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SUMMARY

The inactive X chromosome (Xi) is inherently susceptible to genomic aberrations. Replication stress (RS) has
been proposed as an underlying cause, but the mechanisms that protect from Xi instability remain unknown.
Here, we show that macroH2A1.2, an RS-protective histone variant enriched on the Xi, is required for Xi integ-
rity and female survival. Mechanistically, macroH2A1.2 counteracts its structurally distinct and equally Xi-en-
riched alternative splice variant, macroH2A1.1. Comparative proteomics identified a role for macroH2A1.1 in
alternative end joining (alt-EJ), which accounts for Xi anaphase defects in the absence of macroH2A1.2.
Genomic instability was rescued by simultaneous depletion of macroH2A1.1 or alt-EJ factors, and mice defi-
cient for both macroH2A1 variants harbor no overt female defects. Notably, macroH2A1 splice variant imbal-
ance affected alt-EJ capacity also in tumor cells. Together, these findings identify macroH2A1 splicing as a
modulator of genome maintenance that ensures Xi integrity and may, more broadly, predict DNA repair

outcome in malignant cells.

INTRODUCTION

Susceptibility to genome instability is intimately linked to the sur-
rounding chromatin environment (Dabin et al., 2016). A promi-
nent example is the highly condensed, inactive X chromosome
(Xi), which acts as an epigenetic hotspot for genomic aberra-
tions. Compared to autosomes and its active counterpart (Xa),
the Xi exhibits elevated risk for genome instability in the form
of chromosome loss, micronuclei formation, and mutation during
aging and malignancy (Jager et al., 2013; Machiela et al., 2016;
Russell et al., 2007). The Xi is characterized by a repressive chro-
matin environment, which ensures dosage compensation of X-
linked gene expression in female mammals but interferes with
DNA replication initiation. As a result, the Xi is among the latest
replicating chromosomes and its unique replication dynamics
have been associated with increased susceptibility to replication
stress (RS) (Koren and McCarroll, 2014). Accumulation of under-
replicated DNA can cause DNA fragility and DNA double-strand
strand breaks (DSBs) in late S/G2, pointing to RS as a likely

contributor to Xi-specific genome instability (Bakhoum et al.,
2017; Minocherhomiji et al., 2015). The mechanisms that protect
female cells from this inherent Xi instability remain to be
investigated.

RS is epigenetically modulated by the homologous recombi-
nation (HR)-promoting macroH2A1.2 histone variant, which
forms protective chromatin domains across fragile DNA (Khur-
ana et al., 2014; Kim et al., 2018). Both macroH2A1.2 and its
alternative splice variant, macroH2A1.1, are enriched on the
mammalian Xi to form the Xi macro-body (Costanzi and Pehr-
son, 1998) (Figure S1A). Of note, macro-histones are dispens-
able for initiation and maintenance of X chromosome inactiva-
tion (XCI) (Changolkar et al., 2007), and the functional relevance
of Xi-enriched macro-histones remains elusive. Here, we inves-
tigate macroH2A1.2 function using a splice-variant-specific
knockout (KO) mouse model. We identify a novel, splicing-
modulated role for macroH2A1 variants in genome mainte-
nance, which provides a rationale for macroH2A1.2 accumula-
tion on the Xi and has implications not only for Xi integrity
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Figure 1. MacroH2A1.2 Loss Impairs Fe-
male Survival and X Ploidy

(A) Schematic of the macroH2A1-encoding
H2AFY gene and the macroH2A1.2 KO allele (1.2
KO) (not to scale). Exon 6a was deleted by Cre/
loxP-mediated recombination, resulting in a re-
sidual loxP site (triangle). Alternative splicing re-
sulting in macroH2A1.1 or macroH2A1.2 is indi-
cated. Red arrows depict primers used for PCR
genotyping, resulting in a 1.3-kb fragment for the
WT allele and a 0.5-kb fragment for the 1.2 KO
allele. A representative PCR for the indicated ge-
notypes is shown.

(B) Western blot for macroH2A1 variants in MEFs
from WT and 1.2 KO littermates.

(C) Number of WT and 1.2 KO males and females
at time of weaning, based on 28 litters from
macroH2A1.2*/~ parents. X mosaicism was
determined as in (G) for all female KO offspring and
a subset of male KO and female WT offspring (see
Figure S10). *p = 0.01, based on a two-tailed
binomial test; ns, not significant.

(D) Male-to-female ratio in 1.2 KO mice analyzed at
the indicated ages. Two-way comparisons be-
tween each of the three age groups revealed no
significant differences based on Fisher’s exact
test.

(E) Xist induction in differentiating female mouse
ESCs expressing a control short hairpin RNA
(shRNA) (sh-Luc, n = 218 cells) or one of two
distinct shRNAs against macroH2A1.2, sh-1.2-1
(n = 260 cells) and sh-1.2-2 (n = 379 cells) (see
Table S2 for shRNA sequences). A schematic for
retinoic-acid-induced ESC differentiation is
shown. Xist was detected by RNA FISH, nuclei
were stained with Hoechst 33342, and represen-
tative images and enlarged inlays are shown.
Scale bars, 10 um.

(F) Fraction of cells with the indicated number of
Xist foci, based on (E).

(G) X chromosome FISH in PBMCs from 1.2 KO
mice. Female cells with X counts other than XX
were considered X mosaic. Scale bar, 10 um.

(H) Representative colF images and quantification
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but also more broadly for DNA repair pathway control in malig-
nant cells.

RESULTS

MacroH2A1.2 Ensures Anaphase Integrity and Female
Viability

To selectively inactivate macroH2A1.2, we generated splice-
variant-specific KO mice via targeted inactivation of the mac-
roH2A1.2-encoding exon 6a in embryonic stem cells (ESCs).
MacroH2A1.2 expression was undetectable in macroH2A1 27/
mice, while expression of the macroH2A1.1 variant was
increased by ~2-fold both at the overall RNA/protein level and
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showing pRPA localization to the Xi. H3K27me3 is
used to mark the Xi (white arrows). A minimum of
100 cells were analyzed per group. Scale bar,
10 um. **p < 0.001 and ****p < 0.0001, based on
Mann-Whitney U test.

See also Figure S1 and Table S2.

1.2KO

on the Xi, consistent with exclusive and compensatory use of
the macroH2A1.1-encoding exon 6b (Figures 1A, 1B, and
S1B-S1D). MacroH2A1.2-deficient male mice were born at the
expected rate. However, female macroH2A1 .27/~ mice were
40-50 % less frequent than males (Figures 1C, 1D, and S1E).
Loss of females was observed as early as embryonic day 9.5
(E9.5) with a male-to-female ratio of 1.75 at E9.5 and 1.9 at
E12.5 (Figure 1D), indicative of a female-biased, developmental
defect. Similar to previous findings in mice lacking both
macroH2A1 splice variants (Changolkar et al., 2007), ablation
of macroH2A1.2 did not interfere with XCI, as (1) expression
and spreading of the XCl-initiating Xist non-coding RNA
occurred normally in the absence of macroH2A1.2 in two distinct
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ESC-based XCl models (Figures 1E, 1F, and S1F-S1N) (Engreitz
et al., 2013; Jonkers et al., 2008), and (2) repression of Xi-linked
genes in differentiating, macroH2A1.2-deficient ESCs was com-
parable to wild-type (WT) cells (Figure S1F). Female-biased em-
bryonic lethality in the absence of XCI defects has been
observed previously as a result of aberrant replication and
concomitant genome instability (McNairn et al., 2019). Support-
ing a role for macroH2A1.2 in the latter, the majority of surviving
macroH2A1.2~/~ females showed varying levels of X aneuploidy
in peripheral blood mononuclear cells (PBMCs) (Figures 1C, 1G,
and S1E). No X aneuploidy was detected in PBMCs from KO
males or WT females (Figure S10). Since numerical chromo-
somal aberrations have been linked to RS in both yeast and hu-
mans (Ait Saada et al., 2017; Burrell et al., 2013), we asked if
macroH2A1.2 loss promotes RS at the Xi. Using co-immunoflu-
orescence (colF) analysis for phosphorylated single-stranded
DNA-binding protein RPA32 (pRPA), a marker of RS (Maréchal
and Zou, 2015), and trimethylated histone H3K27, a marker for
the Xi (Plath et al., 2003), we observed a significant increase in
Xi-associated RS in macroH2A1.2-deficient, but not WT mouse
embryonic fibroblasts (MEFs) arrested at G2/M following treat-
ment with a low dose of the DNA polymerase inhibitor aphidicolin
(Figure 1H). Together, these findings uncover a role for mac-
roH2A1.2 in protecting from Xi-associated RS, Xi aneuploidy,
and female-biased lethality.

