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Abstract

Background The histone variant macroH2A (mH2A), the most deviant variant, is about threefold larger than the con-
ventional histone H2A and consists of a histone H2A-like domain fused to a large Non-Histone Region responsible

for recruiting PARP-1 to chromatin. The available data suggest that the histone variant mH2A participates in the regu-
lation of transcription, maintenance of heterochromatin, NAD* metabolism, and double-strand DNA repair.

Results Here, we describe a novel function of mH2A, namely its implication in DNA oxidative damage repair
through PARP-1. The depletion of mH2A affected both repair and cell survival after the induction of oxidative lesions
in DNA. PARP-1 formed a specific complex with mH2A nucleosomes in vivo. The mH2A nucleosome-associated
PARP-1 is inactive. Upon oxidative damage, mH2A is ubiquitinated, PARP-1 is released from the mH2A nucleosomal
complex, and is activated. The in vivo-induced ubiquitination of mH2A, in the absence of any oxidative damage,
was sufficient for the release of PARP-1. However, no release of PARP-1 was observed upon treatment of the cells
with either the DNA alkylating agent MMS or doxorubicin.

Conclusions Our data identify a novel pathway for the repair of DNA oxidative lesions, requiring the ubiquitination
of mH2A for the release of PARP-1 from chromatin and its activation.
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Background

In addition to conventional core histones, eukaryotic
cells express histone variants [1]. Histone variants are
nonallelic histone isoforms, which can substitute for
the respective conventional histone. Histone variants
are deposited into chromatin by the help of dedicated
histone variant chaperone complexes [2-5] and their
incorporation into the nucleosome can affect both its
structural and functional properties [6—10]. For exam-
ple, specific structural features of the histone variant
nucleosomes could interfere with the ability of chroma-
tin remodeling machines to remodel and mobilize them
[11-14] or to allow the recognition and interaction with
distinct proteins [15, 16].

All conventional histones, except H4, possess histone
variants. Histone H2A has the largest number of his-
tone variants [17]. Histone macroH2A (mH2A), the most
deviant histone variant, is about three fold larger than
the conventional H2A and consists of a histone H2A-like
domain fused to a large Non-Histone Region (NHR) [18].
Two mH2A genes, mH2A1 and mH2A2, were identified
in humans [19, 20]. In turn, mH2A1 has two splice vari-
ants, mH2A1.1 and mH2A1.2 [19].

Diverse functions were attributed to mH2A, including
transcriptional repression, heterochromatin organiza-
tion, Nicotinamide adenine dinucleotide (NAD") MMS-
metabolism and DNA repair (for recent reviews see [21,
22]). Studies with reconstituted mH2A nucleosomes
and nucleosomal arrays have suggested that mH2A is
implicated in the control of gene expression [6]. These
in vitro data were supported by in vivo experiments [23,
24]. Immunofluorescence data suggested that the inac-
tive X chromosome (Xi) was enriched in mH2A since
a more pronounced staining with mH2A antibody of
the Xi chromosome compared to other nucleus regions
was observed [25]. At least part of this staining could be
attributed to the higher nucleosome density characteris-
tic of the condensed Xi chromosome and not to enrich-
ment with mH2A [26]. In agreement, mH2A was found
depleted from the transcribed regions of active genes
in mouse liver [27]. It was also reported that mH2A
took part in the inhibition of both Mesenchymal-to-
Epithelial and Epithelial-to-Mesenchymal Transitions
[28, 29]. One of the spliced variants of macroH2A.1,
macroH2A1.2, is involved in telomere organization and
function [30]. Mitochondrial respiration appeared to be
controlled by macroH2A.1.1 via limitation of nuclear
NAD"consumption [31]. Implication of macroH2A
in double-strand-break repair was also reported [32].
PARP1-dependent chromatin relaxation, that occurs in
living cells upon DNA damage, was also described [33].

In cells, oxidative stress can be induced by an increased
level of hydrogen peroxide (H,O,), which could lead to
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cellular damage. The increased level of H,O, generates
single strand breaks (SSB) in DNA, either directly or
indirectly (mainly by the cleavage of the oxidized guanine
lesion, 8-oxoguanine [34]).

Poly(ADP-ribose) polymerase I (PARP-1) is a molecu-
lar sensor of DNA breaks and it is intimately related to
their repair (for recent reviews see [35]). The enzyme
uses NAD+ for the synthesis and attachment of the
poly(ADP-ribose) polymer (PAR) to its substrates, which
among others include histones, SSB repair proteins and
PARP-1 itself. The poly(ADP-ribosylation) of histone H1
was shown to perturb its interaction with chromatin,
which resulted in a decondensation of the 30 nm chro-
matin fiber and allowed the repair complexes to assem-
ble at the damaged site [35-37]. The poly(ADP-ribose)
glycohydrolase (NAD) hydrolyzes the glycosidic bond
between the ADP-ribose units and thus, generates free
ADP-ribose [35]. The elimination of PAR creates condi-
tions for condensation of the repaired chromatin fiber.

In this work, we present direct evidence for a novel
function of mH2A, namely its involvement in DNA oxi-
dative damage repair. In vivo PARP-1 forms a stable
complex with mH2A chromatin. Upon generation of oxi-
dative DNA lesions mH2A is ubiquitinated. As a result,
PARP-1 is released from the ubiquitinated mH2A chro-
matin and activated. The ubiquitination of mH2A alone
is sufficient for the release of PARP-1 from chromatin.
These data identify a novel pathway for the repair of oxi-
dative DNA lesions, which requires the ubiquitination of
mH2A.

