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MacroH2A1 is a histone variant harboring an �25-kDa carboxyl-terminal macrodomain. Due to its enrichment on the inactive
X chromosome, macroH2A1 was thought to play a role in transcriptional repression. However, recent studies have shown that
macroH2A1 occupies autosomal chromatin and regulates genes in a context-specific manner. The macrodomain may play a role
in the modulation of gene expression outcomes via physical interactions with effector proteins, which may depend on the ability
of the macrodomain to bind NAD� metabolite ligands. Here, we identify proline, glutamic acid, and leucine-rich protein 1
(PELP1), a chromatin-associated factor and transcriptional coregulator, as a ligand-independent macrodomain-interacting fac-
tor. We used chromatin immunoprecipitation coupled with tiling microarrays (ChIP-chip) to determine the genomic localiza-
tion of PELP1 in MCF-7 human breast cancer cells. We find that PELP1 genomic localization is highly correlated with that of
macroH2A1. Additionally, PELP1 positively correlates with heterochromatic chromatin marks and negatively correlates with
active transcription marks, much like macroH2A1. MacroH2A1 specifically recruits PELP1 to the promoters of macroH2A1 tar-
get genes, but macroH2A1 occupancy occurs independent of PELP1. This recruitment allows macroH2A1 and PELP1 to coopera-
tively regulate gene expression outcomes.

The canonical nucleosome architecture, two copies each of hi-
stones H2A, H2B, H3, and H4, organizes the genomes of eu-

karyotes and is locally modified in a multitude of ways for various
regulatory purposes. These modifications include the posttransla-
tional modification (PTM) of histones, changes in nucleosome
positioning, and the replacement of canonical histones with their
histone variant counterparts (1, 2). MacroH2A1 is one such his-
tone variant that can substitute for at least one copy of H2A in a
subset of nucleosomes in vertebrates. At three times the size of
histone H2A, macroH2A1 is made up of amino-terminal histone-
like regions with 64% identity to H2A and a carboxyl-terminal
�25-kDa macrodomain. Based largely on the observation that
macroH2A1 is enriched on the transcriptionally silent inactive X
(Xi) chromosome (3, 4), macroH2A1 was originally hypothesized
to play a role in transcriptional repression (reviewed in reference
5). However, later studies demonstrated that macroH2A1 is not
required for the initiation or maintenance of X-inactivation (6–9),
casting doubt on a general role for macroH2A in transcriptional
repression.

Data from several groups have demonstrated that macroH2A1
plays important roles in both tumor suppression and differentia-
tion. Alterations in macroH2A1 splicing and expression occur in a
variety of cancers (10–14). In addition, restoration of macroH2A1
expression in cancer cells suppresses both proliferation and an-
chorage-independent growth (11, 12). Perhaps relevant to
macroH2A’s role in tumor suppression, several reports have
shown that macroH2A both promotes and maintains cellular dif-
ferentiation (15–19). MacroH2A plays a key role blocking the
reprogramming of differentiated cells back to a pluripotent
state (15, 18, 20). Furthermore, embryonic stem cells lacking
macroH2A1 are defective in their ability to differentiate (16, 17).

Recent work from our lab and others has determined that

macroH2A1 is not only a component of chromatin on the Xi, it
occupies approximately a quarter of the autosomal genome as well
(21, 22). Additionally, macroH2A1 is generally associated with
transcriptionally repressive heterochromatin across autosomes,
where it colocalizes with other heterochromatin marks such as
histone H3 lysine 27 trimethylation (H3K27me3) (21, 22). How-
ever, while macroH2A1 is a component of autosomal heterochro-
matin, it is not generally required for the repression of genes found
in macroH2A1-containing domains (22), similar to the lack of a
general requirement for macroH2A1 in the transcriptional repres-
sion of genes on the Xi chromosome. A growing body of evidence
suggests that macroH2A1 can play either a positive or negative
role in regulating the transcription of genes found in its domains
in a context-specific manner (6, 21–24; reviewed in reference 25).

Macrodomains are ancient domains that have been identified
in proteins from bacteria to humans (26). In macroH2A1-con-
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taining nucleosomes, this extra 25-kDa globular domain can re-
cruit additional effector proteins to macroH2A1-containing chro-
matin in order to facilitate the regulation of gene expression (27–
32). While certain macrodomains have been found to harbor
enzymatic activity (reviewed in reference 33), work from Ladurn-
er’s group and others suggest that most macrodomains are ligand
binding domains for NAD� metabolites such as poly(ADP-ri-
bose) (PAR), a posttranslational modification catalyzed by a fam-
ily of PAR polymerases (PARPs), monomeric ADP-ribose, and
O-acetyl-ADP-ribose, produced as a by-product of sirtuin family
deacetylase reactions (32, 34–38). Ligand binding by macrodo-
mains appears to have two functions that have been identified thus
far. First, ligand binding can alter the affinity of some proteins to
interact with macrodomains. For example, the macrodomain of
macroH2A1.1 interacts specifically with automodified PARP-1 in
a manner that requires the ability of the macrodomain to bind
PAR (32). Second, macrodomains can mediate the recruitment of
factors that contain these domains to genomic sites of PAR accu-
mulation (32, 34, 35).

Here, we report the identification of the transcriptional coacti-
vator proline-, glutamic acid-, and leucine-rich protein 1 (PELP1)
as a novel factor that interacts with the macrodomain of
macroH2A. PELP1, otherwise known as modulator of the non-
genomic activities of estrogen receptor (MNAR), has been shown
to promote estrogen receptor-dependent transcription as both a
classical coactivator and through a controversial plasma mem-
brane signaling mechanism (39, 40). PELP1 is also a chromatin-
associated factor that has been shown to interact with a variety of
transcription factors (e.g., androgen receptor [AR] and glucocor-
ticoid receptor [GR]), covalently modified histone H3, and the
linker histone H1 (41–45). Recently, PELP1 has been shown to
stimulate transcription by displacing the linker histone H1 and/or
by recruiting the lysine demethylase KDM1 to demethylate
H3K9me2 (45). Taken together, these studies suggest that PELP1
is a multifunctional protein that can regulate chromatin-depen-
dent transcriptional processes through a variety of mechanisms.

In the studies described herein, we document the physical and
functional interactions of macroH2A1 with PELP1 using bio-
chemical, genomic, and gene-specific analyses. Our results indi-
cate that macroH2A1 and PELP1 function to cooperatively regu-
late the expression of a common set of target genes.

