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Deletion of VhlIh in chondrocytes reduces cell proliferation and
increases matrix deposition during growth plate development
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Summary

The von Hippel Lindau tumor suppressor protein (pVHL) increased expression levels of HIFd target genes inVhlh

is a component of a ubiquitin ligase that promotes null growth plates. Lastly, newborns lacking bothvhlh and
proteolysis of the transcription factor hypoxia-inducible-  Hifla genes in growth plate chondrocytes display
factor 1o (HIFla), the key molecule in the hypoxic essentially the same phenotype asifla null single mutant
response. We have used conditional inactivation of murine mice suggesting that thé/hlh null phenotype could result,
VHL (Vhilh) in all cartilaginous elements to investigate at least in part, from increased activity of accumulated
its role in endochondral bone development. Mice lacking HIF1la. This is the first study reporting the novel and
Vhih in cartilage are viable, but grow slower than intriguing findings that pVHL has a crucial role in
control littermates and develop a severe dwarfism. endochondral bone development and is necessary for
Morphologically, Vhlh null growth plates display a normal chondrocyte proliferation in vivo.

significantly reduced chondrocyte proliferation rate,

increased extracellular matrix, and presence of atypical

large cells within the resting zone. Furthermore, Key words: von Hippel-Lindau tumor suppressor protein, Cartilage
stabilization of the transcription factor HIF1a leads to  development, HIFd

Introduction hypertrophic chondrocytes, blood vessel invasion, and finally
Skeletal development depends on two mechanism§9plac_ement of the cartilaginous matrix with trabecular bone
intramembranous and endochondral bone formatiofHatori et al., 1995). , o ,
(Erlebacher et al., 1995). The former, in which mesenchymal The fetal growth plate is a constltutlvel_y _avascule_lr tls_sue,
cells develop directly into osteoblasts, is involved in thend we have recently demonstrated that it is hypoxic, with a
formation of the flat skull bones. The latter, accounting for théyPical outside-inside gradient of oxygenation (Schipani et
development of most other bones, involves a two-stag@l» 2001). Adaptation of cells and tissues to hypoxic
mechanism whereby chondrocytes form a matrix template, tHBicroenvironments requires the presence of hypoxia-inducible
growth plate, in which osteoblasts differentiate and initiate théactor o (HIF1a), which is the key molecule in hypoxic
ossification process. An understanding of this process at tfigsponse, regulating the expression of glycolytic enzymes and
molecular level is emerging (Kronenberg, 2003; Ferrara et alSeveral growth factors, including VEGF (Semenza, 2000). This
2003; Ortega et al., 2003; Olsen et al., 2000; Karsenty, 199ganscription factor is ubiquitously expressed, but under
Harper and Klagsbrun, 1999; Erlebacher et al., 1995). Duringormoxic conditions it is hydroxylated on specific proline
endochondral bone development, growth plate chondrocytégsidues by a recently discovered family of prolyl-
undergo well-ordered and controlled phases of celhydroxylases (Jaakkola et al., 2001). The von Hippel Lindau
proliferation, differentiation and apoptosis. Round proliferativetumor suppressor protein (pVHL), which is a recently
chondrocytes synthesize type Il collagen and form a columnagentified novel E3 ubiquitin ligase (lliopoulos et al., 1995),
layer, and then differentiate into postmitotic hypertrophic cellsfecognizes the proline-hydroxylated form of HifFland
which express predominantly type X collagen; these cells als@argets it for polyubiquitination and degradation by the
synthesize vascular endothelial growth factor A (VEGF)proteasome. Conversely, under hypoxic conditions, oxygen-
(Kirsch and von der Mark, 1991; Gerber et al., 1999). Thisensitive prolyl-hydroxylase activity is reduced, and HiF1
unique differentiation process is followed by death oftranslocates into the nucleus. Within the nucleus it binds to its
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putative partner HIF3, also termed ARNT (aryl hydrogen  For light microscopy, tissues from E14.5, E15.5, E16.5, E17.5 and
receptor nuclear translocator). This complex binds to specifi18.5 embryos (delivered by caesarean section), from newborns, and
hypoxic responsive elements (HRE), thereby initiating thdrom 5- and 30-day-old mice, were fixed in 10% formalin/PBS (pH
transcrlptlon Of Specrﬂc genes (Forsythe et al, 1996) 74) and Stored |r-'] f|Xat|Ve at 4°C. Par_affln b|OCkS Were prepared by
pVHL consists of 213 amino acids, and is expressed in moStTEET S CH Broteuas Bee BEs LR NEee Bl
%SizggflsaemrjnSglti(%%egf({ll’l\%giuéoei:thzl\}’e1t?(ge5r)1. idHeer:(tai;ic()eZdy%c; ) and Eosin (E). In situ hybridization was performed using

