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MacroH2A1 is a histone variant that is enriched on the inactive X chromosome (Xi) in mammals and is postulated
to play an important, but unknown, role in the repression of gene expression. Here we show that, although
macroH2A1 marks repressed autosomal chromatin, it positively regulates transcription when located in the
transcribed regions of a subset of its target genes. We used chromatin immunoprecipitation (ChIP) coupled with
tiling microarrays (ChIP–chip) to determine the genomic localization of macroH2A1 in IMR90 human primary
lung fibroblasts and MCF-7 breast cancer cells. The patterns of macroH2A1 deposition are largely similar across
the autosomes of both cell lines. Our studies revealed a genomic localization pattern unique among histone
variants; namely, the occupation by macroH2A1 of large chromatin domains (>500 kb in some cases) that contain
repressive chromatin marks (e.g., histone H3 Lys 27 trimethylation). The boundaries of macroH2A1-containing
domains tend to occur in promoter-proximal regions. Not all promoters, however, serve as macroH2A1
boundaries; many macroH2A1-containing chromatin domains invade the transcribed regions of genes whose
products play key roles in development and cell–cell signaling. Surprisingly, the expression of a subset of these
genes is positively regulated by macroH2A1. MacroH2A1 also plays a role in augmenting signal-regulated
transcription, specifically for genes responsive to serum starvation. Collectively, our results document an
unexpected role for macroH2A1 in the escape from heterochromatin-associated silencing and the enhancement of
autosomal gene transcription.
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The incorporation of histone variants into nucleosomes
specifies functional differences between chromatin do-
mains. For example, histones H3.3, H2AX, and CENP-A
(an H3 variant) replace their canonical histone counter-
parts at sites of active transcription, DNA double-strand
breaks, and centromeres, respectively (Sarma and Reinberg
2005). MacroH2A1 is a histone H2A variant named for
its large (;30-kDa) C-terminal ‘‘macro’’ domain (Pehrson
and Fried 1992). MacroH2A1 is enriched on the inactive X
chromosome (Xi) in mammals, and has been postulated to
play an important, but unknown, role in the repression of

gene expression associated with X inactivation (Ladurner
2003). Importantly, macroH2A1 has also been found in
a variety of contexts on autosomes (Zhang et al. 2005;
Agelopoulos and Thanos 2006; Changolkar and Pehrson
2006; Choo et al. 2006; Buschbeck et al. 2009; Mietton
et al. 2009). Although recent studies have suggested a role
for macroH2A1 in autosomal gene regulation (Zhang
et al. 2005; Agelopoulos and Thanos 2006; Changolkar
and Pehrson 2006; Choo et al. 2006; Changolkar et al.
2007, 2008; Bernstein et al. 2008; Buschbeck et al.
2009), many questions about the role of macroH2A1 in
the regulation of autosomal genes remain. For example,
does macroH2A1 generally mark repressive heterochro-
matin on autosomes, as it does on the inactive X chro-
mosome? Additionally, does macroH2A1 play a func-
tional role in the regulation of the genes with which it
associates?
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The N-terminal histone region of macroH2A1 is only
64% identical to histone H2A. Nevertheless, the struc-
ture of homotypic and heterotypic macroH2A-containing
nucleosomes is largely similar to nonvariant histone
nucleosomes (Chakravarthy et al. 2005). While more
salt-stable, macroH2A1-containing nucleosomes orga-
nize the same amount of DNA (147 base pairs [bp])
as their canonical counterparts (Abbott et al. 2004).
There are, however, several features that distinguish
macroH2A1-containing chromatin from typical chroma-
tin. MacroH2A1-containing chromatin assembled in
vitro is more repressive to transcription than canonical
chromatin, specifically blocking transcriptional initia-
tion, not elongation (Doyen et al. 2006). A subset of
DNA-binding transcription factors is unable to recognize
their binding elements when they are incorporated into
macroH2A1-containing chromatin (Angelov et al. 2003;
Agelopoulos and Thanos 2006). MacroH2A1-containing
nucleosomes are refractory to both the histone acetyla-
tion activity of p300 (Doyen et al. 2006) and the nucleo-
some remodeling activity of the SWI/SNF complex
(Angelov et al. 2003). The reduced ability of SWI/SNF to
remodel macroH2A1-containing nucleosome appears to
be due to a preference of the chromatin remodeler to bind
to canonical nucleosomes (Chang et al. 2008). However,
certain histone chaperones, such as nucleolin, can stim-
ulate the ability of SWI/SNF to remodel macroH2A1-
containing nucleosomes (Angelov et al. 2006).

MacroH2A1 is the founding member of a superfamily
of macrodomain-containing proteins that have been iden-
tified from bacteria to humans (Pehrson and Fuji 1998).
The macrodomain of macroH2A provides a unique plat-
form for the recruitment of protein factors to chromatin,
and a handful of such factors have been identified (e.g.,
PARP-1, HDAC1) (Chakravarthy et al. 2005; Hernandez-
Munoz et al. 2005; Ouararhni et al. 2006; Nusinow
et al. 2007). Several macrodomains, including the macro-
domain of one of the splice variants of macroH2A1
(macroH2A1.1), have been shown to bind NAD+ metab-
olites, including poly(ADP-ribose), ADP-ribose and O-acetyl-
ADP-ribose, with high affinity (Kustatscher et al. 2005;
Ahel et al. 2009; Gottschalk et al. 2009; Kraus 2009;
Timinszky et al. 2009). While the function of the ligand
binding to macrodomains is not completely understood,
it suggests that macroH2A1-containing chromatin (at
least for macroH2A1.1) has a novel mechanism to regu-
late chromatin function through this covalently linked
ligand-binding domain whose activities may be regulated
by the local concentrations of specific ligands. To our
knowledge, differential functions of macroH2A1.1 and
macroH2A1.2 in the regulation of gene expression have
not yet been reported. It is important to note, however,
that while macroH2A1.2 is ubiquitously expressed, the
expression of the macroH2A1.1 splice variant seems to be
restricted to differentiated cells (Pehrson et al. 1997).
Additionally, macroH2A1.1 expression is down-regulated
in several cancers with poor prognosis (Sporn et al. 2009).

