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Abstract

MacroH2A histone variants suppress tumor progression and act as
epigenetic barriers to induced pluripotency. How they impart their
influence on chromatin plasticity is not well understood. Here, we
analyze how the different domains of macroH2A proteins contri-
bute to chromatin structure and dynamics. By solving the crystal
structure of the macrodomain of human macroH2A2 at 1.7 Å, we
find that its putative binding pocket exhibits marked structural
differences compared with the macroH2A1.1 isoform, rendering
macroH2A2 unable to bind ADP-ribose. Quantitative binding assays
show that this specificity is conserved among vertebrate
macroH2A isoforms. We further find that macroH2A histones
reduce the transient, PARP1-dependent chromatin relaxation that
occurs in living cells upon DNA damage through two distinct
mechanisms. First, macroH2A1.1 mediates an isoform-specific
effect through its ability to suppress PARP1 activity. Second, the
unstructured linker region exerts an additional repressive effect
that is common to all macroH2A proteins. In the absence of DNA
damage, the macroH2A linker is also sufficient for rescuing hete-
rochromatin architecture in cells deficient for macroH2A.
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Introduction

Histone variants can replace replication-coupled histones in the

nucleosome and endow chromatin with unique properties [1]. Thus,

histone variants are key to epigenetic processes such as differentia-

tion and development. Further, their deregulation is tightly linked

with disease, in particular cancer [2]. Histone variants differ in

sequence, expression timing, and mRNA processing from replica-

tion-coupled histones. Some of the most substantial sequence

changes are found in three histone H2A variants known as

macroH2As. One event of mutually exclusive exon usage gives rise

to the alternative splice protein isoforms macroH2A1.1 and

macroH2A1.2, while macroH2A2 is encoded by a second gene [3].

All three isoforms are present in mammals and possibly all verte-

brates [4]. A large number of loss-of-function studies have impli-

cated macroH2A proteins in cancer development, differentiation,

and somatic cell reprogramming. MacroH2A proteins act as tumor

suppressors in a majority of cancer types [5]. The reduced
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expression of macroH2A is associated with poor prognosis in lung

cancer [6], while in advanced stage melanoma, the loss of

macroH2A expression contributes to metastatic potential [7]. During

early embryonic development, macroH2A proteins are virtually

absent in the mouse zygote [8], but their expression increases as

early development proceeds promoting the differentiation of embry-

onic stem cells [9,10]. Zebrafish embryos lacking macroH2A display

multiple developmental defects [11] and macroH2A-deficient mice

are growth-retarded [12]. Moreover, macroH2A histones act as

epigenetic barrier to induced pluripotency, no matter whether it is

induced by nuclear transfer or using Yamanaka factors [13–16].

Taken together, these and other studies support the notion that

macroH2A proteins promote the maintenance and stability of the

epigenome in differentiated cells, acting as barriers to reprogram-

ming and malignant transformation. The molecular basis for this

function is not known, but may be related to a major role of

macroH2A in regulating chromatin architecture and nuclear organi-

zation [17]. Knockdown of macroH2A proteins leads to defects in

nuclear circularity, disruption of nucleoli, and a global loss of dense

heterochromatin. Constitutive heterochromatin repeats marked by

trimethylation of lysine 9 on histone H3 (H3K9me3) are disorganized,

expanded, and have lost their interaction with the nucleostructural

protein lamin B1 in macroH2A-deficient cells [17,18]. The influence of

macroH2A proteins on gene regulation, however, is ambivalent and

might be secondary to functions in higher order chromatin structure.

In addition to constitutive heterochromatin, macroH2A proteins asso-

ciate and contribute to Polycomb-mediated gene repression [11,19].

In vitro, nucleosomes containing macroH2A1 are more stable and

become refractory to chromatin remodeling and acetylation [20,21].

However, macroH2A proteins also contribute to gene activation

induced by stress and differentiation cues [9,22,23]. In the context of

paracrine senescence, for example, macroH2A-dependent gene acti-

vation occurs upon histone H2B acetylation [24,25]. Further,

macroH2A histones reduce transcriptional noise and promote the

robustness of gene expression programs [26].

The molecular mechanisms through which the distinct structural

elements present in macroH2A histones directly and indirectly regu-

late gene activity are not well understood. MacroH2A proteins have

a tripartite structure consisting of the histone fold, an unstructured

linker, and a globular macrodomain [27,28]. Nucleosome core parti-

cles containing the macroH2A1 histone fold are highly similar to

nucleosomes with the replication-coupled histone H2A, but place

the linker region and macrodomain at an accessible site outside of

the nucleosome core [27]. Macrodomains are conserved globular

folds with an affinity for NAD+-derived metabolites, including ADP-

ribose and O-acetyl-ADP-ribose [29]. These metabolites are gener-

ated by NAD+ consuming enzymes that include poly-ADP-ribose

polymerases (PARPs/ARTDs) and sirtuin deacetylases [3]. Interest-

ingly, the splice variant macroH2A1.2 does not show any affinity for

O-acetyl-ADP-ribose nor for ADP-ribose [28]. Since the experimen-

tally determined KD value of the macroH2A1.1 macrodomain for

ADP-ribose (~2 lM) is lower than the estimated cellular concentra-

tion of O-acetyl-ADP-ribose [30], it is possible that macroH2A1.1

may be ligand-regulated in physiological contexts. The same may be

true upon acute DNA damage, when poly-ADP-ribose (PAR) levels

are very high following PARP1 activation [31]. While some macro-

domains exhibit ADP-ribosyl-hydrolase activity, this does not

appear to be the case for the histone variant macroH2A1.1 [32–34].