MacroH2A1.2 Loss Promotes Xi-Associated Anaphase
Instability
Aneuploidy is the result of defective anaphase progression. To
determine if macroH2A1.2 helps ensure anaphase integrity, we
first measured the overall frequency of mitotic aberrations
including DNA bridges and lagging chromosomes in MEFs
from both WT and macroH2A1.2~~ mice. MacroH2A1.2 defi-
ciency caused a pronounced increase in anaphase defects (Fig-
ures 2A and 2B), which were further aggravated by treatment
with etoposide, an inhibitor of type Il topoisomerases (TOP2)
that interferes with decatenation of under-replicated genomic
DNA to promote DNA fragility (Downes et al., 1994) (Figures 2A
and 2B). Treatment with etoposide was restricted to 1 h prior
to cell harvest, pointing to DSB formation in G2/M as the main
cause for etoposide-induced anaphase defects. Anaphase de-
fects further coincided with increased accumulation of cells in
G2 and areduction in mitotic index, supporting a defect in mitotic
entry or progression (Figures S2A and S2B). The majority of
anaphase bridges and lagging chromosomes did not contain
centromeres, ruling out kinetochore-related segregation defects
(Figure S2C). Together, these observations identify a role for
macroH2A1.2 in the suppression of anaphase bridge formation.
To determine whether macroH2A1.2-loss-associated anaphase
defects are biased toward the Xi, we performed selective spectral
karyotyping using fluorescence in situ hybridization (FISH) probe
sets specific for either the X chromosome or a comparably sized
autosome, chromosome 2. Chromosome X accounted for
~60% of all DNA bridges or lagging chromosomes in anaphases
from etoposide-treated macroH2A1.2~/~ MEFs compared to
~30% in WT cells (Figure 2C). In contrast, anaphase defects
involving chromosome 2 were comparable between WT and mac-
roH2A1.2~/~ MEFs and represented ~5% of all DNA bridges, as

¢ CellP’ress

expected based on chromosome size. Moreover, the frequency
of X-specific anaphase aberrations in male MEFs was unaffected
by macroH2A1.2 deletion and was overall significantly lower than
in females, consistent with the Xi being less stable than the Xa (Fig-
ure 2C) (Jager et al., 2013; Machiela et al., 2016; Russell et al.,
2007). Increased Xi-anaphase defects were further observed
upon ionizing radiation (IR) and persisted into the subsequent G1
phase in the form of macro-body-associated, nucleoplasmic
bridges (Figures 2D and S2D).

Aberrant formation and/or resolution of anaphase bridges can
cause chromosome mis-segregation, aneuploidy, and micronu-
clei accumulation (Bakhoum et al., 2017). Spectral karyotyping
of macroH2A1.2-deficient metaphase MEFs revealed an in-
crease in aneuploidy that was most pronounced for X chromo-
somes (Figures 2E and 2F), consistent with our findings in PBMCs
from surviving macroH2A1.2~/~ female mice. Little to no aneu-
ploidy was observed in WT cells. Moreover, macroH2A1.2 loss
resulted in a 5-fold increase in micronuclei formation in response
to etoposide-induced DSB formation in G2/M compared to WT
cells (Figures 2G and 2H). FISH analysis of the same cells re-
vealed both increased X-chromosome-positive micronuclei and
X aneuploidy (Figures 2G and 2I). Micronuclei from macro-
H2A1.2~/~ MEFs were also significantly enriched for the Xi chro-
matin mark H3 trimethyl-K27 (Figure S2E) (Jager et al., 2013).
Together, these observations support the notion that anaphase
aberrations involving the late-replicating Xi promote enhanced
genome instability, which may be at least in part responsible for
female-biased lethality of macroH2A1.2-deficient mice.

Variant-Specific Proteomes Reveal a Role for
MacroH2A1.1 in Alternative End Joining (ARt-EJ)

The above findings stand in sharp contrast to previous reports in
mice deficient in both macroH2A1 splice variants, which show
no overt defects in female survival or genome integrity (Changol-
kar et al., 2007). We thus considered the possibility that the phe-
notypes observed in macroH2A1.2~~ MEFs and mice may be a
consequence of unbalanced macroH2A1.1 function. Consistent
with this notion, macroH2A1 splice variants have opposing roles
in various cellular processes, including the control of HR and cell
growth (Chen et al., 2015; Khurana et al., 2014; Kim et al., 2019).
MacroH2A1 splice variants differ in 33 aa within the macrodo-
main, which allows macroH2A1.1, but not macroH2A1.2, to
bind ADP-ribose derivatives (Kustatscher et al., 2005).

To understand the molecular basis for differential macroH2A1
splice variant functions, we sought to comprehensively
interrogate variant-specific protein interactomes. FLAG-tagged
macroH2A1 cDNA (F-mH2A1) was targeted into a single
genomic locus in HEK293 T-REx cells, ensuring expression
levels comparable to WT macroH2A1.2. Note that endogenous
macroH2A1.1 is poorly expressed in immortalized cells,
including HEK293 cells (Figures 3A and S3A). Nuclear protein ly-
sates from F-mH2A1.1- and F-mH2A1.2-expressing cell lines
were subjected to FLAG coimmunoprecipitation (colP), followed
by differential dimethyl labeling using CH,O (light) and CD,O
(medium), respectively (Figure 3A). ColP specificity was
validated using H2B as positive control and Proliferating Cell
Nuclear Antigen (PCNA) as negative control (Figure 3B). Subse-
quent comparative mass spectrometry (MS) analysis of two
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Figure 2. MacroH2A1.2 Protects from Xi-Spe-
cific Anaphase Defects and Chromosomal
Instability

(A) Schematic for anaphase collection. MEFs from
WT or macroH2A1.2 KO (1.2 KO) mice were arrested
at G2/M via inhibition of CDK1 (CDK1i), followed by
release in the presence or absence of etoposide and
analysis 50 min thereafter.

(B) Frequency of anaphase aberrations in WT or 1.2
KO MEFs in the presence or absence of etoposide. At
least 70 metaphases were analyzed per sample, and
representative images for lagging chromosomes and
DNA bridges are shown. Scale bar, 10 pm.

(C) Frequency of X- or chromosome-2-specific
anaphase aberrations expressed as percentage of
total aberrant anaphases in male or females MEFs
treated with etoposide. Representative FISH images
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independent colP experiments identified 314 common interac-
tors, including known macroH2A1-binding proteins such as
core histones and the Facilitates Chromatin Transcription
(FACT) chaperone complex (Table S1; Figure 3C) (Kim et al.,
2018). Only four macroH2A1 interactors exhibited a reproduc-
ible, greater than 2-fold preference for macroH2A1.1:
poly(ADP)-ribose polymerase 1 (PARP1), arginine- and serine-
rich coiled-coil 2 (RSRC2), tyrosyl-DNA phosphodiesterase 1
(TDP1), and DNA ligase 3 (LIG3). With an ~4-fold enrichment
over macroH2A1.2, LIG3 showed the strongest macroH2A1.1
preference, which was independently confirmed by western
blot (Figure 3D). LIG3 interaction with macroH2A1.1 was sensi-
tive to PARP inhibition (Figures 3D and S3B), and a similar effect
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Etoposide are shown. Scale bar, 10 um. At least 50 metaphases

were analyzed per sample.

