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Abstract

Epiphyseal and growth plate cartilages from four cases of
Kniest dysplasia have been studied. In each case collagen fibril
organization appeared abnormal by electron microscopy com-
pared with age-matched normal cartilages: fibrils were much
thinner, of irregular shape and did not exhibit the characteris-
tic banding pattern. This was associated with the absence
(compared with normal cartilage) of the C-propeptide of type
II collagen (chondrocalcin) from the extracellular matrix of
epiphyseal cartilages, although it was detected (as in normal
cartilages) in the lower hypertrophic zone of the growth plate
in association with calcifying cartilage. The C-propeptide was
abnormally concentrated in intracellular vacuolar sites in
Kniest cartilages and its total content was reduced in all cases
but not in all cartilages. Moreover, it was not a part of the
procollagen molecule. In contrast, type II collagen a-chain size
was normal, indicating the formation of a triple helix. Also
type II collagen content was normal and it was present in ex-
tracellular sites and only occasionally detected intracellularly.
These observations suggest that the defect in Kniest dysplasia
may result from the secretion of type II procollagen lacking the
C-propeptide and abnormal fibril formation, and that the C-
propeptide is normally required for fibril formation.

Introduction

The human chondrodysplasias are a heterogeneous group of
disorders that result in disproportionate short stature (1, 2).
Although it has been postulated that these conditions fre-
quently involve abnormalities of cartilage collagen synthesis
and organization, there is very little direct confirmed evidence
of specific collagen defects. In one case of an unusual spondy-
loepiphyseal dysplasia, electron microscopy demonstrated
focal disorganization of dermal collagen fibers (3), but this has
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not been confirmed in other cases. However, type II collagen
chains of higher molecular weight have been found in the
cartilages of a series of cases of varying types of spondyloepi-
physeal dysplasia (4). In various forms of osteogenesis imper-
fecta, Ehlers-Danlos syndromes, Marfan syndrome, and cutis
laxa, however, there is a considerable body of evidence demon-
strating a wide range of abnormalities in collagen processing
during synthesis and secretion that are associated with the
abnormal biomechanical properties of the tissues containing
these molecules (5-7). These changes range from impaired
transcription and cross-link formation to decreased secretion
and abnormal fibril formation.

Patients with Kniest dysplasia are characterized by short
stature, a flat nasal bridge, cleft palate, hearing defects, joint
contractures and stiffness, kyphoscoliosis (8), myopia and vit-
reoretinal degeneration (9). Extensive degeneration of the ex-
tracellular matrix in the growth plate and adjacent resting epi-
physeal cartilage has been observed (10) and the cartilage has a
crumbly consistency. Together these abnormalities are sugges-
tive of a defect involving type II collagen since this molecule is
present in hyaline cartilages of all the organs and tissues af-
fected, including the vitreous of the eye (11-13).

Recently we isolated a matrix protein from fetal bovine
epiphyseal cartilage (14). We discovered that this protein is
intimately associated with developing cartilage and the calcifi-
cation of cartilage matrix in endochondral ossification (15).
Sequence analyses revealed that this molecule, which we called
chondrocalcin (15), is in fact the C-propeptide of type II colla-
gen (16). We have used a polyclonal monospecific antiserum
to this protein to determine its localization, size, and content
in epiphyseal and growth plate cartilages of patients with
Kniest dysplasia and aged matched normal cartilages. We now
show that there are abnormalities in the distribution, content,
and processing of the C-propeptide that are associated with
abnormal collagen fibril formation.

Methods

Patients

A summary of the four Kniest cases studied and the sites from which
cartilages were taken at autopsy or biopsy is provided in Table I. Other
cartilages studied are shown in Table 1. These were isolated from ‘nor-
mal’ individuals who had no history of cartilage abnormalities. These
wer age- and site-matched as well as possible. All tissues were stored
frozen at —20° to —70°C until examined.

