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Abstract

Type I osteogenesis imperfecta (01) is characterized clinically
by a moderate fracture frequency with minimal bone deformity
and dominant inheritance. Previous studies of the collagenous
proteins synthesized by dermal fibroblasts obtained from un-
related patients with this form of 01 suggested that the
biochemical basis of the disease was reduced production of
type I collagen. This study was designed to determine if this
biochemical finding segregated with the disease within an
individual family. Dermal fibroblast strains were established
from three generations of a family having the typical features
of type I 01. Analysis of the collagenous proteins made in
culture revealed an elevated al(III) to al(I) collagen type ratio
and an elevated al(I) to a2(I) collagen chain ratio. The
procollagen that accumulated in the medium reflected these
ratios to the same degree. Total collagen synthesis was signif-
icantly reduced in affected family members. Therefore, the
most striking abnormality in affected members was a 50-75%
reduction of type I collagen production. Furthermore, the ratio
of the al(I)/a2(I) collagen messenger RNA(mRNA), measured
by dot hybridization, was one-half of the value of uninvolved
family members and unrelated controls. Since the reduction in
the production of type I collagen and the altered al(I)/a2(I)
mRNAratio clearly segregated with affected individuals within
this family, these biochemical measurements may be a useful
genetic marker for type I 01.

Introduction

Osteogenesis imperfecta (01)1 is a heritable disease of connective
tissue with the unifying feature of recurrent bone fractures.
The classification proposed by Sillence (1) has been an impor-
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tant contribution to sorting out the clinical heterogeneity of
01. Using this classification, the milder forms of the disease
(previously called OI tarda) are identified as either type I or
IV. Patients in the type I category have dominantly inherited
mild disease with blue sclera and minimal bone deformity.
Wehave recently proposed that an additional criteria for this
diagnosis is the production of a reduced quantity of type I
collagen (2). This criteria was added to make type I patients
readily identifiable by clinical and biochemical criteria. Fur-
thermore, it differentiates type I patients from other patients
with mild to moderate disease and dominant or sporadic
occurrence in whom there is evidence of a structural abnor-
mality in type I collagen. Thus, patients in the latter group
(type IV) represent a heterogeneous group that seems to have
a fundamentally different biochemical defect than those patients
categorized as type I.

If the biochemical marker that we believe reflects the
underlying molecular defect of type I OI has value as a genetic
marker for this disorder, then the biochemical abnormality
should segregate with affected members in a family with
dominant inheritance of the disease. Thus, we undertook to
study a large pedigree in which the propositus had the bio-
chemical and clinical features of type I 01. We have also
measured the ratio of a l(I)/a2(I) collagen messenger RNA
(mRNA) in these family members. The results show a distinct
segregation of biochemical abnormalities with the disease;
however, there does appear to be a graded spectrum of clinical
severity of the disease that is not readily explained by the
biochemical defects.

Methods

Patient studies. The propositus is a 47-yr-old male with 01 and Paget's
disease (III-28; fig. 1). He was extensively studied at the Clinical Center
of the National Institutes of Health and is the subject of a report
noting the familial occurrence of 01 and Paget's disease (3). Other
family members affected with OI (IV-18, V-7, and V-8) plus an
unaffected fraternal twin of the propositus (III-29) were also studied at
the National Institutes of Health. Besides having a wide range of
studies of blood chemistry, human leukocyte antigen (HLA), and
blood group testing, they also were evaluated by audiology and
ophthalmology. We examined the remainder of the pedigree at the
University of Rochester. In all cases, a history and physical examination
was obtained with particular attention to the fracture history, joint
instability, auditory problems, and fertility. The physical examination
focused on the musculoskeletal system, noting scoliosis or bone defor-
mity, hyperextensibility, skin texture and thickness, eye color, and
stature (Table I). In all instances, the patients underwent dermal skin
biopsy from the inner aspect of the upper arm, which was used to
initiate skin fibroblast cultures. For nonfamilial control samples, biopsies
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were obtained from a wide range of individuals who did not have
clinical abnormalities of connective tissue or bone (2).