. . . > complementary?®S-labeled riboprobes as described previously (Lee
the likely cause of the von Hippel Lindau syndrome (Latif ety aﬁ 1996). ? P P y(

al., 1993). This syndrome is characterized by a dominantly For Tunel assay, paraffin sections from hindlimbs of newborn mice
inherited predisposition to develop pheochromocytomas, anglere permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate.
highly vascular tumors of the kidney, the central nervougunel assay was performed using the In Situ Cell Death Detection Kit
system and the retina (Maher and Kaelin, 1997)(Roche, Germany), according to the manufacturer's instructions.
Tumorigenesis is associated with either the loss or inactivatiog q idine (BrdU) labeli

of the wild-type allele, following Knudson'’s two hit hypothesis romodeoyxyuridine (Brdu) la eling o _ _
(Knudson and Meadows, 1980). pVHL has been shown to forfrl4-5, E15.5 and E16.5 pregnant mice were injected intraperitoneally
a stable multiprotein complex which contains Elongin B/t 100kg BrdU/12ug FdU per gram body weight, 2 hours prior to

A . sacrifice. After sacrifice, embryo hindlimbs were dissected, fixed and
(TCEB2), Elongin C (TCEB1), CUL2 and RBX1 (Kibel et al., embedded in paraffin, and longitudinal sections across the tibia and

1995; Ohh et al., 2000). As mentioned above, this multiproteifymyr were obtained. To identify actively proliferating cells, nuclei

complex has E3 ubiquitin-ligase activity, and one of its maifhat had incorporated BrdU were detected using a Zymed BrdU
targets is HIF& (Lisztwan et al., 1999; Iwai et al., 1999). The immunostaining kit (Zymed Laboratories, San Francisco, USA).
importance of pVHL for proteolysis of Hllelis further ) _ )

underlined by the finding that cells lacking a functional pvHLHIF1a immunohistochemistry _ _

are unable to degrade this transcription factor, which ultimatel§or HIFla detection, fresh frozen sections from newborn mice were
results in an accumulation of HIELHomozygous disruption ixed in acetone for.20 minutes at —2Q°C and then pernjeablllzeq with
of Vhihin mice results in early embryonic lethality caused byP-1% Triton X-100 in 0.1% sodium citrate. After blocking, sections
abnormalities of placental vasculogenesis (Gnarra et al., 199 ere incubated with the commercially available antibody C-19 that

. : . : jecifically recognizes an epitope in the C-terminal portion of the
Thqs, little is known about the phy5|olqg|cal role of pvHL HIF1a protein (Santa Cruz Biotech, CA, USA), at a dilution of 1:100.
during fetal development and postnatal life.

. Detection of binding was by the Streptdavidin-HRP system provided
We have recently reported that HiFls essential for cell py the TSA kit (Perkin Eimer-Life Sciences, MA, USA), according

growth and survival of murine growth plate chondrocytes ino the manufacturer’s conditions.

vivo (Schipani et al., 2001). Chondrocytes lacking functional . ) ) )

HIF1a undergo massive cell death in the center of the growtfynondrocyte isolation, western blot analysis, real-time

plate (Schipani et al., 2001). Interestingly, viable chondrocyte8CR: Elisa _ _

at the periphery display a significant increased rate of activeghc’”@'rocytes were isolated from newbokthIh*"* mice as

proliferating cells. Furthermore, we have provided cleafiéscribed (Pfander et al., 2003). In brief, forelimbs and hindlimbs

evidence that HIFd is necessary for type Il collagen were dissected, and distal epiphyses of radius, ulna and tibia were

. . .2~ ' isolated in HBSS (Gibco BRL, MD, USA). Epiphyses were digested
accumulation by hypoxic growth plate chondrocytes in V'trQn 0.25% trypsin/EDTA for 30 minutes at 37°C, and in 195 U/ml

(Pfander et al., 2003). Based on these findings, Wgg|agenase type Il in HBSS (Worthington, NJ, USA). Chondrocytes
hypothesized pVHL, a key molecule in the degradationyere plated at a density ok#0P cells per well of a six-well plate,
pathway of HIFf, to be an important modulator of long and grown in monolayer cultures in high glucose DMEM (Gibco
bone development, possibly through the regulation of BIF1 BRL, MD, USA) supplemented with 10% FBS (Hyclone, UT, USA)
stability. The aims of this study were to explore the role ofnd 1% penicillin/streptomycin. On day 1 post-plating, adherent
pVHL in endochondral bone development, and to investigatehondrocytes were infected with adenovirus containing eifer

whether the lack of pVHL might affect expression of HiF1 %qlagtosida\l(s(? OLS Cre r_eco’\r?binﬁse (gegiroljlg%supplied by‘lc'i:rank J.
: iordano, Yale University, New Haven, CT, to create wild-type
target genes in growth plate chondrocytes. chondrocytes oivhlh null cells. Deletion ofVhih was confirmed
by semi-quantitative PCR analysis across thelogP site. For

i immunoblotting, cells were lyzed, and detection of HIF1
Materl_als and methOdS hydroxylated at Pro564 was performed as previously described (Chan
Generation of conditional ~ Vhlh and double knock out etal., 2002). Detection of-tubulin with a specific antibody (Research

Hemizygous transgenic mice in which Cre recombinase expressidbiagnostics, NJ, USA) was used as control of equal loading.

