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We show that macroH2A1 histone variants are important for repressing the expression of endogenous
murine leukemia viruses (MLVs) in mouse liver. Intact MLV proviruses and proviruses with deletions in env
were nearly silent in normal mouse liver and showed substantial derepression in macroH2A1 knockout liver.
In contrast, MLV proviruses with a deletion in the 5� end of pro-pol were expressed in normal liver and showed
relatively low levels of derepression in knockout liver. macroH2A1 nucleosomes were enriched on endogenous
MLVs, with the highest enrichment occurring on the 5� end of pro-pol. The absence of macroH2A1 also led to
a localized loss of DNA methylation on the 5� ends of MLV proviruses. These results demonstrate that
macroH2A1 histones have a significant role in silencing endogenous MLVs in vivo and suggest that specific
internal MLV sequences are targeted by a macroH2A1-dependent silencing mechanism.

macroH2A core histone variants have an N-terminal H2A
domain that is �65% identical to conventional H2As and a
C-terminal nonhistone domain that has been referred to as a
macrodomain (30). These domains are connected by a linker
segment that includes a basic region. Macrodomains occur in
many proteins and as separate proteins in some bacteria (3,
31). The macrodomain of macroH2A1.1 binds the SirT1 me-
tabolite O-acetyl-ADP-ribose (24). The significance of this
binding activity for macroH2A function is not known.
macroH2A variants appear to be highly conserved in verte-
brate species and absent in most invertebrates (1, 31), although
they are present in sea urchins. Three macroH2A variants have
been identified in humans and mice. macroH2A1.1 and -1.2
are formed by alternate splicing of macroH2A1, and
macroH2A2 is encoded by a separate gene (8, 15, 29, 32).

macroH2As are preferentially associated with transcription-
ally repressed or silent chromatin domains, including the inac-
tive X chromosome (8, 10, 14, 15), centromeric heterochroma-
tin (16, 18), the XY body (21), and senescence-associated
heterochromatic foci (40). This indicates that macroH2A nu-
cleosomes have a role in repressing gene expression. A role for
macroH2A1 in maintaining X inactivation is indicated by stud-
ies that used inhibitors of DNA methylation and histone
deacetylation (20). A recent study with a cultured human T-
cell line showed dramatic derepression of interleukin-8 in re-
sponse to a macroH2A1 knockdown (2). In contrast, we did
not find dramatic derepression of silenced genes in our study of
gene expression in macroH2A1 knockout mouse liver (9). In-
stead, we found that macroH2A1 reduces the expression of
specific genes that cluster in the area of lipid metabolism.

Our previous study of macroH2A distribution suggested that

macroH2A1 might have a role in repressing the expression of
endogenous retroviruses (10). Endogenous retroviruses can
disrupt the structure and/or expression of normal cellular
genes (27) and can contribute to the formation of pathological
retroviruses (4, 11, 25). One important mechanism of control-
ling endogenous retroviral elements is silencing their expres-
sion (27). Here, we show that macroH2A1 histones have a role
in silencing endogenous murine leukemia viruses (MLVs).

MATERIALS AND METHODS

Mice. All animal protocols were approved by the University of Pennsylvania
Institutional Animal Care and Use Committee. Mice used for organ harvest were
2 months of age and were killed between 8 and 11 a.m. The macroH2A1 knock-
out mutation was produced by removing the second exon of macroH2A1 and was
bred into the C57BL/6 background for 10 generations (9). macroH2A1 knockout
mice and their age- and sex-matched controls were raised in the same cage. All
expression studies presented were done with female mice. Less complete studies
done with male mice gave similar results (not shown).