MATERIALS AND METHODS
Antibodies. The rabbit polyclonal PELP1 and macroH2A1 antibodies
used for Western blotting, chromatin immunoprecipitation coupled with
tiling microarrays (ChIP-chip), and ChIP with quantitative PCR (ChIP-
qPCR) were purchased from Bethyl Laboratories, Inc. (A300-180A), and
Millipore (07-219), respectively. The antibodies were screened for (i)
specificity by Western blotting MCF-7 cell extracts, (ii) the ability to im-
munoprecipitate their cognate antigens from formaldehyde cross-linked
chromatin by a ChIP-Western blotting protocol, and (iii) a reduction in
Western blot signal upon knockdown of PELP1 or macroH2A1. The rab-
bit polyclonal H3 antibody used for Western blotting, ChIP-chip, and
ChIP-qPCR was purchased from Abcam (ab1791-100). The custom rab-
bit polyclonal antibody against PARP-1 used for Western blotting was
generated by using a purified fragment of human PARP-1 (amino termi-
nus, PARP-N; Pocono Rabbit Farm and Laboratory, Inc.) and previously
characterized (46, 47). The rabbit polyclonal nucleolin (NCL; C-23) and
SET antibodies used for Western blotting were purchased from Santa
Cruz Biotechnology, Inc. (sc-13057 and sc-25564, respectively), and the

mouse monoclonal �-actin antibody was purchased from Sigma-Aldrich
(A5316).

Oligonucleotides. Detailed information about the oligonucleotide se-
quences used for the short hairpin RNA (shRNA) constructs, reverse tran-
scription-qPCR (RT-qPCR), and ChIP-qPCR can be found in the supple-
mental material.

GST-macro1.1 pulldown and protein identification. The glutathione
S-transferase (GST)–macro1.1 vector was made by cloning the nonhis-
tone region of macroH2A1.1 (i.e., amino acids 123 to 368) into pGEX-
2TK. The vector was induced in BL21(DE3), and the protein was purified
using glutathione-agarose. GST alone or GST-macro1.1 (2 �g) was pre-
bound to 15 �l of glutathione-agarose in a 150-�l final volume of buffer
containing 20 mM Tris, pH 7.5, 0.1 M NaCl, 0.1 mM EDTA, 5% glycerol,
and 0.1% Tween 20. After 30 min of prebinding, the beads were washed
three times with the same buffer. The GST- or GST-macro1.1-bound
beads were then incubated in a final volume of 150 �l with 250 �g of HeLa
nuclear extract. Where indicated in Fig. 1C, 20 �M ADP-ribose (ADPR)
or NAD� was added to the reaction mixture. The binding reaction mix-
tures were incubated with agitation for 2 h at 4°C. The beads were then
washed three times using the buffer conditions noted above. For Western
blotting, the proteins were eluted directly with SDS and subjected to SDS-
PAGE.

For mass spectrometric identification the bound proteins were eluted
with reduced glutathione (Sigma) and separated by SDS-PAGE. Proteins
excised from gels were digested with trypsin, and the resulting peptide
pools were analyzed by matrix-assisted laser desorption ionization–reflec-
tron time of flight (MALDI-reTOF) mass spectrometry (MS) using a
BRUKER UltraFlex two-stage TOF (TOF/TOF) instrument (Bruker Dal-
tonics, Bremen, Germany) (48, 49). Selected experimental masses (m/z)
were taken to search the human segment of a nonredundant (NR) protein
database (accessed 8 April 2010; �233,131 entries; National Center for
Biotechnology Information, Bethesda, MD), utilizing the Mascot Peptide
Mass Fingerprint (PMF) program, version 2.3.01, for Windows (Matrix
Science, Boston, MA), with a mass accuracy restriction better than 40 ppm
and a maximum of one missed cleavage site allowed per peptide. To con-
firm PMF results with scores of �40, mass spectrometric sequencing of
selected peptides was done by MALDI-TOF/TOF (tandem MS [MS/MS])
analysis on the same prepared samples, using the UltraFlex instrument in
LIFT mode. Fragment ion spectra were taken to search the NR database
using the Mascot MS/MS Ion Search program (Matrix Science, Boston,
MA). Key identified proteins are listed in Table S1 in the supplemental
material.

Luci and PELP1i inducible knockdown constructs. For the Tet-on-
inducible knockdown constructs (inducible luciferase [Luci] and
PELP1i), the pSUPER.retro vector (puromycin resistant) was first modi-
fied by replacing the H1 promoter with one harboring a tetracycline (Tet)
operator sequence from a pTER� vector (50) using BglII and EcoRI re-
striction sites. The resulting vector is termed pSUPER.retro.TO (Tet on).
Double-stranded oligonucleotides containing shRNA sequences targeting
either luciferase (Luc control) or PELP1 were cloned into the pSUPER.
retro.TO (puromycin resistant) vector using BglII and XhoI restriction
sites, as described by the manufacturer. The shRNA sequences were based
on sequences reported in the literature (51, 52) or designed using the
Invitrogen BLOCK-iT RNAi Designer (Grand Island, NY). All constructs
were confirmed by sequencing.

Generation, culture, and treatments of MCF-7-derived cell lines. Pa-
rental MCF-7 human breast cancer cells, kindly provided by Benita Kat-
zenellenbogen, were maintained in Eagle’s minimal essential medium
(MEM) containing Hanks’ salts, L-glutamine, and nonessential amino
acids (Sigma) supplemented with 5% bovine calf serum (CS; Sigma), 20
mM HEPES (pH 7.6), 100 units/ml penicillin, 100 �g/ml streptomycin, 25
�g/ml gentamicin, and 0.22% sodium bicarbonate. The Luc and
macroH2A1 knockdown cell lines used in these studies were generated
and cultured as described previously (22).

For the Tet-on-inducible knockdown system, parental MCF-7 cells
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were stably transfected with a Tet repressor (TetR) cDNA (pcDNA6/TR;
kindly provided by Hans Clevers and H. T. Marc Timmers). Stable trans-
fectants were clonally selected using hygromycin (200 �g/ml), expanded,
and tested for TetR expression and activity by Western blotting and tran-
sient-transfection/luciferase reporter gene assays, respectively (data not
shown). The resulting cell line, termed MCF-7 TetR, was maintained un-
der conditions similar to those described above, with the exception of the
serum (5% Tet-approved fetal bovine serum [Tet FBS]; Clontech) to re-
duce background shRNA expression in the absence of doxycycline
(DOX). The MCF-7 TetR cell line was subsequently used to make the Luci

and PELP1i knockdown cell lines by retroviral infection with the appro-
priate shRNA vectors.

Retroviruses were generated by transfection of the pSUPER.retro or
pSUPER.retro.TO vector described above with an expression vector for
the vesicular stomatitis virus G protein (VSV-G) envelope protein into
Phoenix Ampho cells using GeneJuice transfection reagent (Novagen)
according to the manufacturer’s protocol. The resulting viruses were col-
lected, filtered through a 0.45-�m-pore-size syringe filter to remove any
remaining cells, and used to infect the MCF-7 TetR cells. Stably trans-
duced cells were isolated under appropriate selection with puromycin (0.5
�g/ml; Sigma) or G418 sulfate (800 �g/ml; Gibco/BRL), expanded, and
frozen in aliquots for future use. The cells were grown under subconfluent
conditions for routine maintenance and most experimental procedures.