While suggested to play a role in X inactivation,
macroH2A1 is expressed equally in both males and
females (Rasmussen et al. 1999) and is highly conserved

across all vertebrates (Pehrson and Fuji 1998), while X
inactivation occurs only in female mammals. Therefore,
macroH2A1 likely plays a more general role in the
regulation of gene expression than previously appreci-
ated. Consistent with a broader role in gene regulation,
macroH2A1 has also been found enriched on the inactive
allele of imprinted genes (Choo et al. 2006) and senes-
cence-associated heterochromatic foci (Zhang et al.
2005). Additionally, macroH2A1 is required for the tran-
scriptional silencing of endogenous murine leukemia
viruses found in the mouse genome (Changolkar et al.
2008). Most recently, macroH2A was also found at a
variety of developmentally regulated genes in a pluripo-
tent teratocarcinoma cell line (Buschbeck et al. 2009).
While most of the current literature has focused on
the role of macroH2A1 in the repression of gene expres-
sion, recent evidence suggests that subpopulations of
macroH2A1 may play a very different role in the cell.
For example, macroH2A1 phosphorylated on S137 is
excluded from the transcriptionally inert inactive X
chromosome (Bernstein et al. 2008), suggesting that
transcriptional repression may not be the only function
of this histone variant.

In the studies described herein, we used chromatin
immunoprecipitation (ChIP) coupled with genomic tiling
microarrays (i.e., ChIP–chip) to determine the localiza-
tion of macroH2A1 in the human genome. We found
a genomic localization pattern unique among histone
variants; namely, the occupation by macroH2A1 of large
chromatin domains (>500 kb in some cases). Our results
show that, although macroH2A1 marks repressed auto-
somal chromatin, it positively regulates transcription
when located in the transcribed regions of several target
genes. Collectively, our results document an unexpected
role for macroH2A1 in enhancing the transcription of
a subset of autosomal genes.

Results

MacroH2A1 is deposited in large domains
distributed similarly throughout the genomes
of both IMR90 and MCF-7 cells

While macroH2A1 has been associated with the repres-
sive chromatin of the inactive X chromosome, a broader
understanding of the role macroH2A1 plays in autosomal
gene regulation is less clear. In order to better under-
stand the localization and function of macroH2A1 in the
human genome, we performed ChIP–chip in both the pri-
mary human female lung fibroblasts cell line IMR90 and
the human female breast cancer cell line MCF-7. Of the
three macroH2A isoforms in humans (e.g., macroH2A1.1,
macroH2A1.2, and macroH2A2), macroH2A1.2 is by
far the predominant form in MCF-7 cells, while both
macroH2A1.1 and macroH2A1.2 are similarly expressed
in IMR90 cells (Supplemental Fig. S1A,B). MacroH2A2,
on the other hand, is not expressed in either cell line.

Using an antibody that recognizes both macroH2A1.1
and macroH2A1.2 (Supplemental Fig. S1C), we performed
ChIP–chip experiments in both IMR90 and MCF-7 cells
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using microarray platforms representing either 244 Mb or
41 Mb of genomic DNA covering a total of 21,567 and
2138 transcription start sites (TSSs), respectively. The
results of the ChIP–chip experiments showed excellent
specificity, were highly reproducible, and had low false
discovery rates (FDRs). The specificity of the macroH2A1
chip signal was demonstrated by a dramatic reduction in
ChIP signal (i.e., DNA recovery) upon shRNA-mediated
depletion of macroH2A1 (Supplemental Fig. S2A). The
reproducibility of the ChIP–chip data was demonstrated
by a strong correlation between the window averages
from the separate ChIP–chip replicates (Supplemental
Fig. S2B). ChIP-quantitative PCR (qPCR) confirmations
demonstrated a low FDR for both macroH2A1-bound
(FDR < 0.042) and macroH2A1-unbound (FDR < 0.042)
regions (Supplemental Fig. S2C). Furthermore, using
ectopic expression of Flag-tagged macroH2A1.1 and
macroH2A1.2 coupled with ChIP-qPCR, we found that
both macroH2A1 isoforms localize to the same genomic
regions in all cases tested (data not shown).

In our initial analysis, we plotted the data for each
of the ENCODE regions from both the IMR90- and MCF-
7-derived ChIP–chip experiments. We observed that
macroH2A1 is incorporated throughout the genome in
large chromatin domains that can span >500 kb (Fig. 1;
Supplemental Fig. S3). When comparing the deposition of
macroH2A1 in IMR90 and MCF-7 cells, we observed
many areas with striking similarities, as well as some
less frequent differences (see Fig. 1B, for example). Over-
all, macroH2A1-bound regions occupy nearly a quarter
of autosomal DNA in both IMR90 and MCF-7 cells
(Fig. 2A). Interestingly, in both IMR90 and MCF-7 cells,
macroH2A1 occupies a larger fraction of intergenic re-
gions compared with regions within the bodies of genes
(33% and 16%, respectively). Overall, these observations
suggested to us that macroH2A1 is a more general feature
of chromatin than previously appreciated and may play
a role in regulating autosomal gene expression.

