n=3).

***p < 0.001 by Student’s two-tailed t test.

(C) Comet assay assessing DNA damage following

HU or Aph treatment in the presence or absence of

macroH2A1.2 KD. Percent tail DNA for each cell is

shown; black bars represent the mean. *** denotes

p < 0.001 by Student’s two-tailed t test. Scale bar,

100 mM.

(D) IF analysis of FANCD2 foci in WT (n = 917 cells)

or KO K562 cells (n = 1,156 cells) treated with

0.3 mM Aph for 16 hr, arrested in late G2 by CDK1

inhibition (CDK1i), and released for 1 hr prior to

analysis. Representative images are shown. Cells

were combined from three independent experi-

ments. The fraction of cells with one or more

FANCD2 foci is indicated (% D2+). Boxplots depict

the number of foci in FANCD2+ cells; whiskers

extend to 1.53 the interquartile range (IQR); values

outside of the 1.5 IQR are not shown. Scale bar,

20 mm.

(E) IF analysis of pRPA-S33 in 293T cells treated

with 0.3 mM Aph for 16 hr. Boxplots depict total

pRPA-S33 nuclear intensities in WT (n = 2,917 cells)

or KO cells (n = 1,968 cells). Representative images

are shown; cells were combined from three inde-

pendent experiments. Scale bar, 20 mm.

(F) g-H2AX IF at LacO arrays upon tethering of

LacR-macro or LacR alone. The percentage of

g-H2AX+ foci was determined based on total

g-H2AX intensity at the array; data were combined

from three independent experiments. Scale bar,

10 mm.

*** in (D)–(F) denotes p < 0.001 by Mann-Whitney

U test.
if FACT can interact with macroH2A1.2 in vivo, we performed

coIP experiments in 293 cells with or without a stably

integrated single copy of Flag-macroH2A1.2. Expression of

Flag-macroH2A1.2 was comparable to that of endogenous

macroH2A1.2, and Flag IP efficiently co-purified both SSRP1

and SUPT16H in Flag-macroH2A1.2-expressing cells, but not

parental control cells (Figure 5F).

Given the co-dependence of macroH2A1.2 deposition on both

FACT and ATM/ATR activity, we next asked if the two processes

are functionally linked. Of note, FACT was previously found to

replace nucleosomal H2AX with canonical H2A in an exchange

process facilitated by H2AX phosphorylation on S139 (Heo

et al., 2008). We therefore assessed if macroH2A1.2 deposition

similarly depends on the phosphorylation of H2AX, using

H2AX-deficient HCT116 cells reconstituted with either WT

H2AX or an S139A phospho mutant (Weyemi et al., 2016).

While RS-induced macroH2A1.2 accumulation at CFSs was

readily observed in HU-treated WT H2AX-expressing cells, this

process was blunted in H2AX KO cells as well as two indepen-
dent KO clones expressing the S139A mutant (Figure 5G; Fig-

ure S5G). The absence of H2AX phosphorylation upon RS in

S139A mutants was confirmed by g-H2AX ChIP (Figure 5G).

Taken together, these findings are consistent with a model

wherein H2AX phosphorylation coordinates FACT-dependent

macroH2A1.2 deposition at sites of RS, likely involving g-H2AX

exchange upon DDR activation. FACT is, to our knowledge,

the first histone chaperone to be implicated in macroH2A1.2

incorporation on chromatin. However, as neither mechanism

nor structure of the FACT complex are known, it is not possible

to separate its putative assembly activity from its putative

disassembly activity, both of which have been invoked to

explain the role of FACT during replication fork progression

(Kurat et al., 2017; Yang et al., 2016). Given that FACT generally

prevents non-productive histone interactions with DNA to facili-

tate nucleosomal histone-DNA interactions, we conclude that

FACT either directly or indirectly contributes to the assembly

of macroH2A1.2-containing nucleosomes at stalled replica-

tion forks.
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Figure 5. FACT and H2AX Phosphorylation Are Required for MacroH2A1.2 Accumulation at Sites of RS

(A) MacroH2A1.2 recruitment to LacR-occupied LacO arrays in the presence or absence of shRNA-mediated depletion of SUPT16H (SPT16) or SSRP1 (SSRP).

Scale bar, 10 mM.

(B) The percentage of macroH2A1.2+ foci in (A), determined as described in Figure 2C. Values are expressed as mean and SEM (n = 4).

(C) ChIP analysis for g-H2AX (left) or macroH2A1.2 (right) in K562 cells expressing the indicated shRNAs in the presence (dark bars) or absence of HU (light bars).

Enrichment at CFSs was normalized to untreated cells; a NFS served as control. Values are expressed as mean and SEM (n = 3).

(D and E) Fluorescence polarization measurements of FACT interaction with macroH2A1.2/H2B (D) or H2A/H2B dimers (E). Representative binding curves are

shown. Analyses were performed in quadruplicate; KD values represent mean and SEM (n = 3). mP, millipolarization.

(F) Flag-IP of the indicated proteins in 293 cells with (Flag-mH1.2) or without (WT) stably integrated Flag-macroH2A1.2. Asterisk indicates endogenous

macroH2A1.2.

(G) ChIP analysis for g-H2AX ormacroH2A1.2 in H2AXWT (H2AX) or S139Amutant (H2AX-S139A) HCT116 cells at the indicated CFSs in the presence or absence

of HU. Values are expressed as mean and SEM (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s two-tailed t test.
RS Shapes MacroH2A1.2 Domains with Replicative Age
Theobservation thatRSpromotesprotectivemacroH2A1.2accu-

mulation raises the intriguing possibility that the genome-

wide overrepresentation of macroH2A1.2 at fragile sites (see

Figure 1F) may be a consequence of repeated genomic insults

to better deal with inherent CFSsusceptibility toRS. Todetermine

if cumulative cell divisions can cause an accrual of macroH2A1.2

at CFSs, we took advantage of human primary fibroblasts, which

can be cultured for a finite number of population doublings (PDs)

and exhibit extensive, yet poorly understood, chromatin changes

in late passage cells (Cruickshanks et al., 2013; Shah et al., 2013).

