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Abgtract

The characterization of COL10A1 mutationsin the
human Schmid metaphyseal chondrodysplasia(SMCD), a
heritable disorder affecting the endochondral skeleton,
coupled with the analysis of COL10A1 transgenic (Tg)
mouse models, are providing insights into the biochemi-
stry and function of collagen X. However, amidst these
advances are controversies regarding the apparent pheno-
typic discrepancies between collagen X mutations in the
mouse and human. This review brings together the most
recent data on collagen X mutations, and addresses the
possible biochemical basisunderlying these defects, aswell
as the value of mutation analyses. The association of
collagen X with endochondral ossification is presented in
light of a previously unforeseen relationship between
endochondral skeletogenesis and hematopoiesis.
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Coallagen X and Endochondr al Ossification

Collagen X, a 59 kDa homotrimer classified as a
“short chain” non-fibrillar collagen (Jacenko et al., 1991),
is distinct from other collagens because of its restricted
pattern of expression in a subset of cartilage cells, the
hypertrophic chondrocytes (Schmid and Linsenmayer, 1983;
Kielty et al., 1985; Nerlich et al., 1992; Apte et al., 1993).
Concomitant with and subsequent to chondrocyte
hypertrophy, the morphogenetic events associated with
endochondral ossification (EO) take place in this cartilage
matrix. Specificaly, asindividual chondrocytes swell and
undergo hypertrophy, the matrix changes from being
avascular and non-calcified to one that is penetrable by
blood vessels and capable of calcification; vascular
invasion imports chondroclasts and stem cellsfor bone and
marrow stroma, and trabecular bone forms on top of
remaining hypertrophic cartilage spicules, whilethemarrow
stroma establishes the appropriate conditions for
hematopoiesis (Caplan, 1990). Thetransient expression of
collagen X occursat the onset of chondrocyte hypertrophy,
and this protein represents the major biosynthetic product
of thesecells(Reginato et al ., 1986). Collagen X synthesis
isalsoreinitiated during fracturerepair (Grant et al., 1987)
and as aconseguence of joint degeneration in osteoarthritis
(Reichenberger et al., 1991). Despite its predominancein
hypertrophic cartilage during fundamenta events of EO
under normal and pathologic conditions, the function of
collagen X has eluded investigators since its discovery
(Schmid and Conrad, 19824, b; Gibson et al ., 1982).

Proposed Sructureand Function for Collagen X

Collagen X molecules are composed of three
identical d1(X) chains encoded by a condensed gene
(COL10A1) of three exons, one of which (exon 3) codesfor
the majority of the polypeptide chain including the entire
triplehelica domain (Fig. 1; LuValleetal., 1988; Thomaset
al., 1991; Reichenberger etal., 1991; Elimaet al., 1993). The
a1(X) homotrimers consist of three distinct protein
domains. Specifically, COL1 (amino acids 57-519 in
humans) represents the short triple helical domain (in



0. Jacenko and D. Chan

List of Abbreviations

extracdlular matrix

endochondral ossification

KO  knock-out (null alele)

RHT  ruthenium hexaminetrichloride

SMICD Schmid metaphyseal chondrodysplasia
Tg  transgenic

ECM
EO

comparison to fibrillar collagens) containing eight
imperfectionsinthe Gly-X-Y triplet repeat sequence. This
triple helix isflanked by asmall non-helical globular NC2
domain at the amino terminus (amino acids 19-56), and by a
larger highly conserved non-helical carboxyl-terminal NC1
domain (amino acids 520-680).

Sequence comparisons of the NC1 domain of colla-
gen X with the C-propeptides of fibrillar collagensrevea a
conserved cluster of aromatic residues with a marked
similarity in the hydrophilicity profile (Brasset al., 1992).
Sincethe C-terminal propeptidedomain of fibrillar collagens
isinvolvedintheinitiation of intracellular O-chain selection,
followed by trimer association and helix formation (Doege
and Fessler, 1986), by analogy, the d1(X) NC1 domainis
anticipatedto play acrucial rolein collagen X assembly. In
contrast, thesmall non-helica N-terminal NC2 domainisless
conserved among species. Unlike the case with fibrillar
collagens, most studies suggest that thefunctional collagen
X molecule is not processed except for the removal of the
signal peptide (Thomaset al., 1991; Chanetal., 1995).

In vitro, the NC1 and NC2 domains are capable of
spontaneous intermolecular interactions resulting in the
formation of ahexagonal lattice (Kwan et al., 1991). Invivo,
asimilar lattice-like network (likely composed at least in part
of collagen X) has been seen in the pericellular matrix of
swine hypertrophic chondrocytes (Jacenko et al., 1991,
Luvalleet al., 1993b). Moreover, this network appears to
bedisrupted in micewith adominant interference mutation
for collagen X (see below). A number of different matrix
configurations may involvethe participation of collagen X,
since it has also been detected near collagen 11-XI-1X
heterotypicfibrils(Pooleand Pidoux, 1989; Chenet al ., 1990;
Schmid and Linsenmayer, 1990), as well as in mat-like
aggregates (Schmid and Linsenmayer, 1990). Likewise, it
cannot be overlooked that collagen V111, anon-fibril-forming
short chain collagen and ahomol og of collagen X, hasbeen
demonstrated to form a similar lattice-like network in the
Descemet’'s membrane (Sawadaet al., 1990). Despite the
spatio-tempora differencesin expression between thesetwo
collagens, the similarity in amino acid sequence suggestsa
common function. Perhaps the short chain collagens act
as stabilizersin the ECM by forming hexagonal networks.

