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macroH2A histone variants have been implicated to function in gene silencing by several studies, including
ones showing a preferential association of macroH2A on the inactive X chromosome. To examine macroH2A
function in vivo, we knocked out macroH2A1. macroH2A1 knockout mice are viable and fertile. A broad screen
of liver gene expression showed no evidence of defects in X inactivation but did identify genes that have
increased expression levels in macroH2A41 knockouts. macroH2A1-containing nucleosomes are enriched on the
coding and/or upstream regions of these genes, suggesting that their increased expression levels are a direct
effect of the absence of macroH2A1. The concentrations of macroH2A1 nucleosomes on these genes are low in
the livers of newborn mice, and the macroH2A1 knockout had little effect on the expression levels of these genes
in newborn liver. Our results indicate that an increase in liver macroH2A1 during the transition from newborn
to young-adult status contributes to a decrease in the expression levels of these genes. These genes cluster in
the area of lipid metabolism, and we observed metabolic effects in macroH241 knockouts. Our results indicate
that the function of macroH2A1 histones is not restricted to gene silencing but also involves fine tuning the

expression of specific genes.

The nucleosome is an important target for modifying chro-
matin functions, including transcription. One mechanism for
modifying nucleosome function is the substitution of variant
histones for the major or canonical histones. Genetic studies
showed that histone variants H2A.X, H2A.Z, CENPA, and
H3.3 have important functional properties that cannot be
provided by their conventional counterparts (reviewed in
reference 24).

macroH2A histone variants have an unusual structure,
consisting of a full-length H2A domain linked to a large
nonhistone domain, producing proteins that are nearly three
times the size of conventional core histones (Fig. 1A) (26).
macroH2As are highly conserved among vertebrates (1, 27).
They appear to be absent from most invertebrates but are
present in the sea urchin. The H2A domain of macroH2As is
~65% identical to conventional H2As. Most of the nonhistone
region appears to be derived from a domain that is found in
many contexts (3, 27). Recent studies showed that some “ma-
crodomains,” including the one from macroH2A1.1, bind ADP
ribose (17). The significance of this binding for macroH2A
function is not known. There are three macroH2A variants.
macroH2A1.1 and 1.2 are formed by alternate splicing of
macroH2A1 (gene symbol H2afy), while macroH2A2 is en-
coded by a separate gene (4, 7, 26, 30). The distributions of
macroH2A variants are different in different cell types and
change during development (7, 25). The macroH2A1 (1.1 and
1.2) content of adult rat liver chromatin, a relatively rich source
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of macroH2A1, was estimated to be one for every 30 nucleo-
somes (26).

The distribution of macroH2A in chromatin suggests a role
in transcriptional repression. We recently mapped the distri-
bution of macroH2A1, using DNA isolated from macroH2A1-
containing nucleosomes (5). Active genes were depleted of
macroH2A1, while the inactive X chromosome showed pref-
erential enrichment. macroH2A1 was not enriched on four
regions of the inactive X chromosome that escape inactivation
(5). The enrichment of macroH2A on the inactive X chromo-
some was previously observed by immunofluorescence and by
expression of macroH2A-green fluorescent protein fusion pro-
teins (4, 6-8). A recent study showed that a macroH2Al
knockdown decreases the stability of X inactivation in cultured
human cells, indicating that macroH2A1 has a role in mainte-
nance of X inactivation (15). Immunofluorescence studies in-
dicate that macroH2As are preferentially associated with other
large domains of the transcriptional silent chromatin, including
pericentromeric heterochromatin in some cell types (8, 11), the
XY body of spermatocytes (16), and transcriptionally silent
senescence-associated heterochromatic foci (36). A role for
macroH2A1 in gene silencing is supported by a recent study
that showed a dramatic derepression of interleukin-8 (IL-8)
when macroH2A1 expression was knocked down in a cultured
human B-cell line (2). In this paper, we investigate the in vivo
functions of macroH2A by examining the effects of a
macroH2A1 knockout mutation on gene expression in mouse
liver.

MATERIALS AND METHODS

Mice. All animal protocols were approved by the University of Pennsylvania
Institutional Animal Care and Use Committee. Mice were maintained on a 12-h
day/night cycle, with the lights coming on at 8 a.m. Mice used for organ harvest
were killed between 8 and 11 a.m. For most studies, macroH2A1 knockout mice
and their age- and sex-matched controls were raised in the same cage.