In agreement with our findings in tumor cells, RS caused robust,
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CFS-specificmacroH2A1.2accumulation inBJfibroblasts,which

correlated with g-H2AX induction (Figure 6A; Figure S6A). To

assess the consequences of repeated rounds of replication in

the absence of exogenous RS, we next compared macroH2A1.2

accumulation at eight RS-proneCFSs and twonon-fragile control

loci in mid- (PD 50) and late-passage BJ cells (PD 70). While con-

trol loci exhibited stable macroH2A1.2 levels, we observed a

significant, PD-dependent increase in macroH2A1.2 at all eight

CFSs (Figure 6B). The latter was not the result of altered nucleo-

someoccupancy, asH2B levels remained unaltered (Figure S6B).

To establish a causal relationship between cell division and

macroH2A1.2 accumulation at CFSs, we exposed PD 50 BJ cells
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Figure 6. Continuous Replication Shapes MacroH2A1.2 Domains in Primary Cells to Protect against DDR-Induced Senescence

(A) ChIP analysis for g-H2AX or macroH2A1.2 in primary BJ fibroblasts in the presence or absence of Aph. Enrichment over untreated samples is shown for the

indicated CFSs or NFS controls.

(B) ChIP analysis for macroH2A1.2 inmid- (PD 50) or late-passage fibroblasts (PD 70) or PD 50 cells that were starved for the equivalent of 20 PDs (see schematic).

Enrichment relative to PD 50 is shown for the indicated CFSs and two NFS control loci.

(C) PD analysis of BJ and IMR90 fibroblasts in the presence or absence of macroH2A1.2 knockdown or HU. Values are expressed as mean and SEM (n R 4).

Representative SA-b-Gal stainings from 12 days post siRNA transfection are shown. Scale bar, 100 mm.

(D) Relative expression of macroH2A1.2, p21, and p16 in IMR90 cells at the indicated days after siRNA transfection. Samples were analyzed in triplicate; values

are expressed as mean and SD.

(E) EdU incorporation in IMR90 cells upon macroH2A1.2 knockdown in the presence or absence of a second siRNA directed against ATM or p53. Unless noted

otherwise, values are expressed as mean and SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s two-tailed t test.
to serum starvation for the time equivalent of 20 PDs, which

resulted in minimal replication (5 PDs) without altering chronolog-

ical age. Demonstrating dependence on continued cycling,

macroH2A1.2 accumulation was significantly reduced in starved

compared to replicating cells (Figure6B). The latterwasnotdue to

differences in cell-cycle distribution between starved and cycling

cells, as short-term starvation in PD 70 BJ cells did not alter

macroH2A1.2 enrichment when compared to non-starved PD

70cells (FiguresS6CandS6D). Theobserved40%–60%increase

in macroH2A1.2 levels in late-passage cells is consistent with a

cumulative 1%–2% increase in CFS-associated macroH2A1.2

per S phase. We thus conclude that, even though macroH2A1.2

accumulation uponRS is largely transient (FigureS2A), consistent

with a prime-access-restore model of DNA repair (Alabert and

Groth, 2012; Soria et al., 2012), a small fraction of RS-induced

macroH2A1.2 is retained after resolution of RS to continuously

shape RS-associated chromatin.
MacroH2A1.2 Protects against RS-Induced Senescence
in Primary Cells
RS and the concomitant DDR activation were found to cause

irreversible growth arrest (senescence) in primary cells, which

has in turn been linked to tissue degeneration, modulation of ma-

lignant transformation, and aging (Bartkova et al., 2006; Di Micco

et al., 2006; He and Sharpless, 2017). We thus asked if the

RS-protective role of macroH2A1.2 identified above has implica-

tions for cellular senescence. Consistent with this notion, siRNA-

mediated macroH2A1.2 depletion resulted in a pronounced

growth arrest in both BJ and IMR90 fibroblasts, which coincided

with the expression of senescence-associated b-galactosidase

(SA-b-Gal) (Figure 6C). A similar growth defect was observed

with a second, independent siRNA (Figure S6E). The senescent

phenotype was further corroborated by the induction of the

cyclin-dependent kinase inhibitor p16 in macroH2A1.2-depleted

IMR90 fibroblasts (He and Sharpless, 2017) (Figure 6D). Of note,
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macroH2A1.2 inactivation mirrored the effect of the replication

poison HU on cell growth and further resulted in increased

expression of the p53 target p21, supporting a link to RS-asso-

ciated DNA damage signaling (Figures 6C and 6D). DDR

signaling via ATM/ATR and the concomitant activation of p53

are central mediators of RS-induced senescence, both upon

oncogene-induced hyper-replication and upon loss of RS

response mediators, including BRCA1 (Bartkova et al., 2006;

Cao et al., 2006; Di Micco et al., 2006). We thus asked if activa-

tion of ATM and/or p53 is similarly implicated in macroH2A1.2

loss-induced cell-cycle arrest. In support of this notion, deple-

tion of either protein was able to partially rescue the effect of

macroH2A1.2 depletion, as measured by an increased ability

to incorporate EdU (Figure 6E; Figures S6F and S6G). Together,

these findings identify a role for macroH2A1.2 in preventing irre-

versible cell-cycle arrest, which can be at least in part attributed

to protection from excessive, RS-associated DDR activation.

However, more work is needed to understand the full extent of

macroH2A1.2 function in the context of cellular senescence.

DISCUSSION

Here, we identify the macroH2A1.2 histone variant as an epige-

netic mediator of the RS response. MacroH2A1.2 accumulates

preferentially at fragile genomic regions in a manner that de-

pends on DNA damage-induced, FACT-dependent chromatin

remodeling. Loss of macroH2A1.2 results in impaired BRCA1

accumulation at stalled forks and a concomitant increase in

RS-associated damage load, which in turn causes increased

genome instability in tumor cells and aberrant senescence in

primary cells. Altogether, our findings are consistent with a

model wherein cumulative RS is necessary to shape a chromatin

environment that facilitates an improved RS response in subse-

quent cell divisions.