(D) Frequency of X chromosome bridges in asyn-
g T chronous WT and 1.2 KO mouse tail fibroblasts 24 h
after 5 Gy of IR. At least 100 metaphases were
analyzed per sample, and a representative FISH im-
age is shown. DNA was counterstained with Hoechst
E 33342. Scale bar, 10 um.
(E) Representative spectral karyotype (SKY) analysis
of a 1.2 KO metaphase with X aneuploidy. Chromo-
some-specific FISH paints unambiguously identify all
22 mouse chromosomes.
(F) Frequency of autosomal or X chromosomal
aneuploidy in WT (n = 34 metaphases) and 1.2 KO
MEFs (n = 36 metaphases) based on SKY analysis in
(E). One of two representative experiments is shown.
ND, not detected. Autosomes with one or more
aneuploidy events across 34 metaphases include
chromosomes 1, 3, 5, 6, 8, 9, 10, 12, 13, 14, 16, 17,
and 19.
(G) X-FISH counterstained with DAPI identifies X*
micronucleus and X aneuploidy in 1.2 KO MEF nu-
cleus. A WT nucleus with an X~ micronucleus is
shown as a control. Scale bar, 10 um.
(H and 1) Fraction of total (H) and X* micronuclei (I) in
WT and 1.2 KO MEFs following etoposide treatment,
normalized to total cell number and mitotic index (see
Figure S2B).
Values are expressed as mean and SD from three
independent fibroblast preparations. *p < 0.05, **p <
0.01, **p < 0.001, and ***p < 0.0001, based on
Student’s two-tailed t test. See also Figure S2.
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was observed for PARP1, in agreement with earlier reports
(Ouararhni et al., 2006; Timinszky et al., 2009) (Figure 3D). More-
over, all four macroH2A1.1 interactors were previously shown to
be poly-ADP-ribosylated (Gibson et al., 2016; Jungmichel et al.,
2013), suggesting that macroH2A1.1-specific binding involves
its poly(ADP-ribose)-binding domain (Kustatscher et al., 2005).
Two of the four macroH2A1.1 interactors (LIG3 and PARP1)
are centrally involved in alt-EJ, a DNA-end-resection-depen-
dent, microhomology-mediated DNA repair pathway that
frequently results in chromosomal aberrations and mutations
(Gostissa et al., 2011). Consistent with a role for macroH2A1.1
in this repair pathway, small interfering RNA (siRNA)-mediated
macroH2A1.1 depletion caused a significant reduction in alt-EJ
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expression.

o | si

si-1..

(F) Alt-EJ efficiency in reporter cells expressing a control siRNA (si-ctrl) or an siRNA against macroH2A1.2 (si-1.2), combined with PARPi or a second siRNA,
against macroH2A1.1 (si-1.1), LIG3 (si-Lig3) or POLQ (si-Polq). Alt-EJ efficiency is expressed as the fraction of GFP* cells. Values represent mean and SD (n =3

ek

replicates). ***p < 0.001, based on Student’s two-tailed t test.
See also Figure S3 and Table S1.

frequency in a fluorescence-activated cell sorting (FACS)-
based reporter assay (Bennardo et al., 2008) (Figures 3E, 3F,
and S3C). In contrast, depletion of the HR-permissive mac-
roH2A1.2 variant increased alt-EJ efficiency more than 2-fold
in a manner that was entirely dependent on the presence of
macroH2A1.1 and the alt-EJ effectors LIG3 and POLQ (Cec-
caldi et al., 2015; Gostissa et al., 2011; Mateos-Gomez et al.,
2015) (Figures 3F and S3C). Depletion of either variant had
only a minor and comparable effect on canonical non-homolo-
gous end joining (cNHEJ; Figures S3D and S3E) (Bennardo
et al., 2008). Together with our previous work (Khurana et al.,
2014; Kim et al., 2018, 2019), these findings thus identify mac-
roH2A1 as a splicing-modulated, epigenetic regulator of repair
outcome at resected DNA ends.

Alt-EJ and MacroH2A1.1 Account for MacroH2A1.2-
Loss-Induced Anaphase Defects

Next, we asked whether macroH2A1.1 function in alt-EJ may be
responsible for the anaphase defects observed in the absence of

macroH2A1.2. While neither HR nor classical NHEJ is active in
mitosis (Lee et al., 2014; Orthwein et al., 2014), a recent report
has identified a role for alt-EJ in the microhomology-mediated
joining of DNA ends after replication fork breakage in mitotic ex-
tracts (Deng et al., 2019). Aberrant activation of alt-EJ may
thereby account for chromosome fusions of mitotic DSBs, re-
sulting in increased anaphase aberrations. To test this hypothe-
sis, we assessed anaphase defects in WT and macroH2A1.2~/~
MEFs in the presence or absence of siRNA-mediated depletion
of macroH2A1.1, Lig3, or Polqg or when Parp1 was transiently in-
hibited upon release into mitosis. Inactivation of either of these
factors was sufficient to restore the frequency of mac-
roH2A1.2-loss-associated anaphase defects back to WT levels
(Figures 4A, 4B, and S4A). A similar rescue was observed
when using etoposide to increase DSB formation during mitotic
progression (Figure S4B). Moreover, the frequency of anaphase
aberrations in MEFs from mice deficient in both macroH2A1
splice variants (Changolkar et al., 2007) was comparable to
that in WT MEFs (Figure 4C).
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Figure 4. MacroH2A1.1 Drives Anaphase
Defects via Alt-EJ upon MacroH2A1.2 Loss
(A) Anaphase aberrations in WT or macroH2A1.2
KO (1.2 KO) MEFs expressing the indicated
siRNAs. Anaphases were collected as described
in Figure 2A in the absence of etoposide. Values
represent mean and SD (n = 3 replicates), and at
least 40 anaphases were analyzed per replicate
and sample. Scale bar, 10 pm.

10 | (B) Fraction of anaphase aberrations in etoposide-
treated WT and macroH2A1.2 KO MEFs in the
0 4 presence or absence of PARPI. Values represent
mean and SD (n = 3 replicates, > 60 metaphases
per replicate). (A and B) **p < 0.01 and ***p < 0.001,
based on Student’s two-tailed t test.

(C) Fraction of anaphase aberrations in MEFs from
macroH2A1 KO mice (Changolkar et al., 2007) in
the presence or absence of etoposide. Values are
expressed as mean and SD (n = 3 replicates, >50
metaphases per replicate). Ns, not significant.
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See also Figure S4.
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To rule out that macroH2A1.1 depletion altered the mac-
roH2A1.2-loss-associated increase in RS, and hence the source
of the G2/M lesions that underlie mitotic aberrations, we as-
sessed RS levels in the presence or absence of each macroH2A1
variant. RNA-interference-mediated macroH2A1.1 depletion
was performed in WT and macroH2A1.2 KO MEFs in the pres-
ence of aphidicolin (Figure 4D). S phase cells were identified
based on 5-Ethynyl-2-deoxyuridine (EdU) incorporation, and
RS was measured using RPA32 phosphorylation as a readout
(Maréchal and Zou, 2015). Consistent with our previous work
(Kim et al., 2018), macroH2A1.2 loss resulted in a pronounced in-
crease in RS. MacroH2A1.1 depletion, on the other hand, did not
induce RPA phosphorylation in WT cells and did not further in-
crease RS in macroH2A1.2 KO cells. Taken together, these
data point to a dual role of macroH2A1.2 in preventing chromo-
some segregation defects: (1) the suppression of excessive RS
(Kim et al., 2018) (Figure 4D) and (2) the prevention of aberrant
alt-EJ of mitotic DSBs (Figures 4A-4C). While RS is unaffected
by the presence or absence of macroH2A1.1, alt-EJ depends
on expression of the alternative splice variant.