VoL. 27, 2007

Nonhistone-Region

A [ F2A-Regon | Jred] I

macroH2A1.1&1.2
N N N KOKOKO

macroH2A2
N N N KOKOKO

2
- e !‘ﬂ'-.'_'_—""{1.1
1.2 1.2

loadings H3
=====H2B
e e e e e e, H2 A

H4

FIG. 1. Absence of macroH2A1 proteins in the macroH2A1 knock-
out. (A) Diagram of macroH2A. The H2A region is ~65% identical to
conventional H2A. ++ + indicates a highly basic region that may bind
DNA. macroH2A1.1 and 1.2 differ in a single ~30-amino-acid segment
in the nonhistone region. (B) Western blots with antibodies against
nonhistone regions of macroH2A1.1 and 1.2 (left) and macroH2A2
(right) are shown; note that this macroH2A2 serum has some cross-
reaction with macroH2A1.1 and 1.2, so all three macroH2A variants
show. macroH2A1 variants are much more abundant in mouse liver
than macroH2A2 (7). Total nuclear extracts were prepared from nor-
mal mouse liver (lanes N) and macroH2A1 knockout mouse liver
(lanes KO). Loadings were equalized using core histones (see stained
gel below the macroH2A2 blot).

macroH2A1 knockout. We based the targeting vector on an ~10-kb Apal
fragment of mouse genomic DNA that contains exon 2 of macroH2A1 (H2afy)
(see Fig. S1 in the supplemental material). We obtained this fragment from a
mouse bacterial artificial chromosome clone (library CitbCJ7; Invitrogen) made
from an embryonic stem (ES) cell line that has a 129Sv background. A cassette
containing a promoterless internal ribosome entry site Bgeo marker (22) was
inserted into a PstlI site in the first intron. This cassette was flanked by LoxP sites.
A third LoxP site was inserted into a Sall site in the second intron (see Fig. S1
in the supplemental material).

Electroporation and drug selection were done by Incyte Genomics Inc., using
129Sv] ES cells. G418-resistant clones were screened by Southern blot analyses,
with genomic fragments just 5’ or 3’ of the Apal fragment used for the targeting
vector (see Fig. S1 in the supplemental material). A clone that was positive for
homologous recombination was transiently transfected with a plasmid that ex-
pressed the Cre recombinase (pMCCreN) (12), and G418-sensitive clones were
screened by PCR for excision of the internal ribosome entry site Bgeo cassette
and exon 2.

ES cells were injected into C57BL/6 blastocysts, and the chimeric males were
mated to obtain germ line transmission of the macroH2A1 knockout allele. The
macroH2A1 knockout allele was backcrossed into the C57BL/6 background for
10 generations. macroH2A1 knockout and normal alleles were identified by PCR
(see Fig. S1 in the supplemental material), using a small piece of the tail that was
digested with proteinase K. The primers used were as follows: Pst forward,
GTGAGACACTTGAGAAAAGTCATTGTCAGTATAAC; Pst reverse, AAC
AGCACAGCAGGCAGCTGCTGA; Sal reverse, CCTCCAGTCCTTGTTCAA
CATAACCACCAT. Reactions were run using 7aq polymerase from New En-
gland Biolabs in its standard buffer with an annealing temperature of 55°C.

Microarrays. The mice were raised in the same cage following weaning and
were all killed over a period of approximately 1 h on the same morning. The large
lobe of the liver was immediately dissected and frozen in liquid nitrogen. Total
RNA was isolated using TRIzol (Invitrogen). RNA concentration was estimated
by UV absorption and confirmed by gel electrophoresis.

