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Transcription factors MITF and PU.1 collaborate to increase expression of target genes like cathepsin
K (Ctsk) and acid phosphatase 5 (Acp5) during osteoclast differentiation. We show that these factors can
also repress transcription of target genes in committed myeloid precursors capable of forming either
macrophages or osteoclasts. The direct interaction of MITF and PU.1 with the zinc finger protein Eos, an
Ikaros family member, was necessary for repression of Ctsk and Acp5. Eos formed a complex with MITF
and PU.1 at target gene promoters and suppressed transcription through recruitment of corepressors
CtBP (C-terminal binding protein) and Sin3A, but during osteoclast differentiation, Eos association with
Ctsk and Acp5 promoters was significantly decreased. Subsequently, MITF and PU.1 recruited coactivators
to these target genes, resulting in robust expression of target gemes. Overexpression of Eos in bone
marrow-derived precursors disrupted osteoclast differentiation and selectively repressed transcription of
MITEF/PU.1 targets, while small interfering RNA knockdown of Eos resulted in increased basal expression
of Ctsk and Acp5. This work provides a mechanism to account for the modulation of MITF and PU.1
activity in committed myeloid progenitors prior to the initiation of osteoclast differentiation in response

to the appropriate extracellular signals.

Osteoclasts are derived from committed myeloid progeni-
tors that differentiate into highly specialized multinuclear cells
capable of bone resorption in response to the action of colony-
stimulating factor 1 (CSF-1) and receptor activator of NF-xB
ligand (RANKL) (36). Osteoclasts and the bone-forming cells,
osteoblasts, play reciprocal roles in the bone remodeling pro-
cess necessary for maintaining bone integrity and function. It is
now well established that many human bone disorders, includ-
ing osteoporosis, Paget’s disease, and rheumatoid arthritis re-
sult from the imbalance in the differentiation and function of
these two cell types (1).

MITF (microphthalmia-associated transcription factor), a basic
helix-loop-helix-leucine zipper protein, has been implicated in
differentiation and survival of developmentally unrelated cell
types, including osteoclasts, melanocytes, and pigmented retinal
epithelial cells (7, 30, 40). Interactions between MITF and the
ETS family transcription factor PU.1 at least partly account for
the ability of MITF to selectively regulate target genes during
osteoclast differentiation (22, 27, 39). However, MITF and PU.1
are expressed in macrophages and osteoclasts and in the common
mononuclear precursor for both of these cell types (13, 38). This
poses a general question concerning how gene regulation patterns
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are maintained in closely related cell lineages. In recent work, we
demonstrated that in primary cells deprived of CSF-1, MITF was
sequestered to the cell cytoplasm through interactions with 14-3-3
proteins, providing one potential mechanism that regulates MITF
activity in myeloid precursor cells (2).

Ikaros is the founding member of a family of five related
Kruppel zinc finger transcription factors that can act as
repressors of gene expression (6, 9, 14, 29, 31). The results
of both knockout and dominant-negative studies in mice
suggest that Ikaros is one of the central regulators of lym-
phocyte differentiation (4, 41). Ikaros and other family
members associate with two corepressors, the Sin3 and Mi-2
complexes (15, 17, 18). Ikaros and Eos can also interact with
corepressor CtBP (C-terminal binding protein), which can
repress gene expression in a histone deacetylase (HDAC)-
independent manner (16, 33). Besides lymphocytes, the in-
fluence of the Ikaros family members on other hematopoi-
etic cell types, including the myeloid lineage, is largely
unknown. Eos has previously been reported to be expressed
in most hematopoietic cell types but is present at its highest
levels in monocytic cells (34).

Here we demonstrate that expression of the Ikaros family
protein Eos is temporally regulated during osteoclast differen-
tiation. Overexpression of Eos in bone marrow-derived pre-
cursors disrupted osteoclast differentiation and represses tran-
scription of osteoclast marker genes, like cathepsin K (Ctsk)
and acid phosphatase 5 (Acp5). We provide direct evidence that
Eos interacts with both MITF and PU.1 to repress transcrip-
tion from specific promoters through recruitment of corepres-
sors Sin3A and CtBP. This work provides a mechanism by
which MITF and PU.1 activity is regulated in myeloid precur-
sors and macrophages to prevent inappropriate expression ac-
tivation of osteoclast-specific genes.
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MATERIALS AND METHODS

Antibodies. The peptide SSGDSSLEKDSL (corresponding to amino acids [aa]
8 to 19 of mouse Eos) was used to make specific antibody against Eos in rabbits
(QCB/Biosource, Hopkinton, MA). Antibodies against MITF and PU.1 were
previously described (24). Anti-BRG1 antibody was described elsewhere (42).
Anti-CBP antibody was a kind gift from Marc R Montminy, San Diego, CA.
Other commercially available antibodies include: Flag M2 and hemagglutinin
(HA) (Sigma-Aldrich, St. Louis, MO), His,, glutathione S-transferase (GST),
mSin3A, histone deacetylase 1 (HDAC1), CtBP, and Mi-2 (Santa Cruz Biotech-
nology Inc., Santa Cruz, CA), and histone H3 (Upstate Cell Signaling, Char-
lottesville, VA).

