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Abstract

Long bones are integral components of the limb skeleton. Recent studies have indicated that

embryonic long bone development is altered by mutations in Ext genes and consequent heparan

sulfate (HS) deficiency, possibly due to changes in activity and distribution of HS-binding/growth

plate-associated signaling proteins. Here we asked whether Ext function is continuously required

after birth to sustain growth plate function and long bone growth and organization. Compound

transgenic Ext1f/f;Col2CreERT mice were injected with tamoxifen at postnatal day 5 (P5) to ablate

Ext1 in cartilage and monitored over time. The Ext1-deficient mice exhibited growth retardation

already by 2 weeks post-injection, as did their long bones. Mutant growth plates displayed a

severe disorganization of chondrocyte columnar organization, a shortened hypertrophic zone with

low expression of collagen X and MMP-13, and reduced primary spongiosa accompanied,

however, by increased numbers of TRAP-positive osteoclasts at the chondro-osseous border. The

mutant epiphyses were abnormal as well. Formation of a secondary ossification center was

significantly delayed but interestingly, hypertrophic-like chondrocytes emerged within articular

cartilage, similar to those often seen in osteoarthritic joints. Indeed, the cells displayed a large size
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and round shape, expressed collagen X and MMP-13 and were surrounded by an abundant

Perlecan-rich pericellular matrix not seen in control articular chondrocytes. In addition, ectopic

cartilaginous by EXT mutations and HS deficiency. In sum, the data do show that Ext1 is

continuously required for postnatal growth and organization of long bones as well as their adjacent

joints. Ext1 deficiency elicits defects that can occur in human skeletal conditions including

trabecular bone loss, osteoarthritis and HME.

Introduction

Long bones are integral components of the limb skeleton where they provide anatomical

definition and structural support and permit movement via their epiphyseal diarthrodial

synovial joints. Their development and growth initiate during embryogenesis with the

formation of mesenchymal cell condensations that undergo chondrogenesis and assemble

the initial cartilaginous anatomical blueprint of each limb element, be it a femur or a

metacarpal. Growth and elongation of the long bones continue postnatally and end at

puberty when the growth plates located at each epiphyseal end close [1]. In addition to

elongation, the growing long bones need to be sculpted into anatomically complex and

functional structures in which various portions and regions acquire distinct shapes and

organization, an example of which being the proximal femoral head and the distal knee

condyles. The elongated and relatively narrow diaphysis is the first to undergo endochondral

ossification with ingression of blood vessels and formation of a primary ossification center,

while the wider epiphyses ossify starting late in embryogenesis and then postnatally with the

formation of the secondary ossification center [2]. Spared the endochondral ossification

process are the most epiphyseal chondrocytes that become permanent articular chondrocytes

and sustain movement of the joints though life via their abundant and resilient extracellular

matrix and production of synovial fluid components including hyaluronate and lubricin [3,

4]. Given the multiplicity of processes and steps required for the genesis, growth and

morphogenesis of long bones and joints, it is not at all surprising that the regulation of their

development and growth is equally complex [5]. Much has been uncovered in these areas

over the last several years, particularly with regard to the roles of members of the hedgehog,

bone morphogenetic protein (BMP), fibroblast growth factor (FGF) and Wnt signaling

protein families and members of the Sox, Runx and Ets transcription factor families [6].

However, relatively little continues to be understood about several other pertinent processes

including how the epiphyses and diaphysis undergo differential morphogenetic processes,

how articular chondrocytes acquire their permanent phenotype, and how the hypertrophic

zone of growth plate interacts and communicates with the underlying marrow and vascular

progenitor cell population to sustain trabecular bone and primary spongiosa formation.

EXT1 is a member of the exostosin protein family that includes the EXT2, EXT3 and EXTL

genes [7]. EXT1 and EXT2 form heteromeric glycosyltransferase protein complexes in the

Golgi complex and are responsible for the synthesis of heparan sulfate (HS) [7]. This

glycosaminoglycan is an important component of cell surface and matrix-associated

proteoglycans that include Syndecans, Glypicans and Perlecan. The heparan sulfate

proteoglycans (HSPGs) are expressed in unique patterns in different tissues and organs [8]

and can influence a variety of developmental and physiologic processes that include cell
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determination and differentiation, cell-matrix interactions, receptor recycling and

organogenesis [9, 10]. Importantly, their HS chains serve as binding partners for key

signaling proteins such as hedgehogs, restrict and limit their distribution, activity and targets

selection, and can thus influence their roles in development and growth [11-13]. For

instance, mouse embryos carrying a hypomorphic gene trap mutation in Ext1 –that results in

a severe reduction in Ext1 protein levels and HS production- survive until E14.5-E16.5, but

display skeletal growth retardation and deformities, delays in chondrocyte hypertrophy, and

a much broader and abnormal distribution of Indian hedgehog (Ihh) within the long bone

growth plate [11]. Ablation of Ext1 in early embryonic limb buds causes severe impairment

of mesenchymal prechondrogenic cell condensation and cartilaginous primordium formation