Results

mH2A1 is involved in DNA oxidative damage repair

To study the potential involvement of mH2A1 in DNA
repair, we used HeLa cells where mH2A1 levels were
reduced by siRNA. The suppression of the mH2A1
expression was confirmed by a specially generated anti-
mH2A1 antibody [26]. Transfection of HeLa cells with
siRNA resulted in a very efficient suppression (more than
80%) of the expression of mH2A1 (Fig. 1B). The control
cells, the knock down and rescue cells (expressing an
siRNA resistant mH2A1.1, see methods) were then sub-
jected to oxidative damage by treatment with 10 mM
H,0, for 5 minutes, and the cells allowed to recover for
the indicated times ranging from 5 minutes to 1 hour.
The presence of single-strand breaks (SSB) in the H,0,
treated cells was studied by a Comet assay under alkaline
conditions (Fig. 1A-C). The Comet assay showed the pres-
ence of a higher amount of residual SSB in the mH2A1
siRNA transfected cells relative to that of the control or
rescue cells at the corresponding time points (Fig. 1A,
compare, for example, the 5 and 15 minutes time points
for control and siRNA treated cells). The quantification
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Fig. 1 The presence of mH2A is essential for the repair of DNA damage and cell survival upon treatment with H,O,. A Control (transfected

with scrambled siRNA), siRNA resistant (SR) and siRNA mH2A1 transfected cells were treated with H,O,, allowed to recover for the indicated times,
and were then subjected to alkaline Comet assay. B Western blot analysis of total cell extract prepared from control and mH2A1 siRNA treated

cells. The blot was first probed with anti-mH2A1 and then with an anti-H2B antibody as a control for equal protein loading. C Quantification

of the Comet assay data. Values represent means and standard deviations for~ 300 cells from 3 independent experiments. D The removal of nuclear
poly-ADP ribose foci induced after oxidative DNA damage is dependent on the presence of mH2A1. Control and mH2A1 siRNA transfected Hel.a
cells were treated with H,0,, allowed to recover for the indicated times and then fixed and immunostained with anti-poly(ADP-ribose) antibody. E
Quantification of the data presented in (D). The means of two independent experiments are presented. For each time point no less than 100 cells
were analyzed. F mH2AT is required for cell survival after oxidative stress. Control and mH2A1 siRNA transfected Hela cells were treated with H,0,
at the indicated concentrations. The percentage cell survival was measured 24 h after the H,O, treatment. The means of 3 different experiments are

shown

of the Comet assay data demonstrated slower SSB repair
kinetics in mH2A1 depleted cells. Indeed, the rate of the
disappearance of the tail DNA (Fig. 1C) was about five to
seven-fold slower in the mH2A1 depleted cells compared
to the control or rescue cells. We conclude that the sup-
pression of mH2A1 expression affected SSB repair, pro-
viding thus evidence that mH2A1 was required for this
process.

To further test this hypothesis, we have carried out
immunofluorescence experiments by using anti-poly-
ADP-ribose (anti-PAR) antibodies to visualize the PAR
foci in H,O, treated cells. The PAR foci are generated
by PARP-1 ribosylation of specific proteins in vicinity of

the damaged sites. The presence of the PAR foci is evi-
dence for active repair process (for a review see [35]).
Once the DNA damage is repaired, the PAR is degraded
by the glycohydrolase PARG and the foci are, thus,
removed [35, 38]. PAR foci were present after DNA
damage in both control and mH2A1 depleted cells
(Fig. 1D), but the number of cells presenting such foci
decreased more slowly in the mH2A1 knocked down
cells (Fig. 1E). These data illustrate the requirement of
mH2A for efficient repair of the oxidatively damaged
DNA and are in full agreement with the Comet assay
results described above (Fig. 1A-C). Therefore, we have
shown by two independent approaches the involvement
of mH2A in the repair of DNA after oxidative damage.
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If mH2A1 was required for DNA repair, one would
expect the suppression of mH2A1 expression to also
affect the viability of H,O, treated cells. To test this idea,
we treated both control and mH2A1 depleted cells with
different concentrations of H,0,, and measured cell via-
bility 24 hours post treatment. It is clear from the data
(Fig. 1F) that the absence of mH2A1 interfered with cell
survival. Indeed, upon H,O, treatment the viability of the
cells transfected with the mH2A1 siRNA was decreased
compared to the control cells. For example, the treatment
with 40 mM H,0, reduced the survival of the mH2A1
depleted cells more than two-fold i.e. from about 50% in
control cells to about 20% in the mH2A1-knocked down
cells (Fig. 1F).

Treatment of cells with H,0, results in the release

of PARP-1 from mH2A chromatin and its activation

W and others have previously demonstrated that PARP-1
is specifically associated with mH2A nucleosomes into
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the cell [24, 39]. Importantly, the in vivo association of
PARP-1 with mH2A chromatin downregulated its enzy-
matic activity [24]. GST-pull down experiments have
shown that the association of PARP-1 with mH2A nucle-
osomes was achieved through the NHR of mH2A1 [24,
39]. In addition, enzymatic assays demonstrated that the
NHR of mH2A inhibited PARP-1 enzymatic activity in
vitro [39]. Taken together, these data suggest that in vivo
mH2A could act as a negative regulator of PARP-1 enzy-
matic activity, which, in turn, indicates that mH2A could
be involved in the DNA damage repair through PARP-1.
We hypothesized that the dissociation of PARP-1 from
mH2A chromatin upon H,0, cell treatment could acti-
vate PARP-1 and facilitate its recruitment to the DNA
lesions. We have addressed this possibility by using a
HeLa cell line stably expressing epitope-tagged mH2A1.1
(Fig. 2 and [24]). It is important to note that the expres-
sion level of the tagged protein did not exceed 40% of the
endogenous mH2A1 (Fig. 2B). These cells were treated
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Fig.2 Upon H,0, treatment, mH2A.1.1 is ubiquitinted and PARP-1 is both released from the e-mH2A1.1 nucleosome complex and activated. A

