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ABSTRACT

Lamellar inclusions of the rough endoplasmic
reticulum in growth plate chondrocytes, first iden-
tified (1972) in the Department of Orthopaedic
Surgery, University of Iowa, has become the cy-
tochemical hallmark for the pseudoachondro-
plastic dysplasia (PSACH) phenotype, linking an
endoplasmic reticulum storage disorder with the
osteochondrodysplasia. Since this original obser-
vation, great advances have been made, leading
to the molecular understanding of this altered lon-
gitudinal bone growth anomaly. A PSACH canine
model suggested that abatement of cumulative
vertical growth of growth plate chondrocytes seen
in PSACH results from (1) altered extracellular
matrix constraints for horizontal growth and (2)
uncoupling of endochondral and perichondral
growth that causes metaphyseal flaring. PSACH,
an autosomal dominant disease, is linked to mu-
tation of the cartilage oligomeric matrix protein
(COMP) gene. Amino acid substitutions, deletions,
or additions is proposed to alter COMP structure
that cause its retention in the rough endoplasmic
reticulum of growth plate chondrocytes, leading
to (1) compositional and structural change of the
extracellular matrix, and (2) altered cellular pro-
liferation and volume expansion. Normal growth
and development occurs in COMP gene knockout
mice that do not synthesis COMP, demonstrating
that a mutant COMP, not absence of COMP, is
required for the PSACH phenotype. The mecha-
nism by which mutant COMP induces a PSACH
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phenotype remains to be elucidated.

At the University of Iowa a cell culture system
has been developed whereby mutant COMP
transgenes are introduced into chondrocytes and
the expressed product COMP is retained in the
endoplasmic reticulum. This readily manipulated
system makes it possible to decipher systemati-
cally the system’s cellular secretory processing
pathway, in order to clarify the mechanism(s) by
which the mutant COMP is retained within the
endoplasmic reticulum. Concurrent with this is
the development of transgenic mice expressing the
mutant COMP used in the cell culture system.
This will make it possible to establish that ex-
pression of a human PSACH-linked mutant COMP
will produce a PSACH phenotype. A PSACH ani-
mal model will provide a means to characterize
the mechanism of altered longitudinal bone growth
and to test gene therapy approaches for correct-
ing the anomaly.

INTRODUCTION

Maroteaux and Lamey in 1959 were the first to sepa-
rate pseudoachondroplastic dysplasia (PSACH) from the
complex group of spondylo-epiphyseal dysplasias as the
pseudoachondroplastic type*. PSACH presents some
features the similar to those of achondroplasia and
Morquio’s disease but does not match the phenotype
of either disease*. A decreased longitudinal bone
growth is seen in both PSACH and achondroplasia.
Cranial and facial normal features are seen in PSACH,
however, in contrast to achondroplasia. An onset of ap-
proximately 2 years is required to usually identify skel-
etal dysplasia with PSACH, while altered bone growth
is seen at birth in achondroplasia. Abnormalities of the
vertebrae and pelvis are present in PSACH as in
Morquio’s disease. Lack of (1) corneal opacities and (2)
keratan sulfate in the urine distinguish PSACH pheno-
type from Morquio’s disease.

Mutant gene linkage studies support the clinical find-
ings that PSACH is a separate type of osteochon-
drodysplasia. Autosomal dominant linkage of the extra-
cellular matrix protein, cartilage oligomeric matrix
protein (COMP), located at chromosome 19p13.13% is
linked with PSACH®*®. Achondroplasia is linked with
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mutation of fibroblast growth factor receptor-3 gene
located at chromosome 4p16.3%” and Morquio’s disease
(mucopolysaccharidosis type IVA) is linked with muta-
tion of galactosamine-6-sulfatase gene (chromosome
16q24.3)2.

CLINICAL EVALUATION

Hall and Dorst? classified PSACH into four types, a
dominant mild and severe type (formally designated
types I and III) and a recessive mild and severe type
(formally designated types II and IV). However, recent
genetic and natural history studies have refined the
demarcation between type classification. Germline/so-
matic mosaicism identified in apparently unaffected
parents of two or more siblings with PSACH previously
diagnosed with autosomal recessive inheritance®"%,
demonstrates that PSACH is, in fact, an autosomal domi-
nant disease. Mild versus severe PSACH phenotype is
poorly delineated clinically, and natural history is more
informative in describing the degree of musculoskel-
etal involvement in PSACH. Limb dwarfism is identifi-
able at childhood being reflected at onset of altered lon-
gitudinal bone growth. The head and facial features are
normal. Lumbar lordosis, kyphosis, scoliosis, and atlan-
toaxial dislocation are features that can be found in the
spine. Neurological chronic cervical cord compression
myelopathy occurs resulting from atlantoaxial disloca-
tion. Brachydactyly, without trident hand, telescoping
fingers, and ulnar deviation of wrist are seen in the
limbs. Limited elbow and hip extension and ligamen-
tous laxity are seen in the joints accompanied with genu
valgum and bowleg. Radiographic evaluation shows
platyspondyly, tongue-shaped anterior vertebrae, short
pedicles, short tubular bones, widened metaphyses, and
fragmented irregular epiphyses. No extraskeletal medi-
cal problems are associated with PSACH*6:,

