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The Zinc Finger Transcription Factor Zfp60 Is a Negative
Regulator of Cartilage Differentiation

BERNHARD GANSS and HIROAKI KOBAYASHI

ABSTRACT

The differentiation of many mesenchyme-derived cells, including cells that form bone and cartilage, is
regulated at the level of gene transcription, but many of the factors involved in this regulation remain to be
identified. In this study, a modified RNA fingerprinting technique was used to identify the KRAB domain zinc
finger transcription factor Zfp60 as a candidate regulator of cell differentiation in mouse calvaria primary
cultures. The highest expression of Zfp60 mRNA in vivo was found between embryonic day 11 (E11) and E15
during mouse embryonic development, coinciding with stages of active organ formation. The expression of
Zfp60 mRNA and protein was analyzed further in mouse embryos during skeletal development. The most
prominent expression was found in prehypertrophic chondrocytes, where it coincides with the expression of
key regulators of chondrocyte maturation, Indian hedgehog (Ihh), and the parathyroid hormone-related
peptide (PTHrP) receptor. Zfp60 mRNA was also found transiently expressed during chondrogenesis of C1
cells in vitro, preceding collagen type X expression and cellular hypertrophy. Overexpression of Zfp60
inhibited cartilage differentiation in the chondrogenic ATDCS cell line. These results suggest a role for Zfp60
as a negative regulator of gene transcription, specifically during the development and/or differentiation of
chondrocytes. (J Bone Miner Res 2002;17:2151-2160)
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INTRODUCTION

OST CELL TYPES that form the components of the motile
Mapparatus such as bone, cartilage, and skeletal muscle
cells originate, along with fibroblasts and adipocytes, from
common mesenchymal precursor cells during embryonic de-
velopment. The bone-forming cells (osteoblasts) in mammals
are derived from two embryonic lineages. The craniofacial
skeleton, in particular derivatives of the branchial arch, origi-
nates from cells of the cranial neural crest, and the axial and
appendicular skeleton are derived from sclerotome mesen-
chyme and lateral plate mesoderm, respectively."” In addition
to this ontogenetic difference, skeletal elements are formed by
two mechanisms based on the appearance of an intermediary
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cartilage model (endochondral ossification) or lack thereof
(intramembraneous ossification). Neural crest-derived skeletal
elements such as calvaria, craniofacial bones, and parts of the
clavicle generally are formed by intramembraneous ossifica-
tion, and mesoderm-derived skeletal elements undergo mostly
endochondral ossification.®

The cartilage anlage that precedes long-bone formation
develops as a result of cell proliferation and differentiation
under the control of transcriptional regulators such as Sox
genes.” The differentiation of chondrocytes within the
growth plate of long bones is regulated by complex regu-
latory mechanisms involving bone morphogenetic proteins
(BMPs), parathyroid hormone-related peptide (PTHrP), In-
dian hedgehog (Thh), and FGF signaling.“> Although Sox
genes have also been identified as transcriptional regulators
in growth plate chondrocytes,® the precise transcriptional
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mechanisms that control cartilage hypertrophy remain un-
known.

The differentiation of osteoblasts from mesenchymal
stem cells is a multistage process.” The molecular mech-
anisms that govern this progressive development of the
osteoblast phenotype are largely mediated by the action of
transcriptional regulators such as the runt-domain transcrip-
tion factor Cbfal/Runx-2.%7'? Cbfal is essential for osteo-
blast differentiation'” and chondrocyte maturation,'>!®
suggesting that Cbfal is expressed in bipotential progenitor
cells. Cbfal is necessary, but not sufficient for bone forma-
tion in some experimental systems."'* Furthermore, func-
tional differences between various isoforms of Cbfal'> and
the discovery of coregulators for Cbfal'®='® imply that a
complex genetic network for the precise regulation of os-
teoblast differentiation beyond the activity of Cbfal must
exist. A transcription factor osterix (Osx) that acts down-
stream of Cbfal recently has been identified as a specific
regulator of osteoblast differentiation without obviously af-
fecting chondrocyte differentiation.'” However, little is
known about similar regulators of gene transcription that act
downstream of Cbfal in chondrocytes.

Zinc finger transcription factors of the C2H2 (Kriippel)
type constitute the largest family of transcription factors and
regulate many fundamental cellular processes including cell
differentiation, proliferation, organ development, and tu-
morigenesis.®” Although it has been estimated that several
hundred members of this gene family exist in the mamma-
lian genome,®'*? little is known about their specific bio-
logical functions and, surprisingly, few have been impli-
cated in bone cell differentiation (Krox-20,* TGF-B
inducible early gene [TIEG],**~2® nuclear matrix protein/
Cas-interacting zinc finger protein [NP/NMP4/CIZ],*”
AJ18,%® and Osx(lg)). Therefore, the aim of this study was
to identify additional C2H2 zinc finger transcription factors
as potential regulators of skeletal development.