Since macroH2A1.1 binds ADP-ribose in a capping mode, it is

further able to bind poly- and possibly mono-ADP-ribosylated

proteins [35,36]. The consequence of such a binding is best under-

stood for auto-modified PARP1. Depending on the cellular context,

this can lead to PARP1 recruitment and gene regulation [24] or the

inhibition of basal PARP1 activity [23]. In muscle cells, the latter

globally impacts cellular NAD+ metabolism [37], revealing an

important metabolic function for macroH2A1.1.

Here, we have sought to dissect how the distinct structural

elements of macroH2A histone impact on chromatin plasticity and

architecture. By testing the binding of macroH2A2 macrodomain to

ADP-ribose and solving its crystal structure, we reveal that this

histone isoform is unable to recognize ADP-ribose and inert toward

PARP1 signaling. By studying the influence of different macroH2A

histone isoforms and their structure elements on chromatin struc-

ture, we provide evidence that macroH2A proteins suppress chro-

matin plasticity through at least two distinct mechanisms: a

macroH2A1.1-specific mechanism that is directly linked to its ability

to lower PARP1 signaling and a molecular mechanism shared by all

macroH2A histone isoforms that suppresses chromatin reorganiza-

tion and is mediated by the unstructured linker region connecting

the H2A-like histone fold with the globular macrodomains of

macroH2A histones.

Results and Discussion

The macrodomain of macroH2A2 is incompatible with
nucleotide binding

In addition to the macroH2A1-encoding gene H2AFY, vertebrates

contain the gene H2AFY2, which encodes the histone isoform

macroH2A2 [4]. MacroH2A2 appears to have a more prominent role

than macroH2A1 as a barrier to somatic cell reprogramming or in

suppressing melanoma metastasis [7,15], but its molecular structure

and function have received little attention.

To gain first insight into the potential molecular functions of

macroH2A2, we determined the crystal structure of its globular, C-

terminal macrodomain and compared it to the macrodomain of

macroH2A1.1. Consistent with the ~65% amino acid sequence iden-

tity to macroH2A1.1, the 1.7 Å structure of the macroH2A2 macro-

domain reveals a conserved macrodomain fold (Fig 1A and B, for

statistical information please see Table EV1). However, macroH2A2

exhibits marked differences in both shape and chemical properties

of its major surface pocket when compared to macroH2A1.1. Specif-

ically, in macroH2A2 two prolines insert (Pro 313 and Pro 315) in

the P-loop-like motif that coordinates the binding of the a- and b-
phosphates of the ADP-ribose ligand in macroH2A1.1 (Fig 1C and

D). This distorts the phosphate-binding loop and is predicted to

render the structure incompatible with nucleotide binding (Fig 1D).

In contrast, other residues in the binding pocket of macroH2A2 are

conserved. This includes Phe 354 that corresponds to Phe 351 in

macroH2A.1.1 where it is engaged in an aromatic stacking interac-

tion with the adenine base of the ADP-ribose moiety (Fig 1C and D).

In addition to structural differences between macroH2A2 and

macroH2A1.1 macrodomain modules, the macroH2A histone

isoforms also exhibit distinct expression patterns at the protein

level. MacroH2A2 is highly expressed in adult brain tissue
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(Fig EV1A). In the maturing mouse embryo, a strong macroH2A2

mRNA signal can be detected throughout the central nervous system

(Fig EV1B). Similarly, macroH2A2 was the macroH2A mRNA tran-

script predominantly expressed in zebrafish embryos, with high

expression in the developing brain and spine [11]. Knockdown of

macroH2A2 leads to malformation in the mid-hindbrain boundary

[11]. Although macroH2A2 knockout mice are viable [12], it is

tempting to speculate that the surface pocket of macroH2A2’s

macrodomain could bind as yet unknown ligands that are involved

in either brain development or neuronal plasticity and learning in

the adult.

Analysis of human tissues further strengthens the previous

observation that macroH2A1.1 expression inversely correlates with

cellular proliferation [6]. MacroH2A1.1 is expressed in primary

fibroblasts, but absent in most fast proliferating cancer cells [22,24].

Here, we find that macroH2A1.1 levels are particularly high in

post-mitotic Sertoli cells in the testis, for example, while the splice

variant macroH2A1.2 is also expressed in highly proliferative

lymphocytes forming the inner lymph node (Fig EV1C). Further,

during myogenic differentiation, which is associated with cell cycle

exit, the splicing of the primary macroH2A1 transcript switches

from macroH2A1.2 to the macroH2A1.1 isoform [37].

D203

D352

mH2A1.1
macrodomain

mH2A2
macrodomain

mH2A1.1 + ADP-ribose mH2A2 over mH2A1.1

A B

B

C D

Figure 1. MacroH2A isoforms show specific structural differences in their macrodomains that translate into functional plasticity.

A, B Surface representations of the macrodomain structures for the human macroH2A isoforms macroH2A1.1 (PDB ID 1ZR3) and macroH2A2 (PDB ID 6FY5), respectively,
with electrostatic potential included. A yellow-framed box indicates the location of the major surface pocket accommodating ADP-ribose in macroH2A1.1.