All protocols were conducted as described in the Affymetrix GeneChip ex-
pression analysis technical manual. Briefly, total RNA was converted to first-
strand ¢cDNA using Superscript II reverse transcriptase primed by a poly(T)
oligomer that incorporated the T7 promoter. Second-strand cDNA synthesis was
followed by in vitro transcription for linear amplification of each transcript and
incorporation of biotinylated CTP and UTP. The cRNA products were frag-
mented to 200 nucleotides or less, heated at 99°C for 5 min, and hybridized for
16 h at 45°C to Affymetrix MOE430 v2.0 microarrays. The microarrays were then
washed at low (6X SSPE) (1X SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1
mM EDTA [pH 7.7]) and high (100 mM MES [morpholineethanesulfonic acid],
0.1 M NaCl) stringencies and stained with streptavidin-phycoerythrin. Fluores-
cence was amplified by adding biotinylated anti-streptavidin and an additional
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aliquot of streptavidin-phycoerythrin stain. A confocal scanner was used to
collect fluorescence signal after excitation at 570 nm.

Affymetrix Microarray Suite 5.0 was used to quantitate expression levels for
targeted genes; default values provided by Affymetrix were applied to all analysis
parameters. Border pixels were removed, and the average intensity of pixels
within the 75th percentile was computed for each probe. The average of the
lowest 2% of probe intensities occurring in each of 16 microarray sectors was set
as the background and subtracted from all features in that sector. Probe inten-
sities were then exported as .cel files and imported into GeneSpring (v7.2;
Agilent Technologies), where probe set signals were calculated using Gene Chip
robust multiarray. The expression values were log, transformed in Excel and
analyzed using statistical analysis of microarrays (SAM v2.1; Stanford Univer-
sity). This analysis gave us a list of the 111 most significant genes (see Table S1
in the supplemental material). This list had a maximum false-discovery rate of
47% based on 200 permutations.

Subtractive hybridization. We used PCR Select subtractive hybridization
(Clontech Laboratories, Palo Alto, CA) to enrich for cDNAs with increased
abundance in cDNA prepared from female macroH2A1 knockout liver in com-
parison to that for normal female mouse liver. Subtracted cDNA was cloned, and
clones that were enriched in the subtracted cDNA were sequenced and tested by
real-time PCR for enrichment in unsubtracted macroH2AI knockout liver
cDNA.

Real-time PCR. Real-time PCR was performed using the LightCycler system
(Roche Applied Science). We used Titanium Taq polymerase (BD Biosciences)
with its standard buffer. Denaturation was for 1 s at 95°C, annealing for 3 s
(variable temperatures) (see Table S3 in the supplemental material), and elon-
gation for 5 s at 72°C for reactions with genomic DNA and 13 s at 72°C for
reactions with cDNA. Detection was with SYBR green I, and quantification was
done with standard LightCycler data analysis software, using the second deriv-
ative maximum to compare different samples. Using three standard primer pairs,
we estimated a difference of approximately 1.9-fold per cycle and used this value
for all primer pairs. Product purity was checked by melting curves and gel
electrophoresis. We synthesized cDNA, using poly d(T);, ;s (Amersham Bio-
sciences) as a primer and BD PowerScript reverse transcriptase (CloneTech)
under standard conditions. All cDNAs were normalized using primers to glyc-
eraldehyde phosphate dehydrogenase. Following normalization, normal and
knockout cDNA samples were compared directly in the same run. Genomic
DNAs were equalized by UV absorption and by ethidium bromide-stained aga-
rose gels. Primer sequences are listed in Table S3 in the supplemental material.

Glucose tolerance test. Mice were fasted overnight and the following morning
were injected with 2 g glucose/kg of body weight intraperitoneally, using a
solution of 20% glucose dissolved in phosphate-buffered saline. Blood glucose
was measured at 0, 15, 30, 60, 90, and 120 min following the injection, using a
One Touch Ultra glucometer. Blood was collected by cutting the tip of the tail.
The mice were 2 to 3.5 months of age. Knockout and normal mice used in
individual tests were closely age matched, usually within a week, and knockout
and normal mice were caged together in most cases. We tested 63 different
normal males, 49 knockout males, 44 normal females, and 47 knockout females.
There was no difference in the average weights of knockout and normal males.
The average weight of the knockout females was slightly higher than that for the
normal females, 21.4 versus 20.7 g.