A modified version of the differential display of mRNA
by polymerase chain reaction (DD-PCR)/RNA fingerprint-
ing procedure was developed and used to isolate five zinc
finger gene fragments that are differentially expressed at
two distinct stages in primary cultures of mouse calvaria
cells, an established model system for bone cell differenti-
ation. One of these fragments (Zif-27) was identified as part
of the transcription factor Zfp60, which has been reported
previously to be transiently expressed during muscle differ-
entiation in vitro.* Here, the expression profile of Zfp60
mRNA and protein was analyzed with a particular emphasis
on osteogenesis in vivo and during chondrogenesis in vitro.
In addition, the effect of Zfp60 on cartilage differentiation
in vitro was determined.

MATERIALS AND METHODS
DD-PCR/RNA fingerprinting

Mouse calvaria osteoblast cultures were established as
described®” and seeded at a density of 4 X 10° cells/dish in
100-mm cell culture dishes (Becton-Dickinson, Franklin
Lakes, NJ, USA). Total RNA was isolated from cells®"
after 4 days (late proliferative stage), and after 14 days
(differentiation stage) in culture. cDNA was synthesized
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from 3 pg of total RNA each using oligo(dT), ;NN primer
(modification 1) or the degenerate primer ZiF-5'.1 (5'-
ADGGCTTCTCNCCDGT-3'; modification 2) with Super-
script II reverse transcriptase (RT; Gibco BRL, Burlington,
Ontario) according to the manufacturer’s instructions. ZiF-5'.1
is directed against the conserved “linker” region in C2H2-type
zinc finger transcription factors. PCR amplification was per-
formed with AmpliTaq DNA polymerase (Perkin-Elmer, Mis-
sissauga, Ontario) using primers DD-2 (5'-TCGTGGCCCT-
3") and ZiF-5'.3 (5'-TCNCCDGTGTG-3") under “rapid PCR”
conditions.*® PCR products were labeled by the addition of 2
wl of *>S-deoxyadenosine triphosphate (dATP; 10 uCi/ul;
Amersham, Oakville, Ontario, Canada) and separated by elec-
trophoresis on a 6% polyacrylamide gel. Gels were dried and
exposed to Kodak XAR-5 film overnight. Bands of interest
were excised and DNA was eluted, reamplified, and cloned
into the plasmid pCR Script (Stratagene, PDI Bioscience, Au-
rora, Ontario, Canada) according to the manufacturer’s instruc-
tions. Three independent clones from each isolated band were
sequenced (Sequenase kit; Amersham-Pharmacia Biotech,
Baie d’Urfé, Quebec, Canada).

Northern blots

Total RNA was isolated from multiple tissues of 3- to
4-week-old mice (CD-1 strain; Charles River, St.-Constant,
Quebec, Canada) by a one-step procedure™®" and enriched
for polyA™ RNA using the Oligotex mRNA kit (Qiagen,
Mississauga, Ontario, Canada) according to the manufac-
turer’s instructions. The C1 cell line (a generous gift from
Dr. Anne Poliard, Institut Pasteur, Paris, France) was grown
in aggregates as described.®® Total RNA was isolated at
various time points, separated on a 1% formaldehyde gel,
blotted onto a Hybond-N* nylon membrane (Amersham-
Pharmacia Biotech), and cross-linked on a UV transillumi-
nator. This blot was hybridized with a double-labeled (**P-
dATP and **P-deoxycytidine triphosphate [dCTP]) Zfp60
cDNA probe derived from the 3'-untranslated region (UTR)
in ExpressHyb hybridization solution (Clontech, Palo Alto,
CA, USA) as recommended by the manufacturer. A mouse
embryo multiple tissue Northern blot (Clontech) was hy-
bridized with a Zfp60 cDNA probe and with a mouse
Runx2/Osf2-specific probe (plasmid pLA-Oa4 containing
the first 336 bp of Osf2/Cbfal 5’-untranslated and coding
sequence,” provided by Dr. G. Karsenty, Baylor College
of Medicine, Houston, TX, USA) as described previously.
After washing (0.1X SSC, 0.1% SDS, at 63°C), blots were
exposed to Kodak XAR-5 film for the times indicated.
Radioactive probes were removed (0.1% SDS, 85°C, 30
min) and blots were rehybridized as described previously
with a *?P-dCTP-labeled GAPDH or B-actin cDNA probe
to determine relative expression levels.