Despite much effort, the physiological relevance of macroH2A

variants has remained enigmatic. Recent findings point to a role

in chromatin reorganization that can affect both DNA repair

outcome and the control of gene expression and cellular differ-

entiation (Buschbeck and Hake, 2017; Gamble and Kraus,

2010). In agreement with previous work, the genome-wide map-

ping of macroH2A1.2 described here highlights a ‘‘superdo-

main’’ appearance, with regions of enrichment often spanning

several hundred kilobases (Chen et al., 2014) (Figure 1D). The

latter is reminiscent of the spread of g-H2AX domains upon

DNA damage and fits well with the notion that macroH2A1.2

domains function beyond the modulation of gene expression

(Gamble and Kraus, 2010; Iacovoni et al., 2010). We now eluci-

date a molecular rationale for the formation of at least a subset

of these macroH2A1.2 superdomains. Together with previous

work identifying FACT-mediated removal of g-H2AX from nucle-

osomes (Heo et al., 2008), our findings suggest a model in which

RS triggers an exchange of some of the DNA damage-induced

g-H2AX variants for macroH2A1.2, thereby bookmarking dam-

age-prone regions within the more broadly distributed H2AX

domains (Iacovoni et al., 2010).

Like H2AX, macroH2A1.2 serves as a platform for repair factor

accumulation, with BRCA1 being a key effector (Khurana et al.,

2014; Leung et al., 2017), thus providing a chromatin environ-
44 Molecular Cell 69, 36–47, January 4, 2018
ment optimized for the resolution of RS. It will be of interest to

determine if other RS effectors similarly depend on mac-

roH2A1.2 and, conversely, if macroH2A1.2-associated proteins

identified in the context of DSB repair are involved in the RS

response. Consistent with the latter, loss of ZMYM3, a DSB

repair mediator that physically links BRCA1 to H2A variants

including macroH2A1.2, was recently found to cause increased

sensitivity to the replication poison camptothecin (CPT) (Leung

et al., 2017). Of note, the defect in BRCA1 accumulation upon

macroH2A1.2 loss is most apparent upon RS (Figures 3A and

3B), consistent with the notion that BRCA1 binding to chromatin

is controlled by various additional chromatin modifications and

remodeling events, which ensure efficient BRCA1 recruitment

to sites of damaged DNA (Price and D’Andrea, 2013). Given

that macroH2A1 was recently identified as an E3 ligase target

for BRCA1, it is further tempting to speculate that BRCA1 by it-

self may be able to modulate its interaction with macroH2A1.2

in vivo (Kim et al., 2017).

Importantly, our findings indicate that repeated DNA replica-

tion results in a cumulative increase in macroH2A1.2 at CFSs,

particularly in late-passage fibroblasts. The latter is consistent

with the observation that, unlike most core histones, mac-

roH2A1.2 levels do not decline with replicative age (Feser

et al., 2010; O’Sullivan et al., 2010; Sporn et al., 2009). More-

over, macroH2A1.2 has been linked to the formation of senes-

cence-associated heterochromatin foci (SAHFs), a phenotypic

hallmark of some senescent cells that involves the condensa-

tion of large chromatin domains (Zhang et al., 2005). Given

that SAHF formation is frequently observed upon oncogene-

induced RS (Narita et al., 2003), it is tempting to speculate

that excessive, RS-associated macroH2A1.2 deposition at

fragile genomic regions may be causally implicated in this

process.

Beyond its potential impact on SAHFs and, hence, senescent

state maintenance, we show here that macroH2A1.2 is essential

for the prevention of senescence in cycling, primary cells. Senes-

cence induction upon macroH2A1.2 loss can at least in part be

attributed to aberrant DDR signaling involving p53 activation

and is remarkably similar to the impact of BRCA1 depletion

reported previously (Bartkova et al., 2006; Cao et al., 2006; Di

Micco et al., 2006). Together, these observations further empha-

size the role of macroH2A1.2 as a modulator of RS-associated

BRCA1 function and underline the physiological importance of

macroH2A1.2-containing chromatin domains. The p53 depen-

dence of macroH2A1.2 loss-induced cell-cycle arrest in primary

cells may at least in part explain the lack of a growth defect

in macroH2A1.2-depleted K562 cells, which are deficient

in p53 (Law et al., 1993). However, we cannot exclude the

selection of additional compensatory pathways able to coun-

teract RS-associated cell-cycle arrest in macroH2A1.2-deficient

tumor cells. Notably, an alternative macroH2A1 splice variant,

macroH2A1.1, which differs in 33 aa within the macro-domain,

was recently found to have the opposite effect on cell growth.

Overexpression of macroH2A1.1, but not macroH2A1.2, was

shown to induce senescence by controlling senescence-associ-

ated secretory phenotype (SASP) gene expression (Chen et al.,

2015).While these findings point to pronounced functional differ-

ences between the two macroH2A1 splice variants, their only



known structural distinction is the unique ability of macroH2A1.1

to bind (poly-)ADP-ribose (Kustatscher et al., 2005). Dissecting

the molecular characteristics as well as physiological implica-

tions associated with macroH2A1 splice isoforms will thus be

an important subject of future investigations. These differences

may have a significant impact on the interpretation of analyses

involving the simultaneous inactivation of both isoforms and

may at least in part account for the modest phenotypes

observed in mice harboring a complete inactivation of the mac-

roH2A1 gene (Pehrson et al., 2014).

Finally, this work is likely to be of relevance for our understand-

ing of malignant transformation, as both genome maintenance

defects and cellular senescence are tightly linked to the latter

(Campisi, 2013; He and Sharpless, 2017; Tubbs and Nussenz-

weig, 2017). Consistent with the RS-protective and hence

growth-promoting impact of macroH2A1.2, its expression is

frequently increased in tumor tissue, while macroH2A1.1 is

reciprocally decreased (Novikov et al., 2011). This points to a

splicing-regulated, proto-oncogenic role for the macroH2A1.2

variant and suggests manipulation of macroH2A1.2 expression

as a potential therapeutic means to interfere with tumorigenesis.