Analyses

Hydroxyproline. Tissue was hydrolyzed in 6 N HCl overnight at 115°C
under nitrogen. It was then dried in vacuo at room temperature and
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Table 1. Patients and Cartilages Examined

Group/Age Sex Autopsy/Biopsy Tissue
Kniest
3 mo F A EG
(¢/6})
16 mo F A EG
cal
11yr M B IC
12yr F B IC
Normal
Fetus, 15 wk M A EG
Fetus, 19 wk F A CcC)
Fetus, 28 wk F A EG
Newborn (case 1) M A CCJ
Newborn (case 2) M A EG
2 mo (case 1) F A CcaJ
2 mo (case 2) F A A
6 mo F A A
3yr F A A
Syr M B (e/0)
9 yr (case 1) M B (6/0))
9 yr (case 2) M B (6/0))
13yr F A A
14 yr (case 1) F B IC
14 yr (case 2) F B CcqJ
1Syr M A A

EG, epiphysis and growth plate of long bone; A, articular; CCJ, cos-
tochondral junction; IC, iliac crest. M, male; F, female.

redissolved in water. Hydroxyproline was determined by amino acid
analysis (D-500 amino acid analyzer; Dionex Corp., Sunnyvale, CA).

Isolation and analysis of type 11 collagen. Cartilage was finely diced
and extracted for 72 h at 4°C with 20 vol of 4 M guanidine hydrochlo-
ride containing 0.1 M sodium acetate, pH 6.0, with 1| mM ethylenedi-
amine tetraacetic acid, 10 mM N-ethylmaleimide and | mM phenyl-
methylsulfonyl fluoride. The residual cartilage was washed twice with
ice-cold water to remove guanidine and then digested for 72 h. at 37°C
with 5 ug pepsin/ml per 10 mg of tissue in 0.5 M acetic acid with 0.2 M
sodium chloride. Pepsin (porcine gastric) was from Boehringer-Mann-
heim (Indianapolis, IN). The digest was centrifuged at 12,000 g for 45
min at 4°C. The supernatant was recovered and analyzed for type II
collagen by SDS-PAGE with 2% mercaptoethanol in a 4% acrylamide
gel (17) followed by silver staining (18).

Extraction of C-propeptide from cartilage. This was extracted at
4°C for 48 h in 20 vol per tissue wet weight of 4 M guanidine hydro-
chloride with acetate buffer containing proteinase inhibitors as de-
scribed previously (19). The extracts were diluted at least tenfold in
radioimmunoassay buffer before radioimmunoassay for the C-pro-
peptide. Extracts were also analyzed by polyacrylamide gel electropho-
resis and immunoblotting as described below after dialysis for 4 h
against water and then against 0.125 M Tris, pH 6.8 containing
0.1% SDS.

PAGE of cartilage extracts and immunoblotting for C-propeptide.
SDS-PAGE of cartilage extracts in the presence of 5% mercaptoethanol
employed a gradient of 4-20% polyacrylamide (20). Proteins were
electrophoretically transferred in a Western blot to nitrocellulose and
stained with the rabbit antiserum to the C-propeptide using peroxi-
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dase-labeled pig anti-rabbit immunoglobulin in conjunction with di-
aminobenzidene and hydrogen peroxide (15). Nonimmune rabbit
serum was used as a control.

Antibodies. A monospecific rabbit antiserum (R117) to the C-pro-
peptide of bovine type II collagen was prepared and characterized for
specificity with an extract of bovine epiphyseal cartilage in the manner
described previously (14, 15). The mouse monoclonal antibody (IgG,)
to human helical type II collagen has already been described (21). Pig
F(ab'), derived from an antiserum to the F(ab'), subunits of mouse
IgG, prepared as described for other pig anti-(Fab'), sera (22), was
labeled with fluorescein isothiocyanate as described previously (22) for
the pig antibody F(ab'), to rabbit F(ab'), subunits of rabbit IgG. F(ab'),
preparations of IgG from antiserum R117 and nonimmune rabbit
serum were prepared as before (22). Protein concentrations of pig and
rabbit F(ab'), and mouse IgG were determined by assuming that 1
mg/ml in phosphate buffered saline has an optical density of 1.4 in a
1-cm light path cuvette (22).