In situ hybridizations

For Zfp60, a 670-bp DNA fragment (nucleotides 2033—
2703; GenBank accession no. U48721%%) was amplified by
PCR and subcloned into the Smal site of pBluescript II
(Stratagene). The vector pBluescript II-in situ hybridization
(pBS-ISH), generated by replacing the multiple cloning site
of pCR Script Amp SK(+) (Stratagene) between Sacl and
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Kpnl with a single Srfl restriction site, was used to clone
PCR-amplified DNA fragments of the mouse PTH/PTHrP
receptor (nucleotides 558-964; Accession # X78936) and
mouse Ihh (nucleotides 1691-1992; accession no. U85610).
A mouse bone sialoprotein (BSP) fragment (nucleotides
607-1048; Accession # 1.20232) was cloned between the
Stfl and Hincll restriction sites in pCR Script Amp SK(+)
(Stratagene). The vector pRK26,%> containing a 346-bp
cDNA fragment of mouse collagen X (nucleotides 1880—
2225; accession no. Z21610), was obtained from Dr. Kathryn
Cheah (University of Hong Kong). The orientation of all
inserts was confirmed by sequencing. Plasmids (1 ug each),
linearized with appropriate restriction enzymes, were used to
prepare digoxigenin (DIG)-labeled (DIG RNA labeling kit;
Roche Biochemicals, Laval, QC, Canada) or 35S-uridine thio-
triphosphate (UTP)-labeled®® sense and antisense RNA tran-
scripts. Mouse embryos were prepared as described.” In situ
hybridization on sections (6 wm) of fixed, paraffin-embedded
C57BL/6 mouse embryos (embryonic day 16.5 [E16.5]) was
performed as described previously.®® Tissues were counter-
stained with hematoxylin/eosin after hybridizations with radio-
active probes or with eosin alone after hybridization with
DIG-labeled probes.

Immunohistochemistry

A C-terminal amide conjugate of the synthetic peptide
“EGDANRNITNKKE” to keyhole limpet hemocyanine
(KLH; Alberta Peptide Institute, Edmonton, Alberta, Can-
ada) was used to raise a polyclonal antiserum in white New
Zealand rabbits according to a standard protocol (Cedarlane
Laboratories, Hornby, Ontario, Canada). The antiserum was
affinity-purified over a column containing the synthetic
peptide coupled to Sepharose 4B (Amersham-Pharmacia
Biotech) and concentrated by ultrafiltration (Centricon YM-
30; Millipore, Bedford, MA, USA). Immunohistochemical
detection of Zfp-60 was performed using the Vectastain
elite ABC kit (Vector Laboratories, Burlingame, CA, USA).
Briefly, sagittal paraffin sections (12 um) of E16.5 CD-1
mouse embryos (Charles River) were dewaxed, rehydrated,
and incubated with the primary antibody (1:30 dilution)
overnight at 4°C. Control experiments were performed
without the addition of primary antibody. Tissues were then
processed as recommended by the manufacturer (Vector
Laboratories).

Cell culture and transfections

C1 cells were cultured as described.®* Briefly, cells were
seeded in untreated plastic dishes (100 mm) at a density of
3 X 10° cells/10 ml of DMEM with 10% FBS (Gibco Life
Technologies, Burlington, Ontario, Canada) and grown in
suspension for 9 days. The medium was then switched
(designated day 0) to DMEM with 1% FBS and 1 X 10°¢
M of dexamethasone (Dex) and changed every 3 days
thereafter. Cell aggregates were embedded in paraffin and
sections (6 wm) were stained with hematoxylin and eosin.
RNA was prepared as described®" and processed for Northern
blot analysis.

The chondrogenic cell line ATDC5%? (cell no.
RCBO0565; Riken Cell Bank, Tsukuba, Japan) was culti-
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FIG. 1. Differential expression of five cDNA amplicons in cultures
of mouse calvaria cells after (A) 4 days and (B) 14 days in culture.
Fragments were generated by two modifications of the RNA finger-
printing procedure to target members of the C2H2 zinc finger gene
family as described in the Materials and Methods section.

vated as recommended by the supplier. Cells were seeded in
triplicate at a density of 4 X 10 cells/well in 48-well culture
plates (Falcon; Becton Dickinson) and grown in mainte-
nance medium (a 1:1 mixture of DMEM: Ham’s F12 me-
dium with 5% FBS; Gibco Life Technologies) for 48 h, at
which point the cells had reached ~90% confluency. The
maintenance medium was then replaced by differentiation
medium containing insulin (10 pg/ml)/transferrin (10 wg/
ml)/Na-selenite (10 ng/ml) supplement (ITS; Roche Bio-
chemicals), without and with the addition of 1078 M of
PTHrP(1-34) (a generous gift from A. Karaplis, Montreal,
Canada). Two other triplicate sets of cells were transfected
with 0.1 pg or 0.3 pg each of a vector construct containing
the full-length sequence of Zfp60 (nucleotides 127-2284;
accession no. U48721) in pCMV5“? or empty vector using
Lipofectamine Plus reagent (Gibco Life Technologies) ac-
cording to the manufacturer’s instructions. Cells were cul-
tured in differentiation medium for 14 days with a medium
change every other day and then stained with Alcian blue
for sulfated glycosaminoglycan deposits indicative of ma-
ture chondrocyte formation. The dye in the matrices was
extracted with 200 ul of 6 M of guanidinium-HCI per well
overnight at room temperature and the photometric absorp-
tion was determined at 595 nm. Statistical analysis was
performed by Student’s independent group #-test.