was driven by th€ol2alpromoter (Schipani et al., 2001) were bred Total RNA was isolated from wild-type chondrocytesvinh null

with mice homozygous for @hlh*f allele (Haase et al., 2001), and/or cells as previously described (Pfander et al., 2003), and then
with mice homozygous for &if*" allele (Schipani et al., 2001). transcribed into single cDNA using AMV reverse transcriptase
After appropriate breeding,Vhint#+f:Col2alCre and Vhih+f (Boehringer Mannheim, Germany) and random hexamer primers,
Hif*7+f;Col2a1Cre mutant mice were generated. Genotyping wasaccording to the manufacturer’s instructions. For real-time PCR
performed as previously described (Schipani et al., 2001; Haase et @nalyses, cDNA was diluted to a final concentration of 1QIngbr

2001). PCR reactions, SYBR-Green Mastermix (Applied Biosytems) was
L o ) ] o used. Total cDNA (50 ng) was used as template to determine the

Alizarin Red S staining, histological and in situ relative amount of mRNA by real-time PCR (ABI Prism 7700

hybridization analyses, Tunel-assay sequence detection system) using specific primers. The reaction was

Alizarin Red S staining was performed as described previouslgonducted as follows: 95°C for 4 minutes, and then 40 cycles of 15
(Schipani et al., 1997). seconds 95°C and 1 minute 60fzactin was amplified as an internal
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A contro B _._ control . null(linea) Fig. 1. Alizarin Red S staining of forelimbs
pe oull (e b) s and hindlimbs of E18.5 control avhlh
¥, ‘. el null (Cretransgenic line b) mice (A,C), and

, f of newborn control anhlh null (Cre
n u transgenic line a) mice (B,D). (E) Four-

\ week-old control an&¥hlh null mice.

L WA N

i - L 3
‘ ‘ 2002; Haase et al., 2001; Cramer et al.,
2003). In particular, the two previously
C contiol D . reported independent transgenic lines
/ null (line b) Wiy, ol . Col2alCrea and b, in which expression
V4 . \ of the transgene in cartilage had been
: “ confirmed by in situ hybridization
\ ‘ / analysis and by breeding withacZ

reporter mice (Schipani et al., 2001;
b N\ L

e » 5 Kobayashi et al., 2002), were used in this

Pt & s study. Qualitatively similar results were

[ c obtained with both transgenic lines.

2 : However, transgenic line b mice

control were modestly smaller than control
null (line a) littermates. Furthermore,Vhih null

animals generated with transgenic line a
had better postnatal survival. Therefore,
most of the studies were conducted

with  transgenic line a. Vhintf+f,
Vhin** Col2alCre  and  Vhiht*
Col2alCremice were used as wild-type
control. Cycle threshold (Ct) values were measured and calculated lopntrol animals. Null newborns lackingvhlh in all

the Sequence detector software. Relative amounts of mRNA werartilaginous elements were viable at birth. However,
normalized toB-actin and calculated using the software programcompared with their normal littermates, mutant newborns were
M'C“’SSF Excel. Relative mRNA contents were calculated aspyerall smaller with a characteristic shortening of their limb
x=278C1, i which AACESAE-AC, AE=Cti nui—Clpacin 8Nd  gpeleton (Fig. 1A-D). The degree and pattern of skeletal
AC=Clwr-Clp-aciin (wild-type expression was taken as 1). SPecific ineajization was similar in both control and mutant
primers for VEGF, phosphoglycerokinase 1 (PGK1) and type lgewborns as shown by Alizarin red S staining (Fig. 1A-D)

collagen mRNA were designed as described (Pfander et al., 200 ft . ’ .
For B-actin the following sequences were uggdctin forward, AGG er birth Vhih null mice grew slower than their normal

CCC AGA GCA AGA GAG G; ang-actin reverse, TAC ATG GCT littermates and displayed a severe dwarfism (Fig. 1E).
GGG GTG TTG AA. .

Protein concentrations of soluble VEGF isoforms were determine hih null grQWth plate dlsplays Severe
using the DuoSet Elisa Kit for mouse VEGF (R&D Systems, MN,NyPocellularity, increased matrix, and presence of
USA) as previously described (Pfander et al., 2003). Briefly, cellatypical’ cells
culture supernatants (wild-type chondrocyte¥bth null cells) were A cartilage phenotype was already evidentVinlh mutant
harvested and stored at —20°C. VEGF Elisa was conducted accordigmbryos starting from E14.5 (data not shown); the severity of
to the manufacturer's instructions. this phenotype increased progressively in later stages of
skeletal development (Fig. 2A-I). In mutant growth plates, a
significantly reduced number of chondrocytes in both resting

Results ) . ;

. ) and proliferating zones was found, with an increased amount
Loss of Vhih in growth plate chondrocytes results in of extracellular matrix between the cells (Fig. 2D-1). Resting
a severe dwarfism zone chondrocytes of normal littermates displayed the

