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Osteoblasts and adipocytes are derived from common mes-
enchymal progenitor cells. The bone loss of osteoporosis is
associated with altered progenitor differentiation from an os-
teoblastic to an adipocytic lineage. cDNA microarrays and
quantitative real-time PCR (Q-PCR) were carried out in a dif-
ferentiating mouse stromal osteoblastic cell line, Kusa 4b10, to
identify gene targets of factors that stimulate osteoblast differ-
entiation including parathyroid hormone (PTH) and gp130-
binding cytokines, oncostatin M (OSM) and cardiotrophin-1
(CT-1). Zinc finger protein 467 (Zfp467) was rapidly down-
regulated by PTH, OSM, and CT-1. Retroviral overexpression
and RNA interference for Zfp467 in mouse stromal cells
showed that this factor stimulated adipocyte formation and
inhibited osteoblast commitment compared with controls.
Regulation of adipocyte markers, including peroxisome prolif-
erator-activated receptor (PPAR) vy, C/EBPe, adiponectin, and
resistin, and late osteoblast/osteocyte markers (osteocalcin and
sclerostin) by Zfp467 was confirmed by Q-PCR. Intra-tibial
injection of calvarial cells transduced with retroviral Zfp467
doubled the number of marrow adipocytes in C57Bl/6 mice
compared with vector control-transduced cells, providing in
vivo confirmation of a pro-adipogenic role of Zfp467. Further-
more, Zfp467 transactivated a PPAR-response element re-
porter construct and recruited a histone deacetylase complex.
Thus Zfp467 is a novel co-factor that promotes adipocyte dif-
ferentiation and suppresses osteoblast differentiation. This has
relevance to therapeutic interventions in osteoporosis, includ-
ing PTH-based therapies currently available, and may be of
relevance for the use of adipose-derived stem cells for tissue
engineering.

Osteoblasts and adipocytes are derived from a common
subpopulation of mesenchymal stem cell (MSC)* progenitors.
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MSC lineage commitment is dependent on the expression of
key transcription factors that, on induction, initiate a cascade
of events culminating in cellular differentiation and develop-
ment. Among the transcription factors regulated, osteoblast
differentiation requires expression of Runx2 (1, 2) to commit
progenitors to preosteoblasts, with Osterix (3), ATF4 (4),
and AP-1 (5) promoting their transition to functional os-
teoblasts. Alternately, adipocytic differentiation requires
expression of different key regulators, peroxisome prolif-
erator-activated receptor y (PPARvy) (6) and members of the
CCAAT/enhancer-binding protein family (C/EBPs) (7).

Because osteoblasts and adipocytes are derived from com-
mon progenitors, lineage determination of precursor cells to
osteoblasts results in a proportional decrease in adipogenesis.
This inverse relationship is observed clinically; an increase in
marrow adiposity is associated with age-related osteoporosis
(8) and conditions that induce bone loss, such as ovariectomy
(9) and immobilization (10). Conversely, high bone mass due
to increased osteoblast commitment is associated with re-
duced adipocyte differentiation (5). The molecular mecha-
nisms by which lineage commitment is regulated and the
plasticity of these cells to transdifferentiate between the two
lineages remains to be fully defined. Understanding the rela-
tionship between osteoblasts and adipocytes and the relation-
ship of its dysregulation to bone loss will provide key informa-
tion required to improve treatments for skeletal disorders.

Intermittent administration of parathyroid hormone (PTH)
and PTH-related protein (PTHrP) enhances bone mass (11) in
part by promoting the differentiation of committed osteoblast
precursors (12), decreasing osteoblast apoptosis (13), and de-
creasing production of sclerostin by osteocytes (14). PTH treat-
ment is also associated with reduced adipocyte generation (15).
Further evidence of reciprocal regulation of osteoblast and adi-
pocyte differentiation by PTH and PTHrP is the low bone vol-
ume, reduced osteoprogenitor recruitment, and increased mar-
row adiposity in mice haploinsufficient for PTHrP (16, 17).

PTH treatment of osteoblasts also stimulates production of
cytokines that signal through the receptor subunit glycopro-
tein 130 (gp130) and enhances gp130 expression itself (18,

protein; Zfp467, zinc finger protein 467; a-MEM, a-minimal essential me-
dium; HDAG, histone deacetylase; TRAP™, tartrate-resistant acid phos-
phatase; OPG, osteoprotegerin; TSA, trichostatin A; KLF, Krippel-like fam-
ily; Q-PCR, quantitative real-time polymerase chain reaction; pan,
pantothenate.
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19). The gp130-signaling cytokines OSM and CT-1 have been
reported to have similar effects on bone formation to PTH in
that they stimulate osteoblast differentiation and inhibit adi-
pogenesis (20, 21). Mice null for OSM receptor or CT-1 dem-
onstrated impaired bone formation and high marrow adipos-
ity (20, 21). gp130-signaling cytokines may therefore play a
role in the effects of PTH on osteoblast and adipocyte
commitment.