RESULTS

Isolation of differentially expressed C2H?2 zinc finger
gene fragments from mouse calvaria cells

The primary culture of calvaria-derived cells of various
organisms®? is a well-established model system to inves-
tigate molecular and cellular events that occur during os-
teogenesis in vitro. In this report, a DD-PCR/RNA finger-
printing approach®” was used to analyze the differential
expression of C2H2 zinc finger transcription factors at early
and advanced stages of osteogenesis in this system. Several
differentially expressed cDNA fragments were identified
with two modifications of the RNA fingerprinting protocol
(Fig. 1). In modification 1, 2 out of 14 differentially ex-
pressed bands resembled fragments of C2H2 zinc finger
genes, and 3 out of 7 differentially expressed bands were
identified as C2H2 zinc finger gene fragments in modifica-
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ZiF-14.3 RLCGKKYTRKDOLEYHIRKHTG

2iF-27(2£p60)  QCGSAFRLPYQLTQHORIHYDVKPFQCKECGRAFVRSTGLRIHERIHTG

2iF-30 OCKQCGKRFTCSSSLRKEERTHTGEKPYECKQCGKAFSCSSSFRKHERTHT

2iF-36 CYECSECGKTFIKMSNLIRHORIHTGE

2iF-37 OCRKSFSKSSSLANHRRTHTGEKPYKCADCGKCFSERSKLITHORVETG

consensus KPYXCXXCKKXF. LXXHXRXHTGEKPYXCXXCXKXFXXXXXLXXHXRXHTG
F K F K

FIG. 2. Predicted amino acid sequence comparison of the five C2H2
zinc finger gene fragments isolated from mouse calvaria primary cul-
tures. Positions of conserved cysteine and histidine residues are under-
lined and residues conforming to the C2H2 zinc finger consensus
sequence (bottom line) are shown in bold type.

tion 2. An amino acid sequence alignment showed that all
five isolated fragments conform to the C2H2 consensus
sequence (Fig. 2). When used as probes in Northern blot
analyses on RNA isolated from mouse calvaria primary
cells, the five C2H2 zinc finger gene fragments hybridized
to transcripts of different sizes, indicating that the fragments
are indeed part of five independent transcripts (not shown).
A database search (National Centre for Biotechnology In-
formation Basic Local Alignment Search Tool [NCBI
BLAST]“?) identified the fragment Zif-27 as part of the
zinc finger transcription factor Zfp60.?” The fragment
ZiF-30 was found to be highly similar to part of the hypo-
thetical human protein MGC2663 (Entrez protein database
accession # NP_077011; NCBI), another Kriippel-Associated
Box (KRAB)-domain zinc finger protein. ZiF-14.3, ZiF-36,
and ZiF-37 did not show any homology with known genes
beyond a general similarity to the C2H2 zinc finger gene
consensus sequence and therefore may be considered as
novel gene fragments.

Zfp60 mRNA expression during mouse development

The developmental expression of Zfp60 mRNA in com-
parison with Cbfal/Runx-2/Osf2 was assessed by Northern
blot on mRNA isolated from whole mouse embryos at E7,
El1, E15, and E17 and from multiple tissues of 3- to
4-week-old mice (Fig. 3). Expression levels were low at E7
and increased transiently to maximal levels between E11
and E15, and expression at E17 was significantly reduced.
Expression levels of Zfp60 and Cbfal/Runx-2/Osf2 were
found maximal during the onset of mineralization (Fig. 3A).
In young adult mice (3—4 weeks of age) Zfp60 expression
was detected at relatively low levels in multiple tissues (Fig.
3B). Highest mRNA levels were found in mineralizing
tissues (mandible, long bone, and calvaria) and kidney,
followed by brain, heart, lung, tongue, and skeletal muscle,
and Zfp60 transcripts were almost undetectable in liver. In
addition to the previously reported Zfp60 mRNA transcript
of 4.2 kb, a second less abundant transcript of 6.8 kb was
detected in mouse embryos and most tissues of young adult
mice.