Because of the early lethality of mice nullizygousVdih (at  characteristic small round cell shape with a high nucleus to
approximately embryonic day 8.5) before skeletal structuresytoplasm ratio (Fig. 2D). By contrast, the center of the resting
are formed, we used conditional inactivation\dflh in all  zone of Vhih null growth plate was mainly occupied by
cartilaginous elements to investigate the role of this tumoenlarged chondrocytes that resembled hypertrophic cells (Fig.
suppressor gene in growth plate development and chondroc\2€&,F). This special phenotype, i.e. hypocellularity, presence of
biology (Gnarra et al., 1997; Schipani et al., 2001). For thitarger chondrocytes with a higher cytoplasm to nucleus ratio
purpose, mice carrying there recombinaséransgene driven and an increased amount of extracellular matrix, was even
by theCol2alpromoter (Schipani et al., 2001) were bred withmore pronounced in long bones isolated from null mice
mice homozygous for the flox&thlhallele in order to generate generated with transgenic line b (Fig. 2C,F,I). In particular, the
Vhint/+f Col2alCreanimals (null). Both th&/hlhf/+f and the  number of ‘atypical’ chondrocytes with an increased cytoplasm
Col2alCre mice had been previously used in conditional-to nucleus ratio was significantly higher in these specimens.
knockout experiments (Schipani et al., 2001; Kobayashi et alurthermore, these cells appeared to be present in both the
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Fig. 2. Analysis of growth plates
from control andvhlh null mice
with Cre transgenic lines a and b.
Hematoxylin and Eosin staining
of histological sections of control
(A,D,G) andvhlhnull

(B,C,E,F,H,I) tibia proximal
growth plates at birth.

(D-1) Magnification of the resting
zone (D-F) and proliferative zone
(G-I) of newborn control (D,G)
andVhlhnull (E,F,H,I) growth
plates. Arrowheads (B,C) indicate
areas occupied with atypical
enlarged chondrocytes; arrows -
indicate areas of increased matrix
deposition within th&/hlh growth
plate.

resting zone and in the columnar layer (Fig. 2F,1). InterestinglyQil Red staining did not reveal any increased accumulation of
the hypertrophic zone &fhlh null mice was normally shaped glycogen or lipids, respectively, in thélh null chondrocytes
without any obvious cellular or structural alterations; a modesh comparison with control cells (data not shown).
and transient delay in blood vessel invasion and primary To test whether the increased cell size of resting
spongiosa formation could be detected in the mutant specimealsondrocytes ifvhlh null animals might be the result of an
at E14.5 and E15.5 (data not shown). ectopic or premature process of hypertrophic differentiation,
Chondocranium and axial cartilage ®&hlh null mice type X collagen expression was investigated by in situ
displayed a significantly milder phenotype than long bonekybridization on histological sections of newborn mice. In both
(data not shown). wild-type and mutant epiphyses, type X collagen mRNA
Lack of functional pVHL has been linked to both sporadicexpression was spatially restricted to the hypertrophic zone
and familial cases of renal clear cell carcinomas, which ar@~ig. 3C,G). Furthermore, a similar expression pattern of type
known to derive their histological appearance fromll collagen mRNA was present in botthlh null and control
accumulation of glycogen and lipids. We thus explored thgrowth plates (Fig. 3A,B,E,F). Consistent with these findings,
possibility that the atypical chondrocytes of tkalh null spatial distribution of mMRNA encoding the PTH/PTHrP
epiphysis could have a ‘clear cell’ phenotype. Notably, PAS oreceptor (PPR) and Indian Hedgehog (IHH), which are mainly
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Fig. 3.In situ hybridization analysis of histological sections of proximal tibia growth plates from control (A-™hénadull (E-H) newborn
mice, with type 1l collagen (A,B,E,F), type X collagen (C,G) and PTH/PTHrP receptor (D,H) cRNA, darkfield and brightfieldareages
shown.

expressed at the transition between proliferation ang@rehypertrophic-hypertrophic zone and in the area where the
hypertrophy, was also similar in null and control specimensecondary ossification center was developing (Fig. 4E-J).
(Fig. 3D,H; and data not shown). Lastly, no differences irfThese molecules are established markers of the hypertrophic
number and distribution of apoptotic chondrocytes werdifferentiation process, which occurs at the primary and the
detected between mutant and control growth plates using tlsecondary ossification centers. In accordance with the
Tunel assay (data not shown). Taken together, our data indicdtistological appearance, none of these markers could be
that the phenotypic alterations of resting chondrocytes in theéetected in the corresponding area of\théh null growth plate
Vhlh null growth plate were not the result of ectopic or(Fig. 4E-J). It is also interesting to note that in the absence of
premature hypertrophy. Vhih, the articular cartilage with its typical zonal architecture
Consistent with the increased amount of matri¥thnull ~ was greatly disturbed (Fig. 4C,D,K,L). Taken together, these
growth plates, as shown by histological analysis, real-timéindings strongly suggest that the lack \filh delays the
PCR of total RNA isolated from primary chondrocytes growndevelopment of the secondary ossification center and the
in normoxic conditions revealed an elevation of type Ilconcomitant blood vessel invasion. Furthermore, loss of pVHL
collagen mRNA expression in cells lackinghlh when  may also affect the formation of the hyaline articular cartilage.
compared with controls (Fig. 7C). This increase of collagen
type Il mRNA was not detectable by in situ hybridizationLack of Vhih severely impairs chondrocyte
analysis, probably as result of the severe hypocellularity of theroliferation

mutant growth plate. As no differences in apoptotic cell death were detected by
_ Tunel analysis, we hypothesized that the reduced number of