Purification of macroH2A1-containing nucleosomes. macroH2A1-containing
mono- and oligonucleosomes were purified from bulk chromatin by thiol affinity
chromatography as described previously (5). Briefly, an H1-stripped S2 chroma-
tin fraction was digested to mono- and oligonucleosomes and macroH2A1-
containing nucleosomes were purified by binding them to thiopropyl Sepharose
(Amersham Biosciences) and eluting them with mercaptoethanol. The chroma-
tin was passed through a column of activated thiol Sepharose (Amersham Bio-
sciences), which does not preferentially bind macroH2A1, prior to being passed
through a thiopropyl Sepharose column. The thiopropyl column was washed with
0.5 M NaCl to remove nucleosomes bound by nonhistone proteins prior to
elution of macroH2A1-containing nucleosomes with mercaptoethanol.

Northern blots. RNA was run in formaldehyde-containing 1% agarose gels
(NorthernMax; Ambion) under standard conditions. The transfers were done by
downward elution with 5X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)/10 mM NaOH (following the Ambion protocol) onto Zeta-Probe GT
membranes (Bio-Rad). Membranes were washed in 2X SSC and UV cross-
linked. Hybridization was done at 65°C, following the standard protocol for
Zeta-Probe GT membranes. The Lpl/ probe was the insert from a mouse cDNA
clone (gi 13097035). The Serpina7 probe was prepared by PCR amplification
from mouse liver cDNA. The primers were as follows: forward, GTATCGGA
GGCTCTCTGTGG,; reverse, GGAGGTACTTCCTGCTGATCC. The product
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is 981 bp based on Serpina7 cDNA sequences. DNA probes were labeled by
random priming.

Western blot analysis. Proteins were separated by sodium dodecyl sulfate gel
electrophoresis, transferred onto polyvinylidene difluoride membranes (7, 25),
and probed with rabbit polyclonal antibodies raised against the nonhistone re-
gions of rat macroH2A1.1, 1.2, and 2 (6). The blocked membranes were incu-
bated overnight with the primary antibody, followed by a secondary peroxidase
conjugated donkey anti-rabbit immunoglobulin G, and the signal was detected
using chemiluminescence.

RESULTS

Knockout of macroH2A41. We produced a knockout mutation
of macroH2A1 by removing the second exon (see Fig. S1 in the
supplemental material). This exon contains the initiation
codon and encodes the first part of the H2A domain. The next
methionine does not occur until the final 30 amino acids of the
protein, making it very unlikely that any functional macroH2A-
like protein could be encoded by the knockout allele. Western
blot analysis confirmed that neither macroH2A1l.1 nor
macroH2A1.2 was present in nuclear extracts prepared from
the livers of macroH2A1 knockout mice (Fig. 1B).

macroH2A1 knockout mice develop and grow with no obvi-
ous defects in their appearances, sizes, or fertility. The fertility
of males suggests that macroH2A1 is not required for silencing
of the XY body, although we have not directly addressed this
question. We have not observed any obvious deficiency in the
births of macroH2A1 knockout males or females. The viability
of knockout females rules out any gross deficiency in X inac-
tivation (21). We kept eight macroH2A1 knockout and eight
control females for more than 1.5 years without the emergence
of any consistent unusual pathology in the knockouts. Histo-
logical analysis of three knockout females showed no signifi-
cant pathology at 8 weeks of age. In comparison to age-
matched controls, the knockouts had mildly enlarged spleens,
increased lymphocytic inflammation in a variety of tissues, and
smaller Peyer’s patches, but these differences were within nor-
mal limits.

We examined the possibility of up-regulation of macroH2A2
in macroH2A1 knockout mice by Western blot analyses (Fig.
1B). Scans of the Western blot did not detect a change in the
overall level of macroH2A2 in the livers of macroH2A1 knock-
out mice. Immunofluorescence studies of macroH2A1 knock-
out liver did not reveal any obvious increase in the macroH2A2
content of hepatocytes (not shown). As expected, the immu-
nofluorescence for macroH2A1, including staining of the in-
active X chromosome, was lost in macroH2A1 knockout liver
(not shown).

