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The clinicopathological features of three babies
with osteogenesis imperfecta resulting from the
substitution of glycine by valine in the pro acl(I)
chain of type I procollagen
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Abstract
The features of three babies with peri-
natal lethal osteogenesis imperfecta (OI
II) resulting from substitutions of glycine
by valine in the triple helical domain of
the al(I) chain of type I collagen were
studied. The babies were heterozygous
for this substitution at residue 1006 in
case 1 (0135), 973 in case 2 (OI59), and 256
in case 3 (OI7B). OI35 had the most severe
clinical form, 01 IIC, with premature
rupture of membranes, severe ante-
partum haemorrhage, stillbirth, severe
short limbed dwarfism, and extreme
osteoporosis. OI59 was a better formed
baby but was also born prematurely as a
result of premature rupture of mem-
branes and severe antepartum haemor-
rhage. She had the radiographic features
of 01 IIA. OI7B was born at term and also
had the radiographic features of OI IIA.
Pathological examination of the skel-
etons of 0135 and OI59 showed grossly
deficient intramembranous and endo-
chondral ossification. Trabecular bone
was sparse in the long bones and ver-
tebrae. The trabeculae contained a cartil-
age core and an overlying layer of woven
bone or osteoid. The diaphyses lacked
cortical bone. The periosteal fibroblasts
of OI35 contained grossly distended
rough endoplasmic reticulum consistent
with the 53% reduction in collagen secre-
tion by cultured dermal fibroblasts. The
aorta, skin, and lungs were hypoplastic in
OI35 and OI59. The findings in this study
show that glycine substitutions by valine
in Gly-X-Y triplets, from glycine 256 to
glycine 1006, of the triple helical domain
of al(I) chains produce the O II pheno-
type. The phenotype was most severe in
the baby with the most carboxy-terminal
substitution.

Osteogenesis imperfecta (OI) is a heterogen-
eous genetic disorder that produces bone
fragility, abnormal blueness of the sclerae,
dentinogenesis imperfecta, and premature
deafness.' There are four main clinical types of
OI and the perinatal lethal type, type II OI or
OI II, is the focus of this report.23
01 II usually results from heterozygous

mutations of the COLlAl gene that encodes
the pro a 1(I) chains and less frequently results
from mutations of the COL1A2 gene that

encodes the pro a2(I) chain of type I procolla-
gen.' Mutations of the COLlAl gene alter the
structure of the main triple helical domain or,
less frequently, the carboxy-propeptide exten-
sion of the pro alI(I) chain. In babies with the
latter type of defect, the abnormal pro al(I)
chains associate with other chains to form
mutant type I procollagen molecules that are
rapidly degraded.5 As a result, only a small
amount of normal type I procollagen is secret-
ed from cultured fibroblasts and the tissues
contain correspondingly small amounts of nor-
mal type I collagen. In these babies, the OI II
phenotype appears to be the result of a severe
deficiency of normal type I collagen in the
tissues.6

Cultured fibroblasts from babies with hel-
ical mutations produce normal type I procolla-
gen and abnormal type I procollagen molec-
ules containing one or two mutant chains.78
The mutant molecules are secreted less effi-
ciently than the normal ones and the level of
intracellular collagen degradation is increased.
In these babies, the OI II phenotype appears
to result from a deficiency of normal type I
collagen and the presence of mutant type I
collagen in the tissues.9
Most of the structural mutations of the

triple helical domain of the acl(I) chain involve
the substitution of a glycine residue in one of
the 338 Gly-X-Y repeating triplets.4 These
substitutions destabilise and delay the forma-
tion of the triple helix, and allow excessive
post-translational hydroxylation and glycosyl-
ation of lysine residues on the amino-terminal
side of the mutation.7 As a result, correla-
tions have been sought between the type and
site of glycine substitutions and the resulting
clinical phenotypes. The position of glycine
substitutions by cysteine appears to determine
the clinical phenotype while such correlations
are less evident with other types of glycine
substitutions.9 13 In this paper, we explore
these relationships further in three babies with
OI II resulting from heterozygous substitu-
tions of glycine by valine at positions 256,'1
973,15 and 1006'5 of the triple helical domain of
the al(I) chain.