[12], and Ext1- and HS-deficiency in synovial joint-forming cells leads to defects in joint

formation and even joint fusion [13, 14]. Furthermore, heterozygous Ext1-null mouse

embryos exhibit changes in growth plate chondrocyte proliferation and hypertrophic

differentiation [15]. There is also evidence that Ext deficiency occurring postnatally can

cause skeletal abnormalities as well [16, 17]. In a recent study Jones and collaborators

created an innovative floxed Ext1 mouse line with head-to-head loxP sites that elicits

stochastic generation of Ext1-null or wild type chondrocytes in cartilage after mating with

Col2rtTACre mice. The authors found that the resulting mutant mice displayed postnatal

skeletal aberrations and in particular, developed several large cartilaginous tumor-like

outgrowths near the epiphyses of their long bones [18]. The outgrowths resembled the

cartilaginous exostoses that form near the growth plates of children with Hereditary Multiple

Exostoses (HME), a syndrome caused by dominant loss-of-function mutations in EXT1 or

EXT2 and consequent HS deficiency [19, 20].

The present study was carried out to further test and clarify the roles of Ext genes in

postnatal long bone growth, organization and structure. To do so, we created conditional

compound mouse mutants bearing a standard floxed Ext1 gene (Ext1f/f) [21] and the

Col2CreERT transgene that directs CreERT expression in chondrocytes [22]. We induced

Ext1f/f ablation by tamoxifen injection at early postnatal time points and examined the

developmental and structural consequences on long bones over time. We found that

conditional loss of Ext1 expression postnatally is incompatible with normal skeletal growth

and results in a number of structural and functional deficiencies in both the long bones and

their joints that also resemble human skeletal pathologies.

Materials and Methods

Transgenic mice

All studies were conducted with approval by the IACUC. Creation of the loxP-modified

Ext1 allele and establishment of the Ext1f/f mouse line were described previously [21].

Col2CreERT transgenic mice that encode a Cre recombinase linked to a modified estrogen

ligand binding domain under the control of collagen 2a1 promoter sequences were

generated and provided by Dr. S. Mackem, NCI [22]. Ext1f/f mice were mated with

Col2CreERT mice, and the resulting Ext1f/f;Col2CreERT mice and appropriate controls

(Ext1f/f or Ext1f/+) received a single intraperitoneal injection of tamoxifen (100 μg/10 μl/

mouse) at postnatal day 5 (P5). Genotyping was performed using tail DNA and amplified by
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PCR. Mice were sacrificed 2-, 4-, 8-weeks from the time of tamoxifen injection. The total

numbers of mice studied in Ext1f/f and Ext1f/f;Col2CreERT groups were: 4 each at 2 weeks;

2 each at 4 weeks; and 3 each at 8 weeks time points. We also created Ext1f/f and

Ext1f/f;Col2CreERT in RosaR26R background to monitor CreERT expression and activity

by LacZ reporter staining after tamoxifen injection.

Skeletal analyses

Whole skeletons were analyzed by soft x-ray imaging using Bioptics piXarray100

(Kenmore, WA) in utomatic exposure control mode. Total mouse body lengths were

measured from nose to sacral tip, excluding the tail length. Lengths of long bones were

determined from x-ray images using Image J software.

Chondrocyte cultures, DNA isolation and PCR

Cartilage was isolated from epiphyses of tibia, femur and humerus and radius of the P12

Ext1f/f and Ext1f/f;Col2CreERT mice that had received a single tamoxifen injection (100

μg/10 μl/mouse) at P5 as above. Epiphyseal cartilage pieces isolated from individual animals

were digested with 0.05% trypsin in HBSS for 1 h at 37°C, and the liberated cells consisting

mostly of contaminating fibroblasts were discarded. The remaining fragments were further

incubated with 86 U/ml collagenase Type I (Worthington Biochemical Corporation,

Lakewood, NJ) in serum-free DMEM overnight. Dissociated cells were filtered and plated

on 60 mm agarose coated petri dishes (BD Biosciences, Franklin Lakes, NJ) and cultured in

DMEM containing 10% FBS (Gemini Bio-Products, West Sacramento, CA) in suspension

for 1 day to eliminate the few additional non-chondrogenic cells. The surviving cells –

mostly chondrocytes- were finally collected and used to prepare DNA samples.

DNA was isolated using the Qiagen Mini Kit (Qiagen), according to the manufacturer

instructions, quantified with BioMate 3 Spectrophotometer, Thermo Spectronic (Thermo

Fisher Scientific Inc. Waltham, MA), and PCR amplified with specific primer pairs for

detection of intact or recombined floxed allele as described [16]. Bands were visualized on

2% agarose gels, and GAPDH was used as internal control.

To further confirm the efficacy of Cre recombinase activity, qPCR was performed on

genomic DNAs to specifically detect intact Ext1 allele. DNA samples above were combined

with SYBR Green PCR Master Mix (Applied Biosystem, Foster City, CA) and primers for

non-recombined intact allele or GAPDH as internal control. Reaction was performed using

an ABI 7900 HT machine (Applied Biosystem, Foster City, CA) according to the

manufacturer's protocols.