Two factors likely to contribute to the pattern of
macroH2A1-bound and macroH2A1-unbound regions ob-
served in the ChIP–chip analysis are (1) differential in-
corporation of macroH2A1 into nucleosomes and (2)
differential nucleosome density. To determine which of
these contributes to the pattern of macroH2A1 genomic
occupancy, we determined the average level of histone
H3 density in macroH2A1-bound and macroH2A1-un-
bound regions in MCF-7 cells (Supplemental Fig. S4).
Generally, there is no significant difference between the
level of H3 found in macroH2A1-bound and macroH2A1-
unbound regions. Additionally, macroH2A1 is poorly cor-
related with H3 in MCF-7 cells (correlation coefficient =
0.033). Overall, these results indicate that the observed
patterns of macroH2A1 occupancy generally arise from
differences in the location of macroH2A1 incorporation
into nucleosomes, rather than differences in nucleosome
occupancy.

In addition to occupying genic and intergenic regions to
a similar extent, macroH2A1 patterns are also generally
conserved between the two cell lines. There is a highly
significant correlation between corresponding genomic

locations in the two data sets (Figs. 1, 2B). This is also ob-
served in heat maps depicting macroH2A1 enrichment in
IMR90 and MCF-7 cells, which are ordered for the overall
level of macroH2A1 present near TSSs in IMR90 cells
(Fig. 3A; Supplemental Fig. S5). While the overall patterns
of macroH2A1 deposition are highly conserved between
IMR90 and MCF-7 cells, there are some striking differ-
ences, most notably on the X chromosome. MacroH2A1
is most widely known for its enrichment on the inactive
X chromosome. While IMR90 cells maintain an inactive

Figure 1. MacroH2A1 is incorporated into chromatin in large
domains. University of California at Santa Cruz genome
browser-generated (http://genome.ucsc.edu) histogram showing
the log2 ratios of macroH2A1 ChIP over input for both IMR90
and MCF-7 cells. The location and orientation of RefSeq genes
are depicted below each track. Gene expression in each cell
line is color-coded. Expressed genes are colored green, unex-
pressed genes are colored blue, and genes with ambiguous ex-
pression are colored gray. (A) A 1-Mb span of chromosome 19
(ENCODE region ENm007). (B) A 1-Mb span of chromosome
7 (ENCODE region ENm012). (C) A 500-kb span of chromosome
5 (ENCODE region ENr221).
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X chromosome, MCF-7 cells, like many breast cancer
cells, have lost this form of epigenetic repression (Sirchia
et al. 2005). While macroH2A1 levels are generally high
along the X chromosome in IMR90 cells, much less
macroH2A1 binding is observed on the X chromosome
in MCF-7 cells (Fig. 2A; Supplemental Fig. S3).

MacroH2A1-containing domain boundaries
occur near TSSs

The disparity in the distribution of macroH2A1 between
intergenic and intragenic regions led us to examine the
boundaries between macroH2A1-bound and macroH2A1-
unbound regions and their relationship to the TSSs of
genes. A macroH2A1 boundary was defined as the mid-
point between the edges of adjacent macroH2A1-bound
and macroH2A1-unbound regions. Boundaries were con-
sidered only if all windows between the macroH2A1-
bound and macroH2A1-unbound regions were well tiled
(i.e., had only limited repeat masking). Using these
criteria, we identified 1,754 macroH2A1 chromatin do-

main boundaries in IMR90 cells and 255 boundaries in
MCF-7 cells. We observed that annotated TSSs are highly
enriched within 2 kb of macroH2A1 boundaries (Fig. 3B;
Supplemental Fig. S6). Overall, 68% of macroH2A1
boundaries identified in IMR90 cells have a TSS within
2 kb. Notably, when the boundaries are oriented with the
macroH2A1-bound side to the left, as shown in Figure 3B
(Supplemental Fig. S6), the TSSs of genes transcribed to
the right are specifically and significantly enriched. The
enrichment of TSSs at macroH2A1 domain boundaries
can be observed clearly when the ChIP–chip data are
expressed as a heat map anchored by the TSS of each gene
on the array (Fig. 3A). Together, these observations
suggest that some genes have evolved a mechanism to
prevent macroH2A1 from invading their transcribed re-
gions, perhaps in a manner analogous to insulators.

The observation that a subset of TSS might act as
macroH2A1 insulators led us to hypothesize that a known
insulator protein, such as CTCF, might be involved in
establishing the macroH2A1 domain boundaries. In order
to explore this possibility, we made use of previously
published ChIP–chip data on the genomic localization of
CTCF in IMR90 cells across the genome (Kim et al. 2007).
Out of nearly 14,000 CTCF-occupied sites identified in
IMR90 cells, 3992 are represented on the tiling microarray
used for the IMR90 cells in our studies. By calculating the
distance of each macroH2A1 boundary to the nearest CTCF-
binding site, we found that CTCF is statistically enriched
at macroH2A1 boundaries (Fig. 3C). In all, 240 (;14%)
macroH2A1 boundaries are located within 2 kb of a CTCF-
binding site. While CTCF occupies a significant fraction
of macroH2A1 boundaries, the majority of macroH2A1
boundaries are not marked by this insulator protein,
indicating that CTCF-independent mechanisms also play
a role in determining where macroH2A1 boundaries occur.

MacroH2A1 marks genes that are involved
in signaling and development

We hypothesized that the presence of macroH2A1 down-
stream from the TSS might specify distinct sets of func-
tionally related genes. To test this possibility, we deter-
mined the ontological gene categories that were enriched
in autosomal genes containing macroH2A1 (Table 1;
Supplemental Table S1). Genes with macroH2A1 present
in the transcribed region encode proteins that (1) play
roles in developmental processes and/or (2) function as
signaling molecules that act at or are exported from the
cell surface (i.e., cytokines, growth factors, ion channels,
and receptors). These associations are consistent with
previous work (Buschbeck et al. 2009), and suggest that
macroH2A1 may play a role in regulating developmental
and cell–cell signaling processes.