Biochemical studies. The skin fibroblasts were grown in Dulbecco's
minimal essential medium containing 10% horse serum, nonessential
amino acids, 100 MU/ml penicillin, and 100 Mg/ml streptomycin in a
humidified incubator containing 9% CO2. The procedures for cell
growth, radiolabeling of cell and medium proteins, and an analysis of
collagenous proteins have been detailed in a previous publication (4).
All studies were performed on cells between the fifth and tenth passage
number so that in vitro aging effects would not alter the proportion of
the two collagen types. To initiate the collagen studies, replicate petri
dishes were seeded at a density of 5,000 cells/cm2 and grown for -5-
7 d until visual confluency was observed. Under these conditions the
cells have exited the log phase of growth but are still undergoing
postconfluent cell division. At this point the medium was changed to
one lacking nonessential amino acids and containing 5% dialyzed fetal
calf serum, 25 Mg/ml of ascorbic acid, and 10 MCi/ml of [5-3H]-L-
proline. The cells were incubated in this mixture for 6 or 24 h for
determination of total collagen synthesis or analysis of collagen and
procollagen chains, respectively.

Total collagen production was determined on three separate 60-
mmpetri plates using the collagenase digestion procedure of Peterkofsky
and Diegelmann (5) using the factor of 5.4 to correct for the enrichment
of proline in collagen relative to noncollagen proteins. For this analysis,
the medium was removed from the cell layer and the cell layer was
mechanically detached from the petri dish. The cells were homogenized
in I MNaCI, 0.05 M Tris, pH 7.5, containing 20 mMEDTA, 0.3
mMphenylmethylsulfonyl fluoride, and 10 mMEDTAusing a Brink-
mann polytron (Brinkmann Instruments Co., Westbury, NY). After
the cell debris was removed by centrifugation at 15,000g, the cell
supernatant and medium protein was recombined. The proteins were
precipitated in 15% TCA, washed twice with 5% TCA, resolubilized in
0.1 MNaOH, neutralized, and incubated with purified bacterial col-
lagenase.

The relative content of types I and III collagen was obtained after
limited pepsin digestion of the combined medium and cell layer
proteins of three pooled 60-mm petri plates (6). The TCA-precipitated
proteins were redissolved in 0.5 M acetic acid (HAc) previously
adjusted to pH 2.0 with HC. Pepsin was added to a concentration of
1.0 mg/ml and the solution was incubated for 2 h at 15'C. Wehave
previously shown that under these conditions pepsin does not prefer-
entially degrade the a-chain of either collagen type (4). The reaction
was terminated by adding 50 Mg/ml of carrier collagen and NaCl to
0.85 M. After 4 h at 40C, the precipitated proteins were collected by
centrifugation at 17,000 g for 10 min, washed once with 3.5 MNaCl,
0.05 MTris, pH 7.5, followed by 18% ethanol. The air-dried precipitate
was redissolved in SDS electrophoresis buffer and the types I and III
bands were separated on a 7%SDSacrylamide gel using the interrupted
reduction technique of Sykes et al. (7). The medium procollagens were
precipitated by adjusting the solution to 30% ammonium sulfate for
10-12 h at 40C. The precipitate was collected by centrifugation at
17,000 g, washed once in 3.4 MNaCl, 0.05 MTris, pH 7.5, followed
by 18% ethanol. The dried precipitate was dissolved in electrophoresis
buffer and the procollagen chains were separated by electrophoresis in
5% SDSacrylamide gels (8). The radioactive bands were identified by
fluorography (9) and the relative density of each band was assessed
with a Transidyne densitometer (Transidyne General Corp., Ann
Arbor, MI). The tracings were made within the linear range of the
instrument and were expressed in arbitrary units. No correction was
made for the small difference in proline content between types I and
III collagen.

The production of type I and type III collagen, expressed as a
percentage of total cell protein, assumed that only these two collagens
were made by the fibroblast. Type V collagen, which occasionally was
seen on the acrylamide gels, was never >5% of the total collagen. The
collagen was expressed as a percentage of total protein production to
avoid potential differences in the proline pools among the various cell
strains. Thus type I collagen was calculated as total collagen production

(expressed as %of total protein production)/[l + ratio of al(III)/al(I)].
The data is presented as the mean± I SD, using the Student's t test for
statistical comparisons.