Altogether, our findings establish RS as a driver of a

macroH2A1.2-dependent, genome-protective chromatin reor-

ganization, which may be exploited to manipulate both cell

growth and genome integrity in health and disease.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-macroH2A1.2 Millipore Millipore Cat# MABE61, RRID:AB_10807977

Anti-macroH2A1 Millipore Millipore Cat# 07-219, RRID:AB_11214187

Anti-phospho-H2A.X (S139A) Millipore Millipore Cat# 05-636, RRID:AB_309864

Anti-H2A.X Abcam Abcam Cat# ab20669, RRID:AB_445689

Anti-H2B Abcam Abcam Cat# ab52484, RRID:AB_1139809

Normal mouse IgG Millipore Millipore Cat# 12-371, RRID:AB_145840

Anti-BRCA1 Santa Cruz Santa Cruz Biotechnology Cat# sc-6954,

RRID:AB_626761

Anti-PCNA Santa Cruz Santa Cruz Biotechnology Cat# sc-56,

RRID:AB_628110

Anti-GAPDH Santa Cruz Santa Cruz Biotechnology Cat# sc-32233,

RRID:AB_627679

Anti-SPT16 Santa Cruz Santa Cruz Biotechnology Cat# sc-28734,

RRID:AB_661341

Anti-EZH2 Cell Signaling Technologies Cell Signaling Technology Cat# 5246,

RRID:AB_10694683

Anti-H2A Cell Signaling Technologies Cell Signaling Technology Cat# 12349,

RRID:AB_2687875

Anti-H2A Abcam Abcam Cat# ab15653, RRID:AB_732909

Anti-SSRP1 Cell Signaling Technologies Cell Signaling Technology, Cat# 13421,

RRID:AB_2714160

Anti-phospho-ATM (Ser1981) Cell Signaling Technologies Cell Signaling Technology Cat# 4526,

RRID:AB_2062663

Anti-phospho-Chk2 (Thr68) Cell Signaling Technology Cell Signaling Technology Cat# 2661,

RRID:AB_331479

Anti-H2A.Z Abcam Abcam Cat# ab4174, RRID:AB_304345

Goat anti-mouse IgG-HRP Santa Cruz Santa Cruz Biotechnology Cat# sc-2005,

RRID:AB_631736

Goat anti-rabbit IgG-HRP Santa Cruz Santa Cruz Biotechnology Cat# sc-2004,

RRID:AB_631746

Anti-phospho-H2A.X (S139A) Abcam Abcam Cat# ab11174, RRID:AB_297813

Anti-phospho-RPA32 (S33) Bethyl Bethyl Cat# A300-246A, RRID:AB_2180847

Anti-phospho-RPA32 (S4/S8) Bethyl Bethyl Cat# A300-245A, RRID:AB_210547

Anti-RPA2 Millipore Millipore Cat# NA19L, RRID:AB_565123

Anti-FANCD2 Novus Novus Cat# NB100-182, RRID:AB_10002867

Chemicals, Peptides, and Recombinant Proteins

MNase (Micrococcal nuclease) Life Technologies 88216

Aphidicolin Sigma A0781

Hydroxyurea Sigma H8627

KU-55933 Millipore 118500

VE-821 AdooQ Bioscience A11605

EdU (5-ethynyl-20-deoxyuridine) Life Technologies E10187

Biotin Azide (PEG4 carboxamide-6-

Azidohexanyl Biotin)

Life Technologies B10184

Streptavidin-MyOne C1 beads Life Technologies 65001

Alexa Fluor 488-azide Life Technologies A10266

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

7-AAD (7-Amino-Actinomycin D) BD PharMingen 51-68981E

PI/RNase staining buffer BD PharMingen 550825

Hoechst 33342 Life Technologies H3570

cOmplete Mini EDTA-free protease inhibitor Roche 11836170001

Critical Commercial Assays

Click-iT EdU Alexa Fluor 647 Imaging Kit Life Technologies C10340

FITC BrdU Flow Kit BD Bioscience 559619

Senescence b-Galactosidase Staining Kit Cell Signaling Technology 9860S

Phosphatase inhibitor cocktail set II Millipore 524625

Lipofectamine2000 Life Technologies 11668019

SuperscriptIII Life Technologies 18080044

TURBO DNase Life Technologies AM1907

Deposited Data

Raw and processed data (ChIP-Seq) This study GSE104800

Experimental Models: Cell Lines

K-562 ATCC ATCC Cat# CCL-243, RRID:CVCL_0004

BJ ATCC ATCC Cat# CRL-2522, RRID:CVCL_3653

IMR-90 Coriell Coriell Cat# I90-15, RRID:CVCL_0347

HCT116 H2A.X KO cells W. Bonner N/A

U2OS-LacO cells T. Misteli N/A

T-REx-293 Cell Line Thermo Fisher Scientific Thermo Fisher Scientific Cat#: R78007,

RRID:CVCL_U427

HEK293T The Broad Institute N/A

Oligonucleotides

shRNA targeting sequences, see Table S2 This study N/A

siRNA targeting sequences, see Table S2 This study N/A

gRNA for CRISPR/Cas9 KO, see Table S2 This study N/A

Primers for ChIP-qPCR, see Table S3 This study N/A

Primers for RT-PCR, see Table S3 This study N/A

Primers for CRISPR screening, see Table S3 This study N/A

Recombinant DNA

Cherry-LacRep Addgene 18985

Cherry-LacR-macro1.2 This study N/A

pSpCas9n(BB)-2A-Puro (PX459) V2.0 Addgene 62987

pSpCas9(BB)-2A-GFP (PX458) Addgene 48138

GST-BRCA1 fragments D. Livingston Scully et al., 1997

Flag-macroH2A1.2 A. Ladurner N/A

Flag-H2A T. Sixma N/A

Software and Algorithms

UCSC genome browser Kent et al., 2002 https://genome.ucsc.edu

ImageJ NIH https://imagej.nih.gov/ij/

CometScore TriTek N/A

FlowJo FlowJo https://www.flowjo.com

R R Core Team https://www.r-project.org/

SICER Zang et al., 2009 http://home.gwu.edu/�wpeng/Software.htm

Bedtools Quinlan and Hall, 2010 https://github.com/arq5x/bedtools2

bacl2fastq2 Illumina, San Diego, USA https://support.illumina.com/downloads/

bcl2fastq-conversion-software-v2-19.html

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deeptools Ramı́rez et al., 2014 https://github.com/deeptools/deepTools

Genomation Akalin et al., 2015 http://bioconductor.org/packages/release/

bioc/html/genomation.html

gplots R package https://cran.r-project.org/web/packages/

gplots/index.html

Bowtie2 Langmead et al., 2009 http://bowtie-bio.sourceforge.net/

Samtools Li et al., 2009 http://samtools.sourceforge.net
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Philipp