Case reports
The main details of the parents, pregnancies,
and babies are summarised in the table.
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Features of the parents, pregnancies, and babies.

Features OI35 (Gly 1006) OI59 (Gly 973) 07B (Gly 256)

Father's age 32 37 29
Mother's age 25 33 27
Parity 1 0 2
Gravida 2 2 3
Gestation (w) 28 30 40
Pregnancy Large antepartum Large antepartum Normal

haemorrhage haemorrhage
Delivery Vaginal Caesarian section Vaginal
Sex Female Female Female
Head circumference (cm) 24*
Crown-heel length (cm) 26* 30*
Birth weight (g) 650* 1000*
Survival (days) Stillborn < 1 120
Type of Olt IIC IIA IIA

* Value less than the 10th centile for an Australian hospital population.16
t Sillence classification.12

CASE 1 (OI35)
This girl was the second child of healthy,
unrelated parents. There was a threatened
miscarriage at 12 weeks of gestation and no
fetal movements were noted during the preg-
nancy. Ultrasound examination at 26 weeks of
gestation showed that the skull was poorly
echogenic and the heart, which was contract-
ing normally, occupied a greater than normal
proportion of the chest. The biparietal skull
diameter was 7-14 cm and the occipitofrontal
diameter was 7-89 cm. At 28 weeks of gesta-
tion, spontaneous rupture of the membranes
occurred and was immediately followed by
severe vaginal bleeding and a tense tender
uterus. There were no fetal heart sounds and
an abdominal radiograph showed an abnormal
fetus. The baby was stillborn after a vaginal
delivery.
The baby girl was a short limbed dwarf (fig

1). The calvarium was large and soft, the

Figure I OI35: clinical appearance.

midface was hypoplastic, and the lower jaw
was small. In keeping with the ultrasound
findings, the upper chest was narrow and the
abdomen protuberant. The limbs were short
and bowed. There was widespread crepitus of
the ribs and limb bones.
The radiographs showed severe generalised

osteopenia, a malformed skeleton, and mul-
tiple fractures (fig 2). The calvarium was not
ossified and only a minimal amount of bone
was present in the base of the skull and jaws.
The mid thoracic vertebral bodies were flat
whereas the other vertebrae were of normal
shape. The proximal ribs were short, thin, and
wavy and contained numerous fractures. The
lower ribs were also short but they were
broader and continuously beaded. The long

Figure 2 OI35: anteroposterior radiograph. The skull
is poorly ossified, the ribs are short and continuously
beaded, several thoracic vertebrae are flat, and the long
bones are broad and crumpled.
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Figure 3 OI59: anteroposterior skull radiograph showing minimal ossification.

bones were short, broad, and crumpled. The
diaphyses were as wide as the metaphyses and
there was no cortical bone. The radiographic
features were consistent with those ascribed to
type IIC OI.23

CASE 2 (OI59)
This girl was the first child of healthy, unre-
lated parents. The previous pregnancy had

Figure 4 OI59: anteroposterior radiograph at necropsy showing beaded ribs,
generalised platyspondyly, and short, broad, and crumpled long bones.

Figure 5 OI7B: clinical appearance.

terminated spontaneously at 6 weeks of gesta-
tion. A set of twins and another baby from a
previous marriage of the father had died from
prematurity and bronchopulmonary dysplasia.
None of the dead babies showed signs of OI or
other connective tissue disorders.
The pregnancy of OI59 was apparently nor-

mal until 30 weeks of gestation when the
membranes ruptured with a severe antepar-
tum haemorrhage for which an emergency
caesarian section was undertaken. The female
baby died 20 minutes after delivery.
The baby weighed 1000 g and had the typ-

ical features of OI I. She had a large, globu-
lar, and soft skull and short bowed limbs
containing multiple fractures. The chest and
abdominal circumferences were 18 and 17 cm,
respectively.