Immunohistochemistry. Tissues were frozen sectioned at 6 um,
fixed in freshly prepared 4% formaldehyde in phosphate buffered sa-
line for 5 min washed and digested with chondroitinase ABC as de-
scribed (15). The C-propeptide of type II collagen and helical type II
collagen were localized using the indirect method of immunofluores-
cence essentially as described (15). The monoclonal IgG,, antibody to
helical type II collagen was used at 8 ug/ml in conjunction with puri-
fied non-immune IgG2b (Miles Laboratories, Rexdale, Ontario) as a
control. Binding was detected by a fluorescein-labeled pig IgG F(ab'),
anti-mouse IgG F(ab'),, used in the manner described for the fluores-
cein-labeled pig F(ab'), anti-rabbit IgG F(ab'), (15).

Electron microscopy. Frozen tissue from autopsy or biopsy was
used for studies of Kniest and normal cartilages. This was fixed in 2%
glutaraldehyde and osmium tetroxide, embedded in Spurr resin, sec-
tioned and stained with lead citrate and uranyl acetate as before (15).
Sections were examined with an electron microscope (Philips 400;
Philips Electronics, Toronto, Ontario).

Radioimmunoassay for C-propeptide of type II collagen. Labeling
of the C-propeptide with '2’I and the solution phase competition radio-
immunoassay are described elsewhere (23).

Results

Immunohistochemistry. All cartilages of normal individuals
appeared well organized, while those from cases with Kniest
dysplasia exhibited a disorganized appearance as described
previously (10). Tissue sections were always treated after fixa-
tion with chondroitinase ABC to remove chondroitin sulfate
that could otherwise mask and prevent the detection of tissue
antigens in the extracellular matrix.

Helical type II collagen. All normal cartilages examined
contained diffuse extracellular staining for type II collagen.
Typically, epiphyseal cartilage of a normal newborn (Fig. 1 @)
showed diffuse staining for type II collagen throughout the
cartilage matrix. In older normal cartilages (such as at 5 and 14
yr), staining was most intense in the territorial matrix (Fig. 1
b). Since collagen fibrils are seen throughout the territorial and
interterritorial matrix, this would indicate that in older speci-
mens the epitope is not so commonly detectable in regions
most remote from the cell. In growth plate cartilages, staining
was evenly distributed in longitudinal and transverse septa
(data not shown). Cartilages of all four cases of Kniest dyspla-
sia stained weakly but fairly uniformly for collagen such as is
shown in Fig. 1 ¢ and 4. Stronger territorial staining was not
observed in these epiphyseal cartilages. Usually, there was little
evidence of any significant intracellular accumulation of col-



Figure 1. Immunofluorescence staining of
type II collagen in epiphyseal cartilages.
Sections (a-d) were treated with mouse
monoclonal antibody IgG,, to type II col-
lagen and section (e) with nonimmune
mouse IgG,,,. The following are shown: a
normal newborn CCJ (q, €), normal 14-yr
old CCJ (b), and Kniest cases at 3 mo EG
(¢) and 12 yr IC (d). Scales = 20 um.
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Figure 2. Immunofluorescence staining of C-propeptide in epiphyseal cartilages. Sections (a-d, /') were treated with rabbit Fab' to C-propeptide

and section (e€) with nonimmune rabbit Fab'. The following are shown: a normal newborn CCJ (a, €), normal 14 yr old CCJ (b), Kniest cases at
3 mo EG (¢), 16 mo EG (f), and 12 yr IC (d). Scales = 20 um.
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lagen in normals or Kniests although this was occasionally
observed in some cells in normal epiphyseal fetal and newborn
cartilages (Fig. 1 a). Sections first treated with the control non-
immune IgG,y, did not stain (Fig. 1 e).