Gene expression in macroH2A1 knockout liver. We used an
Affymetrix MOE 430 v2.0 microarray to compare gene expres-
sion in macroH2A1 knockout liver to that in normal mouse
liver. This array is based on the mouse UniGene database
(build 107, June 2002) and was designed to probe the expres-
sion of more than 34,000 genes. The knockout mutation was
inbred into the C57BL/6 background for 10 generations. Nor-
mal and knockout mice were caged together, and livers were
collected at the same time of day; the mice were 2-month-old
females. Livers from five normal mice were compared to livers
from five macroH2A1 knockouts. We used significance analysis
of microarrays (SAM v2.1; Stanford University) to analyze the
results (32). With the maximum false-discovery rate set at 47%),
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TABLE 1. Expression of selected genes in macroH2A1
knockout mice

Value for indicated

liver group
Gene - Function Reference
Adult Newborn
Female® Male® female”

Serpina7 4.1 1.8 0.76°  Serum thyroxine 31
binding protein

Lpl 2.6/ 2.6/ 1.14 Hydrolysis of circulating 29
triacylglycerols

Krt1-23 2.4 5.6/ 1.1 Type 1 keratin 35

ATP1la 1.9 1.5¢ 1.1 Putative transbilayer 13
amphipath transporter

Sed2 1.5¢ 1.4¢ 1.1 Fatty acid desaturase 23

CD36 1.4¢ 1.6/ 1.0 Fatty acid translocase 28

Thrsp 1 1.6° ND Regulates fatty acid 37
synthesis

GTPbp4 0.78¢ 0.9 ND Nuclear GTP binding 20
protein

Sucnrl 0.77¢ 1.1 ND G protein couple 14
receptor for succinate

Ar 0.65¢ 1.2 ND Androgen-regulated 33

transcription factor

“ Numbers of adult livers: female, 13 normal and 12 knockout; male, 12 normal
and 12 knockout.

® Numbers of newborn female (3-day) livers: seven normal and eight knockout.
Similar results were obtained with a smaller group of newborn males.

¢ Values were determined in duplicate by real-time PCR and are given as
ratios of expression levels for macroH2A1 knockout mice to those for normal
controls. ND, not determined.

4P < 0.05 (one-tailed ¢ test).

¢P < 0.01 (one-tailed ¢ test).

/P < 10"* (one-tailed ¢ test).

&P < 0.05 (two-tailed ¢ test).

significance analysis of microarrays identified 54 genes that had
increased expression levels in macroH2A1 knockout liver and
50 genes that had decreased expression levels (see Table S1 in
the supplemental material). Most of these genes showed <2-
fold changes.

There is no evidence for reactivation of the inactive X chro-
mosome in this microarray analysis. Only 3 of the 54 genes that
showed increased expression levels are on the X chromosome,
and 1 of these, Digh3, did not show increased expression levels
when we analyzed it by real-time PCR in a larger group of
females. The absence of any obvious effect on X inactivation is
consistent with previous studies that showed that X inactiva-
tion is robustly maintained by multiple mechanisms (9, 15).

In order to identify genes that have consistently altered
expression levels in macroH2A1 knockout mice, we used real-
time PCR to examine the expression of selected genes in the
livers of a large independent group of 2-month-old females.
This analysis identified five genes that have significantly in-
creased expression levels in the knockouts (Table 1). We used
Northern blot analysis to examine the expression of two of
these genes, the lipoprotein lipase (Lpl) and thyroxine binding
globulin (Serpina?7) genes. This analysis confirmed the PCR
results and gave no evidence of unusual transcripts in the
knockout mice (Fig. 2). Our PCR analysis identified three
genes that showed small but significant decreases in expression
in macroH2A1 knockout liver (Table 1).

The five genes that were significantly increased in female
knockouts also had increased expression levels in male knock-
out liver (Table 1). There were two notable differences. One
was Serpina7, which was 1.8-fold higher in knockout males
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FIG. 2. Northern blot analysis of Serpina7 and Lpl expression in
macroH2A1 knockout mice. Total mouse liver RNA was analyzed on
Northern blots for Serpina7 and Lpl expression. The blots were rehy-
bridized with B actin to show equal loadings. KO, RNA from female
macroH2A1 knockout mouse liver; N, RNA from normal female
mouse liver.

compared to more than 4-fold higher in knockout females. The
other was KrtI-23, which was 5.6-fold higher in knockout males
compared to 2.4-fold higher in knockout females. In contrast
to those in female liver, expression levels of Ar, Sucnrl, and
GTPbp4 were not significantly decreased in male knockout
liver. The sexual dimorphic effect of the knockout on Serpina7
expression may be related to the sexual dimorphic expression
of this gene in normal mice, which we found to be nearly four
times higher in normal adult males than in normal adult fe-
males. Krt1-23 expression levels were about 30% higher in
normal adult females than in normal adult males.