Histological, histochemical and immunohistochemical analyses

Knee and wrist joints were dissected and fixed with 4% (v/v) paraformaldehyde, decalcified

with EDTA for 7-10 days and embedded in paraffin. Serial longitudinal 5 μm-thick sections

of tibiae, femurs and the distal portions of ulnae and radii were processed for staining with

hematoxylin/eosin and Safranin O/fast green. LacZ (β-galactosidase) activity was detected

using X-Gal Stock and Stain Base Solution (EMD Millipore Corporation, Billerica, MA)

according to the manufacturer's protocol, and sections were counter-stained with eosin. For
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immunohistochemical staining, sections were pretreated with 0.1% pepsin in 0.02N HCl for

10 min at 37°C for demasking, incubated in 10% goat serum in PBS for 1h at room

temperature for blocking, and then reacted for 14 hours at 4°C with one of the following

primary antibodies: collagen X rabbit polyclonal antibodies (1:1000 dilution, Cosmo Bio Co

LTD, Tokyo, Japan); MMP13 rabbit polyclonal antibodies (1:250 dilution, Abcam

Ab75606, Cambridge, UK); or rabbit antibodies against Perlecan domains I or V (1:1000

dilution) [23]. For Perlecan staining, antigen demasking was performed with hyalorunidase

(1000U/ml in PBS, 30 min at room temperature) instead of pepsin. Following rinsing,

sections were incubated with biotinylated anti-rabbit secondary antibodies in HRP/DAB

detection IHC kit mixture according to the manufacturer's instructions (Abcam), suitable for

colorimetric visualization of signal; counterstaining was with methyl green. Under these

conditions, the antibodies specifically recognize Perlecan as determined by staining of

Perlecan-deficient mouse sections [23] and staining with non-immune IgGs. Staining data

were examined with a Nikon Eclipse TE400 microscope equipped with a SPOT 5.0

advanced software (Diagnostic Instruments Inc., Sterling Heights, MI) to capture and

analyze images. Non-specific staining was determined on parallel sections in which the

primary antibody was replaced with non-immune rabbit IgGs (5 μg/ml, Vector Laboratories,

Burlingame, CA).

TRAP staining was performed on knee joint sections using the Acid Phosphatase Leukocyte

Kit (Sigma-Aldrich, St. Louis, MO) according to manufacturer's instructions.

Histomorphometry

Longitudinal tibia and femur sections from Ext1f/f and Ext1f/f;Col2CreERT mice injected

with tamoxifen 2 weeks earlier were processed for hematoxylin/eosin or TRAP staining.

Images of primary spongiosa were taken and analyzed for quantification of trabecular bone

volume and TRAP-positive cells. Four animals for the control and mutant groups were

examined, and two images from the central and lateral planes of the femur and tibia were

used for quantification. Trabecular bone area in each section was calculated and normalized

over total volume, according to the Bioquant Osteo 2011 (Image Analysis Corporation,

Nashville, TN) Protocol. TRAP positive cells along the chondro-osseous junction were

counted and normalized over total length using Image J.

Statistical methods

Results were analyzed using InStat 3 version 3.1a (GraphPad Software, Inc., La Jolla, CA).

One-way analysis of Variance (ANOVA) with a Tukey-Kramer Multiple Comparison Test

or Student's t-test was used to establish statistically significance. Threshold for significance

for all tests was set as p<0.05.

Results

Postnatal growth deficiency and abnormalities in Ext1-deficient long bones

To examine the roles of Ext1 in postnatal limb skeletal growth and growth plate organization

and function, we used Ext1f/f mice that bear standard loxP sites flanking exon 1 and elicit a

null allele following Cre-mediated recombination [21] and Col2CreERT transgenic mice
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that direct CreERT expression to chondrocytes throughout the developing and growing

embryonic and early postnatal skeleton, but in which transgene expression dwindles during

early postnatal age [22]. To verify CreERT expression patterns and recombination

efficiency, we first created triple compound Ext1f/f;Col2CreERT in RosaR26R background

and injected them with tamoxifen at postnatal day 5 (P5) (hereafter identified as conditional

knock-outs –CKO- in figures and figure legends). Two weeks after injection, we prepared

serial longitudinal sections of femurs and tibia at the knee level and processed them for

histochemical staining of LacZ (β-galactosidase). We found that LacZ staining was

restricted to growth plate chondrocytes and articular chondrocytes (Fig. 1C-1D). No staining

was detectable in comparable sections prepared from companion control tamoxifen-injected

Ext1f/f mice lacking the Col2CreERT transgene (Fig. 1A-1B) (hereafter identified as controls

–Control- in figures and figure legends). To quantify CreERT efficiency, we isolated

chondrocytes from epiphyseal cartilage dissected from P12 Ext1f/f and Ext1f/f;Col2CreERT

mice that had been injected with tamoxifen at P5 as above. The dissociated chondrocytes

were first expanded in suspension to increase their number and eliminate contaminating

adhering connective tissue cells, and their DNAs were then subjected to conventional PCR

and qPCR to distinguish and quantify the relative amounts of intact un-cleaved floxed Ext1f/f

allele and Cre-cleaved allele. DNA samples from Ext1f/f;Col2CreERT cells did direct the

amplification of considerable amounts of cleaved allele product (Fig. 1E, lanes 3 and 4) and

also a relatively small amount of residual un-cleaved allele product (Fig. 1E, lanes 3 and 4).