Total RNAwas extracted from six 100-mm plates that had been
used for harvesting media for procollagen analysis. After the plates
were washed with phosphate-buffered saline (PBS), the cells were
harvested in 10 ml of 10% SDS, 0.05 M Tris, pH 7.5, and I mM
EDTAcontaining 50 Mg/ml of proteinase K. The solution was Dounce
homogenized, incubated I h at 370C, and then extracted in an equal
volume of phenol/chloroform. Total nucleic acids were precipitated at
-20'C overnight in 2 vol of ethanol, collected by centrifugation at
17,000 g for 10 min, and redissolved in I ml of 6 Mguanidine. RNA
was precipitated by addition of 0.5 ml of ethanol at -20'C for a
minimum of 3 h, washed once in 4 Mguanidine, 33% ethanol, washed
twice in 80% ethanol, dried, and redissolved in 200 ,u of 10 mMTris,
pH 7.5, 1 mMEDTA (10).

To measure the relative collagen mRNAcontent in the total RNA,
a 4-ug aliquot was serially diluted in 20X sodium chloride/trisodium
citrate (SSC) (1X is 0.15 M NaCl, 0.015 M trisodium citrate) in a
microtiter plate over a range of 2-0.125 Asg. The RNA content was
adjusted to 2 Mg in all wells by addition of Escherichia coli transfer
RNA. The final volume was 200 Ml and the lowest concentration of
SSC in any of the dilutions was 15X. The dilutions were done in
duplicate (for al(I) and a2(I)) and eight samples were diluted at a
time with the aid of an eight-member microtiter pipettor (Titertec;
Flow Laboratories, Inc., McLean, VA). This apparatus helped ease this
procedure and significantly reduced the pipetting error.

The diluted RNAwas applied to a manifold (Schleicher & Schuell,
Inc., Keane, NH) containing a nitrocellulose membrane (Millipore
HA45; Millipore/Continental Water Systems, Bedford, MA) overlying
one sheet of Whatman 3-mm paper (Whatman, Inc., Clifford, NJ)
(11). Both sheets had been wetted in water and then equilibrated in
20X SSC. A vacuum was applied to the manifold after the RNA
solution was transferred. The nitrocellulose was baked at 75°C for 2 h
and then incubated at 42°C for 3 h in a prehybridization buffer
containing 50% formamide, 50 mMNaHPO4, pH 6.5, 5X SSC, 5X
Denhardts, and 250 Mg/ml of single stranded DNA from salmon
sperm. The solution was changed to a similar one also containing 10%
dextran sulfate and 5 X 106 cpm per filter of 32P-labeled complementary
DNA (cDNA) probe. The filters were incubated 12-16 h at 42°C,
washed 4X in a solution of 0. IX SSC and 0.1% SDS at room
temperature, and air dried. The radioactive filter was exposed to Royal
X-Omat film (Eastman Kodak Co., Rochester, NY) at -70°C for 1-
4 d with an intensifying screen. After the film was developed, the spots
on the film were quantitated using a Transidyne densitometer (Tran-
sidyne General Corp., Teledyne Instruments, Inc., City of Industry,
CA). The density of the five RNAdilutions was plotted against the
quantity of fibroblast RNAapplied to each well and the slope of the
linear region of the curve was calculated. The ratio of al(I)/a2(I) of
the unknown RNAwas calculated by relating it to the same ratio of a
control RNAwhose value was set at two (12).

The cDNA probes to a l(I) and a2(I) human collagen mRNAwere
obtained from F. Ramirez of Rutgers University (13, 14): Hf404
(al[I]) and Hf32 (a2[I]). The plasmids were grown in E. coli HblOI
cells. The inserted DNAwas removed from the plasmid DNAby Eco
Rl (HF404) or Pvu II/Eco RI (Hf32) digestion on 1% agarose and
transblotted onto DEAEpaper (15). The DNAwas radiolabeled with
[32P]dCTP and [32P]dGTP to a specific activity of 4-8 X 108 cpm/Mg
DNAusing the DNApolymerase/DNAse solution supplied by Amer-
sham Corp. (Arlington Heights, IL).

Results

The clinical characteristics of the family members are itemized
in Table I. Those family members with unequivocal OI
demonstrated numerous fractures that were more frequent
before puberty, although in certain members, fractures in the
postpubertal period were occasionally observed. Except for the
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Table I. Clinical Features of T Family

Height Joint
ID Code Sex Age Fracture (percentile) Eye color Teeth hypermobility Other

yr No. cm

Affected
111-28 M 48 20 154 (3) B Decay + Paget's disease
111-5 F 49 16 152 (5) B Decay + Mild scoliosis
III-26 F 53 12 145 (3) B Decay ni