We identified two additional genes that have increased ex-
pression levels in macroH2A1 knockout mice. The thyroid hor-
mone responsive SPOT14 homolog gene (Thrsp) was identified
in a microarray analysis of gene expression in male macroH2A1
knockout liver, and CD36 was identified by subtractive hybrid-
ization. Both of these genes were confirmed by real-time PCR,
but Thrsp showed increased expression levels only in males
(Table 1). Interestingly, four of the seven genes that have
increased expression levels in knockouts encode proteins di-
rectly involved in fatty acid metabolism (Table 1).

Distribution of macroH2A1 on genes with altered expres-
sion levels. We examined the distribution of macroH2A1-con-
taining nucleosomes on the genes that had altered expression
levels in order to assess whether the effect of the knockout on
these genes was likely to be direct. We purified macroH2A1-
containing mono- and oligonucleosomes with a high degree of
specificity, using our previously described thiol affinity proce-
dure (Fig. 3) (5). We used real-time PCR to compare the
distribution of specific sequences in DNA isolated from
macroH2A1-containing nucleosomes to that in DNA from the
nucleosomes applied to the columns. The results presented in
Fig. 4 are the averages for four preparations, two from male
liver and two from female liver. The male and female results
are presented separately in Table S2 in the supplemental ma-
terial and in most cases were very similar to each other.

macroH2A1 was enriched on the transcribed and upstream
regions of Scd2, Krt1-23, and Serpina7 (Fig. 4, adult liver),
consistent with the possibility that the increased expression
levels of these genes in knockouts are a direct effect of the
absence of macroH2A1. Serpina?7 is located on the X chromo-
some. In contrast to what we have seen with other active
X-linked genes (5), Serpina7 showed nearly equal enrichment
levels for macroH2A1 in male samples and female samples at
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FIG. 3. Purification of macroH2Al-containing nucleosomes by
thiol-affinity chromatography. Mouse liver mono- and oligonucleo-
somes were prepared, and macroH2Al-containing chromatin frag-
ments were purified by selective thiol affinity chromatography (5). S,
starting material; E, material eluted from thiopropyl Sepharose with
B-mercaptoethanol. The mercaptoethanol-eluted chromatin is highly
enriched for macroH2A1-containing nucleosomes. Results for normal
mouse liver are shown on the left, and results for macroH2A1 knockout
liver are on the right. Protein compositions were analyzed by sodium
dodecyl sulfate gel electrophoresis (top panels). DNA was analyzed in
agarose gels (middle panels). The bottom panel is a Western blot of
the starting material and a pool of the eluted fractions stained with
antibodies against macroH2A1.1 and 1.2; these lanes were loaded for
equal amounts of H3 and H4.

most sites (see Table S2 in the supplemental material).
macroH2A1 was enriched on the upstream regions of Lpl/ and
ATPI11a (Fig. 4, adult liver). This suggests that the increased
expression levels of these genes in macroH2A1 knockout liver
may be a direct effect of the knockout on the regulatory regions
of these genes. This enrichment was especially striking for Lpl,
where it started within 450 bp of the start of the gene and
extended to more than 10 kb upstream. macroH2A1 was de-
pleted on most of the transcribed regions that we probed for
both of these genes, consistent with what we have observed for
other active genes (5).

We examined the distribution of macroH2A1 on two of the
genes that had decreased expression levels in female
macroH2A1 knockout liver (Fig. 4). As with most active genes
that we have examined, macroH2A1 was depleted on the tran-
scribed and nearby upstream regions of GTPbp4. There was a
small enrichment for macroH2A1 on both the transcribed
and the upstream regions of Sucnrl. The low concentrations
of macroH2A1 on these genes indicate that the effect of a
macroH2A1 knockout on these genes is indirect.