As to be expected, DNA from control Ext1f/f chondrocytes elicited only un-cleaved allele

RT-PCR product (Fig. 1E, lanes 1 and 2). Based on q-PCR analysis, the recombination

efficiency was over 80% (Fig. 1F).

Next, we monitored the overall growth of Ext1f/f mice (hereafter called controls) versus

Ext1f/f;Col2CreERT mice (hereafter called mutants) over postnatal time following a single

tamoxifen injection at P5. Interestingly, we found that the mutant mice exhibited an

appreciable reduction in overall body length already by about 2 weeks after injection

compared to control tamoxifen-injected mice (Fig. 2A) (and also wild type mice injected

with tamoxifen; not shown). The reduction of body length from nose tip to sacral area

amounted to about 20% and was statistically significant. A similar trend was observed when

we measured the longitudinal lengths of individual long bones, with reductions of about

20% and 15% in mutant femurs and tibias compared to respective controls (Fig. 2B).

Tamoxifen-injected heterozygous Ext1f/+;Col2CreERT mice were essentially normal

signifying that deficiency of both alleles was needed to elicit a phenotype and that tamoxifen

treatment did not cause significant skeletal abnormality in control Col2CreERT mice.

Growth plate disorganization and primary spongiosa deficiency

To account for the growth retardation, we carried out histological, histochemical and

immunohistochemical analyses of control and mutant long bone growth plates. We

harvested hindlimbs and forelimbs at 2 and 8 weeks after tamoxifen injection at P5 and

processed the resulting longitudinal serial sections for H&E staining first. As to be expected,

the control growth plates exhibited a normal and stereotypic organization and structure (Fig.

3A and 3C). The chondrocytes were aligned in well-defined longitudinal columns and were

arranged in readily recognizable proliferative (PZ), prehypertrophic (PHZ) and hypertrophic
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(HZ) zones based on cell size and architecture (Fig. 3C). The border between growth plate

and perichondrium was continuous and well defined (Fig. 3A, arrow). The growth plates

were followed by typical primary spongiosa (trabecular bone) embedded in bone marrow

(Fig. 4A). In sharp contrast, the growth plates in mutant mice were obviously aberrant (Fig.

3B and 3D). The mutant chondrocytes had failed to align in columns (Fig. 3D). The

individual growth plate zones were not easily discernable and recognizable, and the

hypertrophic zone was consistently reduced in height (Fig. 3D). The reduction of

hypertrophic zone height was verified by immunostaining for collagen X; the staining region

for this hypertrophic chondrocyte marker [24] was in fact reduced considerably in mutant

(Fig. 3H and 3J, bracket) versus control growth plates (Fig. 3G and 3I, bracket). In addition,

the mutant growth plates occasionally displayed a cartilaginous outgrowth seemingly

emanating from their lateral bottom side (Fig. 3B, double arrow), thus altering and distorting

the alignment of the growth plate/perichondrium border. We also noted the presence of

small clusters of tightly-packed cells near/within the prospective growth plate reserve zone

just below the secondary ossification center (Fig. 3F, arrows) that were not seen in controls

(Fig. 3E). The development of the ossification center itself was also clearly delayed in

mutants versus controls (Fig. 3A and 3B; see below for further details).

Defects in the hypertrophic zone are often accompanied by, and may directly cause, defects

in formation of primary spongiosa [6]. Indeed, the amount of trabecular bone present in the

mutants was appreciably decreased by 2 weeks post-injection (Fig. 4B) and obviously so by

4 (not shown) and 8 weeks (Fig. 4H) compared to controls (Fig. 4A and 4G). We used

Image J-assisted histomorphometry to quantify the differences in trabecular bone, and found

that the decrease in mutants varied somewhat from specimen to specimen but averaged

about 45% at 2 weeks (Fig. 5A). Scanning by μCT confirmed the overall drop in trabecular

bone (Suppl. Fig. 1). Several mechanisms could have led to the decrease in primary

spongiosa in addition to a defective hypertrophic chondrocyte zone [25]. We did find that

there were more than twice as many TRAP-positive osteoclasts along the mutant chondro-

osseous border (Fig. 4D and 4F, arrows) compared to controls (Fig. 4C, 4E and 5B). The

defects in growth plate and primary spongiosa organization persisted over time and were

still clear at 8 weeks when the marrow had in fact become richer in adipose cells compared

to controls (Fig. 4H cfr 4G, arrows).

Lateral outgrowths

The lateral cartilaginous outgrowths in mutant growth plates described above were

reminiscent of outgrowths seen in previous studies with Ext1-deficient mouse embryos [14]

and of exostoses seen in HME patients [26]. To delineate the nature of these outgrowths

more clearly and uncover their implications, we carried out a natural history analysis of their

genesis and evolution. We harvested limb skeletal elements from control and mutant mice at

1, 2, 4 and 8 weeks after tamoxifen injection at P5 and used the wrist area as a representative

test region. Already by 1 week, we did observe small but distinct outgrowths on the lower

lateral side of growth plate in the mutants (Fig. 6A and 6E, arrows). By 2 weeks, the

outgrowths had become very conspicuous and elongated and were present on both radius

and ulna (Fig. 6B, arrows). Medially, they faced each other and were separated by

connective tissue (Fig. 6F, asterisk); internally, they faced diaphyseal bone and marrow.
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Each outgrowth was largely cartilaginous, and the bulk of the chondrocytes were not

organized in typical growth plate-like zones (Fig. 6B and 6F). By 4 weeks, the outgrowths

became quite large and still faced each other, and the chondrocytes had become more

organized into a growth plate-like structure that was oriented at about 90° with respect of the

long bone's longitudinal axis and contained a hypertrophic zone facing bone and marrow

(Fig. 6C and 6G, arrow). In specimens harvested at 8 weeks, the medial connective tissue

separating the outgrowths was no longer clear and the outgrowths often fused along their

mid-line into amorphous and heterogeneous cartilaginous tissue masses (Fig. 6D and 6H,

arrow) intermingled with trabecular bone and marrow.