The natural history of PSACH is associated with early
onset of arthritis. Weight bearing joints of the knee, hip,
and foot at ~20 years of age are first in showing signs
of arthritic pain*®. The elbow, shoulder, and neck can
be affected later in life. Windswept deformity, knock
knees, bowed legs, scoliosis, and cervical spine insta-
bility are frequently present and commonly require cor-
rective surgery intervention at adolescence. Total hip
replacement is often required at an earlier age than in
normal individuals. Whether the abnormal composition
(extracellular matrix formation) of the femoral head /
acetabulum and joint laxity or in some instances forma-
tion of shallow acetabuli or protrusio acetabuli during
growth is responsible for onset of the arthritis has yet
to be delineated.
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HISTOMORPHOMETRIC EVALUATION

Altered longitudinal bone growth is the most appar-
ent phenotype seen in PSACH individuals. Long bone
growth entails the conversion of an expanding cartilage
template into trabecular bone through the process of
endochondral ossification. Growth plate chondrocytes
subsequently undergo a program of matrix expansion
during hypertrophy, calcification, and cell death. The
calcified, hypertrophic cartilage provides a scaffold for
the formation of trabecular bone. Continuous prolifera-
tion of the chondrocytes with cell and matrix expan-
sion dictates the length of the limb through adolescence.
In PSACH individuals, dramatically reduced limb length-
ening appears to result from altered expansion of the
extracellular matrix and longitudinal growth of the
chondrocytes prior to ossification.

Light microscopy analyses of epiphyses and meta-
physes identified an array of abnormal chondrocytes in
PSACH, suggesting altered maturation and potential
proliferation of chondrocytes affects longitudinal
growth. In the advent of electron microscopic examina-
tion of the chondrocytes, Lindseth et al.** observed “oc-
casional inclusion bodies of unidentified nature within
the chondrocytes” and “endoplasmic reticulum was not
prominent” within the chondrocytes. Maynard et al.®
identified accumulation of alternately electron-lucent
and electron-dense layers of material in the rough en-
doplasmic reticulum, forming extensive lamallae (Fig-
ure 1), in affected chondrocytes of the growth plate and
proposed that PSACH is a rough-surfaced endoplasmic
reticulum storage disorder!’*. The extracellular matrix
molecules 1) aggrecan®*! 2) COMP%%4 and 3) type
IX collagen®*#? have since been identified in the lamel-
lar structures, suggesting that defects in post-transla-
tional processing of the core proteins lead to their re-
tention in the cell. It is important to note, however, that
this is not a general defect in protein processing. Type
IT collagen secretion, for example, is unaffected®.
Rather, the data imply that the defect affects a subset
of extracellular matrix molecules that includes aggrecan,
COMP, and type IX collagen.

PSACH ANIMAL MODEL

A human PSACH phenotype has been identified in a
Scottish deerhound dog pedigree®®. As seen in humans,
no skeletal abnormalities were observed at birth and
first evidence of chondrodysplasia was detected at four
to five weeks of age. Kyphosis and limb deformities
gradually developed with radiographic shorter long
bones and vertebrae, irregular and delayed ossification,
and metaphyseal flaring. Joint laxity was additionally
noted with increase of age, suggesting ligament involve-
ment. With closure of the proximal distal and radial



Figure 1. Transmission electron micrograph of a pseudoachondro-
plastic dysplasia growth plate chondrocyte identifying alternately
electron-lucent and electron-dense layers of material in the rough
endoplasmic reticulum, the cytochemical hallmark pattern associ-
ated with pseudoachondroplastic dysplasia. Magnification = 3,900x.

growth plates, the radii were 65% shorter in length than
age matched normal animals. One litter, with three ani-
mals being dwarf and two animals being phenotypically
normal, was sacrificed at 17 weeks of age for histo-
cytochemical and stereological analyses®. Chondrocytes
of the proximal and distal growth plates of the radius
and costochondral junctions of the sixth rib contained
alternately electron-lucent and electron-dense layers of
material in the rough endoplasmic reticulum within
chondrocytes as seen in the human PSACH. Weight-
bearing load to the growth plates was not found to be a
factor in inducing the lamellar inclusions of the
chondrocytes since the inclusions were also present in
the non-weight-bearing growth plates of the ribs. In the
articular cartilage of the distal radius, lamellar inclu-
sions were limited to chondrocytes of the deep zone,
but were not present in chondrocytes of the superfical
zone, indicating specificity in altered chondrocyte phe-
notype of growth plates.

