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MacroH2A in stem cells: a story beyond gene 
repression

The chromatin of pluripotent cells
In 1938, 5  years before DNA was identified 
as the carrier of genetic information, Conrad 
Waddington had already defined epigenetics as 
the “science concerned with the causal analysis 
of development” [1]. As knowledge about the role 
and structure of chromatin increased, Adrian 
Bird redefined epigenetics as “the structural 
adaptation of chromosomal regions so as to reg-
ister, signal or perpetuate altered activity states” 
[2] due to the fact that such epigenetic mecha-
nisms constitute a level of regulation that can 
translate the same genotype in many different 
phenotypes. The pertinance of this statement is 
illustrated in embryonic development, when a 
single totipotent zygote gives rise to more than 
200 specialized cell types that collectively form 
the embryo. As early embryonic totipotent cells 
divide, they undergo several cell fate transitions 
with progressive loss of differentiation potential 
until they reach their terminally differentiated 
state. It is very important to remember that not 
all cells terminate differentiation at once, in fact, 
all tissues retain a number of specialized stem 
cells with restricted potency that control tissue 
homeostasis and allow wounds to heal during 
adult life.

The genetic content of cells does not usually 
change as cells go through cell fate transitions 
during embryogenesis. Instead, how DNA is 
packed into chromatin and expressed during 
embryonic development and differentiation is 
regulated by epigenetic mechanisms, which are 
important in determining and maintaining cell 
identity. A large body of work has identified 

enzymes that modify chromatin and proteins 
that can read these alterations [3]. Embryonic 
stem (ES) cells, isolated from the inner cell mass 
of the blastocyst, have been extensively used as a 
model to study the molecular basis of epigenetic 
mechanisms. ES cells are pluripotent cells [4]. 
They can self-renew endlessly while retaining 
the ability to differentiate into all somatic cell 
types, which allows researchers to direct them 
into particular lineages using established proto-
cols [5]. The ability to self-renew and to maintain 
the capacity to differentiate into all three germ 
layers is controlled by three transcription fac-
tors: Oct4, Sox2 and Nanog [6–8] that form the 
core of a larger hierarchical transcriptional net-
work [9,10]. In a recursive self-reinforcing circuit 
these core transcription factors maintain their 
expression at a high level in self-renewing ES 
cells. In this state, they directly bind and repress 
differentiation genes [11]. Oct 4 and Nanog are 
downregulated as differentiation programs are 
initiated. On differentiation, chromatin com-
pacts from an initially overall dispersed distribu-
tion into localized dense regions. Early on, this 
observation led to the suggestion that lineage 
specification might be accompanied and per-
haps driven by epigenetic mechanisms that lock 
genes regulating alternative fates into inactive 
chromatin domains.

A histone variant implicated in 
development
A plethora of post-translational histone modi-
fications occur at the level of the building 
block of chromatin, the nucleosome [12,13]. In 
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combination with direct modification of the 
DNA, primarily cytosine methylation [14], his-
tone modifications provide the molecular puz-
zle pieces of the still incomplete picture of how 
epigenetic mechanisms operate at the molecu-
lar level. The regulated exchange of canonical 
histones for variant proteins further adds to the 
modularity of the nucleosome [15]. Here, we dis-
cuss the role of the histone variant macroH2A in 
early development in light of novel findings in 
mouse ES cells. The current state of knowledge 
about other histone variants has recently been 
reviewed elsewhere [16].

Among all histone variants, macroH2A dif-
fers most from its canonical counterpart since it 
possesses an additional extranucleosomal macro
domain [17,18]. As such the incorporation of a mac-
roH2A variant can be considered as one of the 
most extensive chromatin alterations occurring 
at the nucleosome level. In the mouse, there are 
two genes: macroH2A1 and macroH2A2. Since 
macroH2A1 can be further alternatively spliced, 
cells can contain three different macroH2A pro-
teins that are distinguished as macroH2A1.1, 
macroH2A1.2 and macroH2A2 [17,19–21]. We 
will point out isoform-specific observations 
whenever possible. But when no distinction can 
be made, we will collectively refer to all three of 
them as macroH2A and to the two splice variants 
as macroH2A1. After fertilization, macroH2A1 
is evicted from the maternal genome, and 
later, gradually reappears coinciding with the 