Epiphyseal defects and articular chondrocyte hypertrophy

The epiphyses of long bones are the site where permanent articular chondrocytes are

generated and function through life and where an underlying secondary ossification center

forms to provide physical stability and support to the joint [3]. As pointed out above, the

development of the secondary ossification center appeared delayed in mutant long bones

harvested at 2 weeks after tamoxifen injection (see Fig. 3A and 3B). Closer analysis of

multiple mutant specimens confirmed that the formation of the ossification center was

consistently delayed in each mutant and regardless of anatomical site, be it wrist or knee

(not shown). In addition and quite interestingly, many articular chondrocytes in the mutants

had undergone ectopic maturation and hypertrophy and were very large in size and round in

shape (Fig. 7B, 7D and 7F, arrows) compared to the typical small-sized articular

chondrocytes present in controls (Fig. 7A, 7C and 7E). The hypertrophic-like cells were

present in every mutant specimen analyzed, but their frequency varied and was not overtly

related to weight-bearing area within the joint. Their hypertrophic phenotype was confirmed

by positive immunostaining for collagen X and matrix metalloprotease 13 (MMP-13), two

well-known markers of hypertrophic chondrocytes (Fig. 7H and 7J). Joint sections from

control mice were negative (Fig. 7G and 7I).

Perlecan is the most abundant HS-rich proteoglycan present in articular and growth plate

cartilage and is located in interterritorial, territorial and pericellular matrices where it likely

plays distinct roles [27, 28]. Thus it became of interest to study whether Ext1 deficiency in

our mutants would result in changes in presence and/or distribution of Perlecan. Sections

from control and mutant limb specimens were processed for immunostaining with antibodies

to Perlecan domain 1 or domain 5, thus spanning the N- and C-terminal ends of the core

protein that can be subjected to differential cleavage in certain physiological and

pathological circumstances [23]. In joint sections from control mice, Perlecan staining was

intense in the superficial zone of articular cartilage and was much lower in middle and deep

zones (Fig. 8A and 8C). The superficial zone in mutant specimens also exhibited positive

immunostaining but in addition, the ectopic hypertrophic chondrocytes displayed very

strong and distinct staining pericellularly (Fig. 8B and 8D, arrows). The underlying growth

plates in mutants and controls displayed typical and similar patterns of staining, confirming

that Perlecan is usually distributed throughout the matrix (Fig. 8E-8H). On the other hand,

the small cell clusters present near/within the top reserve zone in mutant growth plates

displayed extremely positive staining (Fig. 8H, arrows). Given that this zone is considered to

be a source of progenitor cells for growth plate [29], Perlecan might be involved in stem/
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progenitor cell function and niche regulation. We examined also the cartilaginous

outgrowths present in mutants and found that they exhibited positive staining throughout

their structure, a clear reflection of their growth plate-like character (Supplement Fig. 2A,

2C and 2E). Interestingly, the staining pattern became inhomogeneous over time

(Supplement Fig. 2B, 2D and 2F). Because the staining patterns above were obtained with

antibodies to domain 1 or domain 5, the data suggest that Perlecan did not undergo major

changes in cleavage or processing in control versus mutant tissues.

Discussion

The data clearly indicate that Ext1 deficiency is not compatible with normal elongation,

organization and morphogenesis of long bones in postnatal mice. The Ext1-deficient long

bones acquire and display an increasingly abnormal phenotype over time, and the changes

include a distortion of growth plate chondrocyte columnar organization, deficiencies in both

primary spongiosa and secondary ossification center development, and ectopic formation of

hypertrophic-like chondrocytes within articular cartilage. These are encompassing and

pleiotropic changes that affect diverse cell populations at diverse sites and with diverse

function, reflecting the multiple essential roles that HS and HSPGs play in cell and tissue

development, function and physiology both in the skeleton and several other organs [30].

Thus, the levels of Ext1 expression, HS production and HSPG function must be kept under

strict control for skeletogenesis and skeletal growth and functioning to proceed and be

maintained during postnatal life [10].

