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Studies of macroH2A histone variants indicate that they have a role in regulating gene expression. To
identify direct targets of the macroH2A1 variants, we produced a genome-wide map of the distribution of
macroH2A1 nucleosomes in mouse liver chromatin using high-throughput DNA sequencing. Although
macroH2A1 nucleosomes are widely distributed across the genome, their local concentration varies over a
range of 100-fold or more. The transcribed regions of most active genes are depleted of macroH2Al, often in
sharply localized domains that show depletion of 4-fold or more relative to bulk mouse liver chromatin. We
used macroH2A1 enrichment to help identify genes that appear to be directly regulated by macroH2A1 in
mouse liver. These genes functionally cluster in the area of lipid metabolism. All but one of these genes has
increased expression in macroH2A1 knockout mice, indicating that macroH2A1 functions primarily as a
repressor in adult liver. This repressor activity is further supported by the substantial and relatively uniform
macroH2A1 enrichment along the inactive X chromosome, which averages 4-fold. Genes that escape X
inactivation stand out as domains of macroH2A1 depletion. The rarity of such genes indicates that few genes

escape X inactivation in mouse liver, in contrast to what has been observed in human cells.

Nucleosomes, as basic structural units of chromatin, are
important targets for modifying chromatin structure and func-
tion. One source of nucleosomal functional diversity is the
substitution of histone variants for conventional histones. The
macroH2A core histone variants appear to be present in most
or all vertebrates and some deuterostome invertebrates, such
as sea urchins. Three macroH2A variants have been identified
in mammals. The macroH2A1 variants, macroH2A1.1 and
macroH2A1.2, are produced by alternate splicing, and
macroH2A2 is produced by a separate gene (8, 13, 31, 34).
They all have a full-length histone H2A domain on their N
terminus and a C-terminal nonhistone region that primarily
consists of a conserved domain called a macrodomain. Mac-
rodomains are found as stand-alone proteins in bacteria and
are embedded in other eukaryotic proteins and in proteins
involved in the replication of some RNA viruses (2, 32). Some
macrodomains bind ADP-ribose and related molecules (26),
and a recent study indicates that ADP-ribose binding by
macroH2A1.1 can alter chromatin structure (36).

We estimated that there is approximately 1 macroH2A for
every 30 nucleosomes in rat liver, an organ with relatively high
macroH2A1 content and very little macroH2A2 (13, 31). Flu-
orescence studies showed that these nucleosomes are not uni-
formly distributed across the chromatin. Notably, macroH2A1
is preferentially localized to the inactive X chromosome (8, 13,
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14), to centromeric chromatin in some cell types (15, 22), and
to transcriptionally silent senescence-associated heterochro-
matic foci (39), which suggests a role in repression of gene
expression. macroH2A1 knockout mice are viable and fertile
and show no obvious pathology (11). No defects in X inacti-
vation were detected, consistent with studies that indicate that
X inactivation is maintained by multiple mechanisms of repres-
sion (16). However, studies of gene expression in the livers of
macroH2A1 knockout mice found increased expression of
genes that cluster in the area of lipid metabolism, consistent
with the idea that macroH2A1 nucleosomes have a role in
repressing the expression of specific genes (11).

In order to identify the direct targets of macroH2A, it is im-
portant to determine the distribution of macroH2A nucleosomes
across individual genes and other genomic elements. Toward this
goal, we developed a thio-affinity method that is highly specific for
the purification of macroH2A1 nucleosomes from mouse liver
(12). Our previous real-time PCR studies using DNA from puri-
fied macroH2A1 nucleosomes supported the conclusion that
macroH2A1 is enriched on the inactive X chromosome and sug-
gested that many active genes are depleted of macroH2A1. How-
ever, this approach was restricted to probing a small number of
sites. MacroH2A immunoprecipitation studies by other groups
indicated macroH2A1 enrichment in the upstream regions of
HSP70.1 and HSP70.2 (30) and the promoter region of interleu-
kin-8 (IL-8) (1). Two recent studies used chromatin immunopre-
cipitation and microarrays to probe the macroH2A1 content of
selected regions of the genome. One study found weak but uni-
form enrichment of macroH2Al across the inactive X chromo-
some (29). The other study examined the ENCODE regions and
10-kb regions around ~20,000 transcription start sites in cultured
fibroblasts and a breast cancer cell line (21). This study, by Gam-
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FIG. 1. Purification of macroH2A1 nucleosomes. MacroH2A1 nu-
cleosomes were purified by thio-affinity chromatography (see Materi-
als and Methods and reference 12). S, starting-material chromatin; E,
eluted fraction of purified macroH2A1 nucleosomes. The protein com-
position of the fractions is shown on SDS gels (top); DNA gels show
mono- and oligonucleosomal DNA, except in the eluted fraction pre-
pared with livers from macroH2A1 knockout mice (middle). A West-
ern blot using macroH2A1.2 antibody shows macroH2A1 enrichment
in the eluted fraction of normal liver (bottom). Fractions were pre-
pared from normal female mouse livers or livers from macroH2A1
knockout mice.

ble et al., found that regions of macroH2A1 enrichment have a
positive correlation to regions enriched for the repressive chro-
matin mark H3K27 trimethylation and that macroH2A1 tends to
be depleted in the 3-kb region immediately downstream of the
transcriptional start site of active genes. They examined the effect
of a macroH2A1 knockdown on the expression of 97 genes and
found that 19% had significantly altered expression. Surprisingly,
72% of these macroH2A1-regulated genes had decreased expres-
sion in knockdown cells, indicating that macroH2A1 nucleosomes
often function to increase gene expression.