Figure 6 OR7B: anteroposterior radiograph showing
poor ossification of the skull, continuously beaded ribs,
and generalised platyspondyly. The long bones are short,
broad, and crumpled.
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Figure 7 Calvarium of OI35. The bone is represented by tiny plates of calcifying
osteoid in a loose collagenous matrix. There is no separation of inner and outer tables.

The radiographs showed severe generalised
osteopenia and multiple fractures. The calvar-
ium showed minimal calcification, the orbits
were poorly defined, but there was some calci-
fication of the petrous temporal bones (fig 3).
The maxilla and mandible were hypoplastic
and poorly ossified. There was generalised
severe platyspondyly which was worse in the
thoracic than the lumbar spine (fig 4). The ribs
were irregular and discontinuously beaded.
The long bones were short, crumpled, and
lacked cortical bone. The femora and tibiae did
not show any modelling as the diaphyses were

as wide as the metaphyses. The long bones of
the upper limbs had a similar appearance al-
though there was a small amount of modelling
of the diaphyses. The radiographical features
were consistent with those ascribed to type
IIA O.23

CASE 3 (OI7B)
This girl was the third child of healthy, unre-

lated parents. The previous daughters were

Figure 8 Vertebral body of OI59 showing an abundance of bone marrow andfew
trabeculae. Most of the trabeculae consist of cartilage cores with a narrow rim of
osteoid.

normal. The female proband was born at term
after an uncomplicated pregnancy. She had a
large, soft calvarium, blue sclerae, small chest,
and short bowed limbs (fig 5). The radio-
graphs showed minimal calcification of the
calvarium, base of the skull, and facial bones
(fig 6). There was generalised platyspondyly.
The chest was narrow and the ribs were broad
and continuously beaded. The long bones
were short, broad, and crumpled. The radio-
graphical features were of type IIA OI.23
The proband experienced respiratory diffi-

culty at birth and was placed on a ventilator
which was continued until her death at 4
months of age.

PATHOLOGICAL STUDIES
Necropsies of OI35 and OI59 were undertaken
and the findings were very similar. In each
baby, the skull was globular and extremely
soft. Most of the calvarium consisted of an
unossified membrane and even the petrous
temporal bones were soft. The chest was nar-
row and the ribs showed healing fractures
along their diaphyses and costochondral junc-
tions. The long bones were short and bowed
and contained multiple fractures and irregular
calluses.
The viscera were macroscopically normal,

except for the lungs which were hypoplastic,
and the aorta was thin. In OI35, there was also
leucomalacia of the periventricular regions of
the brain. The skin was soft and thin in both
babies.

Histological examination of the calvarium
showed minimal intramembranous bone
formation. There were a few islands of calcify-
ing osteoid (fig 7) but most of the calvarium
consisted of a membrane of fused galea
aponeurotica and dura mater. Histological ex-
amination of costochondral junctions and
growth plates of the femora showed that the
cartilaginous parts of the growth plates were
normal. The cancellous bone of the meta-
physes of long bones and of the vertebral
bodies showed sparse trabeculae which con-
tained cores of calcified cartilage covered by
woven bone or by a thin layer of osteoid (fig 8).
The diaphyses of the ribs and femora also
contained sparse amounts of trabecular bone
(fig 9). There was no evidence, using polaris-
ing light microscopy, of any lamellar bone or
haversian systems. The osteoblasts, which
were abundant along the surface of the trabe-
culae and within areas of woven bone, were
surrounded by little matrix. They were plump
and basophilic but did not appear to mature
into osteocytes. The periosteum of the rib and
femoral diaphysis was almost as thick as the
underlying pseudocortex of trabecular woven
bone (fig 9).

In OI35, electron microscopy of the perios-
teum of the femur showed fibroblasts with
grossly distended rough endoplasmic reticu-
lum (fig 10). The periosteum also contained
osteoblastic cells which contained abundant
amounts of rough endoplasmic reticulum.
However, the rough endoplasmic reticulum of
these cells was not distended (fig 11).
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Figure 9 Femoral diaphysis of OI35 showing the periosteum (P) overlying the thin
cortex which contains poorly formed lamellae of woven bone.