Real-time PCR. Real-time PCR was done as described previously (9). Dena-
turation was for 1 s at 95°C, annealing temperatures and times were primer
specific, and elongation was at 72°C; time of elongation was primer specific (see
Table S3 in the supplemental material for details). We averaged the results from
two separate PCR runs for each sample. For gene expression studies, cDNAs
were synthesized from total RNA by using an oligo(dT) primer. cDNA concen-
trations were equalized using glyceraldehyde phosphate dehydrogenase, and
results from 13 macroH2A1 knockout livers were compared to those from 13
normal mouse livers (9). For macroH2A1 distribution studies, DNA isolated
from macroH2A1-containing nucleosomes was compared to DNA isolated from
bulk nucleosomes (10). macroH2A1-containing mono- and oligonucleosomes
were purified from bulk chromatin by thiol-affinity chromatography (10). Results
from four separate thiol-affinity preparations were averaged. Control thiol-affin-
ity experiments done with macroH2A1 knockout chromatin showed that endog-
enous MLV sequences were essentially absent from the thiopropyl Sepharose-
eluted fraction that normally contains macroH2A1 nucleosomes; real-time PCR
showed that the abundance of these sequences in the knockout fraction was less
than 1/1,000 of that obtained with normal liver.

Northern and Southern blots. Northern blots and the hybridizations were
done as described previously (9). DNA samples for Southern blots were run in
1% agarose gels and transferred onto Zeta-Probe GT membranes (Bio-Rad)
with 0.4 M NaOH, following the standard protocol for Zeta-Probe membranes.
The pol probe was a 362-bp fragment from the reverse transcriptase region of an
endogenous MLV (10). The gag probe was a 408-bp fragment produced by PCR
amplification from an endogenous MLV cDNA clone, gi 14810184 (see Table S3
in the supplemental material for primer information). The env probe was an
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�600-bp fragment produced by digesting an endogenous MLV cDNA clone, gi
14789949, with SalI and PstI.

RESULTS

Endogenous MLVs in C57BL/6 mice. Our previous study of
the distribution of macroH2A1 in mouse liver chromatin found
that macroH2A1-containing nucleosomes were enriched on
endogenous retroviral elements called RLTR4, which are de-
rived from MLVs (10). There are 72 MLV proviruses in the
genomic database for C57BL/6 mice (build 37.1). While the
majority of these are free of large deletions compared to
the RLTR4 consensus sequence, many have substantial deletions
in one or more regions (Table 1). The most common deleted
regions are env (23 proviruses) and the 5� end of pro-pol (15
proviruses), and 10 proviruses have large deletions in both
regions (see Fig. 1 for a diagram of an MLV provirus).

There are two major types of transcripts expected from
MLV proviruses. Genomic transcripts initiate in the 5� long
terminal repeat (LTR), terminate in the 3� LTR, and include
all of the sequences in between. Genomic transcripts from
intact proviruses should be �8.4 kb and proportionately
smaller for proviruses with deletions of internal sequences
(Table 1). Subgenomic transcripts splice out the gag and pro-
pol sequences to form env-containing transcripts of �3 kb (26).

Analysis of endogenous MLV expression by real-time PCR.
We used real-time PCR to examine the expression of the four
major regions of endogenous MLV proviruses: LTR, gag, pro-
pol, and env. The primer sequences were based on the consen-
sus sequence for RLTR4 obtained from Repbase Update (23).
Most MLV proviruses are more than 95% identical to this

consensus sequence, which allowed us to probe many provi-
ruses at a time. In agreement with our hypothesis that
macroH2A1 suppresses transcription, all four MLV regions
showed increased expression in the livers of macroH2A1
knockout mice in comparison to levels in normal mouse liver
(Fig. 1). Surprisingly, however, the magnitudes of the increases
were very different for different regions. A high level of
macroH2A1-dependent repression, �10-fold, was seen with
probes in the 5� end of pro-pol. In contrast, macroH2A1-de-
pendent repression was less than twofold when we probed gag
or the 3� end of pro-pol. An intermediate level of macroH2A1-
dependent repression, �4-fold, was observed with probes
in env.