MacroH2A1 colocalizes with histone H3K27
trimethylation

In order to gain a better understanding of the functional
characteristics of macroH2A1-containing chromatin, we
examined the relationship of macroH2A1 in IMR90 cells

Figure 2. In addition to the inactive X chromosome, macroH2A1
occupies a large proportion of autosomal chromatin. (A) Histo-
gram showing the percent base coverage of macroH2A1-bound
and macroH2A1-unbound regions in either an IMR90 or MCF-7
cell subset for genic or intergenic regions on either autosomes or
the X chromosome. (B) Scatter plot of the macroH2A1 ChIP–
chip log2 ratios from MCF-7 cells versus IMR90 cells for the
94,966 windows occupied by at least six probes on both array
platforms. (CC) Spearman correlation coefficient of the data
presented in the scatter plot (P < 10�300).
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with a wide variety of histone modifications and chro-
matin- and transcription-related factors from 367 ChIP–
chip experiments deposited previously into the NCBI
Gene Expression Omnibus (GEO) repository. We calcu-
lated the Spearman correlation coefficient and associated
P-value of the macroH2A1 ChIP–chip data from IMR90
cells with each of the existing ChIP–chip data sets
(Fig. 4A; Supplemental Table S2). Not surprisingly, of all
of the ChIP–chip data sets included in the analysis, the
macroH2A1 data from IMR90 cells correlate most
strongly with the macroH2A1 data from MCF-7 cells
(correlation coefficient of 0.55), highlighting the similar
patterns of macroH2A1 deposition between these two
cell types. Interestingly, the next six data sets most
positively correlated with the pattern of macroH2A1 in
IMR90 cells are all H3K27 trimethylation (Fig. 4B).
MacroH2A1 was also found to be negatively correlated
with a variety of positive marks for transcription, in-
cluding RNA polymerase II, histone H3K4 methylation,
and histone H3 acetylation (Fig. 4C). Similar observations
were made with the MCF-7 cell macroH2A1 ChIP–chip
data (Supplemental Fig S7; Supplemental Table S3). The
observation that macroH2A1-containing chromatin is
enriched for a facultative heterochromatin mark and
depleted for marks of active transcription is generally
consistent with previous results, suggesting a role for this
histone variant in transcriptional repression.

MacroH2A1 levels downstream from TSS
are negatively correlated with gene expression

To further explore the relationship between macroH2A1
and gene expression on autosomes, we used genomic run-
on (i.e., GRO-seq) expression data from IMR90 cells to de-
termine the average pattern of macroH2A1 deposition at
genes separated into different levels of expression (GRO-
seq is a more sensitive and direct measurement of
transcriptional activity across the genome compared with
expression microarrays) (Fig. 5A; Core et al. 2008). This
analysis clearly indicates that the level of macroH2A1

downstream from the TSS specifies transcriptional out-
comes. For example, genes in the bottom pentile
of expression had, on average, the highest levels of
macroH2A1 downstream from the TSS (line 1 in Fig. 5A).

Figure 3. TSSs and CTCF-binding sites are
enriched near macroH2A1-containing do-
main boundaries. (A) Heat map showing
macroH2A1 ChIP–chip data for all 21,567 or
2138 promoters from the IMR90 and MCF-7
data, respectively (from �7 kb to +3 kb
relative to the TSS), ordered for average
macroH2A1 intensity. (B) Histogram repre-
senting the locations of TSSs relative to
macroH2A1 domain boundaries in IMR90
cells. The bars are color-coded to indicate
the direction of gene transcription relative to
the orientation of the macroH2A1 boundary.
Asterisks denote significant bars with P-value
< 10�8 (*) or P-value < 10�67 (**). (C) Histo-
gram representing the locations of CTCF-
binding sites relative to macroH2A1 domain
boundaries in IMR90 cells. Asterisks denote
significant bars with P-value = 10�7 (*) or
P-value < 10�12 (**).

Table 1. Summary of the most significant gene ontology

terms enriched in genes with macroH2A1 present

downstream from the TSS

Gene ontology term Aspect
Corrected

P-value

Multicellular organismal process bp 4.84 3 10�60

Multicellular organismal development bp 5.96 3 10�33

System development bp 5.76 3 10�30

Ion transport bp 1.78 3 10�26

Anatomical structure development bp 4.20 3 10�26

Cell–cell signaling bp 1.74 3 10�25

Cell differentiation bp 7.21 3 10�25

Extracellular region cc 1.85 3 10�60

Plasma membrane cc 1.32 3 10�48

Plasma membrane part cc 8.61 3 10�47

Intrinsic to membrane cc 5.66 3 10�39

Intrinsic to plasma membrane cc 2.22 3 10�38

Integral to plasma membrane cc 1.55 3 10�37

Membrane part cc 2.98 3 10�36

Channel activity mf 8.10 3 10�33

Passive transmembrane transporter
activity

mf
8.10 3 10�33

Substrate specific channel activity mf 1.60 3 10�31

Ion channel activity mf 5.51 3 10�30

Transmembrane transporter activity mf 2.06 3 10�27

Gated channel activity mf 1.49 3 10�25

Transporter activity mf 5.68 3 10�24

The enrichment of geneontology terms in genes with macroH2A1-
bound regions within 3 kb downstream from the TSS in IMR90
cells compared with all other genes represented on the ChIP–
chip array. The analysis was performed for all three gene
ontology aspects: biological process (bp), cellular component
(cc), and molecular function (mf). The seven most significant
gene ontology terms for each aspect are listed. For a more com-
plete list of significantly enriched ontologies, refer to Supple-
mental Table S1.
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The general negative correlation between macroH2A1
occupancy of a gene and expression is further illustrated
by plotting the average level of macroH2A1 in the
proximal 3 kb downstream from each TSS against the
rank level of expression (Fig. 5B). As expected from these
data, macroH2A1 generally marks the genes with the
lowest levels of expression. Consistent with this, the gene
set with high levels of macroH2A1 downstream from the
TSS is enriched for unexpressed genes (84-fold enrich-
ment, P < 10�300) (Fig. 5C). Similar results for both
IMR90 and MCF-7 cells were obtained using available
Affymetrix expression microarray data (Supplemental
Fig. S8), suggesting similar functions of macroH2A1 in

gene regulation in the two cell lines. In this regard, many
of the differences in macroH2A1 occupancy in the
transcribed regions of genes between IMR90 and MCF-7
cells correspond to differences in gene expression (Sup-
plemental Fig. S9).