C, D Close-up view of the nucleotide binding region of ADP-ribose bound by human macroH2A1.1 (C) overlaid with the corresponding region of macroH2A2 in orange
(D). An important structural difference in macroH2A2 that distorts de nucleotide binding loop is highlighted in magenta, and glycines in the nucleotide binding
loop are depicted as spheres (G312 and G314). The ADP-ribose ligand is included in (D) (shaded light gray) to facilitate orientation and comparison. Dashed lines
indicate polar interactions.
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Taken together, these results suggest that during evolution,

macroH2A2 has acquired a binding pocket that appears to be incom-

patible with nucleotide binding and may have evolved as yet

unknown role(-s) in the mammalian central nervous system.

MacroH2A1, but not the “orphan” macroH2A2, binds ADP-ribose
and inhibits PARP1

Next, we have used isothermal titration calorimetry to measure

whether the macroH2A2 macrodomain is capable of binding to mono-

meric ADP-ribose. Consistent with our structural analysis, we found

that, in contrast to macroH2A1.1, the macrodomain of human

macroH2A2 is unable to bind ADP-ribose (Fig 2A). These highly

distinct properties of the macrodomains of the human macroH2A1.1

and macroH2A2 histone isoforms are conserved in the zebrafish (Danio

rerio) and medaka (Oryzias latipes) proteins, where macroH2A1.1

binds ADP-ribose with an equilibrium dissociation constant (KD) of

1.5 lM, identical to the human form (Fig EV2A). This functional

conservation is reflected in the high protein sequence conservation of

the macrodomains of macroH2A1.1 between human, zebrafish, and

medaka (Fig EV2B). In particular, those amino acids directly inter-

acting with the ADP-ribose molecule are highly conserved (Fig EV2C).

The NAD metabolite binding function of macroH2A1.1 thus appears

to be a conserved function of this histone isoform across vertebrate

evolution. Further ligand analysis reveals that the human macroH2A1.1

macrodomain binds ADP-ribose with highest affinity compared to

other related metabolites and nucleotides, as illustrated by the mark-

edly lower affinity for ADP and a large panel of other tested nucleotides

that do not bind this macrodomain module (Table EV2).

MacroH2A2 proteins from the three species show conserved

divergences from macroH2A1.1 such as the presence of a proline

that distorts the phosphate-binding loop (Pro315), a three amino

acid insertion in the adenine-binding site, and a charged aspartate

or glutamate at the position corresponding to Gly 224 in

macroH2A1.1 (Fig EV2C). Exchange of Gly 224 for glutamate is

known to abolish metabolite binding when introduced in

macroH2A1.1 [28]. In contrast to the splice isoform macroH2A1.2,

the macroH2A2 macrodomain retains a key aromatic group that in

macroH2A1.1 is involved in aromatic stacking with the nucleotide

base of the ADP-ribose ligand [28]. These structural features are

conserved across vertebrate evolution at the level of primary

sequence, suggesting that macroH2A2 has, in principle, retained

structural features that would be beneficial for the binding of a

nucleobase or related metabolites. This suggests a conserved, but as

yet unknown, potential binding function of the macroH2A2 macro-

domain. We shall thus refer to macroH2A2 as an “orphan histone

variant”.

Our previous structural analysis of the macroH2A1.1 macro-

domain in complex with monomeric ADP-ribose revealed that this

macrodomain module engages ADP-ribose in a manner that would

allow macroH2A1.1 to cap oligo-ADP-ribose chains as PARP1

synthesizes them on PARP1 targets [35]. We hypothesized that such

a molecular “capping” function might be essential for the known

capacity of macroH2A1.1 to both bind and inhibit auto-modified

PARP1 [23,37]. Some controversy exists on whether other macrodo-

main modules, and in particular the macrodomain of the distinct

macroH2A2 histone isoform, can inhibit PARP1 activity [38]. To

shed light on this issue, we have directly compared the macro-

domain modules of macroH2A1.1 and macroH2A2 in an in vitro

assay system by monitoring PARP1 enzymatic activity. We find that

increasing the amount of the macrodomain of macroH2A1.1

progressively decreases PARP1 activity (Fig 2B). In contrast, PARP1

activity is completely inert to the addition of similar amounts of the

macroH2A2 macrodomain or a macroH2A1.1 mutant unable to bind

ADP-ribose. This indicates that the direct, repressive effect of

macroH2A histones on PARP1 activity is limited to the histone
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Figure 2. Binding of the NAD metabolite ADP-ribose is specific to macroH2A1.1 and conserved.

A Isothermal calorimetry (ITC) assays using ADP-ribose ligand and purified macrodomains of human macroH2A1.1 and macroH2A2.
B In vitro PARP1 activity assay in the presence of increasing concentrations (10, 25, and 50 lM) of purified macrodomains of human macroH2A1.1, macroH2A1.1 G224E

mutant, and macroH2A2. PARP1 activity is assessed by its auto-PARylation detected by an anti-PAR immunoblot. The naphthol blue staining shows the increasing
amounts of purified macrodomain added to each reaction. A representative blot of one of three independent experiments is shown.

Source data are available online for this figure.
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variant macroH2A1.1 and fully depends on its unique capability of

directly recognizing mono-, oligo-, and polymeric ADP-ribose.