A possible explanation for the large differences in apparent
repression among different proviral regions lies in the varia-
tions in structure among the 72 endogenous MLV proviruses
in C57BL/6 mice. Fifteen proviruses have a substantial dele-
tion in the 5� end of pro-pol. Although the exact positions of
these deletions differ between proviruses, they are all within
the region that showed a large increase in expression in knock-
out liver. If these proviruses escape macroH2A1-dependent
repression and are expressed in normal liver, then the level of
macroH2A1-dependent repression that we observe for the
MLV sequences outside the 5� end of pro-pol will be reduced.

To test this idea, we designed PCR primers that bridge the
pro-pol deletions present in specific proviruses. Most of these
deletions are more than 1 kb, which made it possible to selec-
tively amplify cDNAs from pro-pol-deleted proviruses by using
a very short elongation time. Each primer pair was designed to
specifically probe the expression of one or in some cases two
pro-pol-deleted proviruses. This approach succeeded with eight
primer pairs, as judged by the production of a single DNA
fragment of the correct size, and allowed us to probe the
expression of 11 of the 15 proviruses that have a deletion in the
5� end of pro-pol. Most of these proviruses showed a �2-fold
increase in expression in macroH2A1 knockout liver (Fig. 2), in
contrast to the �10-fold increase that we observed when we
probed the 5� end of pro-pol (Fig. 1). A region of �600 bp is
common to all of the 5� pro-pol deletions that appear to reduce
macroH2A-dependent repression (Fig. 2). The deletion in pro-
virus no. 36 (shown at the bottom of Fig. 2) starts toward the
middle of pro-pol and does not include the 600-bp region that
is deleted in the other proviruses shown in Fig. 2. This provirus
had a very high level of derepression in knockout liver, indi-

TABLE 1. Endogenous MLVs in C57BL/6 micea

Provirus classb No. of
proviruses

Genomic transcript size
range (no. of bases)

Intact 39 �8,400
gag deleted 3 6,277–8,250
pro-pol deleted; 5� end 5 6,378–7,042
pro-pol deleted; middle region 2 6,159–7,413
env deleted 11 6,434–7,113
pro-pol 5� and env deleted 10 4,834–5,892
pro-pol middle and env deleted 2 5,883–5,932

a These analyses were based on the public genomic database for C57BL/6
mice, build 37.1.

b Sequences were compared to the consensus sequence for RLTR4. Only gaps
greater than 100 bp were counted as deletions.

FIG. 1. macroH2A1 represses the expression of endogenous MLVs. The expression of specific endogenous MLV sequences in normal liver and
macroH2A1 knockout liver was determined by real-time PCR. Representative samples of PCR products from normal (N) and knockout (KO) liver
are shown directly below three of the sites that were probed. The P values for the two-tailed t test were 0.02 or less for all expression comparisons
except for those at the beginning and end of gag (see Table S1 in the supplemental material for all P values). The MLV diagram is based on the
annotation of RLTR4 in the Repbase Update (23) and alignment with Moloney MLV sequences.

2060 CHANGOLKAR ET AL. MOL. CELL. BIOL.



cating that the middle of pro-pol is not critical for macroH2A1-
dependent repression.

Most of the proviruses with a deletion in pro-pol also have a
deletion in env (Table 1). This suggested that env might also
contribute to macroH2A1-dependent repression. However,
two of the pro-pol-deleted proviruses that we probed by real-
time PCR did not have an env deletion, and they still showed
relatively low levels of macroH2A1-dependent repression, 1.3-
fold for provirus no. 9 and 3.3-fold for provirus no. 65 (Fig. 2).
In addition, provirus no. 36, which has a very high level of
macroH2A1-dependent repression, has a large deletion in env.
These results indicate that the env region is not critical for
macroH2A1-dependent repression.