MacroH2A1 Splice Variants Modulate Alt-EJ Efficiency
in Tumor Cells

Providing a physiological context for macroH2A1 splice variant
imbalance, previous reports demonstrated aberrant macroH2A1
alternative splicing in tumor tissue, often resulting in predomi-
nant macroH2A1.2 variant expression (Cantarifo et al., 2013;
Novikov et al., 2011). More recently, we reported an RS-protec-
tive role for macroH2A1.2 across fragile regions genome-wide
that was particularly apparent in a rapidly dividing tumor cell
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nificant based on ANOVA with multiple compari-
1.2 KO

WT

line (Kim et al.,, 2018). In agreement with the latter, increased
genome instability triggered by the absence of macroH2A1.2
was not strictly limited to the X chromosome (Figure 2F).
Together, these findings point to a broader role for macroH2A1
alternative splicing as a modulator of genome maintenance,
particularly in cancer cells. In agreement with reports in tumor
tissue (Cantarino et al., 2013; Novikov et al., 2011), the NCI-60
panel of cancer cell lines exhibits predominant macroH2A1.2
variant expression, with a mean abundance of 78% of total mac-
roH2A1, ranging from 30% to 98% (Figure 5A). The NCI-60 panel
thus allowed us to examine if macroH2A1 splice variant expres-
sion has predictive value for DSB repair pathway choice in a
cancer setting.

Gene expression correlation analysis of well-defined HR/RS-
or EJ-associated repair factors with either macroH2A1 splice
variant was performed using the CellMinerCDB tool (https://
discover.nci.nih.gov/cellminercdb) (Rajapakse et al., 2018).
Consistent with the role of macroH2A1.2 in homology-directed
DSB repair (Khurana et al., 2014; Kim et al., 2018, 2019), we un-
covered a strong correlation between macroH2A1.2 and HR/RS-
protective repair factors (Figures 5B, S4C, and S2D). In contrast,
macroH2A1.1 expression was neither indicative of HR / RS nor
most canonical EJ components across NCI-60 cell lines.
Instead, macroH2A1.1 positively correlated with two alt-EJ com-
ponents, LIG3 and XRCC1, indicative of a link between mac-
roH2A1.1 expression and alt-EJ in cancer cells (Figures 5B,
5C, and S4D). To experimentally test the latter, we measured
alt-EJ efficiency in two NCI-60 breast cancer cell lines that ex-
press either high (Hs-578T) or low macroH2A1.1 levels (MCF7)
and reciprocal macroH2A1.2 levels (Figure 5D). Confirming our
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Figure 5. MacroH2A1 Variants Indicate DSB Repair Pathway Choice in Tumor Cells

(A) Relative abundance of macroH2A1.2 splice variant expression in NCI60 tumor cell lines based on RNA sequencing (RNA-seq) expression analysis in
CellMinerCDB.

(B and C) Correlation of macroH2A1 splice variant expression with genes involved in genome maintenance pathways across NCI-60 tumor cell lines. Genes
associated with HR and replication pathways (B) or EJ pathways (C) are shown. Heatmaps represent p values of the expression correlation, significance was
assessed by two-tailed Z test.

(D) Western blot using two NCI60 cell lines with high or low macroH2A1.1 or macroH2A1.2 levels.

(E) Relative efficiency of alt-EJ in MCF-7 and Hs-578T cells with knockdown of macroH2A1.1 or macroH2A1.2. **p < 0.01 and ***p < 0.001, based on Student’s

two-tailed t test.

(F) Western blot showing siRNA-mediated knockdown of macroH2A1.1 and macroH2A1.2 cells from (E).

See also Figure S4.

findings in U20S cells, macroH2A1.1 depletion by siRNA re-
sulted in a reduction in alt-EJ reporter activity in both NCI-60
cell lines, whereas macroH2A1.2 knockdown significantly
increased alt-EJ (Figures 5E and 5F). Of note, the extent to which
alt-EJ changed upon macroH2A1 variant manipulation corre-
lated with the overall abundance of macroH2A1.1. Together,
these findings are in agreement with our mechanistic studies in
MEFs and point to a broader role for macroH2A1 splice variants
as predictive markers for DNA repair pathway choice.

DISCUSSION

Providing a long elusive rationale for macroH2A1.2 enrichment
on the Xi, we demonstrate here that macroH2A1.2 loss impairs
Xi genome maintenance and female survival. We further define
opposing roles for macroH2A1 splice variants in the regulation
of DSB repair and show that genomic integrity of the Xi depends
on a balanced expression of both variants (Figure S4E). In
contrast with the function of macroH2A1.2 during HR and RS,
our data demonstrate that macroH2A1.1 acts as a chromatin
effector of alt-EJ, which mediates aberrant DSB joining and
anaphase aberrations when macroH2A1.2 is absent. Underlining
broader physiological relevance, we find that differential modu-
lation of DSB repair by macroH2A1 splice variants extends
from healthy to cancer cells.

The female-biased lethality observed in macroH2A1.2-defi-
cient mice is in agreement with a recent report demonstrating
that RS can trigger an excessive inflammatory response, which
is preferentially lethal to female embryos. Inflammation was
linked to the accumulation of micronuclei and was in part facili-
tated by the absence of the anti-inflammatory properties of
testosterone (McNairn et al., 2019). Together with our findings,
this suggests that female viability in macroH2A1.2~/~ mice is
adversely affected by a combination of increased genome insta-
bility and micronuclei formation at the Xi and an overall exacer-
bated inflammatory response of female mice to genomic
damage.

Underlining the central role for aberrant genome maintenance
as a driver for the adverse physiological consequences of mac-
roH2A1.2 loss, inactivation of alt-EJ is sufficient to rescue mac-
roH2A1.2-loss-induced anaphase defects. Similarly, co-deple-
tion of macroH2A1.1 restored Xi genome instability and
female-biased lethality. While increased RS persists in the
absence of both macroH2A1 variants (Figure 4D), alt-EJ of the
resulting DNA lesions cannot efficiently occur without mac-
roH2A1.1, preventing chromosome fusions and subsequent
anaphase bridges. How DNA breaks are repaired when alt-EJ
is impaired remains to be fully determined, but cellular mecha-
nisms exist that tether mitotic DNA breaks until more faithful
repair pathways are reactivated in the subsequent cell cycle
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(Bakhoum et al., 2017; Leimbacher et al., 2019; Spies et al.,
2019). It is, however, noteworthy that MEFs deficient in both
macroH2A1 variants showed a trend toward increased chromo-
somal aberrations (Figure 4C), which raises the possibility that a
lack of both variants may result in measurable and potentially
harmful chromosomal defects over time. Future studies are
needed to address the impact of macroH2A1 variant loss on
tumorigenesis and age-associated genome instability.

While our observations explain Xi enrichment of the RS-pro-
tective macroH2A1.2 variant, the physiological relevance of
macroH2A1.1 on the Xi remains to be further investigated. It is
tempting to speculate that macroH2A1.1 may help to modulate
PARP1 function beyond alt-EJ, given that PARP enzymes have
Xi-specific roles in both genome maintenance and XCI (Méniss-
ier de Murcia et al., 2003; Nusinow et al., 2007). Independent of
its genomic location, macroH2A1.1-rich chromatin is further-
more an important regulator of mitochondrial respiration via its
ability to modulate nuclear NAD* consumption (Posavec
Marjanovic et al., 2017). In addition, the macroH2A1.1 interac-
tors LIG3, TDP1, and PARP1 are central mediators of DNA
base excision repair (BER) of single-stranded DNA lesions (Plo
et al., 2003; Tomkinson et al., 2001), raising the possibility that
macroH2A1.1 may also play a role in BER. However, more
work is needed to investigate this possibility. Importantly, given
that BER has not been implicated in the repair of etoposide-
induced DNA lesions (Pommier et al., 2016), and that we are
able to rescue macroH2A1.2 loss-associated mitotic defects
by depleting the alt-EJ effector Polq, our findings strongly sup-
port the notion that the adverse effect of macroH2A1.1 on
anaphase integrity involves alt-EJ rather than the BER pathway.
It is worth noting that Polq depletion was recently found to sensi-
tize cells to RS through a mechanism that remains to be fully
determined (Wang et al., 2019). As such, Polqg depletion may
aggravate the impact of macroH2A1.2 loss with regard to S-
phase-associated DNA damage while nevertheless protecting
from subsequent alt-EJ-associated anaphase aberrations.