MacroH2A histones suppress chromatin dynamics through two
distinct mechanisms

The ability of macroH2A.1.1 to lower PARP1 activation in vitro raises

the question as to whether macroH2A histones suppress chromatin

dynamics. As a model to study this effect, we have utilized the rapid

relaxation of chromatin structure that is observed at and near DNA

damage sites in vivo. Previous work has shown that this dramatic

structural reorganization of chromatin depends on PARP1 activity

[39–41]. To study whether and how macroH2A histones impact this

process, we have taken advantage of a photo-activable GFP (PAGFP)

fused to canonical H2B [42] and expressed the reporter tool in

human U2OS osteosarcoma cells that have been sensitized to DNA

damage by pre-incubation with DNA intercalating Hoechst dye. After

simultaneous induction of DNA damage and photo-activation of the

PAGFP-H2B using a 405 nm laser in the focus of interest, DNA

damage-induced chromatin reorganization can be readily followed

and statistically quantitated using live cell imaging (Fig 3A). Impor-

tantly, PAGFP-H2B was shown to remain chromatin bound during

this process [42]. The rapid expansion of chromatin structure that is

seen at and near the DNA damage site is fully suppressed by

pre-treating cells with the PARP inhibitor Olaparib (Fig 3B). Like

many other cancer cells [24], human U2OS cells do not express

the macroH2A1.1 isoform, while the macroH2A1.2, in particular,

and to lesser extent macroH2A2 are endogenously expressed

(Fig EV3A). To compare the effect of overexpressing distinct

macroH2A isoforms and of canonical H2A on chromatin reorganiza-

tion upon DNA damage, we transiently expressed mCherry-tagged

histone constructs (Fig EV3B) and induced DNA damage in cells

with comparable transgene expression levels that we have selected

on the basis of their mCherry fluorescence signal. To test for

chromatin incorporation, we have used fluorescence recovery after

local photobleaching (FRAP) assays, which is suitable for testing flu-

orescence-tagged histones [43]. Both H2A and macroH2A histones

are readily incorporated into chromatin, as judged by their low

mobility (Fig EV3C). When inducing DNA damage in our cell lines,

we find that macroH2A1.1 reduced chromatin expansion, while

overexpression of canonical H2A did not (Fig 3C). Mutation of a key

residue (G224E) in the ADP-ribose binding pocket of macroH2A1.1

eliminates the binding of ADP-ribose [28] and abrogates PARP1

binding and inhibition [23,35,37].

In vivo, the G224E mutation reduced but did not abolish the inhi-

bitory effect of macroH2A1.1 on chromatin expansion (Fig 3C). Like-

wise, macroH2A2 and the splice isoform macroH2A1.2 significantly

reduced chromatin expansion to a similar extent as the macroH2A1.1

G224E mutant, albeit clearly less than wild-type macroH2A1.1.

When compared to canonical H2A, macroH2A histones thus all

lower chromatin reorganization upon DNA damage, with the stron-

gest suppression seen for the PARP1 inhibiting macroH2A1.1

isoform. To exclude the possibility that the fused fluorescent protein

interferes with chromatin dynamics, we have confirmed that the

inducible expression of a macroH2A1.1 protein without the fluores-

cent protein tag also reduced chromatin expansion (Fig 3D).

In summary, we find that macroH2A histones suppress DNA

damage-induced chromatin dynamics, and that this occurs best for

macroH2A1.1, which reflects its capacity to inhibit PARP1 activity.

Compared to the use of a potent small-molecule PARP inhibitor,

the suppression of chromatin expansion by macroH2A1.1 is

partial. Nonetheless, our data indicate that a histone variant is

capable of restraining nuclear NAD+ signaling by virtue of its abil-

ity of interacting with ADP-ribosylated PARP1. In HeLa cells, heat

shock overcomes the inhibition of PARP1 by macroH2A1.1, and

both the prior recruitment of PARP1, as well as its activity is

required for the expression of stress response genes [23]. In fibrob-

lasts, PARP1 is active and binds and cooperates with macroH2A1.1

in the regulation of genes, causing both increases and decreases in

gene expression [24]. Taken together, these observations indicate

that the relative expression levels of the histone variant

macroH2A1.1 may set a threshold for PARP1 activation. Further-

more, the intensity of activating stress signals may determine

whether the interaction between macroH2A1.1 and PARP1 results

in a global inhibition of PARP1 or the recruitment of the active

PARP1 enzyme to regulated genes.

However, the residual inhibitory capacity of the macroH2A1.1

G224E mutant and of macroH2A2 in chromatin expansion indicates

that a distinct molecular mechanism also helps to suppress chro-

matin dynamics.