Disk disease
III-27 F 51 20 154 (10) B Decay ni Mild scoliosis
IV-18 F 32 20 162 (50) B Decay ni Obesity
IV-21 F 21 10 158 (25) B Decay + Pectus excavatum

Joint dislocation
Small for gestational

V-7 F 11 12 150 (3) B Decay + age
V-8 F 11 2 162 (50) B Decay +

Unaffected
III-32 M 41 0 175 (40) W Decay ni Traumatic fracture (1)
III-29 M 48 1 165 (5) W Decay n1 Traumatic fracture (I)
IV-15 F 27 1 168 (80) W nl nl
IV.14 F 29 0 157 (15) W nl nI

Abbreviations used in this table: B, blue; ni, normal; W, white; +, present.

propositus, there was no evidence of long bone deformity and
only a mild degree of scoliosis. There were various degrees of
joint laxity. Blue sclera were observed in all affected members,
although the intensity was quite variable. All the affected
members had teeth that were subject to extensive decay but
they did not have dentinogenesis imperfecta. Finally, many,
but not all, of the affected family members had stature less
than the 5th percentile.

There appeared to be a spectrum of disease severity within
this family. Those most severely affected (III-28, 111-26, III-5,
and V-7) exhibited more severe short stature and a mild degree
of scoliosis relative to those that were less severely affected (V-
8, IV- 18, and IV-2 1). Most striking were two identical twins
(V-7 and V-8), who were the offspring of a mildy affected
mother (IV- 18) (Fig. 1). Twin (V-8) was born small for
gestational age, had a complicated neonatal course and keto-

LI* Paget's Disease ± Examined*
!J Fractures t Deceased
E Blue Sclerae 9 No Offspring
Q Hearing Loss O Offspring - Sex Unknown

EjJ Scoliosis
D T

[ Hyperextensibility 00 DizygoticTwins
* Reported Affected

`

Monozygotic Twins

*Ages given at time of examination

Figure 1. Pedigree of T family. The generation is identified by the
roman numeral at the left of the figure and the individual family
member is identified by the number above the pedigree symbol. The
number within the symbol indicates the number of people in one
family included, but not examined within a generation. The individu-
als that are the subject of this report are indicated by the symbols

containing a number beneath them. This number is the subject's age
at the time of the examination. Affected family members are indi-
cated by the keyed clinical features, while the control individuals lack
the keyed findings. The arrow points to the propositus of the pedi-
gree.
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genic hypoglycemia in early childhood. She has had 12 fractures
and her current height is 150 cm (3rd percentile). The twin
was born appropriate for gestational age and has had only two
fractures at age 8 and 9 secondary to strenuous exercise. Her
current height is 162 cm (50th percentile). The twins were
HLA and blood group identical. There was no linkage of the
HLA haplotype and affected family members.

Dermal fibroblasts were radiolabeled with [3H]proline to
study collagen synthesis from each family member. Typical
bands of types I and III collagen and types I and III procollagen
are illustrated on the fluorograms in Fig. 2 A and B. Even
with visual inspection of the gels, the affected family members
can be identified by the relative density of the type al(III)/
al(I) band. The migration rate of the collagen alpha chain
and all the procollagen chains were identical in affected and
unaffected family members. The ratio of al(III)/al(I) (Fig. 3)
in affected family members was significantly elevated relative
to unaffected family members (0.65±0.40 vs. 0.19±0.03, P
< 0.05). The medium procollagens (proal(III)/proal(I)) dem-
onstrate a similar ratio (0.63±0.43 vs. 0.22±0.05, P < 0.05).
As shown in Fig. 4, the ratio of the alpha chains of type I
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Figure 3. Ratio of relative OD
units of the al(III)/al(I) and
proal(III)/al(I) from each biop-
sied individual. (-) Affected indi-
vidual. (o) Unaffected family
member. The midlines of the rect-
angles represent the mean, while
the included areas on each side of
the mean represent one standard
deviation of 19 unrelated control
individuals.

collagen (a l(I)/a2(I)) from affected members was also greater
in the unaffected members (2.80±0.48 vs. 2.09±0.30, P < 0.01).
The type I procollagen chain ratio (proa l(I)/proa2(I)) was also
increased in affected family members (2.67±0.32 vs. 2.01±0.28,
P < 0.01).