In the VAhih null growth plate formation of the chondrocytes within the resting and proliferating zonesht

secondary ossification center is delayed null growth plates might result from a decreased mitotic

A few days after birth, the null growth plate was still smalleractivity. Therefore, we determined the number of chondrocytes
and hypocellular compared with the control (Fig. 4A,B). Noin S-phase by BrdU labeling at different stages of fetal
blood vessel invasion could be identified in the areas where tlievelopment. As shown in Fig. 5A,B, control avdlih null
secondary ossification center was being formed in wild-typepiphyses displayed highly differing numbers of actively
growth plates (Fig. 4A,B). In situ hybridization analyses of 5-proliferating cells. Furthermore, by counting the percentage of
day-old control growth plates showed a typical expressioBrdU-labeled cells, we established that, in the absen¢albf
pattern of PPR, IHH and type X collagen transcripts in thehondrocytes proliferated at a significantly lower rate both in
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Fig. 4. Delay of the secondary ossification center in\théh null growth plate. (A-D) Hematoxylin and Eosin staining of histological sections
of control (A,C) and null (B,D) proximal tibia growth plates from 5-day- (A,B), and 1-month-old (C,D) mice. (E-J) In sitlizathon

analysis of histological sections of tibia proximal growth plates from control (E,G,Nahaull (F,H,J) 5-day-old mice, with type X collagen
(E,F), PTH/PTHrP receptor (G,H) and Indian Hedgehog (I,J) cRNA; darkfield images are shown. (K,L) Articular cartilage cratwvitibl

null animals, one month after birth, at higher magnification.

the proliferating and in the resting zonemmpared with conditions confirmed a dramatic accumulation of HiF1
control specimens throughout fetal development (Fig. 5E). hydroxylated at Pro564 in cells lackiMilh, when compared
Notably, deletion oHifla leads to decreased expression ofwith the control (Fig. 7A).
p57iP2 (CDKN1C — Mouse Genome Informatics) transcripts Next we analyzed the transcriptional activity of HiFih
in growth plate chondrocytes (Schipani et al., 2001)kp%7  control and mutant growth plates. HUFlincreases the
which is a CDK inhibitor, is involved in the exit of epiphyseal expression of enzymes of the glycolytic pathway, and of
chondrocytes from the cell cycle (Nagahama et al., 2001; Yaangiogenetic factors such as VEGF (Firth et al., 1995; Ryan et
et al., 1997). Having shown that both proliferation rate and cell., 1998; Seagroves et al., 2001; Semenza, 2000). Consistent
numbers were significantly reduced in the absence of pVHLwith these findings, hypoxic growth plate chondrocytes lacking
we next determined p&572 mRNA levels in theVhlh null functional HIFXx display downregulation of PGK and VEGF
growth plate In situ hybridization analysis of histological mRNA expression, both in vitro and in vivo (Pfander et al.,
sections from newborn hindlimb showed that f87mRNA  2003; Schipani et al., 2001). We thus hypothesized that lack of
expression was indeed upregulated in the null growth plat@VHL would lead to an increased synthesis of both glycolytic
especially in the resting and proliferating layers compared witenzymes and VEGF through increased accumulation of
in control specimens (Fig.5C,D). This finding suggests thatlIF1a.
p57iP2 might be involved in the modulation of chondrocyte In situ hybridization analysis of newborn wild-type

proliferation by pVHL epiphysis revealed that PGK transcripts were expressed in the
_ _ center of both the proliferative and prehypertrophic, with a

Expression of HIF1 a-dependent genes is typical outside-inside pattern that resembled the pattern of

upregulated in the ~ Vhlh null growth plate oxygenation of the growth plate (Fig. 6C) (Schipani et al.,

We next investigated whether the transcription factor HIiE1 2001). By contrast, in the newborn mutant growth plate, the
stabilized and accumulates in the absence pVHL. Ivtlle  outside-inside pattern of expression of PGK mRNA was
null growth plate, the intensity and number of chondrocyteperturbed; PGK mMRNA was detectable throughout the
that stained positive for HIFLprotein were clearly increased, whole epiphysis, including in a few scattered hypertrophic
demonstrating that deletion o¥hlh indeed leads to an chondrocytes (Fig. 6D). Furthermore, resting chondrocytes
accumulation of HIF& (Fig. 6A,B). Western blot analysis of located in close proximity to the articular surface showed an
protein lysates of primary chondrocytes grown in normoxidncreased expression of PGK mRNA (Fig. 6D).
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Fig. 5.Evidence for a decreased cell proliferation rate withirMhia null growth plate. (A,B) Detection of BrdU-labeled chondrocytes in
histological sections of E16.5 control (A) avitllh null (B) proximal tibia growth plates. (C,D) In situ hybridization analysis withip57

cRNA on histological sections of newborn control (C) &ihth null (D) growth plates; darkfield images are shown. (E) Percentage of BrdU-
labeled cells; bars represent mean percentages (+s.d.) of BrdU-labeled chondrodytiesuti and wild-type (WT) growth plates at E14.5,
E15.5 and E16.5, separated into proliferating zone (PZ) and resting zone (RZ). Statistical differences in each zonefiwdrasitertie
unpaired-test. **P<0.01.