In searching for genes induced by PTH that may be in-
volved in anabolic mechanisms, we investigated mRNA ex-
pression profiles of mouse stromal osteoblastic cells in re-
sponse to treatment with PTH-(1-34) (22). We focused on
immediate-early response genes that commonly encode for
regulatory proteins, because PTH stimulation of bone forma-
tion is achieved in part through the rapid and transient induc-
tion of these genes (23, 24). This genome-wide approach led
to the identification of zinc finger protein 467 (Zfp467), ex-
pression of which was inhibited by PTH and the gp130 signal-
ing cytokines OSM and CT-1. Our investigation of Zfp467 as
a putative regulator of stromal cell differentiation has identi-
fied this protein as a potential co-factor in transcriptional reg-
ulation that directs bipotential stromal cells and primary os-
teoblasts to differentiate along the adipocytic rather than
osteoblastic lineage.

EXPERIMENTAL PROCEDURES

Cell Culture—Novel transcriptional targets regulated by
PTH(1-34) (10 nm; Bubendorf) were identified from a previ-
ously described Affymetrix whole genome microarray (22)
using the clonal murine bone marrow-derived stromal cell
line Kusa 4b10 (25). Kusa 4b10 cells were maintained in
a-MEM with 10% fetal bovine serum (FBS). Differentiation of
Kusa 4b10 was performed as previously described (25).
Briefly, cells were subcultured at 3000 cells/cm?® and after
72 h, medium was replaced with osteoblast differentiating
(-MEM + 15% heat-inactivated FBS + ascorbic acid (50 g/
ml; Sigma) or with adipogenic medium (a-MEM with 15%
heat-inactivated FBS), insulin (6.6 X 108 M; Novo Nordisk),
3-isobutyl-1-methylxanthine (2.5 X 10~ '° M; Sigma), and
dexamethasone (10~ % m; Sigma). For mineralization studies,
B-glycerophosphate (10 mm Sigma) was added to osteoblast
differentiation medium. Medium was replaced three times per
week. For microarray validation experiments, Kusa 4b10 were
serum starved (2% FBS) on day 16 of differentiation for 18 h
prior to treatment with the indicated doses of PTH(1-34) (10
nM), and mouse CT-1 or mouse OSM (50 ng/ml; R&D Sys-
tems) for the times indicated. Mouse primary osteoblasts
were prepared by enzymatic digestion of calvariae of newborn
wild-type (WT) C57BL/6 mice (1-2 days old) (20, 21). Miner-
alized nodules were stained by von Kossa with 3% silver ni-
trate and fixation with 0.1% sodium thiosulfate. Mineralized
area was quantified using Image] 1.36 (National Institutes of
Health). Adipogenesis was assessed by Oil red O staining sol-
ubilized in isopropyl alcohol (25) and measured at 515 nm.

Quantitative Real-time PCR—Total RNA was extracted
using TRIzol® Reagent (Invitrogen) followed by treatment
with DNase (Ambion) or using RNasy Mini Kit (Qiagen) ac-
cording to the manufacturer’s instructions. cDNA was syn-
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thesized from 2-5 ug of RNA using random primers and
SuperScript III (Invitrogen) as previously described (20). Q-PCR
was performed using SYBR Green (Molecular Probes) with
specific oligonucleotide primers (Sigma) (22) in the
MX3000P® system (Stratagene) (20). Gene expression was
normalized to hypoxanthine-guanine phosphoribosyltrans-
ferase (HPRTI).