Northern blot analysis of endogenous MLV expression.
Transcripts that hybridized to a probe from the 5� end of
pro-pol were nearly undetectable on Northern blots of normal
mouse liver but were readily detected in macroH2A1 knockout
liver (Fig. 3, pro-pol blot). Two major pol-containing transcript
sizes were evident in the knockouts, one at �8.2 kb and the
other at �6.2 kb. The 8.2-kb transcripts correspond in size to
genomic transcripts from intact proviruses (Table 1). We be-
lieve that the 6.2-kb band primarily contains genomic tran-
scripts from proviruses with env deletions (see sequencing sec-
tion below), although transcripts of this size could also come

from one provirus with a deletion in gag and one provirus with
a deletion in the middle of pro-pol (Table 1).

Transcripts hybridizing with a gag probe were readily de-
tected in normal mouse liver (Fig. 3, gag blot). The major
gag-containing band was centered at �5.5 kb, indicating that
these transcripts came from proviruses with deletions in both
pro-pol and env (Table 1). Consistent with this identification,
transcripts of this size and abundance were not seen on the
blots hybridized with the pro-pol or env probes. The gag probe
should also detect the genomic transcripts from the intact and
env-deleted proviruses that were detected on the pol blot. In-
deed, two fainter bands of the appropriate sizes are present in
the knockout lanes of the gag blot.

env-containing transcripts were substantially more abundant
in macroH2A1 knockout liver than in normal liver (Fig. 3, env
blot), consistent with our real-time PCR results shown in Fig.
1. The major band on the env blot is �3 kb in size, as expected
for subgenomic transcripts that have spliced-out gag and pro-
pol sequences (26). The upper band in the knockout lanes of
the env blot corresponds in size to genomic transcripts from
intact proviruses. The heterogeneous bands below this band
appear to be genomic transcripts from proviruses with a dele-
tion in the 5� end of pro-pol, based on their sizes (Table 1) and
their absence in the normal lanes of the pol blot. Unlike the

FIG. 2. Deletions in the 5� end of pro-pol are associated with decreased macroH2A1-dependent repression. The deletions in specific endog-
enous MLV proviruses are shown. The 2-kb segment indicates the range of the deletions associated with reduced macroH2A1-dependent
repression. The 600-bp segment indicates the region that is common to all of these deletions; note that the deletion in provirus no. 36 does not
include this 600-bp segment and that this provirus shows a high level of macroH2A1-dependent repression (*). Relative expression was determined
by real-time PCR. The statistical analyses of these comparisons are shown in Table S1 in the supplemental material. Proviruses were numbered
sequentially according to their occurrence in the genome of C57BL/6 mice, genome build 37.1 (see Table S2 in the supplemental material).

FIG. 3. Northern blot analyses of endogenous MLV expression. Total mouse liver RNA was used. The locations of the gag, pro-pol, and env
hybridization probes are shown in gray on the diagram below the blots. Hybridization with a 28S rRNA or �-actin probe was used to show equal
loading of the lanes. Band sizes were estimated from a standard curve constructed from an RNA standard. Lanes: KO, RNA from female
macroH2A1 knockout liver; N, RNA from normal female liver.
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transcripts from intact proviruses, some of these transcripts
were detected in normal liver. This is consistent with the idea
that deletions in the 5� end of pro-pol can relieve macroH2A1-
dependent repression.

Sequence analysis of proviral transcripts. We sought to
identify some of the pro-pol-containing MLV proviruses that
are derepressed in macroH2A1 knockout liver by sequencing
cloned cDNAs that were amplified by PCR. Although provi-
ruses are very similar to one another, many can be uniquely
identified by nucleotide sequence comparisons. We amplified a
segment of more than 700 bp that starts in pol just 3� of the
600-bp region marked in Fig. 2. Real-time PCR indicated that
this segment was �11 times more abundant in knockout liver
than in normal liver. To minimize the formation of hybrid
duplexes from different proviruses, we stopped the PCR at an
early stage when most duplexes will be formed by replication,
not annealing. In assigning a sequence to a provirus, we al-
lowed one mismatch, provided that the mismatch appeared to
be a sequencing error or a PCR mutation, i.e., the mismatched
nucleotide did not match any provirus in the genomic data-

base. Using this approach, we assigned �70% of the sequences
to a specific provirus.