The linker region of macroH2A histones limits chromatin
plasticity in living cells

To dissect this second molecular mechanism, we sought to decipher

which domains of macroH2A2 suppress chromatin relaxation. As

macroH2A proteins have a tripartite structure composed of histone

fold, linker, and macrodomain, we generated truncation mutants

that eliminate either the macrodomain or the macrodomain and

linker of both macroH2A2 and macroH2A1.1 (Fig 4A). We found

that both macroH2A1.1 and macroH2A2 were able to reduce chro-

matin relaxation even in the absence of their respective macrodo-

mains (Fig 4B). However, elimination of the unstructured linker

region connecting the H2A-fold to the macrodomain abolished their

ability to reduce chromatin expansion (Fig 4B). Importantly, the

linker region of macroH2A1.1 was sufficient to inhibit chromatin

relaxation when fused to the canonical, replication-coupled H2A

(Fig 4C). Moreover, additional inhibitory capacity is transferred

when also adding the macrodomain of macroH2A1.1 to H2A

(Fig 4C). These experiments indicate that the 39-amino acid long

basic linker of macroH2A histones is sufficient to restrain chromatin

expansion after acute DNA damage in living human cells.

The macroH2A linker region is essential and sufficient for
stabilizing heterochromatin architecture

We have previously shown that loss of all macroH2A histones leads

to major changes in nuclear organization and chromatin architecture

[17]. This includes a global increase in nuclear size and a partial

dispersion of heterochromatin. Next, we wished to test whether the

linker domain of macroH2A proteins contributes to these functions

in the absence of acute DNA damage. To this end, we introduced

YFP-tagged versions of wild-type macroH2A2 and its deletion

mutants in hepatoblastoma cells that were depleted of endogenous

macroH2A histone isoforms (Fig 5A). We monitored nuclear size

using DAPI staining and assessed heterochromatin architecture by
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Figure 3. MacroH2A proteins repress chromatin expansion at DNA damage sites; macroH2A1.1 being the most potent in the reduction.

A The diameter (d) of the fluorescence signaling of H2B tagged with photo-activatable GFP (PAGFP-H2B) is used to quantify chromatin expansion across 120 s after
induction of DNA damage using intercalating DNA dye and local irradiation with a laser.

B Chromatin expansion in absence and presence of intercalating DNA dye (� and + DNA damage) and pre-treatment of 1 h with 1 lM of Olaparib PARP inhibitor.
Boxplots represent single cell measurement of chromatin expansion at 120 s. post-DNA damage from three biological replicates with n > 30 cells each. The box limits
correspond to 25th and 75th percentiles, the bold line indicates median, and cross indicates the average values. The whiskers show the highest and lowest data point
within the 1.5× interquantile range of the upper and lower quartile, respectively (*P < 0.05 using unpaired, two-tailed Student’s t-test).

C Quantified chromatin expansion in cells not transfected (control) and cells transfected with each mCherry-tagged histone (as indicated). Data are represented as in
(B) (n > 30 cells, 3 bio. repl.; *P < 0.05 compared to mCherry-H2A-expressing cells using unpaired, two-tailed Student’s t-test).

D Chromatin expansion in Hela cells containing a doxocycline (doxo.)-inducible macroH2A1.1 transgene. Chromatin expansion assay was performed 48 h after induction, and
expression was controlled by anti-macroH2A1.1-immunoblotting. Data are represented as in (B) (n > 30 cells, 3 bio. repl.; *P < 0.05 using unpaired, two-tailed Student’s t-test).

Source data are available online for this figure.
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counting the number of individual spots marked by H3K9 trimethy-

lation (Fig 5B). We first confirmed that the size of the nucleus, as

well as the number of H3K9me3 spots, increased in macroH2A-defi-

cient cells (Fig 5B–D). Importantly, expression of YFP-tagged

macroH2A2 rescued both nuclear size (Fig 5B and C) and hete-

rochromatin structure (Fig 5B and D). Next, we tested whether a

macroH2A2 fragment lacking the macrodomain, but retaining the

linker, was able to rescue both phenotypes. We find that the linker

region of macroH2A2, but not its macrodomain module, is necessary

and sufficient to rescue nuclear size and heterochromatin structure.

In conclusion, our results provide evidence that the linker region of

macroH2A proteins mediates important in vivo functions, both by

regulating nuclear organization and by stabilizing chromatin archi-

tecture. This linker domain is intrinsically disordered with very few

order-inducing amino acids in its sequence and a high percentage of

basic, positively charged residues [44]. Based on these features, the

linker bears some resemblance to the C-terminal tail of the linker

histone H1 [45]. Interestingly, in chicken chromatin, macroH2A1

and histone H1 bind chromatin in a mutually exclusive fashion [46].

Pioneering biochemical experiments with the basic linker region of

macroH2A1 have shown that macroH2A indeed possesses histone

H1-like properties. In fact, the linker stabilizes DNA at the entry/exit

site of the nucleosome [47] and enhances the condensation of nucle-

osome arrays and fiber–fiber interactions in vitro exclusively in the

absence of the macrodomain [44]. We hypothesize that the capacity

of the linker to generally compact chromatin fibers in vitro could

explain its ability to reduce chromatin relaxation upon DNA damage

in vivo. The linker residues might also explain how macroH2A1.2

contributes to the compaction of chromatin, as has been observed at

a later time point of the double-strand repair process [48]. In the

case of H1, the intrinsic disorder of the region and its amino acid

composition are essential for its function, rather than the precise
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Figure 4. MacroH2A histones repress chromatin expansion via the basic linker and the macrodomain capable of ADP-ribose binding.

A Scheme of macroH2A and H2A variants constructs used in the study: full-length wild type (WT), constructs with deleted macrodomain (DM), constructs with
deleted linker and macrodomain (DLM), or hybrids consisting of the H2A histone fold fused to the linker of macroH2A1.1 (H2A + L) or the H2A fold fused to the
linker and macrodomain of macroH2A1.1 (H2A + LM).