124

Exon 1 Exon 2

g -

Exon 3
DMA

5 3

mRNA

NGz coL 1 NC1

: al(X) chain
\ 21 or 193 as / ;:-" Y

deletion for Clustering of

Tg mice SMCD muiations
l (7 1 )
Dominant Haploinsufficiency
Inferferenca

Figurel. Diagram showing the organization of the collagen
X gene, message, and protein, with potential disease
mechanismsunderlying mutationsin Tg miceand in humans
with SMCD indicated. The collagen X gene (top) contains
three exons, which are represented by boxes and numbered
starting from the 5' end of the gene. Dotted linesindicate
correspondence between exons and mRNA (middle), and
between mRNA and thetrand ation product, an 1(X) chain
(bottom). The globular regions of collagen X are marked
NC1 and NC2, and thetriple-helical region labeled COL 1.
Constructsencoding partialy functional a1(X) chainswith
21 or 293 amino acid deletions in the COL 1 domain were
generated for expression in Tg mice, and are postulated to
act predominantly through a dominant interference
mechanism. A clustering of mutations found in patients
with SMCD isin the NC1 domain, and the disease likely
results predominantly through hapl oinsufficiency.

Such lattices may in turn be stabilized by the sequestering
of other molecules, thus establishing unique
microenvironments.

Determining the precise supramol ecul ar organization
of collagen X and its interaction with other matrix com-
ponents is a key to understanding its function. To date,
the restricted expression pattern associated with EO has
largely guided the thinking regarding the role of collagen
X. Implicated functions include mineralization, matrix
stability during degradation and remodeling, and vascular
invasion. Many studies have focused on mineralization,
where both in vitro (Bonen and Schmid, 1991) and in vivo
(Reginato et al., 1993) analyses have demon-strated adirect
relationship between calcium, collagen X production, and
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cartilage hypertrophy. Collagen X binds calcium directly
with high affinity (Kirsch and von der Mark, 1991) and was
postulated to mediate the interaction with matrix vesicles
(Kirsch et al., 1994, 1997ab), which provide an essential
nucleus for initial mineral crystal deposition and growth.
However, conflicting studies have also reported a lack of
i nteractions between matrix vesiclesand collagen X (Poole
and Pidoux, 1989; Inao and Conrad, 1993). Furthermore,
studiesby Caplan’sgroup (Ariaset al., 1991; Carrinoetal .,
1996) have proposed collagen X to bean inhibitor of minera
deposition. Theseinvestigators have localized collagen X
to the inner, non-calcifiable membrane of the chicken
eggshell and suggested that collagen X may provide an
inhibitory boundary for biomineralization.

The temporo-spatial restriction of collagen X to
hypertrophic cartilageimplicatesitsinvolvement in the mor-
phogenetic transition of EO. Accordingly, defects in
collagen X hiosynthesis and supramolecular organization
were predicted to result in chondrodysplasiaswith primary
growth plate involvement. Direct evidence for such
associations between collagen X mutations and growth
plate abnormalities came from studies of amurinetransgenic
(Tg) model (Jacenko et al., 19938) and the identification of
COL10A1 mutationsin ahuman chondrodysplasia (Wallis,
1993; Warman et al., 1993; Jacenko et al ., 1994; summarized
in Chan and Jacenko, 1998). Subsequently, micewith null
alelesfor collagen X were generated (Rosati et al., 1994,
Kwan et al., 1997), and are contributing towards the
elucidation of therole of thismolecule. Lastly, previously
unforeseen skeleto-hematopoietic relationships are being
revealed through analysis of the existing murine models
(Jacenko et al., 1996; Jacenko et al., manuscript in
preparation #1; Healy et al., manuscript in preparation #2).

Skeleto-Hematopoietic Phenotypein MiceTransgenic
for Collagen X

To gain insight into collagen X function in hyper-
trophic cartilage, transgenic (Tg) mice were generated
expressing a defective collagen X variant (Jacenko et al.,
19934, b). Transgene constructsconsisted of chicken A 1(X)
cDNA with in-frame deletions (encoding either 21 or 293
amino acids; Fig. 1) in regions encoding the central triple
helical collagen X domain; transgene expression wasdriven
by different lengths of the chicken collagen X promoter and
regulatory elements (Jacenko et al., 1993a, b; Luvalleet al .,
1993a). Co-expression of truncated chicken with full-length
mouse collagen X O-chains in an in vitro cell-free
translation system yielded chick-mouse hybrid-trimers,
supporting dominant interference as a possible mechanism
for transgene action (Jacenko et al., manuscript in
preparation #3).