Gene expression in newborn liver. The macroH2A1 content
of liver nuclei from 3-day-old mice is much lower than that of
liver nuclei from 2-month-old mice (Fig. 5) (25). Based on
scans of Western blots, the macroH2A1.1 content of liver nu-
clei isolated from 3-day-old-mice was 16-fold lower and the
macroH2A1.2 content was 2.7-fold lower. This suggested that
the effect of a macroH2A1 knockout on gene expression might
be different in the livers of newborn mice. Indeed, none of the
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FIG. 4. Distribution of macroH2A1 on genes that have altered expression levels in macroH2A1 knockout mouse liver. Results for adult liver
(2-month-old mice) are on the left, and those for newborn liver (3-day-old mice) are on the right. macroH2A1-containing chromatin fragments
were purified from normal mouse liver (Fig. 3). The relative macroH2A1 concentration on a sequence was estimated by using real-time PCR to
calculate the relative concentration of the sequence in the macroH2A1l-enriched, thiopropyl-eluted fraction in comparison to that of the starting
material. A value of 1 on the scales on the left of the diagrams indicates a macroH2A1 concentration equal to that of the starting material prepared
from adult liver. A few sites tested with the genes of the adult samples were not tested with the newborn samples. The horizontal bars on the bottom
of the charts indicate the transcribed regions of the genes.

genes that showed increased expression levels in adult knock-
out liver showed increased expression levels in newborn knock-
out liver (Table 1). The expression levels of Serpina7, Lpl,

N A Scd2, Krt1-23, and CD36 are higher in newborn liver than in

_—macroH2A1.1 adult liver, but ATPI1a expression levels were similar in new-

Western e ="'~macrt.‘aH2A1 2 born and adult livers (Table 2). These findings suggest that an

_H3 increase in liver macroH2A1 during this period contributes in

Stained —H2B part to a decrease in the expression levels of Serpina7, Lpl,

gel NH2A Scd2, Krt1-23, and CD36. Consistent with this idea, we found

~H4 that the concentrations of macroH2A1 on Serpina7, Lpl, Scd2,

FIG. 5. Developmental changes in the macroH2Al content of and Krt1-23 were much lower in the livers of newborn mice
mouse liver nuclei. Nuclei were isolated from the livers of newborn than in adult livers (Fig. 4).

(3-day-old) and adult (2-month-old) mice. Total nuclear extracts were Glucose metabolism. Lipoprotein lipase hydrolyzes triacyl-

analyzed on Western blots using antibodies against macroH2A1.1 and | Is circulating in li . 1 in the blood and
1.2. Gels were loaded for equal content of core histones; see Coomas- glycerols circulating in lipoprotein complexes in the blood an

sie blue-stained lanes below the blot. Lane N, extract from newborn has a crucial role in the delivery of fatty acids to the tissues
livers; lane A, extract from adult livers. (29). It is expressed in neonatal mouse liver, but its expression
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TABLE 2. Expression in newborn and adult livers

Gene Expression level”

“ Expression levels in six newborn and six adult females were determined by
real-time PCR and were normalized to glyceraldehyde phosphate dehydrogenase
expression levels.

levels in adult mouse liver are low (29). Mice that carry a
liver-specific Lpl transgene that increases liver lipoprotein
lipase expression levels fourfold develop insulin resistance in
the liver and reduced glucose tolerance secondary to the in-
creased delivery of fatty acids to the liver (18). The livers of
adult macroH2A1 knockouts have increased expression levels
of Lpl and the fatty acid transporter CD36, which should lead
to increased fatty acid delivery and reduced glucose tolerance.
As expected, macroH2A1 knockout males had significantly
higher concentrations of blood glucose in glucose tolerance
tests at all times except zero time (Fig. 6). Female knockouts
showed only a small increase in blood glucose at the 30-min
time point. We believe that this sexual dimorphism may reflect
a difference in the responses of females and males to increased
delivery of fatty acids to the liver. Previous studies of the effects
of increased fatty acid delivery on liver insulin resistance have
been done on male mice and rats (18, 19, 34), suggesting that
the responses of females may be different.