Retroviral Vectors and Retrovirus Production—An MSCV-
based retroviral construct containing a green fluorescent pro-
tein (GFP) (gift of Dr. David Izon, St. Vincent’s Institute of
Medical Research) (26) was modified by insertion of mouse
Zfp467 cDNA (BC029859, MGC:35888, IMAGE: 4457967) in
a sense and antisense orientation into the multiple cloning
site (Fig. 1D). The sense strand was cloned by Xhol/Hpal liga-
tion and the antisense strand by XhoI/EcoRI. Retroviral su-
pernatants were prepared from Phoenix E cells using Fu-
GENE 6 reagent (Roche Applied Science). Cells were
transfected at 70% confluence with plasmid DNA containing
empty vector, sense or antisense Zfp467 cDNA with FuGENE
6 at a 3:1 to DNA. Medium was replaced 16 —24 h post-trans-
fection with fresh medium and cultured at 32 °C to enhance
retroviral titer. Retroviral supernatants were collected 48 h
post-transfection, filtered, and stored at —80 °C until re-
quired. Target murine cells were infected with retroviral su-
pernatant (50% v/v) + Polybrene (8 ug/ml, Sigma). Cells were
transduced by spinfectin (27) and incubated for 24 h. Fresh
growth medium was added to cells or another round of spin-
fection was performed after 24 h to increase transduction effi-
ciency. Retroviral titers were quantified in NIH-3T3 fibroblas-
tic cells (ATCC). All titers were ~1 X 10° colony-forming
units/ml. Infected cells were analyzed for GFP expression by
fluorescence microscopy (data not shown) and sorted using
FACsAria (BD Biosciences) (data not shown). Transduction
efficiencies in NIH-3T3 cells were >60% for vector, >45%
sense Zfp467, and >25% for antisense Zfp467. Similar results
were achieved in Kusa 4b10 cells. Levels of retroviral integra-
tion, assessed by FACS for GFP, remained constant over a
21-day time course of Kusa 4b10 cell differentiation.

RNA Interference—Transient transfections were com-
pleted using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. Briefly, Kusa 4b10 cells
were untreated or transfected at 30 -50% confluence using
Lipofectamine™ 2000 with 20 pmol of Stealth™ RNAi
oligomer (MSS250457, 5'-CCUGCACCGAAUGCGAGAAA-
CGUUU-3’; from a set of 3 by Invitrogen) or with a duplex
scrambled control (medium GC; Invitrogen) in a 24-well
plate. Medium was changed from Opti-MEM I (Invitrogen)
after 4—6 h to growth medium and incubated at 37 °C until
testing.

Antibody Production and Western Blot Analysis—The pro-
tein sequence for Zfp467 (NP065614) was analyzed for anti-
genic properties using the GenScripts Optimum-Antigen™
design program. The peptide selected, RVHDAASR-
TRSSPDC, was homologous to all Zfp467 variants. A cysteine
residue was added to the C terminus of the peptide and con-
jugated to keyhole limpet hemocyanin. The custom rabbit
polyclonal antibody was produced by GenScript. Protein ly-
sates were prepared as previously described (21). Briefly, Kusa
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4b10 cells were lysed in a RIPA buffer containing protease
inhibitor mixture (Sigma), sonicated, and centrifuged to re-
move cell debris. Ten to twenty g of protein was resolved on
12% gradient gel (NuPAGE; Invitrogen) and transferred using
a semi-dry system prior to probing with antibodies to Zfp467
(Genscript) and mouse Pan-actin (MS-1295-P0; Lab Vision
Corp.). Optical densities of bands were quantified using
ImageJ 1.36 and normalized to Pan-actin.

In Vivo Experiments—All animal experiments were ap-
proved by St. Vincent’s Health, Animal Ethics Committee
prior to commencement of the study. Primary calvarial osteo-
blasts were isolated from calvariae of 1-2-day-old newborn
WT C57BL/6 mice (20, 21). Cells were untreated or trans-
duced 24 h after seeding with retroviral supernatant contain-
ing either empty vector or sense Zfp467 construct by two
rounds of spinfection. After 48 h, cells were harvested by
trypsinization (0.25% trypsin, 0.02% EDTA) and medium con-
taining 10% FBS was added; the cells were then washed three
times by centrifugation in serum-free a-MEM and subse-
quently resuspended in 1X PBS (Invitrogen) and kept on ice
until use (0-2 h). Four-week-old mice received intra-tibial
inoculation of empty vector or Zfp467 sense cells (final con-
centration 2.5 X 10 cells/10 wl) and the other limb was inoc-
ulated with PBS alone for comparison as previously described
(28). Tissues were collected after lethal anesthesia at days 7
and 21 post-inoculation. For day 7 samples, tibiae were dis-
sected and used to isolate RNA using a RNA lipid tissue kit
(Qiagen) according to the manufacturer’s instructions. For
day 21 samples, tibiae were harvested, fixed, and paraffin-
embedded for histological examination as previously de-
scribed (28). Serial sections were stained with hematoxylin
and eosin (H/E).