Although macroH2A1.1 accumulation may come at the cost of
an alt-EJ permissive chromatin environment, the latter is gener-
ally counterbalanced by the presence of macroH2A1.2. More-
over, macroH2A1.1 expression correlates with cellular differenti-
ation and proliferative arrest (Chen et al., 2015; Gaspar-Maia
et al., 2013; Wan et al., 2017). As a result, cells with high mac-
roH2A1.1 levels are less likely to undergo mitosis and concomi-
tant alt-EJ-associated anaphase defects, while alt-EJ profi-
ciency may provide an important backup DSB repair pathway
in G1, where HR is unavailable.

Supporting the physiological relevance of our findings, the
macroH2A1 alternative splicing outcome changes during cellular
or developmental transitions, which is particularly well docu-
mented for malignant transformation and progression (Dardenne
etal., 2012; Novikov et al., 2011). Consistent with its RS-protec-
tive role, macroH2A1.2 supports proliferation of both primary
and tumor cells (Kim et al., 2018, 2019), whereas macroH2A1.1
expression negatively correlates with tumor growth (Chen
et al., 2015; Pazienza et al., 2016; Sporn et al., 2009; Wan
et al., 2017). Our findings in a panel of 60 tumor cell lines now
point to macroH2A1 splice variant abundance as a pathologi-
cally relevant indicator of repair outcome and pathway choice
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in cancer cells. We anticipate that the assessment and/or manip-
ulation of macroH2A1 splice variant abundance, as well as a bet-
ter understanding of what determines their unique protein inter-
actomes, may provide novel strategies to manipulate genome
maintenance and therapeutic outcome during malignant growth.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

a-macroH2A1.2 Millipore Cat#MABEG61, RRID:AB_10807977
a-macroH2A1.1 Cell Signaling Technologies Cat#12455, RRID:AB_2797923
a-Lig3 GeneTex Cat#GTX103172, RRID:AB_2036773
a-FLAG Agilent Cat#200472, RRID:AB_10596649
a-PCNA Santa Cruz Cat#sc-56, RRID:AB_628110
a-H2B Abcam Cat#ab1790, RRID:AB_302612
a-GAPDH Santa Cruz Cat#sc-32233, RRID:AB_627679
a-PARP1 Cell Signaling Technologies Cat#9542, RRID:AB_2160739
a-H3 Cell Signaling Technologies Cat#9715, RRID:AB_331563
a-centromere Antibodies incorporated Cat#15-234-0001, RRID:AB_2687472
a-PAR Trevigen Cat#4335-MC-100, RRID:AB_2572318
a-H3K27me3 Abcam Cat#ab6002, RRID:AB_305237
a-phosphor RPA32 (Ser4 / Ser8) Bethyl Cat#A300-245A, RRID:AB_210547
Goat anti-mouse IgG-HRP Santa Cruz Cat#sc-2005, RRID:AB_631736
Goat anti-rabbit IgG-HRP Santa Cruz Cat#sc-2004, RRID:AB_631746
Chemicals, Peptides, and Recombinant Proteins

Aphidicolin Sigma Cat#A0781

EdU (5-ethynyl-2’-deoxyuridine) ThermoFisher Scientific Cat#E10187

Alexa Fluor 647-azide ThermoFisher Scientific Cat#A10277

Hoechst 33342 ThermoFisher Scientific Cat#H3570

RO3306 Selleckchem Cat#S7747

Alexa Fluor 488-5-dUTP ThermoFisher Scientific Cat#C11397

Anti-FLAG M2 Magnetic beads Sigma Cat#M8823

Veliparib (PARPI) Selleckchem Cat#S1004

Puromycin Sigma Cat#P8833

Collagenase Il ThermoFisher Scientific Cat#17101015
Phytohaemagglutinin Sigma Cat#L.1668

PI/RNase staining buffer BD PharMingen Cat#550825

cOmplete Mini EDTA-free protease inhibitor Roche Cat#11836170001

KaryoMAX Colcemid ThermoFisher Scientific Cat#15210-040

mLIF ThermoFisher Scientific Cat#PMC9484

Doxycycline Sigma Cat#D9891

All-trans retinoic acid Sigma Cat#R2625

Critical Commercial Assays

Click-iT EdU Alexa Fluor 647 Imaging Kit ThermoFisher Scientific Cat#C10340

Phosphatase inhibitor cocktail set Il Millipore Cat#524625

Superscriptlll ThermoFisher Scientific Cat#18080044

TURBO DNase ThermoFisher Scientific Cat#AM1907

Lipofectamine 2000 ThermoFisher Scientific Cat#11668

CGH Bioprime array kit ThermoFisher Scientific Cat#18095011

Histone H3 (phospho S10) assay kit Abcam Cat#ab115127

21-color mouse SKY paint kit Applied spectral imaging Cat#FPRPR0030

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Mass spectrometry analyses, see Table S1 This study MassIVE: MSV000085351

Experimental Models: Cell Lines

BJ ATCC Cat#CRL-2522, RRID:CVCL_3653

IMR-90 Coriell Cat#190-15, RRID:CVCL_0347

T-REx-293 Cell Line
FLAG-macroH2A1.1 (in HEK293 T-REx)
FLAG-macroH2A1.2 (in HEK293 T-REx)
MCF-7

Hs 578T

Thermo Fisher Scientific
This study

This study

ATCC

ATCC

Cat#R78007, RRID:CVCL_U427
N/A

N/A

Cat#HTB-22, RRID:CVCL_0031
Cat#HTB-126, RRID:CVCL_0332

pPEJ5 U20S (cNHEJ) Gift from Jeremy Stark N/A

pEJ2 U20S (alt-EJ) Gift from Jeremy Stark N/A

C57BL/6 Bruce4 ES cells Lewandoski et al., 1997 N/A

MS2-Xist female ES cells Jonkers et al., 2008 N/A

pPSM33 male ES cells Engreitz et al., 2013 N/A

macroH2A1.2 WT and KO MEFs This study N/A

Tail fibroblasts from WT and KO mice This study N/A

Experimental Models: Organisms/Strains

MacroH2A1.2 KO mice This study NCI Mouse Repository, Cat#071BQO

MacroH2A1 KO mice
B-actin Cre transgenic mice

Changolkar et al., 2007
Lewandoski et al., 1997

N/A

The Jackson Laboratory, Cat#B6N.FVB-
Tmem16379ACTB-crel2Mrt/ingw

Oligonucleotides

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

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

Primers for gene targeting, see Table S3 This study N/A

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

Primers for genotyping, see Table S3 This study N/A

Recombinant DNA

EJ2 Gift from Jeremy Stark RRID:Addgene_44025
pCBAScel Gift from Maria Jasin RRID:Addgene_26477
pcDNA3-EGFP Gift from Doug Golenbock RRID:Addgene_13031
PEZ-Frt-lox-DT Gift from Klaus Rajewsky RRID:Addgene_11736
Full-length mouse Xist plasmid Gift from Kathrin Plath N/A

pLKO.1 Gift from David Root RRID:Addgene_10878
Software and Algorithms

ImagedJ NIH https://imagej.nih.gov/ij/
FlowJo BD Biosciences https://www.flowjo.com
Prism GraphPad https://www.graphpad.com/scientific-

Proteome Discoverer 1.4

ThermoFisher Scientific

software/prism/

https://www.thermofisher.com/us/en/
home.html

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

KNIME Berthold et al., 2008 https://www.knime.com/

HiFish acquisition software GenASils, Applied Spectral Imaging https://spectral-imaging.com/

HiSKY 7.2 Genasis, Applied Spectral Imaging https://spectral-imaging.com/

Spot detection algorithm Olivo-Marin, 2002 N/A

Other

CellMinerCDB NIH https://discover.nci.nih.gov/cellminercdb/
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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, Philipp
Oberdoerffer (Philipp.Oberdoerffer@nih.gov).