Luci and PELP1i knockdown cell lines were maintained as noted above
and treated with doxycycline (2 �g/ml; Sigma-Aldrich) to induce the
shRNA expression for a minimum of 9 days. For most experiments, one of
the two shRNAs (number 2) for PELP1 was used as it gave a higher degree
of PELP1 depletion. Both shRNAs were tested in gene-specific expression
studies, however, to determine off-target effects (see Fig. S1 in the supple-
mental material). For ChIP-qPCR and RT-qPCR experiments, only the
Luci and PELP1i conditions with doxycycline (�DOX) were compared
due to the apparent leakiness of the system without doxycycline (�DOX
condition).

Where indicated in Fig. 8, MCF-7 parental, Luc and macroH2A1
knockdown, or Luci and PELP1i knockdown cells were serum starved by
washing the cells in phosphate-buffered saline (PBS) and replacing the
medium with MEM without serum for 24 h or treating the cells with
12-O-tetradecanoylphorbol-13-acetate (TPA; 100 ng/ml) (Enzo Life Sci-
ences) for 3 h (expression assay) or 1.5 h (ChIP assay).

Chromatin immunoprecipitation assays. ChIP assays were per-
formed essentially as described previously (22, 53). The immunoprecipi-
tations were performed from cross-linked parental or knockdown MCF-7
cells with antibodies against macroH2A1, PELP1, or histone H3, using a
no-antibody control. The resulting input and ChIP DNA material was
used for ChIP-chip or gene-specific ChIP-qPCR analyses. In all cases the
DNA recovered from the PELP1 and macroH2A1 ChIPs was well above
the signal seen in our no-antibody controls (see Fig. S2 in the supplemen-
tal material).

ChIP-chip. The ChIP-chip sample processing and analyses were done
essentially as described previously (22, 53). Briefly, PELP1-specific immu-
noprecipitated genomic DNA and reference DNA were blunted, ampli-
fied by ligation-mediated PCR (LM-PCR), labeled with Cy5 and Cy3,
respectively, and used to probe a custom human oligonucleotide genomic
array (Nimblegen) (22, 53). The PELP1 ChIP-chip was run in duplicate to
ensure reproducibility.

Genomic data analyses. The genomic data analyses for the PELP1
ChIP-chip were performed as described previously (22), using the statis-
tical programming language R (R Development Core Team). All data
processing scripts are available on request. Briefly, PELP1-bound regions
(see Table S2 in the supplemental material) were defined as at least three
consecutive windows with (i) positive means, (ii) at least six probes, and
(iii) a P value of �0.016. PELP1-unbound regions were defined as at least
three consecutive windows with (i) negative means, (ii) at least six probes,
and (iii) a P value of �0.016.

For PELP1-macroH2A1 genomic comparisons, the macroH2A1 data

set was accessed from the National Institutes of Health Gene Expression
Omnibus (GEO) Database using accession number GSE9607. For expres-
sion-based classification of genes, MCF-7 expression microarray data
were accessed from the National Institutes of Health GEO Database using
accession number GSE9253, and expressed genes were divided into pen-
tiles based on the degree of expression. The data were then compared to
the genes represented on the ChIP-chip array, as described previously
(22).

For gene ontology (GO) analyses, specific gene lists were entered into
the Generic Gene Ontology Term Finder (http://go.princeton.edu/cgi
-bin/GOTermFinder/GOTermFinder). A multiple-testing-corrected P
value of 0.002 was used as the cutoff for significant enrichment. Specifi-
cally, we considered genes (i) bound by PELP1 (independent of macroH2A1
status), (ii) bound by macroH2A1 (independent of PELP1 status), (iii) bound
by both PELP1 and macroH2A1, (iv) bound by PELP1 and not by
macroH2A1, and (v) bound by macroH2A1 and not by PELP1. The gene lists
can be found in Table S3 in the supplemental material.

For the multiple ChIP-chip correlation analysis, 362 ChIP-chip data
sets were accessed from the National Institutes of Health GEO Database
using criteria described previously (22). The data were processed with
1-kb windows identical to those of the macroH2A1 and PELP1 data sets,
and Spearman correlations were determined between PELP1 and each
factor. A correlation coefficient of �0.20 and a P value of �10�100 were
used as cutoffs for significant correlation. The full list of GEO accession
numbers and analysis can be found in Table S4 in the supplemental ma-
terial.

mRNA expression analyses by RT-qPCR. For gene-specific mRNA
expression analyses, total RNA was isolated using TRIzol reagent (Invit-
rogen), reverse transcribed, and subjected to real-time quantitative PCR
using a set of gene-specific primers (primer sequences can be found in the
supplemental material). All target gene transcripts were normalized to the
�-actin transcript, which was unaffected by macroH2A1 or PELP1 knock-
down (data not shown). All experiments were conducted a minimum of
three times with independent RNA isolations to ensure reproducibility.

Quantitative PCR analyses (RT-qPCR and ChIP-qPCR). Gene-spe-
cific mRNA expression and ChIP analyses were analyzed by quantitative
PCR in a similar manner. Briefly, reaction mixtures containing DNA from
either source, 1	 SYBR green PCR master mix, and forward and reverse
primers (250 nM for ChIP and 500 nM for expression assays) were used in
40 to 45 cycles of amplification (95°C for 15 s and 60°C for 1 min) using a
Roche LightCycler 480 system (384-well) following an initial 10-min in-
cubation at 95°C. Melting curve analysis was performed to ensure that
only the targeted amplicon was amplified.

Statistical analyses. For the ChIP-qPCR and RT-qPCR assays shown
in Fig. 5 to 8 and in Fig. S1, S3, S4, S5, and S10 in the supplemental
material, a paired Student t test with a P value threshold of �0.05 was used
to determine the significance of differences between the control and ex-
perimental samples. The enrichment test shown in Fig. 3 was determined
using a Fisher exact test.

Microarray data accession number. Detailed information about the
genomic regions included on the custom array and the data from the
hybridizations described in this study can be accessed from the National
Institutes of Health GEO Database (http://www.ncbi.nlm.nih.gov/geo)
under accession number GSE22254.