Luciferase Reporter Assays—Reporter plasmids containing
the consensus binding site for the PPARy/RxRa heterodimer
(PPAR-response element) inserted into pGL3 basic vector
(Promega) (29) were transiently co-transfected into ST2 mar-
row-derived stromal cells (ATCC), without or with
pcDNA3-PPARYy (29) or pPCMV-sport6 Zfp467 (Invitrogen)
constructs. ST2 cells were seeded into a 12-well plate in
a-MEM + 10% FBS and transfected at 80% confluence using
Lipofectamine 2000 according to the manufacturer’s instruc-
tions for 24 h. Luciferase activity was determined using the
dual-luciferase reporter assay system (Promega) and lumines-
cence was read (BMG Labtech). As a reference plasmid to
normalize transfection efficiency 15 ng of pRL-CMV plasmid
(Promega) was co-transfected in all experiments.

Histone Deacetylase (HDAC) Activity—HDAC activity was
measured using the HDAC Fluorescent Assay/Drug Discov-
ery Kit (BIOMOL) according to the manufacturer’s instruc-
tions. Briefly, whole cell extracts prepared from human em-
bryonic kidney 293T cells (ATCC) transiently transfected
using Lipofectamine 2000 with pCDNAS3 vector or
pCDNA3-Zfp467-FLAG tag in 100-mm? plates were immu-
noprecipitated with anti-FLAG M2 affinity gel (Sigma) after
24 h incubation. Immunoprecipitates were incubated with the
substrate for 37 °C for 15 min. Following incubation, the reac-
tion was stopped and the fluorescence measured at 360 nm.
HeLa nuclear extracts were used as the positive control.
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Osteoclast Formation Assay—Co-cultures to generate oste-
oclast formation were performed as previously described (21).
Osteoclasts were generated from bone marrow macrophage
precursors by co-culturing them in the presence of Kusa 4b10
cells cultured in a-MEM + 10% FBS and 1,25(0OH),D; (10
nM; Wako Pure Chemicals). Medium was changed at day 3
and cultures were stained on day 7 for tartrate-resistant acid
phosphatase (TRAP™) (21). Data are presented as the average
number of TRAP* multinucleated cells (small, 2 to 4 nuclei,
or large, 5 or more nuclei).

Statistical Analysis—Statistically significant differences
were determined using Student’s £ test or two-way analysis of
variance followed by post hoc analysis with p values adjusted
with Bonferroni’s correction after establishing for normal dis-
tribution of data using GraphPad Prism 5.0a. A p value of less
than 0.05 was considered significant. All values are presented
as the mean = S.E. unless stated otherwise.

RESULTS

Suppression of Zfp467 mRNA by PTH and gp130
Cytokines—Microarray analysis revealed that Zfp467 mRNA
was down-regulated 1.5-fold by 10 nm PTH(1-34) at 1 and
6 h. Validation experiments using Q-PCR in differentiated
Kusa 4b10 cells and calvarial osteoblasts confirmed that
PTH(1-34) suppressed Zfp467 mRNA levels at 1 h and levels
returned to basal by 6 h (Fig. 1, A and B); this occurred in a
dose-dependent manner with a maximal effect at 10 ng/ml
(data not shown). Because gp130 cytokines CT-1 and OSM
stimulate bone formation and inhibit adipogenesis (20, 21)
their ability to affect Zfp467 mRNA levels in Kusa 4b10 cells
was assessed. Zfp467 mRNA levels were significantly sup-
pressed by CT-1 and OSM compared with untreated controls
(Fig. 1C). A shorter time course revealed Zp467 mRNA to be
suppressed by OSM by 2 h (data not shown).

Increased Expression of Zfp467 Delays Osteoblast
Differentiation—To delineate the role of Zfp467 in osteoblast
differentiation, secondary functional studies were performed
using a retroviral overexpression system (Fig. 1, D-F). Kusa
4b10 cells were used due to their ability to differentiate along
either the osteoblast or adipogenic lineage (25). Kusa 4b10
were untreated or transduced with empty vector, sense or
antisense Zfp467 cDNA before being cultured under mineral-
izing conditions. Q-PCR analysis revealed that total Zfp467
mRNA levels were significantly elevated in cells overexpress-
ing sense Zfp467 cDNA and significantly reduced when anti-
sense Zfp467 cDNA was overexpressed compared with con-
trols (Fig. 1G). No difference was observed between untreated
and vector controls. Similarly, Zfp467 protein levels, analyzed
by Western blot, were increased by sense Zfp467 and de-
creased by antisense Zfp467 cDNA overexpression compared
with both untreated and vector controls (Fig. 1H).

