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Summary

The Fos-related AP1 transcription factor Fra2 (encoded by
Fosl2) is expressed in various epithelial cells as well as in
cartilaginous structures. We studied the role of Fra2 in
cartilage development. The absence of Fra2 in embryos
and newborns leads to reduced zones of hypertrophic

lacking Fra2 die shortly after birth, we generated mice
carrying ‘floxed’ Fosl2 alleles and crossed them to coll2al-
Cre mice, allowing investigation of postnatal cartilage
development. The coll2al-CreFos|2”" mice die between 10
and 25 days after birth, are growth retarded and display

smaller growth plates similar to Fosl2”~ embryos. In
addition, these mice suffer from a kyphosis-like phenotype,
an abnormal bending of the spine. Hence, Fra2 is a novel
transcription factor important for skeletogenesis by
affecting chondrocyte differentiation.

chondrocytes and impaired matrix deposition in femoral
and tibial growth plates, probably owing to impaired
differentiation into hypertrophic chondrocytes. In
addition, hypertrophic differentiation and ossification of
primordial arches of the developing vertebrae are delayed
in Fra2-deficient embryos. Primary Fosl2”~ chondrocytes
exhibit decreased hypertrophic differentiation and remain
in a proliferative state longer than wild-type cells. As pups
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Introduction

The vertebrate skeleton is composed of cartilage and bon@
Cartilage controls longitudinal bone growth, serves as scaffol r
for bone formation and gives flexibility to the skeleton by its
presence around joints. The mesenchymal precursors for&
aggregates at embryonic day 10 (E10) in the developing limb

thereby initiating endochondral ossification by differentiating diJQSSAOF;ﬁéicg\éit?rpg?t?rgll) tFreragzsc;:]pélanOfSch)to;ncO?r‘}sulrs]ts(, J?an
into chondrocytes. Chondrocytes first proliferate, then : ' '

differentiate into prehypertrophic chondrocytes and eventualgiunB and JunD) families of basic leucine zipper domain

become hypertrophic chondrocytes, thus forming the typic roteins. AP1 is involved in several biological processes,

layer-structured subpopulations of the growth plate (Karsenty cluding - differentiation, proliferation, - apoptosis _and
. ; ic transf tion (Joch t al., 2001). J tei
and Wagner, 2002). The life cycle of chondrocytes fro ncogenic transformation (Jochum et a ). Jun proteins

. : _ . Mseem to play important roles during development as the
proliferation to hypertrophy is controlled by a variety of factors,pcence of Jun (Hilberg et al., 1993; Johnson et al., 1993) and

expressed in chondrocytes and the surrounding perichondriury),,g (Schorpp-Kistner et al., 1999) results in embryonic
such as Indian hedgehog (Ihh) and parathyroid hormongsihality. A bone phenotype was described only recently in
related peptide (PTHrP) (Kobayashi et al., 2002; St'Jvauesérhbryo-specific Junb knockout mice, which develop

al., 1999), fibroblast growth factor (FGF) signaling (Ohbayashisteppenia and suffer from a chronic myeloid leukemia
et al., 2002; Liu et al., 2002; Deng et al., 1996) and thecMmL)-like disease (Hess et al., 2003; Kenner et al., 2004), as
runt family transcription factor Runx2 (Komori, 2002). well as in cartilage-specifitun knockout mice, which display
Hypertrophic chondrocytes produce a type X collagen-riciycoliosis (Behrens et al., 2003). All four members of the Fos
extracellular matrix (ECM) before they die through apoptosistamily seem to be involved in bone developm&asknockout

This ECM stimulates blood vessel invasion, which attractsnice lack osteoclasts because of a complete block in osteoclast
osteoblasts and osteoclasts, the two bone-specific cell typeffferentiation, resulting in an osteopetrotic phenotype (Wang
Osteoblasts share a mesenchymal precursor with chondrocytgisal., 1992; Grigoriadis et al., 1994), whereas ubiquitous
(Ducy et al., 1997) and use the cartilage ECM as scaffold texpression of Fos in transgenic mice leads to the formation of
eventually replace it with a type | collagen-rich bone matrixosteosarcomas (Ruther et al., 1989). When Fral (encoded by
Osteoclasts derive from the macrophage/monocyte lineagEosll) is expressed from thieos locus, the osteopetrotigos

and resorb cartilage and the bone ECM. For healthy borlemnockout phenotype is partly rescued (Fleischmann et al.,
development, an equilibrium between osteoblastic an@000). Overexpression dfFosB, a splice variant of FosB,

osteoclastic activity has to be maintained and a shift towards
e side results in either reduced (osteopenia/osteoporosis)

increased (osteopetrosis/osteosclerosis) bone mass
arsenty, 1999). Furthermore, cartilage defects can cause
ondrodysplasias in mice and humans (Cohen, 2002; Li and
sen, 1997).
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leads to an osteosclerotic phenotype because of increasédnnheim). For in situ hybridization analyses, sections were
numbers of mature osteoblasts (Sabatakos et al., 200@gparaffinized and hybridization was performed according to standard
Similarly, transgenic mice overexpressing Fral deve|0Fprocedures (Murtaugh et al.,_1999).The signal_was de_tected gccording
osteosclerosis because of a cell-autonomous increase in figdhe manufacturer's (Boehringer-Mannheim) instructions using BM-
number of mature osteoblasts (Jochum et al., 2000), Wheregmﬁ’ple AP-substrate solution. Sections were then washed, fixed in 4%