RESULTS
GST pulldown using the macrodomain of the histone variant
macroH2A1.1 reveals interactions with a set of nuclear proteins.
Our previous work demonstrated that macroH2A1-containing
chromatin can both positively and negatively regulate the expres-
sion of its target genes in a context-specific manner. The histone
variant macroH2A1.1, depicted in Fig. 1A, consists of a canonical
histone H2A region, followed by a basic linker and a globular
macrodomain. The macrodomain of macroH2A is the most strik-
ing feature differentiating macroH2A1-containing nucleosomes
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from canonical nucleosomes. At �25 kDa, the globular macrodo-
main extends near the dyad axis of the nucleosome and makes
minimal contact with DNA (54), suggesting that the macrodo-
main may make important protein-protein interactions that facil-
itate the regulation of transcription by macroH2A1. To identify
the proteins interacting with this macrodomain, we performed a
GST pulldown assay using the basic linker and macrodomain re-
gions of macroH2A1.1 (GST-macro1.1) as bait (Fig. 1B). GST
alone or GST-macro1.1 was immobilized using glutathione affin-
ity resin and incubated with or without HeLa nuclear extract.
After the resin was washed, the bound fraction was eluted from the
resin using glutathione. The eluates were separated by SDS-PAGE
and visualized by silver staining. GST-macro1.1-specific protein
bands were excised from the gel and trypsinized, and protein frag-
ments were identified by mass spectrometry.

The GST-macro1.1-interacting proteins we identified are
chromatin associated and nucleolar components that participate
in cellular activities such as transcription, ribosome biogenesis/
export, RNA maturation, protein chaperoning, and maintenance
of chromatin structure (see Fig. S3 and Table S1in the supplemen-
tal material). Notably, both poly(ADP-ribose) polymerase 1
(PARP-1) and proline-, glutamic acid-, and leucine-rich protein 1
(PELP1) were identified as factors that interact with the macrodo-
main of macroH2A1.1. PARP-1 has previously been identified as a
factor that interacts with the macroH2A macrodomain (30–32),
validating our results. PELP1 is a nuclear protein (�160 kDa) and
has been shown to modulate both genomic and nongenomic ac-
tivity of nuclear receptors through interactions with nuclear pro-
teins (e.g., histone deacetylase 2 [HDAC2], SUMO2, estrogen re-
ceptor 
 [ER
], AR, GR, retinoid X receptor alpha [RXRA], and
STAT3) (41–43, 55–58) and chromatin components (i.e., H1 and
H3) (44, 45) involved in transcriptional regulation.

Previous findings indicate that the interaction of macroH2A1.1
and PARP-1 is modulated by the macrodomain ligand, ADP-ri-
bose (ADPR) (32). We hypothesized that macroH2A1 and PELP1

may interact in a similar manner. To test this, the GST pulldown
assay was repeated in the presence of the macrodomain ligand
ADPR or NAD� as a control (Fig. 1C). Using Western blot anal-
yses, we were able to confirm the specific interactions of both
PARP-1 and PELP1 with GST-macro1.1 compared to those with
GST alone. As previously shown (32), PARP-1 binding was lost in
the presence of ADPR but not in the presence of NAD�. However,
we found that the PELP1 interaction with GST-macro1.1 was not
interrupted in the presence of either ADPR or NAD�. These re-
sults demonstrate that PELP1 interacts with the macrodomain of
macroH2A1 in an ADPR-independent manner.

The ability of PELP1 to bind to macroH2A1.1’s non-histone-
like region in an ADPR-independent manner suggests that PELP1
may be interacting with macroH2A1.1 in a region distinct from its
macrodomain, such as the basic linker region (Fig. 1A). To test
this, we used GST fused to the macrodomain of macroH2A1.1
without the linker region as bait in a PELP1 interaction assay. We
found that the macrodomain of macroH2A1.1 alone is sufficient
for binding to PELP1 (see Fig. S4A and B in the supplemental
material). In addition, the ADPR-insensitive binding of PELP1 to
macroH2A1.1 suggested that PELP1 may be able to interact with
other macroH2A1 isoforms. Using GST pulldown assays similar
to those described above, we determined that PELP1 binds to
macroH2A1.2 and macroH2A2 even more strongly than it does to
macroH2A1.1 (see Fig. S4A and B).

PELP1 occupies large chromatin domains in the MCF-7 ge-
nome and is enriched in macroH2A1-bound regions. Recently,
we reported the genomic localization patterns of macroH2A1 in
MCF-7 cells using chromatin immunoprecipitation (ChIP) cou-
pled to genomic tiling microarrays (i.e., ChIP-chip) (22). Those
results indicated that macroH2A1 occupies large chromatin do-
mains and that the boundaries of those occupied regions are near
transcription start sites. For a subset of genes, macroH2A1-bound
regions occupy the transcribed region. Since our in vitro assay
suggested that macroH2A1 and PELP1 interact, we sought to de-

FIG 1 PELP1 interacts with the macrodomain of the histone variant macroH2A1.1 in an ADPR-independent manner. (A) Schematic diagram of the histone
variant macroH2A1.1 and GST-tagged macrodomain. The histone H2A-like region (H2A), macrodomain, and the basic linker region are shown. The GST-
macro1.1 fusion consists of GST fused to the nonhistone regions only. GST alone, used as a control, is shown for comparison. (B) Silver-stained image of
GST-macro1.1-interacting proteins from a GST pulldown assay. HeLa nuclear extract (NE) was added as indicated. GST-macro1.1-specific protein bands were
excised from the gel and identified by mass spectrometry. Macrodomain-interacting proteins, PELP1 and PARP-1, are shown. The full data set of identified
proteins can be found in Fig. S3 and Table S1 in the supplemental material. (C) Western blots for PARP-1 and PELP1 from GST pulldown assay as described for
panel B. ADPR or NAD� at 20 �M was added as indicated.
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termine if PELP1 associated with chromatin with a genomic local-
ization pattern similar to that of macroH2A1.

We chose to study the interaction of macroH2A1 and PELP1 in
MCF-7 cells for several reasons. First, our previous studies pro-
vided detailed information about the occupancy of macroH2A1
(predominantly macroH2A1.2) across a broad sampling of the
genome (22). Second, compared to macroH2A1.1, PELP1 binds
more strongly to macroH2A1.2 (see Fig. S4B in the supplemental
material), which is the predominant macroH2A isoform in
MCF-7 cells (22). Finally, the predominant expression of
macroH2A1.2 in MCF-7 breast cancer cells recapitulates the loss
of macroH2A1.1 seen in several types of cancer, including breast
cancer (10, 12–14).

Using an antibody specific for PELP1, we performed ChIP-
chip experiments in MCF-7 cells using a custom-designed
Nimblegen platform, previously described (22, 53), representing
4.14 Mb of genomic DNA including 1,829 gene promoters typi-
cally tiled from kb �25 to �5 surrounding the transcription start
sites (TSSs). Using our previously defined criteria (22), we deter-
mined that PELP1 significantly bound over 1,953 regions on the
array, ranging in size from 1.5 to 7.5 kb (average, �1.9 kb) and
covering �9% of the genome represented on the array. In total,
PELP1 is found within 3 kb of the TSS for 257 (14.1%) genes on
the array.