Cell culture and transfections. NIH 3T3 cells were transfected using the
calcium phosphate procedure. Expression vector pPCDNA3-Flag-Eos was a kind
gift from Merlin Crossley, Sydney, Australia, and was described earlier (34). The
luciferase reporter constructs and expression vector for MITF and PU.1 have
been described previously (22). COS-7 cells were transfected using Lipo-
fectamine reagent (Invitrogen Life Technologies, Carlsbad, CA). DNA con-
structs for Flag-tagged MITF and truncation mutants were recently described
(2). HA-tagged PU.1 and deletions were constructed in pCGN vector. To gen-
erate pEBG-GST-Eos, full-length Eos ¢cDNA or various truncations of Eos
c¢DNA were PCR amplified from pCDNA3-Flag-Eos plasmid and subcloned into
the mammalian GST expression vector (pEBG). All of the amplified sequences
were verified by DNA sequencing.

Culture and analysis of osteoclasts. C57B/6J mice were used to make bone
marrow precursors for the in vitro osteoclast differentiation experiments. The
Mitf-vga mice were obtained from Lynn Lamoreux (Texas A&M University). The
conditional “floxed” Pu.! allele and conditions for inducible Pu.1 deletion using
poly(dI-C)induction of MxI-Cre were previously described (12). Mice containing
the Pu.l “floxed” allele were a gift from Dan Tenen (Harvard Institutes of
Medicine, Harvard Medical School). Use and care of mice in this study were
approved by the Ohio State University Institutional Animal Care and Use Com-
mittee. Detailed procedures for osteoclast differentiation from bone marrow-
derived macrophages (BMMs) prepared from mice have been previously de-
scribed (25, 26). Briefly, bone marrow was flushed from femurs and cultured for
3 days in the presence of 50 ng/ml CSF-1 on non-tissue-culture dishes. At this
point, the nonadherent cell population, containing the committed osteoclast
progenitors, were either harvested (zero time point controls) or cultured with 50
ng/ml of CSF-1 (a gift from David Hume, University of Queensland) and 100
ng/ml RANKL (Roche Diagnostics, Indianapolis, IN) for the indicated time
periods. Tartrate-resistant acid phosphatase (TRAP)/Acp5 staining was done
using a leukocyte acid phosphatase kit (Sigma).

Co-IP, GST pull-down assays, and Western blotting. Procedures for coimmu-
noprecipitation (Co-IP), GST pull-down assays, and Western blotting have all
been recently described (2). Production of recombinant proteins in Escherichia
coli and in vitro GST pull-down assays were performed as previously described
(22).

EMSA. Electrophoretic mobility shift assays (EMSAs) were performed as
described previously (21, 22). The sense strand oligonucleotides, representing
the mouse Acp5 proximal sequences, was 5'-TTCTGGGGAAGTCCAGTGCT
CACATGACCCA-3'. The consensus Eos binding site was mutated at two re-
gions, M1 (GGAA to TTTT) and M2 (GTCC to CAAA).

Retrovirus production and transduction. MSCV-FlagEos-IRES-GFP (where
MSCYV is murine stem cell virus, IRES is internal ribosome entry site, and GFP
is green fluorescent protein) was constructed by inserting Flag-tagged Eos cDNA
into Xhol-digested MSCV-IRES-GFP vector. Retrovirus packaging was per-
formed using the Phoenix cell line. Bone marrow-derived osteoclast progenitors
cultured for 2 days with 50 ng/ml CSF-1 were transferred into 12-well plates and
transduced using retroviral supernatant as previously described (11). Twenty-
four hours after transduction, cells were treated with the combination of CSF-1
and RANKL as described above.

siRNA knockdown of Eos. Two separate small interfering RNA (siRNA)
oligoribonucleotides (Eos siRNA1 [5'-CGGCCAACUUUCAUUGAUCIt3-']
and Eos siRNA2 [5'-CGGCCAACUUUCAUUGAUCHtt3']; lowercase letters
distinguish the overhang in the siRNA design that does not have homology with
the Eos sequence) directed against exons 6 and 7, respectively, were purchased
from Ambion (Austin, TX), along with a control siRNA, which encodes a
scrambled sequence with no particular homology to any known sequence. The
combination of these two siRNAs at a concentration of 500 nM each in solution
T (Amaxa Biosystems) was introduced into 5 X 10° myeloid precursors using
program T-020 in a nucleofector (Amaxa Biosystems).

Cells were harvested 72 h posttransfection and analyzed for the Eos knock-
down by real-time PCR and Western blot analysis. Effects of Eos knockdown
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were analyzed by relative expression analysis of Eos targets, such as Ctsk and
Acps.