Here, we use high-throughput sequencing of macroH2A1
mononucleosomal DNA isolated from female mouse liver to
produce the first genome-wide map of macroH2A distribu-
tion. We use this map to examine the macroH2A1 content of
the transcribed regions of mapped genes, compare the
macroH2A1 contents of active and inactive genes, identify
genes that appear to be directly regulated by macroH2A1
nucleosomes in mouse liver, and perform a chromosome-
wide assessment of genes that escape from X inactivation.

MATERIALS AND METHODS

Purification of macroH2A1 nucleosomes. Female mouse livers were from
Pel-Freez Biologicals. The preparation of solubilized chromatin and purification
of macroH2A1 nucleosomes was as described previously (12). Briefly, mono- and
oligonucleosomes were prepared by micrococcal nuclease digestion with solubi-
lization facilitated by removing H1 with CM Sepharose. MacroH2A1 nucleo-
somes were purified by differential thio-affinity chromatography using activated
thiol Sepharose (GE Healthcare), which does not bind macroH2A1, followed by
thiopropyl Sepharose (GE Healthcare), which binds macroH2A1 nucleosomes.

MoL. CELL. BIOL.

The specificity of this approach was demonstrated by the absence of purified
nucleosomes when livers from macroH2A1 knockout mice were used (Fig. 1).

High-throughput sequencing, mapping of sequences, and analysis of map.
Nucleosomal DNA was purified using standard procedures. Mononucleosomal
DNA from macroH2A1 nucleosomes and from the bulk mouse liver chromatin
(starting material) was purified by gel electrophoresis and sequenced using the
Solexa genome analyzer following manufacturer protocols. Sequence tags were
mapped to the mouse genome (NCBI build 36) using the Solexa analysis pipeline.
The tags were also mapped in 200-bp windows (4). Sequences that map to multiple
locations were masked from the maps. This leaves gaps or sparse sequence repre-
sentation in regions that are rich in repetitive sequences. However, most regions
have unique sequences that provide information about macroH2A1 distribution. We
obtained 12,468,289 unique mapping tags from macroH2A1 mononucleosomes and
12,460,356 from starting-material mononucleosomes.

We analyzed the macroH2AL1 content (relative to bulk mouse liver chromatin) of
all mapped mouse genes using Partek Genomics Suite software (version 6.5b, release
6.09.0806); the gene list was based on the NCBI February 2006 build of the mouse
genome (NCBI36/mm8). For each gene region (including 5’ and 3’ untranslated
regions and all introns and exons), the total number of matching sequences was
counted from the starting material and macroH2A1 samples. The macroH2A1
content of a gene was calculated by dividing the normalized RPKM (reads per
kilobase per million reads) value from the macroH2A1 map by the RPKM value
from the map of starting-material nucleosomes. False-discovery-rate-adjusted P val-
ues for macroH2A1 enrichment or depletion were calculated for each gene. The
University of California Santa Cruz (UCSC) genome browser (27) was used to
examine the distribution of sequence tags on specific genomic regions. The house-
keeping genes we analyzed came from the study by Hsiao et al. (25). Their list of
human housekeeping genes was used to search for the mouse homologues. If a
unique mouse homologue could not be identified by the gene symbol or the Af-
fymetrix probe, the entry was left out of the analysis. A similar approach was used for
the list of “physiologically biased” nervous system genes from Dorus et al. (20).

Analysis of gene expression and escape from X inactivation. Total RNA was
isolated from 13 normal and 13 macroH2A1 knockout mouse livers using Trizol
(Invitrogen). All mice were 2-month-old females in the C57BL/6 background
(inbred for 10 generations) that were killed in the midmorning to minimize
circadian effects; the mice were maintained on the 2018S Teklad Global 18%
protein rodent diet, which contains 5% fat. The preparation of cDNA and the
real-time PCR analysis of gene expression were done as previously described
(11). Primer sequences are given in Table S5 in the supplemental material. Excel
was used for statistical analyses. The University of Pennsylvania Institutional
Animal Care and Use Committee approved all animal protocols.

Escape from X inactivation was analyzed in the Patski cell line, which was
derived from (C57BL/6J HPRT ™/~ X Mus spretus)F1 female mice. The cells
were drug selected such that the C57BL/6J X chromosome is inactivated in
essentially all cells (28, 38). Single nucleotide polymorphisms between C57BL/6]
and M. spretus were used to distinguish expression from each X chromosome
(38). A cDNA fragment that contained the target polymorphism for a given gene
was amplified by reverse transcription-PCR (RT-PCR) and sequenced (primer
sequences are given in Table S5 in the supplemental material). Control DNA
from the Patski cell line was amplified to confirm the polymorphisms. Genes that
escape X inactivation show expression of both the C57BL/6] and Mus spretus
alleles, while genes that are subject to X inactivation show no expression from
the C57BL/6] allele (38).

Microarray data accession number. We deposited the short reads, summary
BED files, summary GRAPH files, and the Partek gene analysis data set in the
Gene Expression Omnibus (GEO) database (accession number GSE18963).