embryo-specifi¢osl1knockout mice display osteopenia (Eferl A and mounted.
et al., 2004). Little is known about the role of Fos proteins, iBrdu labeling

particular Fra2 (encoded Bysl2), in cartilage development. g iy vivo labeling, 100ug/g body weight BrdU were injected
Overexpression of Fos in embryonic stem (ES) cell chimerggtraperitoneally in pregnant females at E17.5 and E18.5, and embryos
leads to the development of chondrosarcomas (Wang et alere isolated by Caesarian section 32 hours and 2 hours later,
1991). By contrast, overexpression of Fos in the chondrogeniespectively. Sections were deparaffinized, unmasked by boiling in
cell line ATDCS5 inhibits chondrocyte differentiation (Thomas citrate buffer (0.1 mM citrate acid, 0.8 mM sodium citrate), blocked
et al., 2000). Fra2 is expressed at high levels in ovary, stomadf, 20% horse serum and incubated with a FITC-labele8rdU
intestine, brain, lung and heart (Foletta et al., 1994), and i#tibody (Becton_Dllcklns_,on)_ for 30 minutes in the dark. Cells were
differentiating epithelia, the central nervous system angounterstalned with'%&-Diamidino-2-phenylindole (DAPI). At least
developing cartilage (Carrasco and Bravo, 1995). In additio 00 cells were counted in the zone of proliferating chondrocytes.

. ! ' Primary rib cage chondrocytes were incubated witfvidml| BrdU
expression of Fra2 has been found to be distinct from other F 2 hours. Cells were fixed in 70% ethanol and permeabilized with

members, suggesting that it has unique functions duringo7 N NaOH for 2 minutes at room temperature. Cells were

embryonic development and adulthood. incubated with FITC-labeled-BrdU antibody for 30 minutes in the
As Fra2 is expressed during bone development, in particul@ark, counterstained with DAPI and mounted.

in differentiating chondrocytes (Carrasco and Bravo, 1995), we o

determined the role of Fra2 in cartilage biology and bon&°n Kossa staining

growth. Initially, we investigated its function in embryos Paraffin sections were deparaffinized and incubated in 2% silver

and newborns lacking Fra2. The zones of hypertrophi@'trate in a coplin jar placed directly in front .of. a 60 W.Iamp for 1

chondrocytes were narrower throughout embryonic and earfyPu" to detect matrix-bound €a After the staining, sections were

postnatal development and less calcified matrix was deposit ei"‘gth dzh‘r’o{;’ SOd(;uméh'osu"atﬁ for 5 minutes. The sections were

in Fosl2”~ growth plates. This is probably due to impaired ashed, dehydrated and mounted.

chondrocyte differentiation in vivo and in vitro. Moreover, Ki67 staining

endochondral ossification was delayed in developing vertebrabrafiin embedded sections were deparaffinized and unmasked as
columns ofFosl2’~embryos. AgosI2’~pups die shortly after described above. To block endogenous peroxidase activity, sections
birth, we generated floxeBos|2 mice and crossed them to were incubated in 3% 4@, for 30 minutes at room temperature.
coll2al-Cre transgenic mice. The conditioRakl2 knockout Unspecific binding sites were blocked using 20% horse serum for 20
mice have a rather broad spectrunio$l2 deletion; however, minutes at room temperature, followed by incubation withi4667

they display a similar defect in chondrocyte differentiation andntibody (Novo Castra) for 1 hour at room temperature. Secoaelary
suffer from a kyphosis-like phenotype. rabbit antibody and Vectastain solution (Vectastain ABC kit, Vector

Laboratories) were used according to the manufacturers
recommendations. After washing, the sections were incubated for 2-
Materials and methods 10 minutes with DAB substrate solution (DAB Peroxidase Substrate
kit, Vector Laboratories), washed and mounted.
Animals and tissue fixation
The generation ofosl2’~ mice and mice carrying floxefiosl2 ~ Cell culture
(FoslZy alleles will be described elsewhere (R.E., unpublished)Rib cage chondrocytes were isolated frBas|2’~ and Fos|2 wild-
Mice carrying floxedrosI2 alleles were crossed to coll2al-Cre mice type neonatal mice. Rib cages were sequentially digested twice for
(Haigh et al., 2000). The genetic background was C5%IZ for =~ 30 minutes and once for 4 hours at 37°C in a 0.2% collagenase
the Fosl2 knockout mice and 120B6CBAF1 for the coll2al-Cre; solution in serum-free Dulbecco’s Modified Eagle Medium (DMEM)
FoslZ'" mice. Genotypes of each animal were determined by PCRith antibiotics (100pg/ml Streptomycin, 100 U/ml Penicillin).
analysis with tail DNA as template. Primers used for genotyping ofingle cells were cultured overnight over 1.5% agarose in DMEM,
Fosl2”~mice are available upon request. Embryos were isolated at tH% fetal calf serum (FCS), 1Q@g/ml Streptomycin, 100 U/ml
appropriate time points by Caesarian section. Embryos and limbs &fnicillin and 5uM L-Glutamate (P/S/G) to obtain fibroblast-free
newborn mice were fixed overnight in 4% paraformaldehyde (PFAgultures.
at 4°C. Tissues were dehydrated and embedded in paraffin wax.