The multiple roles that HS and HSPGs exert in development and growth are a reflection of

their complex structural composition, genetic makeup and expression patterns [9]. The HS

chains have distinct sulfation patterns and levels that are thought to constitute a “sulfation

code” capable of regulating interactions and function of hedgehogs, BMPs, Wnts and other

HS-binding signaling proteins [8]. Thus, HS and HSPGs can act at multiple levels to

regulate physiologic and pathologic processes. The ability of HS chains to affect activity and

distribution of signaling proteins is of particular relevance here. As originally shown by

Vortkamp and coworkers, the distribution and signaling activity of Indian hedgehog were

abnormally broad and ectopic in the growth plates of Ext1-hypomorphic mouse mutants. We

showed recently that BMP signaling became broad and ectopic in conditional Ext1-deficient

long bone epiphyses [14]. Thus, it is possible that several if not many of the defects in

mutant long bones described here reflect alterations in patterns of activity and distribution of

signaling proteins. The misalignment of chondrocytes in mutant growth plates may reflect

defects in hedgehog signaling topography and targeting given that a similar chondrocyte

misalignment was observed in Ihh-null cartilaginous long bones [31]. The misalignment

may have resulted also from defects in the planar cell polarity pathway, a form of non-

canonical Wnt pathway mediated by primary cilia essential for cell orientation in many

organs and thought to operate in chondrocyte stacking in the growth plate as well [32].

Notably, we observed growth plate chondrocyte misalignment in mice lacking the essential

primary cilia protein Kif3a accompanied by excess hedgehog signaling in perichondrium

and formation of ectopic cartilage [33]. Indeed, defects in primary cilia have also been

observed in human exostosis chondrocytes in HME patients [34].
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The reduction in trabecular bone in primary spongiosa and the delay in secondary

ossification center formation could have multiple origins. As pointed out above, they may

reflect the fact that the growth plate was disorganized in the mutants and that the

hypertrophic zone was markedly reduced in height and cell number. The mutant

hypertrophic chondrocytes –be it at the bottom of the growth plate or at the center of the

incipient secondary ossification center- may have been unable to facilitate the transition to

endochondral ossification [6]. Hypertrophic chondrocytes normally produce a number of

proteins needed for a seamless transition from cartilage to bone, including vascular

endothelial growth factors (VEGFs), MMPs and transferrin, and one or more of these

proteins may have been present at suboptimal levels in the mutants. In addition, bone

marrow- and perichondrial-associated osteoprogenitor cells require signaling by

hypertrophic chondrocyte-derived Indian hedgehog (Ihh) for their osteogenic differentiation

[1, 5, 6, 25], and recruitment of osteoclasts is induced by VEGFs produced and released by

hypertrophic chondrocytes [35]. Hypertrophic chondrocytes are also known to normally

produce RANKL, a powerful inducer of osteoclast differentiation [36]. The significantly

larger number of osteoclasts we observe at the chondro-osseous border in mutant growth

plates suggests that the mutant hypertrophic chondrocytes may have expressed higher

RANKL or M-CSF levels or there may have been a local decrease in Osteoprotegerin

production [37]. The ultimate overall result of all these multiple changes would have been

an abnormal environment in which the hypertrophic zone was defective, bone formation was

deficient, development of osteoclasts was excessive, and trabecular bone and bone marrow

were deranged in both extent and cell composition.

Given that the number and function of hypertrophic chondrocytes were decreased in the

mutant growth plate, it may appear paradoxical that simultaneously, ectopic hypertrophic-

like chondrocytes actually formed in the synovial joints of the mutants. By their large cell

size and round shape and expression of both collagen X and MMP-13, the cells did closely

resemble growth plate hypertrophic chondrocytes. Interestingly, cell hypertrophy and

expression of hypertrophic traits are often seen in osteoarthritic joints in both experimental

animals and patients [38]. What could then account for the decrease in hypertrophic cells in

mutant growth plate and excess hypertrophy in articular cartilage? One interesting

possibility is that articular and growth plate chondrocytes responded differently to Ext1

deficiency. It is known that immature and hypertrophic chondrocytes react in opposite

manners to factors including retinoic acid and FGFs [39-41]. Thus, the Ext1 deficiency

could have elicited different responses in articular and growth plate chondrocytes because

the cells are intrinsically different. It was shown recently that ectopic expression and activity

of hedgehog factors induce chondrocyte hypertrophy and an osteoarthritic phenotype in

postnatal transgenic mouse limb joints [42]. Thus, excess signaling and/or distribution of

hedgehog proteins or other HS-dependent factors may have occurred in the joints in our

Ext1 mutants as well, contributing to joint's phenotypic de-stabilization, ectopic chondrocyte

hypertrophy and inception of an osteoarthritic-like phenotype. Ext mutations and/or

decreases in HS or HSPGs might thus be additional culprits in osteoarthritis.

Amongst the several members of the HSPG family, we have specifically analyzed Perlecan

here because it is abundant in growth plate and articular cartilage and has multiple important
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roles and functions [43]. The Perlecan hypomorphic mice exhibit disease phenotypes

comparable to those of Ext1 mutants shown here, including ∼15% skeletal growth

reduction, delayed endochondral ossification and secondary ossification center formation,

disorganized chondrocyte polarity and column formation within growth plates, altered

arrangement and reduction of trabecular bone, and increased osteoclast activity. Moreover,

the mice exhibit postnatal joint abnormalities, including degeneration of articular cartilage

and chondro-osteonecrosis of the femoral and humeral heads, but not ectopic articular

chondrocyte hypertrophy [23]. Thus, deficiencies in Perlecan or Ext1 can cause similar

disease-like outcomes such as growth plate chondrocyte disorientation and aberrant

transition to trabecular bone, consistent with the interesting possibility that the prevalent

chondrodyslasia phenotypes seen in Perlecan hypomorphic mice and Schwartz-Jampel

patients may ensue from reduced HS levels.