Expression of transgene constructs in hypertrophic
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cartilageyielded similar skel eto-hematopoietic defectsin 14
Tg mouse lines, representing all constructs. Murine
phenotypes in each line ranged from a perinatal-lethal
phenotype manifest as thoracolumbar kyphosis and wast-
ing about week-3 after birth (in about 20-25% of Tg mice)
(Fig. 24), tovariable dwarfism (in about 75-80% of Tg mice).
The predominant dwarfism phenotype helped identify a
human autosomal dominant disorder, Schmid M etaphyseal
Chondrodysplasia (SMCD), resulting from collagen X
mutations (see below).

Histomorphometry of perinatal-lethal and dwarfed
Tgmicerevealed growth plate compressions by week-3 after
birth in hypertrophic zones of tissues arising by EO; the
extent of hypertrophy and cell number were reduced, bony
trabeculae were limited, osteopenia was prevaent, and
minerd quality wasaltered (Jacenko et al., 19934, b; Jacenko
et al., 1996; Paschalis et al., 1996). Furthermore, electron
microscopy detected a disruption of the hypertrophic
chondrocyte pericellular matrix network (likely composed
of collagen X, seeabove), whichin control mice resembled
ahexagonal lattice-like array. This network was observed
when tissueswerefixed in ruthenium hexaminetrichloride
(RHT), a cationic dye that preserves matrix integrity by
precipitating proteoglycans (Hunziker et al., 1982, 1984;
Farnum and Wilsman, 1989). InTg mice, the hypertrophic
chondrocyte pericellular matrix was dramatically reduced
and did not maintain anetwork arrangement. Inthesemice,
the entire growth plate appeared to be decompartmentalized;
this was manifest by RHT-positive aggregates, likely
proteoglycans, masking collagen fibrils in proliferative
growth plate zones (Jacenko et al ., manuscript in preparation
#3).

Analysis of the subset of Tg mice with perinatal
lethality revealed the most severe histological defects
including greatest growth plate compressions, the least
amount of bony trabeculae, and a depletion of the hema
topoietic compartment in the marrow (Jacenko et al., manu-
script in preparation #1). The latter was evidenced as a
predominance of mature erythrocytes and a reduction of
leukocytes, characteristic of marrow aplasia. Lymphopenia
was confirmed by differential analysis of peripheral blood
(Jacenko et al., 1996). Histology, immunohistochemistry,
and flow cytometry of lymphatic organs revealed thymic
reduction with apaucity of cortical immature T lymphocytes,
and an overal decrease in apoptosis, consistent with the
marrow’s inability to replenish maturing cortical
lymphocytes. Spleens were small and discolored, had
poorly organized lymphatic nodul es, and areduced red pulp.
Most important, splenic B cellswerebeing depleted. Since
B cells differentiate in the marrow prior to being released
into the circulation, their depletion was again consistent
with the marrow’sinability to provide anurturing environ-
ment for the development of these cells. Lastly, lymph
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Figure2. Collagen X mutationsresult in skel eto-hematopoietic defects Tg mice, and SMCD in humans. (A). Alizarinred S
stained whole skeletons of day-21 transgene-negative (left), and transgene-positive, perinatal-lethal mutants (center and
right). Notethoracolumbar kyphosisand accentuated neck lordosisin mutants. (B) and (C). X-raysof thearm (B) and femur
(C) from a5-year old patient with SMCD. Noteflaring of bones at the metaphyses.

nodes were undetectable. Interestingly, among the
surviving Tg mice, lymphosarcomaswere prevalent with age
aswell asnon-healing skin ul cerations, suggestingimpaired
immune function (Jacenko et al., manuscript in preparation
#1).

Taken together, the data firstly implicate an inter-
ference by the transgene with collagen X function in the
murine skeleto-hematopoietic defects. Secondly, the in-
triguing hematopoi etic and immune abnormalities suggest
that cartilage substitution by bone and marrow may help
establish the marrow stromal microenvironment prerequi-
sitefor blood cell differentiation. Anexampleof onepossible
scenario out of many maintains that perhaps a primary
structural defect in hypertrophic cartilage, such as the
disruption of the hexagonal lattice-like pericellular matrix,
may result in an ateration of themarrow stromal matrix. This,
in turn, would lead to an inability of the marrow to foster
appropriate differentiation of blood cells, leading to a
decreasein marrow-derived hematopoietic cellsand ensuing
immune deficiency. These findings, thus, underline the
intricate rel ationship between endochondral skeletogenesis
and hematopoiesis.
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Schmid M etaphyseal Chondrodysplasia (SM CD)
Resulting from Collagen X M utationsin Humans

Thefirst human collagen X mutation (Warman et al .,
1993) wasidentified in alarge Mormon kindred with SMCD
(MIM 156500), an autosomal dominant skeletal disorder
resulting from growth plate cartilage abnormalities (Stevens,
1943; Lachman et al., 1988). The phenotype showsclinical
variability, but is characterized by short stature, coxa vara
and genu varum leading to awaddling gait. Radiological
findings (Figs. 2b and 2c) includeflaring of the metaphysis
and awide irregular growth plate, especially at the knees.
The onset of the skeletal defects correlates with weight
bearing (Wasylenko et al ., 1980), similar to the manifestation
of abnormalitiesin Tg mice (Jacenko et al., 1996).