Although we observed a negative correlation between
macroH2A1 occupancy and the levels of expression,
correlation alone does not prove causation. Using GRO-
seq data, we found that ;12% of transcriptionally active
autosomal genes in IMR90 cells contain macroH2A1
downstream from the TSS (Fig. 5C); similar trends were
observed for IMR90 and MCF-7 cells using Affymetrix
expression microarray data (Supplemental Fig. S8). Thus,
while there is a strong negative correlation between
macroH2A1 occupancy and gene expression, not all of
the genes marked by this histone variant are repressed.

Figure 4. MacroH2A1 binding positively correlates with het-
erochromatic chromatin marks and negatively correlates with
active chromatin marks. (A) Volcano plot of Spearman’s corre-
lation coefficient for the macroH2A1 ChIP–chip data from
IMR90 cells with each of 367 ChIP–chip data sets versus the
corresponding significance score (�log2 P-value). (B) Average
log2 ratios in macroH2A1-bound and unbound regions for the
seven most positive correlations. (C) Same as in B for the seven
most negative correlations.

Figure 5. MacroH2A1 levels downstream from the TSS, while
negatively correlated with expression, are not an absolute marker
of silent genes. (A) Average macroH2A1 ChIP–chip profiles from
IMR90 cells of genes in expression pentiles ranked from least to
most expressed based on GRO-seq data. (B) Scatter plot of the
average level of macroH2A1 found in the first 3 kb of a gene
versus the rank level of gene expression based on GRO-seq data.
(C) Histogram depicting the percent of expressed and unexpressed
genes containing macroH2A1 downstream from the TSS.
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Therefore, macroH2A1 is not an absolute determinant of
transcriptional repression.

When present downstream from the TSS, macroH2A1
positively regulates the expression of a subset of genes

Since a subset of macroH2A1-containing genes escape
repression, we re-evaluated the role of macroH2A1 in
gene expression. To do so, we generated MCF-7 cell lines
stably expressing shRNAs targeting macroH2A1 or lucif-
erase (as a control) (Fig. 6A; Supplemental Fig. S10). RNA
isolated from each cell line was used to determine the
effect of macroH2A1 knockdown on the expression of
a subset of genes chosen without prior knowledge of their
macroH2A1-bound status. A gene was considered to be
macroH2A1-regulated if the absolute log2 fold change
(macroH2A1 knockdown over the luciferase knockdown)
was >0.5 and the P-value was <0.05 (two-tailed paired
Student’s t-test). Of the 97 genes tested, 18 (;19%) were
regulated by macroH2A1 knockdown (Fig. 6C,D). The
genes were then split into three classes based on whether
they were bound by macroH2A1 both upstream of and
downstream from the TSS (class I), were found near
a macroH2A1 boundary (class II), or did not contain
macroH2A1 either upstream of or downstream from the
TSS (class III) (Fig. 6B; Supplemental Table S4). Impor-
tantly, class I genes were significantly and specifically
enriched for regulation by macroH2A1, with nearly half
(;44%) of the tested genes in this class affected by
macroH2A1 knockdown, compared with <3% of the
genes that are not bound by macroH2A1 in the transcribed
region (Fig. 6C). Furthermore, 75% of the regulated genes
were down-regulated upon macroH2A1 knockdown, in-
dicating an unexpected positive role for macroH2A1 in
the regulation of these target genes. From this data, we
conclude that, although the localization of macroH2A1
downstream from the TSS generally marks repressed
domains of autosomal chromatin, macroH2A1 actually
protects a subset of its target genes from silencing.

MacroH2A1 affects signal-regulated transcription

The data described above indicate that macroH2A1 can
play a positive role in gene expression at genes where it is
bound in the transcribed region. These studies were
conducted under normal growth conditions and represent
changes in steady-state levels of transcription. To fur-
ther explore the positive role of macroH2A1 in gene
expression, we determined whether macroH2A1 might
contribute to the signal-regulated transcription of its
target genes. As a model, we used several genes with
macroH2A1 bound downstream from the TSS that are
induced upon serum starvation in MCF-7 cells (i.e.,
ASCL1, CST5, SOCS2, TFF1, and TMPRSS3) (Fig. 7A).
We hypothesized that this mechanism of activation is
likely due to the cessation of signaling cascades initiated
by growth factors at the cell surface that actively re-
presses the expression of these genes. Indeed, treatment
of MCF-7 cells with various kinase inhibitors stimulates
the expression of these serum starvation-induced target
genes (Supplemental Fig. S11). Interestingly, induction

of these genes by serum starvation is inhibited by
knockdown of macroH2A1 (Fig. 7A). Furthermore, in-
duction of these genes by serum starvation does not lead