We then analyzed VEGF mRNA expression by in situfrom accumulation of the transcription factor HoFland
hybridization. Our in situ hybridization analysis showed that irnthrough activation of HIF& target genes. To address this
the newborn wild-type growth plate, VEGF mRNA was presentuestion, we created double mutant mice lacking both the
not only in hypertrophic chondrocytes, but also, although to &anscription factor HIFd and pVHL in cartilage\(hIWHifla
lesser extent, in the center of the proliferative zone (Fig. 6Ehull). These mice died within the first hours after birth, like the
In the newborn mutant growth plate, similar to PGKmice that lack only HIF4 in cartilage Hifla null). The limbs
transcripts, VEGF mRNA was detectable in all layers. Inof VhI/Hifla null newborns were essentially identical to the
addition, VEGF mRNA expression appeared to be granular arlonbs isolated fronHifla null newborns (data not shown). Both
was upregulated in chondrocytes located next to the articuléypes of mutant limbs were much shorter and were deformed
cap (Fig. 6F). Similar mRNA expression patterns of VEGF andompared with wild-type controls (Fig. 8H-J). Furthermore, as
PGK were observed in postnatal life (data not shown). in theHifla null growth plate, the center of thhl/Hif1a null

Consistent with these findings, measurements of solublgrowth plate was remarkably hypocellular as result of massive
VEGEF in the supernatant of primary chondrocytes grown ircell death, which generated a spatially localized defect
normoxic conditions, and real-time PCR of total RNA isolatedextending from the joint space to the primary spongiosa (Fig.
from the same cells confirmed a dramatic accumulation of bot8H-J). Lastly, similar to theHifla null growth plate, the
VEGF protein and mRNA in cells lackinyhlh when proliferation index of the viable chondrocytes surrounding the
compared with controls (Fig. 7B,C). Furthermore, PGK mRNAcentral area of cell death was significantly increased in the
levels were elevated Mhlh null chondrocytes when compared VhI/Hifla null growth plate in comparison with controls (Fig.
with controls, even if to a lesser degree than VEGF mRNAD-G). Both mutant phenotypes were extremely severe at birth,
(Fig. 7C). and were already clearly evident at E.14.5 (Fig. 8A-C).

Taken together, these findings strongly support the Taken together, the deletion of botHifla and Vhlh
hypothesis that lack of pVHL in chondrocytes leads to ampparently neutralized the phenotypic alterations seen in the
accumulation of HIF& protein and to an increased expressionVhlhnull growth plate, and generated a growth plate phenotype
of its target genes. that was virtually indistinguishable from the phenotype caused

by deletion ofHifla alone
Growth plates lacking both  Vhih and Hifla display
the Hifla null phenotype ) )
In the final set of our experiments, we investigated whether ﬂlecussmn
unique phenotype in mice lacking functional pVHL resultedThis is the first study reporting the novel finding that pVHL
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Fig. 6.(A,B) Evidence for stabilization of HIFLin the
Vhih null growth plate. Immunohistochemical detection
of HIF1a in cryosections of newborn control (A) and
Vhlhnull (B) proximal tibia growth plates.

(C-F) Evidence for an increased HbFactivity in Vhih

null growth plates. In situ hybridization analyses of
histological sections of proximal tibia growth plates from
control (C,E) and/hlh null (D,F) newborns, with PGK
(C,D) and VEGF (E,F) cRNA; darkfield images are
shown.
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In this study, we report the novel and intriguing
finding that the tumor suppressor protein pVHL is
necessary for normal chondrocyte proliferation in
vivo. Vhlh null growth plates show a dramatic
decrease in chondrocyte proliferation at different
stages of fetal development, as determined by BrdU
labeling. The role of pVHL in regulating cell
proliferation is not fully elucidated (Kondo and
Kaelin, 2001). Our data differ from previous studies
g v S AR that have shown that lack of functional pVHL
PGK in situ LEOSIRIAE  impairs cell cycle exit under certain experimental
conditions (Bindra et al., 2002; de Paulsen et al.,
2001; Pause et al., 1998). However, our findings are
consistent with the recent report that lack of pVHL
inhibits cell proliferation in a teratocarcinoma model
(Mack et al., 2003). It is highly possible that pVHL
actions on the cell cycle may indeed vary in different
cell types. This hypothesis would be in agreement
with the observation that, despite the ubiquitous
pattern ofVHL expression, only a restricted subset
of tumors is observed in patients suffering from the
von Hippel Lindau syndrome (Kaelin and Mabher,
1998).