Silver staining e-mH2A1.1

nucleosome complex (run on SDS PAGE) isolated from either control (-) or H,0, (+) treated Hela cells stably expressing

e-mH2A1.1. The proteins identified by mass spectrometry are indicated. Lane M, molecular mass markers. The masses of the different protein

markers are indicated. The lower part of the Figure shows the Western blot of e-mH2A1.1
(+) treated e-mH2A1.1 stable Hela cell lines. The blot was first probed with anti-PARP-1
expression level in untagged and epitope tagged Hela cells. *
auto-ADP-ribosylation after oxidative DNA damage in control and mH2A1 siRNA transfected

with anti-HA antibody. B Western blot quantification of mH2A1.1
the ubiquitinated form of mH2A1. C Kinetics of PARP-1

nucleosomal complexes isolated from control (-) and H,0,
antibody and then, to visualize e-mH2A1.1, it was probed
indicates

Hela cells. Cells were treated with H,0, and after recovery for the indicated times, the cell lysates were run on SDS PAGE, transferred and the blots
were probed with either anti-poly(ADP-ribose) antibody (upper panel) or with anti-macroH2A1 (middle panel) or anti-H2A antibodies (lower panel),

respectively
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with H,0O,, and epitope-tagged mH2A1.1 (e-mH2A1.1)
nucleosomal complexes were immunopurified from
treated and control cells as described [24]. In agreement
with our earlier observations [24], we identified PARP-1
within the e-mH2A1.1 nucleosomal complex isolated
from non-treated control cells (Fig. 2A, upper and lower
panels). Remarkably, treatment with H,0O, resulted in
release of PARP-1 from e-mH2A1.1 nucleosomal com-
plexes as demonstrated by both electrophoretic and
Western blot analyses (Fig. 2A).

We next asked if the PARP-1 released from the mH2A
nucleosomal complex was more readily activated upon
cell treatment with H,O,. To generate “released from
mH2A chromatin” PARP-1 we knocked down the expres-
sion of mH2A1 in HeLa cells. Then, we studied the auto-
ribosylated status of PARP-1 (which is a strong indication
for the presence of activated PARP-1 [37, 40]) in control
and H,0, treated cells. The experiments were carried out
as follows. Whole cell extracts were isolated from either
control (transfected with scrambled siRNA) or mH2A1
siRNA transfected HeLa cells (after treatment of the
cells with H,O, and subsequent 4, 15, 25 and 35 minutes
recovery). Identical aliquots of the extracts were run on
an SDS-PAGE (Sodium dodecyl sulfate Polyacrylamide
gel), the proteins were transferred, and the blot was
probed either with anti-ADP-ribose antibody (Fig. 2C,
upper panel; this antibody detects the activated ADP-
ribosylated forms of PARP-1 [41]), or with anti-mH2A1
antibody (Fig. 2C, middle panel) or for illustration of the
equal loading with anti-H2A antibody (Fig. 2C, lower
panel). As seen, at all recovery time points following dam-
age, the amount of auto-modified enzyme in the control
cells was always much smaller than that of the mH2A1
siRNA transfected cells (Fig. 2C upper panel, compare
the intensities of the bands in the siRNA treated and con-
trol cells at the different time points). Interestingly, the
bands corresponding to the auto-modified PARP-1 in the
mH2A1 knock-down cells were not only higher in inten-
sity, but were also present for longer times (Fig. 2C, see
25 and 35 minutes recovery). We conclude that, following
oxidative damage, the siRNA knock-down of mH2A1 led,
as expected, to both large increase in the amount of acti-
vated PARP-1 and long-lived activated enzyme. Note that
these results are in full agreement with the slower kinet-
ics of disappearance of the PAR foci (indicators of active
repair process and thus, of active PARP-1) after oxida-
tive damage in mH2A1 knocked down cells compared to
these of control cells (Fig. 1D, E).

Intriguingly, the release of PARP-1 from e-mH2A1.1
chromatin was induced specifically by the treatment
of the cells with H,O,, but not with other DNA damag-
ing agents (Additional file 1: Fig. S1). Indeed, as judged
by SDS PAGE and Western blotting of the mH2A1.1
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nucleosomal complexes isolated from either MMS
(Methyl methanesulfonate) or doxorubicin treated cells,
no dissociation of PARP-1 was observed, in contrast to
H,0, treated cells (Additional file 1: Fig. S1). In addi-
tion, the H,0O, induced dissociation of PARP-1 did not
reflect a direct effect of H,0O, on the mH2A1.1 nucleo-
some complexes, since treatment of isolated e-mH2A1.1
nucleosome complexes with any of the damaging agents
did not result in detectable perturbations in the interac-
tions between the partners of the complexes and subse-
quent release of PARP-1 (Additional file 2: Fig. S2).