Total collagen synthesis expressed as a percentage of total
protein synthesis (Fig. 5) was depressed in all affected members.
The mean of affected members was 2.28±0.53 while unaffected
was 5.4±0.77 (P < 0.001). The most significant and consistent
abnormality in affected family, ,members was the reduced
production of type I collagen (1.44±0.42 vs. 4.52±0.54, P
< 0.001). The individual patient values for the collagen chain
ratio and percent collagen synthesis are given in Table II.

The al(I)/a2(I) collagen mRNAratio was determined
using a dot-hybridization procedure with cDNAprobes specific
for the al(I) or a2(I) mRNA. The radiographs of this hybrid-
ization of mRNAfrom affected and unaffected family members
are shown in Fig. 6 and representative curves obtained from
densitometry tracings of the radiographs are illustrated in Fig.
7. The broken line is the computer-generated best fit for the
linear portion of the test points. Points that are circled were
omitted from the calculation. The solid line is the slope of the
RNA standard. By relating the slope of the al(I) and a2(I)
density curve to the slope obtained on the standard RNA
source, the al(I)/a2(I) mRNAratio can be calculated. This
value is multiplied by two since the al(I) content in the
cytoplasm is twice a2(I). The calculations revealed that the
ratios in affected members were reduced to less than half of
that found in unaffected family members (0.85±0.13 vs.
2.22+0.23, P < 0.001; see Fig. 8). In most of the affected
members, only the a l(I) mRNAcontent was low. However,
in V7 and V8 a reduction in both a l(I) and a2(I) was found,
although the fall in a I(I) exceeded the fall in a2(I).

Figure 2. (A) Fluorogram of an interrupted 7% SDSacrylamide gel of
the combined medium and cell collagen chains after limited pepsin
digestion. From the top of the figure, the radiolabeled bands are:
alpha 1(III), alpha 1(I), and alpha 2(I). The relative intensity of each
band was calculated from the densitometry tracing of the x-ray film.
This composite photograph shows the specific gels that were used in
the ratio calculation. Lane C is collagen obtained froti a nonfamily
control cell strain. (B) Fluorogram of the procollagen chains that
accumulate in the cell medium. To calculate the procollagen chain
ratios, the densities of the bands of the partially converted procolla-
gens were added. Thus, proal(I) was the sum of proal(I) and
pcal(I), while proa2(I) was the sum of proa2(I) and pca2(I).

Cf)

z

0

4.0-

3.0-

2.0 -

I.0-

Figure 4. Ratio of al(I)/a2
and proal(I)/proa2 in affected

a, (I) pro a, (I) and unaffected individuals. See
a2 pro a2 Fig. 3 for legend key.

Type I Collagen Synthesis in Osteogenesis Imperfecta 607

e



7.0-

6.0-

cn., 5.0-
cn

W- 30
z C'n, 4.0 -

z0
oh 3.0-

I.<D
_j

v

8D ,. 2.0 -

.0 -1

A

H
S.

TOTAL T
COLLAGEN COI

13Z - 14

m-32
m-26
m-27
IEZ- 1 5Figure 5. Total collagen and

*0 type I collagen production, ex-
'go pressed as a percentage of total

protein production. See Fig. 3
for legend key. See Methods
for the calculation of percent

LLAGEN of type I collagen production.

Discussion
Significant advances have been made in understanding the
biosynthesis and structure of type I collagen (16, 17). Type I
collagen, the major collagen of the connective tissues forming
bone and tendons, is a heteropolymer composed of two a1-
chains and one a2-chain. Each chain is synthesized as a
155,000-D precursor, assembled into a triple helical structure
within the cell, secreted, and incorporated into the matrix
through a series of modifying steps. Specific elements of the
primary structure are required for a stable helix to function
within the connective tissue.

Recent studies of 01 have found abnormalities in certain
aspects of the primary structure of type I collagen. For
example, in neonatal lethal form of 01 (type II), primary
structural abnormalities of the a l(I)-chain have been observed
that impair secretion of those molecules that incorporate the
abnormal chain (18-21). A patient, whomwe have identified
as type IV 01, has evidence for a structural abnormality of the
a2(I)-chain (2, 22). One child with type III OI, the most severe
nonlethal form, fails to incorporate the a2(I)-chain into the

alI(I)

* : I* ;.- .,.'

e* *. ;..