Sequence analysis of 22 clones from normal mouse liver
identified five different expressed proviruses. Three intact pro-
viruses were detected, and two of these are in active genes
(Table 2). The other two proviruses that we identified have
deletions in the 5� end of pro-pol. Although the primers that we
used cannot amplify cDNAs from most pro-pol-deleted provi-
ruses, three proviruses with deletions in the 5� end of pro-pol
can be amplified. The most frequently detected provirus has a
deletion in the 5� end of pro-pol and a deletion in env. Neither
of the pro-pol-deleted proviruses identified in this analysis
would be detected on our pol Northern blot shown in Fig. 3.

Sequence analysis of 23 clones from macroH2A1 knockout
liver identified seven different expressed proviruses (Table 2).
The most frequently detected proviruses were three env-de-
leted proviruses that were not identified in our analysis of
normal liver. This supports the idea that env-deleted proviruses
are strongly derepressed in knockout liver. pol-env-deleted
provirus no. 68, which had seven hits in our analysis of normal
liver, had only one hit with knockout liver. This indicates that
its expression does not increase dramatically in knockout liver,
consistent with our PCR analysis of this provirus shown in
Fig. 2.

Distribution of macroH2A1 on MLV proviruses. We exam-
ined the distribution of macroH2A1 nucleosomes on MLV
sequences in normal mouse liver chromatin to assess the pos-
sibility that macroH2A1 histones have a direct role in repress-
ing the expression of the endogenous MLVs. We used real-
time PCR to determine the abundance of specific proviral
sequences in DNA isolated from macroH2A1-containing nu-
cleosomes relative to that in DNA from bulk nucleosomes
(10). macroH2A1 was enriched on all of the MLV sequences
that we probed (Fig. 4). Interestingly, the highest concentra-
tion of macroH2A1 occurred in the 5� end of pro-pol, coinci-
dent with the region of pro-pol that is deleted in proviruses with
reduced macroH2A-dependent repression. Analyzing proviral
LTRs is complicated by the presence of many solo LTRs.
However, we found two PCR primer pairs that should distin-
guish MLV proviral LTRs from most solo LTRs.

DNA methylation. DNA methylation is an important mech-
anism for repressing retroelements such as endogenous MLVs
(35, 39). We used the methylation-sensitive restriction nucle-
ase HpaII to examine whether the absence of macroH2A1
affects the methylation of endogenous MLVs. Total genomic
DNA from normal and macroH2A1 knockout liver was di-
gested to completion with HpaII and run on Southern blots.

TABLE 2. Identification of some expressed MLV provirusesa

cDNA group and
provirus no.b Provirus type Frequency

(no. of hits)

cDNAs from normal liver
1 Intact, in Ctse 2
22 Intact, in Galnt11 4
32 Intact 2
38 pro-pol deletedc 1
68 pro-pol and env deletedc 7
Not assignedd 6

cDNAs from macroH2A1
knockout liver

32 Intact 2
62 Intact 1
38 pro-pol deletedc 1
29 env deleted 2
39 env deleted 5
70 env deleted 4
68 pro-pol and env deletedc 1
Not assignedd 7

a Cloned MLV cDNAs from the pro-pol region were sequenced and compared
to the public genomic database for C57BL/6 mice (build 37.1). See Table S3 in
the supplemental material for primer sequences.

b Proviruses were numbered according to their occurrence in the public
genomic database for C57BL/6 mice (see Table S2 in the supplemental material).

c These pro-pol deletions ended before the start of the pro-pol segment that we
amplified for this analysis.

d Sequences were not assigned to a provirus when they matched multiple
proviruses or had more than one mismatch to their best hit.