Zfp60 mRNA and protein expression during
osteogenesis in vivo

The expression of Zfp60 mRNA was analyzed by in situ
hybridization on E16.5 mouse embryos to correlate its ini-
tial isolation from calvaria with early aspects of osteogen-
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FIG. 3. Northern analysis of Zfp60 mRNA expression. (A) Each lane
contains 2 ug of polyA™ RNA from whole mouse embryos at E7 (a),
El1 (b), E15 (c), and E17 (d) in panel and (B) ~1 ug of polyA™ RNA
isolated from the indicated tissues of 3- to 4-week-old mice in panel.
Both blots were hybridized with the same cDNA probe derived from
the 3’-UTR of Zfp60 and exposed for (A) 16 h or (B) 5 days. Blots
were then rehybridized with a Runx2/Osf2 probe and normalized
against (A) B-actin or (B) GAPDH.

esis. Previous results®® suggested that the expression

Zfp60 in skeletal structures is transient in cells at the initi-
ation stage of cartilage hypertrophy. To determine the lo-
calization of Zfp60 mRNA more precisely and at the cellu-
lar level, a DIG-labeled Zfp60 RNA antisense probe (670
nt) was used for in situ hybridization experiments (Fig. 4).
The expression of Zfp60 mRNA was detected in epithelial
cells (Fig. 4a) and in the center of cartilage condensations of
developing metatarsal bones, where it is restricted to chon-
drocytes that have committed to hypertrophy, while prolif-
erating chondrocytes and cells in the perichondrium are
clearly negative for Zfp60 expression (Fig. 4d). The scapula
at this developmental stage shows overt signs of mineral-
ization and a clearly developed zone of chondrocyte matu-
ration. Proliferating and hypertrophic chondrocytes can be
readily distinguished from each other and from mineralized
osteoid tissue. Expression of Zfp60 is detected in skeletal
muscle tissue surrounding the scapula and in prehypertro-
phic chondrocytes but not in the perichondrium. A view of
transitory chondrocytes in the scapula at higher magnifica-
tion shows significant levels of Zfp60 expression in cells
undergoing the transition from proliferating to hypertrophic
cartilage cells (Fig. 4c). A similar expression pattern was
also observed in transitory chondrocytes of the rib. Promi-
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FIG. 4. Zfp60 mRNA expression in various tissues of 16.5 dpc
mouse embryos as determined by in situ hybridization with a DIG-
labeled cRNA probe. Expression at cellular resolution is observed in (a)
skin epithelium, (b) inner root sheath cells of developing whisker
follicles, and (c) in transition stage chondrocytes of the scapula and (d)
in the center of metacarpal cartilage condensations [(a and b) bar = 100
pm; (c and d) bar = 40 um]. E, epithelium; HC, hypertrophic cartilage;
IRS, inner root sheath; PC, proliferating chondrocytes.

nent signals were also detected in cells of the inner root
sheath in developing whisker follicles (Fig. 4b).

A direct comparison of Zfp60 mRNA expression with
that of known marker genes of chondro-/osteogenesis in
transition stage chondrocytes of the rib revealed that
expression of Zfp60 overlaps with the expression of two
known regulators of cartilage hypertrophy, Ihh, and the
PTH/PTHrP receptor (PTHrP-R) in prehypertrophic
chondrocytes, but not, or to a lesser degree, with type X
collagen (ColX) as a marker of mature chondrocytes or
BSP as a marker of osteoblasts (Fig. 5). The Zfp60 signal
in the matrix of the lower hypertrophic area (Fig. 5a) is
artifactual, because hybridization with several sense
cRNA probes resulted in similar background staining
(not shown).

A polyclonal antiserum against a partial sequence of
Zfp60 was used to confirm the expression of Zfp60 protein
predominantly in epithelial cells, prehypertrophic cartilage
cells, and cells that actively participate in morphogenesis at
sites of epithelial-mesenchymal interactions such as inner
root sheath cells of developing whisker follicles (Fig. 6). A
control experiment without the use of the primary Zfp60
antiserum did not reveal positive signals in any tissues at
this developmental stage (not shown).

Expression of Zfp60 during chondrogenesis in vitro

C1 cells undergo chondrogenic differentiation when
grown in aggregates in the presence of 10~® M of Dex for
extended periods of time.*® The expression of Zfp60 dur-
ing chondrogenesis in this system was analyzed by Northern
blot and compared with the expression of ColX mRNA, a
marker of hypertrophic chondrocytes (Fig. 7). Results from
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this experiment indicate that Zfp60 is expressed at all stages
of chondrogenic differentiation in C1 cells. However, its
temporal expression is transient and reaches a maximum
level at day 10 in culture, coinciding with a prehypertrophic
status of the cells. In contrast, ColX mRNA can only be
detected between days 25 and 53 with a maximal expression
at day 45. Similar to in vivo data the maximal expression of
Zfp60 thus precedes the onset of chondrocyte hypertrophy
and the concomitant increase in ColX mRNA expression in
mature chondrocytes in this system.