Distal radial growth plates of dwarf Scottish deer-
hounds showed no difference in thickness to age
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matched normal littermates. However, abnormalities
that included disruption of the normal columnar ar-
rangement, apparent hypocellularity, and irregularity of
the hypertrophic chondrocyte-ossification junction were
seen in the metaphysis. The bone septa were thicker in
the dwarf dogs, suggesting altered endochondral ossi-
fication. The identified 65% decrease in growth of longi-
tudinal long bone was attributed, in part, to altered
shape and volume of the growth plate chondrocytes.
Cell shape of the growth plate chondrocytes of PSACH-
like canines was statistically different from age-matched
control animals. The dwarf Scottish deerhound had 50%
less horizontal and 63% higher vertical diameters of
proliferating chondrocyes and 65% less horizontal and
82% less vertical diameter in the hypertrophic zone.
Decreased cumulative vertical growth of chondrocytes
as a result of altered cellular volume, in effect, could
contribute to the limb shortness. Metaphyseal flaring
is reflected by uncoupling of endochondral and peri-
chondrial growth, where a change in matrix composi-
tion alters restrained lateral expansion of the growth
plate. Loss of the dwarf Scottish Deerhound dog pedi-
gree (Dr. Gert J. Breur, Perdue University, West
Lafayette, IN, personal communication) precludes thy-
midine labeling studies, that would measure growth
plate chondrocyte proliferation relative to longitudinal
growth.

GENETIC ANALYSES

The understanding of the molecular basis of PSACH
was dramatically advanced with autosomal dominant
gene linkage studies mapping PSACH”%?* and the much
milder osteochondrodysplasia, multiple epiphyseal dys-
plasia (MED)®, to chromosome 19p13.1. Mutation of
the COMP gene located at chromosome 19p13.1 is
linked tO PSACH and MEDS,Q,lO,l5,16,21,25,26,27,41,42,63,64' While
only one chromosomal locus is linked to PSACH, at least
two additional loci are identified for MED®" of which
one is COL9A2 that encodes the (2(IX) chain of type IX
collagen®. Sixty-six COMP gene mutations that have
been identified in either PSACH or MED are listed in
Table I. Mutations predict in-frame deletions and inser-
tions as well as single nucleotide substitutions but do
not introduce a premature stop codon. Forty-one (62%)
of 66 COMP gene mutations are identified for the
codons of aspartic acid (Table II). Of the two possible
codons, GAC and GAT, 39 (95%) mutations involve the
GAC codon for aspartic acid, suggesting a preference
for mutation of the GAC. A mutational hot spot is iden-
tified at the five GAC repeat sequence located at nt1405-
1419. At this site the 20 identified mutations (30% of 66
total mutations) consist of 18 trinucleotide deletions and
2 insertions. A recently identified family of diseases,
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TABLE 1. COMP GENE MUTATIONS

Exon

9(14)
9(14)

9(14)

10(15)
10(15)
10(15)
10(15)
10(15)
10(15)
10(15)
10(15)

11(16)
11(16)

11(16)
12(17A)

13(17B)

13(17B)
13(17B)

13(17B)
13(17B)
13(17B)
13(17B)
13(17B)
13(17B)

13(17B)
13(17B)
13(17B)
13(17B)
13(17B)
13(17B)
13(17B)
14(18A)
14(18A)
14(18A)
14(18A)
14(18A)

14(18A)

14(18A)
14(18A)
16(19)
16(19)
16(19)

Sequence change®

Nucleotide
868G—A
895G—>A
919G->A
982T—-C
1024G—-T
1046A—-G
1081G->T
1082A—T
1109delCGGGGC
1111T7-C
1111delGAC

1169T->G
1109delACCC-
AACTCAGA
1109insTGT
1222G->T
1280G-H>A

1318G—>A

1320G->A
1336G->A

1345C—A
1358G>A
1367delAGG
1375delTCA
1403G->A
1405delGAC

1405insGAC
1405insGACGAC
1414G->T
1417G->A
1418A—-G
1423G->A
1445A-G
1520A—-G
1526A—C
1526A—G
1531G->C
1637delGTGGT-
AGACAAG
1552G—-A

1569C—-G
1579A—-G
1754C>T
1754C->G
1760A—-G

Amino acid
290Asp—Asn
299Gly—Arg
309Gly—Arg
328Cys—Arg
342Asp—>Tyr
349Asp—Gly
361Asp—->Tyr
361Asp—oVal
367delArgGly
371Cys—>Ser
372delAsp