Materials Availability
® MacroH2A1.2 KO mice generated in this study have been deposited to the NCI Mouse Repository, Cat#07BQO, strain name
B6.Cg-Macroh2a1 < tm1.2Pobe > /Nci; synonym: B6.Cg-macroH2A1.2 KO.
e Allunique reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability
e Original/source data for Figures 1, 2, 3, 4, and 5 in the paper is available [Mendeley Data: https://doi.org/10.17632/
xh2z6m4t75.1].
® Mass spectrometry data have been deposited in MassIVE: https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp under the
identifier MassIVE: MSV000085351.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

macroH2A 1.2~ mice

Gene-targeted macroH2A1.2% e+ ES cells (see below) were injected into C57BL/6 albino (¢BRD/cBRD) blastocysts and chimeric
males were crossed to C57BL/6 females. macroH2A1.27 "+ mice were bred to g-actin Cre transgenic mice (Lewandoski et al.,
1997) (backcrossed to C57BL/6 for more than 20 generations) for germline deletion of the neo™-E6a cassette, resulting in mice het-
erozygous for the macroH2A1.2 KO allele (macroH2A1 .2*"). The latter were interbred to generate macroH2A1 .27~ mice. All animal
breeding and experimentation followed guidelines approved by the National Institutes of Health Institutional Animal Care and Use
Committee.

Cell Lines

Human female lung IMR9O0 (Coriell) and male foreskin BJ fibroblasts (ATCC) were cultured in MEM (GIBCO), supplemented with 10%
(v/v) FBS (Gemini), 2 mM L-Glutamine (GIBCO), 1 mM sodium pyruvate (Sigma) and 0.1 (1X) mM Non-Essential Amino Acids (NEAA,
GIBCO). Alt-EJ U20S cells (gift from J. Stark, City of Hope) were cultured in DMEM (GIBCO) with 10% FBS. HEK293 T-REXx cells (gift
from The Broad Institute, Cambridge) were grown in DMEM with 10% FBS containing Blasticidin (Invivogen, 15 ug/ml) and hygrom-
ycin B (Thermo Fisher, 100 ng/ml). MEFs were grown in DMEM (GIBCO) containing 3-mercaptoethanol and Pen/Strep (GIBCO), sup-
plemented with 10% FBS. mTFs were gown in mTF media (1:1 DMEM and Ham’s F10, 20% FBS, Non-Essential Amino Acids, Pen/
Strep, B-mercaptoethanol, Sodium pyruvate, HEPES and L-Glutamine, all from GIBCO). pSM33 male ES cells (Engreitz et al., 2013)
and MS2-Xist female ES cells (Jonkers et al., 2008) were a kind gift from Kathrin Plath, UCLA. ES cells were grown on mitomycin C-
treated mouse embryonic fibroblasts (feeder cells) in ES cell media (Knockout DMEM (Invitrogen), 15% FBS, 2 mM L-glutamine,
100 pM Non-Essential Amino Acids, 1% Pen/Strep, 0.1 % B-mercaptoethanol, 1000 U/mL mLIF (Invitrogen)). All cells were main-
tained at 37°C in a humidified incubator containing 5% CO,. Primary cells and ES cell lines were not tested for mycoplasm, all other
cell lines were mycoplasm-free.

METHOD DETAILS

macroH2A1.2 gene targeting

5" and 3’ arms of homology were PCR-amplified and inserted into pEZ-Frt-lox-DT (a gift from K. Rajewsky, Addgene, plasmid
#11736). A 840 bp H2AFY exon 6a (E6a)-containing DNA fragment was PCR-amplified and inserted downstream of an Frt- and
LoxP flanked neo” gene resulting in a loxP-flanked FRT-neo”-E6a cassette. See Table S3 for primer sequences. Gene targeting
was performed in C57BL/6 Bruce4 ES cells as described previously (Lewandoski et al., 1997). Neomycin-resistant ES cells were
analyzed for correct transgene integration by Southern Blot analysis, using PCR-generated 5’ and 3’ external probes and a 5’ internal
probe in combination with Hindlll or BamHI digests of genomic ES cell DNA, see Table S3 for primer sequences. The targeted allele is
referred to as macroH2A1.21e°,

Isolation of tail fibroblasts, embryonic fibroblasts and PBMCs

Mouse tail fibroblasts (mTF) were prepared from 6 week-old mice. Briefly, animals were euthanized, and the tails were de-skinned.
The skin was wiped in 70% ethanol and cut into small pieces (2 X 2 mm) in mTF media (see above) containing 1.6 mg/ml collagenase I
(Thermo Fisher). After 24 h, a cell strainer was used to remove hair and debris. One million cells were plated onto a 10 cm dish in fresh
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mTF medium and passaged when confluent. For mouse embryonic fibroblasts (MEFs), embryos from WT and KO littermates were
isolated on E12.5 and processed as described previously (Durkin et al., 2013). Individual MEF strains were genotyped for sex using
SRY PCR (see Table S3 for primer sequences) and stored at passage 2. For experiments, WT and KO MEFs from identical passage
numbers were used, passage numbers ranged from 3-6. For PBMCs, blood samples from animals were drawn by retro-orbital
bleeding and cultured in phytohaemagglutinin stimulated RPMI media (GIBCO) with 10% FBS and Pen/Strep for 48 h.

Cell line generation and treatments

Targeted, Flp-recombinase-mediated insertion of a single copy of the Flag-macroH2A1.1- or Flag-macroH2A1.2-encoding trans-
genes into HEK293 T-REXx cells was performed as described previously (Kim et al., 2018). SIRNAs were transfected using DF-1 re-
agent following the manufacturer’s instructions (Dharmacon) and analyzed at 72 - 96 h post transfection. Lentiviral infection of LKO.1
shRNA-expression vectors was carried out by spin infection (2500 rpm, 90 min, Beckman-Coulter Allegra X-12R centrifuge) with
8 ng/ml polybrene (Sigma), Cells were incubated overnight prior to virus removal and selection with puromycin (1 ng/ml, Invitrogen).
See Table S2 for siRNA and shRNA sequences. To induce Xist expression, pSM33 cells were plated as single cells without feeder
cells on 0.1% gelatin (Millipore) coated coverslips overnight. Doxycycline (2 ng/ml) was added subsequently for 8 h and the coverslips
were processed for RNA FISH as described below. For differentiation experiments in MS2-Xist ES cells, cells were depleted of feeder
cells and plated onto acid-etched, gelatin coated coverslip for 24 h in ES cell media without mLIF. Subsequently, all-trans retinoic
acid (R2625, Sigma) was added and cells were allowed to differentiate for 6 days, followed by RNA FISH or RNA collection. For un-
differentiated controls, feeder cell-depleted ES cells were grown on coverslips for 24 hours with mLIF containing ES media and fixed
for RNA FISH or RNA collection. For G2/M arrest, cells were treated with 10 uM CDK1 inhibitor (CDK1i) RO3306 for 16 h. For PARP
inhibition, cells were treated with 10 uM veliparib (Selleckchem), for topoisomerase Il inhibition, cells were treated with 5 uM etopo-
side for the indicated times. Irradiation experiments were performed using an X-ray irradiator (X-rad 320, Precision X-Ray).

Alternative end-joining (alt-EJ) and canonical NHEJ (cNHEJ) assays

Detection of alt-EJ was performed using a previously described alt-EJ U20S reporter cell line (Bennardo et al., 2008). Briefly, cells
were first transfected siRNAs on day 1. On day 2, cells were transfected with 1 pug of I-Scel expression vector pCBAScel (Addgene
#26477) or 1 ug of pcDNA3-EGFP (Addgene #13031) using Lipofectamine 2000 (Thermo Fisher) according to the manufacturer’s in-
structions. Where indicated, PARPI treatment was performed 24 h prior to analysis. The fraction of GFP-positive cells was assayed
72 h post siRNA transfection using a FACSCalibur (BD, USA). Values were normalized to transfection efficiency based on pcDNA3-
EGFP. For experiments involving transient transfection, alt-EJ reporter plasmid (EJ2) was transfected along with I-Scel expression
vector. Detection of cNHEJ was performed using a previously described cNHEJ U20S reporter cell line (Bennardo et al., 2008).