RESULTS

Producing the sequence tag maps. macroH2A1 nucleosomes
were purified from female mouse liver chromatin by thio-
affinity chromatography (12). The protein and DNA composi-
tions of the starting-material and purified macroH2A1 nucleo-
somes are shown in Fig. 1. The specificity of this approach was
demonstrated by the absence of purified nucleosomes when
livers from macroH2A1 knockout mice were used (Fig. 1).
Equal amounts of macroH2A1 nucleosomal DNA from two
independent purifications were pooled, and mononucleosomal
DNA was purified by gel electrophoresis. Mononucleosomal
DNA was also purified from the starting material of both
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FIG. 2. Comparison of the macroH2A1 sequence tag map to real-time PCR data. Quantitative real-time PCR was used to assess the accuracy
and resolution of the sequence tag map. Maps for Kdm5c, Eif2s3x, and Krt1-23 are shown. Sequence tag maps for starting-material and macroH2A1
mononucleosomal DNAs are shown at the top, and real-time PCR results are directly below; real-time PCR results show macroH2A1 content
relative to starting-material chromatin. The sequence tag data were uploaded in the UCSC browser (27) (NCBI 36/mm§).

preparations. These fragments were sequenced using the Sol-
exa genome analyzer and mapped across the mouse genome
(NCBI build 36) (4). The macroH2A1 content of mapped
genes (relative to the starting-material chromatin) was calcu-
lated using Partek Genomics Suite software (see Materials and
Methods). The total numbers of mapped sequence tags in the
two maps differ by less than 0.1%. Sequences that map to
multiple locations were masked from the map, which can leave
gaps in both the starting-material and macroH2A1 maps in
regions that are rich in repetitive sequences.

Validation of the macroH2A1 map. To examine the validity
of the macroH2A1 sequence tag map, we compared it to re-
sults obtained by real-time PCR. To test the map’s ability to
detect local variations in macroH2A1 content, we examined
two genes that escape X inactivation, Kdm5Sc¢ and Eif2s3x (19).
The sequence tag and real-time PCR maps both show marked
macroH2A1 depletion over the transcribed regions of these
genes and macroH2A1 enrichment in the near upstream and
downstream regions (Fig. 2). We also compared our sequence
tag map to previous PCR data for active and inactive genes
(12) and for genes that show altered expression in macroH2A1
knockout mice (11). In all cases, we observed good correspon-
dence between the sequence tag map and the PCR results; for
example, Fig. 2 shows strong macroH2A1 enrichment on the
sequence tag map and by PCR for Krt/-23, a gene that has

increased expression in livers from macroH2A1 knockout mice
(11). Our real-time PCR studies were done with four indepen-
dent purifications of macroH2A1 nucleosomes, two from male
mouse liver and two from female mouse liver. Each of these
preparations used more than eight livers, and real-time PCR
analyses of these preparations were very similar to one another
at all sites probed except those on the X chromosome, which
differed between males and females due to the inactive X
chromosome (11, 12). Based on the similarity of our sequence
tag map to our numerous real-time PCR data from four dif-
ferent preparations of liver macroH2A1 nucleosomes, we con-
clude that the sequence tag map accurately reflects the distri-
bution of macroH2A1 nucleosomes over most regions of the
genome.

MacroH2A1 is depleted from most active genes. Our previ-
ous real-time PCR studies of macroH2A1 nucleosomal DNA
suggested that macroH2A1 might be depleted from many ac-
tive genes (11). To examine this question more broadly, we
examined the distribution of macroH2A1 on a large group of
housekeeping genes. We chose housekeeping genes because
they should be active in all liver cells and therefore give the
cleanest result. For this analysis, we used a list of 451 human
housekeeping genes that showed expression in all 19 tissue
types examined (25). We excluded genes that are X linked
because of the inactive X. We also excluded two small genes
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excluded. The housekeeping genes are from Hsiao et al. (25) (see Table S1 in the supplemental material) and should be active in most or all liver
cells. The brain genes are a physiologically biased subgroup of nervous system genes (20) that consists primarily of genes that should be inactive
in liver (see Table S3 in the supplemental material); genes from this list that showed evidence of liver expression in the NCBI UniGene EST
database were excluded from the plot. (B) Localized zones of depletion of macroH2A1 over active genes. Two housekeeping genes, Ncor2 and
Itpk1, are shown to illustrate the zone of macroH2A1 depletion often seen over the transcribed regions of active genes. Sequence tag maps for
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starting-material and macroH2A1 mononucleosomal DNAs are shown. Data were uploaded in the UCSC browser (27) (NCBI 36/mmS8).

that had no tags in the starting-material map and genes that
did not have a clear single homologue in the mouse or were
duplicate entries (see Table S1 in the supplemental material).
For the remaining genes, we used Partek Genomic Suite soft-
ware to calculate their macroH2A1 content relative to the
starting-material chromatin. A scatter plot of the results is
shown in Fig. 3A, with the genes arranged along the x axis
according to the number of tags in the starting-material map.
While there is increased scatter for genes with fewer tags, the
results clearly show that the majority of housekeeping genes
are depleted of macroH2A1, and for most the depletion was
more than 4-fold relative to the starting-material chromatin.
Statistically significant depletion (step-up P value of <0.05)
occurred on 75% of the genes, while only 4% of the genes
showed statistically significant enrichment. We also examined
20 nonhousekeeping genes that we expect to be expressed in
most hepatocytes. These included genes for blood proteins,
such as coagulation factors and serum albumin, and metabolic
enzymes involved in glycogen metabolism and the urea cycle.
Similar to the housekeeping genes, most of these genes showed

a >2-fold depletion of macroH2Al, and only one showed
enrichment (see Table S2 in the supplemental material).

Interestingly, the macroH2A1 depletion associated with ac-
tive genes often occurs as a relatively uniform domain that is
localized to the transcribed region of the gene, extending only
a short distance into upstream and downstream regions. Ex-
amples of these zones of depletion are shown in Fig. 3B for two
genes from the housekeeping list: Ncor2 and Itpkl. This local-
ized pattern of depletion indicates that the mechanism of
macroH2A1 depletion over active genes is tied to transcrip-
tion.