moment when cells start lineage-specification 
after the eight-cell stage [22]. It is interesting to 
note that this expression pattern is maintained 
during early embryogenesis even when mac-
roH2A1 is expressed as a constitutively active 
transgene [23]. It is thought that the absence of 
macroH2A until the eight-cell stage is required 
for normal embryonic development because the 
tethering of macroH2A to chromatin beyond 
this stage by addition of peptide that mediates 
stage-specific H2AX diposition impaired early 
embryogenesis [23].

In ES cells, macroH2A is expressed at moder-
ate levels and its expression increases at differ-
entiation [24,25]. The end points of the differen-
tiation induced upregulation of macroH2A can 
be nicely illustrated by comparing macroH2A1 
levels in mouse ES cells with liver tissue (Figure 1), 
which contains the maximal amount of mac-
roH2A estimated to reach 3% of total H2A 
[26]. In self-renewing E14 mouse ES cells the 
predominantly expressed form of macroH2A is 
macroH2A1.2, which constitutes approximately 
85% of the cellular macroH2A protein [27]. In 
the same cells, macroH2A2 is expressed at much 
lower levels and macroH2A1.1 is undetectable. 
Analysis of more than 40 different established 
human and murine cell lines demonstrated that 
macroH2A1.2 generally tends to be expressed 
at higher levels than macroH2A2 and mac-
roH2A1.1 [Valero V and Buschbeck M, Unpublished 

Data] suggesting that this expression pattern 
is not specific for ES cells but possibly a gen-
eral characteristic of proliferating cells. This 
rule would have at least one exception. Early 
zebrafish embryos exclusively express the mac-
roH2A2 ortholog while macroH2A1 is not 
detected [28]. Knockdown of macroH2A2 in 
zebrafish embryos provoked severe develop-
mental defects, including malformations of the 
body structure and brain [28]. Importantly, some 
of these defects could be rescued by expressing 
human macroH2A2 [28]. This observation pro-
vided the first strong evidence for an important 
role of macroH2A proteins in differentiation and 
developmental processes. This is in contrast to 
the mouse, in which knockout of macroH2A1 
has been reported to display only mild pheno-
types [29,30]. The exciting discrepancy between 
mice and fish could be due to different reasons, 
of which the most intuitive would be a direct 
functional compensation by the remaining 
macroH2A2. Other possible reasons could lie 
in different isoform-specific functions of mac-
roH2A1 and macroH2A2 or in the difference 
in the duration of the embryonic developmental 
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Figure 1. MacroH2A levels correlate with the state of differentiation. 
Overview of the macroH2A genes and proteins and their relative expression 
represented by the surface of the circle. Relative expression levels in cells of the 
same species (mouse, human and zebrafish) were determined by quantitative 
RT-PCR using equimolar reference samples [27,28]. Please note that expression levels 
between different species could not be directly compared and were estimated. 
Levels of macroH2A1.1 and macroH2A1.2 in zebrafish were not distinguished. The 
shared macroH2A domain structure is schematically represented (from left to 
right: H2A histone-fold, linker and macrodomain). 
EB: Embryoid body; ES: Embryonic stem cell; PHK: Primary human keratinocyte.
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process, which could allow for compensation by 
alternative mechanisms in the slower developing 
mouse embryo but not in the faster developing 
zebrafish. A wider analysis of loss-of-function 
phenotypes and the identification of operat-
ing compensatory mechanisms will be required 
before we can fully appreciate the extension 
and the limits of macroH2A’s function in 
developmental regulation.