Treatment of cells with H,0, induces ubiquitination

of mH2A.1

As shown above, upon treatment with H,O, PARP-1
is released from the mH2A1l nucleosomal complex. A
possible reason for this release of PARP-1 would be the
induction of some perturbations or modifications in
the structure of mH2A1 resulting from the H,O, treat-
ment. We have approached this question by studying the
modifications in mH2A1 generated after H,O, oxida-
tive damage (Fig. 3A). e-mH2A1.1 HeLa cell lines were
treated with H,O, and, after allowing the cells to recover
for selected time points, the e-mH2A1.1 complex was
isolated and subjected to SDS PAGE (Fig. 3A). Mass
spectrometry analysis showed some weak mono-ubiq-
uitination of mH2A1.1 in the control complex (Fig. 3A).
Treatment with H,O, led to a drastic increase of the
amount of monoubiquitinated e-mH2A1.1 (e-mH2A1.1-
ubl) and the appearance of bi-ubiquitinated e-mH2A1.1
(e-mH2A1.1-ub2). Mass spectrometry analysis identi-
fies lysines 115 and 120 as the first and second sites of
ubiquitination (Fig. 3C). Immunoprecipitaion of the
H,0,-treated e-mH2A.1.1 complex with the anti-ubiq-
uitin FK2 antibody, followed by anti-FLAG antibody
blotting, confirmed the ubiquitination of e-mH2A1.1
(Fig. 3D). Note that the amount of mono-ubiquit-
inated e-mH2A1.1 remained relatively unchanged dur-
ing the recovery period, while that of bi-ubiquitinated
e-mH2A1.1 showed some increase with the time of
recovery (Fig. 3A, compare 5 minutes with 30 minutes
recovery points). This was further confirmed by West-
ern blotting (Fig. 3B). In contrast, the amount of PARP-1
associated with the e-mH2A1.1 complex sharply dropped
after 5 minutes and then gradually decreased (Fig. 3A, B),
i.e. the time-course of PARP-1 release was concomitant
with this of e-mH2A1.1 ubiquitination.

The control e-mH2A1.1 nucleosomal complex con-
tained small amount of histone H1, but already after 5
minutes of recovery, a full complement of histone H1
was found associated with the e-mH2A1.1 nucleosomal
complex (Fig. 3A). The time-course of H1 association
with e-mH2A1.1 nucleosome paralleled both those of
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ubiquitination of e-mH2A1.1 and release of PARP-1 from
the e-mH2A1.1 nucleosome.

Mutations of the mH2A ubiquitination sites affects

the association with PARP-1

The e-mH2A1 oxidative-stress dependent ubiquitina-
tion and the concomitant release of PARP-1 from the
e-mH2A1.1 nucleosomal complex suggest a causal
relationship between these two events. We have tested
this hypothesis by establishing stable HeLa cell lines,
expressing mutated e-mH2A1.1, in which the ubiquit-
inable lysines 115 and 116 were substituted with alanines
(Fig. 4 A).

Then we treated these cells with H,0, under identical
conditions as these of the wild type cells, allowed recov-
ery for 5 minutes and isolated the mutated e-mH2A1.1
nucleosomal complexes. We found that the mutated
e-mH2A1.1 was ubiquitinated as much as the wild-type

e-mH2A1.1 nucleosomal complex and that the majority
of PARP-1 was released from the mutated e-mH2A1.1
nucleosome (Fig. 4A). Since ubiquitination does not
require a specific peptide sequence, this indicated that
the mutant e-mH2A1.1 could be ubiquitinated at new
sites located in the vicinity of lysines 115 and 116. Analy-
sis of the primary mH2A1.1 sequence in the vicinity of
these lysine residues identified two other lysine resi-
dues (120 and 122) as potential new sites of ubiquitina-
tion. With this in mind, we next established HeLa stable
cell lines where either the three lysines 115, 116 and 120
(K115/116/120A) or all the four lysines 115, 116, 120
and 122 (K115/116/120/122A) of e-mH2A1.1 were sub-
stituted with alanines. These cell lines were subjected
to treatment with H,O,, allowed to recover and the
e-mH2A1.1 mutant nucleosome complexes were purified
(Fig. 4A, lanes 5-8). Upon treatment with H,O, the ubig-
uitination of e-mH2A1.1 was strongly decreased only in
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Fig. 4 The release of PARP-1 from the mH2A1 nucleosomal complex is affected by mutations of the mH2A ubiquitination sites. Stable Hel a

cell lines expressing e-mH2A1.1 bearing lysine (K) to alanine (A) mutations either at positions 115 and 116, orat 115, 116 and 120 or at 115,

116, 120 and 122, were established. They were treated with H,0, and allowed recovering for 5 min (at time point zero (0), the cells were treated
with H,0, and not allowed to recover). Then the e-mH2A1.1 mutated nucleosome complexes were isolated, run on a SDS PAGE and the proteins
and e-mH2A1.1 ubiquitinated species were identified by mass spectrometry. The positions of the identified proteins were indicated at the right
part of the figure. M, protein molecular mass markers. The molecular weights of the markers are indicated. In the middle of the figure is shown

a Western blot against mH2A1. In the lower part of the figure is shown the aminoacid sequence of mH2A1.1 encompassing AA 112-124.The
positions of the lysines, which were mutated to alanines, are indicated. (The percentage cell survival was measured 24 h after the H,0, treatment.
The means of 3 different experiments are shown. B Mass spectrometry table of the e-mH2A1.1 complex purified from untreated Hela cells. C Mass
spectrometry table of the e-mH2A1.1 complex purified from H,0, treated Hela cells. D Control HeLa cells, mH2A1 siRNA transfected Hela cells
and e-mH2A1.1 K115/116/120/122A mutant Hela cells were treated with H,0, at the indicated concentrations

the cell line expressing the emH2A1.1 bearing the four
lysine to alanine mutations (Fig. 4A, Lanes 7, 8). Note

mH2A chromatin following treatment of cells with H,O,.
The release of PARP-1 from mH2A1.1 was further con-

that a very weak release of PARP-1 from the mutated
e-mH2A1.1 chromatin was observed (Fig. 4A, compare
lane 7 with lane 8). The above data provide evidence for a
mH2A ubiquitination dependent release of PARP-1 from

firmed by mass spectrometry analysis (Fig. 4B, C).