387Cys—Gly

389delArgValProAsn

389insCys
408Asp—Tyr
427Gly—>Glu

440Gly—Arg

440Gly—>Glu
446Asp—Gin

449Pro—Thr
453Asn—Ser
457delGlu
459delSer
468Cys—>Tyr
469delAsp

469insAsp
469insAspAsp
472Asp—>Tyr
473Asp—Asn
473Asp—Gly
475Asp—Asn
482Asp—Gly
507Asp—Gly
509Asp—Ala
509Asp—>Gly
511Asp—His

513delValValAsplLys

518Asp—Asn

523Asn—Lys
527Thr—Ala
585Thr—Met
585Thr—Arg
587His—>Arg

Frequency

Domain  Phenotype
Hybrid PSACH 1
CR1 PSACH 1
CR1 PSACH 2
CR1 PSACH 1
CR2 MED (Fairbank) 1
CR2 PSACH 1
CR3 MED (typical) 1
CR3 MED (Fairbank) 1
CR3 MED (typical) 1
CR3 MED (Fairbank) 1
CR3 PSACH 1
PSACH 1
CR3 PSACH 1
CR3 PSACH 1
CR4 MED (typical) 1
CR5 PSACH 1
PSACH 1
CR5 PSACH 1
PSACH 1
CR5 PSACH 2
CR5 PSACH 1
CR5 PSACH 1
CR5 PSACH 1
CR6 MED (Fairbank) 1
CR6 PSACH 1
CR6 PSACH 1
CR6 PSACH 1
CR6 PSACH 5
PSACH 1
PSACH 2
PSACH 7
PSACH 3
CR6 MED (unclassified) 1
CR6 PSACH 1
CR6 PSACH 1
CR6 PSACH 1
CR6 PSACH 1
CR6 PSACH 1
CR6 PSACH 1
PSACH 1
CR7 PSACH 1
CR7 PSACH 1
CR7 PSACH 1
CR7 PSACH 1
CR7 PSACH 1
CR7 PSACH 1
CR7 MED (Ribbing) 1
COOH PSACH 1
COOH PSACH 1
COOH MED 1
COOH PSACH 1

Reference

Ikegawa (1998)
Ikegawa (1998)
Délot (1998)
Briggs (1995)
Briggs (1995)
lkegawa (1998)
Loughlin (1998)
lkegawa (1998)
Loughlin (1998)
Susic (1997)
Briggs (1995)
Briggs (1998)
lkegawa (1998)
Loughlin (1998)

Loughlin (1998)
Deere (1998)
Délot (1998)
Loughlin (1998)
Briggs (1998)
Briggs (1998)
Madox (1997)
Délot (1998)
Deere (1998)
Briggs (1998)
Ferguson (1997)
Hecht (1995)
Hecht (1995)
Hecht (1995)
Hecht (1998)
Deere (1998)
Briggs (1998)
lkegawa (1998)
Délot (1998)
Délot (1998)
Hecht (1995)
Deere (1998)
lkegawa (1998)
Deere (1998)
Susic (1998)
Deere (1998)
Deere (1998)
Deere (1998)
Deere (1998)
Susic (1997)

Deere (1998)
lkegawa (1998)
Ballo (1997)
Hecht (1998)
Briggs (1998)
Briggs (1998)
Deere (1998)

®nucleotides and amino acids are numbered from the start site of translation; thrombospondin1 corresponding exons are indicated
in parentheses; PSACH, pseudoachondroplastic dysplasia: MED; multiple epiphyseal dysplasia; del, deletion; ins, insertion; —,
substitution; Hybrid, Type-3 repeat hybrid; CR, calmodulin-like repeat; COOH, globular carboxyl domain; amino acids presented in

three letter code; nucleotides presented in one letter code.
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TABLE II. LOCATION OF ASPARTIC ACID MUTATIONS IN COMP

[Domain Number of Mutations Aspartic Acid Codon GAC
Type-3 repeats
-Hybrid 1 1 1
-Calmodulin-like
CR1 4 0
CR2 2 2 2
CR3 7 4 4
CR4 1 1 1
CR5 9 2 2
CR#6 29 25 25
CR7 9 6 4
COOH 4 0
Total 66 41(62%)* 39 (95%)°

4percentage of total mutations; "GAC percentage of total possible (GAC, GAT) codons for aspartic acid;
GAC, codon for Asp; COOH, globular carboxyl domain. See Figure 1 identifying location of aspartic acid

mutations in the Type-3 repeats.