Cell cycle analyses

For DNA content analyses, cells were fixed in 70% ethanol at —20 °C overnight. Fixed cells were resuspended in propidium-iodide
(Pl) / RNase A staining buffer (BD PharMingen) at room temperature for 20 min. DNA content was determined by flow cytometry
(FACS Calibur, BD PharMingen). For mitotic index analyses, chromatin extracts were collected 30 min after release from G2/M arrest
and analyzed for H3-pS10 content using the phospho-S10 detection kit (Abcam, ab115127) following the manufacturer’s
instructions.

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 ug of total RNA using the Superscript Ill reverse transcriptase RT-PCR system (Thermo Fisher), and expression of the
indicated genes was analyzed by quantitative RT-PCR using a LightCycler 480 Il (Roche) (see Table S3 for primer sequences).
The standard comparative cycle threshold method was used for cDNA quantification.

Antibodies

The following antibodies were used for western blot: a-macroH2A1.2 (Millipore, MABE61), a-macroH2A1.1 (CST, 12455), «-Lig3
(GeneTex, GTX103172), a-FLAG (Agilent, 200472), «-PCNA (Santa Cruz, sc-56), a-H2B (Abcam, ab1790), «-GAPDH (Santa
Cruz, sc-32233), a-PARP1 (CST, 9542S), a-H3 (CST, 9715). Secondary antibodies were goat anti-mouse IgG-HRP (Santa Cruz,
sc-2005) and goat anti-rabbit IgG-HRP (Santa Cruz, sc-2004). Primary antibodies for IF were: a-macroH2A1.1 (CST, 12455),
a-macroH2A1.2 (Millipore, MABEG61), a-centromere (Antibodies incorporated, 15-234-0001), «-PAR (Trevigen, 4335-MC-100),
H3K27me3 (Abcam, ab6002), phosphor RPA32 (Ser4 / Ser8) (Bethyl, A300-245A). Secondary antibodies were from Life Technologies
(goat-a-mouse, goat-a-rabbit or goat-a-human conjugated to Alexa Fluor 488 or 568).

Immunostaining and imaging

Cells were fixed and in PTEMF buffer (20 mM PIPES pH 6.8, 10 mM EGTA, 0.2% Triton X-100, 1 mM MgCl, and 4% paraformalde-
hyde) at room temperature and then permeabilized in 0.5% Triton X-100. Cells were washed and blocked for 1 h at room temperature
(8% BSA, 0.5% Triton X-100 in PBS). Primary and secondary antibody stainings were carried out in 3% BSA and PBS-T. For S phase
discrimination, cells were pulsed with 10 uM EdU (Life Technologies) at 37°C, prior to fixation. Incorporated EdU was Click-labeled
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using azide-linked Alexa Fluor-647 (Life Technologies). Confocal z-stacks were acquired using a Zeiss LSM 780 microscope. Images
were displayed and analyzed as maximum intensity projections.

Anaphase analyses and micronuclei detection

For anaphases, MEFs were plated onto gelatin coated coverslips for 6 h followed by treatment with CDK1i. Cells were washed 3 times
with pre-warmed PBS and allowed to progress into anaphase in the presence or absence of etoposide or veliparib. Cells were fixed
and processed for IF or DNA-FISH 50 min after CDK1i washout. Unbiased imaging was performed using the field-tiling method fol-
lowed by manual, non-blinded scoring of all detectable anaphases. For micronuclei analyses, MEFs were seeded in 96-well plates,
treated with CDK1i as above and released into etoposide containing media. Cells were fixed 2 h post release to allow for completion
of mitosis. Cells were then processed for IF and subjected to high-throughput imaging (CV7000, Yokogawa). An unbiased ImageJ
detection program was used to measure the number of micronuclei and nuclei, based on size, intensity and circularity.
H3K27me3 signal intensity was recorded for each micronucleus and H3K27me3 positive micronuclei were defined using a cutoff
value established based on the distribution across all samples. For X-micronuclei detection using DNA-FISH, cells were grown on
coverslips and treated as above. Images were blinded for unbiased, manual detection of X-micronuclei.

DNA FISH

Flow-sorted chromosome X or chromosome 2 was labeled with fluorescence tagged dUTP (Enzo Life Sciences) by DOP-PCR
(degenerate oligomer-primed polymerase chain reaction) (Telenius et al., 1992). For mTFs or MEFs, cells were grown on coverslips,
fixed in freshly prepared methanol:acetic acid (3:1) for 15 min, washed and stored at —20 in 70% ethanol until use. For PBMCs, cells
were swollen in 75 mM KClI, fixed as above and spread on coverslips. Samples in 70% ethanol were serially dehydrated in 80, 90 and
100% ethanol, air-dried and transferred to 50% de-ionized formamide in SSC. Samples were then denatured with probes at 75°C for
2 min, incubated overnight in a humidified chamber at 37°C, washed in 0.4X SSC for 2 min at 72°C, counterstained with Hoechst
33342 and mounted using antifade. Anaphase FISH images were acquired on a Zeiss LSM780 confocal microscope. PBMC FISH
images were acquired using an epi-fluorescence microscope (Imager Z2, Zeiss) and HiFish acquisition software (GenASls, Applied
Spectral Imaging,Inc., CA).

RNA-FISH and analyses

RNA FISH probes for Xist RNA FISH were prepared from full-length mouse Xist plasmid using CGH Bioprime array kit (Life Technol-
ogies, #18095011) following the manufacturer’s instructions. Alexa Fluor-488 labeled dUTPs were used to label probes. Cells grown
on coverslips were fixed for 15 min in 4% PFA, washed two times in PBS and stored in 70% ethanol in —20 until use. Cells were
washed in PBS and in 10% formamide prior to incubating with the RNA FISH probe at 37°C overnight. Coverslips were then washed
in 10% formamide and 2X SSC followed by counterstaining with Hoechst 33342 and mounting in antifade. Images were acquired
using LSM 780 (Zeiss) confocal microscope and unbiased Xist detection was performed using KNIME software as described below.

Xist segmentation analyses

For Xist foci detection in male ES cells, we adapted a previously developed image analysis workflow (Jowhar et al., 2018) or detecting
Xist foci in the full field of view (FOV). Briefly, the workflow uses undecimated wavelet-based spot detection algorithm (Olivo-Marin,
2002) for segmenting the Xist foci in the FOV. We used up to four wavelet scales for segmenting the Xist foci. The per-scale threshold
factors were set to lower values to enable detection of all Xist signal to ensure reliable foci detection with the same set of values. Bona
fide Xist foci were visually distinguished from background foci and used for quantitative assessment and comparison. Nuclear seg-
mentation tools could not be employed in undifferentiated, colony forming cells. For Xist foci detection in differentiated female ES
cells, we used the three workflows described in (Jowhar et al., 2018). Briefly, the first workflow includes a nuclear segmentation mod-
ule and is followed by an interactive module which allows the end-user to annotate segmented objects into good (visually accurate
segmentation) and bad (over/under segmentation) classes, calculates their morphological features, and trains a binary random forest
(RF) classifier for rejecting mis-segmented nuclei (bad class). The second workflow segments nuclei in 2D, applies the trained RF
classifier from previous workflow to reject mis-segmented 2D nuclei, and crops Xist foci from corresponding spectral channel(s)
using the binary 2D nucleus mask. The third workflow segments Xist foci using the un-decimated wavelet-based spot detection al-
gorithm described earlier and extracts quantitative parameters of the detected Xist foci, namely, integrated intensity (a.u.), mean in-
tensity (a.u.), and area (pixels). The image processing steps and workflows described above were implemented into bespoke pipe-
lines in the KNIME (Berthold et al., 2008). Analytics Platform (Version 3.2.1, 64-bit) using compatible KNIME Image Processing Nodes
(Dietz and Berthold, 2016), Python and R Scripting Nodes. All KNIME workflows were either executed on a dedicated workstation
running Microsoft Windows 2012 Server R2 (64-bit) with 16-cores of AMD Opteron 6212 processor (2.7 GHz) and 256 GB RAM or
on a dedicated high-performance batch cluster compute node (Biowulf, CIT, NIH) running RedHat Enterprise Linux 7.4 with 28 cores
of Intel X2680, 240 GB RAM, 4 K80 Nvidia GPUs and 400 GB of solid state local storage.