B, C Quantified chromatin expansion in cells transfected with indicated histone constructs. Boxplots represent single cell measurement of chromatin expansion at
120 s. post-DNA damage (n > 30 cells, 3 bio. repl.). The box limits correspond to 25th and 75th percentiles, the bold line indicates median, and cross indicates the
average values. The whiskers show the highest and lowest data point within the 1.5× interquantile range of the upper and lower quartile, respectively (*P < 0.05
using unpaired two-tailed Student’s t-test comparing to H2A; n.s., not significant).

Source data are available online for this figure.
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sequence [49]. It will be exciting to test whether this relatively

“loose” sequence requirements holds true also for the histone vari-

ants macroH2A1 and macroH2A2, which indeed differ in the exact

sequence of their linker regions. In support of the special role of the

linker region on chromatin compaction, the plant Arabidopsis

thaliana lacks macroH2A, but contains a H2AW histone variant

with structural and functional similarities to macroH2A histones

[51]. H2AW contains an extended C-terminal tail that resembles part

of the linker region of macroH2A as well as the C-terminus of H1,

and cell biological data show that this region mediates heterochro-

matin condensation in vivo [51].

Our recent finding macroH2A has a major role in regulating

nuclear organization, and higher order heterochromatin architecture

has changed how we classically view the function of histone vari-

ants [17]. Although the linker of macroH2A2 was sufficient to

rescue the organization of heterochromatic structures (Fig 5B and

D), it is likely that the macrodomain also contributes to the hete-

rochromatin-promoting function of macroH2A, possibly by mediat-

ing additional protein–protein interactions, consistent with

macroH2A’s established role in promoting the maintenance of the

inactive X chromosome [50]. An interesting candidate is lamin B1,

which interacts with macroH2A at the nuclear periphery [17,18].
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Figure 5. The linker domain of macroH2A2 is able to maintain heterochromatic structures.

A Western blot showing the expression of macroH2A proteins in control HepG2 cells, knockdown for macroH2A1 and macroH2A2 (DKD) and DKD with ectopic
expression of the indicated YFP-tagged constructs. H3 is used as a loading control.

B H3K9me3 immunostaining in the indicated HepG2 cell lines with nuclear counterstaining in DAPI. The indicated areas are zoomed-in for a better observation of the
H3K9me3 signal profile. All images are maximum intensity Z-projections of confocal stacks.

C, D Quantification of the nuclear area and number of H3K9me3 foci per nucleus, respectively (n > 50 cells, 2 biol. repl.). The box limits correspond to 25th and 75th

percentiles, the bold line indicates median, and rhombi indicate the average values. The whiskers show the highest and lowest data point within the 1.5×
interquantile range of the upper and lower quartile, respectively (*P < 0.05 using unpaired two-tailed Student’s t-test; n.s., not significant).

Source data are available online for this figure.
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Whether this interaction is direct and mediated by the macrodomain

remains to be tested.

In conclusion, we have identified two mechanisms through

which macroH2A proteins can suppress chromatin plasticity and

stabilize nuclear architecture. The inhibition of PARP1 enzymatic

activity and the effect of macroH2A on the PARP1-dependent chro-

matin functions is specific to the splice isoform macroH2A1.1,

while the linker region present in all three macroH2A proteins

plays an additional role in promoting or stabilizing a compact

chromatin state. These mechanisms provide a molecular rationale

for how histone variant macroH2A isoforms may stabilize the

epigenome of differentiated cells and a potential unifying explana-

tion for the reported functions of macroH2A. In light of these find-

ings, future work will need to revisit the macroH2A loss-of-

function phenotypes observed in development, cancer, and

somatic cell reprogramming in order to test the individual contri-

butions of the macroH2A linker and the macroH2A1.1-mediated

inhibition of PARP1 activity.

Materials and Methods

Protein expression, protein purification, and binding assays

The macrodomains of human histone variants macroH2A2 (residues

177–372) and macroH2A1.1 (residues 162–352, macroH2A1.1D10)
were cloned into a modified pET24 (Novagen), providing a tobacco

etch virus (TEV) cleavable N-terminal 6xHis tag. Proteins were

expressed in E. coli BL21 (DE3) cells at 37°C for 3 h after induction

with 1 mM isopropyl-b-D-thiogalactopyranoside. Cells were harvested

by centrifugation, resuspended in lysis buffer (50 mM NaH2PO4,

500 mM NaCl, 1 mM MgCl2, 5 mM b-mercaptoethanol, 10% [w/v]

glycerol), lysed with Emulsiflex-C5 (Avestin, Canada), and purified by

Ni2+ sepharose (GE Lifesciences) affinity chromatography using the

batch method. Beads were then washed in lysis buffer containing 1 M

NaCl and 40 mM imidazole, followed by step-elution with lysis buffer

supplemented with 500 mM imidazole. Elution fractions were

dialyzed against buffer containing 50 mM Tris pH 8.0, 300 mM NaCl,

and in the presence of 6xHis-tagged TEV protease (1:100 molar ratio).