MacroH2A & the differentiation of 
ES cells
Functional redundancy between macroH2A1 
and macroH2A2 has been proposed as an expla-
nation for the lack of defects in mouse mutant 
embryos. We decided to use E14 mouse ES cells 
that predominantly express macroH2A1.2 to 
approach the function of macroH2A in early 
lineage specification. It is noteworthy that 
shRNA mediated knockdown of macroH2A1 
did not affect ES cell proliferation, survival or 
self-renewal [27,31]. However, differences between 
macroH2A1-deficient and control cells became 
obvious when differentiation was induced using 
three different approaches: neuronal differentia-
tion, multilineage differentiation in embryoid 
bodies and in vivo differentiation in xenografted 
teratomas [27]. Under all three conditions 
macroH2A1-deficiency partially impaired the 
differentiation capacity of the ES cells. This 
was reflected in the expression level of differen-
tiation genes whose partial inhibition came in 
two flavors: some genes did not reach the nor-
mal amplitude of activation while others were 
delayed. In addition, macroH2A1-deficient ES 
cells retained abnormally high-expression lev-
els of the stem cell markers Nanog, Oct4 and 
Sox2 after prolonged induction of differentiation 
[27]. It is interesting to point out that a similar 
phenotype has also been seen when other well 
established epigenetic regulators such as G9a and 
DNMT3a/b were depleted [32,33].

The commitment defect was also seen in ter-
atomas derived from macroH2A1-knockdown 
cells that displayed a massive expansion of 
undifferentiated carcinoma cells [27]. We con-
clude that macroH2A is required for the proper 
execution of differentiation programs during ES 
cell differentiation. This conclusion differs from 
that obtained by Tansijevic and Rasmussen, 
who reported that double macroH2A1 and 
macroH2A2 deficiency in ES cells did not pre-
vent X chromosome inactivation and the forma-
tion of embryoid bodies [31]. We believe that this 
discrepancy could be the result of differences 
in genetic background or in the quantitative 

nature and timing of the analyses performed. 
Ultimately, genetic ablation of macroH2As in ES 
cells with different genetic backgrounds will be 
required.

In support of a role of macroH2A in differ-
entiation, macroH2A is rapidly removed from 
chromatin during reprogramming by nuclear 
transfer [34]. A recent study demonstrated the 
relevance of this observation by demonstrating 
that the knockdown of macroH2A in differen-
tiated cells facilitated their reprogramming and 
the reactivation of Oct4 and Sox2 [35]. Gurdon 
et al. noted earlier that different cell types had 
different intrinsic resistance to reprogramming 
by nuclear transfer [36]. Comparing susceptible 
mouse epiblast-derived stem cells with resistant 
embryonic fibroblasts they were able to identify 
macroH2A as one of the epigenetic layers that 
confers resistance to reprogramming [35]. The 
same authors concluded that it is likely that the 
observed resistance directly reflects the stabil-
ity of the differentiated state and that mac-
roH2A contributes to this stability [37]. Taking 
these results together with our observations in 
mouse ES cells, we postulate that macroH2A 
is involved in the establishment of the stable 
epigenomes of differentiated cells as well as 
in their maintenance. In line with this, mac-
roH2A1 levels also correlated with the degree 
of differentiation in human skin sections and 
in multilayered colonies formed by primary 
human keratinocytes [27]. The ability of these 
keratinocytes to form 3D colonies that differ-
entiate from bottom to top can be used to assess 
the number of competent tissue stem cells in the 
heterogeneous primary culture. Overexpression 
of macroH2A1 reduced the number of colony-
forming cells, while shRNA-mediated repres-
sion of macroH2A1 increased it [27]. From these 
observations, we conclude that macroH2A lev-
els modulate the intricate balance between self-
renewal and differentiation not only of ES cells 
but also of adult stem cells.