Effects of Zfp60 on chondrocyte differentiation in vitro

The expression data in vivo and in vitro suggest a role for
Zfp60 in chondrocyte maturation and/or differentiation.
Thus, the effect of Zfp60 on chondrogenesis in vitro
was investigated by transient transfection assays. The
teratocarcinoma-derived cell line ATDCS was grown for 14
days under conditions that stimulate cartilage differentia-
tion.®” In medium containing insulin, transferrin, and so-
dium selenite the cells differentiated into Alcian blue—
positive cartilage nodules (Fig. 8A). PTHrP(1-34), a critical
signaling molecule in cartilage differentiation, > signifi-
cantly reduced chondrogenic differentiation when added
during the 14-day culture period at a concentration of 1 X
10~® M, indicating that the differentiation program of these
cells is regulated in a manner similar to the situation in vivo
(Fig. 8A). Transient transfection of ATDCS cells with a
pCMV5-Ztp60 expression vector at two concentrations in
triplicate experiments at the beginning of the 14-day culture
period inhibited chondrocyte differentiation to an extent
comparable with PTHrP treatment, whereas transfection
with an empty vector had no obvious effect on the formation
of cartilage nodules after 14 days (Fig. 8A). Photometric
quantitation (Fig. 8B) of Alcian blue staining intensity re-
vealed a significant reduction (p < 0.01) of cartilage matrix
formation only in cells in which chondrocyte differentiation
was inhibited by continuous administration of PTHrP or
transient overexpression of Zfp60.

DISCUSSION

The proper development of the skeleton is coordinated by
a complex molecular network of signaling molecules, tran-
scription factors, and extracellular matrix components.
However, many regulators of gene transcription involved in
bone cell differentiation remain to be identified. The pri-
mary culture of calvaria-derived cells is a well-established
experimental system to study the molecular regulation of
bone formation in vitro. However, these cells are multipo-
tential and can differentiate into several mesenchyme-
derived cell phenotypes such as muscle, fat, and cartilage in
vitro.** In fact, a chondrogenic cell line (CFK2) has been
derived from rat calvaria primary cultures.*> Two modifi-
cations of the differential display technique,“® designed to
amplify fragments of C2H2 zinc finger transcription factors
that are differentially expressed between proliferation and
differentiation stages, were applied successfully in mouse
calvaria primary cultures. Modification 1 produced 14 dif-
ferentially expressed bands that were selected for further
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analysis. Twelve of these bands (86%) were ultimately
recognized as PCR artifacts and only two contained con-
served sequences of C2H2 zinc finger genes. In modifica-
tion 2, four out of seven differentially displayed bands
(57%) were artifacts and the remaining three bands con-
tained zinc finger gene fragments. Notably, although three
independent clones were sequenced from each amplified
band, the three sequences were not identical in all cases.
The differential expression of the zinc finger gene fragments
suggests that they may be involved in bone cell differenti-
ation. All gene fragments were subjected to a database
search (BLAST, NCBI).

ZiF-27 was subsequently identified as a fragment of the
transcription factor Zfp60, a KRAB-domain zinc finger
protein that has been implicated previously in myogenic cell
differentiation.®” The C2H2 zinc finger domain in this
class of proteins generally exhibits sequence-specific DNA
binding, while KRAB boxes are potent transcriptional re-
pression domains™” that interfere with gene transcription
by binding to the heterochromatin protein 1 (HP-1) com-
plex“® through the corepressor protein KAP-1.“? The dif-
ferential expression in bone-forming cells and the presence
of 19 consecutive C2H2 zinc finger motifs and an
N-terminal KRAB domain in Zfp60 suggest that this factor
acts as a transcriptional repressor during osteogenesis.

In this study, the mRNA expression of Zfp60 during
mouse embryonic development was analyzed by Northern
blot and found to be maximal between El11 and EI15, a
period of active organogenesis by epithelial-mesenchymal
interactions. In addition to the previously reported major
transcript of 4.2 kb,*” a second minor transcript of 6.8 kb
was detected that paralleled the expression of the 4.2-kb
transcript. Because a probe derived from the 3'-UTR of
Zfp60 was used in these blots, it is unlikely that the 6.8-kb
signal represents an unrelated transcript. It is presently
unclear whether these two Zfp60 transcripts result from
alternative splicing or the use of alternative polyadenylation
or transcription initiation sites. Multiple tissue Northern
blots performed on various adult mouse tissues failed to
detect any significant tissue-specific differences in expres-
sion levels between the two transcripts and it is not clear if
those transcripts fulfill different biological functions. Earlier
studies®*** have suggested a role for Zfp60 as a transcrip-

FIG. 5. Expression analysis of Zfp60 mRNA
by in situ hybridization in comparison with other
markers of chondrogenesis/osteogenesis in areas
of cartilage differentiation of developing ribs.
Tissue sections of mouse embryos at E16.5 were
hybridized to (a) DIG-UTP and (b—e) **S-UTP-
labeled antisense cRNA probes for (a) Zfp60, (b)
the PTH/PTHrP receptor, (c) Ihh, (d) ColX), and
(e) BSP. PC, proliferating chondrocytes; PHC,
prehypertrophic chondrocytes; HC, hypertrophic
chondrocytes; PO, periosteum; M, mineralized
bone (bar = 100 wm).