Conditional inactivation of HIFE in
chondrocytes leads to the increased proliferation
rate of viable chondrocytes at the periphery of the
has a crucial role in endochondral bone development. Micgrowth plate, while central cells undergo massive cell death
lackingVhlhin the cartilaginous elements as result of the Cre{Schipani et al., 2001). In addition, a concomitant decrease in
loxP strategy displayed a unique cartilage phenotype. Thiie mRNA expression of the CDK-inhibitor p%? is also
phenotype was characterized by hypocellularity, a dramatidetectable in murine growth plates lacking HIEp57%iP2 is
decrease of cell proliferation, an augmented amount of matrigpparently required for exit of epihyseal chondrocytes from
and an increased cell size in the resting and proliferating zondbe cell cycle (Nagahama et al.,, 2001; Yan et al., 1997).
After birth, Vhih null mice showed a delayed appearance of th&Jpregulation of p5%¥P2 has been identified by microarray
secondary ossification center and severe dwarfism. analysis in renal epithelial cells exposed to hypoxia (Leonard

The VHL tumor suppressor protein is required to regulatet al., 2003). Consistent with these finding&lh deficient
HIF1a, and inactivation of VHL has been linked to thegrowth plates displayed a mild but consistent increase in
development of a variety of highly angiogenic tumors,p57iP2 mRNA expression, as shown by in situ hybridization
including hemangioblastoma of the retina and centrahnalysis. This increased expression of4¥3ranscripts may
nervous system, clear cell carcinoma of the kidney, anble partly responsible for the hypocellularity and the decreased
pheochromocytoma (Maher and Kaelin, 1997). Loss of pVHlproliferation rate observed invhlh null growth plates.
function leads to an increased stability of HiFland However, chondrocyte proliferation is regulated at multiple
overexpression of proteins encoded by HiR&rget genes, levels by numerous factors, such as FGFs, BMPs, PTHrP,
such as VEGF and PGK (Gnarra et al., 1996; Cramer et alklH, cell-cell and cell-matrix adhesion, and biomechanical
2003). However, although HlElis the best characterized signals (Shum et al., 2002). It is therefore likely that regulation
pathway that is affected by pVHL loss of function, pVHL hasof chondrocyte proliferation by pVHL does not involve only
been reported to have a range of effects within the cells thatodulation of p5¥P2 expression. It will be now interesting to
are not clearly related to HlFalactivation. Identification of study whether and how the pVHL/HI&Bystem interacts and
HIF1la-dependent and -independent effects of pVHL action igooperates with all the different pathways that regulate cell
thus an open field of intense investigation. proliferation in the developing growth plate.

control

VEGF in situ VEGF in situ
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Fig. 7.(A) Evidence for stabilization of HIFLin Vhlh null primary
chondrocytes. Western blot analysis of whole-cell lysate from prin
chondrocytes isolated frowhlh*#*f newborn mice and infected with
B-galactosidase (WT) dCre recombinaséVhlhnull) adenoviral
constructs. Levels of Pro564-hydroxylated HiFdnda-tubulin were
analyzed. (B) Evidence for increased HiFdctivity in Vhlh null
primary chondrocytes. Elisa measurements of soluble VEGF in the supernatant from primary chondrocytes isolatdu ftbmewborn
mice and infected witB-galactosidase (WT) &@re recombinaséVhihnull) adenoviral constructs. (C) VEGF, PGK and type Il collagen
mRNA expression measured by real-time PCR of total RNA isolated from primary chondrocytes isoladllitéth newborn mice and
infected withB-galactosidase (WT) dZre recombinaséVhlh null) adenoviral constructs.
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The resting zone of théhlh null growth plate was mainly It is well known that chondrocyte proliferation and
occupied by enlarged chondrocytes with a high cytoplasm tdifferentiation require their attachment to the matrix (Terpstra
nucleus ratio, with similarities to pre-hypertrophic oret al., 2003). In our in vivo model, the lack\dilhin cartilage
hypertrophic chondrocytes. However, no evidence of ectopileads not only to decreased proliferation, but also to increased
hypertrophic differentiation could be found by analyses of typenatrix between cells, as shown by histological analysis.
X collagen, PPR or IHH mRNA expression. It is possible thaHypoxia increases type Il collagen accumulation in vitro in a
the decreased mitotic activity is the pathogenic event that leattiF1a-dependent manner (Kurz et al., 2001; Pfander et al.,
to both the hypocellularity and the appearance of atypical cel003). Furthermore, recently it has been shown that hypoxia
observed in thevhlh null growth plate. However, to our increases a group of procollagen hydroxylases that are
knowledge this unique cartilage phenotype characterized bpdispensable for collagen fiber formation through stabilization
increased cell size and reduced proliferation has not beaf the transcription factor HIFL(Hofbauer et al., 2003). It is
described in other knockout models in which chondrocytéhus highly possible that the increased matrix deposition
proliferation has been reported to be severely impaired, sudbserved inVhlh null growth plates might result from
as thelhh knockout (St-Jacques et al., 1999). Therefore, theaccumulation of HIF@& in the mutant chondrocytes, leading to
increased cell size observed in thélh null growth plate  both an increased expression of type Il collagen mRNA and to
probably is not the necessary or direct consequence of tlam enhanced synthesis of procollagen hydroxylases that are
decreased cell proliferation per se. It is possible that lackritically required for collagen triple helix formation. However,
of pVHL in chondrocytes uncouples cell size and cellat this stage of investigation, a HiFIndependent role of
proliferation by regulating a still unknown molecular pVHL in regulating matrix accumulation cannot be excluded.
mechanism. Alternatively, pVHL may regulate chondrocyteNotably, it has been shown that pVHL can bind directly to
size and shape through pathways that are distinct from tho&ibronectin, a very important matrix protein (Ohh et al., 1998).
involved in chondrocyte proliferation. In this regard, it has bee\ specific role of pVHL in extracellular matrix formation
recently reported that pVHL is a microtubule-associateds also suggested by the finding that pVHL regulates
protein that can protect microtubules from depolymerization imetalloproteinases production and activity (Koochekpour et
vivo (Hergovich et al., 2003), and this function appears to bal., 1999). Further investigation will be needed in order to
independent of its ability to engage in E3 ligase complexstablish the role of pVHL in the regulation of cartilage matrix
formation. and, more generally, in chondrogenesis. It will be then crucial
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E14.5 control (E)Hifla null (F) andHifla/Vhih