Sections were cut (Bm) and used for experiments. Cumulative cell number assay
o Primary rib cage chondrocytes were seeded in six-well plates at a
Skeletal staining number of K1C° cells/well. After 2 days in culture, cells were

Animals were skinned, eviscerated and dehydrated in 95% ethanocbunted and replated axk10 cells per well. Counting was repeated
overnight and in acetone again overnight. Skeletons were stained wifbr at least four passages.

0.015% Alcian Blue, 0.05% Alizarin Red and 5% acetic acid in 70% o

ethanol for several days. Next, the skeletons were cleared in 1% KOPjfferentiation assay

for an age dependent period, passed through a decreasing KOH sefenary chondrocytes were seeded in 24-well plates (162

and stored in glycerol. cells/well) and cultured in DMEM, 10% FCS, P/S/G, 5 nfM
) o glycerophosphate and 1Q@/ml ascorbic acid for 12 days. Half of
In situ hybridization the media was exchanged every other day. Differentiated cells were

Digoxigenin-labeled riboprobes were synthesized according to thstained in 0.1% Alcian Blue in 0.1 N HCI. The dye was extracted with
manufacturer’s instructions (DIG RNA labeling kit, Boehringer- 4M guanidine-hydrochloride and absorbance measured at 595 nm.
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Semi-quantitative RT-PCR and real time PCR RNase protection assay (RPA)

Total RNA was isolated from primary rib cage chondrocytes or kned@otal RNA was isolated with the TRIzol protocol (Sigma) anqud0
joints from newborn mice (P2) using TRIzol reagent (Invitrogen),were used for each RPA reaction. RPA was performed using the
according to the manufacturer’s recommendations. RNAY@}4vas  RiboQuant multiprobe RNase protection assay system mJdun/Fos
used for cDNA synthesis using Ready-To-Go You-Prime First-Stran@PharMingen) according to the manufacturer’s instructions.

Beads (Amersham Biosciences) andpll of Random Primers o )

(Invitrogen) according to the manufacturer’s instructions. After anStatistical analysis

initial denaturation at 95°C for 2 minutes, the PCR reactions werdll experiments were repeated at least three times and carried out in
carried out as follows: denaturing for 30 seconds at 95°C, annealirigplicate. Statistical analysis was performed using Studetést,

for 45 seconds at 55°C and extension for 90 seconds at 65°C. TR&0.05 was accepted as significant. Data are shown as mean and the
reaction was completed by a 7 minute extension step at 65°C. For realror bars represent the standard deviation.

time PCR, light cycler Fast start DNA Master SYBR Green (Roche

Diagnostics) was used. The following primers for were used: aggrecan

(forward)  B-tcgcccaggcetccaccagatact-3 and  (reverse) 'S Results

ccagccagccagcatagcacttgi-3ype 1l collagen (forward) 'Egcga- . .
' ) Reduced zone of hypertrophic chondrocytes in

a actgaagggacaccadd (reverse)'sc ctgcggatgcetctcaat:3 .

gagggpacigaadga ( ) Ecagggctgcggarg embryos and newborns lacking Fra2

type X collagen (forward) 'sgaccccctggeccctectggd-and (reverse)
5'-atctcacctttagcgectggaatg-3lthh  (forward) 53-caagcagttcagcce- To gain insights into the role of Fra2 in developing cartilage,

caacg-3 and (reverse) 'Bacgtgggc
cttggactcgta-3  Fosl2  (forward A
5'-ttatcccgggaactttgacaccte-3  and
(reverse) 5cggcgttcctcggggctgatt=
tubulin (forward) 5-gacagagccaaar
gagcacc-3and (reverse)'Ecaacgtcae
gacggccegtgtg-3The expression leve
of RNA transcripts were calculat
with the comparative CT methc
The individual RNA levels wer
normalized for tubulin and depicted
relative expression levels with the c
responding controls set to 1.

F H+ col X -

El14.5

Fig. 1.Reduced zones of

hypertrophic chondrocytes Fosl2’~ B
embryos and newborn mice.

(A) Skeletal staining of &osl27~
newborn and wild-type littermate at
PO. (B) Length of mineralized regions
of knock-out and wild-type

littermates at PO; bars represent mean
valuets.e.m.n=4. (C) Genotyping-
PCR of DNA from wild-type,
heterozygous anEbsl2-null newborn
mice. (D) Expression dfosl2in

primary rib cage chondrocytes and its
absence in mutant cells. Primary
chondrocytes were cultured for 3 dayC
prior to RNA isolation and RNase
protection assay. GAPDH was used as
loading control. (E) Real-time PCR of
cartilage markers. Relative expression
of type X collagendolX), aggrecan
(agg) andlhhis shown. Expression