For comparison to the macroH2A1 depletion seen on active
genes, we examined the macroH2A1 content of a group of
genes that we expect to be inactive in liver. For this purpose,
we used a group of 96 physiologically biased nervous system
genes (20) that primarily encode proteins directly involved in
neuronal or glial cell physiology, such as receptors for neuro-
transmitters (see Table S3 in the supplemental material). We
excluded genes that are X linked, did not have a clear mouse
homologue, or showed evidence of liver expression in the
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of the gene, as can be seen for Abcc4, Acotl, and Vidlr. Compare these patterns with the uniform macroH2A1 depletion seen over many active
genes, such as those shown in Fig. 3B. Sequence tag maps for starting-material and macroH2A1 mononucleosomal DNAs are shown. Data were

uploaded in the UCSC browser (27) (NCBI 36/mm8).

NCBI UniGene expressed sequence tag (EST) database. The
relative macroH2A1 content of these inactive genes was not
strongly biased toward either depletion or enrichment, with
none of them showing depletion of 4-fold or more, a level
commonly seen in active genes, or enrichment of more than
4-fold (Fig. 3A). We conclude that strong macroH2A1 deple-
tion is a common feature of active genes and that inactive
genes as a group do not show a strong bias toward macroH2A1
depletion or enrichment.

Identification of macroH2A1 target genes. macroH2A1 is
enriched on the transcribed regions of 5 of the 6 genes we
previously verified as having increased expression in livers
from macroH2A1 knockout mice. Two of these genes, Krt1-23
and Scd2, have strong enrichment across their transcribed re-
gion (see Fig. 2 for Krt1-23 and Fig. 4 for Scd2), while Atplla
and Cd36 have regional enrichment of macroH2A1 over a
sizable section of their transcribed regions (not shown).
Serpina7 is X linked, but our PCR studies of male mouse liver
showed that it is enriched for macroH2A1 on the active X (11).
Of our PCR-confirmed targets of macroH2A1 repression, only
Lpl appears to be depleted of macroH2A1, although it shows
very strong enrichment in its upstream region (not shown). The
enrichment of macroH2Al on most of our confirmed
macroH2A1 targets together with the strong macroH2A1 de-
pletion that occurs on most active genes suggested that we

could use macroH2A1l enrichment to help identify new
macroH2A1 target genes.

To identify new targets of macroH2A-mediated repression,
we examined the relative macroH2A1 content of the 61 genes
that showed at least a 1.5-fold increase in expression in our
previous microarray analysis of livers from macroH2A1 knock-
out mice (11). We looked for genes that had significant en-
richment for macroH2A1 over their transcribed regions and
consistent expression between replicates in the microarray.
Using these criteria, we selected five genes for real-time PCR
analysis, and four of these—VIdlIr, Abcc4, Acotl, and Spsb4—
showed a significant increase in expression (P < 0.05) in a large
independent group of liver samples (13 normal and 13 knock-
out) (Table 1). Interestingly, the distribution of macroH2A1
over three of these genes is uneven. Abcc4 shows localized
enrichment of macroH2A1 over its 5’ transcribed region, while
Acotl and Vidlr have a domain of enrichment in the middle of
the gene (Fig. 4). Spsb4 appears to have a more uniform
distribution of macroH2A1 across its transcribed region (not
shown). These results indicate that macroH2A1 nucleosomes
can repress expression even when they are localized to only a
part of the gene.

MacroH2A1 enrichment in a gene’s upstream region could
affect its expression by altering the chromatin structure of its
regulatory regions. To investigate this possibility, we examined
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TABLE 1. Changes in gene expression in livers from macroH2A1 knockout mice

MacroH2A1 enrichment/depletion

Ratio of expression (P value) determined by:

Ratio (P value) of macroH2A

region and gene Microarray* PCR? content®

Enriched on its transcribed region

Vidir 2.1 1.6 (<0.007) 1.49(<0.4 X 107°)

Abcc4 2 1.3 (<0.003) 1.29(1.1 X 1077)

Abcc4 1.8¢ (<0.001)

Acotl 1.6 1.4 (<0.03) 2.4 (<0.3 X 107°%)

BC020535 1.6 1 2.1(6 X 107%)

Spsb4 1.5 1.65 (<0.0001) 1.4 (<02 x 107%)

Acot2 1.1 1.2 (<0.02) 1.3(0.5)

Tmem98 0.6 0.7 (<0.0006) 1.6 (<0.0.002)
Depleted on its transcribed region,

enriched upstream

Teplll2 2 0.9 0.19 (1.3 X 1073%)

8430408G22Rik 1.6 0.8 0.12 (<0.0.02)

Mysm1 1.6 0.85 0.18 (<0.2 X 1072?)

Klhi24 1.6 1 0.15 (<0.1072)

Lpinl 1.5 0.9 0.22 (<0.1073%)

“ Results are from Changolkar et al. (11).

b Ratio of expression in livers from female macroH2A1 knockout mice relative to the expression in the control liver (13 knockout and 13 normal mice examined).

P value are from 1-tailed ¢ tests.

¢ MacroH2A1 content relative to that of the starting-material chromatin and the P values for enrichment or depletions were calculated using Partek Genomics Suite

software (see Materials and Methods).

9 The sequence tag map showed evidence of regional macroH2A1 enrichment (see Fig. 4).
¢ Result from the 5’ end of the Abcc4 reference cDNA. All other PCRs targeted the 3 end.

five genes that showed increased expression in our previous
microarray analysis of knockout mice and macroH2A1 enrich-
ment in their upstream regions but were depleted of
macroH2A1 on their transcribed regions. None of these genes
showed increased expression in our real-time PCR analysis of
liver cDNA from knockout mice (Table 1). While this does not
rule out the possibility that upstream macroH2A1 could have
a regulatory role for some genes, it indicates that macroH2A1
enrichment that is confined to the upstream region is not a
strong marker of macroH2A1-mediated gene regulation.