FIG. 6. Localization of Zfp60 protein expression in 16.5 dpc mouse
embryos by immunostaining with a polyclonal antiserum raised against
a Ztp60-specific peptide. The most intense signals (brown color) were
found in skin (A) epithelium, (B) prehypertrophic chondrocytes, and
(C) the inner root sheath of whisker follicles. E, epithelium; HC,
hypertrophic cartilage, IRS, inner root sheath; PC, proliferating
chondrocytes.

tional regulator during myogenesis. However, although the
first muscle-specific mRNAs (B-cardiac and embryonic
skeletal myosin heavy chain [MHC] transcripts) are not
expressed until E9—E10 in the developing mouse,”" Zfp60
transcripts could be detected as early as E7 and throughout
embryonic development in multiple tissues, therefore sug-
gesting a more general function of Zfp60 in organogenesis
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FIG. 7. Morphological changes and expression of Zfp60 mRNA
during chondrogenic differentiation of C1 cells. (A) Sections of C1 cell
aggregates were stained with hematoxylin and eosin after the indicated
times to reveal cell morphology. Cells in the center of aggregates show
the first morphological signs of hypertrophy after 25 days in culture.
(B) Northern analysis of Zfp60 and ColX mRNA expression was
performed in duplicate experiments. Twenty micrograms of total RNA
per lane, isolated from C1 cell aggregates after the indicated times in
culture, were hybridized sequentially with *?P-labeled cDNA probes
for Zfp60, ColX, and B-actin. The transcript sizes of the hybridization
signals for Zfp60 and ColX are indicated.

rather than a specific role in the regulation of muscle dif-
ferentiation. The mRNA expression levels of Zfp60 decline
after the completion of organ formation, and in 3- to
4-week-old mice Zfp60 expression is maintained at low
levels in multiple tissues, including bones, teeth, brain,
kidney, and lung.

To further investigate the role of Zfp60 in osteogenesis,
we analyzed the expression of Zfp60 mRNA on sections
from E16.5 mouse embryos. The following processes are
observed simultaneously at this developmental stage®?: (a)
the formation of a chondrocyte model for future long bones
by cartilage condensation; (b) the formation of bone struc-
tures by intramembraneous ossification, for example, cal-
varia; and (c) the differentiation and calcification of chon-
drocytes in epiphyseal areas of predominant bones formed
by endochondral ossification (e.g., humerus, femur, and
scapula). Previous results revealed the expression of Zfp60
mRNA mainly in epithelial cells, skeletal muscle, and chon-
drogenic cells in a transient fashion.®® However, Zfp60
expression was undetectable in neural tissue, cardiac or
smooth muscle, lung, liver, kidney, testis, or tissues of
endodermal origin. Hybridization with a DIG-labeled RNA
probe (Fig. 5) allowed Zfp60 transcripts to be detected at a
higher resolution, albeit at the expense of sensitivity. In
skeletal tissues, Zfp60 expression was found in prehyper-
trophic cartilage cells of the basisphenoid and metatarsal/
metacarpal bones, scapula, and rib, but not in proliferating
or hypertrophic chondrocytes. This transitory expression
pattern, which is reminiscent of Ihh and BMP-6 expression
in the developing scapula,®® suggests that Zfp60 expres-
sion in skeletal structures is confined to cells at the initiation
stage of cartilage hypertrophy. The heterogeneity of
calvaria-derived cultures may explain why Zfp60, although
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FIG. 8. Effect of PTHrP treatment and transient Zfp60 overexpres-
sion on chondrogenic differentiation of ATDCS cells. (A) After an
initial growth period of 48 h in 48-well plates in maintenance medium,
cells were switched to differentiation medium without further additives
(control) or with 107% M of PTHrP(1-34). Additional triplicate cells
were transfected with 0.3 pg or 0.1 ug of the empty expression vector
pCMVS5 or a pCMV5-Zfp60 expression vector. Cells were maintained
in differentiation medium for 14 days and then stained with Alcian blue
(left column). Representative views of Alcian blue—stained cartilage
nodules at higher magnification are shown (right column). (B) Alcian
blue staining of the wells shown in panel A was quantified by dye
elution in 6 M of guanidinium hydrochloride and absorption measure-
ment at 595 nm (Asys). The inhibition of cartilage differentiation by
PTHrP treatment and transient Zfp60 overexpression is statistically
significant (p < 0.01).

initially isolated from calvaria cells, is predominantly found
in prehypertrophic areas of cartilage in vivo.