W +/+ O-/-

e E16.5

Length miner. region (mm)

levels were normalized to tubulin E

b

expression. The mean of two W44 O-/-
independent measurements is shown. = 140

(F) In situ hybridization on sections 2 P4
of embryonic and postnatal femoral g 0.8

growth plates oFosl2’~mice and 2. 0.6

littermate controls using a type X s

collagen antisense probe as a marker .::a 0.4

for hypertrophic zones. Pictures were 5

taken at 208 (E13.5), 10X (E14.5, T 02

E16.5, E18.5) and 50 (P2, P4) ol

magnification. colX agg ihh
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where Fra2 is expressed, we investigated whether the functiah embryonic days E13.5-E18.5 and in early postnatal
of growth plate chondrocytes as well as spine developmeitevelopment (P0O-P4). The levels and the patterns of type Il
was affected by the absence of Fra2. No gross skeletabllagenlhhandRunx2expression were unchangedsl2’~
malformations were observed by skeletal stainingasfi2’~  embryos (data not shown). At initiation of hypertrophy at
E18.5 embryos and newborn mice, although the mineralizel13.5, no significant difference in type X collagen expression
Alizarin Red-stained regions of the limbs were slightly, but notvas observed (Fig. 1F). However, zones of terminally
significantly, shorter inFosl2’~ newborns compared with differentiated, hypertrophic chondrocytes expressing type X
control littermates (Fig. 1A,B). The deletion Bbsl2 was  collagen were consistently narroweirs|2~embryos during
verified by PCR from tail DNA (Fig. 1C). Moreovéigsl2was  embryonic and early postnatal development (E14.5-P4; Fig.
found to be expressed in rib cage chondrocytes and expressibf).
was not detectable in the knockout cells by RNase protection ] ) o
assay (Fig. 1D). The expression of the other AP1 members wRgfective chondrocyte differentiation and
unchanged in Fra2-deficient primary chondrocytes (data n&tracellular matrix production
shown). We next analyzed the expression of several cartilag® further investigate the role of Fra2 on chondrocyte
marker genes in total RNA isolated from knee joints by real
time PCR analysis. We observed reduced expression A
ECM proteins type X collagen and aggrecan and sli i i
reduced expression dfh (Fig. 1E).

To investigate the effect of Fra2 deficiency on the gn
plate architecture, expression of several markers expi H&E

in different chondrocyte subpopulations within femoral :
‘ ‘ . : #'ﬁ col X

tibial growth plates was examined by in situ hybridiza

A B Gl 4
2 i, s | | i
1 60 3h 60 4 .Ea W | 5 X a2 |eolIT
E M8 | g LR ;
v 40| MH/+ & 40
g |0 g v v v :
2 = Ki67
E 20 h . 2 20
= =
§ T g E14.5
E19.0 El45 El6.5 EI85 B
H&E
El15.5 3 4 > 3 .
g #h g S | . : ; oc
\ v
: Ki67
E17.5 ‘g‘%' f."ui') }f fﬁ;f von Kossa
E16.5
von Kossa Fig. 3. Delayed development of vertebral column&as!2’~ embryos.
(A) Hematoxylin and Eosin staining, in situ hybridization using type Il
Fig. 2.Impaired chondrocyte differentiation and matrix collagen ¢ol 11) and type X collagercol X) antisense probes, and Ki67

deposition in vivo. (A) In vivo BrdU labeling of E19.0 embryc  immunohistochemistry on transversally sectioned primordial arches of
The labeling index (BrdU positive cells/total cells) in zones ¢ developing vertebrae at E14.5. Arrowheads indicate Ki67-stained cells.
proliferating chondrocytes is shown. Bars represent mean (B) Hematoxylin and Eosin staining, in situ hybridization using
valuexs.d.n=2; *P<0.001. (B) Ki67-positive cells in zones of  osteocalcinoc, arrowheads) antisense probe, Ki67

proliferating chondrocytes at E14.5, E16.5 and E18.5. (C) Vi immunohistochemistry and von Kossa staining on transversally sectioned
Kossa staining of calcified matrix of E15.5 and EIFasl27~ primordial arches of developing vertebrae at E16.5. Arrowheads indicate
embryos and littermate controls. Arrowheads indicate staine  Ki67-stained cells. Pictures were taken at>{Blaematoxylin and

matrix in the zones of hypertrophic chondrocytes. Picturesv  Eosin) and 5& (in situ hybridization, Ki67 immunohistochemistry, von
taken at 5& magnification. Kossa staining) magnification.
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A Fig. 4.Impaired differentiation and delayed senescence of primary
di2 i Fosl2”~rib cage chondrocytes. (A) Formation of cartilage nodules by
primary chondrocytes. Primary chondrocyte cultures stained with
Alcian Blue (left panel). Quantification of Alcian Blue bound to
sulfated proteoglycans in the chondrocyte ECM (right panel). Bars
represent mean valuets.d=4; *P<0.05. (B) Cumulative cell
number assay of primary rib cage chondrocytes. Experiments were
carried out in triplicate and repeated three times. One representative
experiment is shown. (C) BrdU-labeling of proliferating primary
chondrocytes after 2 days in culture. (D) TUNEL staining of
apoptotic primary chondrocytes after 2 days in culture. (E) Semi-
quantitative RT-PCR analysis of cartilage markerskosi2in
primary rib cage chondrocytes at day 3, 6 and 9 of differentiation.
Tubulin was used as a loading contirotg).

++

b2 & ./ Fosl2’~ embryos and newborns. Impaired chondrocyte

: " differentiation into mature hypertrophic chondrocytes may
22 ‘ cause reduced ECM production in the epiphysis. At E15.5, we
' detected slightly reduced calcified matrix using von Kossa
staining inFosl2”~ long bones and the difference became more
pronounced at E17.5, suggesting reduced extracellular matrix
(ECM) deposition in long bones Bbsl2’-embryos compared

0 ————— with control littermates (Fig. 2C).