C-propeptide. In sections of all cartilages examined from
normal individuals such as a normal newborn (Fig. 2 a), stain-
ing was seen in the extracellular matrix: in this and in other
fetal and newborns case it was evenly distributed and there was
some cell-associated diffuse staining. In older cartilages such as
the normal 14-yr old, staining was primarily observed in the

territorial matrix (Fig. 2 b), as was observed for type II colla-
gen: little intracellular staining was seen. In contrast, little or
no extracellular staining was seen in the four Kniest cases (Fig.
2 ¢, d, and f) except in the calcifying lower hypertrophic zone
of the growth plate (Fig. 3 b) where the characteristic intense
extracellular and cellular staining seen in all normal growth
plates examined previously (15) and in the present study (Fig.
3 a) was observed at the bottom of the hypertrophic zone. In
both normal and Kniest growth plate cartilages intracellular
staining was clearly detected (Fig. 3 a and b). Throughout all

Figure 3. Immunofluorescence of C-propeptide in growth plate cartilages of a normal 14 yr old CCJ (a) and Kniest case at 12 yr IC (b). Arrow-
heads indicate intense extracellular staining in the lower hypertrophic zone. Scales = 20 ym.
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Figure 4. Electron micrographs of epiphyseal cartilages. Normal newborn CCJ (a) and 14-yr old CCJ (b) and Kniest cases at 3 mo EG (c¢) and
12 yr IC (d). Scales = 200 nm.
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the epiphyseal cartilages and the majority of the growth plate
cartilage, staining was present in all cells of Kniest cases and
was confined to large intracellular vacuolar sites often of irreg-
ular shape (Fig. 2 ¢, d, and f): this staining was intense and well
defined. Such intense “vacuolar” intracellular staining for the
C-propeptide was never observed in normal nongrowth plate
cartilages. Faint cellular staining was observed in sections
treated with control non-immune rabbit Fab' (Fig. 2 e).
Electron microscopy. Examination of the resting epiphy-
seal cartilages of a normal newborn fetus (Fig. 4 @) and 2-mo
old revealed the presence of well defined banded fibrils of
variable diameter. In an older normal 14-yr old, the epiphyseal
cartilage contained banded fibrils of larger diameter that ap-
peared more closely packed (Fig. 4 b). In all normal cartilages
that have been studied, fibrils were well defined and showed
clear banding patterns. In contrast, this was not seen in Kniest
cartilages. The 3-mo old Kniest specimen (Fig. 4 ¢) displayed a
lack of well organized collagen fibrils: instead they were very
thin and of irregular shape and appearance and lacked any
clear banding pattern. Another 12-yr-old Kniest specimen
(Fig. 4 d) contained very thin fibrils, was less well stained and
even more irregular in appearance than those normally seen at

this age and with no clear banding. Less extreme abnormalities
were observed in the other Kniest cases. Thus in Kniest carti-
lages fibrils were generally thinner than in even the newborn
cartilage, much less well stained, without a clear banding pat-
tern and appeared much less “compact” than those seen in
specimens of similar age and site.

C-propeptide and hydroxyproline contents. These results
are shown in Table II. In normal tissues the C-propeptide
content was generally at its highest in newborn cartilages and
dropped after birth with two exceptions in a total of 13 speci-
mens from 11 cases. After birth, hydroxyproline contents of
normal tissues usually increased after 6 mo reaching approxi-
mately twice the concentration at birth. In most cases, the
molar ratio of collagen to C-propeptide increased after birth as
C-propeptide levels dropped and collagen contents increased.
Individual cartilages as well as specimens from persons of simi-
lar ages, however, exhibited significant differences in contents
of C-propeptide and hydroxyproline. It can be seen that in the
two specimens of the 3-mo old Kniest, the C-propeptide con-
tent was higher in epiphyseal-growth cartilage compared with
the relatively small amount present in the costochondral junc-
tion. In the former case the molar ratio of collagen to C-pro-