The control of cartilage hypertrophy, a crucial step in the
development and growth of endochondral bones, is coordi-
nated by the controlled proliferation and differentiation of
chondrocytes and osteoblasts. The differentiation of growth
plate chondrocytes is controlled by a complex molecular
network that includes a negative feedback loop between the
signaling molecules Thh and PTHrP.®*=® Thh is expressed
in cartilage cells that have committed to hypertrophy. It
stimulates the expression of PTHrP in the perichondrium,
which delays differentiation of growth plate chondrocytes
by maintaining them in a proliferative state. The coexpres-
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sion of Zfp60 with Thh and the PTHrP-R in growth plate
chondrocytes suggests that Zfp60 may be involved in the
regulation of cartilage differentiation via the PTHrP/Ihh
regulatory loop, possibly by affecting the transcriptional
rate of PTHrP and/or Ihh target genes. In addition, Zfp60 is
expressed in epithelial cells and at sites of early epithelial-
mesenchymal interactions, as is PTHrP. Prominent Zfp60
signals were detected with a DIG-labeled probe in cells of
the inner root sheath in developing whisker follicles (Fig.
4b). This result, in conjunction with earlier findings that the
overexpression of PTHrP in the skin of mice interferes with
hair follicle development,®” further suggests a functional
relationship between PTHrP and Zfp60. The regulatory
network of cartilage differentiation and hypertrophy in-
cludes numerous other molecular signaling cascades such as
the FGF/FGF receptor system (reviewed by Xu et al.®®),
BMP signaling pathways,®® and complex interactions be-
tween them (reviewed by Poliard et al.”). Although we
report here that the expression pattern of Zfp60 overlaps
with the PTH/PTHrP-R during embryonic development,
Zfp60 may be involved as a transcription factor in multiple
signaling pathways to regulate chondrocyte hypertrophy.

The expression of Zfp60 was consequently investigated
in several chondrogenic systems in vitro that had been
established from rats (CFK-2“; C5.18“%), and mice
(ATDC5%?; C14¥). C1 cells undergo a chondrogenic dif-
ferentiation program and sequentially express various types
of connective tissue collagens, similar to the events ob-
served in vivo.®" Northern blot analyses confirmed that
Zfp60 expression precedes the expression of ColX in chon-
drogenic C1 cells, which suggests that Zfp60 largely regu-
lates the expression of target genes before chondrocytes
become hypertrophic and undergo terminal differentiation.
mRNA transcripts for Zfp60 could not be detected by
Northern blot on 20 ug of total RNA in CFK-2, C5.18, or
ATDCS cells, presumably because Zfp60 expression levels
are below the detection limit in these cells. Zfp60 transcripts
could be detected by RT-PCR in ATDCS cells (not shown)
but not in C1 or C5.18 cells, potentially because of primer
sequence mismatches between species.

Finally, experiments were performed to investigate the
effect of Zfp60 overexpression on cartilage differentiation
in vitro. The expression profiles and activities of known
regulators of cartilage differentiation in the chondrogenic
ATDCS cell line®® are similar to those observed during
cartilage differentiation in vivo.(%%3 Therefore, ATDC5
cells are an appropriate model for the analysis of early and
late-phase differentiation events during chondrogenesis.®¥
Because ATDCS cells, unlike C1 cells, begin to form car-
tilage nodules as signs of cellular hypertrophy within 14
days in monolayer culture, these cells were used to overex-
press Zfp60 under the control of the cytomegalovirus
(CMYV) promoter during the early stage of chondrogenic
differentiation. The early overexpression of Zfp60 resulted
in a significantly impaired rate of cellular hypertrophy and
cartilage matrix production. This effect was observed in
transient transfection experiments, where it seems unlikely
that the majority of cells maintain the expression of Zfp60
over the entire culture period of 14 days. We therefore
hypothesize that Zfp60 stimulates the expression of a se-
creted inhibitor of differentiation at the prehypertrophic
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stage, possibly by suppressing the transcription of another
factor that has an antagonistic effect on this hypothetical
secreted factor. To test this hypothesis, an inducible expres-
sion system for Zfp60 in stably transfected ATDCS cells
currently is being developed to allow the identification of
such (secreted) target genes.

In summary, this study has identified Zfp60, a member of
the KRAB-C2H2 zinc finger gene family of transcription
factors, as a negative regulator of cartilage differentiation in
vitro. In vivo, Zfp60 is coexpressed with the regulatory
molecules Thh and the PTHrP-R in growth plate chondro-
cytes. Further studies, including the generation of Zfp60-
deficient mice and the identification of upstream regulators
and downstream targets for this potential transcriptional
repressor, will help to determine the precise role of Zfp60 in
the regulation of cartilage hypertrophy and skeletal growth.
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