At this regard, it is important to discuss the conspicuous cartilaginous outgrowths forming

on the lateral side of the Ext1-deficient growth plates starting as early as 1-week post-

tamoxifen injection (Figs. 3 and 6), not observed in Perlecan mutants [23]. The outgrowths

display a growth plate-like structure, and do resemble the exostoses forming in HME

patients in terms of anatomical location, orthogonal orientation with respect to long bone

main axis, and persistent cartilaginous character [26]. They also resemble the outgrowths

described previously in the long bones of double Ext1+/-;Ext2+/- heterozygous [17] and

Ext1f/f;Col2CreERT [16] mice. Interestingly, they are also reminiscent of the ectopic

cartilaginous outgrowths forming after conditional postnatal ablation in chondrocytes of the

canonical Wnt signaling mediator β-catenin [44]. Given our previous observation that b-

catenin expression was quite low in Ext1-deficient growth plates including the hypertrophic

zone where it is normally strong [44, 45], the data suggest that Wnt signaling was decreased

in the outgrowths as well and may have contributed to both their genesis and persistent

cartilaginous character. What do the data here and in previous studies tell us about HME

pathogenesis and clinical implications? The data certainly reaffirm the notion that the

growth plate is very vulnerable to destabilization and aberrant behavior if Ext-, HS- and

HSPG-dependent mechanisms do not work appropriately. They also tell us that a simple

heterozygous mutation in EXT1 or EXT2 usually seen in HME patients may not be sufficient

to trigger exostosis formation and cause a full blown clinical phenotype. Using mouse

models of stochastic Ext1 ablation, recent studies have in fact revealed that exostosis

formation can be triggered by a relatively small number of Ext1-null chondrocytes [16, 18].

One of those studies was carried out by one of our labs [16] and relied on basal leakiness of

the Col2CreERT mouse line, eliciting 5 to 15% Ext1f/f ablation levels without tamoxifen

injection and indicating that the floxed Ext1 gene is very sensitive to CreERT leakage

activity. The resulting mutant embryos displayed exostosis-like outgrowths in long bones as

well as changes in growth plate and articular cartilage [16]. We have observed similar but

less apparent and consistent skeletal changes in uninjected Ext1f/f;Col2CreERT mice, though

heterozygous Ext1f/+;Col2CreER uninjected mice were normal (not shown). In HME

patients then, exostosis formation would require mechanisms by which EXT expression

and/or HS production are markedly reduced in some cells well beyond the partial reduction

(about 50%) that is caused by a simple heterozygous EXT mutation [46, 47]. Loss-of-

heterozygosity, increased heparanase expression or other genetic alterations have been
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invoked to occur in HME patients that, singly or in concert, would decrease EXT expression

and HS levels substantially in some cells and would lead to exostosis formation [48-51].

In conclusion, we have shown here that postnatal conditional loss of Ext1 expression in

cartilage is incompatible with normal skeletal growth and results in a number of structural

and functional deficiencies in both the long bones and joints. We have shown also that Ext1

deficiency elicits defects that can occur in human skeletal conditions including trabecular

bone loss, osteoarthritis and HME.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Postnatal Ext1-deficiency in cartilage causes skeletal growth retardation in mice

• Ext1-deficient long bone growth plates are disorganized and display a shallow

hypertrophic zone

• Mutant long bones exhibit reduced primary spongiosa and increased TRAP-

positive cells

• Hypertrophic-like chondrocytes develop within Ext1-deficient articular cartilage

• The mutant cells express hypertrophic genes and abundant Perlecan-rich

pericellular matrix
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Fig. 1.
Topographical and genetic analysis of Cre activity and efficiency. Ext1f/f (Control) and

Ext1f/f;Col2CreERT (CKO) mice in RosaR26R-LacZ background were injected at P5 with

tamoxifen (100 μg/10 μl/mouse). (A-D) Longitudinal sections of knee joints processed for

LacZ (β-galactosidase) activity show that strong staining was present in growth plate (C)

and articular cartlilage (D) in Ext1f/f;Col2CreERT specimens but not control Ext1f/f

specimens. (E) PCR product analysis on agarose gel shows that DNA from mutant CKO

chondrocytes mostly directed amplification of cleaved Ext1 gene product, while DNA from

control cells (Control) directed amplification of un-cleaved product only. (F) qPCR shows

un-cleaved DNA product levels in control and mutant cells after normalization to GAPDH

and indicates that Cre efficiency averaged about 80%. Bar for A-D = 500 μm.
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Fig. 2.
Determination of total body and long bone length. Ext1f/f and Ext1f/f;Col2CreERT mice

injected at P5 with tamoxifen were analyzed at the 2 week time point. (A) Body length was

measured from nose to sacral tip by visual inspection and a ruler. (B) Femur and tibia

lengths were determined from soft x-ray images quantified with Image J software. A total of

5 CKO mutants and 4 controls were examined. Note that body length was significantly

reduced in CKO versus controls. A similar and consistent trend was observed in long bone

average length. *, p<0.05.
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Fig. 3.
Histological and immunohistochemical analyses of growth plate organization. Continuous

longitudinal sections of tibias from Ext1f/f and Ext1f/f;Col2CreERT mice injected at P5 with

tamoxifen and harvested 2 weeks later were processed for routine histology or

immunostaining. (A-F) H&E staining shows that control growth plate displayed normal

proliferative (PZ), prehypertrophic (PHZ) and hypertrophic (HZ) zones and typical

chondrocyte columns (A, C), while mutant CKO growth plates were disorganized (B, D).