Oberdoerffer (Philipp.Oberdoerffer@nih.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
K562 cells (American Type Culture Collection [ATCC], female) were cultured in RPMI-1640 (GIBCO) with 10% BCS (Hyclone), BJ

(ATCC, male) and IMR90 fibroblasts (Coriell, female) were cultured in MEM (GIBCO), with 10% FBS (Gemini), 2 mM L-Glutamine

(GIBCO), 1 mM sodium pyruvate (Sigma), 10 mM Non-Essential Amino Acids (NEAA, GIBCO), with or without 1% penicillin-strepto-

mycin (GIBCO). HCT116 H2AX KO cell lines (male) (Weyemi et al., 2016) were cultured in DMEM (GIBCO) with 10% FBS and 1%

penicillin-streptomycin. U2OS cells (female) with stably integrated LacO arrays (Burgess et al., 2014) were cultured in DMEM with

10% FBS and 200 mg/mL hygromycin. 293T cells (female, gift from the Broad Institute, Cambridge, MA) were cultured in DMEM sup-

plemented with 10% FBS. Flag-mH2A1.2 expressing T-REx 293 cells were generated using the Flp-In system (Thermo Fisher

Scientific), macroH2A1.2 cDNA N-terminally conjugated with 3 x Flag was inserted into the pcDNA5/FRT vector and co-transfected

into T-REx 293 cells with pOG44 plasmid encoding Flp recombinase. Single clones were selected with 100 mg/mL hygromycin B. All

cells were cultured at 37�C in a humidified incubator containing 5% CO2. Cell lines were negative for mycoplasma.

METHOD DETAILS

Cell culture treatments
Plasmid transfections were performed using Lipofectamine 2000 transfection reagent (Life Technologies), cells were analyzed

24–48 hr post transfection. Lentiviral infection was carried out by spin infection (2250 rpm, 90 min, Beckman-Coulter Allegra

X-12R centrifuge) with 8 mg/mL polybrene (Sigma), cells were incubated overnight prior to virus removal and selection with puromycin

(1–2 mg/mL). Individual MISSION shRNA-expressing lentiviral vectors were from Sigma (Table S2). SiRNAs (Dharmacon

ON-TARGET, Table S2) were transfected using DF-1 reagent following the manufacturer’s instructions (Dharmacon) and analyzed

48–96 hr post transfection. For population doubling analyses, mid-passage BJ and IMR90 cells were serially transfected with

25 nM siRNA to ensure persistent knockdown over the course of the experiment. Cells were harvested and counted every

4–5 days post transfection and re-transfected on the following day. Where indicated, HU (300 mM) was added upon transfection

with control siRNA. For macroH2A1.2 CRISPR/Cas9 knockouts, K562 or 293T cells were transfected with a combination of two guide

RNAs (gRNAs) flanking the macroH2A1.2 variant-specific exon 6a to ablate macroH2A1.2 but not macroH2A1.1. Forty-eight hours

post transfection, cells were treatedwith 1 mg/mL puromycin for 24 hr to select for gRNA #1, followed by FACS sorting of GFP+ cells to

select for gRNA #2. Single cell clones were obtained by limited dilution and screened by PCR for exon 6a deletion, gRNAs were de-

signed using the CRISPR Design tool (http://crispr.mit.edu) (Table S2). Drug treatments were performed as follows: unless noted

otherwise, HU (Sigma) and Aph (Sigma) were administered for 24 hr at 0.3 mM and 0.5 mM, respectively. For a subset of analyses,

Aph treatment was performed at 0.3 mM for 16 hr, as indicated in the figure legends. For FANCD2 foci analyses in lateG2/M cells, cells

were treated with 9 mM of the CDK1 inhibitor RO3306 (Millipore) for 16 hr in the presence of 0.3 mM Aph and released into normal

medium for 1 hr (Minocherhomji et al., 2015). For iPOND, cells were treated with 4 mM HU for 2 hr. ATM inhibitor KU-55933 (Calbio-

chem) and ATR inhibitor VE-821 (AdooQ Bioscience) were added at a concentration of 10 mM 30 min prior to Aph or HU treatment.

Antibodies
The following Abs were used for ChIP: a-macroH2A1.2 (Millipore MABE61), a-macroH2A1 (Millipore 07-219), a-phospho-H2AX

(Millipore 05-636), a-H2AX (Abcam ab20669), a-H2AZ (Abcam ab4174), a-H2B (Abcam ab52484), normal mouse IgG (Millipore

12-371). Antibodies for IP were a-FlagM2 (Sigma F1804) and a-BRCA1 (Santa Cruz sc-6954). Primary antibodies for western blotting

were: a-macroH2A1.2 (Millipore MABE61), a-phospho-H2AX (S139) (Millipore 05-636), a-BRCA1 (Santa Cruz sc-6954), a-PCNA
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(Santa Cruz sc-56), a-GAPDH (Santa Cruz sc-32233), a-SPT16 (Santa Cruz sc-28734), a-EZH2 (CST 5246s), a-SSRP1 (CST 134215),

a-phospho-ATM (CST 4526s), a-phospho-CHK2 (CST 2661s), a-phospho-RPA S4/8 (Bethyl A300-245A), a-RPA2 (Millipore NA19L),

a-H2AX (Abcam ab20669), a-H2AZ (Abcam ab4174), a-H2A (CST 12349s, Abcam ab15653). Secondary antibodies were goat anti-

mouse IgG-HRP (Santa Cruz sc-2005, Invitrogen 31430) and goat anti-rabbit IgG-HRP (Santa Cruz sc-2004, Invitrogen 31460, CST

7074). Primary antibodies for IF were: a-g-H2AX (Abcam ab11174, Milipore 05-636), a-BRCA1 (Santa Cruz, sc-6954),

a-macroH2A1.2 (Millipore, MABE61), a-pRPA S33 (Bethyl, A300-246A), a-FANCD2 (Novus NB100-182). Secondary antibodies

were from Life Technologies (goat-a-mouse or goat-a-rabbit conjugated to Alexa Fluor 488, 568, or 647).

Chromatin immunoprecipitation and real-time PCR
Cells were treated as indicated, crosslinked with 1% formaldehyde in PBS for 10 min, followed by quenching with 125 mM glycine.