11 1213 14 15 16 18 19
(18) (174) (178) (184) (18B)  {19) (20 (@1) (32)
K /

K
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|
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8 .
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Figure 2. Diagrammatic representation of the COMP gene, protein
domains, and mutation sites within the Type-3 repeats. The COMP
gene consists of 19 exons, to which corresponding protein domains
are indicated [ (1) circle, globular Amino; (2) stippled circles, Type-
2 repeats, EGF-like; (3) Type-3 repeats: (i) pentamer box, Hybrid;
(ii) square boxes, Calmodulin-like; (4) oval, globular Carboxyl].
Corresponding thrombospondin! exons are indicated in parenthe-
ses. Asterisks identify N-linked high oligosaccharides at N'?! and
N741, Two cysteines (C%, C"?) identified in the Amino domain are
involved in interchain pentamer oligomerization. CR, calmodulin-
like repeats; Amino acids are shown in one letter code and num-
bered (parentheses) from the start site in translation. Amino acids
homology: boxed area, identical sequence; underlined, deletion;
dark background, substitution; [ insertion. Sequence alignment
(277-524), with gaps (- - -) to optimize sequence homologies.

triplet repeat expansion diseases, is associated with
expansion of trinucleotide sequences during replication
of duplex DNAY. Formation of stable hairpin loops re-
sulting from trinucleotide repeats folding over onto
themselves promotes expansion of the triplets during
DNA replications. Ability of GAC repeats to form stable
hairpin loops® has prompted Délot et al.'” to explain
observed GAC insertions of the nt1405-1419 (GAC); site
identified in PSACH [(GAC),] and MED [(GAC),] to
have resulted from trinucleotide expansion mutations?.
With 18 sporadic GAC trinucleotide deletion mutations
seen at this same site (nt1405-1419), the (GAC), repeat
sequence is potentially a hot spot for replication error.

MOLECULAR STRUCTURE OF COMP

The human COMP gene consists of 19 exons® with a
coding sequence that predicts a 757 amino acid core
protein®. Amino acid sequence homology with
thrombospondins puts COMP in the thrombospondin
family. In Table III structural and functional similarities
identify COMP with the four member human
thrombospodin family. Gene map, model of COMP, and
amino acid mutation sites in the predicted calcium-bind-
ing Type-3 repeats are identified in Figure 2. From
cDNA sequencing, the predicted 757 amino acid minus
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TABLE III. HUMAN THROMBOSPONDIN FAMILY

TSP1 TSP2 TSP3 TSP4 COMP
STRUCTURE
Chromosomal location 15q15%° 6q27> 1921-24% 19p13.1%"
Number of exons 21 23 19
Transcript size 626 6.526 3.4%8 2.8% 2.626
Protein 1170° 1173 956 961 757
Domains
-Signal peptide 18b (1-18) 18 (1-18) 21 (1-21) 21 (1-21) 20 (1-20)
(>10%)
-Globular amino 299 (19-317) 301 (19-319) 255 (22-276) 264 (22-285) 68 (21-88)
(>10%) (>10%) (>10%) (>10%)
-Procollagen 57 (318-374) 57 (320-376) -- -- -

-Type 1 repeats
(properdin-like)
-Type 2 repeats
(EGF-like)
-Type 3 repeats
Hybrid

Calmodulin-like

-Globular carboxy!

Molecular mass (SDS-PAGE)

reduced
nonreduced

167, 3 (380-546)
124, 3 (546-689)
(23%)

33 (690-722)
(57%)

228, 7 (723-950)
(60%)

220 (951-1170)
(55%)

180 kDa®
420 kDa™®

FUNCTIONAL DOMAINS

Interchain oligomerization
-a-helical bundle
-disulfhydral

Calcium-binding motif
(DxDxDxxxDxxD}

Cell adhesion sites
-Heparin-binding
(heparan sulfated
proteoglycans)

-RGD/integrin

trimerss

37 (266-302)
Cys270, Cys274

228, 13 (723-950)

binds

T3/CR7 (926-928)
functional38

167, 3 (382-548)
143, 3 (549-691)
(33%)

33 (692-724)
(53%)

228, 7 (725-952)
(64%)

221 (953-1173)
(58%)

185 kDa(mouse)'? 145 kDa(mouse)'? 135 kDa%®
480 kDa(mouse)12 590 kDa(mouse)12 675 kDa26

trimer56

37 (262-298)
Cys266, Cys270

228, 13 (725-952)

binds

T3/CR7 (928-930)
functional34

179, 4 (277-455)
(51%)

32 (456-487)
47%)

232, 7 (488-719)
(67%)

237 (720-956)
(84%)

pentamer43

46 (225-270)
Cys266, Cys269

232, 13 (488-719)

binds

No site

176, 4 (286-461)
(55%)

29 (462-491)
(57%)

232, 7 (492-723)
(74%)

239 (724-961)
(87%)

pentamer43

46 (217-262)
Cys258, Cys261

232, 13 (492-723)

binds

178, 4 (89-266)

30 (267-296)
228, 7 (297-524)

233 (5625-757)