Table I1. C-Propeptide and Collagen Contents of Epiphyseal and Growth Plate Cartilages

from Normal Controls and Those with Kniest Dysplasia

Specimen
normal/Kniest (N/K) Molar ratio
age Tissue C-propeptide Hydroxyproline collagen/C-propeptide
ng/mg wet wt ng/mg wet wt
N Newborn (case 1) CCJ-1 143.0 10.3 225
N Newborn (case 1) CCJ-2 717.0 11.4 463
N Newborn (case 2) EG 72.0 10.9 473
N 2 mo (case 1) ca 11.0 11.2 3,180
N 2 mo (case 2) A 15.0 18.0 3,749
K 3 mo EG 47.0 8.5 565
K3 mo ca 5.0 9.9 6,189
N 6 mo A 19.5 10.8 1,731
K 16 mo EG 7.0 20.9 9,326
K 16 mo ca 5.9 5.7 3,019
N3yr A 25.0 19.1 2,388
N 9 yr (case 1) ca 223 11.4 1,597
N 9 yr (case 2) ca 83.0 11.4 430
K12yr IC-1 23.0 18.7 2,541
K12yr IC-2 7.1 134 5,899
N13yr A 3.0 19.0 19,772
N 14 yr (case 1) IC 340 8.2 754
N 14 yr (case 1) cal 98.0 17.2 549
N1Syr A 13.0 24.8 5,962

CCJ, costochondral; EG, epiphysis/growth plate; IC, iliac crest; ND, not determined. The molecular weight of collagen was determined from its
known amino acid composition. The molecular weight used for the C-propeptide was 105,000 (42). Molecular weight of helical collagen with-
out the propeptide was taken as 300,000 based on its amino acid composition (43). Hydroxyproline was determined as representing 11.2% of

the total weight of helical collagen.
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peptide was within the normal range observed at birth and in
the latter specimen was lower than levels seen at 2 mo in
comparable tissue. The specimens from the costochondral
cartilage of the 16-mo old Kniest contained similar amounts of
C-propeptide to that seen in this tissue in the normal at 2 mo
but less than that seen in two cases at 9 yr. The other Kniest
specimen of epiphyseal growth plate cartilage also contained
much less C-propeptide compared with that seen in the new-
born and in normal articular cartilages at 6 mo and 3 yr.
Kniest specimens of the iliac crest at 12 yr displayed lower
C-propeptide contents compared with normal iliac crest at 14
yr although hydroxyproline levels here and in most Kniest
cartilages were within normal ranges seen in other tissues. The
molar ratios of collagen to C-propeptide were clearly elevated
in both Kniest specimens at 12 yr, one at 16 mo and one
specimen at 3 mo compared with the values for the same but
normal tissues and other normal tissues of comparable age.
Overall, therefore, there was an indication that there was a
reduction in C-propeptide content compared with collagen in
all Kniest cases but not in all cartilages from the same indi-
vidual.

SDS-PAGE and immunoblotting analyses. SDS-PAGE
analyses of type II collagen isolated from three Kniest carti-
lages (tracks 1-3) shown in Figs. 1 and 2 and one typical nor-
mal cartilage (track 4) revealed that the collagen a-chains are
of normal size in the Kniest specimens examined (Fig. 5).
There was more of the y-component in Kniest cases at 3 and
16 mo than is normally observed in comparable cartilages
from normal cases (L. Murray, unpublished). Whether this
represents an increased formation of cross-links remains to be
established.

Immunoblots (Western blots) revealed that in both normal
and Kniest cartilages, the majority of the C-propeptide is not a
part of the procollagen molecule (see below) and has a subunit