Since theidentification of theinitial mutation, over
25 mutations have been reported in SMCD covering the
spectrum of amino acid substitutions, nonsense mutations
and deletionsresulting in apredicted protein truncation (For
review, see Chan and Jacenko, 1998). With the exception of
two amino acid substitutions which appear to be at the
signal peptide cleavage site (Ikegawaet al., 1997), all other
mutations are clustered within the highly conserved NC1
domain (Figs. 1 and 3; Bonaventure et al., 1995; Mclntosh
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Figure3. Collagen X NC1 mutationsfound in patientswith
SMCD. Theamino acid sequence of the human collagen X
NC1 domainislisted. Thereported missense mutationsin
SMCD patients are shown in bold letters above the
corresponding normal amino acid. The location of stop
codon mutations (marked “ S’ and enclosed in an octagon)
and frame-shift mutations (F/S) with predicted termination
further along the polypeptide (numbers enclosed in a
octagon), are positioned above or below the corresponding
amino acid. The proposed 13 amino acid “ aromatic zipper”
domain (amino acid 589-601; Brass et al., 1992), and two
other domains (amino acid 614-618 and 644-652) with
localized amino acid substitutions are shaded.

etal., 1995; Chan and Jacenko, 1998), suggesting acritical
role for this domain in collagen X synthesis, molecular
assembly and function. Specifically, the NC1 mutations may
prevent assembly of the mutant chains into trimers by
disturbing critical sequence domains in the highly
conserved regions; this would be consistent with a 50%
reduction (haploinsufficiency) in the deposition of collagen
X proteinin the matrix (Warman et al., 1993). Support for
haploinsufficiency came from cell-free translation and
assembly studies, where the SMCD NC1 mutations
including G618V, Y 598D, 1963del 10 and 1952delC were
expressed invitro, and indeed compromised NC1 assembly
(Chanetal., 1995, 1996a). Furthermore, expression of these
constructs in transiently-transfected cells confirmed that
the assembly of mutant chains into stable homotrimeric
molecules and subsequent secretion were severely impaired
(Chanetal., 1996b).

Overadl, thein vitro studies suggested that the com-
mon molecular defect underlying SMCD mutations is the
compromise of strong interactions that drive NC1 asso-
ciation, preventing the formation of stable collagen X
homotrimers, or heterotrimers between normal and NC1
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mutant chains. The haploinsufficiency model was further
supported by the characterization of apremature termination
mutation in an SMCD patient. This mutation resulted in
theinstability of the mutant mRNA, leading to the complete
absence of the mutant MRNA and protein in patient growth
cartilage (Chan et al., 1998). While the degradation of
mRNAs arising from premature termination mutationsisa
common occurrencein many diseases (Maquat, 1995), not
all nonsense mutations will result in the complete
degradation of mutant mMRNA; furthermore, missense and
some frame-shift mutant mMRNAsarelikely to be stableand
expressed as proteins. Along these lines, the in vitro
assembly studies did not exclude the possibility that weak
or transient interactions may occur that could impact on
theformation of thefinal normal collagen X trimer. Indeed,
trace amounts of heterotrimer assembly were detected when
certain A1(X) NC1 missense mutants were expressed in
vitro (Chan et al., 1996b). These data suggested that while
the dominant disease mechanismsunderlying SMCD likely
involved collagen X reduction dueto either theinability of
themutant chain to participatein trimer assembly, or absence
of the mutant allele product due to nonsense-mediated
MRNA decay, it isal so possiblethat certain NC1 mutations
may alow some mutant: normal heterotrimer assembly.
Likewise, these mutationsmay interferewith normal a1(X)
interactions, thus exerting adominant-interference effect on
collagen X assembly.

Toresolvethisimportant issue, we devel oped asemi-
guantitative in vitro co-expression and assembly assay for
potential normal and mutant NC1 interactions. Specifically,
wewanted to examinein detail the molecular consequences
of SMCD mutations, and to dissect systematically therole
of NC1 domains in the assembly process. This study
confirmed that A1(X) chains containing certain SMCD
mutations indeed interfere with the efficiency of normal
A 1(X) assembly during in vitro co-expression, opening the
possibility of a dominant-interference phenotype (Chan et
al., manuscript in preparation #4). Thus, the proposition
emerging from these datamaintainsthat the molecular basis
of each mutation should to be considered individualy.
Moreover, these studies underline the need to dissect the
disease mechanisms underlying each mutation, preferably
through a combination of in vitro and in vivo analyses.

Disruption of Collagen X Functionin Micethrough
GeneTargetingand HomologousRecombination

Based on the dominant interference Tg murine model
aswell ason the human mutationsresulting in SMCD, one
would predict a moderate-to-severe phenotype if collagen
X wereinactivated. However, Rosati et al. (1994) reported
no gross phenotypic changesin their knock-out (KO) mice.
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The KO chimeras were on the 129/SvEv x C57BL/6J (B6)
background, and were crossed with B6 wild type mice for
the F1 generation. Homozygous KOs were analyzed for
gross and histological/immunohistochemical skeletal
changes; screening for ultrastructural differences was by
electron microscopy using tannic acid in thefixative rather
than RHT.