Note the presence of clusters of tightly associated cells near/within the reserve zone in

mutants (F, arrows) that are not appreciable in controls (E). Development of secondary

ossification center itself appeared to be delayed in mutants. (G-J) Immunostaining shows

that collagen X displayed its typical abundance in the hypertrophic zone (G, I, bracket), but

was appreciably reduced in mutant hypertrophic zone (H, J, bracket). Bars= 500 μm (A, B,

G, H); 200 μm (C, D, E, F,I, J).
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Fig. 4.
Changes in trabecular bone and TRAP-positive cells. Tibia longitudinal sections from Ext1f/f

and Ext1f/f;Col2CreERT mice tamoxifen-injected at P5 and harvested 2 and 8 weeks later

were processed for H&E (A, B, G and H) or TRAP staining (C-F). Note that control

specimens displayed typical organization of trabecular bone and marrow at the 2 and 8

weeks (A, G) and several TRAP-positive osteoclastic cells at the chondro-osseous border

(C, E, arrows), whereas mutant specimens contained appreciably lower levels of trabecular

bone (B, H), a higher number of TRAP-positive cells (D, F, arrows) and an increased

frequency of adipocyte-like cells in marrow at 8 weeks (H, arrows). Boxed areas in C and D

are shown at higher magnification in E and F. Bars= 500 μm (A, B, C, D, G, H); 200 μm (E,

F).
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Fig. 5.
Histomophometric determination of trabecular bone volume and TRAP-positive cell

number. Longitudinal distal femoral sections from Ext1f/f and Ext1f/f;Col2CreERT mice

tamoxifen-injected at P5 and harvested at 2 weeks were stained with H&E or TRAP (4

controls and 4 mutants) and subjected to histomorphometry. (A) Trabecular bone volume in

primary spongiosa was measured and normalized over total volume using BioQuant OSTEO

2011 Protocol. (B) TRAP staining positive cells along the chondro-osseous junction were

counted and normalized to overall length, using Image J. Note that both parameters changes

in mutants versus controls in a statistically significant manner (*p<0.05).
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Fig. 6.
Natural history of outgrowth formation over time. Longitudinal serial sections were

prepared of the wrist region of Ext1f/f;Col2CreERT mice tamoxifen-injected at P5 and

harvested 1, 2, 4 and 8 weeks later. (A-H) Staining with Safranin O (A-D) and H&E (E-H)

shows (i) the cartilaginous growth plates and articular cartilage in radius, ulna and wrist

elements and (ii) the presence of an incipient outgrowth at 1 week (A, E, arrow) and large

and long outgrowths at 2 and 4 weeks (B, C, arrows). The outgrowths are separated by

connective tissue medially (F, asterisk) and face bone and marrow internally (G, arrow). By

8 weeks, the connective tissue separation was reduced and the outgrowths merged into each

other (D, H). Bars= 1 mm for A-D; 300 μm for E-H.
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Fig.7.
Ectopic hypertrophic-like chondrocytes in mutant articular cartilage. Longitudinal serial

sections were prepared of knees from Ext1f/f and Ext1f/f;Col2CreERT mice tamoxifen-

injected at P5 and harvested at 2 weeks. (A-F) Staining with H&E (A-D) and Safranin O (E-

F) shows that articular cartilage in controls displayed typical cellular organization and strong

and uniform matrix staining (A, C, E), whereas articular cartilage in mutants exhibited

several hypertrophic-like chondrocytes and uneven matrix staining (B, D, F). (G-J)

Immunostaining for collagen X and MMP-13 shows that these hypertrophic markers were

essentially undetectable in control articular cartilage (G, I), but were obvious and associated

with hypertrophic-like cells in mutant tissue (H, J). Bar= 500 μm (A-B, E-J); 200 μm (C, D).
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Fig. 8.
Distribution of Perlecan in articular cartilage and growth plate. Knee sections from Ext1f/f

and Ext1f/f;Col2CreERT mice tamoxifen-injected at P5 and harvested at 4 weeks were

processed for Perlecan immunostaining using domain 5 antibodies. (A, C, E and G) In

controls positive Perlecan staining was evident in top articular cartilage zone and throughout

the growth plate. (B, D, F and H) In CKO mutants, positive Perlecan staining was also very

strong in the pericellular matrix of the hypertrophic-like chondrocytes in articular cartilage

(D, arrows) and the cell clusters present near/within the growth plate reserve zone (H,

arrows). Boxed areas in A-B and E-F are shown at higher magnification in C-D and G-H,

respectively. Bars= 500 μm (A, B, E, F); 200 μm (C, D, G, H)
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