The 6xHis tag, TEV protease, and remaining impurities were removed

by re-adsorption of the dialyzed protein to Ni2+ sepharose resin,

followed by size exclusion chromatography on a Superdex 75 HR26/

60 column (GE Lifesciences), equilibrated in 50 mM Tris pH 8.0,

300 mM NaCl. Monomeric peak fractions were dialyzed against

20 mM Bis-Tris pH 7.0, 100 mM NaCl, concentrated to 10 mg/ml

(macroH2A2) and 20 mg/ml (macroH2A1.1D10), respectively, and

immediately used for crystallization.

For the zebrafish macrodomain construct, we carried out

sequence alignments between fish and human macroH2A histones

and chose domain boundaries identical to those of human

macroH2A constructs. PCR fragments were cloned into a GST-fusion

plasmid and the proteins expressed in E. coli at 18°C, and purified

using glutathione-coupled sepharose beads and lysis/wash buffer

containing 0.5 M NaCl (50 mM Tris, pH 7.9, 0.1 mM MgCl2, 1 mM

EDTA, and 1 mM DTT). Purified macrodomains were cleaved from

GST using TEV protease and dialyzed into ITC buffer [28]. Binding

of nucleotides to all macrodomain constructs was assessed using

isothermal titration calorimetry (ITC), as previously reported.

Crystallization and data collection

MacroH2A2 crystallized in sitting drop setups using 12.5% poly-

ethylene glycol 1,000, 0.2 M Na(CH3COO), 0.1 M MES (pH 6.5) as

crystallization buffer. Ethylene glycol was added to a final concen-

tration of 15% (v/v), and crystals of up to 200 × 40 × 40 lm were

flash-frozen in liquid nitrogen. A dataset of 1.65 Å resolution has

been recorded at beam line PX01, Swiss Light Source, Villigen,

Switzerland.

Crystals of an engineered form of macroH2A1.1 omitting the last

ten C-terminal residues developed in 20% (w/v) polyethylene glycol

3,350, 0.2 M KCl in sitting drops using micro-seeding protocols.

Plate-like crystals of up to 500 × 300 × 30 lm were transferred in

reservoir solution supplemented with 20% (v/v) glycerol and

directly frozen in the cryo-stream at ESRF beam line ID29. Data

processing and scaling were carried out with XDS [52].

Structure solution, refinement, and accessibility

The molecular replacement method as implemented in PHASER [53]

was used to solve the structure of macroH2A in all crystal forms using

the previously determined human macrodomain as search model ([28],

PDB ID 1ZR3). The structures were completed in alternating cycles of

manual model correction in COOT [22] and restrained TLS-refinement

in autoBUSTER (Global Phasing Limited). The relatively high free R-

factor observed with monoclinic macroH2A2 macrodomain crystals is

likely due to one of two macrodomains in the asymmetric unit being

partly disordered. Inspection of the refined model with MolProbity

revealed excellent stereochemistry. Structural visualization was done

with POVSCRIPT and POVRAY (http://www.povray.org).

Antibodies

The following antibodies have been used in this study: anti-

macroH2A1.1 [6]; anti-macroH2A1.2 ([6] used for immunohisto-

chemistry or Cell Signaling 4827S used for Western blotting in

Fig 5); anti-pan-mH2A1 and anti-mH2A2 [17]; anti-GFP (SantaCruz,

sc-9996); anti-histone H3 (AbCam, ab-1791); anti-H3K9me3

(Abcam, ab-8898); anti-H2A (ab15653), anti-K67 (DakoCytomation,

monoclonal mouse clone MIB-1; anti-FLAG (clone M2, Sigma-

Aldrich); and secondary anti-mouse and anti-rabbit conjugated to

HRP (DakoCytomation or Bio-Rad).

Plasmids

We generated mammalian expression constructs of human full-

length macroH2A.1.1, macroH2A1.2, and macroH2A2 by cloning

the PCR amplified cDNA representative of each macroH2A histone,

into pmCherry-C3. For WB analysis, full-length macroH2A isoforms,

fused to tandem FLAG and HA tag on N terminus, were cloned in

the pTREtight vector as described [35]. Single residue mutants or

whole domain deletions (via stop-codon introduction) were gener-

ated using QuikChange site-directed mutagenesis (Stratagene).

MacroH2A2 constructs were cloned into pBabe plasmids with an N-

terminal YFP fusion tag. The histone H2B-PAGFP was described

before [54]. The histone H2A cDNA was provided by Sandra Hake

and subcloned into pmCherry-C1. All constructs were sequence-

verified.
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Immunodetection

For Western blotting, proteins were separated via SDS–PAGE

system, transferred to nitrocellulose membrane (Protran Whatman).

After 1 h blocking in 5% milk in TBST (10 mM Tris–HCl, pH 7.6,

150 mM NaCl, 0.2% Tween-20) at RT, proteins were incubated with

primary antibodies diluted 1:1,000 in 1% milk in TBST overnight at

4°C. The secondary antibodies were used in a dilution 1:10,000 ratio

for 30 min at RT. The membrane was developed with Immobilon

Western Chemiluminescent HRP Substrate (Millipore, WBKLS0050)

and Fuji medical X-ray films (Super RX). Fresh tissues from healthy

6 weeks old male NOD mice were kindly provided by Marta Vives,

Arce Garcia-Jaraquemada, and Josep Manyé. Organs were cleaned

with PBS, frozen in liquid nitrogen, and powdered using a liquid

nitrogen-cooled mortar. In order to obtain total protein extracts,

0.1 g of powdered tissue was resuspended in 500 ll Laemmli’s

buffer, sonicated with an ultrasonic homogenizer (Omni Ruptor

4000), and then boiled at 95°C for 10 min for Western blot analysis.