In contrast, chondro-osseous defects were observed
in asecond set of collagen X KO mice, generated by Kwan
etal. (1997). Inaddition to generating 129/SvJx B6 hybrids,
the null mutation was bred into the 129/SvJ strain.
Interestingly, more pronounced phenotypic changes were
observed in the 129/SvJ strain than in the hybrid
background. Analysesincluded histomorphometry, which
confirmed subtle growth plate compressions primarily inthe
resting and proliferative chondrocyte zones. Trabeculae
appeared more compact, and seemed to reflect the
phenotype of the Tg mice. In situ hybridization did not
detect altered expression of a number of matrix molecules
typically found in the chondro-osseous junction, as was
also observed by Rosati et al. (1994). However,
ultrastructural analysisusing RHT in the fixative revealed
an altered compartmentalization of the growth plates, aswas
also seen in the Tg mice. This was evidenced as RHT-
positive aggregates, likely proteoglycans, aswell asmatrix
vesicles distributed throughout the resting and prolifera-
tive zones, but being reduced in the hypertrophic zone
wherethey aretypically localized in control mice.

The KO mice described by Kwan et al. (1997) also
resembled the SMCD phenotype, in that older mice devel-
oped coxa vara. This was demonstrated by contact
microradiography of femurs, which also revealed adecrease
of overall bone content, and changes in trabecular bone
opacity. While these studies have reconciled some
differencesin the mouse phenotypes, thelater onset of coxa
vara and an overall milder phenotype than in the SMCD
patients is still unresolved. Furthermore, unlike human
patientswith SMCD, mice heterozygous for the null alele
appear phenotypically normal despite being
haploinsufficient. Perhaps, the unfolded mutant collagen
X chainsin humanswith SMCD may accumulate or under-
go intracellular degradation, and, thus, initiate an aberrant
cellular response contributing towards an interference
phenotype. Such issues may be addressed through the
generation of an SMCD mutationin mice.

Lastly, foremost amidst the unresolved phenotypic
differences are the hematopoietic changes described in the
collagen X Tg mice, which have not been originally reported
in either the KO mice, orin SMCD patients. Interestingly,
we haverecently observed avariable skeleto-hematopoi etic
phenotypein about 13% of the collagen X null mice (Rosati
et al., 1994), that mirrored the defects previously described
for asubset of the Tg micewith perinatal lethality (Healy et
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al., manuscript in preparation #2). Further characterization
of the murine phenotypes should establish whether all mice
with defective collagen X have altered hematopoiesis, if this
is strain-specific, an effect of a modifier gene, or a direct
result of collagen X disruption. Inconjunction, unraveling
the mechanisms underlying the murine and human pheno-
types should provide insights into other disorders with
skeleto-hematopoietic changes.
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Discussion with Reviewers

W.A. Horton: While patients with Schmid chondrometa-
physeal dysplasia do not typically have hematopoietic
problems, there are anumber of human chondrodysplasias
in which patients display both metaphyseal dysplasia and
immune defects. Isthis coincidence, related to primary or
secondary problemswith type X collagen or to some other
abnormality of the microenvironment to which type X
collagen and other molecules contribute?
Authors: A number of mammalian chondrodysplasiaswith
skel eto-hematopoi eti ¢ invol vement have been documented,
including human, canine, feline, and murineexamples (please
see answer to first question from Dr. Mclntosh below for
two examplesof the human disorders). Webelievethat there
is a direct link between endochondral skeletogenesis,
involving the replacement of hypertrophic cartilage by
marrow and trabecular bone, and establishment of the
prerequisite marrow stromal environment for blood cell
differentiation. Consequently, any number of defects in
endochondral ossification, which would effect marrow
establishment, may be manifested as a skeleto-
hematopoietic phenotype. Thus, strengthening the link
between skeletal and blood cell devel opment by unraveling
the downstream consequences resulting from the initial
changes in collagen X in the transgenic mice, should be
invaluable for identifying the molecular basis of certain
skeleto-hematopoietic, immunologic, and perhaps
metastatic disorders.

At present, we could only speculate as to the in-
volvement of collagen X (please see answer to third
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guestion from Dr. Horton below). Furthermore, wecan only
surmise from the temporal sequence of events whether a
defect in the growth plate alters the marrow, or vise versa.
Based on the tempora onset of the histological defects
underlying the perinatal-lethal phenotype in the collagen
X mice, we hypothesize that the skeletal changes precede
the marrow changes.

The skeletal changeslikely are due to disruption of
collagen X function, leading to a decompartmentalization
of the growth plate. Whether collagen X hasadirect effect
on the marrow through the ateration of the matrix or a
cytokineimbalance, or rather represents solely astructural
ateration in a unique hypertrophic cartilage environment,
remainsto be established. We are addressing thisissue by
manipul ating the hypertrophi ¢ cartilage zone through other
approaches and observing the effects on the marrow.
Likewise, we are screening other mouse models with
alterations in hypertrophic cartilage for hematopoietic
defects.

W.A. Horton: The authors suggest that a few Schmid
mutations may act through a dominant interference mech-
anism. Arethereany differencesintheclinical phenotypes
of patients with such mutations and patients with more
common mutations thought to act through
haploinsufficiency?