110 kDa%®
550 kDa?®

pentamer43

46 (28-73)
Cys69, Cys72

228,13 (297-524)

no binding site

T3/CR3 (562-564) T3/CR3 (367-369)

not fum:tional51

not functional51

8number of amino acids from GenBank Accession numbers: TSP1, X14787; TSP2, L12350; TSP3, L38969; TSP4, Z19585; COMP, L32137;

bquamtity of amino acids within domain, amino acid location identified in parentheses (number from start site translation). Transcript size expressed

in kilobase pairs. RGD, arginine-glycine-aspartic acid tripeptide - cell surface recognition sequence. T3, Type 3 repeats; CR7, calmodulin-like 7
repeat. Repeats: number of repeats or calcium binding sites are indicated following identification of amino acid number within the domain.
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the predicted 20 amino acid leader sequence (i.e., 737
amino acids) mass of human COMP is 83,547 Da, prior
to post-translational modifications®. The human COMP
deduced amino acid sequence predicts: 1) 20 amino acid
signal peptide (residues 1-20); 2) 68 amino acid globu-
lar amino domain (residues 21-88); 3) 178 amino acid
Type-2 repeats with 4 epidermal growth factor (EGF)-
like motifs (residues 89-266); 4) 258 amino acid Type-3
repeats that consist of a 30 amino acid sequence hy-
brid calmodulin-like (residues 267-296) followed by a
228 amino acid sequence of 7 calmodulin-like motifs
(residues 297-524); and 5) 233 amino acid globular car-
boxyl domain (residues 525-757)%5153, As a glycopro-
tein, no O-linked oligosaccharides are attached to
COMP®, Three NXT/S N-linked oligosaccharide rec-
ognition sites are identified from the deduced human
COMP sequence (GenBank accession number 1.32137)
with N*2! and N7 being glycosylated and the third N-
linkage site (N'**) being unoccupied®. In the adult, car-
bohydrate compositional and estimated mass of the
N-oligosaccharide at N'?! is consistent with expected
mass of a high mannose oligosacharride with the struc-
ture of (HexNAc),-(Man)-(Fuc),. From fetal tissue, how-
ever, four composition carbohydrate ratios are linked
to N2 suggesting presence of different carbohydrate
moities at this site. The oligosaccharide structure at-
tached to N, being the same for both fetal and adult,
with a calculated mass of 1723.8 +/- 225 Da, could not
accurately be determined resulting from the large er-
ror value associated with its analyses®.

Sequence homology with the family of four throm-
bospondins has placed COMP as the fifth member
(TSP5) of the family. All with unique chromosomal lo-
cations, the COMP gene produces the smallest (2.6 kb)
transcript?® with an open reading frame of 2274 nt. The
globular Amino domain of COMP has the least se-
quence homology with thrombospondins, with 200
amino acids fewer than thrombospondins. COMP’s in-
ability to bind to heparin'® is attributed to the lack of
these amino acids. However, in COMP as in
thrombospondins, an identical disulfhydral site is in-
volved in interchain interactions that result in forma-
tion of multimeric structures. As with TSP3 and TSP4,
COMP is a pentamer resulting from interchain
disulfyhdral cross-linking and formation of a 5 a-helical
bundle from a 46 amino acid sequence within the globu-
lar Amino domain of COMP*#4° PSACH growth plate
chondrocytes express COMP retained in the rough
endoplasmic reticulum as a pentamer'®?4 suggesting
PSACH-linked COMP mutations do not alter interchain
formation. In the Type-2 repeats four EGF-like se-
quences (44-55 amino acid units), based on positions of
the six cysteine residues?, are identified in COMP with

Pseudoachondroplastic Dysplasia

51% and 55% identical sequence homology with human
TSP3 and TSP4, respectively. Proteins containing EGF-
like motifs have been documented in forming ligand-
receptor interactions at cell surfaces, initiating signal
transduction cascades that alter metabolic parameters
of the cell such as growth regulation. Functional sig-
nificance of the EGF-like repeats in COMP remains to
be identified.

Of the 66 mutations, 62 (94%) are located in the 228
amino acid continuous sequence that make up the Type-
3 repeats to which calcium binding sites have been as-
cribed. Utilizing amino acid sequence homologies of
COMP with thrombospondins, a seven repeat consen-
sus sequence of 23-38 amino acids is identified with the
alignment of two cysteines and eleven aspartic acids.
An eighth hybrid sequence with one cysteine and four
aspartic acids is additionally identified within the do-
main. Figure 2 combines alignment of the 8 homolo-
gous peptide sequence motifs and identifies of COMP
and MED associated mutations within these sequences.
Further amino acid alignments in the Type-3 repeats
with a consensus sequence of DxDxDxxxDxxD (D, as-
partic acid; x, any amino acid) identifies 13 sequences,
also seen in TSP1*8, with similar EF-hand calcium coor-
dinates that have been established in calmodulin-like
proteins®. Proteins with EF-hands bind calcium within
a helix-loop-helix structure having 6 amino acids whose
vertices approximate an octahedron with the positions
designated X)Y,Z,-X,-Y,-Z. Oxygen containing side chains
of the amino acids at these coordinates, such as that
seen in COMP with aspartic acid are involved in cal-
cium coordination. Figure 3 identifies EF-hand consen-
sus sequences in the Type-3 repeats of COMP. Removal
of calcium from TSP1 results in (1) accessibility to oth-
erwise unavailable proteolytic cleavage sites within the