null (G) proximal tibia growth plates.

(D) Percentage of BrdU-labeled cells; bars
represent mean percentages.q.) of BrdU-

labeled chondrocytes Hifla null, Hifla/Vhlh

null and wild-type (WT) growth plates at E14.5,
separated into proliferating zone (PZ) and resting
zone (RZ). Statistical differences in each zone
were identified using the unpairetest.

** P<0.01.

D, ” Fig. 8. Analysis of growth plates from control,

8 *T' 4 Hifla null andHifla/Vhihnull mice.

2 ; (A-C,H-J) Hematoxylin and Eosin staining of

§ % L histological sections of control (A,Hyifla null

55 =1 [ | I (B,)andHifla/Vhihnull mice (C,J), at E14.5

2 [ (A-C) and birth (H-J). (E-G) Evidence for

a0 - increased cell proliferation rateshtifla null and
: g 2 Hifla/Vhimull chondrocytes. Detection of BrdU-
2 2 2 labeled chondrocytes in histological sections of

=

Hif -1 nun Pz

Vhih/Hif-1 null Pz
Vhih/Hif-1 nun Rz

in the resting and proliferating zones\dhflh

null growth plates, probably caused by the
stabilization of HIF&. Interestingly, despite
increased levels of VEGF expressionMhlh

null resting-zone chondrocytes, no ectopic
blood vessel invasion was observed at this site.
Furthermore, a delay of angiogenesis at the
secondary ossification site was clearly
noticeable in the/hlh null specimens. Taken
together, these findings suggest that several
other factors may be involved in regulating
angiogenesis during endochondral bone
development (Ivkovic et al., 2003), particularly
at the secondary ossification center.

In our final experiment we investigated
whether the morphological alterations, the
decreased mitotic activity and the increased
deposition of extracellular matrix molecules
to identify whether this role is indeed dependent on HIF1 within the Vhlh null growth plate might result from the
transcriptional activity. accumulation of HIFA and the de-regulation of HIBEltarget

VEGEF is one of the best indicators of HtFfranscriptional genes. To address this crucial question we used conditional
activity; consistent with this finding is the observation thatinactivation of bottWhlhandHiflain all cartilaginous elements.
tumors caused byhlh inactivation are highly angiogenic and The growth plate phenotypeldifla/Vhlhnull mice was virtually
accumulate HIFd. Blood vessel invasion of the epiphysis, aindistinguishable from that observedHiifla null animals. This
crucial step in endochondral bone development, has beeesult is consistent with the idea that the altered endochondral
shown to be regulated in part by VEGF activity (Gerber et algssification process observed\Vihlh null mice could result, at
1999; Horner et al., 1999; Maes et al., 2002; Zelzer et al., 200Rast in part, from increased activity of HtF&and, consequently,
Ortega et al., 2003; Haigh et al., 2000; Carlevaro et al., 2000ffom de-regulation of HIF4 target gene expression. Further
Several groups have reported that VEGF mRNA expression isvestigations will be needed to establish whether Hlislthe
mainly restricted to the hypertrophic zone (Gerber et al., 199%nly target of pVHL activity in growth plate chondrocytes.
Horner et al., 1999). Our data show that VEGF mRNA is also
produced by proliferating chondrocytes, suggesting a broader The authors thank Dr H. M. Kronenberg for helpful discussions and
role of VEGF in chondrocyte biology. In agreement with thisfor.crltllcally rewewmglthe manuscript; Dr S. Provot for crltlpally
hypothesis, more recent reports indicate that VEGF is a'i‘?Vée""l'ln?hthe mangjscrlptf; ‘tlhsaé(t%n for excijall'?r&gﬁhplcal astglstance;
Important_ .mOdUIat(.)r of chondrocyte differentiation, and it Isgﬂppgrt. Tﬁismvs(r)r:k?/\r/ZsosupSOHQd cl))(;nlr\lI?H gr::’;mt ARO408rl;2n(IIEn.gc.))L.JS
also a critical survival factor for chondrocytes (Zelzer et al.,
2002; Maes et al., 2004; Zelzer et al., 2004).
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