Authors: A correlation between the nature of the mutation
and the clinical phenotype requires knowledge of the
precise molecular consequences and direct comparison of
the clinical phenotypes. In the absence of detailed clinical
and radiographic comparisons of SMCD patients with
published mutations, this task is even more difficult.
Therefore, we can only specul ate on the possible outcomes.
From our limited observation of two SMCD patients, one
where we have demonstrated haploinsufficiency due to
nonsense-mediate MRNA decay and another patient witha
G628V substitution that has the potential to act in a
dominant-interference manner (based on our unpublished
invitro interaction study), there appear to be no significant
differencesin the clinical manifestations.

In contrast, recently Ikegawa et al. (1998) have
described a collagen X mutation (Gly595Glu) in the NC1
domainthat resultsin Spondylometaphyseal Dysplasia, not
SMCD. This phenotype may ensue from a dominant
interference mutation. This documentation expands the
phenotypic spectrum of pathologies that may result from
defectsin collagen X.

W.A. Horton: Theauthors suggest that type X collagenin
hypertrophic cartilage somehow influences bone marrow
microenvironment even though hypertrophic cartilage
appears to be completely degraded at the trailing edge of
the growth plate. | would enjoy hearing their speculation
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on how this might occur.

Authors: There are several scenarios through which hy-
pertrophic cartilage (and perhaps collagen X) may influence
themarrow environment. Firstly, theinterterritorial matrix
of hypertrophic cartilage is not entirely degraded at the
trailing edge of the growth plate (or, at least not
immediately). Rather, this matrix forms a scaffold which
becomes covered by bone lining cells and osteoblasts; the
osteoblasts proceed to deposit bone on top of the
hypertrophic cartilage core. Thus, all trabecular/ cancellous/
spongy bonesinitiate as a hybrid tissue, and gradually are
remodeled to mature bone. Alterationsin the properties of
the hypertrophic cartilage core, thus, may affect osteoblast
and bone lining cell adhesion, bone deposition,
sequestering of growth factors, and cell-matrix interactions
prerequisite for establishing the hematopoietic niches.
Specifically, we have observed that disruption of the
collagen X network does cause an altered distribution of
other matrix components, such as proteoglycans and
glycosaminoglycans; some of these have been implicated
in hematopoiesis. Furthermore, severe trabecular bone
reduction may alter the spatial arrangement of marrow into
hematopoietic compartments, since the distribution of
hematopoietic cells within the marrow may actually be
ordered and dependent on such niches. Likewise,
trabeculae may sequester factors, such as heparan sulfate
or cytokines, which are required for blood cell
differentiation. Along these lines, our preliminary data
impliesthat the cytokine metabolismisaltered inthesemice,
which, in turn, could affect signal transduction in avariety
of pathways, as well as directly cause osteopenia and
depletion of the marrow hematopoietic compartment. These
several scenarios may contribute either alone, or in concert,
to an altered marrow.

Secondly, collagen X may have amore direct effect
on the marrow. To date, we do not have a clear under-
standing of what constitutesthe marrow stroma (please also
see answer to Dr. Aszodi below). It is possible that as the
hypertrophic chondrocytes are undergoing apoptosis and
are being degraded, some of the collagen X territorial matrix
may persist and, thus, contribute directly to the stromal
matrix network. Alternatively, it hasnot been conclusively
demonstrated that collagen X isnot expressed inthe marrow
(please see answer to Dr. Poole below). Our bias is that
changes in hypertrophic cartilage, resulting from collagen
X defects, trandlate to marrow alterations. At present, we
cannot exclude the possibility that changes in the marrow
environment, perhapsinvolving acytokineimbal ance, may
contribute/cause the skeletal changes. We are currently
addressing these possibilities.

Thirdly, it ispossiblethat asecond “ modifier gene”,
which may be strain-specific, may contributeto the murine
phenotype. Such modifiers have been linked to human and
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murine disorders with variable penetrance (please see
answer to first question of Dr. Mclntosh below). The
actions of the modifier may be linked to those of collagen
X. For example, the presence of the modifier may bereguired
in arecessive state, along with either one or two transgene-
expressing or inactivated collagen X aleles, to“ permit” the
severe perinatal-lethal phenotype. Although this is an
indirect effect of collagen X, a common pathway is
implicated between skeletal development and marrow
hematopoiesis.

A.R. Poole: Theabnormalitiesinwhiteblood cell matura-
tion could be explained by the fact that type X collagenis
also expressed by bone marrow cells. This possibility
should be discussed. For example, have studies been made
of wild type bone marrow in situ hybridization or
immunostaining to seeif there is evidence for expression
of the type X collagen gene in this tissue?

Authors. A number of attempts were made to address this
particular issue by ourselves and others (unpublished
information from us and others). We have tried both im-
munohistochemistry and in situ hybridization using both
cryosections, and marrow cultures from wild type mice,
collagen X transgenic and knock-out mice, and transgenic
mice expressing the Lac Z gene via use of the collagen X
promoter (unpublished data). Due to excessively high
endogenous levels of akaline phosphatase, peroxidase, as
well as [3-galactosidase in marrow cells, we could not
distinguish any signal above the background level through
these approaches. We had to conclude that if any marrow
cellsexpresscollagen X, they represent only asmall fraction
of thetotal marrow stromal cell population.