We then examined how mutations in mH2A1.1 ubiquit-
ination affect the viability of H,O,-treated cells. To achieve
this, we treated control cells, mH2A1 siRNA-depleted
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cells, and e-mH2A1.1 K115/116/120/122A mutant HeLa
cells with varying concentrations of H,O, and assessed
cell viability 24 hours post-treatment. The data (Fig. 4D)
clearly indicate that the mH2A1.1 ubiquitination mutant
impairs cell survival in a manner similar to the absence of
mH2A1. Indeed, following H,O, treatment, the viability
of mH2A1.1 ubiquitination mutant cells decreased com-
pared to control cells (Fig. 4D).

To further confirm this observation, we have studied the
time course of e-mH2A1.1 ubiquitination and have quan-
tified PARP-1 release from chromatin after H,O, treat-
ment of cell lines expressing either wild type mH2A1.1 or
K115/116/120/122A mH2A1.1 mutant (Fig. 5). Intrigu-
ingly, before treatment with H,O, the normalized amount
of PARP-1 associated with the e-mH2A1.1 nucleosomes
(the ratio PARP-1: e-mH2A1.1 nucleosome) purified from
the mutated (K115/116/120/122A) cell line was found
to be more than four-fold higher compared to the WT
e-mH2A1.1 complex (Fig. 5A, B).

Treatment with H,O, resulted in a rapid e-mH2A1.1
ubiquitination and a parallel massive release of PARP-1
from the control e-mH2A1.1 nucleosomes (Fig. 5).
Already at 10 minutes more than 80% of the nucleosome

A K115/116/
M WT 120/122A
Time (min) D 0 5 1030 0 5 10 30
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associated PARP-1 was released (Fig. 5B). At 30 min-
utes recovery, a very faint amount (no more than 5%)
of PARP-1 remained associated with e-mH2A1.1 in
WT cells. In contrast, the release of PARP-1 from the
mutated (K115/116/120/122A) e-mH2A1.1 nucleosome
was very slow and even at the latest recovery time point
(30 minutes) a substantial amount of PARP-1 remained
associated with the nucleosome (Fig. 5A, B). Impor-
tantly, the normalized amount of PARP-1 associated with
the mutated e-mH2A1.1 nucleosome was more than
50-fold higher compared to this associated with the W'T
e-mH2A1.1 at 30 minutes of recovery (Fig. 5B). We note
that in both cases the release of PARP-1 from chromatin
is accompanied by a concomitant association of histone
H1 with the e-mH2A1.1 complex (Fig. 5A).

The ubiquitination of mH2A alone is sufficient

for quantitative release of PARP-1 from mH2A chromatin
All the above presented results strongly suggest, but
do not directly demonstrate that the release of PARP-1
from chromatin upon H,O, treatment is a consequence
of the ubiquitination of mH2A. To show this, we have
treated stable HeLa cells expressing WT e-mH2A1.1

kD. B
200 — . | 1,6
116 - o % — PARP-1 1,4
08 — == - mwWT
66 ‘—% 1,2 Mut
- "“ —e-mH2A1.1-ub2 =
55 — —e-mH2A1.1-ub1 3 1
—e-mH2A1.1 Sos
36— o £
- | ! ] i S 06
V- - = = &
= < o4
21 — — _H3/H2B 0.2 j
14 - =H2A
6 — —H4 0 |
0 5 10 30
PARP-1 — @i e D (D s e Time (min)

e-mH2A1.1-ub2

- —
“Memrizari - D .

Fig. 5 Time course of PARP-1 release from mH2A chromatin, induced after treatment with H,0,. Stable cell lines expressing either wild type
mH2A1.1 or four lysine to alanine mutated (K115/116/120/122A) mH2A1.1 were treated with H,O, and allowed recovering for the times
indicated. The mH2A1.1 complexes were then purified, run on SDS PAGE and the proteins were identified by mass spectrometry. The positions
of the identified proteins are indicated. The lower part of the figure shows the Western blot analysis of respective e-mH2A1.1 nucleosome
complexes. The blot was first probed with anti-PARP-1 antibody and then, to visualize e-mH2A1.1, it was probed with anti-HA antibody. B
Quantification of the Western blot data shown in (A). The PARP-1/mH2A1.1 ratio for both WT (black) and mutated (grey) mH2A1.1 nucleosomal

complexes is presented
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with 5 mM NEM (N-ethylmaleimide, a general inhibitor
of de-ubiquitination) and have purified the e-mH2A1.1
complex. Both the electrophoretic and the Western
blot analyses show that treatment with NEM resulted,
as expected, in a massive ubiquitination of e-mH2A1.1
(Fig. 6A). Remarkably, in the absence of H,O, treat-
ment PARP-1 was completely released from the ubiq-
uitinated, but not from the non-modified e-mH2A1.1
nucleosome complex (Fig. 6A). Again, the release of
PARP-1 was paralleled with association of histone
H1 with the ubiquitinated e-mH2A1.1 nucleosomes.
Therefore, the in vivo ubiquitinated mH2A nucleosome
complexes are not associated with PARP-1 further
showing that ubiquitination of mH2A is sufficient for
the release of PARP-1 from the mH2A chromatin.

A

M
NEM (5mM): .
kD.
200 — ——

— PARP-1

116 — - ot

98 ~

T ———

66 — n—
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Discussion

In this work, we demonstrate a novel function of mH2A1,
namely its direct involvement in DNA oxidative damage
repair. The repair of oxidative DNA damage was com-
promised in cells with siRNA suppressed expression of
mH2A1, and the survival of these cells after the damage
was also affected. To decipher the mechanism of involve-
ment of mH2A1 in DNA repair we have analyzed the
partners associated with mH2A1 nucleosomes iz vivo. In
agreement with earlier data [24], we found that PARP-1
was associated with mH2A.1 nucleosomes. Treatment
with the DNA oxidative damaging agent H,O, resulted
in release of the mH2A1 associated PARP-1. The mH2A1
immobilized PARP-1 was inactive and the depletion of
mH2A1 resulted, upon induction of oxidative damage, in

H20.