FIG. 4. macroH2A1 nucleosomes are enriched on endogenous MLVs. The relative concentration of macroH2A1 was determined by real-time
PCR using DNA from macroH2A1 nucleosomes that were purified by thiol-affinity chromatography (10). A value of 1 indicates a macroH2A1
concentration equal to that of the bulk chromatin applied to the thiol-affinity procedure. The values shown are the averages determined from four
independent preparations. The P values for a t test of the enrichment were �0.02 at all sites (see Table S1 in the supplemental material for specific
P values and the standard deviation analysis).
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The blots were hybridized with the same gag, pol, and env
probes used on the Northern blots (Fig. 3). For comparison,
these DNA samples were digested with MspI, which has the
same recognition sequence as HpaII but is not sensitive to
methylation. While evidence for reduced methylation was ev-
ident with all three probes, only the gag blot showed evidence
for a substantial loss of methylation in the immediate vicinity
of the probe (Fig. 5). This probe is located at the beginning of
gag, less than 500 bases downstream of the 5� LTR. Because of
the numerous solo MLV-related LTRs, we did not use this
approach to analyze the methylation of MLV proviral LTRs.
The HpaII digestion patterns of bulk DNA, LINE L1 DNA,
and gamma satellite DNA were not substantially altered by a
macroH2A1 knockout (see Fig. S1 in the supplemental mate-
rial), indicating that there is no generalized reduction of DNA
methylation in knockout liver.

Effect of proviral derepression on the expression of a neigh-
boring gene. Provirus no. 36, which is strongly derepressed in
knockout liver (Fig. 2), is less than 3 kb upstream of a gene
called EG244556 (Fig. 6). We examined the expression of this
gene to see whether it is affected by the derepression of this
provirus. Using real-time PCR to amplify a sequence in the 3�
end of this gene, we found a 1.7-fold increase in expression in

female macroH2A1 knockout liver (P � 10�5; two-tailed t
test). This gene encodes a KRAB domain zinc finger protein of
an unknown function. This gene would not have been detected
in our previous analysis of gene expression (9), because it is not
represented on the microarray that we used.

Expression of other repetitive elements in macroH2A1
knockout liver. We used real-time PCR to examine whether
the expression of other repetitive elements is derepressed in
macroH2A1 knockout liver (Table 3). We observed significant
macroH2A1-dependent repression of MusD retroviral ele-
ments and ERV�7 endogenous beta retroviral elements. We
found no increase in the expression of gamma satellite (a
centromeric satellite), LINE L1 elements, the mammalian ap-
parent LTR retrotransposon ORR1a, and the retroviral ele-
ments IAP and RLTR6. These results indicate that

FIG. 5. DNA methylation of endogenous MLVs is reduced in macroH2A1 knockout liver. DNA isolated from mouse liver was digested to
completion with HpaII and analyzed on Southern blots by using the gag, pro-pol, and env probes shown in Fig. 3. Lanes: N, DNA from normal
mouse liver; KO, DNA from macroH2A1 knockout liver; M, DNA digested with MspI. Positions of marker bands are indicated between the blots.
The hybridization seen between the M lane and the first N lane of the pol blot is spillover from coincidental hybridization of the probe to fragments
in the marker lane.

FIG. 6. Close proximity of derepressed MLV provirus to gene
EG244556. The diagram shows the position of MLV provirus no. 36
relative to that of EG244556 on mouse chromosome 8. Provirus no. 36
is strongly derepressed in macroH2A1 knockout liver (Fig. 2), and
EG244556 expression is increased 70% in knockout liver. Arrows in-
dicate direction of transcription.

TABLE 3. Expression of repetitive elements in macroH2A1
knockout liver

Element Expression level (P)a

ERV�7; pol1 ....................................................................2.0 (4 � 10�8)
ERV�7; pol2 ....................................................................2.4 (3 � 10�9)
MusD; pol .........................................................................1.9 (3 � 10�7)
Gamma satellite...............................................................1
IAP; pol.............................................................................0.9
LINE L1; 5� end..............................................................0.9
LINE L1; 3� end..............................................................0.9
ORR1a; internal ..............................................................1
RLTR6; pol ......................................................................1

a Expression was determined by real-time PCR and is given as expression
levels in macroH2A1 knockout liver divided by those in normal liver. The P
values of a two-tailed t test are shown in parentheses. Primer sequences were
based on the consensus sequences for these elements from Repbase (23). See
Table S3 in the supplemental material for primer sequences.
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macroH2A1 histones have a role in repressing some, but not
all, endogenous retroviral elements.