von Kossa staining confirmed that retroviral integration per
se did not affect the mineralization capacity of the Kusa 4b10
cells (Fig. 2A). However, cells transfected with the antisense
Zfp467 construct produced more mineral than vector-in-
fected cells from 13 days onwards. In contrast, cells overex-
pressing sense Zfp467 formed significantly less nodules than
vector-infected cells by day 15, and this effect was only en-
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FIGURE 1. Regulation of Zfp467 by PTH and gp130-binding cytokines and Zfp467 retroviral construction. Q-PCR for Zfp467 on (A) day 17 osteoblast-
differentiated Kusa 4b10 cells and (B) day 9 differentiated primary calvarial osteoblasts (mPOB) treated without or with PTH(1-34) for 1, 6, and 24 h. C, Q-PCR
for Zfp467 on Kusa 4b10 cells osteoblast differentiated for 17 days and treated with 50 ng/ml of oncostatin-M (OSM), cardiotrophin-1 (CT-T7) or untreated for
1,6, and 24 h. Results are mean fold-change = S.E. of =3 independent experiments; *, p < 0.05; **, p < 0.01; ***, p < 0.001, compared with untreated con-

trol. Representation of Zfp467 retroviral constructs: D, MSCV-IRES-GFP vector control; £, MSCV-sense Zfp467-IRES-GFP vector; F, MSCV-antisense Zfp467-
IRES-GFP vector. LTR, long terminal repeats; IRES, internal ribosomal entry site; GFP, enhanced green fluorescence protein reporter gene. G, Zfp467 mRNA
levels during 21 days of osteoblast differentiation. Results are mean fold-change = S.E. of 3 independent experiments; *, p < 0.05; **, p < 0.01; *** p <
0.001, compared with vector control. H, Western blot analysis of Kusa 4b10 cells untreated or transduced with MSCV-IRES-GFP vector, MSCV-sense Zfp467-
IRES-GFP, and MSCV-antisense Zfp467-IRES-GFP probed with anti-Zfp467. Mouse Pan-actin was used as a loading control. Data in panel G are mean * S.E. of
3 independent transductions. Symbols are defined in the figure. Standard error bars indicated, or within symbols.

hanced by day 17. Furthermore, overexpression of sense
Zfp467 suppressed expression of intermediate and late mark-
ers of osteoblast differentiation including PTH receptor-1,
osteocalcin, and sclerostin compared with vector-infected
control cells (Fig. 2B). In contrast, antisense Zfp467 enhanced
expression of these factors (Fig. 2B). Runx2 and Osterix
mRNA expression were not changed (data not shown). These
results were consistent with the altered mineralization and
suggest that Zfp467 delays osteoblast differentiation.
Interestingly, even though cells were cultured in conditions
that favored osteoblast differentiation, a large number of adipo-
cytes were observed in wells containing cells overexpressing
sense Zfp467 (Fig. 3A). We therefore examined adipocyte
marker gene expression. Although no significant changes were
observed with antisense Zfp467, we observed a clear induction of
adipogenic genes by overexpression of sense Zfp467. PPARYy,
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C/EBPa, adiponectin, and resistin were enhanced more than
2-fold by sense Zfp467 compared with vector control (Fig. 3B).
Zfp467 therefore appears to promote adipogenic differentiation
at the expense of osteoblast formation even under conditions
that favor the latter. The difference between the effectiveness of
the sense and antisense Z{p467 construct at regulating gene ex-
pression may be due to the efficacy of retroviral transduction.
The titer, and therefore the infection and integration rates, of the
antisense Zfp467 construct was significantly lower than the titer
of both the empty vector and sense Zfp467 constructs, as as-
sessed by flow cytometry based on GFP expression levels (data
not shown). Consequently, we utilized RNA interference (RNAi)
in subsequent studies.

Increased Zfp467 Enhances the Osteoclast-supporting Abil-
ity of Stromal Cells—Because early osteoblast progenitor cells
and adipocytes promote osteoclast differentiation (30 -32) the
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compared with vector control. Symbols are defined in the figure.

production of factors affecting osteoclast differentiation was
assessed in sense and antisense Zfp467 overexpressing cells
cultured under mineralizing (Fig. 44) and adipogenic (Fig. 4B)
conditions. Q-PCR analysis showed mRNA for receptor acti-
vator of NF«B ligand (RANKL) was significantly elevated and
osteoprotegerin (OPG) mRNA levels were lowered by overex-
pression of sense Zfp467 early in differentiation. In contrast,
antisense Zfp467 did not significantly modify these genes
compared with untreated and vector controls. This pattern of
gene regulation induced by sense Zfp467 suggested that
Zfp467 might enhance the ability of osteoblastic cells to sup-
port osteoclast formation. Therefore the ability of Kusa 4b10
cells under- and overexpressing Zfp467 to support osteoclast
differentiation of bone marrow macrophages was examined.
Overexpression of sense Zfp467 enhanced osteoclast forma-
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tion and increased the number of nuclei in TRAP™ osteoclasts
formed in co-culture. In contrast, Kusa 4b10 cells with anti-
sense Zfp467 had reduced ability to support osteoclast forma-
tion, and the osteoclast nuclear number was reduced relative
to controls (Fig. 4, C and D).