Immunohistochemical stainings were performed essentially as

described before [55] in successive slides of tissue microarrays (Super-

biochips, Seoul, Korea; BioChain, Hayward, CA). For immunofluores-

cence, cells were seeded on poly-L-lysine coated glass slides (Thermo

Scientific) and processed as described previously [17].

In situ mRNA hybridization

Tissues were fixed in 10% formalin. Hybridization with 35S-labeled

antisense RNA probes was carried out on 20 lm cryosections, as

described previously [56]. Hybridization signals were detected by

autoradiography using Kodak NTB-2 liquid emulsion. Exposure time

varied from 2 to 4 weeks depending on signal strength, as deter-

mined by previous exposure to Kodak BioMax MR films. Tissue

sections were counterstained with 0.001% bisbenzimide in PBS.

Pictures of signal and counter stain were overlaid using Adobe

Photoshop software.

Cell culture and gene transduction

U2OS (ATCC, HTB-96) and HepG2 cells (ATCC, HB-8065) were

cultured in Dulbecco’s modified Eagle medium containing 4.5 g/l

glucose and supplemented with 10% fetal bovine serum, 2 mM

glutamine, 50 U/ml penicillin, and 50 mg/ml streptomycin at 37°C in

5% CO2. U2OS cells were transiently transfected with XtremeGENE

HP DNA transfection reagent (Roche). The generation and culture of

HeLa Kyoto cells with an inducible macroH2A.1.1 transgene have

been described [35]. For induction, 1 lg/ml doxycycline (Clontech)

was added 48 h before analysis. HepG2 cells stably depleted for all

macroH2A proteins (DKD) have been described previously [17] and

periodically reselected with 150 lg/ml hygromycin and bleomycin

30 lg/ml. DKD cell lines re-expressing rescue constructs were gener-

ated by transduction with retroviral vectors that was performed as

described previously [57] and selected with 2 lg/ml puromycin.

HepG2 cells were periodically tested for mycoplasma contamination.

Imaging of DNA damage induced by laser micro-irradiation

U2OS cells were plated on Lab-Tek chambered coverglass (Nunc).

For the induction and imaging of DNA damage, cells were

pre-sensitized by addition of 0.3 lg/ml Hoechst 33285 into the

culture media for 1 h. When indicated cells were treated with 1 lM
Olaparib (Selleckchem) for 1 h. Immediately before imaging, the

growth medium was replaced by Leibovit’s L-15 medium, supple-

mented with 10% fetal bovine serum, 2 mM glutamine, 50 U/ml

penicillin, and 50 mg/ml streptomycin. Laser micro-irradiation exper-

iments were performed on a Zeiss AxioObserver Z1 confocal spin-

ning-disk microscope equipped with an AxioCam HRm CCD camera

(Zeiss) or a sCMOS ORCA Flash 4.0 camera (Hamamatsu) through a

Zeiss Plan/Apo 63 Å~/1.4 water-immersion objective lens. Laser

micro-irradiation and PAGFP activation were performed simultane-

ously using 405 nm laser set to 100 lW for 350 ms; subsequently,

the images were taken every 4 s, using 488 nm laser, for 3 min.

FRAP assay

FRAP experiments were performed with an inverted Leica SP8X

WLL microscope equipped with a WLL2 laser (470–670 nm) and

acusto-optical beam splitter. Live cells were recorded at 37°C in

supplemented Leibovit’s L15 medium. Images were acquired with a

40 × 1.3 objective at 600 Hz. Cells were bleached for 10 frames

using four different wavelengths (585, 577, 569 and 561 nm).

Image analysis

Changes in chromatin expansion were analyzed automatically using

a custom-made routine written in MatLab (MathWorks) as previously

described in detail [41]. HepG2 H3K9me3 immunofluorescence

images were loaded and analyzed in Fiji, a distribution of ImageJ

[58], using custom macro scripts that are available from the authors

upon request. Briefly, image stacks were converted to maximum

intensity z-projections and the DAPI signal was automatically thresh-

olded with built-in methods and used to define and measure individ-

ual nuclei with particle analyzer. The H3K9me3 channel signal was

cropped for each individual nucleus and analyzed by subtracting the

background with a rolling-ball algorithm, applying a median filter

and automatically thresholding the signal. Artifacts were removed

after thresholding with noise removal and binary processing func-

tions of the software. H3K9me3 foci were automatically identified

and counted with particle analyzer. Single cell measurements were

grouped and plotted as box plots using a web-tool developed by Tyers

and Rappsilber laboratories (http://boxplot.tyerslab.com) and R.

Statistics

In all box plots, the horizontal lines (whiskers) represent the maxi-

mum and minimum values, the box signifies the upper (75th) and

lower quartiles (25th), the median is represented by a short line

within the box, and the mean is represented by a square or cross

within the box. Unless stated otherwise, P-values were calculated

using a two-tailed Student’s t-test assuming unequal variances.

Data availability

The protein structure data from this publication have been depos-

ited to the protein data bank database [https://www.rcsb.org] and

assigned the identifier 6FY5.
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Expanded View for this article is available online.
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