40

30

20

x107 cells
\:\

10

=@
&5
&
% TUNEL positive cells U -

% BrdU positive cells

E Delayed hypertrophic differentiation in Fra2-
deficient vertebrae

++ of=
e e To examine whether Fra2 plays similar roles in the
(o on | ED development of the axial and the appendicular skeleton, we
[— | w—— e 0 investigated cartilage development in primordial arches of
- developing spines. At E14.5, cells of the primordial arches
=_-‘f"“’ appeared smaller and less hypertrophic suggesting a delay in
Em”‘” chondrogenesis (Fig. 3A). This observation was confirmed by

el o markedly reduced type X collagen expressionFo§l27~
chondrocytes in the primordial arches at E14.5, whereas no

proliferation and differentiation, the fate of BrdU-labeled cellsdifference was observed in the expression pattern of type I
was examined in the growth plate. It has been shown thabllagen (Fig. 3A). The type Il collagen probe used for this
impaired chondrocyte differentiation leads, over time, to arstudy shows a more intense staining in prehypertrophic
accumulation of BrdU-labeled cells in the proliferating zonechondrocytes, also arguing for reduced numbers of
(Naski et al., 1998). Interestingly, the percentage of labelegrehypertrophic ~ chondrocytes owing to  delayed
cells in the zone of proliferating chondrocytes Rosl2”~  differentiation in Fosl2”’~ spines. In addition, Fosl2’~
growth plates 32 hours after BrdU injection was sixfold highechondrocytes of the developing vertebrae were positive for
than in littermate controls, whereas no difference
observed 2 hours after BrdU injection (Fig. 2A). Num
of Ki67-positive cells were unchanged during embry A B
development (Fig. 2B), and no premature or incre P23 P10
apoptosis was observed in growth plates Fobl27~
embryos (data not shown). These findings sut
that impaired chondrocyte differentiation might |
to the reduced zones of hypertrophic chondrocyte

m coll2al-Cre, fosi20*
O coll2al-Cre, fosi2ff

Fig. 5. Growth retardation in coll2al1-CreoslZ mice. (A) X-

ray analysis of a 23-day-old coll2al-CFesl?’" mouse and coll2al-Cre, coll2al-Cre, 0

littermate control (arrowhead indicates kyphosis). Josi2%F T fosi2 W wee

(B) Decreased bhody size and body weight of coll2al-Cre,

FoslZ" mice at P10. Bars represent mean value+s=dh; C

*P<0.05. (C) PCR foFosl2deletion in tissues and organs of a

6-day-old coll2al-Crerosl?f mouse. The same deletion he li Tu ki sp br th In mu sk st in bmsm cv A/A fi/fl+/+

efficiency was observed in older mice. he, heart; li, liver; lu, A
lung; ki, kidney; sp, spleen; br, brain; th, thymus; In, lymph fl
node; mu, muscle; sk, skin; st, stomach; in, intestine; bm, bone +

marrow; sm, sternum; cv, calvariae. P6
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Ki67 at E14.5. Thus, proliferating chondrocytes are stillthis time point are likely to be proliferating osteoblasts, were
present, whereas wild-type cells had already ceaseuresent in wild-type, but absent Fosl2”~ primordial arches
proliferation and started to differentiate into hypertrophic(Fig. 3B). Furthermore, less calcified matrix had been
chondrocytes (Fig. 3A). At E16.5, expression of thedeposited in vertebrae 8bsl2’~ embryos at E16.5 (Fig. 3B).
osteoblast-specific marker osteocalcin was strongly decreas@tl E18.5, no difference in both osteocalcin expression and
in primordial arches ofFosl2’~ embryos, whereas no numbers of Ki67-postive cells was observed (data not shown).
difference in type X collagen expression was observed (Figrhese data indicate that initiation of endochondral ossification
3B; data not shown). Moreover, Ki67-positive cells, which af the spine is delayed for 1-2 days.

Impaired chondrocyte differentiation in

A P5 P10 P23 vitro
e To assess whether impaired differentiation of

Fosl2’™~ chondrocytes is due to a cell-
autonomous defect, we isolated primary rib
cage chondrocytes from newborn mice and
assessed their proliferation and differentiation
potential in culture. To investigate chondrocyte
differentiation, FosI2”~ and control cultures
were stained with Alcian Blue. After 12 days
in high-density differentiation cultures, the
number of cells forming cartilage nodules and
expressing ECM proteoglycans was reduced
by approximately 30-50% in cultures of
Fosl2’~ chondrocytes compared with wild-
type cultures (Fig. 4A). The reduced
differentiation of Fosl2’~ chondrocytes in
vitro became evident after 6 days in culture
(Fig. 4A). Interestingly, when cultured under
subconfluent conditions for several passages,
primary Fosl2’~ chondrocytes ceased
proliferation and gained a large, flattened
morphology later than wild-type chondrocytes
(Fig. 4B; data not shown). However, numbers
of proliferating and apoptotic chondrocytes
were unchanged in wild-type anibsl2’~
chondrocytes after 2 days in culture (Fig.
c D 4C,D), resembling the in vivo situation. The

expression of cartilage markers in vitro was
assessed by semi-quantitative RT-PCR. The
expression levels of the investigated cartilage

coll2al-Cre, fosi20

col X

coll2al-Cre, fosl207

B

coll2al-Cre, fosi2f+

col Il

coll2al-Cre, fosl20T

coll2al-Cre, fosi2+

Josi2 ++

n : _
O Josiz-~ ) . = marker genes declined during the culture
- Eg{;gzg;g;z-.;gg-:;; “|  period, which has been observed previously
S 1 (Pavlov et al., 2003). Levels of hypertrophic
. chondrocyte ECM protein aggrecan was
Ki67 . decreased and type X collagen expression was
almost completely absent in differentiating
Fosl2’~ chondrocytes, whereas expression of
type Il collagen was unchanged (Fig. 4E).