B
M-5 * * #*
IZ-21 *o *

]I-29
m1-28
Std ..-* 0 *

@..*9

Figure 6. Dot hybridization of total RNAextracted from fibroblasts
and hybridized with the al(I) or a2(I) cDNA probes. The RNAis
serially diluted to contain from 2 to 0.125 Atg per spot. A and B are
from separate hybridizations so that the intensities are not strictly
comparable. However, since they are related to the same RNAStan-
dard, the samples on either filter can be related to each other. See
Fig. 7 for analysis of the data.

triple helix that leads to formation of type I collagen composed
of three al(I)-chains (23, 24). However, current biochemical
methodologies have not been successful in defining a structural

Table II. Analysis of Collagen Alpha Chains and Collagen mRNAin Cultured Fibroblasts from the T Family

ID Code al(I)/a2(I) proa l(I)/proa2(I) al(III)/al(I) proal(III)/proal(I) Total collagen Type I collagen al(I)/a2(I) mRNA

Affected
III-28 3.3 2.5 0.30 1.54 1.6 1.2 0.88
III-5 3.2 2.7 0.48 0.38 2.8 1.9 0.76
III-26 2.6 3.0 0.75 0.33 2.3 1.3 0.96
111-27 3.3 2.3 0.75 0.36 2.7 1.5 0.76
IV-18 2.5 2.8 0.69 0.47 2.6 1.5 0.74
IV-21 3.3 2.4 0.51 0.99 2.8 1.9 1.10
V-7 2.2 2.4 1.50 0.60 1.6 0.6 0.82
V-8 3.5 3.2 0.21 0.31 1.8 1.6 0.76

Mean 2.9 2.7 0.65 0.62 2.3 1.4 0.85
SD ±0.48 ±0.32 ±0.40 ±0.43 ±0.53 ±0.42 ±0.13
P <0.01 <0.01 <0.05 <0.05 <0.001 <0.001 <0.001
Unaffected

111-32 1.9 1.6 0.17 0.25 5.1 4.3 2.48
III-29 1.9 2.2 0.18 0.16 4.7 4.0 2.04
IV-15 2.5 2.0 0.23 0.20 6.5 5.3 2.02
IV-14 2.1 2.2 0.19 0.27 5.3 4.5 2.34

Mean 2.1 2.0 0.19 0.22 5.4 4.5 2.22
SD ±0.30 ±0.28 ±0.03 ±0.05 ±0.77 ±0.54 ±0.23
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Figure 7. Analysis of the
collagen mRNAby dot blot
hybridization. A representa-
tive analysis from an af-
fected (111-26) and unaf-
fected (IV-14) family mem-
ber is illustrated. The
density of each dot is plot-
ted against the total RNA
applied (2.0, 1.0, 0.5,
0.125, and 0.125 ,gg). The
dashed line is the best fit to

the linear region of the curve. Circled points represent data excluded
from the calculation of the slope of the best fit line. The solid line is
the best fit line for the RNAstandard that was on the same nitrocel-
lulose filter as the test samples. In both cases the best fit was defined
as the line that included the origin and at least two other data points.
Above each graph is given the ratio of the unknown RNAto the
standard RNA. At the center and above each graph pair is the
comparison of the al(I)/a2(I) ratio of that sample. That value is
multiplied by two when displayed in Fig. 8 and Table II.

mutation in type I collagen in most patients with these forms
of 01.

Thus, the family described in this report stands out distinctly
from other forms of 01 by having dominant transmission of
the disease, mild short stature, and a moderate fracture fre-
quency with little tendency to bone deformity, except for mild
scoliosis. Biochemically, as a group, they have a diminished
production of type I collagen as judged by an elevated a I(111)/
al(I)-chain ratio and low total collagen synthesis. Our initial
studies of unrelated patients with clinical features of type I OI
showed a normal al(I)/a2(I)-chain ratio (2). However, this
ratio is elevated in this family, a finding that is unexplained.
Thus, in this family, individuals with clinical findings of 01
had low production of type I collagen and an elevated al(I)/
a2(I)-chain ratio, while members that did not show clinical
evidence of the disease had normal levels of type I collagen
production and a normal al(I)/a2(I)-chain ratio.