X Y 2-¥Y-X -Z (EF-hand calcium coordinates)
DTDLDGFPDEKL RCPEPQCRKQNCVTVPNSEQE {(279-301)
DVDRDGIGDACD ~====—=—==————- P (302-314)
DADGDGVPNEKD ----——=-—-] NCPLVRNPDQR (315-337)
NTDEDKWGDACD ¢————————- NCRSQKNDDQK (338-360)
DTDQDGRGDACD =-============—m—= D (361-373)
DIDGDRIRNQAD -————————— NCPRVPNSDQK (374-396)
DSDGDGIGDACQ —————————— NCPQKSNEDQA (397-419)
DVDHDEVGDACD —-==-==———=——————-=5DQ (420-434)
DQDGDGHQDSRD ——==—===== NCPTVPNSAQE (435-457)
DSDHDGQGDACD —--—-————————————— D (458-470)
DDDNDGVPDSRD ————————=— NCRLVPNPGQE (471-493)
DADRDGVGDVCQ —-—————————— -D (494-506)
DFDADKVVDKID ——————-———- VCPE--NA (507-524)
DxDxXDxxxDxxD (COMP consensus)

Figure 3. Calcium-binding sequence homologies in the Type-3 re-
peats of human COMP. Thirteen amino acid sequences are num-
bered (parentheses) from the start site in translation. Sequence
alignment (residues 279-524), with gaps (- - -) to optimize se-
quence homologies. Amino acid, one letter code; underline, muta-
tion site.
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Type-3 repeats® and (2) decrease in size of the Type-3
repeats containing globular structures®*°, establishing
calcium’s ability to effect structural conformation of
TSP1 potentially through the EF-hand calcium binding
coordinates. Mutations within the EF-hand consensus
sequences [53 (85%) of Type-3 repeats domain 62] po-
tentially could alter normal conformational structure of
COMP by changing the ability of calcium to interact
with COMP, which as a result could cause formation of
the lamallar structures in the rough endoplasmic reticu-
lum growth plate chondrocytes®. Other mutations lo-
cated within the Type-3 repeats, not in the EF-hand
calcium coordinates, potentially change the structure
of COMP, indirectly altering ability of the calcium-bind-
ing pocket to interact with calcium. For example, in the
COMP mutation of Ser®”! is substitution for Cys*! it is
expected that loss of the disulfhydral linkage occurs that
would cause alteration in the tertiary structure of
COMP, indirectly, changing a calcium binding site.
Mutation in the COMP gene predicts 97% of COMP
molecules, as a pentamer, would have at least one mo-
nomeric unit containing a mutation.

FUNCTION OF COMP MOLECULE

COMP is normally localized in the extracellular ma-
trix of connective tissues with an unknown function.
Thrombospondins, glycoprotein homologs of COMP, as
extracellular matrix molecules, are identified with
growth, cellular/tissue differentiation, cell motility, and
cell adhesions through either cell surface interactions
or interactions with extracellular matrix molecules. Cell
surface heparin-binding and Arg-Gly-Asp (RGD) sites
have been mapped to sequences within the
thrombospondins. COMP, however, does not have the
heparin-binding site sequence (minus 200 amino acid
within the globular Amino domain), nor does it have a
functional RGD site®!, therefore, this eliminates these
sequences as potential functional sites within COMP.

Difference in COMP extracellular matrix location and
carbohydrate composition identified between fetal and
adult suggests altered function of COMP in cartilage.
Prior to longitudinal bone growth, COMP, synthesized
by the chondrocytes, is found localized in the
interterritoral compartment of the extracellular ma-
trix?>%, During longitudinal bone growth COMP be-
comes localized to the pericellular and territorial com-
partments of the extracellular matrix'3% with the highest
level of mRNA detected in chondrocytes in the prolif-
erative zone®®. COMP, within the growth plate, may be
involved in regulating cell growth and proliferation®,
Differences in N-linked glycosylation structure patterns
of COMP isolated from fetal and adult cartilage®® may
contribute to differences in molecular interactions
within the matrix.
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COMP is selectively expressed in cells of cartilage,
tendon, ligament, and synovium. In the growth plate of
PSACH individuals, COMP is localized to the electron-
lucent lamellae of the rough endoplasmic reticulum, but
the rough endoplasmic reticulums of tendon and liga-
ment tissues are unaltered®. Radiolabel metabolic stud-
ies demonstrate COMP is retained as a pentamer intra-
cellularly and not processed for secretion in
chondrocytes isolated from PSACH individuals. COMP
secretion from cultured cells isolated from tendon, liga-
ment'®?42 and chondrocytes differentiated to a fibro-
blastic phenotype® demonstrate that COMP retention
in PSACH individuals is specific to chondrocytes. Nor-
mal development of a COMP gene knockout mouse
(personal communication Dr. JT Hecht, Department of
Pediatrics, University of Texas-Houston Medical Cen-
ter, Houston, TX) demonstrates that it is the mutation,
not the absence of COMP, that affects cartilage extra-
cellular matrix deposition. Eliminating expression of
COMP is not sufficient to alter cartilage extracellular
matrix, a mutant COMP molecule must be expressed.