We compared the binding pattern of PELP1 to our previously
published macroH2A1 ChIP-chip data set (National Institutes of
Health GEO accession number GSE9607). Comparisons across
several genomic loci, including all 44 ENCODE regions (59), re-
vealed a striking correspondence between the PELP1 and
macroH2A1 genomic occupancy (Fig. 2; see also Fig. S5 and S6 in
the supplemental material). In order to determine if macroH2A1
and PELP1 associated with similar genomic regions on a global
scale, we depicted each ChIP-chip data set as a heat map in which
each row corresponds to the macroH2A1 or PELP1 ChIP-chip
signal from kb �25 to �5 relative to the TSS for each TSS repre-
sented on the array. When the data from both heat maps are or-
dered for increasing average intensity of PELP1, an obvious cor-
respondence between the two data sets can be observed (Fig. 3A).
This pattern is also clearly evident by an averaging analysis of all
TSSs represented on our array (Fig. 3B). As would be expected
from these results, there is a significant correlation between the
global localization pattern of macroH2A1 and PELP1 (Spearman
correlation coefficient of �0.53; P value of �10�300). Further
analysis indicated that 67.7% of the PELP1-bound regions overlap
macroH2A1-containing domains (Fig. 3C). In fact, there is a
greater than 27-fold enrichment of PELP1 binding in
macroH2A1-containing regions of the genome (P value of
�10�300) (Fig. 3D). Finally, of the 257 genes marked by PELP1
occupancy, 200 (78%) are cooccupied by macroH2A1. Overall,
these data indicate that there is a tight statistical association be-
tween PELP1 and macroH2A1 binding across a broad sampling of
the genome. Combined with the interaction data shown in Fig. 1,
these data support the hypothesis that macroH2A1 and PELP1 are
interacting with each other over many regions.

Despite the strong statistical enrichment of PELP1 in
macroH2A1-containing domains, we were not able to detect
PELP1 at all sites of macroH2A1 deposition in MCF-7 cells. In
fact, PELP1 occupies only 29% of macroH2A1-bound regions
(Fig. 3C). Additionally, 22% of PELP1-bound genes do not con-
tain significant levels of macroH2A1 within 3 kb of the TSS. The

lack of complete overlap of PELP1 and macroH2A1 binding may
indicate that PELP1 binding functionally distinguishes a subset of
macroH2A1-containing regions. Alternatively, these differences
could be due to the reduced efficiency of the PELP1 ChIP com-
pared to that of macroH2A1. To examine these possibilities, we set
out to determine if PELP1 has a similar correlation to gene expres-
sion, histone marks, and gene ontology as previously observed for
macroH2A1 (22).

MacroH2A1 is negatively correlated with gene expression in

FIG 2 A comparison across several genomic loci reveals a striking correspon-
dence between PELP1 and macroH2A1. Browser tracks show the log2 ratios of
PELP1 and macroH2A1 ChIP-chip signals from MCF-7 cells across represen-
tative genomic regions represented on our custom-designed ChIP-chip array.
The genomic locations are shown, and the position and orientation of NCBI
Reference Sequence (RefSeq) genes are depicted below each track. The
genes are color coded according to expression microarray data: green, ex-
pressed; blue, unexpressed; gray, ambiguous. (A) Data from a representa-
tive ENCODE region. (B) Data from a region centered at the SOCS2 locus.
Chr, chromosome.
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both IMR90 cells and MCF-7 cells (22). By calculating the average
macroH2A1 and PELP1 ChIP-chip signal within 3 kb of all TSSs
and comparing the result to previously published Affymetrix ex-
pression data from MCF-7 cells (60), we determined that, similar
to macroH2A1 (correlation coefficient of �0.25, P value of 2 	
10�23), PELP1 (correlation coefficient of �0.17, P value of 7.7 	
10�12) is significantly negatively correlated with gene expression
(Fig. 3E).

Previous gene ontology analysis determined that macroH2A1-
containing domains are enriched for genes that are involved in
developmental processes and signaling events. MacroH2A1-con-
taining genes also often encode proteins that are secreted from the
cell (22). We performed a similar gene ontology analysis for
PELP1-bound genes, as well as for the genes that are bound by
both macroH2A1 and PELP1. We found that PELP1-bound genes
are enriched for a similar set of ontological processes (Table 1; see
also Table S3 in the supplemental material).

Previously, we correlated macroH2A1 occupancy to 362
publicly available ChIP-chip data sets and determined that
macroH2A1 positively correlates with heterochromatic his-
tone marks, including histone H3 lysine 27 trimethylation
(H3K27me3), while negatively correlating with active transcrip-
tion marks, such as RNA polymerase II (Pol II) (22). By perform-

ing a similar analysis for PELP1 (Fig. 4A; see also Table S4 in the
supplemental material), we found that, like macroH2A1, PELP1
positively correlates with the repressive H3K27me3 histone mark
and negatively correlates with marks of active transcription (e.g.,
RNA Pol II) for ChIP-chip data derived from MCF-7 cells (Fig.
4B), suggesting that these two factors may be involved in similar
functions. However, PELP1 also correlates with factors and his-
tone marks independent of macroH2A1 (e.g., histone 3 lysine 9
trimethylation [H3K9me3]) (Fig. 4B).

Overall, these analyses demonstrate that PELP1 and macroH2A1
have highly similar patterns of genomic occupancy. While bound
to a subset of macroH2A1-containing regions, PELP1 genomic
association correlates with gene expression, histone marks, and
functional classes of genes in a manner that is highly similar to that
of macroH2A1. Taken together, the results from our GST pull-
down and ChIP-chip analyses suggest that PELP1 and
macroH2A1 interact with each other and colocalize across a broad
sampling of the genome of MCF-7 cells.

PELP1 is recruited to the genome by macroH2A1, but
macroH2A1 occupancy is independent of PELP1. The high de-
gree of coincidence between macroH2A1 and PELP1 genomic oc-
cupancy led us to explore the hypothesis that macroH2A1 func-
tions in recruiting PELP1 to the genome. In order to determine the

FIG 3 PELP1 is significantly enriched in macroH2A1-bound regions and is also negatively correlated with gene expression. (A) Heat maps showing macroH2A1
and PELP1 ChIP-chip data across 2,149 promoters, tiled from kb �25 to �5 surrounding the transcription start sites. The promoters are ordered for average
PELP1 intensity. (B) Averaging analysis of the log2 enrichment ratios for all windows from macroH2A1 (red) and PELP1 (blue) ChIP-chip data along the 30-kb
regions represented on the array. Histone H3 (green) ChIP-chip data are shown for comparison. IP, immunoprecipitation. (C) Venn diagram representing the
number of well-tiled windows bound by macroH2A1, PELP1, or both (Intersection). PELP1-bound regions, defined as consecutive windows bound by PELP1,
can be found in Table S2 in the supplemental material. (D) Histogram depicting the fractions of macroH2A1 bound or unbound regions that are also bound by
PELP1. The enrichment value (E) and P value from a Fisher exact test are shown. (E) Histogram depicting the average log2 ratios of PELP1 and macroH2A1 signal
within 3 kb of the TSS at genes within each pentile of expression, as determined using expression microarray data in MCF-7 cells. The overall correlation
coefficient (c.c.) and corresponding P value for PELP1 and macroH2A1 with gene expression are shown. mH2A1, macroH2A1.
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effect of macroH2A1 knockdown on the localization of PELP1, we
used an shRNA-mediated stable macroH2A1 knockdown cell line
described previously (22). MacroH2A1 knockdown did not alter
the overall levels of PELP1 in MCF-7 cells (Fig. 5A) compared to
the luciferase (Luc) knockdown control. For our ChIP assays, we
focused on gene promoters previously shown to contain and be
regulated by macroH2A1 (22). At these promoters, knockdown of
macroH2A1 significantly decreased macroH2A1 levels, as would
be expected (Fig. 5B). We were able to confirm the occupancy of