DISCUSSION

Our results demonstrate that macroH2A1 histones have a sig-
nificant role in repressing the expression of endogenous MLVs.
While it is possible that a macroH2A1 knockout has indirect
effects on the stability of MLV RNAs, the distribution of
macroH2A1 nucleosomes on endogenous MLVs, the effects of
the knockout on proviral DNA methylation (Fig. 5), and the
expression of a neighboring gene (Fig. 6) all suggest a direct effect
on proviral transcription. macroH2A1 nucleosomes are enriched
on endogenous MLV proviruses in mouse liver, with the highest
enrichment occurring on the 5� end of pro-pro (Fig. 4), a region
that appears to be important for macroH2A1-dependent repres-
sion (Fig. 2). macroH2A1 nucleosomes are not limited to the 5�
end of pro-pol, which suggests that this region might promote the
formation of macroH2A1 nucleosomes throughout the provirus
rather than at a specific site. This could potentially be achieved by
recruiting a nucleosome-remodeling complex that exchanges
macroH2A1 into nucleosomes. macroH2A1 nucleosomes could
then inhibit initiation of transcription (17). The presence of
macroH2A1 nucleosomes on the transcribed regions of MLV
proviruses leaves open the possibility that these nucleosomes
might inhibit elongation or even RNA processing events, but
there is no direct evidence for either of these mechanisms.

There is long-standing evidence that DNA methylation has a
role in repressing the expression of endogenous retroviral el-
ements (19, 22, 28, 35). Our results provide the first evidence
that macroH2As have a role in promoting the methylation of a
specific genomic region. Interestingly, the absence of
macroH2A1 does not reduce DNA methylation of the entire
provirus but rather affects a specific area toward the 5� end.
This could be a direct effect of macroH2A1 on DNA methyl-
ation of this region or an indirect effect that occurs after tran-
scriptional repression.

Interestingly, the effect of a macroH2A1 knockout on specific
MLV proviruses ranges from essentially no effect to dramatic
derepression. Deletions in the 5� end of pro-pol appear to be
important for allowing some proviruses to escape macroH2A1-
dependent repression. We examined the expression of 11 provi-
ruses with deletions in the 5� end of pro-pol by real-time PCR, and
most of them showed �2-fold derepression in macroH2A1 knock-
out liver (Fig. 2). Northern blots showed that transcripts from
proviruses that have deletions in this region can be detected in
normal mouse liver and that the expression of these transcripts is
little changed in macroH2A1 knockouts (Fig. 3, gag and env blots).
In contrast, the expression of transcripts that contain the 5� end of
pro-pol was very low in normal liver and dramatically increased in
macroH2A1 knockout liver (Fig. 1 and 3). While the expression of
individual proviruses is likely affected by their local chromatin
environment and other factors, our results indicate that the region
on the 5� end of pro-pol is specifically important for macroH2A1-
dependent repression of these elements. Consistent with this idea,
the highest concentration of macroH2A1 nucleosomes occurs on
this region (Fig. 4).

In contrast, proviruses that have a deletion only in env ap-
pear to have enhanced derepression in macroH2A1 knockout
liver. The pro-pol Northern blot indicates that transcripts from

env-deleted proviruses in macroH2A1 knockout liver are sim-
ilar in abundance to transcripts from intact proviruses (Fig. 3),
even though there are many more intact proviruses in the
genome (Table 1). This preference for the derepression of
env-deleted proviruses in macroH2A1 knockouts was also seen
in our sequence analysis (Table 2). None of the env-deleted
proviruses in C57BL/6 mice are in a known gene, so it does not
appear that the preferential derepression of these proviruses is
related to their presence in active genes. These results suggest
that MLV env is targeted by a repressive mechanism that does
not require macroH2A1.