Increased Zfp467 Accelerates Adipocyte Differentiation—To
delineate the role of Zfp467 in cell lineage commitment pref-
erencing, adipogenic differentiation assays were conducted.
When cells were cultured under adipogenic conditions, sense
Zfp467 overexpression produced significantly more adipo-
cytes after 4 days of culture, as indicated by Oil red O staining
(Fig. 5A). This difference was confirmed on counting the
number of adipocytes and solubilization and quantification of
the Oil red O stain (Fig. 5, B and C). As observed under osteo-
blastic conditions, the increased adipocyte formation rate was
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associated with elevated mRNA levels for PPARy, C/EBPa,
adiponectin, and resistin (Fig. 5D).

This pro-adipogenic influence of Z{p467 was confirmed by
gene silencing using RNAI. Efficacy of the RNAI to knock-
down Zfp467 in Kusa 4b10 cells was confirmed by Q-PCR
that showed an 80% reduction in mRNA transcripts by day 2
(Fig. 6A). Furthermore, Western blot analysis 48 h post-trans-
fection confirmed decreased Zfp467 protein levels (Fig. 6B).
Oil red O staining demonstrated a significant delay in adipo-
cyte formation in cells transfected with Zfp467 RNAI (Fig. 6C)
and Q-PCR revealed suppressed PPARy, C/EBPa«, and adi-
ponectin levels compared with scrambled control (Fig. 6D).
This confirmed that gene silencing of Zfp467 was sufficient to
decrease the rate of adipocyte formation.

Zfp467 Transactivates the PPARy Response Element—Be-
cause the effects of over- and underexpression of Zfp467 re-
sulted in changes to osteoblast and osteoclasts resembling
those resulting from similar modifications of PPARy (33), we

FEBRUARY 11, 2011+VOLUME 286+NUMBER 6

considered whether Zfp467 might directly regulate PPARy
expression. We therefore examined whether Zfp467 could
transactivate the PPARy promoter. Co-transfection of Zfp467
c¢DNA with a luciferase reporter plasmid containing the con-
sensus binding site for the PPARy/RxRa heterodimer (PPAR-
response element) (29) significantly increased the expression
and transactivation function of the PPAR-response element
(Fig. 7A), indicating a mechanism by which Zfp467 promotes
lineage commitment of progenitor cells to adipocytes over
osteoblasts.

Zfp467 Recruits a Histone Deacetylase Complex—Histone
modification activity assays were carried out to investigate
whether Zfp467 may employ epigenetic mechanisms to alter
stromal cell differentiation. No change in the activity of his-
tone methyltransferase, histone demethyltransferease, and
histone acetytransferase was found (data not shown). HDAC
activity was significantly increased from Zfp467 immunopre-
cipitates when compared with vector control (Fig. 7B). In sup-
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port, the organic compound trichostatin A (TSA) selectively
inhibited the class I and II HDAC families. This result indi-
cates that Zfp467 may function in a HDAC associated co-
repressor type complex to suppress target gene transcription.
Increased Zfp467 Enhances Adipocyte Formation in Vivo—
The in vitro data established that elevated levels of Zfp467
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conferred preference for marrow stromal precursor cells to
differentiate to adipocytes rather than osteoblasts. To confirm
this role of Zfp467 in an in vivo system, primary calvarial cells
including osteoblast lineage cells at early to late differentia-
tion stages (34) were injected into tibiae of 4-week-old
C57Bl1/6 mice. These cells were transduced with either vector
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control or sense Zfp467 containing constructs. Intra-tibial
injection methods have been used successfully to study age-
related bone diseases including osteoporosis, and the ability of
donor cells to proliferate and survive in recipient bone mar-
row following intra-tibial injections has been confirmed in
previous studies (35, 36). The presence of introduced calvarial
cells was confirmed 7 days post-inoculation by Q-PCR for
empty vector or transgenic Zfp467 transcripts (Fig. 84). At
day 21 post-inoculation, quantification of adipocytes revealed
a significant increase in both their number and volume in the
marrow space of tibiae injected with calvarial cells transduced
with sense Zfp467 cDNA compared with those that received
vector control cells (Fig. 8B). Although we exclude a contribu-
tion from surrounding host cells, this indicated that enhanc-
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ing Zfp467 expression in vivo is capable of stimulating adipo-
cyte differentiation.