PELP1 at these gene promoters, as predicted from the ChIP-chip
data. Interestingly, at all regions tested, we observed that PELP1
genomic occupancy decreased upon macroH2A1 knockdown
(Fig. 5C), a finding independent of nucleosome loss (see Fig. S7 in
the supplemental material), suggesting that macroH2A1 is re-
quired to recruit PELP1 to chromatin. Additionally, we observed
that occupancy of PELP1 at macroH2A1-bound genes in A549
lung cancer cells was also reduced upon depletion of macroH2A1
(see Fig. S8), indicating that the interaction between macroH2A1
and PELP1 is a general feature and not specific to MCF-7 cells.

To determine whether macroH2A1 deposition was recipro-
cally dependent on PELP1, we used an analogous set of experi-
ments. We developed a PELP1 knockdown cell line in MCF-7 cells
to compare macroH2A1 promoter occupancy in control versus
PELP1 knockdown cells. Our initial attempts to create a stable cell
line using shRNA-mediated knockdown of PELP1, much like that
shown above for macroH2A1, were unsuccessful as PELP1 expres-
sion reverted to wild-type levels after only a couple of passages
(data not shown). In an alternative approach, we developed a Tet-

FIG 4 PELP1 occupancy correlates with heterochromatic chromatin marks
and negatively correlates with active chromatin marks. (A) Volcano plot of
Spearman’s correlation coefficient for the PELP1 ChIP-chip data with each of
362 ChIP-chip data sets versus the corresponding significance score (�log2 P
value). The gray boxes depict the data sets that positively or negatively correlate
with PELP1 occupancy using a correlation coefficient of �0.20 and P value of
�10�100 as cutoffs of significance. The full analysis can be found in Table S4 in
the supplemental material. (B) Correlation coefficients for factors positively or
negatively correlating with PELP1 genomic localization in MCF-7 cells from
the gray areas within the graph in panel A. The corresponding data for
macroH2A1 are shown for comparison.

TABLE 1 Summary of the most significant gene ontology terms
enriched in genes with macroH2A1, PELP1, or both within 3 kb
surrounding the TSS

Gene group and gene ontology terma Aspectb

Corrected
P value

MacroH2A1-bound genesc

Multicellular organismal process BP 4.46 	 10�5

System development BP 7.44 	 10�5

Multicellular organismal development BP 0.00011
Anatomical structure development BP 0.00087
Developmental process BP 0.00103
Organ development BP 0.00288
Regulation of localization BP 0.00342
Signaling BP 0.00663
Cell surface receptor linked signaling pathway BP 0.00948
Extracellular region CC 2.60 	 10�7

Extracellular region part CC 1.82 	 10�5

Pattern binding MF 0.00072
Polysaccharide binding MF 0.00072
Glycosaminoglycan binding MF 0.00200

PELP1-bound genesd

Multicellular organismal process BP 0.00020
Cell surface receptor linked signaling pathway BP 0.00878
Extracellular region part CC 0.00071
Proteinaceous extracellular matrix CC 0.00128
Extracellular matrix CC 0.00175

MacroH2A1- and PELP1-bound genese

Multicellular organismal development BP 4.74 	 10�5

Organ development BP 0.00023
Multicellular organismal process BP 0.00024
Developmental process BP 0.00026
System development BP 0.00142
Anatomical structure development BP 0.00216
Extracellular region part CC 0.00011
Proteinaceous extracellular matrix CC 0.00022
Extracellular matrix CC 0.00023
Extracellular region CC 0.00645

a The enrichment of gene ontology terms in genes with macroH2A1-bound or PELP1-
bound regions found within 3 kb of the TSS in MCF-7 cells was compared with all
other genes represented on the ChIP-chip array for all three ontology aspects. Gene
ontology terms were generated using the Generic Gene Ontology Term Finder (http:
//go.princeton.edu/cgi-bin/GOTermFinder/GOTermFinder), as described previously
(22, 79).
b The aspects covered are biological process (BP), cellular component (CC), and
molecular function (MF).
c The genes that correspond to macroH2A1-bound regions used for this analysis are
irrespective of PELP1 status and can be found listed in Table S3 in the supplemental
material.
d The genes that correspond to PELP1-bound regions used for this analysis are
irrespective of macroH2A1 status and can be found listed in Table S3 in the
supplemental material.
e The genes that correspond to both macroH2A1 and PELP1 bound regions used for
this analysis can be found listed in Table S3 in the supplemental material.
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on-inducible knockdown system where treatment of doxycycline
(DOX) induced the expression of shRNA in MCF-7 cells via a
Tet-responsive promoter. Using this system, we created MCF-7
cells stably expressing both the Tet repressor (TetR) and either a
DOX-responsive Luc or PELP1 shRNA.

The resulting inducible knockdown cell lines, Luci and PELP1i,
were treated with DOX or left untreated (see Materials and Meth-
ods) and tested for cellular PELP1 levels by Western blotting. As
expected, DOX treatment induced shRNA expression, leading to a
decrease in PELP1 protein by �80% compared to the Luc control
(Fig. 6A). Notably, PELP1 knockdown did not have an effect on

FIG 5 PELP1 is recruited to gene promoters by macroH2A1. (A) Western blot
showing the shRNA-mediated depletion of macroH2A1 in MCF-7 cells com-
pared to luciferase (Luc) knockdown cells. �-Actin and histone H3 were also
analyzed as loading controls. (B and C) The occupancy of macroH2A1 (B) and
PELP1 (C) was examined by ChIP analyses in the Luc and macroH2A1 knock-
down cell lines. Values represent means plus standard errors of the means
(error bars) from three or more independent determinations. All changes in
occupancy for macroH2A1 and PELP1 upon macroH2A1 knockdown are sta-
tistically different from control cell line values, as determined by Student’s t
test with a P value threshold of �0.05, and are marked with an asterisk. WCE,
whole-cell extract; AEP, acid-extracted pellet; Luc, luciferase; mH2A1,
macroH2A1; KD, knockdown.