% Ki67 pos. cells

50,
ol AL
204
104
{ Chondrocyte differentiation and
G- collZal-Cre, fosi2"" proliferation defects in conditional
P23 knockout mice lacking Fra2

As pups lacking Fra2 die during the first week
Fig. 6/.f|m_paired hypertrophic differentiation but normal proliferation in coll2al-Cre, after birth, we used a conditional approach to
FoslZ mice. (A,?f In situ hyb_rldlzatlon of femoral growth plates of P5, P10 and P23 frther characterize the cartilage defects
coII2a1-CreFosI_ mice and littermate contrpls using type X coII_agen_ (A) and type I ring postnatal developmerﬁosl?’f mice
collagen (B) antisense probes. Arrowheads indicate size of proliferating zone. (C) Ki are crossed to coll2al-Cre transaenic
positive cells in femoral growth platesfdsl2”-, coll2al-CreFoslZ and control mice imals (Haiah L 2000). Th 2 1gC
at P2, P5 and P10. Bars represent mean valuexsnedn.(D) Immunohistochemical anlmz‘%s ( aighetal., )- e collcal-Lre,
detection of Ki67 in P23 coll2al-CreoslZ mice and P23 coll2al-CrEoslZ* F93| mice were born at Mendelian ratio, but
controls. Pictures were taken at&Qcol X, P10 and P23;ol Il, P5 and P10) and 160  died between postnatal days (P) 10 and .25,
(col X, P5;col II, P23; Ki67) magnification. and were severely growth retarded (Fig.