DISCUSSION

Zfp467 was originally isolated from mouse hematogenic
endothelial LO cells as an OSM-inducible mRNA (37). The
protein Zfp467 (also known as EZI) belongs to the Kriippel-
like family of transcription factors (KLF) consisting of 12 re-
peats of C,H,-type zinc finger motifs (37). KLFs have been
implicated in controlling cellular proliferation, differentiation,
and development (38) and are known to bind GC-rich se-
quences, basal regulatory factors, or associated factors to con-
trol target gene transcription (39). Zfp467 is expressed ubiqui-
tously and is thought to play a role in general cellular function
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(37). Our data now establishes that Zfp467 mRNA expression
in stromal cells is suppressed by both PTH and gp130-signal-
ing cytokines OSM and CT-1, factors known to stimulate
bone formation (20, 40 —46).

Zfp467 overexpression in Kusa 4b10 stromal cells stimulated
bipotential precursor cells to differentiate toward the adipocyte
over the osteoblast lineage, even under culture conditions that
promote osteoblast differentiation. These changes correlated
with delayed expression of intermediate to late osteoblastic
marker genes including PTH receptor 1, osteocalcin, and scleros-
tin, enhanced expression of adipocytic marker genes including
PPAR+y and C/EBPq, and activation of the PPARy response ele-
ment. Induction of PPARYy is essential for adipogenesis, and the
effects of PPARYy on adipocyte formation are gene-dose depen-
dent (6, 47, 48). Heterozygote PPARy-deficient mice exhibit de-
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creased adipocyte numbers and high bone mass as a conse-
quence of increased osteoblastogenesis by bone marrow
progenitors (33). This was associated with reduced osteoblastic
marker gene expression, illustrating the reciprocal relationship
between osteoblasts and adipocytes. In addition, PPARy null
embryonic stem cells failed to form adipocytes but differentiated
into osteoblasts without osteogenic supplementation, and rein-
troduction of the gene by retroviral transduction rescued the
phenotype (33). Interestingly, mice with deletion of PPARYy in
hematopoietic and endothelial lineages developed osteopetrosis
due to impaired osteoclast differentiation (49). The role of
Zfp467 in altering lineage preference of bipotential precursor
cells was supported in vivo when intra-tibial injection of calvarial
cells transduced with retroviral-expressed Zfp467 enhanced adi-
pocyte formation.
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Overexpression of sense Zfp467 also enhanced the oste-
oclast supporting ability of Kusa 4b10 cells in vitro, with oste-
oclast formation in co-cultures increasing both in size and
number. Q-PCR confirmed elevated levels of RANKL and
lower levels of OPG mRNA expression early in differentiating
Kusa 4b10 cells. The reverse was observed when Zfp467 was
knocked-down by antisense cDNA. Because RANKL is an
essential factor for the differentiation of osteoclasts and OPG
blocks the activity of RANKL, these changes alone may ex-
plain the enhanced ability of Zfp467 overexpressing cells to
support osteoclast formation. It is possible that the enhanced
osteoclastogenic support may also relate to the influence of
Zfp467 on adipogenesis thereby holding the osteoblast in a
less differentiated state. More primitive osteoblasts have been
reported to better support osteoclast formation than more
mature osteoblasts because they have higher levels of RANKL
and relatively lower levels of osteoclast inhibitors including
OPG, GM-CSF, and interleukin-18 (32, 50).
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Because Zfp467 can interact with other transcription fac-
tors to regulate their activity (37), we studied the ability of
Zfp467 to act as a co-factor in transcriptional regulation of
adipogenesis. We found that transactivation of a reporter
construct containing the consensus-binding site for the
PPAR<y/RxRa heterodimer response element was enhanced
when co-transfected with Zfp467 ¢cDNA. This indicates a pos-
sible mechanism by which Zfp467 promotes adipocyte forma-
tion. Other zinc finger transcription factors have also been
reported to regulate PPAR'y gene expression by either co-acti-
vating (Zfp423 (51), KLF5 (52), and KLF15 (53)) or co-re-
pressing transcription (KLF2 (54) and KLF7 (55)). Mice null
for Zfp423 or KLFS5 have impaired white adipocyte differenti-
ation and decreased PPARy expression, revealing a critical
role for these proteins in adipocyte formation (51, 52, 56).
Overexpression of KLF5 or KLF15 induced adipocyte differ-
entiation in vitro, whereas dominant-negative forms of KLF5
or KLF15 inhibited adipocyte formation by modifying PPARYy
expression (52, 53). These studies demonstrate that multiple
KLFs are induced sequentially during adipocyte differentia-
tion and suggest they may work in concert to regulate adipo-
cyte differentiation. Further studies, however, are required to
elucidate the relationship of these factors to Zfp467.