To examine the possibility that MacroH2A1 nucleosomes
increase the expression of some genes, we examined the
macroH2A1 content of the 50 genes that showed at least a
1.5-fold decrease in expression in our previous microarray
analysis of livers from macroH2A1 knockout mice. Of these, we
previously confirmed decreased expression of Ar, Sucnrl, and
Gtpbp4 by real-time PCR (11). Our map shows a neutral
macroH2A1 content for Sucnrl and depletion for Gipbp4 (not
shown), suggesting that these genes are indirectly affected by
the absence of macroH2A1. Excluding Ar and other X-linked
genes, we found statistically significant enrichment of
macroH2A1 on only six of the genes on this list—Serpina4-ps1,
Zap70, Dntt, Tmem98, Proml, and Ntrk2. The expression of
Serpina4-ps1 and PromI was highly variable between replicates
in the microarray, indicating that they are likely false positives
that would be difficult to validate for small changes in gene
expression. Zap70 and Dntt encode proteins involved in T-cell-
specific functions and are probably not expressed in the liver;
both show very restricted expression patterns in the UniGene
EST database and no liver ESTs. Tmem98 showed consistent
expression between replicates in the microarray, and we con-
firmed a significant decrease in its expression by PCR (Table
1). We also attempted to examine Ntrk2 by real-time PCR, but

its expression was very low and highly variable between repli-
cate liver samples.

Table 2 shows a list of genes that appear to be direct targets
of macroH2A1 based on a change in expression in the livers of
macroH2A1 knockout mice confirmed by real-time PCR and
the localization of macroH2A1. This list includes one addi-
tional gene, Acot2, a neighbor of Acotl that showed
macroH2A1 enrichment and was confirmed by PCR to have
increased expression. The genes added by the current study
expand our previous connection between macroH2A1l and

TABLE 2. Functions of mouse liver macroH2A1 target genes”

Function Gene Target
Fatty acid Lpl Lipoprotein lipase
metabolism  Vidlr Very low-density lipoprotein receptor
Cd36 Fatty acid transporter

Scd2 Fatty acid desaturase

Acotl Acyl CoA thioesterase, cytosolic
Acot2 Acyl CoA thioesterase, mitochondrial
Membrane Abcc4 Many targets, including bile acid
transport metabolites
Atplla Unknown targets, possibly lipid-
related molecules
Other Serpina7 Blood transporter of thyroid
hormones
Krt1-23 Cytokeratin
Spsb4 Possible component of ubiquitin
ligase complex
Tmem98”  Possible transmembrane protein

“Includes genes identified by Changolkar et al. (11) and in the present study.
® This gene showed decreased expression in the livers of macroH2A41 knockout
mice.
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FIG. 5. Distribution of macroH2A1 across the X chromosome and chromosome 6 in female mouse liver. (A) Sequence tag maps for the X
chromosome and chromosome 6. The gaps in the X chromosome map correspond to regions that are masked due to repetitive sequences or
sequences that appear as Ns in the database. The count levels in these large-scale maps were averaged, which evens out localized variations.
Sequence tag maps for starting-material and macroH2A1 mononucleosomal DNAs are shown. Data were uploaded in the UCSC browser (27)
(NCBI 36/mm8). (B) Scatter plots of the macroH2A1 content of all mapped genes on the X chromosome and chromosome 6; the macroH2A1
content relative to starting-material chromatin was calculated using Partek Genome Suite software. Genes are ordered from left to right by
increasing tags in the starting material. Genes with no tags in the starting-material map are not included. Six small genes that showed >6-fold
enrichment were omitted from the X chromosome plot in order to keep the scales of the two plots the same.

fatty acid/lipid metabolism (Table 2) (11). Overall, we see
increased expression of genes encoding proteins directly in-
volved in the uptake of fatty acids by the liver—Lpl, VIdIr, and
Cd36—and genes encoding proteins directly involved in the
metabolism of fatty acids inside the cell—Scd2, Acotl, and
Acot2. Both of the ATP-dependent membrane transporters—
ATPI1a (also known as 7h) and Abcc4 (also known as Mrp4)—
encode proteins that have direct or inferred connections with
the transport of lipids (3, 23, 37). We conclude that in adult
liver, macroH2A1 has a role in regulating genes involved in
lipid metabolism.

MacroH2A1 enrichment on the inactive X chromosome. Our
immunofluorescence studies of female mouse liver and other
tissues indicated that macroH2A1 is strongly enriched on the
inactive X chromosome (13-15). However, a recent study using
chromatin immunoprecipitation and microarrays reported that
this enrichment is only about 1.5-fold relative to the active X or
autosomes (29). Consistent with our immunofluorescence
studies, our sequence tag maps show that macroH2A1 is sub-
stantially enriched across nearly the entire X chromosome
(Fig. 5A). The normalized number of X-chromosome se-
quence tags from the macroH2A1 sample was approximately
2.5-fold greater than that from the starting material. In con-

trast, autosomes show an overall neutral distribution of
macroH2A1, with regions of localized enrichment or deple-
tion. The map for chromosome 6 is shown in Fig. 5A, and the
maps for the other autosomes are shown in Fig. S1 in the
supplemental material. Assuming a neutral distribution of
macroH2A1 tags across the active X, the 2.5-fold enrichment
we observed on the X chromosome indicates an overall en-
richment of approximately 4-fold on the inactive X. We con-
clude that substantial macroH2A1 enrichment occurs across
nearly the entire inactive X chromosome.