P5 P10
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5A,B). At birth, however, coll2al-CrefoslZ” pups were Fra2 expression in chondrocytes, Fra2 has been shown to be
indistinguishable from their littermate controls and skeletakbxpressed in dividing and apoptotic rat calvarial osteoblasts,
staining of newborn mice revealed normal skeleton architectutsut is even higher expressed in differentiating osteoblasts
and bone size (data not shown). All coll2al-Gasl2 mice  (McCabe et al., 1995) and becomes the principal Fos protein
developed a kyphosis-like abnormal bending of the vertebrah fully differentiated osteoblasts in vitro (McCabe et al.,
column, starting between P5 and P10 (Fig. 5A, arrowheadl996). This suggests a role for Fra2 in differentiation of
The coll2al-Cre line was described to delete in cartilage, hearhesenchyme-derived cells. We could not observe any
developing eye, neuroepithelium, epidermis and craniaifferences in expression of typical cartilage markers, such as
mesenchymal cells at E12.5 (Haigh et al., 2000). We found th&tpe Il collagen, Runx2 and lhh. Moreover, resting and
Fosl2was partially deleted in most postnatal organs, implyingroliferating zones had unchanged sizes, indicating that Fra2
that this Cre-line has a rather broad specificity in adult tissuegery specifically affects chondrocyte differentiation. As
(Fig. 5C). Fosl2’~ chondrocytes fail to differentiate properly, their
We next characterized growth plate chondrocytematrix deposition was reduced. This might impair the bone-
proliferation and differentiation in conditionBbsl2knockout  forming activity, as less scaffold is provided, leading to
mice. Consistent with the phenotype Bfsl2’~ embryos, decreased bone mass. The function of Fra2 in the interplay
coll2al-Cre, FoslZf mice showed a narrower zone of between cartilage and osteoblasts and osteoclasts remains to
hypertrophic chondrocytes at all investigated postnatal timbe determined. Interestingly, the related Fos family member
points (P5-P23) as assessed by in situ hybridization usingFaal has recently been shown to also regulate bone mass
type X collagen antisense probe, and defective mineralizatioimrough bone matrix production by osteoblasts and
in zones of hypertrophic chondrocytes (Fig. 6A; data nothondrocytes (Eferl et al., 2004).
shown). At postnatal day 5 and 10, in situ hybridization for Primary cultures oFos|2”~rib cage chondrocytes displayed
type Il collagen revealed normal zones of proliferatingimpaired differentiation in vitro, consistent with the in vivo
chondrocytes (Fig. 6B); however, at P23, coll2al-€os)2  finding. In addition, Fosl2’~ chondrocytes continued to
mice showed a reduced zone of proliferating chondrocytegyroliferate and gained a large, flattened morphology later when
most probably as a consequence of the general growtompared with wild-type cells. The in vitro differentiation
retardation. Ki67 staining revealed unchanged chondrocyt@efect was accompanied by markedly reduced expression of
proliferation at P2, P5 and P10 (Fig. 6C). The percentage dfie hypertrophic chondrocyte-specific marker type X collagen
proliferating chondrocytes in coll2al-CkaslZ” newborns was and to a lesser extent aggrecan. However, Fra2 does not bind
comparable with that ofosl2’~ newborns, indicating that in to the AP1 site in the type X collagen promoter (Harada et al.,
both mouse models Fra2 deficiency has no impact on ear997) in EMSAs (data not shown), suggesting that Fra2 might
postnatal chondrocyte proliferation. However, at P23, thaot directly regulate ECM protein expression. Direct regulation
number of Ki67-positive cells in conditional knockout mice wasof ECM proteins might be accomplished by Fos, as it has been
reduced (Fig. 6B), probably secondary to the general sevedescribed to mediate PTH/PTHrP regulated type X collagen
growth retardation because of the absence of Fra2 in othekpression in chicken (lonescu et al., 2001; Riemer et al.,
organs. 2002). Expression of other markers that affect chondrogenesis,
such as FGFR3, FGF18, FGF9, bone morphogenetic protein 4
. . (BMP4), PTHrP, PTH/PTHrP receptor (PPR), Ihh, Runx2,
Discussion alkaline phosphatase and T@Wwas found unchanged in vitro
In this study, we show that Fra2 is a novel transcription factafdata not shown). Fra2 seems to be an inducer of hypertrophic
required for cartilage development. Although skeletal staininglifferentiation and its absence might keep chondrocytes in a
revealed no obvious malformations Fosl2”~ embryos and proliferative state, which might contribute to reduced
newborns, we observed slightly smaller mineralized regions inhondrocyte differentiation in vivo and in vitro. Presumably,
long bones and narrower zones of hypertrophic chondrocyteBra2 can mediate signals elicited by Ihh/PTHrP or FGF, which
This might be due to impaired differentiation into hypertrophiccontrol cartilage differentiation (Kronenberg and Chung, 2001;
chondrocytes, where Fra2 is normally expressed (Carrasco aBdumoul and Deng, 2003), although the pathway and the target
Bravo, 1995). Moreover, endochondral ossification wagenes of Fra2 remain to be determined.
delayed in spines ¢os|2’-embryos. After birthFosl2”~pups We also employed a conditional approach to investigate
are growth retarded and survive up to 5 days postnatally. Thpostnatal cartilage development. Unfortunately, we found Fra2
lethality is probably due to defects in hearts and/odeleted to some extent in most organs of coll2alf&rsl?’f
gastrointestinal  tracts  of Fosl2”~ newborns (R.E., mice, indicating that this Cre mouse strain is not chondrocyte-
unpublished). specific in postnatal tissues. Nevertheless, we found deletion
Fra2 deficiency led to narrower hypertrophic zones irof Fra2 in the cartilage of the sternum and we were able to
femoral and tibial growth plates and this correlated withdescribe a cartilage phenotype. SimilarRas|2’~ embryos,
reduced expression of the chondrocyte markers type Xoll2al-Cre, FosIZ%f mice showed a reduced zone of
collagen and aggrecan in vivo. Impaired proliferation orhypertrophic chondrocytes, but at later postnatal stages
increased apoptosis of growth plate chondrocytes did nauffered from an abnormal dorsoventral bending of the
contribute to the shortened hypertrophic zonesFasl2’™~  vertebral column (kyphosis). Interestingly, bdisl2’~ and
embryos. As BrdU-labeled cells accumulated in proliferatiorcoll2al-Cre,FoslZ" mice are growth retarded after P1 but
zones of Fosl2’~ embryos in a time-dependent manner,show no growth defect during embryogenesis. The reduced
impaired differentiation into hypertrophic chondrocytes mosthypertrophic differentiation in Fra2-deficient cartilage is likely
probably caused the shortened hypertrophic zones. Besidsaccount for the observed growth retardation, as it has been
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described in other studies with defective hypertrophiacohen, M. M., Jr (2002). Some chondrodysplasias with short limbs:
chondrocyte differentiation (Horiki et al., 2004). molectlll«‘;l(r peg%ectlveémx (Jz-ol\gg)d- F?tlenelﬁz 224-313-t _ i
H : H i oumoul, X. an eng, C. . Roles 0 receptors In mammallian

Chondrocyte pr.OI.Iferatlon 'appears to .be insensitive 1o thg development and congenital diseadisth Defects Res. Part C Embryo
effects of Fra2 deficiency during embryonic and early postnatal 1o4ay69, 286-304.
development, as we observed no differencesFasi2’™,  Deng, C., Wynshaw-Boris, A., Zhou, F., Kuo, A. and Leder, R1996).
coll2al-Cre,FoslZ'" and wild-type mice until P10. However, Fibroblast growth factor receptor 3 is a negative regulator of bone growth.
only 1-5% of coll2al-Creros|Z"" mice survive until weaning, u%‘;” g*zgéalr‘]gzk Geoffroy, V., Ridall, A, L. and Karsenty, G(1997)
and We Tound reduced Chondrocyte. pro!lferatlon and g Os’f2/(’3bfal: a'traﬁscriptiona{l aétivator'of osteoblast differen’tia@eﬂ.89,
reduction in the size of the zone of proliferating chondrocytes 747.754.
in femoral growth plates of these mice at P23. Fra2 mightferl, R., Hoebertz, A., Schilling, A. F., Rath, M., Karreth, F., Kenner, L.,
therefore have no effect on chondrocyte proliferation during Amling, M-fékl)nd Wagner, fE F.(2004). Tc?e ';gS-zregegezd ggtigen Fra-1is an