Cells were then resuspended in lysis buffer (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% nonidet P-40) to isolate nuclei. Nuclei were

resuspended in micrococcal nuclease (MNase) digestion buffer (10 mM Tris pH 7.4, 15 mM NaCl, 60 mM KCl, 0.15 mM spermine,

0.5 mM spermidine) and 1.2 U/mL MNase was added for 30–45 min at 37�C. The reaction was stopped by adding 50 mM EDTA and

nuclear pellets were resuspended in 10 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-deoxycholate,

0.5% N-lauroylsarcosine. Lysates were sonicated briefly to disrupt nuclear membranes using an ultra sonicator water bath

(Bioruptor, Diagenode). Diluted lysates were incubated o/n at 4�C with the indicated antibodies after addition of 1% Triton X-100.

IPs were performed using 30 mL Protein A/G magnetic beads (Pierce). Eluted DNA was purified using the QIAquick PCR purification

kit (QIAGEN) according to the manufacturer instructions. Purified ChIP DNA was analyzed by qPCR using a LightCycler 480 II

(Roche), see Table S3 for primer sequences. All ChIP samples were normalized to input. In ChIP-PCR quantification, the standard

comparative cycle threshold method was used to measure the amount of DNA. Where indicated, input-corrected ChIP DNA content

was further normalized to a control treatment.

RNA isolation and RT-PCR
Total RNA was extracted using the RNeasy Mini Kit according to the manufacturer’s instructions (QIAGEN). cDNA was synthesized

from 0.5–1 mg of total RNA using the Superscript III RT-PCR system (Invitrogen), and expression of the indicated genes was analyzed

by quantitative RT-PCR using a LightCycler 480 II (Roche) (see Table S3 for primer sequences).

Immunoblotting, cellular fractionation and co-immunoprecipitation
For whole cell lysates, cells were lysed in RIPA lysis buffer (150 mM NaCl, 1% NP-40, 1% Na-deoxycholate, 0.1% SDS, 25 mM

Tris-HCl pH 7.5) supplemented with protease inhibitors (Sigma) and phosphatase inhibitors (Calbiochem). Lysates were sonicated,

centrifuged, and heated with reducing sample buffer (375 mM Tris-HCl (pH 6.8), 9% SDS, 50% glycerol, 9% b-mercaptoethanol,

0.03% bromophenol blue). For chromatin fractionation, cells were resuspended in 0.5 mL lysis buffer containing 10 mM HEPES

(pH 7.4), 10 mM KCl, 0.5% NP-40 with phosphatase inhibitors (Calbiochem) and protease inhibitors and incubated on ice for

20 min. The cytosolic fraction was separated from the nuclei by centrifugation at 14,000 rpm at 4�C for 10 min. The nuclear pellet

was washed in lysis buffer, pelleted, and resuspended in 250 mL low salt buffer, containing 10 mM Tris-HCl (pH 7.4), 0.2 mM

MgCl2, 1% Triton X-100 with phosphatase inhibitors and protease inhibitors, and incubated on ice for 15 min. The nucleoplasmic

fraction was separated by centrifugation at 14,000 rpm at 4�C for 10 min. Chromatin-bound proteins were released from the DNA

by addition of 0.2 NHCl and incubation for 10min on ice, followed by centrifugation at 14,000 rpm at 4�C for 10min and neutralization

with 1M Tris-HCl. For coIP assays, cells were trypsinized, PBS-washed and lysed in hypotonic buffer (20mMHEPES [pH 8.0], 10mM

KCl, 2 mMMgCl2, 10% glycerol, 320 mM sucrose, 0.5% NP-40 and protease inhibitors). Nuclei were collected and resuspended in

MNase digestion buffer (20 mM HEPES [pH 8.0], 150 mM, KCl, 10% glycerol, 3 mM CaCl2 and protease inhibitors), and treated with

MNase (Thermo Fisher Scientific) at 4�C for 1 hr. The reaction was terminated with 20mMEGTA, samples were passed through 27 G

needle and centrifuged to remove debris. Supernatant was collected and used for subsequent IP. Nuclear lysate was incubated with

Anti-Flag M2 Magnetic Beads (Sigma Aldrich) at 4�C for 1 hr, and beads were washed with wash buffer (20 mM HEPES [pH 8.0],

150 mM KCl and 0.1% NP-40) four times and with 50 mM HEPES (pH 8.0) once. Proteins were eluted by addition of 2 x SDS sample

buffer (0.125 M Tris-HCl [pH 6.8], 4% SDS, 20% glycerol and 0.01% bromophenol blue, 5% 2-b-mercaptoethanol, protease/phos-

phatase inhibitors) and incubation at 95�C for 5 min. Lysates of equal protein amount based on BCA assay were separated by

SDS-PAGE and subjected to western blotting. Immunoblotting for SSRP1 and SUPT16H was performed under non-reducing con-

ditions. HRP-conjugated secondary antibodies were used for signal detection by enhanced chemiluminescence (Amersham). Band

intensities were quantified using ImageJ software.

In vitro protein-protein interaction assays
Glutathione S transferase (GST) fusion proteins were expressed inE. coliBL21 strain, affinity-purified, and immobilized on glutathione

Sepharose 4B beads. Immobilized, purified GST and GST-BRCA1 fragment fusion proteins were incubated for 1 hr with nuclear

extracts prepared from 293T cells transiently expressing Flag-macroH2A1.2 and treated with or without 4 mM HU for 1 hr. After

extensive washing with NETN buffer (100 mM NaCl, 1 mM EDTA, 10 mM Tris-Cl, pH 8.0, 0.1% Nonidet P-40, 10% glycerol, and

1 mM dithiothreitol), SDS-PAGE sample buffer was added to the beads, boiled, and separated by SDS-PAGE. Western blots

were probed with anti-Flag antibodies and the immobilized GST and GST fusion proteins were visualized by Coomassie Brilliant
Molecular Cell 69, 36–47.e1–e7, January 4, 2018 e4



Blue staining. For nuclear extract preparation, cells were lysed in low salt buffer (50 mM Tris HCl, pH 7.4, 150 mMNaCl, 1 mM EDTA,

0.5% NP-40 with protease inhibitors) and subjected to flash freezing. The cells were thawed at room temperature and spun down at

10,000 g for 10 min. The supernatant was saved as the cytoplasmic fraction. The nuclear pellets were resuspended in low salt buffer

and sonicated using an ultra sonicator water bath (Bioruptor, Diagenode). After sonication, cells were pelleted at 10,000 g for and the

supernatant was used as nuclear extract for GST pull-down assays.