Thus, a consistent molecular mechanism for type I 01
seems to be emerging. Barsh et al. (25) demonstrated low
collagen synthesis and an intracellular al(I)/a2(I)-chain ratio
of 1:1 rather than 2:1. They suggested that the unbalanced
intracellular al(I)/a2(I)-chain ratio is due to underproduction
of the a 1(I)-chain, possibly secondary to a nonfunctional a (I)
allele. In support of their data, our family showed an al(1)/
a2(I) mRNAratio in affected members that is half of the

0

0

z 2- 0o

0%* Figure 8. Ratio of collagen a2(I)/a2(I)
mRNAin cultured fibroblasts. This ratio
is obtained from the slopes of the curves

as shown in Fig. 7. (X) 01. (o) Family
control.

value found in the unaffected members. Since the reduced
ratio was the result of a decrease in the al(I) mRNAcontent,
the intracellular procollagen ratio of 1:1 can be explained by
the low steady-state content of al(I) collagen mRNA. Even
though the al(I)/a2(I) ratio of the intracellular procollagen
and collagen mRNAare both 1:1, the extracellular chain ratio
is 2:1. This is due to the fact that type I collagen, having more
than one a2-chain, is unstable (26). The unincorporated a2-
chains are degraded intracellularly (25). The overall effect is a
reduction in type I collagen production. The a 1(III)/a I(I)-
chain ratio is increased secondary to the fall in type I production
rather than a compensatory increase in type III synthesis (2).

The molecular basis for the reduced al(I) mRNAcontent
has yet to be determined. Unbalanced globin chain synthesis
has been the hallmark for the a and ft thalassemias (27). In
most of these diseases the reduced or absent synthesis of the
a-chain or 6-chain is the result of deficient accumulation of
the corresponding mRNA(28, 29). It is now realized that a
wide range of molecular abnormalities are responsible for the
reduced mRNAcontent (30-32). The most common abnor-
mality seems to be an error of splicing that deletes a portion
of an exon or fails to remove a region of an intron (33, 34).
The al(I) collagen gene is present as one copy per haploid
genome and is located on chromosome 17 (12, 35). The gene
contains 51 exons that span a length of 18 kilobase pairs (36).
Thus, it would not be surprising that an error of mRNA
processing could occur that would affect the accumulation of
the al(I) mRNAfrom one of the two al(I) collagen alleles.
The primary difference between the two diseases is that in 6
thalassemia both alleles are affected while in type I 01 only
one abnormal allele results in clinical symptoms.

This work shows segregation of the biochemical measure-
ment of diminished type I collagen production and the low
al(I) mRNAlevel with the clinical diagnosis of type I O in
this family. Since we have made similar observations in
individuals with type I 01 unrelated to this family, this is
evidence for a mutation of the al(I) collagen gene in this
disease. A second approach to localizing the gene defect in
type I 01 is the use of restriction fiagment length polymorphism
within a large pedigree. However, polymorphisms linked to
al(I) collagen gene have not yet been established. Recently, a
linkage polymorphism of the a2(I) collagen gene has been
found. It was used to show linkage of 01 to the a2(I) gene in
a family that would not be classified as type I (37). Using this
polymorphism, it was not possible to show linkage in another
large type I 01 kindred in which cultured fibroblasts demon-
strated the same biochemical abnormalities of collagen pro-
duction as the family of this report (38). Thus, the lack of
linkage to the a2(I) allele is consistent with an al(I) gene
defect in type I 01.

This family study suggests that the severity of the disease
is roughly correlated with the reduction in type I collagen
synthesis. The severity of OI was related to stature rather than
to the number of fractures as a result of the difficulty of
assessing physical activity. This was most dramatically illustrated
in the identical twins, one of whom has moderately severe 01
and the other who is only minimally affected. The poorer
growth of the more severely affected twin (V-7) may be a
reflection of the 01. Other observers have reported an associ-
ation of small birth size with 01 (39). Another interpretation
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would be that the small birth size was a result of intrauterine
growth restraint associated with twinning. If the correlation
between the severity of the biochemical abnormality and
clinical disease is seen in other families of this type of 01, then
this type of biochemical analysis may have value in predicting
disease severity. The measurement will also be useful in
determining affected individuals in a family in which there is
a wide degree of disease severity. Patterson recently pointed
out that women may have a very mild fracture history in
childhood, only to develop significant osteopenia and fractures
in the postmenopausal period (40).

Variability of expression of dominantly inherited disease
within families and even between identical twins is well
described (41, 42). Factors such as modifying genes, X chro-
mosome inactivation, and somatic cell selection have been
postulated to explain this variability. If type I 01 is due to a
single defect within She a1(I) collagen gene, then further study
of those factors that modify the expression of the abnormal
gene may provide rationale for treatment of this form of OI
and possibly other diseases of bone formation.
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