DISCUSSION

macroH2A histone variants have been implicated to func-
tion in gene silencing. Interestingly, our broad-based examina-
tion of gene expression in macroH2A1 knockout mouse liver
did not discover any genes showing dramatic derepression.
Instead, we discovered several genes that showed moderate but
consistent increases in expression. macroH2A1-containing nu-
cleosomes were preferentially present in the upstream and/or
transcribed regions of these genes, indicating that macroH2A1
in the regulatory and/or transcribed regions of these genes has
a direct repressive effect on their expression levels. The distri-
bution of macroH2A1 that we observed did not provide evi-
dence for the localization of macroH2A1 to a particular site or
small region of these genes. Instead, we found relatively large
domains of similar macroH2A1 enrichment in the upstream
and/or transcribed regions. We believe that these domains
exert a repressive effect on these genes. The case for a direct
effect on ATPI11a is weaker, because the domain of macroH2A1
enrichment begins rather far upstream. Recent studies using in
vitro transcription indicate that macroH2A1.2 nucleosomes
can directly inhibit initiation of transcription (10). It is not
known how close they need to be to the promoter region to
exert a repressive effect or whether their presence on tran-
scribed regions inhibits elongation. We discovered a few genes
that have reduced expression levels in macroH2A1 knockout
mice. macroH2A1 nucleosomes showed little or no enrichment
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on these genes, suggesting that their reduced expression levels
are an indirect effect of the knockout.

Four of the seven genes that we identified as having in-
creased expression levels in macroH2A1 knockouts are directly
involved in fatty acid metabolism: Lpl, Scd2, Thrsp, and CD36
(Table 1). This suggests that macroH2A1-mediated regulation
of gene expression may be a mechanism for bringing about
coordinated adaptive changes to the metabolic state of liver cells.
Our studies with newborn and young-adult mouse liver support
this idea. There is a substantial increase in the macroH2A1 con-
tent of liver as mice mature from newborns to young adults
(Fig. 5). Our results indicate that this increase contributes to
the down-regulation of specific genes that influence the meta-
bolic state of the liver. The increase of macroH2A1.1 during
this period is especially marked, suggesting that it may be
important for these effects. We have observed a similar devel-
opmental change in macroH2A1 composition in rat liver and
kidney (25), suggesting that this may be an evolutionarily con-
served mechanism used in a variety of tissues to adapt gene
expression to different functional states.

Why is our list of genes that have altered expression levels in
a macroH2A1 knockout short, when macroH2A1 histones are
widely distributed in the chromatin? The microarray that we
used was designed to examine the expression of all well-de-
scribed genes as of 2002. Some genes were likely missed due to
technical limitations of the arrays or technical problems with
our analyses. We believe that genes were missed due to the
relatively small effects of the knockout on the level of expres-
sion. Normal variation in gene expression or technical varia-
tions in our experiments will confound the detection of genes
with small changes.

Most of the macroH2A may be involved in silencing regions
of the genome, such as the inactive X chromosome, that are
controlled by multiple repressive mechanisms. Detecting the
effects of a macroH2A knockout on many of these regions may
require special treatments and single-cell assays, such as those
used for detecting X reactivation in macroH2A1 knockdown
cells (15). A recent study showed that a knockdown of
macroH2A1 produced a several-hundredfold increase in IL-8

Male Female

s

—— knockout
= normal

Glucose concentration

Glucose concentration

50

0 50 100 0 50 100
Time (minutes) Time (minutes)

FIG. 6. Glucose tolerance is altered in macroH2A1 knockout mice.
Mice were fasted overnight and injected with 2 g glucose/kg of body
weight intraperitoneally, and blood glucose concentrations were mea-
sured at 0, 15, 30, 60, 90, and 120 min. The error bars indicate the
standard errors of the means. *, P < 0.05 (two-tailed ¢ test); #x, P <
0.001 (two-tailed ¢ test). Numbers of mice: 63 normal males, 49 knock-
out males, 44 normal females, and 47 knockout females.
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expression in a cultured human lymphoid cell line (2). We were
not able to examine whether macroH2A1 is essential for silenc-
ing IL-8 in mouse B cells, because mice do not have an IL-8
gene or any obvious homologue. Our gene expression analyses
and the mild phenotype of macroH2A1 knockout mice suggest
that dramatic derepression of genes is rare in macroH2Al
knockout mice. While our microarray analysis did not identify
any genes showing dramatic derepression, we have detected
significant derepression of specific endogenous retroviruses in
macroH2A1 knockout mice (unpublished data). Overall, we
believe that there is good evidence that macroH2A1 nucleo-
somes contribute to maintaining gene silencing in many regions of
the genome. Our current study indicates that macroH2A func-
tion is not restricted to suppressing inappropriate or unwanted
gene expression but also includes fine tuning the expression of
specific genes.
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