Histological examination of the viscera also
showed that the collagenous supporting struc-
tures were thin and delicate. The tunica media
and the adventitial layer of the aorta were

thinner than normal (fig 12). The sclera of
OI59 had an average thickness of 200 p and
was composed of thin delicate collagen fibres.

Discussion
The three babies in this study had OI II
because of glycine substitutions by valine
within the carboxy-terminal 75% of the triple
helical domain of the al (I) chain of type I
collagen. The glycine substitutions occurred
in Gly-X-Y triplets in which glycine in the
first position is essential for the normal forma-
tion of the triple helix.7
0135 (glycine 1006) had the most severe

clinical form, 01 IIC, with premature rupture

Figure 10 Electron micrograph of periostealfibroblasts of 0I35. All thefibroblasts in
the femoral periosteum contained grossly dilated rough endoplasmic reticulum (RER).

of membranes, severe antepartum haemor-
rhage, stillbirth, low birth weight, severe short
limbed dwarfism, extreme osteoporosis, and
gross skeletal maldevelopment. OI59 (glycine
973) was a better formed baby but was also
born prematurely as a result of premature
rupture of membranes and severe antepartum
haemorrhage. She had the typical radiographic
features of OI IIA. OI7B (glycine 256) was
born at term after a normal vaginal delivery
and also had the radiographic features of OI
IIA.
The pathological findings were similar in

OI35 and OI59 although the macroscopic and
microscopic changes were more severe in
OI35. There was almost no ossification in the
skull and very little ossification of the rest of
the skeleton. There was no cortical bone and
no evidence of organised collagen matrices as
seen in normal lamellar bone and haversian
systems. The macroscopic and microscopic
findings suggested that the osteoblasts were
producing a minimal amount of extracellular
matrix that was abnormal in composition. The
osteoblasts did not mature into osteocytes and
normal bone remodelling was absent.
The abnormal collagen metabolism previ-

ously reported in these babies provides some
explanations for the clinicopathological find-
ings. Cultured dermal fibroblasts from each
baby produced a mixture of normal and mu-
tant type I collagen molecules.7814 Chains from
the abnormal molecules migrated slowly on
electrophoresis owing to the overmodification
of lysine residues on the amino-terminal side
of the glycine substitution. In each case, the
distribution of the overmodified lysine res-
idues correlated with the site of the glycine
substitution. The secretion of the mutant mol-
ecules was retarded. In OI35, secretion was
reduced to 47% of normal while in 0159 it was
73% of normal. The gross reduction in secre-
tion by OI35 fibroblasts provided an explana-
tion for the gross dilatation of the rough
endoplasmic reticulum observed in periosteal
fibroblasts. In contrast, periosteal osteoblasts
from OI35 did not contain distended rough
endoplasmic reticulum. The reason for the
different appearances of the rough endoplas-
mic reticulum in these cell types was not
determined. The osteoblastic cells may have
been in a proliferative rather than matrix syn-
thesising phase of growth or alternatively
osteoblasts may be able to secrete the mutant
collagen more efficiently than fibroblasts.

Analysis of tissue collagens in OI35 and
0159 confirmed that both normal and mutant
type I collagen was present in the extracellular
matrix in vivo.8 In OI35 dermis, the concen-
tration of type I collagen was 24% of normal
while in OI59 it was 28% of normal. In both
samples, there was a reduced amount of acetic
acid soluble collagen, which suggested that
mutant collagen was degraded if it was not
rapidly incorporated into the more insoluble
matrix. In keeping with the dermal results,
OI35 bone contained 59% of the normal
amount of collagen while OI59 bone contained
73% of the normal amount. Although these
results, which were obtained by determining
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Figure 11 Electron micrograph of periosteal osteoblast of OI35. Osteoblasts in the
deep layer of the femoral periosteum were normal in appearance. The rough
endoplasmic reticulum was not distended.

