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Variable Expression of Osteogenesis Imperfecta in a Nuclear
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Surmmary

Fibroblasts from a man with 2 mild form of ostcogenesis imperfecta (O1) and from his son with perinatal
lethal OI (OI type IT) produced normal and abrormal type I procollagen molecules. The abnormal mole-
cules synthesized by both cell strains contained one or two proul(l) chains in which the glycine at position
550 of the triple-helical domain was substituted by arginine as the result of a G-to-A cransition in the first
basc of the glycine codon. Cells from the mother produced only normal type I procollagen molecuies. By
allele-specific oligomucleotide hybridization to amplified genomic sequences from paternal tissues we deter-
mined that the mutant allele accounted for approximately 50% of the COL1A1 alleles in fibrobiasts, 27%
of those in blood, and 37% of those in sperm. Thesc findings demonstrate that the father is mosaic for
the potentially lethal mutation and suggest that the QI phenotype is determined by the nature of the muta-
tion and the relative abundance of the normal and mutane alleles in different tisszes. Furthermore, the
findings make it clear that some individuals with mild to moderate forms of Ol are mosaic for mutations

that will be lethal in their offspring.

Introduction

Osteogenesis imperfecta (O1) is a heterogeneous group
of inherited disorders characterized by an excessive ten-
dency to fracture and the variable involvement of ex-
traskeletal tissues including teeth, sclerac, and ligaments,
Forms of the disarder range from death in the perinatal
period, through marked short stature and severe defor-
mity, to normal life span and little disability (Sillence
et al. 1979; Smith er al. 1983). The clinical heterogene-
ity appears to reflect the effeats of mutations in two
collagen genes (COLIAI and COL1A2) which encode
the chains of the type I collagen, the nature and loca-
tion of those mutations and, possibly, mutations in non-
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collagen genes (see Byers et al, (19884] and Byers [1989]
for reviews),

Although there 1s clinical overlap among the non-
lethal forms of Ol (types!, 1Il, and 1V} and intrafamiliat
variability of Ol is well recognized, the accurrence of
lethal and nonlethal forms of Of in the same family
as a resule of the same mutation appears to be very rare,
One such instance was recognized in a survey of the
inheritance of the perinatal lethal form of Ol, Ol type
i1, where the father of an infant was found to have fea-
tures of OI type [V (Byers et al, 198845),

We have now investigated the molecular basis of the
variable expressian of Ol in this nuclear family. The
infant was heterozygous for a mutation resulting in the
substitution of the glycine residue at position 550 of
the triple helix of the al(l) chain by arginine. The fa-
ther was found to be mosaic for this mutation so that
about half the COL1A1 alleles {which epcode the
proal(I) chains of cype [ procollagen} in fibroblasts con-
tained the mutation, but the proportion in blood and
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sperm was lower. These findings support the concept
that the phenotypic expression of a genetic disease
reflects the nature of the mutation, its relative abun-
dance, and its expression in target tissues, Furthermore,
this evidence raises the concern that some individuals
who appareatly have new dominant mutations that pro-
duce Ol are, in fact, mosaic for murations thar will be
lethal in their offspring,

Material and Methods

Clinical History

The proband was the second child born 1o a 3%-year-
old man and his 34-year-old wife. The infant was barn
at 35 wk gestation and weighed 2.0 kg, The child had
the characteristic appearance of Of type i1, and radio-
graphs demonstrated markedly diminished calvarial
mineralization, beaded ribs, platyspondylia, short broad
femoral and humeral bones, bowing of the short tibiac
and fibular bones, and generalized osteopenia. The in-
fant was inciuded in a previous survey of OI type Il
{patient 35 [84-170] in table 1 of Byers et al., (19886)),

The father was a healchy 44-year-old man at the time
of a recent physical examination. He was the second
child of a nonconsanguineous couple. His mother de-
veloped severe scoliosis during her teenage years, but
has no other skeletal anomalies or health pioblems,
His father had no skeletal anomalies, and died from
a cardiac arrest at age 81 years. His sister has no skele-
tal anomalies,

He was born following a forceps delivery and weighed
2.87 kg. He was noted at birth to have a large, tri-
angular-shaped head, and was thought to have hydro-
cephalus. No broken bones were noted. His head re-
mawed disproportionately large throughout life and
his linear growth was slower than normal.