Analysis of RNA expression. RNA was extracted using TRIzol kit (Invitrogen)
and reverse transcribed by Superscript III reverse transcriptase (Invitrogen).
Real-time PCR was conducted, and the relative mRNA expression level was
calculated as previously described (43). The primers used for real-time PCR were
picked by Oligo v4.0 software, and the sequences used are available upon re-
quest.

ChIP and ReChIP. Chromatin immunoprecipitation (ChIP) assays were per-
formed by the method of Luo et al. (23). Briefly, bone marrow cells were plated
at a density of 3 X 10° cells per 10-cm dishes and treated as indicated in the figure
legends. Cells were cross-linked, and soluble chromatin with an average size of
200 to 1,000 bp was prepared by sonication. Precleared soluble chromatin was
incubated with 5 wg of specific antibodies as indicated in figure legends. Immu-
noprecipitated DNA-protein complex was extensively washed, eluted, and de-
cross-linked. Precipitated DNA sample was further purified by using a QTAGEN
PCR purification kit according to the manufacturer’s instructions (QIAGEN).
For sequential ChIP (ReChIP) assays, the beads were washed after the first
immunoprecipitation with Eos antibody, the immunoprecipitated chromatin was
eluted in 10 mM dithiothreitol at 37°C for 30 min and diluted 50-fold in ChIP
dilution buffer. This eluted immune complex was divided and immunoprecip-
itated with the second specific antibody indicated in the figures. Samples were
analyzed by real-time PCR either by SYBR green super mix (Bio-Rad) for the
Ctsk promoter or by the Roche universal probe library (Roche) probe using the
Faststart TagMan master kit (Roche) for the Acp5, Bcl-2, or c-Fms promoter.
The threshold for the promoter being studied was adjusted by that of input
values and represented as relative enrichment. All quantitative PCRs (qPCRs)
were analyzed by melting curve analysis and agarose gels to confirm the presence
of a single specific band.

RESULTS

Eos is downregulated during osteoclast differentiation and
can repress Ctsk and Acp5 promoter activity. Gene expression
profiles of osteoclast-like cells (OCL) derived in vitro were
determined using DNA microarrays (data not shown). The
Ikaros family member Eos was one gene downregulated during
osteoclast differentiation initiated by CSF-1 and RANKL that
was selected for further analysis. The kinetics of Eos mRNA
expression at various stages of OCL differentiation was vali-
dated using quantitative reverse transcription-PCR (qRT-
PCR). Bone marrow-derived precursors from wild-type mice
were cultured for 3 days with CSF-1 only (BMMs) and subse-
quently stimulated with recombinant CSF-1 and RANKL to
induce osteoclast differentiation in vitro (Fig. 1A). Consistent
with the microarray data, Eos mRNA expression was highest in
OCL precursors treated only with CSF-1 (day 0) or during the
early stages of differentiation in cells (day 0.5). Eos mRNA
expression was reduced more than fivefold after 3 or 5 days of
cytokine stimulation at a time when osteoclast differentiation
occurs and expression of MITF/PU.1 target genes, like cathep-
sin K (Ctsk) and acid phosphatase 5 (Acp5)/tartrate-resistant
acid phosphatase (TRAP) are robust (Fig. 1A). Eos protein
expression was evaluated using an antibody generated and
characterized in our lab (see Materials and Methods), an anal-
ysis that demonstrated that Eos protein expression was also
significantly reduced during CSF-1/RANKL-initiated oste-
oclast differentiation (Fig. 1B).

Eos was previously reported to recognize the consensus
Ikaros binding site GGGAATRCC and related sequences (29,
34). A potential consensus Eos recognition site overlaps with
the functional PU.1 sites present in the AcpS and Ctsk pro-
moter sequences (Fig. 2A) (22, 27). To examine whether Eos
could regulate Acp5 and Ctsk genes through these recognition
motifs, transient-transfection assays with luciferase reporters
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FIG. 1. Eos expression is downregulated during osteoclast differentiation. (A) Relative (rel) expression of Eos, Acp5, and Ctsk mRNA was
measured by qRT-PCR at the indicated times (in days [d]) and cytokine treatments. Results from three independent experiments are presented
as means plus standard errors of the means (error bars). (B) Nuclear extracts from osteoclasts harvested at the indicated times (in days [d]) were
analyzed by Western blotting using anti-Eos antibody. Histone H3 was used as a loading control.