We also calculated the macroH2A1 content (relative to the
starting chromatin) of all mapped genes on the X chromosome
using the Partek Genomic Suite software. A scatter plot of
these results is shown in Fig. 5B, with the genes arranged along
the x axis according to the number of tags in their starting-
material map. Although there is increased scatter for genes
with fewer tags, nearly all X-linked genes are enriched for
macroH2A1. The average enrichment is close to the 2.5-fold
average observed over the entire X chromosome, which indi-
cates an average enrichment of ~4-fold for genes on the inac-
tive X. MacroH2A1 enrichment of 4-fold or greater is very rare
for genes on chromosome 6 (Fig. 5B) and was not seen on the
inactive brain genes we examined (Fig. 3A). This supports



5480 CHANGOLKAR ET AL.

A "

t
enex: | 101250000 |
10

1
101300000 |

Starting

MoL. CELL. BIOL.

Scale

t i
cheX: 99650000 | 99700000 | 99750000 | 99800000 | 9850000 |

e MMM b b ol Jli.ﬂ.mmm MWW .INMWIN b i L

e M\Mﬁl L okl |.ud|m|.nimu|| |mh|HﬂMW Wt\-ﬂdﬁ |J|.|MIMJnMnHuIIhumnM l IW

SS30601H04le ‘
261 0029G23Rik

B gDNA cDNA
gDNA cDNA

+ -
R L —

GT CCITGT GTACCITGT
t t
seroozsczsns [ g [}AMM{)
CTTIGT Cc CTTIGT (o]
t t

iy

CTGCGAG
+

CTGCMGAG
f

Magee1

Jsc 47682 chhc1 3

Tsux MW Jpx

FIG. 6. Two regions of the X chromosome map showing evidence of escape from inactivation. (A) A region of macroH2A1 depletion containing
5530601H04Rik, 2610029G23Rik, and Mageel is shown on the left. Another region of macroH2A1 depletion including Xist, Jpx, and Ftx located around
the X inactivation center is shown on the right. Sequence tag maps for starting-material and macroH2A1 mononucleosomal DNAs are shown. Data were
uploaded in the UCSC browser (27) (NCBI 36/mm8). (B) Single nucleotide polymorphism analysis of escape from X inactivation. Genomic DNA or
RNA from the Patski cell line was amplified by PCR or RT-PCR using primers specific for 5530601 HO4Rik, 2610029G23Rik, and Mageel (gels shown
in left panels). The cDNA lane marked with a minus sign represents a control reaction without reverse transcriptase. Sequencing chromatograms from
the PCR products are shown in the right panels. The polymorphic nucleotide is evidenced by overlapping peaks in the chromatograms from genomic
DNA (gDNA; indicated by an arrow); in all three cases, the T polymorphic sequence is from the inactive C57BL/6J chromosome. Analysis of the
chromatograms from cDNA shows evidence of bi-allelic expression for 5530601 H04Rik and 2610029G23Rik but not for Mageel.

previous studies indicating that macroH2A1 is specifically tar-
geted to the inactive X by an Xist RNA-dependent mechanism
(5, 17). Interestingly, the plot for chromosome 6 shows an
obvious cluster of genes that are strongly depleted of
macroH2A1 (Fig. 5B), which may represent a cluster of active
genes similar to what we found in our analysis of housekeeping
genes (Fig. 3A).

Genes that escape X inactivation. Previous studies of cul-
tured cell lines indicate that very few genes (3%) escape X
inactivation in mouse cells (38), which contrasts with the 10 to
15% of X-linked genes that escape in human cells (7). Our
results with two known escape genes, Kdm5c and Eif2s3x (Fig.
2), indicated that macroH2A1 depletion could provide a novel
marker of escape that could be used to screen the entire X
chromosome and to assess the prevalence of escape genes in
adult mouse liver. Interestingly, only 18 X-linked genes showed
macroH2A1 depletion in mouse liver after removing duplicate
entries and small genes that had 3 or fewer tags in the starting-
material map (Fig. 5B; see also Table S4 in the supplemental
material). Six of these 18 genes correspond to genes that have
been shown to escape in the Patski mouse cell line: Kdm5c,
Eif2s3x, Xist, Kdm6a, Ddx3, and 2610029G23Rik (38). Among

the remaining 12 genes showing macroH2A1l depletion,
5530601 HO04Rik, Jpx (also known as 2010000103Rik), and Ftx
(also known as B230206F22Rik) show highly significant deple-
tion. 5530601H04Rik occurs in a domain of macroH2A1 de-
pletion that includes 2610029G23Rik and Mageel (Fig. 6A). To
confirm escape from X inactivation, we used the Patski cell
line, which is derived from (C57BL/6] X Mus spretus)F1 mice
and has totally skewed inactivation of the C57BL/6J X chro-
mosome (28). Numerous single nucleotide polymorphisms dif-
ferentiate the mouse species and can thus be used to test for
expression from the inactive C57BL/6J X chromosome. Our
analysis showed that 5530601 HO4Rik and 2610029G23Rik have
bi-allelic expression and thus escape X inactivation, while
Mageel is expressed only from the active X (Fig. 6B). We did
not find single nucleotide polymorphisms to examine escape
for Jpx and Ftx, but these genes, located next to Xist and the X
inactivation center (Fig. 6A), both show discrete zones of
macroH2A1 depletion, suggesting that they are strong candi-
dates for escape from X inactivation.