Fluorescence polarization
Histones were purified from E. coli cells and labeled as previously described (Dyer et al., 2004). H2B was labeled with Alexa488 on

mutated residue T112C prior to refolding with the histone partner. FACT was expressed in SF21 cells and purified using a HisTrap

column (GE) in buffer containing 20 mM TRIS 8.0, 600 mM NaCl, 5% glycerol, 0.01% n-octyl-b-D-glucoside, 0.01% CHAPS, and

2 mM TCEP in presence of protease inhibitors (Sigma), DNase I, 3 mM CaCl2 and 3 mM MgCl2. FACT was then eluted using the

same buffer with 250 mM imidazole, loaded on a Hitrap Q column (GE) in buffer A (20 mM TRIS 8.0, 200 mM NaCl, 0.01% n-oc-

tyl-b-D-glucoside, 0.01% CHAPS, 2 mM TCEP) and eluted with buffer B containing 1 M NaCl. The protein was then injected onto

a size exclusion column (Superdex 200, GE) in 20 mM TRIS pH 8.0, 600 mM NaCl, 0.01% n-octyl-b-D-glucoside, 0.01% CHAPS,

2 mM TCEP. Protein was concentrated to �2.5 mg/mL and stored at �80�C in 20 mM TRIS pH 8.0, 150 mM NaCl, 0.01% n-oc-

tyl-b-D-glucoside, 0.01% CHAPS 1 mM TCEP. Fluorescence polarization assays were carried out by combining 5 or 10 nM

(macro)H2A/H2B dimers with increasing amounts of FACT (0.1–1000 nM) in 20 mM TRIS pH 8.0, 150 mM NaCl, 5% glycerol,

1 mM TCEP, 0.01% n-octyl-b-D-glucoside, 0.01% CHAPS. Fluorescence polarization was measured using a BMG Clariostar plate

reader. Data were analyzed using GraphPad Prism; R2 values correspond to a quadratic single site binding model.

Isolation of Proteins on Nascent DNA
iPONDwas essentially performed as described previously (Sirbu et al., 2011). In brief, 23 108 cells were labeled with 10 mMEdU (Life

Technologies) for 10 min to detect nascent forks. For stalled forks, cells were subsequently treated with HU for 2 hr in the continued

presence of EdU. Cells were crosslinked with 1% formaldehyde for 10 min at room temperature and quenched with 0.125 M glycine.

For EdU conjugation with biotin azide, cells were permeabilized with 0.25% Triton X-100 in PBS buffer for 30min, and then subjected

to click-iT reaction buffer (10 mM sodium-L-ascorbate, 20 mMbiotin azide [Life Technologies] and 2mMCuSO4) for 2 hr at room tem-

perature. Cells were resuspended in lysis buffer (50 mM Tris-HCl [pH 8.0] and 1% SDS) supplemented with protease inhibitors

(Roche), followed by sonication at 4�C using a Bioruptor (Diagenode). After centrifugation, EdU-labeled DNA was immunoprecipi-

tated from supernatants by incubation with streptavidin-MyOne C1 beads (Life Technologies). Beads were washed and captured

proteins were eluted by boiling beads in 2 x NuPAGE LDS (Lithium dodecyl sulfate) sample buffer (Invitrogen) containing 200 mM

dithiothreitol for 35 min at 95�C. Proteins were resolved by electrophoresis and detected by western blot with the indicated

antibodies.

Immunostaining and imaging
U2OS cells were fixed in 2% PFA/PBS, followed by permeabilization in 0.1% Triton X-100/PBS. Cells were subsequently blocked in

5% BSA/PBS + 0.1% Tween-20 (PBS-T). 293T cells were plated on glass coverslips coated with poly-L-lysine (Sigma) prior to treat-

ment and staining. K562 cells were harvested, washed, fixed, and permeabilized in PTEMF buffer (20 mM PIPES (pH 6.8), 10 mM

EGTA, 0.2% Triton X-100, 1 mMMgCl2 and 4% paraformaldehyde) at room temperature on a shaker. Fixed cells were washed twice

in PBS and blocked for 1 hr at room temperature (3% BSA, 0.5% Triton X-100 in PBS). Following blocking, cells were washed twice

and resuspended with water. Cells were layered onto glass coverslips coated with 0.1% gelatin at 37�C until dry prior to antibody

incubation. Primary and secondary antibody stainings were carried out in PBS-T. Confocal Z-stacks were acquired using a Zeiss

LSM780microscope and a 40X oil objective (NA = 1.4). Imageswere displayed and analyzed asmaximum intensity projections. Cells

were analyzed 24 hr (Figure 2B) or 48 hr post mCherry-LacR transfection. For S phase discrimination, cells were pulsed with 10 mM

EdU (Life Technologies) at 37�C, 30min prior to fixation. Incorporated EdUwas Click-labeled using azide-linked Alexa Fluor-647 (Life

Technologies).

SA-b-Galactosidase staining
SA-b-Gal staining was performed on day 12 of population doubling analyses in siRNA transfected BJ or IMR90 fibroblasts using the

b-galactosidase staining kit (Cell Signaling Technology) according to manufacturer’s instructions. After color development, cells

were layered using 70% glycerol, mounted using coverslips and imaged using a Zeiss AxioObserver Z1 wide-field microscope.

The percentage of SA-b-Gal+ cells was calculated as the fraction of blue cells, a minimum of 300 cells were analyzed per sample.

Comet assay
Alkaline comet assay was performed according to the manufacturer’s protocol (Trevigen). Briefly, cells were resuspended in molten

agarose and distributed onto CometSlides (Trevigen). Slides were immersed in cold lysis solution (Trevigen) for 60 min followed by

immersion in alkaline unwinding solution (0.2 M NaOH, 1 mM EDTA) for 20 min. The processed slides were subjected to gel electro-

phoresis in alkaline electrophoresis buffer (0.2 M NaOH, 500 mM EDTA pH 8.2). Slides were dried overnight after washing with water

and 70% ethanol. Cells were stained with 100 mL of 1X SYBR gold (Trevigen) for 30 min. Slides were rinsed and dried, images were
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acquired on the Delta Vision Core system (GE Healthcare) consisting of a Olympus IX70 invertedmicroscope (Olympus America) with

100X NA 1.4 oil immersion objective and a CoolSnap HQ 12-bit camera (Photometrics). Comet tail DNA was quantified using

CometScore IV (Perceptive Instruments). To visualize low-frequency breaks, images were subjected to auto-threshold using

CometScore IV.