PARP-1

Fig. 6 Ubiquitination of mH2A is sufficient to release PARP-1 from mH2A chromatin. A Treatment with NEM of stable Hela cell lines expressing
mH2A1.1 results in ubiquitination of MH2A1.1 and release of PARP-1 from the mH2A1 nucleosomal complex. Stable Hela cell lines expressing
mH2A1.1 were treated with 5 mM NEM for 30 min and mH2A1.1 nucleosomal complex was purified and run on a SDS PAGE. The protein bands
were identified by mass spectrometry. The positions of PARP-1, non-modified and mono- and bi-ubiquitinated e-mH2A1.1 as well as histone
H1 and the core histones are indicated. The Western blot of the respective e-mH2A1.1 complexes is shown in the lower part of the gel. The blot
was first probed with anti-PARP-1 antibody and then, to visualize e-mH2A1.1, it was probed with anti-HA antibody. B Schematic presentation
of the mechanism of PARP-1 release from the mH2A chromatin upon treatment with H,O,
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a strongly activated and long-lived PARP-1 ([24] and this
work). Importantly, no release of PARP-1 was detected
when the cells were treated with either the DNA alkylat-
ing agents MMS or doxorubicin. These data show that:
(i) mH2A1 is involved in DNA oxidative damage repair,
(ii) this involvement is specific and, (iii) it is mediated
through PARP-1.

Next, we have focused on the mechanism of PARP-1
release from mH2A1 nucleosomes upon oxidative stress.
We hypothesized that the release of PARP-1 would be
determined either by a direct effect of H,O, on struc-
ture of the mH2A1 nucleosome complex (for example, by
inducing structural alterations in mH2A1 through direct
interactions with OH’) or indirectly, by activating a spe-
cific pathway leading to posttranslational modification(s)
in mH2A1. Since treatment of isolated mH2A1 nucleo-
somal complexes with H,O, showed no dissociation
of PARP-1 from the nucleosomes, the hypothesis for a
direct effect was rejected. We then investigated the modi-
fications of mH2A1 induced after oxidative damage. We
found that, in agreement with the available data [42], a
modest amount of mH2A1 was mono-ubiquitinated in
control cells. Oxidative damage resulted in both a strong
increase of the amount of mono-ubiquitinated mH2A1
and the presence of bi-ubiquitinated mH2A1. The time
course of mH2A1 ubiquitination was concomitant with
the PARP-1 release from mH2A1 chromatin, suggesting
that ubiquitination of mH2A1 would be implicated in the
mechanism of PARP-1 release. In agreement with this,
we found that mutations in the ubiquitinable mH2A1
lysine residues to alanines and thus, the creation of non-
ubiquitinable mH2A1 mutants, interfered with the in
vivo H,O,-induced release of PARP-1 and cell survival.
Subsequent experiments showed that the in vivo genera-
tion of mH2A1 hyper-ubiquitination led to a quantitative
release of PARP-1 from mH2A1 chromatin. It is impor-
tant to note that the ubiquitination sites lie outside the
mH2A1 macrodomain, which is responsible for PARP-1
binding, and hence their mutations cannot affect PARP-1
binding. The dissociation of PARP-1 from mH2A1 is
very likely regulated by an off-rate that is influenced by
the ubiquitination status of mH2A1. In instances where
ubiquitination is absent, the dissociation of PARP-1 from
mH2A1 still occurs but with a much slower kinetics, as
observed in ubiquitination mutants (Fig. 5).

Interestingly, the e-mH2A1.1 nucleosome
plexes, which were associated with PARP-1, were
severely depleted of the linker histone HI, illustrating
that the mutual binding of PARP-1 and H1 to chroma-
tin was mutually exclusive, a result in agreement with
the available data [43]. The ubiquitination of e-mH2A1
and the subsequent release of PARP-1 from chromatin

com-
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allowed the de novo binding of histone H1 to the mH2A
chromatin.

Available data suggest that PARP-1 was associated with
DNA and not with the macrodomain of mH2A1 within
the e-mH2A1 nucleosomal complex [44]. Although,
both in vivo treatment of the cells with H,O, (Fig. 2) and
ubiquitination of the macrodomain of mH2A1 (Fig. 6)
resulted in complete release of PARP-1 from the mH2A1
nucleosomal complex and consequently, these data do
not support the above cited suggestion.

Since mH2A was related to the control of transcrip-
tion, a possibility exists that the involvement of mH2A1
in DNA oxidative damage repair described here could
be an indirect effect related to the function of mH2A1
in transcriptional regulation. However, we note that the
transcription of genes related to DNA repair were not
found to be affected in mH2A1 knockout mice [45] and
no mH2A1 was found localized on the regulatory regions
of DNA repair genes [24, 26], which rules out the above
mentioned possibility.

We propose the following model for the role of mH2A
in DNA oxidative repair (Fig. 6B). The interaction of
PARP-1 with mH2A1 nucleosomes through the NHR of
mH2A]1 resulted in immobilization of the enzyme and
downregulation of its catalytic activity [24] and this man-
uscript). Upon induction of oxidative damage, a ubiquitin
ligase (responsible for the ubiquitination of mH2A) ubiq-
uitinates mH2A resulting in the release of PARP-1 from
the mH2A1 nucleosome complex. The released PARP-1
is then recruited to the sites of damage, where it is acti-
vated. The recruited PARP-1 organizes the repair of the
damage by signaling the damage through poly(ADP-ribo-
sylation) of some of the proteins involved in the repair,
and also local decondensation of chromatin. Once the
repair is completed, the PAR, which is synthesized and
attached to the proteins, is degraded by PARG. PARP-1 is
then recruited to the mH2A1 nucleosomes, and its enzy-
matic activity is again down regulated. In the absence
of mH2A1, no efficient down regulation of the PARP-1
activity can be achieved, and active PARP-1 would
remain present. In agreement with this, we found that
the knock down of mH2A1 resulted in long lived acti-
vated PARP-1 in cells treated with H,O,, which, in turn,
provokes the persistence of a high levels of poly(ADP-
ribosylation) at the damage sites. The presence of PAR at
levels above that required for proper repair, may interfere
with its removal by the available PARG. This could result
in the accumulation of long-lived PAR foci in the dam-
aged cells, exactly as we have observed. In other words,
the lack of mH2A1 in the cell would deregulate the very
sophisticated mechanism of repair achieved by the con-
certed action of PARP-1 and PARG. Therefore, the role of