A M1 M2
Acp5 |
Eos 1 1
oy f—
Mouse -55 GTTCTGGGGAAGTCCAGTGCTCACATGACC -26

Human -652 GTTCTGGGGAAGTCCAGTGCTCACATGACC -623
PU.1 MITF

Eos

Mouse -1452 CTGTCACATGCCTGGATTTTGGGGAAGCGC -1423

Human -858 CTGTCACATGCTTGGATGTTGGGGAAGCAT -822
~ S

MITF PU.1

B 18

%16 .AcpS—Luc

i1Egd [CetskLue

< 12

@

£

£

(]

3

o

o

Cc D
GST-Eos(101-230) GST + + + + + GST-Eos(101-230) GST- ++ -+ + - + +
Acp5 + + + + + * PUA T S T S
Cold probe - e — Acps + o E MMM M2 M2 M2
1 2 3 4 5 & 12345678910
Eos/PU 1/Acp5 -
EoslAcpS— “- P PU.1/AcpS —

EoslAcps —

FIG. 2. Eos represses both Acp5 and Ctsk promoter activity.
(A) Acp5 and Ctsk promoter sequences from mouse and human cells
with conserved MITF and PU.1 binding sites (shown by brackets), and
the putative Eos binding site (underlined). M1 and M2 show the
sequence replacements within the Eos DNA consensus, as indicated.
(B) Transient-transfection assays in NIH 3T3 cells. Either Acp5 lucif-
erase reporter (Acp5-luc) or the Ctsk luciferase reporter (Ctsk-luc) was
transfected alone or together with indicated combinations of expres-
sion vectors encoding MITF, PU.1, and Eos. Total DNA in each
transfection was kept constant by adding empty expression vector.
Relative (Rel) luciferase activity was represented as the difference
from basal promoter activity (n-fold) (set at 1). Results from three
independent experiments are presented as means plus standard errors
of the means (error bars). (C) EMSAs using y->*P end-labeled Acp5
oligonucleotide and recombinant GST or GST-Eos (101-230) protein.
The formation of the DNA-Eos complex (arrow) was competed with
increasing amounts of cold Acp5 probe. (D) EMSAs using y-*?P end-
labeled wild-type or mutated Acp5 oligonucleotides in the presence of
recombinant His,-PU.1 and GST-Eos (101-230) protein. The Eos-
DNA complex (thick arrow), PU.1-DNA complex (thin arrow), and
the supershifted band containing both Eos and PU.1 (broken arrow)
are indicated.

were performed (Fig. 2B). These assays demonstrated that Eos
expression repressed both Acp5 and Ctsk reporter activation by
MITF and PU.1, either singly or in combination. The c-Fms
promoter, which is regulated by PU.1 but not MITF, is not
repressed by Eos overexpression (data not shown).

EMSAs were performed with oligonucleotides representing
the Acp5 promoter region and recombinant Eos protein con-
taining the N-terminal DNA binding domain (34). The exper-
iments demonstrated that Eos could directly bind to the Acp5
target sequence, and the binding was competed by the addition
of unlabeled probe to the EMSA reaction mixture (Fig. 2C).
Weaker binding of Eos to the Acp5 probe compared to recom-
binant PU.1 was observed (Fig. 2D, lane 3 versus lane 2).
Unexpectedly, incubation of both PU.1 and Eos resulted in
formation of a larger complex that contained both factors (Fig.
2D, lane 4). Mutation of either half of the Eos consensus
sequence (M1 [GGAA mutated to TTTT] and M2 [GTCC
mutated to CAAA]; Fig. 2A) resulted in loss of Eos binding
(Fig. 2D, lanes 6 and 9). PU.1 binding to Acp5 mutation M1
was also significantly reduced (Fig. 2D, lane 5). However, the
larger PU.1/Eos complex formed with either Acp5 mutation
M1 or M2 (Fig. 2D, lanes 7 and 10). This result indicated that
formation of the larger complex might not require Eos to bind
directly to DNA.

Eos directly interacts with both PU.1 and MITF through two
distinct domains. The EMSA results suggested that Eos and
PU.1 might directly interact, a possibility that was tested by
GST pull-down and Co-IP assays (Fig. 3). The various PU.1
and Eos constructs used for these experiments are graphically
depicted in Fig. 3A. Eos shares two domains in common with
other Ikaros family members: an N-terminal domain contain-
ing four zinc fingers crucial for sequence-specific DNA binding
and a C-terminal domain with two zinc fingers that is involved
in homo- or heterodimerization (29, 34). GST-Eos (101-230)
(GST-Eos with aa 101 to 230) protein, containing zinc fingers
1 to 4, was used to pull-down various PU.1 peptides (Fig. 3B).
These experiments mapped the Eos interaction region to the
C-terminal DNA binding domain (DBD)/ETS domain of PU.1
(Fig. 3B). In a parallel analysis, the C-terminal domain (aa 231
to 532) of Eos fused to GST was unable to pull down either
full-length HA-PU.1 or HA-DBD-PU.1 (see Fig. S1A in the
supplemental material). The in vitro results were confirmed by
Co-IP assays using Flag-tagged Eos (50-230) (Eos with aa 50 to
230) and HA-tagged PU.1 expression constructs expressed in
COS-7 cells (Fig. 3C). Identical results were obtained when
Flag-tagged full-length Eos protein was used in the Co-IP
assays (data not shown).
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FIG. 3. Physical interaction of Eos with PU.1. (A) Schematic representation of Eos and PU.1 domains and the respective deletion mutations
used in the present study. Zinc fingers in Eos are represented as a black vertical eclipse. AD, activation domain; DBD, DNA binding domain.
(B) Recombinant GST-Eos (101-230) and His-tagged full-length (f.1) PU.1, as well as different deletions of PU.1 as indicated, were used for in vitro
GST pull-down assays and analyzed by Western blotting with anti-His antibody. (C) Co-IP assays using extracts from COS-7 cells transfected with
expression vector encoding Flag-Eos (50-230) and HA-PU.1, as indicated. Arrows indicate heavy chain (H.C) and light chain (L.C). In both panels
B and C, input controls were analyzed by Western blotting, or immunoblotting (IB), using appropriate antibodies as indicated.