Is macroH2A also a gene ‘activator’?
The early finding that macroH2A was enriched 
on the inactive X chromosome in female cells 
suggested a repressive function [38]. Subsequently, 
this has been well established in vitro and in vivo 
by a large body of evidence (reviewed in [15,18]). In 
mouse liver chromatin, for instance, macroH2A1 
was found to be depleted from the transcribed 
regions of most active genes [39,40]. Two other 
genome-wide studies later confirmed in other 
cell types that macroH2A occupancy had a 
general negative correlation with transcriptional 
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activity [28,41]. Both studies, however, also pointed 
out that a small number of genes are expressed 
while harboring macroH2A nucleosomes on the 
promoter and/or the transcription start site proxi-
mal transcribed region. Moreover, Gamble et al. 
further demonstrated that macroH2A is required 
for inducible activation of a set of target genes 
[41], thereby corroborating and extending on 
the earlier observation that macroH2A1.1 was 
required for the heat shock-mediated activation 
of Hsp70.1 [42]. In addition, many of the differ-
entiation genes that were not fully activated in 
macroH2A1-deficient ES cells were also enriched 
for macroH2A in undifferentiated cells. This 
suggests that macroH2A could exert a similar 
prosignal sensitivity and proactivation function 
in ES cells [27]. In HeLa cells macroH2A1.1-
specific recruitment of parylated PARP1 and its 
inhibition under normal growth conditions was 
required for maintaining the Hsp70.1 gene sen-
sitive to heat shock [42]. In ES cells, which lack 

macroH2A1.1 the underlying molecular mecha-
nism still remains elusive. But we speculate that 
macroH2A proteins either directly or through 
interacting partners stabilize chromatin states 
that tend to be repressed but at the same time 
are highly sensitive to signal-induced activation. 
This working model reconciles the newly recog-
nized proactivation functions of macroH2A with 
its well established role as repressor.

In ES cells such a chromatin state has been 
well described for many differentiation regulatory 
genes that were termed bivalent genes due to the 
presence of the apparently opposing lysine 4 and 
27 trimethylation marks on histone H3 [43,44]. 
As illustrated in Figure 2, many of the macroH2A 
target genes are marked by ‘opposing’ lysine 4 
and 27 trimethylation marks on histone H3 [27]. 
Interestingly, in self-renewing ES cells loss of mac-
roH2A did not affect the levels of the two bivalent 
lysine methylations on genes that displayed a clear 
defect in their differentiation-induced activation. 
Thus, our data now suggest that macroH2A is 
required for proper functionality of bivalent genes 
without affecting the bivalent signature per se.

How can we put the new knowledge about 
macroH2A into context of what is known 
about the regulation of pluripotency in ES cells? 
Although it is clear that the core transcription 
factors Oct4, Nanog and Sox2 self-sustain their 
expression, it has also been shown that induc-
tion of differentiation genes exerts negative feed-
back on their expression (reviewed in [11]). For 
instance, both Cdx2 and Gata6 were shown to 
directly and indirectly repress the Pou5f1/Oct4 
and Nanog genes. Our data now suggest that 
the presence of macroH2A on prodifferentiation 
genes lowers the threshold for their activation 
and thus, through such a negative feedback loop, 
indirectly contributes to the repression of the core 
transcription factors. Considering the repressive 
potential of macroH2A also provokes the ques-
tion of whether macroH2A could also directly 
contribute to the repression of the pluripotency 
core transcription factors. However, the fact 
that defects in the expression of differentiation 
genes induced by loss of macroH2A1 preceded 
the defective repression of pluripotency genes 
argues against this hypothesis and in favor of 
an indirect mechanism. Even if macroH2A 
might not be required for the establishment of 
the repressed chromatin state on pluripotency 
genes, presently we cannot exclude that it might 
be involved in its maintenance [45], as suggested 
by Pasque et al. [37].