Accumulating evidence suggests that epigenetic mecha-
nisms involving post-translational and covalent modifications
of histones on chromatin may be a central mechanism con-
trolling gene transcription. Histone modifications can be al-
tered during cell lineage determination and in response to
changes in the extracellular environment (57). Our investiga-
tions demonstrate that Zfp467 can recruit a HDAC associated
co-repressor complex to suppress target gene transcription.
This was confirmed by use of the HDAC inhibitor TSA that
blocked the repressor effect of Zfp467 overexpression. This
reveals a potential epigenetic mechanism that Zfp467 may
utilize to delay osteoblastic differentiation sufficiently to allow
cells to divert to the adipocytic lineage. Alternately, it may
promote transdifferentiation. Further studies are required to
identify the HDAC co-repressor complex Zfp467 associates
with and its target genes.

Several other zinc finger protein transcription factors have
been reported to interact with HDAC co-repressor complexes
to suppress target gene transcription. These include Snail
(58), Slug (59, 60), acute promyelocytic leukemia-associated
PLZF protein (60), and zinc finger repressor-89 (ZBP89) (61).
The effects of HDAC inhibitors on bone formation have been
investigated. Suppression of HDAC activity by TSA treatment
early in osteoblast differentiation promoted their differentia-
tion and maturation by accelerating the appearance of osteo-
blast-specific genes in MC3T3-E1 pre-osteoblastic cells (62).
Similarly early treatment with TSA in human bone marrow
stromal cells increased osteogenic differentiation by up-regu-
lating marker gene expression (63). TSA treatment has also
been reported to inhibit osteoclast formation in vitro and in
vivo (64).

The consequence of Zfp467 over- and underexpression
resembles those of the same manipulations of PPARYy. Line-
age changes similar to those observed in the present study are
also reported in aged or diseased bone where bone loss is as-
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sociated with an alteration of the mesenchymal progenitor
cell population from an osteoblastic to an adipocytic pheno-
type (65). Several strain-specific and knock-out murine mod-
els have investigated the reciprocal relationship between
osteoblast and adipocyte formation. A connection between age-
related bone loss due to low bone remodeling osteoporosis
was associated with significant increases in marrow fat infil-
tration, using the inbred albino Louvain rats, as a model of
healthy aging (66). The senescence accelerated mouse-P6 also
demonstrated low bone turnover osteopenia due to decreased
osteoblastogenesis with a parallel increase in adipogenesis, a
phenotype that may result from reduced expression of the
gp130-cytokine interleukin-11 (IL-11) (67— 69). In the present
study, Zfp467 mRNA expression was not altered by IL-11
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treatment (data not shown), and IL-11 receptor knock-out
mice do not demonstrate reciprocal adipocyte and osteoblast
differentiation (70). Zfp467 expression was attenuated by
CT-1 and OSM. Both CT-1 and OSMR knock-out mice dem-
onstrate low bone turnover and enhanced adipogenesis rais-
ing the possibility that altered regulation of Zfp467 may be
involved in the phenotypes of these mice (20, 21).

Zfp467 has been identified as an enriched nuclear protein
in quiescent leukemic hematopoietic stem cells, implicating
Zfp467 as a regulator of hematopoietic stem cell function (71)
in addition to the role we have identified in MSC differentia-
tion. In support of Zfp467 playing a role in hematopoiesis, a
search for diabetes susceptibility genes found the protein to
be a positive regulator of T cell selection in the thymus (71)
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and thereby associating Z{p467 in T-cell survival and matura-
tion, because defective negative selection for T cell receptor
with low self affinity can result in autoimmune diabetes (72—
74). Additionally, Zfp467 was up-regulated by thyroid hor-
mone and characterized as a thyroid hormone-responsive
gene in TtT-97 tumors (75) and in mouse pre-neuronal
Neuro2a cells (76), suggesting a role in regulating thyrotrope
cell function. These studies have revealed diverse roles for
Zfp467, reflecting its ubiquitous expression.

Our studies and those discussed above have identified
Zfp467 as a regulator of osteoblast and adipocyte differentia-
tion, key processes in the maintenance and function of bone
structure and the bone marrow microenvironment, which
includes cells from hematopoietic, osteoblast, and adipogenic
origins. Homeostasis of this microenvironment is essential as
an imbalance favoring one cell type can affect the regulation
and function of the other (77). Therefore Z{p467 may play a
fundamental role in bone and blood-related disorders.
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