Whether Eos also directly interacted with MITF was studied
using the MITF constructs depicted in Fig. 4A. GST pull-down
assays using COS-7 cell extracts cotransfected with GST-Eos
and Flag-MITF expression constructs demonstrated that
MITF was pulled down with full-length GST-Eos (Fig. 4B, lane
3). Further, the N-terminal region of MITF (1-218) (MITF
with aa 1 to 218), but not the C-terminal basic helix-loop-helix-
leucine zipper region (aa 219 to 419), formed a complex with
GST-Eos (Fig. 4B, lane 4 and 5, respectively). A reciprocal
analysis demonstrated that Flag-MITF (1-218) formed a com-
plex with C-terminal Eos (aa 231 to 532, containing zinc fingers
5 and 6) but not N-terminal Eos fragments (Fig. 4C). In vitro
GST pull-down assays using recombinant GST-tagged full-
length MITF and His-tagged C-terminal Eos (aa 231 to 532)
demonstrated that the interaction between these two proteins
was direct (see Fig. S1B in the supplemental material). GST-
MITF and His-Eos (231-532) could also form a complex in the
presence of the Acp5 target DNA sequence as determined by
EMSA (see Fig. S1C, lane 3, in the supplemental material),
while His-Eos (231-532) did not form a complex with the Acp5
sequence (see Fig. S1C, lane 1, in the supplemental material).

The association of endogenous MITF, PU.1, and Eos was
studied in primary bone marrow-derived progenitors by coim-
munoprecipitation analysis (Fig. 4D). The analysis demon-
strated that Eos, MITF, and PU.1 could be found in a complex
in the primary cells (Fig. 4D). Taken together, the results

demonstrated that Eos can associate with PU.1 and MITF via
distinct N-terminal (aa 101 to 230) and C-terminal (aa 231 to
532) domains, respectively.

Eos/MITF/PU.1 complexes are selectively enriched at target
genes in committed osteoclast progenitors. ChIP was used to
determine whether endogenous Eos is present in complexes
with MITF and PU.1 at osteoclast target promoters. The re-
gions of Ctsk and Acp5 genes that were analyzed by qPCR
following the ChIP procedures are depicted in Fig. SA. PCR
primers were designed to amplify Ctsk (—1548 to —1396) and
Acp5 (—210 to —1) promoter regions that have been previously
shown to contain functional MITF and PU.1 binding sites (21,
32). In addition to the 5’ regions of the Ctsk and Acp5 genes,
a 3’ region corresponding to internal exon/intron regions was
used as a negative control (Fig. SA, left panel). An additional
negative control was a reaction in which no primary antibody
was added to ChIP reaction mixtures. A representative control
experiment is shown for the Ctsk gene with Eos antibody over
the time course studied (Fig. SA, right panel). Following 40
cycles of PCR, no product could be detected in the negative
controls. Histone H3 was routinely used as a positive control.
The same set of controls was used for all subsequent ChIP
experiments presented for both Ctsk and Acp5 genes (data not
shown).

The ChIP experiments demonstrated that Eos was enriched
at both Ctsk and Acp5 target promoters in osteoclast progen-
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(beads only) is a nonspecific rabbit immunoglobulin G control.

itors grown in the presence of CSF-1 alone for 3 days (Fig. 5B).
In contrast, levels of Eos rapidly decreased by 7- to 10-fold
following treatment of this same population with both CSF-1
and RANKL for an additional 3 to 5 days (Fig. 5B). The
amounts of MITF and PU.1 at Ctsk and Acp5 promoters re-
mained largely unchanged after addition of CSF-1/RANKL,
increasing less than twofold after 3 to 5 days of treatment with
both cytokines.