Figure 6. Depletion of macroH2A1 reveals a positive role for
macroH2A1 in the expression of class I genes. (A) Western
blot for macroH2A1 in MCF-7 cells with stably integrated
expression vectors for shRNAs targeting luciferase (Luc) or
macroH2A1 (mH2A). (B) Schematic representation of the three
observed macroH2A1-binding patterns relative to the TSSs. (C)
Histogram depicting the percent of genes tested from each class
that pass both the fold change (i.e., log2 0.5) and P-value (#0.05)
thresholds. The asterisk denotes significant enrichment of
regulated genes in class I based on the P-value from a Fisher
exact test (P = 8.3 3 10�7). The gray and black shading rep-
resents the proportions of genes that are down-regulated or up-
regulated in the macroH2A1 knockdown cell line, respectively.
(D, left) Heat map depicting the macroH2A1-binding patterns of
all genes tested by RT-qPCR for regulation by macroH2A1
knockdown separated into the three macroH2A1-based gene
classes. (Right) Log2 fold change in expression upon macroH2A1
knockdown (macroH2A1/Luc) for each of the genes shown in
the heat map to the left. The dotted lines depict the log2 fold
change threshold of 0.5. Blue bars indicate a P-value of 0.05 or
less. (mH2A1) MacroH2A1; (KD) knockdown.
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to changes in macroH2A1 deposition upstream of the
TSS, at the promoter, or in the transcribed region (Fig. 7B),
indicating that removal of this histone variant is not
required for the serum starvation-induced transcriptional
activation of these genes. Together, these results illus-
trate that macroH2A1 can play a positive role in the
transcription of signal-regulated target genes.

Discussion

Recent genomic localization studies on the role of
macroH2A in gene expression have focused on either

the inactive X chromosome in mice (Mietton et al. 2009)
or promoter-proximal regions of a subset of developmen-
tally regulated autosomal genes in human teratocarci-
noma cells (Buschbeck et al. 2009). The data that we
present here are consistent with these previously pub-
lished results, but go beyond these studies to augment our
understanding of macroH2A1 function in several impor-
tant respects. First, we demonstrate that macroH2A1 is
present in large domains spread across a quarter of the
autosomal genome in both breast cancer cells and pri-
mary lung fibroblasts, and that the pattern of deposition
is conserved between cell types. Second, we show that
the boundaries of the macroH2A1-enriched domains
are found near TSSs and CTCF-binding sites. Third, we
demonstrate that macroH2A1 colocalizes with the facul-
tative heterochromatin mark, histone H3K27 trimethy-
lation. Fourth, we show that the presence of macroH2A1
downstream from the TSS is associated with transcrip-
tional repression. However, we also show that, while
most genes with high levels of macroH2A1 downstream
from the TSS are silenced, some macroH2A1-marked
transcribed regions are, in fact, active. Surprisingly,
macroH2A1 is a positive regulator of a subset of these
genes. Finally, we provide additional support for a role of
macroH2A1 as a positive effector of gene expression by
demonstrating that macroH2A1 augments serum starva-
tion-induced transcriptional responses. Together, these
results provide a new view of the localization and
function of this unique histone variant in the genome.

First described as a factor that is present on the inactive
X chromosome, macroH2A was thereby characterized as
a repressive histone mark. Our data and previously
published studies confirmed the enrichment macroH2A1
on the inactive X (Mietton et al. 2009). The inactive X is
assembled into a facultative heterochromatin typified by
the polycomb-repressive complex and repressive histone
marks including histone H3K27 trimethylation (Chow
and Heard 2009). These factors have roles on both the
inactive X chromosome and autosomes, and macroH2A1
is no exception. Just as H3K27 trimethylation is present
on autosomes, our work demonstrates that macroH2A1
is also present in large domains of heterochromatin on
autosomes that can be hundreds of kilobases in length. In
fact, macroH2A1-containing domains are often coinci-
dent with H3K27 trimethylation.

Chromatin is organized into functional domains that
often end at boundary elements or insulators (Phillips and
Corces 2009). Insulators function as a barrier to prevent
heterochromatin from silencing genes found in transcrip-
tionally permissive regions. We found that a subset of
macroH2A1 domain boundaries could be explained by the
presence of binding sites for the well-studied chromatin
insulator protein, CTCF. However, not all macroH2A1
boundaries contain binding sites for CTCF, which begs
the question: What additional factors can function as
macroH2A1 boundaries? Interestingly, we found a subset
of promoter-proximal regions can function as macroH2A1
domain boundaries. However, we have, so far, been unable
to identify DNA motifs enriched at these promoters using
either directed or de novo motif-finding techniques.

Figure 7. MacroH2A1 modulates signal-regulated transcrip-
tional responses of macroH2A1-containing genes. (A) Relative
expression of five macroH2A1-containing, serum starvation-
activated genes in luciferase or macroH2A1 knockdown cells
either in serum (+) or deprived of serum for 24 h (�). Experiments
were scaled to yield a value of 100 for the Lucifierase knock-
down serum-starved samples. All differences between serum-
deprived Luciferase and macroH2A knockdown samples were
significant (P < 0.02). (B) MacroH2A1 ChIP from MCF-7 cells
with or without 24 h of serum starvation.
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Our work and the previous work of others (Buschbeck
et al. 2009) support the observation that macroH2A1
levels are inversely correlated with gene expression.
While the majority of genes that contain macroH2A1
are silent, a considerable fraction of macroH2A1-contain-
ing genes escapes this typical repression and is expressed.
How can these outliers be explained? One possible expla-
nation is that, while macroH2A1 is recruited to hetero-
chromatic regions of the genome, it does not play a general
role in heterochromatic associated transcriptional repres-
sion. Support for this line of reasoning comes from studies
of the macroH2A1 knockout mouse, which, besides be-
ing viable and fertile, undergoes normal X inactivation
(Changolkar et al. 2007). Further support for the idea that
macroH2A1 is not generally a repressive chromatin factor
comes from the fact that we did not observe a wholesale
increase in the expression of genes bound by macroH2A1
when the histone variant was knocked down. Finally,
macroH2A1 can also augment transcriptional responses
to serum deprivation, demonstrating that macroH2A1
not only enhances basal transcription, but can also boost
transcriptional responses to certain stimuli. Far from
acting as a functionally repressive chromatin component,
our results demonstrate that macroH2A1 is, in fact, a
positive regulator of a subset of the genes that contain
macroH2A1 in the transcribed region. Furthermore, it
suggests that the true role of macroH2A1 is more com-
plicated than previously appreciated. MacroH2A1 is re-
cruited to repressive heterochromatin, but in a significant
number of instances, macroH2A1 is required to escape
heterochromatic repression.