Spectral Karyotyping

Metaphases were arrested by incubation with Colcemid (15210-040, KaryoMax ® Colcemid Solution, Invitrogen) (10 ng/ml) 3 hours
prior to harvest. Cells were collected and treated with hypotonic solution (KCL 0.075 M) for 15 minutes at 37°C and fixed with
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methanol:acetic acid 3:1. Slides were prepared and aged overnight prior to SKY analysis. Metaphases were hybridized with the 21-
color mouse SKY paint kit (FPRPR0030, ASI) according to the manufacturer’s protocol. Hybridization was carried out in a humidity
chamber at 37°C for 16 hours. The post-hybridization rapid wash procedure was used with 0.4X SSC at 72°C for 4 minutes. Detection
was carried out following ASI manufacturer’s protocol. Spectral images of the hybridized metaphases were acquired using Hyper
Spectral Imaging system (Applied Spectral Imaging Inc., CA) mounted on top of an epi-fluorescence microscope (Imager Z2, Zeiss).
Images were analyzed using HiSKY 7.2 acquisition software (Genasis, Applied Spectral Imaging Inc., CA). G-banding was simulated
by electronic inversion of DAPI counterstaining. An average of 20 mitoses of comparable staining intensity and quality was examined
per cell line and compared for chromosomal abnormality. The karyotype was determined by comparison to the standard ideogram of
banding patterns for mouse chromosomes (Nesbitt and Francke, 1973). Abnormalities were then separated as either aneuploidy or
other aberrations (deletions, translocations, etc.). Events were summated between autosomes and X chromosomes and the number
of events for autosomes was normalized to the total number of autosomes and the number of nuclei analyzed.

Cellular extract preparation and immunoblotting

Cells were lysed in RIPA lysis buffer (150 mM NaCl, 1% NP-40, 1% Na-deoxycholate, 0.1% SDS, 25 mM Tris-HCI pH 7.5) supple-
mented with protease inhibitors (Sigma) and phosphatase inhibitors (Calbiochem). Lysates were sonicated, centrifuged, and heated
with reducing sample buffer (375 mM Tris-HCI pH 6.8, 9% SDS, 50% glycerol, 9% B-mercaptoethanol, 0.03% bromophenol blue).
Lysates of equal protein amount based on BCA assay (Thermo Fisher) were separated by SDS-PAGE and subjected to western blot-
ting using the indicated primary antibodies. HRP-conjugated secondary antibodies were used for signal detection by enhanced
chemiluminescence (Amersham).

Co-immunoprecipitation

HEK?293 T-REXx cells expressing Flag-tagged macroH2A1.1 or macroH2A1.2 were used for co-IP experiment along with parental cell
line as control. Where indicated, PARPi was added at a concentration of 10 M / 6 million cells for 24 h. Equal numbers of cells were
used for IP experiment. Briefly, cells were washed with PBS and resuspended in hypotonic buffer (20 mM HEPES, 10 mM KCI, 2mM
MgCl,, 10% glucose, 0.5% NP-40) followed by MNase digestion (0.2 U/pl, 4°C, 60 min) in digestion buffer (20 mM HEPES, 150 mM
KCl, 10% Glycerol, 3 mM CaCl,). 20 mM EGTA was used to terminate the reaction. Using a 27G needle, each sample was aspirated
10 times followed by centrifugation at 1000 g, retrieval of the supernatant and IP with M2 magnetic beads (50% slurry) at 4°C for
60min. Post IP, beads were washed 4 times using wash buffer (20 mM HEPES, 150 mM KClI, 0.1% NP-40) followed by 50 mM HEPES.
Immunoprecipitated proteins were solubilized by incubating the beads with SDS sample buffer containing 10% B-mercaptoethanol
for 5 min at 95°C, followed by western blotting. LIG3 signal intensities were quantified using Image Lab software (BIO-RAD), IP in-
tensity was normalized to input.

Digestion and dimethyl labeling of affinity purified protein complex

Affinity purified protein complexes were resuspended in 30 puL of 25 mM HEPES (pH 8.4) and subjected to overnight digestion with
2 ug trypsin (Promega) reconstituted in 100 mM triethylammonium bicarbonate (TEAB) (Sigma) at 37°C. Digested samples were
recovered, dried and resuspended in 100 pL of 100 mM TEAB. In-solution dimethylation of the tryptic digest was performed using
CH,0 (Sigma) for light labeling or CD,O (Sigma) for medium labeling. Labeling reagent comprising 4 pL of 4% CH,O/CD,0O mixed
with equal amount of 0.6 M NaBH3;CN, was added to reconstituted tryptic digest and incubated for 1 hr at room temperature. The
labeling reaction was quenched by addition of 16 pL of 1% ammonia. Differentially labeled sample pairs were mixed, dried and
de-salted using C18 spin columns (Thermo Fisher) according to the manufacturer’s protocol. The peptide mixture was reconstituted
in 25% ACN/0.1% FA (100 pl) and fractionated using strong cation exchange (SCX) liquid chromatography (LC) as described in (Das
et al., 2010). Thirty-six SCX fractions were pooled in 12 fractions based on the intensity profile and vacuum dried. Dried samples were
reconstituted in 0.1% trifluoroacetic acid prior to MS analysis.

Mass Spectrometry acquisition and data analysis

Protein samples were subjected to nanoflow liquid chromatography (Thermo Easy nLC 1000, Thermo Scientific) coupled to high res-
olution tandem MS (Fusion, Thermo Scientific). MS scans were performed in the Orbitrap analyzer at a resolution of 60,000 with an ion
accumulation target set at 2e® over a mass range of 350-1500 m/z, followed by MS/MS analysis in an iontrap with an ion accumulation
target set at 1e5. MS2 precursor isolation width was setup at 1.6 m/z, normalized collision energy was 29, and charge state 1 and
unassigned charge states were excluded. Acquired MS/MS spectra were searched against a human uniprot protein database, using
a SEQUEST and the resulting peptides were filtered at a maximum of 1% FDR using the percolator validator algorithms in the Pro-
teome Discoverer 1.4 software (Thermo Scientific, CA). The precursor ion tolerance was set at 10 ppm and the fragment ions toler-
ance was set at 0.6 Da along with methionine oxidation included as a dynamic modification. For dimethyl labeling on the N terminus
and lysine, 28.0313 and 32.0564 Da were filled in for light and medium labels respectively. More than 2 non-redundant peptides from
each protein group was used for protein quantification.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Splice variant correlation analysis in NCI-60 cells

Gene expression correlation analyses across the NCI-60 panel were determined using CellMinerCDB (https://discover.nci.nih.gov/
cellminercdb/), a web-based resource for elucidating gene expression determinants across various cancer cell line datasets (Raja-
pakse et al., 2018). In brief, RNA-seq transcript expression levels for a well-annotated set of repair genes were obtained from Cell-
Miner\Query Genomic Data (https://discover.nci.nih.gov/cellminer/queryLoad.do). Values for macroH2A1 isoform 1.1 are based on
refseq NM_138609, values for macroH2A1.2 represent the summation of NM_001040158, NM_138610, and NM_004893. The pat-
terns for the composite gene transcript versus isoforms transcript levels were compared using Pearson’s correlations, and p values
were determined by two-tailed Z test using R computing (http://www.r-project.org).

Statistical analyses

All statistical tests and values / meaning of n are listed in the Figure legends. The following statistical tests were used as appropriate:
Student’s two-tailed t test, Fisher’s exact test, Mann-Whitney U test, two-tailed binomial test, two-tailed Z test, ANOVA with multiple
comparison assuming non-Gaussian distribution.
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