Whether Eos was bound to promoters that contained only
binding sites for PU.1 or MITF, but not both factors, was next
addressed. The proximal c-Fms promoter contains PU.1 bind-
ing sites but is devoid of MITF binding sites (10), whereas Bcl2
is an established MITF target that lacks PU.1 sites (28). As
predicted, ChIP demonstrated that in cells treated with CSF-1,
only PU.1 was enriched at the proximal c-Fms promoter, but
neither MITF or Eos could be detected (Fig. 5C). Similarly,
MITF was enriched at the Bcl2 promoter, but neither PU.1 nor
Eos was detected (Fig. 5C).

To more directly address whether the presence of both
MITF and PU.1 were required for enrichment of Eos at target
promoters, primary cells from genetic models with reduced
levels of MITF and PU.1 proteins were examined by ChIP.
Bone marrow cells derived from mice homozygous for the
hypomorphic Mitf-vga9 produce 10 to 20% of wild-type MITF

protein (see Fig. S2A in the supplemental material). ChIP
assays performed on progenitors cultured for 3 days in the
presence of CSF-1 demonstrated only three- to five-fold re-
duction in the levels of MITF, PU.1, and Eos at the Acp5
promoter in theses cells compared to those in the control cells
(Fig. 5D). Bone marrow precursors were also obtained for
mice homozygous for a previously described PU.1 conditional
allele that also contained the interferon-inducible Mx1-cre
transgene (12) (see Materials and Methods). PU.1 protein
levels were reduced to 10 to 20% of the levels in the control in
the bone marrow progenitors cultured for 3 days in the pres-
ence of CSF-1 from the PU.1"/;Mxl-cre” mice (f for floxed)
treated with poly(dI-dC) (see Fig. S2B in the supplemental
material). In this genetic model, Eos levels at the Acp5 pro-
moter were reduced sevenfold (Fig. 5D). Similar results were
obtained when the Ctsk promoter was studied (data not
shown). These results are consistent with the hypothesis that
Eos requires the MITF/PU.1 complex for its selective associ-
ation with target genes.

Eos/MITF/PU.1 complexes recruit corepressors to target
promoters in the absence of RANKL signaling. Eos and other
Ikaros family members have been reported to interact with
several corepressors, including Sin3, Mi-2, and CtBP (15-18,
33). ChIP assays were used to determine whether these core-
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committed osteoclast precursors. (D) Analysis of enrichment of MITF,
PU.1, and Eos at Acp5 promoter in cells treated with CSF-1 alone
derived from hypomorphic MITF*$*¢* mice (left) or Pu.1 conditional
knockout cells (right). Results from three independent experiments
are represented as means *+ standard errors of the means (error bars)
for each experiment in panels B to D.

Fms promoter Bcl2 promoter

pressors were enriched at Ctsk and Acp5 promoters in bone
marrow progenitors (Fig. 6A, top panels). For this analysis,
cells grown in CSF-1 alone for 3 days were compared to cells
grown for an additional 3 days with CSF-1 and RANKL, a time
when visible differentiation of OCLs is first apparent and ro-
bust expression of target genes occurs (25, 26). These experi-
ments demonstrated that corepressors CtBP, HDACI, and
Sin3A were all enriched at Ctsk and Acp5 promoters in cells
grown with CSF-1 only, but the levels of their association with
these target promoters were significantly reduced following 3
days of CSF-1/RANKL treatment. The Mi-2 protein was also
detected at Ctsk and Acp5 promoters, but its association with
these promoters upon CSF-1/RANKL stimulation was not sig-
nificantly different.

The recruitment of the coactivators CBP/p300 and BRG1
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FIG. 6. Association of Eos, MITF, and PU.1 with corepressors on
Ctsk and Acp5 promoters in osteoclast precursors. (A) Analysis of
association of corepressors and coactivators with Ctsk and Acp5 pro-
moters in osteoclast precursors grown in CSF-1 alone (day 0) and
osteoclast-like cells after 3 days of CSF-1 and RANKL treatment (day
3) by ChIP assays. rel enrichment; relative enrichment. (B) ReChIP to
analyze the simultaneous presence of Eos, MITF, PU.1, and corepres-
sors in osteoclast precursors. Results from three independent experi-
ments are represented as means plus standard errors of the means
(error bars).

was also studied, since these coactivators were previously re-
ported to interact with both MITF and PU.1 (3, 35, 37, 45).
This analysis indicated that CBP and BRG1 were not detected
at Ctsk and Acp5 promoters in cells grown with CSF-1 alone.
However, both of the cofactors were enriched at these target
promoters in cells grown for an additional 3 days with CSF-1
and RANKL (Fig. 6A, bottom panels), concurrent with robust
expression of these target genes at day 3 (Fig. 1A).