Future work is required to determine the mechanisms
by which macroH2A1 allows its target genes to escape
heterochromatic gene silencing. However, it is interest-
ing to hypothesize that the large macrodomain-contain-
ing nonhistone region of macroH2A1 plays a role in this
process. This domain represents a platform that can (1)
recruit chromatin-dependent transcriptional regulators
(e.g., HP1b, HDAC1, and PARP-1) (Chakravarthy et al.
2005; Changolkar and Pehrson 2006; Ouararhni et al.
2006; Nusinow et al. 2007), (2) provide a novel platform
for covalent modifications (e.g., S137 phosphorylation)
(Bernstein et al. 2008), and (3) bind small molecule ligands
(e.g., the NAD+ metabolites poly[ADP-ribose], ADP-ribose,
and O-acetyl-ADP-ribose, in the case of macroH2A1.1)
(Kustatscher et al. 2005; Timinszky et al. 2009). All
of these features may locally regulate the function of
macroH2A1-containing nucleosomes and thereby affect
the expression of a subset of the genes to which it is bound.

Materials and methods

Cell lines and treatments

MCF-7 human breast cancer cells were maintained in MEM
supplemented with 5% calf serum. IMR90 human primary lung
fibroblast cells were maintained in MEM supplemented with
10% fetal bovine serum. MacroH2A1-depleted MCF-7 cells were
generated by retroviral-mediated gene transfer of two shRNA
sequences specifically targeting the macroH2A1 mRNA using
the pSUPER.retro system (Oligoengine) with puromycin and

G418 for drug selection. The targeting sequences used for
macroH2A1 were 59-GCAATGCAGCGAGAGACAACA-39 and
59-GCGTGTGTTGTGGTGCTTTAT-39. The target sequences
were chosen using the BLOCK-iT RNAi Designer (Invitrogen;
https://rnaidesigner.invitrogen.com/rnaiexpress). Control cells
harboring shRNA sequences directed against luciferase (59-GAT
ATGGGCTGAATACAAA-39) were generated in parallel.

Where indicated, MCF-7, luciferase knockdown, and/or
macroH2A1 knockdown cells were serum-starved by washing
the cells in PBS and replacing the medium with MEM without
serum for 24 h. Where indicated, cells were treated with 100
ng/mL TPA for 3 h (expression analysis) or 1.5 h (ChIP assays).

ChIP

ChIP was performed essentially as described previously
(Krishnakumar et al. 2008). The immunoprecipiations were per-
formed from cross-linked MCF-7 and IMR90 cells with anti-
bodies against macroH2A1 (Upstate Biotechnologies, 07-219) or
histone H3 (Abcam, ab1791-100), or without antibodies as a
control. Antibodies were screened for specificity by immuno-
blotting MCF-7 acid-extracted cell lysates. For gene-specific ChIP
analyses, qPCR was used to determine the enrichment of immu-
noprecipitated material relative to the input material using gene-
specific primer sets to the specified regions. Each ChIP experi-
ment was conducted a minimum of three times with independent
chromatin isolates to ensure reproducibility. For the ChIP–chip
analyses, two replicates of the immunoprecipitated genomic
DNA were blunted, amplified by ligation-mediated PCR (LM-
PCR), and used to probe a DNA microarray (Nimblegen).

ChIP–chip

The ChIP–chip sample processing and analysis were done
essentially as described previously (Krishnakumar et al. 2008).
LM-PCR-amplified immunoprecipitated DNA samples were
labeled with Cy5, and the LM-PCR-amplified reference DNA
samples were labeled with Cy3. The fluorescently labeled
immunoprecipitated and reference samples were combined and
used to probe a factory-designed (HX1, Nimblegen) or a custom
human oligonucleotide genomic array (Nimblegen). The HX1
ChIP–chip array contained ;2.2 million probes, which tile all
ENCODE regions, as well as ;20,000 TSSs typically from �7 kb
to +3 kb, with a mean probe spacing of 100 bp. We also used a
custom-designed array that contained ;390,000 probes, which
tile all ENCODE regions, as well as ;1500 TSSs typically�25 kb
to +5 kb, with a mean probe spacing of 76 bp (Krishnakumar et al.
2008). The macroH2A1 ChIP–chip analyses were run two times
to ensure reproducibility. Detailed information about genomic
regions included on the custom array and the data from the
hybridizations described in this study can be accessed from the
NCBI GEO Web site (http://www.ncbi.nlm.nih.gov/geo) using
accession numbers GSE9607 (MCF-7) and GSE18633 (IMR90).

Genomic data analyses

The genomic data analyses were performed using the statistical
programming language R (R Development Core Team 2006). All
data processing scripts are available on request. The log2 ratio
data from each array was subjected to lowess normalization
(Smyth and Speed 2003). The normalized data were scaled to
equivalent sum of squares, and then the between array mean log2

ratio was determined for each probe. An error model was
generated using a 1-kb moving window with 250-bp steps in
which both the mean probe log2 ratio and P-values were
calculated for each window. The P-values were calculated using
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the nonparametric Wilcoxon signed-rank test. The histograms
depicting the genomic location of macroH2A1 in MCF-7 and
IMR90 (Fig. 1) were generated using the University of California at
Santa Cruz (UCSC) genome browser (Kent et al. 2002). The TSS-
anchored heat maps used to visualize the ChIP–chip data (Fig. 3A)
were generated with Java Treeview (Saldanha 2004). The contour
lines on scatter plots (Fig. 2B) were generated using two-dimen-
sional kernel density estimation (Venables and Ripley 2002).