; ; ; ; activator of bone matrix formatioEMBO J.23, 2789-2799.
early _(pre Weanlng)f, EUt a I;jOIe Iln prOIIferatlr?.n aht Iate'i (pObStFIeischmann, A., Hafezi, F., Elliott, C., Reme, C. E., Ruther, U. and
weaning) stages of bone development. This has also beefyagner, £ F.(2000). Fra-1 replaces c-Fos-dependent functions in mice.
reported for other factors involved in bone development, e.g. Genes Devi4, 2695-2700.
FGFR3 (Naski et al., 1998) and insulin-like growth factor 1Foletta, V. C., Sonobe, M. H., Suzuki, T., Endo, T., Iba, H. and Cohen, D.
(|GF1) (Baker et al.. 1993 Liu et al 1993) However. the R-(1994). Cloning and characterisation of the mouse fra-2 gamengene
. L N . A 9, 3305-3311.

broad spectrum of Fra? deletlon in coII_2a1—CResI2‘ m'ce . Grigoriadis, A. E., Wang, Z. Q., Cecchini, M. G., Hofstetter, W., Felix, R.,
suggests that the proliferation defect in post-weaning MICE Fleisch, H. A. and Wagner, E. F.(1994). c-Fos: a key regulator of
might simply be secondary to the severe growth retardation andosteoclast-macrophage lineage determination and bone remoGeiegce
to profound defects in various Fra2 deficient organs, which 266 443-448.

; Haigh, J. J., Gerber, H. P., Ferrara, N. and Wagner, E. F(2000).
most prObany also accounts for the Ietha“ty‘ Conditional inactivation of VEGF-A in areas of collagen2al expression

. . /—
In  developing _Yertebral bodies oFosl2™~ embryos, results in embryonic lethality in the heterozygous s@aeelopmeni27,
endochondral ossification appears to be delayed for 1-2 daysi445-1453.
At E14.5, differentiation into hypertrophic chondrocytes, andiarada, S., Sampath, T. K., Aubin, J. E. and Rodan, G. A(1997).
at E16.5, osteoblast invasion and matrix production are Osteogenic protein-1 up-regulation of the collagen X promoter activity is

. - - mediated by a MEF-2-like sequence and requires an adjacent AP-1
markedly reduced. Moreover, Fra2 deficiency in the spine of sequenceMol. Endocrinol.11, 1832-1845.

coll2al-Cre, FoslIZf mice leads to kyphosis, a skeletal Hess, J., Hartenstein, B., Teurich, S., Schmidt, D., Schorpp-Kistner, M.
malformation. An abnormal bending of the spine was also and Angel, P.(2003). Defective endochondral ossification in mice with
observed whedun was conditionally deleted using coll2al- strongly compromised expression of JudBCell Sci.116, 4587-4596.

; ; ; ilberg, F., Aguzzi, A., Howells, N. and Wagner, E. F(1993). c-jun is
Cre transgenic mice (Behrens et al., 2003), suggesting t.h'alfessential for normal mouse development and hepatogehsise 365,

Fra2 and Jun might form the predominant AP1 dimer in 179.181.

vertebral development. In contrast tBosl2’~ spines,  Horiki, M., Imamura, T., Okamoto, M., Hayashi, M., Murai, J., Myoui,
endochondral ossification is not delayed in long bones and noA.. Ochi, T., Miyazono, K., Yoshikawa, H. and Tsumaki, N.(2004).
malformations were observed in the appendicular skeletons 0meadG/Smurfl overexpression in cartilage delays chondrocyte hypertrophy

. AT . . . and causes dwarfism with osteopediaCell Biol. 165 433-445.
Fosl2”~ mice, indicating different functions of Fra2 in the lonescu. A. M. Schwarz. E. M. pvmson c Puzis 3. E. Rosier R.

developmem.()f the_appendicmar and aXia'_SKe|et0n- Reynolds, P. R. and O’Keefe, R. J2001). PTHrP modulates chondrocyte
In conclusion, mice lacking the transcription factor Fra2 differentiation through AP-1 and CREB signaling. Biol. Chem.276,

display reduced chondrocyte differentiation throughout 11639-11647.

: : ochum, W., David, J. P., Elliott, C., Wutz, A., Plenk, H., Jr, Matsuo, K.
development, which leads to growth retardation postnatall;?, and Wagner, E. F.(2000). Increased bone formation and osteosclerosis in

f'imd .d_ela_yed endochondral ossification Of the spine. The mice overexpressing the transcription factor Fritdt. Med.6, 980-984.
identification of Fra2 target genes during chondrocyt&ochum, W., Passegue, E. and Wagner, E. F2001). AP-1 in mouse

differentiation may lead to a better understanding of pathways development and tumorigenes@ncogene20, 2401-2412.

; - Johnson, R. S., van Lingen, B., Papaioannou, V. E. and Spiegelman, B. M.
that coordinate cartllage development. (1993). A null mutation at the c-jun locus causes embryonic lethality and

S T retarded cell growth in cultur&enes Devz, 1309-1317.
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