2 34

Figure 5. Analyses of type
II collagen « chain sizes of
normal and Kniest carti-
lages. The v, 8, and « com-
ponents are indicated.
Track 1, 2 and 3 contain
collagen of Kniest carti-
lages at 16 mo (EG), 12 yr
(IC), and 3 mo (EG), re-
o spectively. Track 4 con-
tains the type II collagen
from a normal 19-wk fetus
(CQJ).
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of M, = 35,000 (Fig. 6) comparable in size to that reported for
fetal bovine epiphyseal cartilage (14, 15). The slightly smaller
subunit seen in bovine cartilage (15) was observed in the nor-
mal cartilage and in two of three Kniest cases. The reduced
staining observed for the 16-mo old Kniest reflects the much
lower content of C-propeptide present in this specimen (see
Table II). Other lower molecular weight immunoreactive spe-
cies are probably degradation products produced before au-
topsy and freezing of the samples: these are not normally seen
in freshly isolated bovine cartilages. Weakly stained bands seen
in the region close to M; = 54,000 represent nonspecific stain-
ing since they are clearly seen in the preimmune control (Fig.
6, left side). Higher molecular weight species were detected in
trace amounts (as faint staining) in the region of M; = 153,000,
143,000, and 133,000 (data not clearly visible on the photo-
micrograph). These are considered to represent immunoreac-
tive procollagen containing the C-propeptide since studies of
bovine cartilage have demonstrated the susceptibility of im-
munoreactive molecules of this size to bacterial collagenase
(Poole, A. R., and A. Reiner, to be submitted).

Discussion

This study provide some insight into the reasons for the ab-
normal development and properties of hyaline cartilages in
Kniest dysplasia. Normal and Kniest tissues were age and site
matched as well as possible. The results we show are typical of
those found in these cartilages. There was no evidence that the
abnormalities we detected in Kniest cartilages were restricted
to any particular uncalcified cartilage nor were they seen only
at a particular age. These differences were never seen in nor-
mal cartilages. With electron microscopy the collagen fibrils
look abnormal in Kniest dysplasia suggesting abnormal fibril
assembly. This may be explained as follows. The intracellular
formation of the triple helix of procollagen is thought to pro-
ceed from the C-terminal end of the molecule, starting with the
association of the newly synthesized pro a-chains as the C-
propeptides interact and interchain disulfide bond formation
occurs (24-28). That helix formation occurs in Kniest dyspla-
sia is indicated by the normal a-chain length of the type II
collagen: if a triple helix had not formed, digestion of collagen
with pepsin would have resulted in cleavage of the a-chains.
Ordinarily, the C-propeptide, together with the N-propeptide,
are thought to be removed from the procollagen molecule (to
give tropocollagen) at the cell surface or, at least, in an extra-
cellular site (29, 30). These events are normally catalyzed by
specific N and C-propeptidases (30). In Kniest dysplasia, in the
epiphyseal cartilages outside the growth plate, the C-propep-
tide does not appear to be secreted: if it is secreted then it is in
considerably reduced amounts. It accumulates within large
vacuolar dilatations within the chondrocytes, as indicated by
our immunofluorescence studies. Our analytical studies sug-
gest that the majority of the C-propeptide was cleaved from
procollagen within these cells. The quantitative deficiency of
C-propeptide that was observed in the three cases examined
but not in all specimens may result in part from the lack of
secretion and accumulation of this species within the extracel-
lular matrix, as is normally observed. Since the helical collagen
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Figure 6. Analyses of normal and Kniest cartilage extracts for C-pro-
peptide by SDS-PAGE (gradient gel 4-20%) and Western blotting to
nitrocellulose followed by staining with antiserum (R117) to C-pro-
peptide of type II collagen. Preimmune serum (R117 PI) controls are
also shown. The normal (C) was a 28-wk old fetus EG. Each track
contains 10-30 ul of sample representing the extract from 1 mg of
tissue. M, are indicated where K = 1,000.

content and distribution in the Kniest cartilage was not detec-
tably abnormal, as indicated by hydroxyproline analyses and
immunofluorescence, it would appear that even in normal
cartilage a significant proportion of C-propeptide cannot be
accounted for if one assumes that there are equimolar
amounts of C-propeptide and collagen. Hence significant ex-
tracellular and intracellular degradation and/or loss of the C-
propeptide may have occurred in normal and Kniest carti-
lages, respectively.