ReChIP assays were used to determine whether MITF,
PU.1, Eos, and corepressors Sin3A, CtBP, HDACI, and Mi-2
were present at the target promoters within the same cells. The
first round of immunoprecipitation was carried out with an Eos
antibody, and the immunoprecipitated cross-linked DNA-pro-
tein complexes were then isolated and disassociated from the
beads. Aliquots of this sample were subjected to reimmuno-
precipitation using antibodies against Eos, MITF, PU.1, CtBP,
HDACI, Sin3A, and Mi-2. The amount of DNA present in the
ReChIP samples using these antibodies was determined by
real-time qPCR and compared to the amount of DNA present
in the Eos ReChIP sample (Fig. 6B). This analysis indicated
that more than 80% of the recovered Eos complex also con-
tained MITF and PU.1 at both Ctsk and Acp5 promoters. In
addition, more than 60% of the Eos complex contained CtBP,
HDACI, and Sin3A at the Ctsk promoter. Similar levels of
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analyzed by Western blotting using nuclear extracts 1 day postinfection. (B) Representative Acp5 (TRAP) staining for infected BMMs after 3 days
of CSF-1 and RANKL treatment (top panels). AcpS-positive multinuclear cells (MNCs, three or more nuclei) were counted for each well (left bar
graph) and among GFP-positive cells (right bar graph). (C) Relative (rel) mRNA expression of Acp5 and Ctsk genes measured by qRT-PCR at
the indicated time points (in days [d]). Results in both panels B and C were from three independent experiments and presented as means plus
standard errors of the means (error bars). Statistical analysis was conducted using two-sample ¢ test (*, P < 0.01). (D) Eos knockdown by siRNA.
(Left) Western blot analysis of Eos protein levels in scrambled siRNA-transfected (control [Con]) or Eos-specific siRNA-transfected (Eos) cells.
MITF levels were measured as loading control. (Right) Levels of Ctsk and Acp5 mRNA determined by qPCR in Eos knockdown cells compared

with control cells.

CtBP were seen at the Acp5 promoter, but the levels of both
HDACI and Sin3A measured at the Acp5 promoter were
slightly lower, approximately 40% of complexes (Fig. 6B). The
level of Mi-2 complex was much lower than the other core-
pressor complexes, indicating that Mi-2 may not be strongly
associated with the Eos/MITF/PU.1 complex.

Eos overexpression or siRNA knockdown disrupts MITF/
PU.1 target gene regulation. To further study the role of Eos as
a negative regulator of MITF/PU.1 target genes, Eos was over-
expressed in osteoclast progenitors via retroviral transduction.
The bicistronic retroviral construct (MSCV-FlagEos-IRES-
GFP) used to express Flag-tagged Eos also expressed the GFP
under control of an IRES, allowing individual infected cells to
be identified. Viral stocks produced from packaging cells mock
transfected, transfected with MSCV-GFP alone (vector con-
trol), or transfected with Flag-tagged Eos/GFP vector were
used to transduce precursors derived from wild-type mice fol-
lowing 2 days of growth with CSF-1. The efficiency of trans-
duction 24 h postinfection as determined by expression of GFP
was 70 to 80% for both vector control and MSCV-Flag-Eos
(data not shown). Western blotting was performed to verify

expression of exogenous Flag-Eos (Fig. 7A). Retroviral trans-
duction resulted in a modest twofold increase in total Eos
protein production as determined by Western blotting and
densitometry (Fig. 7A).

Twenty-four hours after viral transduction, cells were
treated with both CSF-1 and RANKL for an additional 3 days.
Control virus-infected bone marrow precursors were able to
differentiate into multinucleated (containing three or more
nuclei), TRAP/Acp5-positive osteoclasts. In contrast, multinu-
clear, TRAP/Acp5-positive cells were rarely detected in cells
infected with retrovirus encoding Eos (Fig. 7B). Osteoclast
precursors infected with the control retrovirus formed approx-
imately the same number of OCLs as mock-infected cells,
while cells infected with Eos virus produced about threefold-
fewer OCLs, a reduction that was statistically significant (Fig.
7B, left bar graph, P < 0.01). When only the GFP-positive
OCLs were considered, a sixfold reduction was observed in
control versus Eos-infected cells (Fig. 7B, right bar graph, P <
0.01).

Supporting these results, qRT-PCR demonstrated that the
levels of Ctsk and Acp5 mRNA were reduced six- to eightfold
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in cells expressing Flag-Eos versus control cells (Fig. 7C). In
contrast, Eos overexpression did not affect the expression of
two known PU.1 targets, c-Fms and RANK (see Fig. S3A, top
panel, in the supplemental material), the receptors for CSF-1
and RANKL, respectively (10, 19). In addition, Bcl2 expres-
sion, a target of MITF, was not affected by Eos-overexpressed
cells (see Fig. S3A, bottom panel, right, in the supplemental
material). Expression of the calcitonin receptor (CTR), another
marker gene for osteoclast differentiation, was not affected in
cells overexpressing Eos compared with controls (see Fig. S3A,
bottom panel, left, in the supplemental material).