the concentration of collagen per mg dry
weight of decalcified bone matrix, showed a
reduced amount of bone collagen, the radio-
graphic and pathological findings indicated
that the amount of bone matrix was reduced to
a much greater extent. The disparity in these
results reflects the way in which bone mass was

determined in the tissue study. A better bio-
chemical estimate of bone mass would have
been obtained if the total collagen and calcium
contents of control and OI long bones had
been determined.
The pathological findings in the present

study were similar to those observed in a

transgenic mouse model of OI II in which
glycine 859 of the al(I) chain was substituted
by cysteine.'7 The tissues were grossly disor-
ganised and contained a markedly reduced
amount of total collagen even when the mutant
transgene was expressed at low levels. These
findings confirm the devastating effect of even
small amounts of the mutant collagen in the
tissues.
Although all of the babies in the present

study died, the phenotype produced by the
glycine 1006 substitution by valine was more

severe than the phenotypes produced by the
substitutions at glycine 973 and glycine 256.
There was a gradient in the period of gestation
from 28 weeks in OI35 (glycine 1006) to 30
weeks in OI59 (glycine 973) and 40 weeks in
OI7B (glycine 256). The premature rupture of
membranes and antepartum haemorrhage in

OI35 and OI59 may have been the result of
abnormal extracellular matrix of the mem-

branes although this possibility was not
studied further. There was also a similar gradi-
ent in the survival of the babies although the
longer survival of OI7B may have been
because of prolonged artificial ventilation. The
radiographic and pathological findings also
indicated that OI35 was the most severely

I-4- -~~.1 4t
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Figure 12 The aorta from (A) 0159 and (B) control.
The tunica media of 0159 was thinner (200p) than the
tunica media of age and site matched control aorta
(600 ,). The adventitia, shown at the top of each panel,
was also thin with loosely arranged collagen in 0159.

affected baby. However, some of the dif-
ferences noted between the babies may reflect
differences in their genetic backgrounds.
The results of the present study are similar

to those observed previously in babies with
glycine substitutions by arginine at positions
391, 667, and 976 of the xl(I) chain of type I
collagen.9 These babies had 0111I and were
subclassified as IIB (glycine 976), IIA/IIB
(glycine 667), and IA (glycine 391). None of
them resembled 0135 (glycine 1006) with 01
IIC. The glycine 976 substitution by arginine
produced 01 JIB whereas the nearby glycine
973 substitution by valine produced 01 IA.
However, the substitution of glycine 391 by
arginine and glycine 256 by valine produced
the 01 IA phenotype. Substitutions of gly-
cine 84718 and 550f (by arginine were also
reported to produce I0 11, while the substitu-
tion of glycine 154s1 by arginine produced 0
III.
The genotype-phenotype relationships

observed for substitutions of glycine by argin-
ie or valine in the first position of Gly-X-Y
triplets in the al(I) chain differ from those
reported for glycine substitutions by cysteine.
0111 phenotypes were observed with substi-
tutions by valine as far amino-terminal as
glycine 256.'4 However, the transitional gly-
cine residue between the sites producing the
OI II and milder phenotypes is unknown as
the only reported cases of glycine substitutions
by valine in the al (I) chain are the three cases
described here. For glycine substitutions by
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arginine, the transitional glycine residue is
between glycine 154"3 that produces OI III
and glycine 3919 that produces OI I. Substi-
tutions by cysteine at glycine residues 988,20
904,21 748,22 and 718"3 produce OI II, substitu-
tions at 526"3 produce moderately severe OI
III, while substitutions at 178,23 175,24 and 9413
produce the milder OI I or OI IV phenotypes.
The transitional glycine residue separating the
OI II and OI III phenotypes lies between
glycine 718 and glycine 526, whereas the
transitional residue separating OI III and OI
I/IV lies between glycine 526 and glycine 178.
The reasons for the more carboxy-terminal
transitional regions with cysteine than with
valine or arginine substitutions are unknown.
The type of glycine substitution, also includ-
ing substitutions by aspartic acid, serine, alan-
ine, tryptophan, and glutamic acid, as well as
the site and surrounding sequences, are likely
to be important factors in determining the
severity of the phenotype. Unfortunately,
patients have not yet been identified with dif-
ferent substitutions of the same glycine res-
idue.
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