The abundant expression of proviruses that have deletions in
the 5� ends of both pro-pol and env may be due to their escape
from both a macroH2A1-dependent repressive mechanism
that targets pro-pol and a macroH2A1-independent repressive
mechanism that targets env. While factors such as local chro-
matin environment probably also contribute to expression, de-
letion of these two regions appears to allow significant expres-
sion of some proviruses in normal liver. There are other studies
that indicate that endogenous MLVs with pro-pol and env
deletions may escape silencing. Burn injury induces the expres-
sion of endogenous pol-env-deleted MLV proviruses in a vari-
ety of mouse tissues, including liver (12, 13). Increased expres-
sion of proviruses with deletions in pro-pol and env could
increase the chance of generating pathological viruses. Spon-
taneous retrovirally induced leukemia in BXH-2 mice fre-
quently involves a defective MLV with deletions in pro-pol and
env (11). A murine immunodeficiency syndrome also involves
an MLV that has deletions in pro-pol and env (4). In all of these
cases, the pro-pol deletion involves the 5� end of pro-pol and
the env deletion involves a large segment of env similar to those
shown in Fig. 2.

Studies with retroviral vectors indicate that retroviral LTRs
and the primer-binding site can trigger genomic silencing in
the absence of internal retroviral sequences (5, 7, 38). Our
studies indicate that repressive mechanisms targeted to inter-
nal retroviral sequences can also be important. There are other
examples that suggest the preferential expression and spread
of retroviral elements that have lost specific internal sequences
(27). Early transposon (ETn) elements are LTR retrotrans-
posons that lack nearly all of the typical internal retroviral
sequences. Retrotransposition of ETn elements is dependent
on MusD elements, which are endogenous beta retroviral el-
ements (33, 34). Transcripts from ETn elements are much
more abundant than MusD transcripts, despite the much
greater abundance of MusD elements in the genome and the
near identity of the LTR sequences in these two elements (6).
In humans, human endogenous retrovirus H elements that
have deletions in pol and env are more abundant in the genome
than intact human endogenous retrovirus H proviruses, and
the deleted forms appear to be expressed at much higher levels
than intact elements (36, 37). We suggest that in at least some
cases, deletion of internal retroviral sequences allows expres-
sion of the element by relieving specific repressive mecha-
nisms. Increased expression could promote the proliferation of
the defective elements in the genome by retrotransposition or
infection using retroviral proteins produced by other provi-
ruses. Based on their relative abundance, pol-env-deleted
MLVs could be at an early stage of expansion in the mouse
genome (Table 1). There appears to have been at least one
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recent retrotransposition of a pol-env-deleted provirus involv-
ing MLV proviruses no. 16 and no. 37, which are identical
except for a single nucleotide.

Endogenous retroviruses can affect the expression of neigh-
boring genes, and we identified one example where derepres-
sion of an endogenous MLV in macroH2A1 knockout liver
appears to increase the expression of a neighboring gene. Such
effects could potentially account for the changes in gene ex-
pression that we previously documented for macroH2A1
knockout liver (9). However, endogenous MLVs would not
appear to be involved in the genes that we documented in that
study, because there are no endogenous MLVs in the proxim-
ity of those genes.

A wide variety of mechanisms are used to protect the ge-
nome from retroviral elements (27). Our results indicate that
macroH2A1 histones are a part of a system that protects the
genome by suppressing the expression of endogenous MLVs
and some other retroelements. Because macroH2As show very
little evolutionary variation in structure (31) and endogenous
retroviral sequences are highly variable, we believe that it is
likely that other factors participate in the targeting of
macroH2A1-dependent repression to these genomic elements.
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