Ouararhni et al. BMC Biology (2024) 22:188

mH2A1 as a negative regulator of the PARP-1 enzymatic
activity would be crucial for repair efficiency.

Conclusions

This work demonstrated a direct link between mH2A1
and PARP-1 in vivo. PARP-1 is a multifunctional
enzyme, which in addition to DNA repair and tran-
scriptional regulation, is involved in several physiologi-
cal processes, including cell division, DNA integrity,
the balance between cell life versus death under physio-
pathological conditions, etc. [35, 37]. The direct link
between mH2A1 and PARP-1 is also suggestive of an
involvement of mH2A1 in these vital cellular processes.
Whether mH2A plays a role in all these processes by
regulating PARP-1 enzymatic activity remains a chal-
lenge for future studies.

Methods

Cell culture and transfection

HeLa cells were grown at 37°C in Dulbecco’s modified
Eagle’s medium (Biowhittaker, Europe). Medium was
supplemented with 10% foetal bovine serum (Biowhit-
taker, Europe). siRNA duplexes were introduced using
Oligofectamine reagent (Invitrogen). To increase the sup-
pression of mH2A1 mRNA, a double siRNA tranfection
was performed. Cells were recuperated 48h after the sec-
ond transfection. The target sequences used (located in
the NHR of mH2A1) were 5-AAGCAGGGUGAAGUC
AGUAAG-3’ or 5'-ACAACCGAGGGCACACCUGCC-
3’ and the scrambled control sequence used was 5'-CAU
GUCAUGUUCACAUCUCTT-3!

Generation of siRNA resistant mH2A1.1 cell line
RNAij-resistant mH2A1.1 construct was generated by creat-
ing silent point mutations in the cDNA. Briefly, the mH2A1.1
NHR region was changed from the original 5-AAGCAG
GGTGAAGTCAGTAAGGCA-3 to 5 “AAACAAGGAGAG
GTAAGCAAAGCT-3! The mutated mH2A1.1 sequence
(sr_mH2A1.1) was used to establish HeLa cells stably express-
ing a non-tagged siRNA-resistant mutant. The endogenous
mH2A1 mRNA was knocked down using the following
siRNA: 5-AAGCAGGGUGAAGUCAGUAAG-3.

Treatment of HelLa cells with N-ethylmaleimide (NEM).
HeLa cells stably expressing e-mH2A1.1 were grown at
37°C in Dulbecco’s modified Eagle’s medium (Biowhit-
taker, Europe) and treated for 30 min with 5 mM NEM
(Sigma). Treated cells were immediately collected and
washed in PBS containing 1 mM NEM. The isolated
nuclei were used for the purification of the e-mH2A1.1
nucleosome complexes.
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Purification of e-mH2A1.1 complexes
Stable cell lines expressing mH2A1.1 fused to its N-ter-
minus with double-HA and double-FLAG epitope tags
(e-mH2A1.1) was described in [24]. The isolated nuclei
were digested with micrococcal nuclease to give predom-
inantly mononucleosomes and the e-mH2A1.1 nucleo-
some complexes were prepared by immunopurification
on anti-FLAG antibody conjugated agarose and/or anti-
HA antibody conjugated agarose, respectively [24].
Lysine to alanine substitutions of the ubiquitination
sites of e-mH2A1.1 were carried out by using standard
mutagenesis techniques. The mutated e-mH2A1.1 nucle-
osomal complex was purified as described above for the
wild type complex.

Mass spectrometry

Identification of proteins was carried out using an Orbit-
rap mass spectrometer (ThermoFinnigan) by Taplin Bio-
logical Mass Spectrometry Facility (Harvard Medical
School, Boston, MA).

In vitro treatment of the e-mH2A1.1 nucleosome
complexes

After micrococcal nuclease digestion of the nuclei, the
e-mH2A1.1 nucleosome complexes were immobilized on
an anti-FLAG antibody column and treated for 15 min with
either 10 mM H,O, or 0.4 uM MMS or 20 mM doxorubicin
at 4 °C. The attached to the resin complexes were washed
three times with 10 volumes of 20 mM Tris—Cl pH 7.8,
150 mM NaCl, 1 mM EDTA (Ethylenediaminetetraacetic
acid), 10% glycerol and analyzed on a 4-12% SDS-PAGE.

Antibodies

Antibodies employed were as follows: monoclonal anti-
Flag antibody M2 (Sigma), monoclonal anti-HA anti-
body 9E (Roche), monoclonal anti-PARP-1 ALX-804-211
(Enzo Life Sciences), monoclonal anti-ADP-ribose ALX-
804-220 (Enzo Life Sciences), polyclonal anti-mH2A1
(Stefan Dimitrov, INSERM, Grenoble, France), polyclonal
anti-mH2A1 ab37264 (Abcam), and polyclonal anti-H2A
ab18975 (Abcam), anti-Ubiquitin mouse mAb (FK2)
ST1200 (Sigma), Anti-Mouse IgG A6531 (Sigma).