In an alternate approach, we attempted reverse tran-
scriptase polymerase chain reaction (RT-PCR) on RNA
extracted from marrow culturesor marrowsfrom theabove-
mentioned mice; in all cases, using severa sets of specific
primers for both mouse collagen X and chick collagen X,
we detected a faint signal in the marrow (unpublished
observations). Currently, we cannot rule out that thissignal
isfrom the trabecul ar projections that may be encountered
in the marrow space (although we cannot pick up collagen
Il or IX). We are currently trying to resolve this issue.
Localization of collagen X in the marrow would directly
implicate the involvement of this molecule in the
hematopoietic environment.

R.S. Tuan: Itwould be helpful for thereadersif the authors
could provide sample immunohistochemical micrographs,
either from the authors' or other investigators’ work,
illustrating the location of collagen Type X expression with
respect to the maturation stagesin the growth cartilage. A
clearly labeled growth cartilage micrograph should go along
way in helping the readership better appreciate the
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biological specificity of collagentype X.

Authors. We have recently published an extensive review
on collagen X which contained a similar figure to the one
suggested (Chan and Jacenko, 1998). Furthermore, weare
currently preparing a manuscript where we co-localize
mouse collagen X with the transgene in the mouse growth
plate (manuscript in preparation #2). Thus, to minimize
repetition, we have chosen to omit this information from
the current review and refer the readers to a few
representative references which contain this or similar
information (Chan and Jacenko, 1998; Gibson and Flint,
1985; Jacenkoet al., 1993a; LuVvalleet al., 1989; Pooleand
Pidoux, 1989; Schmid and Linsenmayer, 1985).

R.S. Tuan: It would also be very helpful to include one or
more histological micrographsillustrating the perturbations
in growth cartilage as aresult of SMCD and/or COL10A1
transgenic manipulations. These will go very nicely
together with the whole-mount and radiographic figuresin
Figure2.

Authors. The histological defectsin metaphyses of bones
from collagen X transgenic mice have been published
several times. Furthermore, we are currently preparing
additional manuscripts with micrographs documenting the
defectsin mice with either altered or inactivated collagen
X. Rather than duplicate information, we refer the readers
to those citations which contain this data (Chan and
Jacenko, 1998; Chung et al., 1997; Jacenko et al ., 19934, b;
Luvdleetal., 1993b).

I. McIntosh: Inlight of the observations (Wynne-Davies
et al., 1985) that human autosomal dominant metaphyseal
dysplasia (Schmid and Jansen) DO NOT exhibit
immunologic or hematol ogic abnormalitiesin contrast to the
recessive forms (McKusick and Shwachman), can the
authors speculate on which types of molecule may be
affected in the latter syndromes since type X collagen has
been excluded. (Note: McKusick type metaphyseal
dysplasia (CHH) maps to 9p13 and COL10A1 has been
excluded as the Shwachman locus).
Authors: The collagen X locus has been excluded in two
recessive human disorders with metaphyseal and
hematopoietic defects. 1t ispossiblethough that molecules
downstream in the pathway affected by collagen X
disruptioninthe collagen X transgenic mice may contribute
to the observed phenotypes. For these reasons, it would
beinvaluableto further characterizethe downstream effects
of collagen X disruption in mice, and strengthen the link
between skeletal development and blood cell differentiation
inthe marrow.

At present, we could only speculate asto candidate
molecules for the above disorders. We have preliminary
unpublished datathat cytokinelevels(e.g., IL-12, interferon
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gamma) are significantly elevated in the collagen X
transgenic mice. Furthermore, there are murinemodel swith
either altered or overexpressed cytokine levelswhere both
skeletal and hematopoietic changes ensue (e.g., IL-4
overexpressionin mice; Lewiset al., 1993). Thus, among
many possibilities, cytokines, growth factors, and their
associated receptors, including interleukins, interferon
gamma, G-CSF, may be among candidate molecules.
Furthermore, the transgenic mice and often the human
disorders manifest avariable phenotype, with variationsin
immune dysfunction, occasional malignancies, or blood cell
proliferation defects. Additional candidate molecules, thus,
may include playersin signal transduction pathways, cell
cycle, and tumor suppressor genes.

Lastly, we cannot rule out theinvolvement of amod-
ifier gene in either the human or the murine defects due to
the variable penetrance of the disease phenotype. This
issuewas briefly discussed for the transgenic mice (seeaso
the answer to thefirst question of Dr. Horton). In humans
with CHH, asignificantly lower penetrance of the disorder
has been observed than was expected (Sulisalo et al., 1997),
supporting this possibility.

I. Mclntosh: The observation that a nonsense mutation
resultsin absence of the mutant transcript as described by
Chan et al. (1998) is of great interest. In al previous
examples of this phenomenon, the mutation was alwaysin
the penultimate or more 5' exon. Do the authors have any
theories to explain how the cell determines that a more 5'
stop codon is utilized? Hasit been shown that thereis not
amore 3' non-coding exon?

Authors: To our knowledge, no additional 3' non-coding
exon(s) has been identified for the collagen X gene.
Therefore, the nonsense-mediated MRNA decay resulting
from a premature termination mutation in the penultimate
exon (exon 3) of collagen X is of significance and likely
represents an alternate nhRNA scanning mechanism. At
present, we are not in the position to offer a model
mechanism for this finding. However, it is of interest to
point out that this observation is not unique to our
published example for a SMCD patient; in the two papers
(Kwanetal., 1997; Rosati et al., 1994) describing the use of
genetargeting by introducing prematureterminationin exon
3 of COL10A1 to “knock out” collagen X in the mouse,
little or no collagen X mRNA was detected in the
homozygous COL10-null mice.