FIG 6 MacroH2A1 deposition is independent of PELP1. (A) Western blot
showing the doxycycline-inducible shRNA-mediated depletion of PELP1 in
MCF-7 cells compared to luciferase (Luc) knockdown cells. �-Actin and his-
tone H3 were also analyzed as loading controls. Only the �DOX condition
(lanes marked with arrows) for Luci and PELP1i was analyzed for gene-specific
experiments. (B and C) The occupancy of macroH2A1 (B) and PELP1 (C) was
examined by ChIP analyses in the Luci and PELP1i knockdown cell lines.
Values represent the means plus standard errors of the means (error bars) from
three or more independent determinations. All changes in occupancy for
PELP1 upon PELP1 knockdown are statistically different from the control cell
line values, as determined by Student’s t test with a P value threshold of �0.05,
and are marked with asterisks. Luc, luciferase; mH2A1, macroH2A1; KD,
knockdown; DOX, doxycycline; i, inducible.
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total cellular levels of macroH2A1 (Fig. 6A). We performed ChIP
assays at the same promoter regions using our inducible knock-
down cell lines to determine if macroH2A1 localization was al-
tered in response to PELP1 depletion. Upon PELP1 knockdown,
macroH2A1 recruitment remained constant even though PELP1
levels at the promoters were significantly reduced (Fig. 6B and C).
These results demonstrate that while macroH2A1 genomic occu-
pancy occurs independent of PELP1 recruitment, macroH2A1 is
required in order to recruit PELP1 to the chromatin.

PELP1 regulates a subset of macroH2A1-regulated genes in a
similar manner to macroH2A1 in both basal and signal-regu-
lated transcription. Thus far, our results demonstrate that
macroH2A1 interacts with PELP1 and is responsible for the re-
cruitment of PELP1 to target gene promoters. We hypothesized
that these genes, previously shown to be regulated by macroH2A1
(22), would also be regulated by PELP1. We examined the expres-
sion levels of macroH2A1-regulated genes in Luci and PELP1i

knockdown cell lines by RT-qPCR. Our analyses show that PELP1
knockdown alters the expression levels of a subset of macroH2A1-
regulated genes (Fig. 7). Interestingly, the direction of regulation
is similar to that of macroH2A1 knockdown, which is shown for
comparison (data from Gamble et al. [22]). This suggests that
both macroH2A1 and PELP1 are required for proper expression
of a subset of genes.

We previously reported that macroH2A1 could also partici-
pate in signal-regulated transcription. As a model, we investigated
both serum starvation and TPA signaling systems and showed that
macroH2A1 can function both positively and negatively in
regulated signal-induced transcription (22, 25). Specifically,
macroH2A1 potentiates the response of serum starvation-in-
duced genes found in macroH2A1 domains. Additionally,

macroH2A1 abrogates the expression of TPA-responsive genes
found in these domains. We asked whether PELP1 could modu-
late transcription in the same signaling pathways. To test this, we
considered TPA- or serum starvation-induced genes whose ex-
pression patterns were altered upon macroH2A1 knockdown
(Fig. 8; see also Fig. S9 in the supplemental material). We assayed
the mRNA levels of these genes upon Luci and PELP1i knock-
down. PELP1 involvement in signal-regulated transcription was
limited to a subset of genes, as shown under resting conditions.
For example, knockdown of PELP1 further enhanced the expres-
sion of the TPA-induced CCL2 gene similarly to macroH2A1
knockdown but had no effect on AREG expression (Fig. 8A). In
addition, like macroH2A1, PELP1 occupancy upon TPA treat-
ment was reduced downstream of the TSS at the CCL2 promoter
(Fig. 8B) (25) but not at the AREG promoter. This result is not due
to nucleosome loss as H3 levels remain constant (see Fig. S10A in
the supplemental material). In the case of serum starvation,
PELP1 acts similarly to macroH2A1 at the SOCS2 promoter but
not at the ASCL1 promoter although the effects were less striking
(see Fig. S9 and S10B) (22). Taken together, these results demon-
strate that PELP1 modulates a subset of macroH2A1-regulated
genes in a manner similar to macroH2A1 in both basal and signal-
regulated systems.

DISCUSSION

The histone variant macroH2A1 can both positively and nega-
tively regulate target genes within macroH2A1-containing chro-
matin in a context-specific manner (6, 21–23, 25). However, the
mechanism by which macroH2A1 regulates the expression of its
target genes has yet to be fully elucidated. As the distinguishing
feature of macroH2A1, the large globular macrodomain plays a
key role in determining the specific context in which an underly-
ing gene will be modulated through specific recruitment and
physical interaction of effector proteins. Here, we identify a chro-
matin-associated transcriptional coregulator, PELP1, as a novel
interacting protein of the macrodomain of macroH2A1. Collec-
tively, our biochemical, genomic, and gene-specific analyses sug-
gest that macroH2A1 specifically recruits PELP1 to the genome.
Together, they cooperatively regulate a subset of macroH2A1 tar-
get genes.

The macrodomain of macroH2A1 interacts with chromatin-
associated and nucleolar components. Our GST pulldown assay
identified a host of novel macrodomain-interacting factors that
can be classified into two categories: those that are chromatin-
associated and those that are nucleolar components (Fig. 1B; see
also Fig. S3 and Table S1 in the supplemental material). The chro-
matin-associated factors (PELP1, PARP-1, WDR18, and SET) are
involved in cellular processes such as transcription and chromatin
maintenance, while the nucleolar components (TCOF1, NCL,
NPM1, MDN1, DDX46, TEX10, and Nol9) are generally involved
in transcription, ribosome biogenesis/export, protein chaperon-
ing, and RNA processing. The identification of these proteins fits
well with emerging evidence that macroH2A1 is involved in reg-
ulating autosomal genes as many of these proteins are known to
function in various aspects of transcriptional control. It is inter-
esting that PELP1 and PARP-1 have also been shown to interact
with proteins of the same family as those we identified interacting
with the macrodomain of macroH2A1. For example, PELP1 can
interact with WDR5 as part of the MLL1 complex (61, 62) or
members of the DEAD box RNA helicase and AAA ATPase family

FIG 7 PELP1 knockdown alters the mRNA levels of a subset of macroH2A1-
regulated genes in a similar manner to macroH2A1. Previously identified
macroH2A1-regulated genes (22) were analyzed for changes in mRNA levels
upon PELP1i knockdown. Total RNA from Luci or PELP1i knockdown cells
(�DOX) was isolated, reverse transcribed, and subjected to qPCR using gene-
specific primers. The effect of macroH2A1 knockdown (data from Gamble et
al. [22]) is shown for comparison. Values represent the means plus standard
errors of the means (error bars) from three or more independent determina-
tions. Bars marked with asterisks are statistically different from the value of the
luciferase knockdown control, as determined by Student’s t test with at P value
threshold of �0.05. mH2A1, macroH2A1.
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members (63), which are involved in RNA processing. Addition-
ally, PARP-1 has been shown to interact with nucleolar proteins
and transcriptional coregulators (nucleolin and nucleophosmin)
in a number of contexts (64–66). Recent studies have shown that
PELP1 enhances ribosomal DNA (rDNA) transcription (67) and
functions in a complex with WDR18, TEX10, and a nucleolar
deSUMOylating enzyme to control rRNA processing and ribo-
some biogenesis (68). Most recently, macroH2A1 has been shown
to repress rRNA gene transcription (69). Collectively, these results
highlight the shared functions of macroH2A, PELP1, and
PARP-1, which are supported by interactions with each other as
well as with common binding partners.