Thus it would appear that procollagen is synthesized nor-
mally in Kniest dysplasia but the C-propeptide may be prema-
turely removed within the cell. The absence of the C-propep-
tide from secreted procollagen may then account for the im-
perfect fibril assembly which we have observed. Earlier studies
have suggested that the C-propeptide, and the N-propeptide,
and their subsequent removal are required for normal fibril
assembly (31-35), particularly since there appears to be an
obligatory order for the removal of the two propeptides from
the procollagen molecule in the formation of the fiber (30).
Hence the propeptides may provide a specific registration of

procollagen in the newly forming fibril. Our studies would
support this belief and indicate the importance of the C-pro-
peptide in this process.

It may also be argued that the C-propeptide was never
synthesised as part of the procollagen molecule and hence that
the C-propeptide is not required for the assembly of the triple
helix. This is considered unlikely in view of the normal « chain
length and the implication of this observation as discussed
above.

Cleavage of the C-propeptide within the cell in Kniest dys-
plasia may occur within the endoplasmic reticulum since large
dilatations of this organellar network have been observed in
chondrocytes from individuals with Kniest dysplasia (8, 36)
and the vacuolar localization of the C-propeptide is consistent
with an intracellular distribution of this kind. This is to be
investigated further using immunoelectron microscopy. The
accumulation of the C-propeptide in the cell also suggests that
for it to be translocated and secreted it must be a part of the
procollagen molecule. The nature of the C-propeptidase re-
sponsible for this putative, premature cleavage is not known
although it is interesting to note that the enzyme which is
normally responsible for the extracellular cleavage has been
reported to have the properties of both a metallo-protease and
an aspartate protease (37). Thus it resembles, in part, cathepsin
D an intracellular lysosomal aspartate protease which is nor-
mally active at acid pH. It is possible that there exists within
the Kniest chondrocyte an intracellular compartment asso-
ciated with the endoplasmic reticulum where the removal of
the C-propeptide occurs prematurely: this may be mediated
either by the C-propeptidase or by a protease with similar or
the same cleavage specificity, which could include cathespin D
and related species as suggested by others in studies of procol-
lagen processing (38, 39). The apparent intracellular removal
of the C-propeptide from procollagen also indicates that the
proteinase(s) responsible for this event is abnormally active
within the cell. In addition, the abnormal accumulation of
C-propeptide within these cells may secondarily adversely af-
fect other biosynthetic and secretory mechanisms leading to
other changes in cartilage matrix and cellular physiology.

The relatively normal extracellular accumulation of the
C-propeptide in the lower hypertrophic zone in growth plate
cartilages of those with Kniest dysplasia, as we have previously
described in association with calcification of the cartilage ma-
trix (15), indicates that the mechanism(s) responsible for the
major release of the C-propeptide in calcifying cartilage and its
regulation are different to those found in more immature hy-
pertrophic chondrocytes and in other chondrocytes. Evidence
for this has also been obtained from in vitro studies of isolated
chondrocytes (23). The more normal C-propeptide contents
observed in some of the Kniest specimens may result from the
inclusion of a significant proportion of growth plate cartilage
in these specimens.

Finally, to place these observations in perspective, it is
worth noting that there have been few reports of abnormalities
in the processing of procollagen. Originally, in cattle with the
condition called dermatosparaxis, it was observed that the
amino-propeptidase capable of cleaving type 1 procollagen
could not be detected (40). In man, there is an impairment or
lack of removal of the amino-propeptide of type I collagen in
Ehlers-Danlos Syndrome type VII and in a variant of osteo-
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genesis imperfecta (30): in the latter case this is associated with
a deletion of the pro a 2 (1) chain. Recently, nonexpression of
type II collagen in a case of Langer-Saldino achondrogenesis
was reported (41). Other than this, Kniest dysplasia is the only
human condition we know of where there is an apparent ab-
normality in the type II collagen. The myopia and vitroretinal
degeneration which are observed in this condition (9) may also
result from an abnormality of type II collagen processing in the
posterior chamber of the eye.
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