FUTURE DIRECTION OF RESEARCH
ON PSACH

The mechanism(s) linking COMP gene mutations
with the PSACH phenotype has yet to be elucidated.
Several questions are proposed in order to character-
ize mutant COMP’s role in generation of a PSACH phe-
notype. With the presence of a COMP gene mutation it
is predicted that 97% of expressed pentameric COMP
will contain at least one monomeric unit. The actual
amount of mutated monomeric units within the
pentameric species is not known. It would be anticipated
that with an increase in percentage of mutated mono-
meric units that a greater altered structure of the
pentameric species would occur, that could influence
severity of the phenotype. Identifying a correlation be-
tween quantity of mutant COMP monomeric units and
a PSACH phenotype would be beneficial in attempts to
correct the anomaly through a gene therapy approach.

A PSACH phenotype is not clinically identified at
birth, even though COMP is being synthesized. Poten-
tially a required amount of mutated monomeric units
are needed for the PSACH phenotype to be evident.
Alternatively, during growth, mutant COMP alters
COMP normal interaction with molecules that are ex-
pressed during growth that are not present during de-
velopment. Potentially, this altered molecular interac-
tion leads to generation of PSACH phenotype.

Altered function of tissues normally expressing
COMP is observed in PSACH, suggesting expression
of the mutant COMP is occurring universally. However,
tendon and ligament cells do not present with extended
rough endoplasmic reticulum as seen in growth plate



chondrocytes, suggesting difference in molecular inter-
actions of mutant COMP in these tissues. Hecht et al.?6,
identified co-precipitation of COMP and TSP4 with an-
tibodies either specific for COMP or TSP4 from PSACH
tendon cells, but not with chondrocytes, suggesting dif-
ference in interactions with COMP. One explanation for
observed molecular co-precipitation is that COMP and
TSP4 are found as heteropentamers, similarly seen with
TSP1 and TSP2*. As well as differences in synthesis
observed between tendon and ligaments compared to
chondrocytes, molecular interactions of mutant COMP
with TSP4 could attribute to a difference in cellular

phenotype.
-
<

o,
Figure 4. Immunohistochemical identification of human PSACH-
linked mutant COMP tagged with a selective immunoreactive se-
quence distinct from rat COMP in Swarm rat chondrosarcoma cells

cultured for 4 days. Brown staining identifies retention of expressed
mutant COMP within the cells. Magnification = 1,500x.

Figures 5A-B (next column). Histochemical staining of sulfated
proteoglycans with safranin O of the Swarm rat chondrosarcoma
tumor expressing a human PSACH-linked mutant COMP (panel
A), grown subcutaneously in rat for 59 days. Less proteoglycans
are incorporated into the extracellular matrix of the chondrosar-
coma containing the mutant COMP transgene, suggesting expres-
sion of the mutant COMP is altering deposition of aggrecan in the
extracellular matrix as similarly seen in PSACH. Control tumor is
presented in panel B. Magnification = 95x.

Pseudoachondroplastic Dysplasia

Figure 5B.
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A cell culture system has been developed at the Uni-
versity of lowa, whereby a PSACH-linked mutant COMP
transgene is expressed in a cell line having a chondro-
cyte phenotype!®3°62, Coupling an amino acid codon se-
quence to COMP cDNA, for immunological monitoring
of the expressed human COMP transgenes, retention
of expressed transgene was observed in the rough en-
doplasmic reticulum (Figure 4). Proteoglycan metabo-
lism was altered in the cell culture system when mu-
tant COMP was expressed by the chondrocyte-like cells
(Figure 5). Establishing a PSACH-like cell culture sys-
tem, with unlimited amounts of cells, permits us to per-
form manipulative experiments, which are impossible
using human tissue or isolated cells. Concurrent stud-
ies have been initiated at the University of Iowa in de-
veloping mouse transgenics, expressing the same hu-
man mutant COMP transgene developed in our cell
culture system. Development of a PSACH animal model
will permit studies to be performed that are not ethi-
cally feasible in humans and impossible in the cell cul-
ture system.
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