Identification of macroH2A1-bound and macroH2A1-unbound regions Sig-
nificant bound regions were defined as at least three consecutive
windows with (1) positive means, (2) at least six probes, and (3)
P-values <0.016. Significant unbound regions were defined as at least
three consecutive windows with (1) negative means, (2) at least six
probes, and (3) P-values <0.016. The use of these selection criteria
were justified by a low false positive rate (FPR) as determined by
ChIP-qPCR (macroH2A1-bound region, FDR < 4.2%; macroH2A1-
unbound region, FDR < 4.2%).

Boundary finding MacroH2A1 domain boundaries were defined as
the regions occurring between the edges of adjacent macroH2A1-
bound and macroH2A1-unbound regions. Only boundaries exclu-
sively containing well-tiled windows (at least six probes per
window, indicating a lack of extensive repeat masking) were
considered. Only under this criterion can the central location of
the boundary be determined accurately. One-thousand-seven-
hundred-fifty-four and 255 boundaries that satisfied these criteria
were identified in IMR90 and MCF-7 cells, respectively.

Boundary to TSS distances The distance of each boundary to the
closest TSS (Fig. 2B) was determined using RefSeq gene annota-
tions downloaded from the UCSC genome browser (Karolchik
et al. 2003). A Fisher exact test was used to determine the
significance of the patterns observed in the boundary histo-
grams, compared with the background pattern obtained by
determining the distance of all windows with at least six probes
to the closest TSS, accounting for the fact that the boundary can
occur in two possible orientations.

ChIP–chip-based classification of genes For the ChIP–chip-based
classification of genes, the genes on the ChIP–chip array
were defined and macroH2A1-bound or macroH2A1-unbound.
MacroH2A1-bound genes were defined as those that contained
a macroH2A1-bound region within 3 kb downstream from the
TSS. MacroH2A1-unbound genes were defined by the presence of
windows from a macroH2A1-unbound region within 3 kb down-
stream from the TSS and the lack of a macroH2A1-bound region.

Expression-based classification of genes The relative expression
levels of genes in IMR90 cells were determined using GRO-seq
data described in Core et al. (2008). The genes were then ordered
for average expression signals, and the genes in each pentile were
collected to determine the average macroH2A1-binding profile
for each group (Fig. 5A). Expression microarray data were used to
confirm the results of the GRO-seq analysis (Supplemental. Fig
S8). For the microarray expression-based categorization of genes,
three replicates of previously described MCF-7 expression micro-
array data (Affymetrix U133A, GEO accession no. GSE9253)
were associated with the genes represented on the ChIP–chip
array (Krishnakumar et al. 2008). The two replicates of IMR90
expression data used to categorize the IMR90 ChIP data were
described previously (Heintzman et al. 2007). In cases where
multiple probe sets corresponded to a given gene, all signals from
the probe sets were averaged.

Distribution of expressed and unexpressed genes among the ChIP–chip

classes For the GRO-seq-based expression analysis (Fig. 5), genes

were labeled expressed or unexpressed according to the methods
described in Core et al. (2008). For the microarray-based expres-
sion analysis (Supplemental Fig S8), a gene on the ChIP–chip
array was marked as unambiguously expressed or unexpressed,
and all probe sets from all three expression array replicates
corresponding to the gene were flagged unanimously present or
absent, respectively. Any genes on the array not meeting these
criteria were marked as ambiguous and were removed from the
expression-based categorization analysis.

Gene ontology analysis of the ChIP–chip classes The gene ontology
analysis was done using the Generic Gene Ontology Term Finder
(http://go.princeton.edu/cgi-bin/GOTermFinder/GOTermFinder)
(Boyle et al. 2004). The collection of all genes that contained well-
tiled windows with 4.5 kb both upstream of and downstream
from the TSS—and that thus had the potential to be placed in one
of the three macroH2A-defined gene classes—were used as the
background for the analysis. An FDR of 1% was used as the cutoff
for significant enrichment.

Multiple ChIP–chip correlation analysis Data series containing
IMR90 and MCF-7 ChIP–chip data were downloaded from the
GEO Web site (http://www.ncbi.nlm.nih.gov/geo) (Barrett et al.
2009). Data series were chosen using two criteria: (1) The
genomic data from the chosen series was performed using
a two-color platform (i.e., Nimblegen or Agelent) and (2) the
data series contained samples generated from IMR90 and MCF-7
cells. In total, 362 ChIP–chip data sets from the following GEO
series were included in the analysis: GSE1778, GSE2072,
GSE6292, GSE7118, GSE8887, GSE2672, GSE4355, GSE4355,
GSE10504, GSE4905, GSE5175, GSE6625, GSE8667, GSE12126,
GSE6624, GSE6634, GSE8716, GSE12126, GSE5445, GSE9015,
GSE12650, GSE5559, GSE8716, GSE6385, GSE8855, GSE9029,
GSE2672, GSE5559, and GSE13051. The data were processed
with 1-kb windows identical to that of the macroH2A1 analysis.
The Spearman correlation between macroH2A1 and each of the
downloaded ChIP–chip data sets was then determined. The score
of each correlation was defined as the negative of the log10 of the
P-value for the correlation.

Gene-specific expression analysis

Total RNAwas isolated using Trizol reagent (Invitrogen) according
to the manufacturer’s protocols. The RNA was reverse-transcribed
and subjected to qPCR using gene-specific primers (sequences
available on request). All target gene transcripts were normalized
to b-actin. Each experiment was conducted a minimum of three
times with independent isolates of total RNA. The P-values were
determined using a two-tailed paired Student’s t-test. The signif-
icance of the enrichment of macroH2A1 functional targets in the
macroH2A1-bound class was determined using Fisher’s exact test.
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