In a complementary approach, siRNA was used to knock
down Eos expression in primary osteoclast progenitors. When
wild-type, bone marrow-derived precursors grown in the pres-
ence of CSF-1 alone were transfected with the combination of
two Eos siRNAs (see Materials and Methods), both Eos
mRNA levels (see Fig. S3B in the supplemental material) and
protein levels were significantly reduced 72 h posttransfection
(Fig. 7D). This resulted in a 2.5- to 3-fold increase in Acp5 and
Ctsk mRNA expression of both Acp5 and Ctsk genes compared
to scrambled siRNA-transfected cells (Fig. 7D). Expression of
Bcl2 was not affected by Eos siRNA treatment (see Fig. S3B in
the supplemental material). In the RAW264.7 cell culture
model, cotransfection of the individual Eos siRNAs along with
an MITF expression vector resulted in a fourfold increase in
expression of basal levels of target genes, even though Eos
protein levels were decreased only about 50% by the single
siRNAs (see Fig. S3C in the supplemental material).

DISCUSSION

Both MITF and PU.1 are known transcriptional activators in
osteoclasts, but results presented here demonstrate that they
can also act as components of repressor complexes that sup-
press target gene expression in the absence of the appropriate
extracellular signals necessary for osteoclast differentiation. In-
teraction of these factors with the zinc finger protein Eos
appears to be critical for recruiting corepressors to the target
genes, as the ability of Eos to interact directly with these
corepressors is well documented (17, 33). Eos itself binds only
weakly to the Acp5 target sequences in vitro, and interactions
through distinct zinc finger domains with both MITF and PU.1
likely provide additional specificity for target gene repression.
These results provide a mechanism for suppressing osteoclast

target genes in committed myeloid precursors that have the
potential to differentiate either to monocytes/macrophages,
antigen-presenting dendritic cells, or osteoclasts (Fig. 8).

Our results indicate that CSF-1/RANKL signaling can acti-
vate expression of osteoclast target genes by two mechanisms.
The first mechanism is downregulation of Eos expression, both
at the level of mRNA and protein, leading to dissociation of
the corepressors from target genes (Fig. 8). The second mech-
anism is direct phosphorylation and activation of MITF by
both Erk and p38 mitogen-activated protein kinase pathways,
leading to recruitment of coactivators, like CBP/p300 and
BRGI1 (8, 25, 44). Release of negative regulation must accom-
pany recruitment of coactivators before target genes can be
fully activated as demonstrated by the Eos overexpression and
knockdown studies. Our results do not rule out the possibility
that direct signaling-dependent interactions between MITF
and PU.1 and corepressor CtBP or Sin3 might be involved in
this regulation, but the well-documented interaction of Eos
with these corepressors provides a simpler explanation consis-
tent with the results presented here. Whether CSF-1/RANKL
signaling directly targets the posttranslational modification of
Eos, affecting either its stability or activity, remains to be de-
termined. For example, SUMO modification of Ikaros is re-
ported to affect interaction with corepressors during lymphoid
development (5), and Eos can also be modified by SUMO (R.
Hu and M. C. Ostrowski, unpublished observation).

For lineage-determining factors, like PU.1, mechanisms for
repressing potential target genes in progenitors are critical for
maintaining the appropriate control of gene expression pat-
terns. At an earlier stage of myeloid commitment, one mech-
anism by which PU.1 accomplishes this is to directly regulate
expression of transcription factors, like Ergl and Erg2, that can
in turn repress neutrophil-specific genes while activating mac-
rophage-specific genes (20). At the same time, the zinc finger
factor Gfi-1 antagonizes macrophage differentiation by inhib-
iting expression of these PU.1 target genes (20). Our work
provides an additional mechanism by which PU.1 activity is
regulated in a more committed myeloid precursor. In this case,
the zinc finger factor Eos directly modulates PU.1 activity at
target promoters. An important distinction is that the effect of
Eos is specific for the MITF/PU.1 complex, as other PU.1
target genes in both macrophages and osteoclasts, for example,
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c-Fms and RANK, were not affected when Eos is overex-
pressed.

Whether Eos actually functions as a lineage-decision factor
in myeloid cells in a manner analogous to Gfi-1, or to Ikaros in
lymphoid cells, seems unlikely based on current evidence. For
example, the CTR gene, another definitive marker of osteo-
clast differentiation, is still upregulated in cells that overex-
press Eos. Thus, Eos does not regulate the entire osteoclast
gene expression program but selectively modulates the activity
of the MITF/PU.1 complex and a subset of genes necessary for
full activity of the differentiated osteoclast. At the same time,
the presence of MITF and PU.1 at target promoters allows
committed precursors the flexibility to respond rapidly to the
bone microenvironment to reprogram gene expression in re-
sponse to CSF-1/RANKL signaling. This model to explain how
MITEF/PU.1 activity is modulated in osteoclast progenitors may
be generally applicable to other cell types in which committed
progenitors can give rise to closely related cell types.
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