Cell cycle analyses
For propidium-iodide (PI) based cell cycle analyses, cells were treated as indicated and fixed in 70% ethanol at �20�C overnight.

Fixed cells were resuspended in PI/RNase staining buffer (BD PharMingen) at RT for 20 min. DNA content was analyzed by flow

cytometry (FACS Calibur, BD). For flow cytometry-based analyses of DNA synthesis, cells were treated with EdU (10 mM) or BrdU

(10 mM, BD PharMingen) for 4 hr, fixed with Cytofix/Cytoperm buffer (BD) and permeabilized with Perm/Wash buffer (BD). EdU

was detected following incubation with EdU Click-iT reaction buffer (10 mM sodium-L-ascorbate, 5 mM Alexa Fluor 488-azide

[Invitrogen] and 2 mM CuSO4) at RT for 30 min. BrdU was detected using a FITC-conjugated antibody (BD PharMingen #51-

2354AK) and DNA content was determined by 7-AAD. For IF-based analyses, IMR90 fibroblasts were treated with 10 mM EdU for

16 hr, fixed in 4% PFA/PBS, followed by permeabilization in 0.1% Triton X-100/PBS. Incorporated EdU was Click-labeled using

azide-linked Alexa Fluor-488 and total DNA was visualized using Hoechst 33342 (Life Technologies). EdU mean fluorescence inten-

sity was quantified following Hoechst-labeled nuclear segmentation. EdU+ cells were determined based on the distribution of EdU

fluorescence intensity.

CFS mapping
A list of common fragile sites (CFSs) and their cytobands was obtained from Mrasek et al., 2010. The cytoband coordinate file from

the UCSC genome browser was used to translate cytobands to genomic coordinates: http://hgdownload.cse.ucsc.edu/goldenPath/

hg19/database/cytoBand.txt.gz. CFSs where cytoband nomenclature was not consistent between data sources were manually

curated. Details of coordinate conversion are provided in Table S1. CFSs were further screened for potential alignment artifacts,

by representation in the ENCODE ‘‘Blacklist regions’’: https://personal.broadinstitute.org/anshul/projects/encode/rawdata/

blacklists/hg19-blacklist-README.pdf. To create a set of non-fragile sites (NFSs) for comparison, we took genomic regions that

were not identified as fragile in Mrasek et al., 2010, or overlapping ENCODE blacklist regions. The percent of the respective region

covered by ChIP-seq peaks was calculated using the genomeCoverage method in bedtools (Quinlan and Hall, 2010). Regions within

the CFS for which sequencing data are not available were removed by intersecting with hg19 sequencing gaps. CFS-associated

break and gap frequencies were determined based on 10 metaphase spreads from K562 cells treated with 0.5 mM Aph for 24 hr

(Table S1).

ChIP-seq analysis
Library construction and sequencing

Sequencing libraries were constructed from DNA samples (ChIP and control samples) with the Illumina TruSeq V3 library construc-

tion protocol (Illumina, San Diego, USA). Sequencing runs were performed on an Illumina HiSeq 2000 for 51 cycles in single-end

mode using Illumina TruSeq V3 chemistry (flowcells C56J3ACXX and C56KBACXX), or on an Illumina NextSeq 500 for 76 cycles

in single-end mode using NextSeq V4 chemistry (flowcells H0Y1PBGXX, H11P6BGXX, and H13V2BGXX) (Table S4).

Read processing and alignment

Reads were adaptor trimmed during the demultiplexing stage by the bacl2fastq2 software (v2.15, Illumina). Processed reads were

aligned to the hg19 assembly with Bowtie2 v2.1.0 (Flowcell H0Y1PBGXX) or v2.2.3 (all others). Default alignment parameters were

used, reporting a single best alignment where there are multiple alignments possible.

Peak calling and analysis

Peak callingwas performedwith SICER (v1.1) (Zang et al., 2009), with awindow size of 200 bp and a gap size of 600 bp. For eachChIP

sample, peak calling was performed relative to the respective input sample. We generated sequencing depth and input normalized

genome coverage tracks for each experiment in bigWig format with deepTools. Proximity and overlap analysis between peaks and

other features was performed using the Bedtools intersectBed and coverageBed functions. Venn diagrams were generated from

intersection results with the VennDiagram Bioconductor package. Peak overlap between two ChIP-seq datasets is presented as

the number of bases common between the peaks from each experiment. We used the Jaccard Index as a measure of similarity

between peak sets, as it provides ametric that is comparable across sets of varying size, Jaccard Indices were calculated using bed-

tools (Quinlan and Hall, 2010), and are defined as the bases in the intersection divided by the bases in the union minus the intersec-

tion, producing values bounded by zero and 1 (no overlap and complete overlap, respectively). To determine whether this metric was

different than expected by chance, we performed random shuffles of both peak sets (n = 1,000 shuffles) and collected the permuted

Jaccard values. When performing random shuffles, centromeres and assembly gaps were excluded from placement of random

peaks. Summaries of signal within coordinate ranges were extracted from bigWig files using custom wrappers with UCSC execut-

ables. Summaries of ChIP enrichment over genes (‘‘metagenes’’), and over peak subsets, were computed with deepTools. Correla-

tions of peak subsets with repeat elements or replication origins were performed with Genomation (Akalin et al., 2015). Repeat
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locations were retrieved from the UCSC genome browser, selecting repeat classes with at least 10%overlap with any peak subset to

display. Replication origins were identified based on Smith et al., 2016. Heatmaps were generated using heatmaps.2 function within

the R package gplots.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details, including definition of significance, statistical methods used, exact n values of sample size and definition of center,

and dispersion and precision measures are indicated in the figure legends.

DATA AND SOFTWARE AVAILABILITY

ChIP-seq data have been deposited on Gene Expression Omnibus, GEO: GSE104800.
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