Immunofluorescence and Western Blot analysis and cell
viability measurements

Western blot analysis and immunofluorescence were car-
ried out as previously described [26]. For cell viability
measurements, HeLa cells, transfected or not by siRNA
against macroH2A1, were treated with different concen-
trations either with H,O, for 5 minutes at 4°C. Then the
cells were rinsed twice with PBS and left to recover at
37°C. The viability of the cells was estimated 24h later by
trypan blue counting.
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Comet assay

HeLa cells expressing or not siRNA resistant mH2A1.1,
transfected or not with siRNA against macroH2A, were
treated with 10mM H,O, for 5 minutes at 4°C, rinsed once
with PBS and left to recover at 37°C for 0, 4, 8, 16, 20 and 60
minutes (to note is that we have used a relatively high con-
centration of H,O, (10mM) because of both the very short
H,0, treatment (5 minutes) at low temperature (4°C) and
the high resistance of the HeLa cells to H,0O, induced dam-
age; under our conditions 10 mM H,0, affects insignificantly
cell viability, see Fig. 3). Then, the cells were immediately
harvested and resuspended in cold PBS. 30 pl of the cell sus-
pension was mixed with 270 pl of 0.6% low-melting agarose
in PBS at 37 °C. Subsequently, 100 pl of the mixture were lay-
ered onto a slide pre-coated with thin layers of 1% agarose.
The slides were left for 10 min on ice and were immediately
immersed in cold lysis solution (2.5 M NaCl, 100 mM EDTA,
10 mM Tris, 1% sodium lauryl sarcosinate, 1% Triton 100 X
and 10% DMSO, pH 10). After 1 h in the dark at 4 °C, the
slides were immersed in alkaline electrophoresis buffer (1,2%
NaOH, 1 mM EDTA) for unwinding (30 min) and then sub-
mitted to electrophoresis (25 V/300 mA, 40 min). Once the
electrophoresis was completed, the slides were neutralized
(3%5 min; 0.4 M Tris pH 7.5). The slides were stained with
ethidium bromide prior to analysis with a Zeiss fluorescence
microscope. The microscope was connected to a charge-
coupled device (CCD) camera and a computer-based anal-
ysis system (comet Analysis Software, version 3.1, Kinetic
Imaging Limited). The results were expressed as percentage
of DNA in the tail (% Tail DNA).

Poly ADPribose (PAR) detection

HeLa cells, transfected or not by siRNA and/or pCDNA
vector, were treated with 10 mM H,0O, for 5 minutes at
4°C, rinsed once with PBS and left to recover at 37°C for
4, 8, 15, 20, 25, 30 and 35 minutes, respectively. The cells
were then immediately either (i) harvested and assayed
for poly(ADP-ribose) formation by Western Blot or, (ii)
fixed for immunofluorescence. The PAR foci were visual-
ized with the anti-poly (ADP-ribose) antibody and num-
ber of positive nuclei for ADP-ribose foci was estimated.
No less than 100 cells were analyzed in each experiment.

Abbreviations
PARP-1  Poly(ADP-ribose) polymerase |
PAR Poly(ADP-ribose)

PARG Poly(ADP-ribose) glycohydrolase
mH2A MacroH2A

NHR Non-Histone Region

NAD Nicotinamide adenine dinucleotide
MMS Methyl methanesulfonate

NEM N-ethylmaleimide

SSB Single strand breaks

Xi Inactive X chromosome (Xi)
SDS Sodium dodecyl sulfate

PAGE Polyacrylamide gel

EDTA Ethylenediaminetetraacetic acid
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Additional file 1: Fig. S1. MMS or doxorubicin treatment of stable HelLa
cell lines expressing e-mH2A1.1 did not result in a release of PARP-1

from the e-mH2A1.1 nucleosome complex. (A) e-mH2A1.1 nucleosome
complexes were purified from either control, or MMS or doxorubicin
treated stable Hela cell lines expressing e-mH2A1.1. A single immunopu-
rification step of the e-mH2A1.1 complex through a column containing
covalently attached anti-FLAG antibodies was used. The positions of

the bands corresponding to PARP-1 and e-mH2A1.1 are indicated. Lane
M, protein molecular mass marker. (B) Western blot of e-mH2A1.1 nucleo-
some complexes isolated from either control, or MMS or doxorubicin
treated e-mH2A1.1 stable Hela cell lines. The blot was first revealed with
anti-PARP-1 antibody and then, to visualize e-mH2A1.1, it was revealed
with anti-HA antibody. Note that upon treatment with either one of the
DNA damaging agents no release of PARP-1 was detected.

Additional file 2: Fig. S2. H,0, treatment of isolated e-mH2A1.1
nucleosome complexes did not lead to dissociation of PARP-1 from the
nucleosome complexes. (A) e-mH2A1.1 nucleosome complexes (isolated
by a single immunopurification step from stable HelLa cell lines expressing
e-mH2A1.1) were either non-treated (Ctrl) or treated with either H,0,,

or MMS or doxorubicin and were separated on SDS PAGE. The gel was
silver stained. The positions of PARP-1 and e-mH2A1.1 are indicated. M,
molecular mass marker. (B) Western blot analysis of e-mH2A1.1 nucleo-
some complexes treated with H,0,, MMS and doxorubicin. e-mH2A1.1
nucleosome complexes were isolated from Hela cells and then treated
with either H,0, or MMS or doxorubicin. After separation on SDS-PAGE,
the proteins from the complexes were transferred to a nitrocellulose
membrane and were first probed with anti-PARP-1 antibody and then,

to visualize e-mH2A1.1, the blot was probed with anti-HA antibody.

Note that treatment of the isolated mH2A1.1 nucleosomal complexes
with either one of the damaging agents did not lead to dissociation of
PARP-1 from the mH2A1.1 nucleosomes.
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