Seven of the 14 genes that have been shown to escape X
inactivation in Patski cells show macroH2A1 depletion in
mouse liver (Table 3), which indicates that these genes escape
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TABLE 3. MacroH2A1 and genes that escape X inactivation in
mouse cells

Ratio of
Type Gene macroH2A1 Sg?ﬁi;}ggc
content (liver)”

Genes that escape in Kdmsc 0.17 Depleted
Patski cells® Eif2s3x 0.28 Depleted
5530601 H04Rik 0.36 Depleted

Xist 0.55 Depleted

2610029G23Rik 0.58 Depleted

Ddx3x 0.64 Depleted

Kdmo6a 0.78 Depleted

6720401G13Rik 1.4 Depleted

Midl 1.8 Depleted

BC022960 2.3 Depleted

Shroom4 2.4 Enriched

Car5b 2.6 Enriched

1810030007Rik 3.1 Enriched

Bgn 35 Enriched

Unconfirmed candidates  Jpx 0.14 Depleted
from the liver Frx 03 Depleted

macroH2A1 map

“ Genes come from Yang et al. (38), except 5530601 HO4Rik, which was iden-
tified in the present study; 2610029G23Rik was independently identified by Yang
et al. (38) and in the present study.

® MacroH2A1 content relative to that of the starting-material chromatin was
calculated using Partek Genomics Suite software (see Materials and Methods).

¢ H3K27me3 status in female mouse liver from Yang et al. (38).

in both Patski cells and mouse liver. The 7 genes that escape in
Patski cells but show macroH2A1 enrichment in liver may
represent cell type-specific differences in X inactivation. This
idea is supported by the study of Yang et al. (38), which
showed that 4 of these 7 genes are enriched for H3K27me3 in
female mouse liver (see Table 3), an indication that these
genes do not escape inactivation in mouse liver. Taken to-
gether, these data indicate that macroH2A1 depletion is a
strong marker for genes that escape X inactivation. The rarity
of X-linked genes showing macroH2A1 depletion indicates
that very few genes escape X inactivation in mouse liver.

DISCUSSION

In developing a model of how macroH2A histone variants
function in the chromatin, it is important to determine how
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macroH2A nucleosomes are distributed across the genome.
Here, we provide the first genome-wide map of macroH2A1
nucleosomes. One striking feature of this map is the depletion
of macroH2A1 over most active genes, with depletion of 4-fold
or more being common (Fig. 3A). Based on our estimate that
bulk rat and mouse liver chromatin contain approximately one
macroH2A1 per 30 nucleosomes (31, 33), 4-fold depletion
indicates roughly one macroH2A1 per 24 kb. These domains of
macroH2A1 depletion often closely correspond to the tran-
scribed region of the gene (Fig. 3B). One explanation for this
zone of localized depletion is that the histone exchange pro-
cesses associated with transcription (18) of these genes do
not efficiently insert macroH2A1 into chromatin. The low
macroH2A1 content of most active genes could protect them
from macroH2A1-mediated repression that can then be tar-
geted to specific genes.

Unlike macroH2A1 depletion, domains of macroH2A1 en-
richment do not closely correspond to the transcribed regions
of genes. In some cases, enrichment occurs in large domains
that encompass many genes, with the inactive X being an
extreme example. In other cases, localized regions of enrich-
ment may include only part of a gene, as in the case of Abcc4
(Fig. 4). The magnitude of enrichment within these domains is
variable. The inactive X chromosome has an average enrich-
ment of ~4-fold or approximately one macroH2A1 nucleo-
some per 1,500 bp, which is consistent with the striking
macroH2A1 immunofluorescence staining we observed for the
inactive X in mouse liver (14). Two examples of autosomal
domains of strong macroH2A1 enrichment involve Igf1r and a
region containing the imprinted genes H19 and Igf2 (Fig. 7).
MacroH2A1 enrichment reaches as high as 10-fold within
these two domains. This level of enrichment is not common,
with only 107 autosomal genes showing enrichment of 4-fold or
greater. The mechanisms of establishing and maintaining these
domains are not well understood. In the case of the inactive X,
Xist RNA has a critical role in maintaining macroH2A1 en-
richment (5, 17). Noncoding RNAs could have an important
role in other domains of macroH2A1 enrichment, although
there is no demonstrated example of this. Recent studies con-
necting macroH2A1.1 to poly(ADP-ribose) polymerase and
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FIG. 7. Domains of strong macroH2A1 enrichment over the H19/Igf2 locus and Igflr. MacroH2A1 enrichment within these domains reaches
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Fig. 5B). Data were uploaded in the UCSC browser (27) (NCBI 36/mmS).
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poly(ADP-ribose) metabolism provide another potential
mechanism for controlling macroH2A1.1 distribution and
function (36).

Interestingly, genes with macroH2A1 enrichment over their
transcribed regions appear to be more likely targets of
macroH2Al-mediated repression than genes in which
macroH2A1 enrichment is confined to their upstream regions
(Table 1). This suggests that macroH2A1 nucleosomes may
repress expression by inhibiting transcriptional elongation or
an RNA processing event such as splicing or release of the
transcript. These types of mechanisms might not require the
localization of macroH2A1 nucleosomes to specific sites on
the gene. This seems consistent with our map, which indicates
that macroH2A1 nucleosomes are typically organized in do-
mains of enrichment rather than being targeted to specific
DNA sequences. The magnitude of macroH2A1 enrichment
we detect indicates that macroH2A1 nucleosomes are highly
intermixed with nucleosomes that contain conventional H2As,
even in regions of relatively high enrichment, such as the in-
active X. Intermixing could also occur within the nucleosome,
and in vitro studies indicate that macroH2A1 may preferen-
tially pair with a conventional H2A (10).