I. Mclntosh: Do the authors believe that the differencein
phenotype between the strains of knock-out mice is due
solely to the genetic background of the strains? Might
something have been missed by Rosati et al. (1994) since
they employed a different staining protocol ?

Authors: For ultrastructural analyses, Dr. Cheah’s group
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(Kwan et al., 1997) did compare results obtained with two
different fixation techniques. The first protocol included
ruthenium hexaminetrichloride (RHT), asinthe analysisof
the transgenic mice; the second used tannic acid, asin the
study by Rosati et al. (1994). With RHT fixation, significant
changes were evident in the matrices of knock-out mice on
both the C57Bk/6 and the 129 backgrounds. Specifically,
an altered distribution of matrix componentswas observed
throughout the growth plate. Thiswasmanifested asRHT-
positive aggregates, likely proteoglycans, aswell as matrix
vesicles. In contrast, use of tannic acid resulted in the
removal of the granular RHT-positive aggregates and other
matrix materials, but exposed the collagen fibrils.

These ultrastructural studies by Kwan et al. (1997)
bridge both the studies by Rosati et al. (1994), aswell as
our studieson thetransgenic mice. Rosati et al. (1994) only
used tannic acid, and focused primarily on the hypertrophic
cartilage; thus, altered proteoglycan distribution was not
detected. On the other hand, our data on the transgenic
mice are comparable to those of Kwan et al. (1997), since
we also detected a decompartmentalization of the growth
plate. Onedifferencewasour visualization of the pericel lular
|attice-like network in the hypertrophic zone of wild type
mice, whichwasdisrupted in thetransgenic. Such anetwork
was not described by Kwan et al. (1997), however, their
analyseswere presented at ahigher magnification than ours,
thus, it is unclear where the micrographs were taken with
respect to the cell surface.

In additional to the differences in the staining
protocals, Dr. Cheah’s group (Kwan et al., 1997) also
detected subtle differences between the two mouse strains;
these subtle phenotypic differences arelikely due solely to
the genetic background. The C57Bk/6 mouse strain had a
milder phenotype than the 129 strain, which is consistent
with thework of Rosati et al. (1994).

Lastly, webelievethat amoreintriguing issueiswhy
avariable, perinatal-lethal phenotype was observed by us
only in asubset of the KO mice generated by Rosati et al.
(1994). We are currently investigating whether thisis due
to genetic or environmental influences.

I.A.Aszodi: Theauthors suggest that the disruption of the
hexagonal | attice-like network of hypertrophic cartilagein
transgenic miceleadsto formation of altered bone marrow
stroma which is unable to provide an appropriate
environment for proper blood cell development. Doesthe
marrow stromal matrix of transgenic mice show any
structural abnormalities supporting this explanation?

Authors: To date, it has not been possible to visualize the
marrow stromain vivo. Thus, it is still unclear as to what
constitutes the marrow stroma (e.g., is it a sheet of cells
comprising the endosteum that constitutes the inner lining
of the bone, or is it a matrix network that permeates the
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marrow space and is interspersed between the
hematopoietic cells). Thus, for lack of appropriateisolation
and visualization methodsin viewing intact marrow stroma
and cells, wewerenot ableto view any structural differences
in the marrow in vivo, other than changesin the blood cell
lineage composition. We are currently addressing these
issuesthrough marrow cultures, aswell asby bone marrow
transplantations. Asdiscussed above, establishing whether
collagen X isacomponent of the marrow, or whether these
changes are more indirect (e.g., through changes in
trabeculag) isessential. Furthermore, itisstill not confirmed
that collagen X indeed formsahexagonal |attice network in
the hypertrophic cartilage pericellular matrix. Knowing the
precise structure and localization of this molecule would
be invaluable in addressing this critical issue.

Editor: Can you please give further details of your
manuscriptsin preparation that are mentioned in the text of
the paper.

Authors. Most of these papers have not yet been submit-
ted for publication. Wewill provideinterested readerswith
more information on request, as it becomes available for
release. Inthefollowing, “#1, #2”, etc. refer tothenumbers
included in the text with each mention of “manuscript in
preparation”:

#1: Jacenko O, Hedly C, Tao Z, Campbell M: Skeleto-
hematopoietic defects in collagen X transgenic mice. In
preparation.

#2: Healy C, de Crombrugghe B, Jacenko O: Growth
plate compressions and altered hematopoiesis in collagen
X null mice. In preparation.

#3: Jacenko O, Chan D, FranklinA, I1to S, Bateman J,
Olsen BR, Campbell M: A dominant interference collagen X
mutation resultsin growth plate and marrow defectsin mice.
In preparation.

#4: Chan D, Freddi S, Weng YM, Bateman JF
(submitted) Interaction of collagen 1(X) containing

engineered NC1 mutations with normal 0(1(X) in vitro:
Implication for the molecul ar basis of Schmid metaphyseal
chondrodysplasia. Submitted to J. Biol. Chem.
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