Although macroH2A is a well-characterized 
component of repressed chromatin, its regulatory 
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Figure 2. MacroH2A interacts with the regulatory circuits of stem cell fate. 
(A) Differentiation genes are marked by macroH2A and bivalent lysine 4 and 
27 methylations on histone H3. This chromatin state keeps regulatory 
differentiation genes repressed but highly sensitive to activating cues. (B) Strongly 
simplified figure illustrating how macroH2A could interfere with the regulatory 
circuits of ES cells. The core pluripotency transcription factors reinforce their own 
expression and repress regulatory differentiation genes. When external signals 
overcome this repression, the products of differentiation genes such as Gata6 and 
Cdx2 contribute to the inactivation of the core transcription factors through direct 
and indirect negative feedback loops, thereby sealing off the cell’s commitment to 
differentiation. The presence of macroH2A on differentiation genes facilitates their 
activation by lowering the activation threshold. For more detailed information on 
how these regulatory circuits work please see the review by Niwa [11]. 
TSS: Transcription start site.
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role in differentiation relies at least partially on 
its much less understood function in signal-
induced gene activation. It will be interesting 
to see whether macroH2A also affects the self-
renewal and differentiation of human ES cells, 
which depend on other signals for self-renewal 
compared with mouse ES cells [46]. Another 
important question is whether the repression 
of macroH2A could help in the generation of 
human induced pluripotent cells for purposes 
of regenerative medicine.

Future perspective
MacroH2A levels correlate with differentiation 
or –  if one prefers –  inversely correlates with 
cellular potency. Increasing macroH2A levels 
affects the balance between self-renewal and 
differentiation by facilitating the activation of 
its target genes that are part of transcriptional 
differentiation programs. MacroH2A contrib-
utes to the establishment but also the stable 
maintenance of differentiated phenotypes.

These conclusions are based on the limited 
amount of data available today. Future work 
will be required to test whether these state-
ments prove right in general or only for a 
limited number of plastic cell types and their 
differentiation processes. But it is beyond 
doubt that with the characterization of the 
first physiological functions of macroH2A in 
zebrafish development and ES cell differentia-
tion, research on this unique histone variant has 
reached an exciting turning point. We are now 
in an unique position to analyze the functional 
relevance of its exceptional domain structure 
as well as suggested protein [18] and metabolite 
interactions [47,48]. Virtually nothing is known 

about how the incorporation of macroH2A is 
regulated. In this context it is interesting to 
point that –  like most histone – macroH2A 
undergoes several post-translational modifica-
tions [49–51]. Further analysis of the functional 
consequences of these modifications holds 
the promise to provide important clues. It 
is further interesting to point out that mac-
roH2A might have an ambivalent function in 
chromatin condensation. In  vitro the linker 
domain of macroH2A is sufficient to mediate 
a histone H1-like condensation of nucleosome 
arrays [52]. However, the presence of the adja-
cent macro domain inhibits this function. This 
suggests that macroH2A-containing chromatin 
might be a metastable form of open chroma-
tin, whose condensation could be induced by 
factors altering macroH2A protein structure.

Bernstein et al. further fueled the interest in 
macroH2A by showing that its loss contributed 
to the progression of melanoma to the advanced 
and metastatic state [53]. In this context, it is 
interesting to point out that melanoma cells are 
dedifferentiated cells that reactivate embryonic 
signaling pathways [54]. Others could point out 
functional differences between macroH2A1 
splice variants in different types of cancer 
[55,56]. Ongoing and future studies are likely to 
reveal the importance, the regulation and the 
molecular function of macroH2A-containing 
epigenetic mechanisms in a larger number of 
physiological and pathological processes. The 
door is wide open for new discoveries.
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Executive summary

The chromatin of pluripotency

�� Embryonic stem (ES) cells are regulated by regulatory circuits of transcription factors.

�� ES cells have an open chromatin structure.

A histone variant implicated in development

�� MacroH2A is considered a repressive histone variant.

�� It is essential for proper zebrafish development.

MacroH2A & the differentiation of ES cells

�� MacroH2A levels correlate with the state of differentiation.

�� MacroH2A affects the balance between self-renewal and differentiation of ES cells by facilitating lineage commitment.

�� MacroH2A contributes to the establishment but also the stable maintenance of differentiated phenotypes.

�� In addition to ES cells, macroH2A also regulates the tissue stem cells of the skin.

Is macroH2A also a gene ‘activator’?

�� In ES cells, macroH2a targets bivalent differentiation genes and facilitates their activation.

�� Thereby, macroH2A influences the regulatory circuits of ES cells.

�� This observation provided the physiological relevance of its poorly recognized function in transcriptional activation.
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