Several aspects of our macroH2A1 map support our working
model that macroH2A1 nucleosomes have a role in repressing
gene expression. These include the marked enrichment of
macroH2A1 on the inactive X chromosome, except for on
genes that escape inactivation, the marked depletion of
macroH2A1 from most active genes, and the enrichment of
macroH2A1 on genes that show increased expression in livers
from macroH2A1 knockout mice. MacroH2A1-mediated acti-
vation of gene expression appears to be substantially less fre-
quent, being seen only for Tmem98 among the macroH2A1
target genes identified in our studies of adult mouse liver
(Table 2). This result differs from a recent study by Gamble et
al. (21) that found that decreased gene expression was much
more common than increased expression when macroH2Al1
was knocked down in the cultured breast cancer cell line
MCF-7. They also found significant changes in 19% of the
genes they probed, while our studies suggest that relatively few
genes are directly regulated by macroH2A1 in mouse liver
(present study and reference 11). In part, these differences may
be related to the use of very different target cells. Transforma-
tion and cell proliferation could have effects on macroH2A
expression and function (35), with adult liver having few divid-
ing cells in contrast to the cancer cell line. Proliferation levels
are much higher in fetal and neonatal tissues, and we found
that macroH2A1.1 is nearly absent from fetal and neonatal
liver and that the amount of macroH2A1.2 is reduced com-
pared to that in adult liver (11, 33). Furthermore, genes reg-
ulated by macroH2A1 in adult liver were not affected by the
absence of macroH2A1 in newborn liver (11). The relative
macroH2A1 content of MCF-7 cells was not reported, but
macroH2A1.1 was not expressed in these cells (21).

Our studies indicate that macroH2A1 has a role in regulat-
ing genes involved in fatty acid/lipid metabolism in adult liver.
It is unclear whether macroH2A1 has a related role in other
cell types. Studies of macroH2A1 in cultured cells have not
detected a connection to lipid metabolism, which could in part
reflect substantial differences in the metabolic and prolifera-
tive states of cultured cells in comparison to adult liver. In

MoL. CELL. BIOL.

cultured breast cancer cells, macroH2A1-regulated genes clus-
tered in the area of cell-cell signaling (21). In contrast, none of
the genes we identified as macroH2A1 targets in mouse liver
have a known direct connection to cell-cell signaling. Agelo-
poulos and Thanos found that a macroH2A1 knockdown
caused dramatic derepression of IL-8 in Namalwa cells, a hu-
man B-cell line that does not normally express IL-8 (1). While
IL-8 is not present in mouse, our analysis of gene expression in
macroH2A1 knockout mouse liver did not find evidence for the
derepression of genes that should not be active in liver. The
mild phenotype of macroH2A1 knockout mice (11) suggests
that the absence of macroH2A1 does not lead to the wide-
spread derepression of tissue-specific genes. Knockdown of
macroH2A expression in the NT2 embryonic carcinoma cell
line and zebrafish embryos indicated that macroH2A1 and
macroH2A2 are important regulators of key developmental
genes and that macroH2A?2 is essential for normal zebrafish
development (6). We have not seen evidence of obvious de-
velopmental defects in macroH2A1 or macroH2A2 knockout
mice (11; unpublished observations). However, we have ob-
served metabolic effects in macroH2A1 knockout mice (11),
with a decrease in glucose tolerance likely being related to an
increased uptake of fatty acids by the liver brought about by
increased expression of Lpl, CD36, and Vidilr (Table 2).

Although cultured cells have important advantages for stud-
ies of chromatin structure and function, we have focused our
studies of macroH2A on mouse tissues in order to get an in
vivo view of the distribution and functions of these histone
variants. In our experience, the macroH2A content of adult
liver is substantially higher than it is in most cultured cells, and
the level of macroH2A1.1 in particular appears to be much
higher in postmitotic cells (33, 35). In addition, postmitotic
tissues, such as adult liver, avoid heterogeneity of gene expres-
sion and chromatin structure associated with different stages of
the cell cycle. For instance, the localization of macroH2A1 to
the inactive X changes significantly in the cell cycle (9). How-
ever, animal organs have multiple cell types that have different
patterns of gene expression. Hepatocytes are the major cell
type in liver, and they contain high levels of macroH2A1 and
low levels of macroH2A2 (13). Bile duct epithelial cells also
contain significant amounts of macroH2A1, while most other
liver cells contain very little macroH2A1 (13). Although cell
type heterogeneity undoubtedly affects our results, the preva-
lence of hepatocytes among macroH2A1-containing liver cells
and the consistent depletion of macroH2A1 we see in hepato-
cyte-expressed genes (see Table S2 in the supplemental mate-
rial) lead us to believe that our map primarily reflects the
distribution of macroH2A1 in hepatocytes.

Although macroH2A1 enrichment is a useful marker for
identifying genes that appear to be directly regulated by
macroH2A1 nucleosomes, there also are many genes that have
strong macroH2A1 enrichment that appear to be unaffected by
the knockout of macroH2A1. These include Igf2, Igflr (expres-
sion data not shown), and the genes of the inactive X chromo-
some (11). Many of these genes may be silent in normal hepa-
tocytes and remain silent in the absence of macroH2A1 due to
independent mechanisms of repression, such as DNA methyl-
ation, histone deacetylation, and H3K27 methylation. This
view is supported by studies that revealed a role for
macroH2A1 in maintaining X inactivation only when cells are
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treated with histone deacetylase inhibitors and inhibitors of
DNA methylation (24). MacroH2A2 could have overlapping
functions with macroH2A1, since both proteins are preferen-
tially localized to the inactive X (8, 13) and may colocalize to
other regions of chromatin. For some genes with macroH2A1
enrichment, the potential effects of macroH2A1 nucleosomes
on expression may be neutralized by a local mechanism, such
as posttranslational modification of macroH2A1. Such genes
could be poised for macroH2A1 repression or activation in
response to specific signals. It is also possible that some do-
mains of macroH2A1 enrichment have functions not directly
related to the regulation of gene expression.
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