PELP1 is recruited to specific chromatin environments. His-
tone posttranslational modifications exert their effects by recruit-
ing transcriptional coregulators that specifically recognize those
marks. PELP1 has recently been shown to associate with
H3K9me2 and H3K4me2 (45). Furthermore, PELP1 can also re-
cruit additional chromatin-modifying enzymes to the sites where
it is found. For example, PELP1 has been shown to recruit KDM1
(lysine demethylase 1) and HDAC2 to nucleosomes (41, 45). We
show that PELP1-bound regions correlate with the histone mod-
ifications H3K27me3 and H3K9me3 and repressive transcription
factors (e.g., ZNF217) (Fig. 4), all of which are known to generally
mark heterochromatic chromatin and/or participate in the re-
pression of gene expression (70, 71).

Similar to histone modifications, histone variants can also

mark chromatin to specify positive or negative gene expression
outcomes by recruiting specific effector proteins necessary to fa-
cilitate these outcomes. We demonstrate that PELP1 is broadly
recruited to macroH2A1-containing chromatin across a broad
sampling of the genome. These data suggest that PELP1 has alter-
native modes of interacting with chromatin. It is able to interact
with specific histone PTMs (e.g., H3K9me2 and H3K4me2) and
can also specifically recognize macroH2A1-containing nucleo-
somes. Furthermore, given the inclination of PELP1 to interact
with histone-modifying enzymes (e.g., KDM1, HDAC2, p300/
CBP [40, 41, 45]), it is possible that recruitment of PELP1 to
macroH2A1-containing regions of the genome leads to further
chromatin modifications. Further experiments are required to de-
termine the role of PELP1 in further modifying macroH2A1-con-
taining chromatin structure.

PELP1 and macroH2A1 are context-specific transcriptional
coregulators. For quite a while, macroH2A1 was exclusively con-
sidered a transcriptionally repressive histone mark. Recent work
from our lab and from others has determined that macroH2A1
can function as a positive or negative regulator of transcription
depending on the specific context (22, 25, 72). While originally
identified as a coactivator for the estrogen receptor alpha (ER
)
(40), PELP1 is now known to function as a coactivator for several
transcription factors including ER
, ER�, and RXR (40, 58), dem-
onstrating that, like macroH2A1, PELP1 also modulates tran-
scription in context-specific ways. Conversely, recent studies sug-

FIG 8 PELP1 acts to repress the transcriptional induction of the TPA-responsive gene CCL2. (A) RT-qPCR of CCL2 and AREG from Luc and macroH2A1
knockdown cells and Luci and PELP1i knockdown cells (�DOX) treated with vehicle (�) or with 100 nM TPA (�) for 3 h. Values represent the means plus
standard errors of the means (error bars) from three or more independent determinations. Bars marked with asterisks are statistically different from the value for
the corresponding TPA-treated luciferase knockdown control (Luc, in the case of macroH2A1; Luci in the case of PELP1i), as determined by Student’s t test with
a P value threshold of �0.05. The Luc and macroH2A1 knockdown data for AREG are from Gamble et al. (22). (B) MacroH2A1 and PELP1 ChIP assays were
performed from parental MCF-7 cells treated with vehicle (�) or 100 nM TPA (�) for 1.5 h. Primers were designed to target regions upstream and downstream
of the TSS. Values represent the means plus standard errors of the means (error bars) from three or more independent determinations. Bars marked with asterisks
are statistically different from the value for the vehicle treated control, as determined by Student’s t test with at P value threshold of �0.05. The macroH2A1 ChIP
data for AREG are from Gamble et al. (22). Luc, luciferase; mH2A1, macroH2A1; i, inducible; U, upstream of the TSS; D, downstream of the TSS.
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gest that PELP1 can also function as a transcriptional corepressor
in concert with several transcription factors, including GR, AP1,
NF-�B, and serum response factor (SRF) (41, 73). Therefore,
PELP1 can either positively or negatively regulate gene expression
in a context-specific fashion. The coordinated regulation of
PELP1 and macroH2A1 target gene expression described above
demonstrates a connection between the determinants that specify
these factors as transcriptionally permissive or repressive. Specif-
ically, at genes coregulated by macroH2A1 and PELP1, if one fac-
tor supports target gene expression, so does the other and vice
versa.

Macrodomains have been identified as ligand binding domains
for NAD� metabolites such as PAR, ADPR, and O-acetyl-ADPR
(reviewed in reference 37; 32, 34–36, 38). This action may change
(i) the affinity of macrodomain-interacting proteins or (ii) the
recruitment of factors containing these domains to genomic sites
of PAR accumulation (32, 34, 35). While PARP-1 has previously
been shown to associate with the macrodomain of macroH2A1 in
a manner dependent on macroH2A1’s ability to bind NAD� me-
tabolite ligands (e.g., ADP-ribose), the interaction with PELP1 is
unaffected by ADPR binding (Fig. 1C). So, what modulates the
interaction of PELP1 with the macrodomain of macroH2A1? In
addition, this finding brings up an interesting question of whether
or not PELP1 interacts with other macrodomain-containing pro-
teins. Interestingly, both PELP1 and macroH2A1 are subject to a
variety of posttranslational modifications (57, 62, 74–77), which
may modulate the ability of these factors to interact. Further stud-
ies are required to determine the mechanisms that regulate these
interactions.

While there is much that remains to be elucidated about the
concerted roles of macroH2A1 and PELP1 in transcriptional reg-
ulation of target genes, one major question centers around iden-
tifying the determinants that allow macroH2A1 and PELP1 to
function as transcriptional activators and those specific for tran-
scriptional repression. One possibility is that further histone mod-
ifications are required to specify direction of macroH2A1/PELP1-
mediated transcriptional outcomes. In addition, macroH2A1 and
PELP1 are themselves targets of various covalent modifications
(reviewed in references 77 and 78), which may play a role in de-
termining the direction of regulation. Alternatively, the specific
transcription factors that bind near (or are specifically recruited
to) macroH2A1/PELP1 positively and negatively regulated genes
may be very different. Understanding the mechanisms that regu-
late the context-specific transcriptional outcomes mediated by
PELP1 and macroH2A1 will lead to a greater understanding of
how particular chromatin states regulate gene expression.
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