He broke his right collar bone while playing tag ac
age 8 yeass; the bone healed within the expected period
of time, without disfigurement, and has never rebroken.
He has not broken any other bones. His primary and
secondary teeth were smali and he had many dental
caries. His hearing and vision are normal.

He was treated twice weekly with human growth ho-
mone from age 8 to age 14 years. His height was 106.6
cm az the beginning of treatment and 148.6 cm at the
end of treatment; his height has not increased since stop-
ping treatment. The growth hormone adminiseration
was associated with early sexual matucation (pubic hair
growth began at age 8 years, shaving at age 9 years,

and genital maturity by age 10 years) and improved phys-
ical strength.
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On physical examination at age 44, the father was
148.6 cm and weighed 61.8 kg. His head circumfer-
ence was 61.0 and span was 147 cm. The skull shape
was triangular, The sclerae had a bluish hue. The mid-
face was small and flac and the philtrum hypoplastic.
He had a normal number of small teech which had a
greyish discoloration. His neck was short and he had
a barrel-shaped chest. No hearr murmur was heard.
Hus spine was straight. The genitalia were normal and
he had an unrepaired cight inguinal hernia. There was
no limitation of movement of che extremities and there
was no bowing or angulation of the long bones. The
hands and feet were normally proportioned. The fingers
and toes were hyperexiensible, Neurological examina-
tion was normal.

Preparation and Eiectrophoretic Analysis of Procollagens
ond Collagens

Fibrobtast cell strains were established from explants
of skin trom the parents and the infant with Of type
M, with appropriate consent. Cells from unrelated
healthy subjects served as controls. Cell cultures were
maintained under standard conditions in Dulbecco-Vogt
Modified Eagle Medium {DMEM, GIBCOQ) as de-
scribed elsewhere (Bonadio ot al. 1985). Labeling pro-
teins with 2,3.4,5-[*Hiproline {(Amersham; 101 Ci/
mmol}, harvesting of medium and cell-layer proteins,
and SDS-PAGE of the labeled proteins were carried out
as described elsewhere (Bonadio et al, 1985). Cyano-
gen bromide (CNBr) peptides of pepsin-treated procol-
lagen were separated by isoelectric focusing in a verti-
cal slab gel as described elsewhere (Benya 1981; Cole
and Chan 1981; Bonadio et al. 1985) and then sepa-
rated in a second dimension by SDS-PAGE.

DNA Sequence Determination

Total RN A was prepared from dermal fibroblasts of
the father and of the fetus with Ol type Il (Chromcgyn-
skiand Sacchi 1987; Greenberg 1987). Ten micrograms
of RNA were precipitated with 1 pg of a Safl-tailed oli-
gonucleotide primer, 709, located 3’ to the region en-
coding al (1) CB3 (amino acid residucs 402-551 of the
triple helix}; the sequence was 5" CTTGTCGACTGG-
AAGACCAGCTGCACCAC 3’ coding for amino acids
555-561 of the triple helix. The cDNA was prepared
as described elsewhere (Maniaris e al. 1982; Willing
et al, 1990). An EcoRli-tailed primer, 708, located
5" to the region encoding al{l)CB3 (sequence: §°
GGGAATTCCCACCTGGTGCOCGTGGTCA 3 amino
acids 392-398 of the triple helix), and primer 709 were
used to amplify cDNA synthesized from the al{l}
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mRNA spanning the a1(1) CB3 domain using the poly-
merase chain reaction (Saiki et al. 1988). Five picomoles
of the appropriate aligonucleotide primers per reaction
and the buffers specified in the Perkin Elmer-Cetus
DINA amplification kit were used, except that the reaction
mixture had a final concentration of 4 mM MgCl; and
10 mM dithiothreitol. Thisty ¢ycles of 1.5 min at 94°C,
2 min at 55°C, and 3 min at 72°C were performed.
The amplified cDNA products were separated on a 1%
LMP agarose gel {Bethesda Research Laboratories), and
the appropriate §27-bp fragment was excised and
purified {Benson 1984}, The amplified cDNA fragment
was digested with EcoRI and $4f1, and 30 ng was ligated
to 100 ng of stmilarly cleaved M13mpl8. Single-stranded
DNA was prepared from clones containing inseres of
the correct size {Messing et al. 1984}, and the DNA
was sequenced by the dideoxy-chain-terminationt method
{Sanger et al. 1979} with T7 polymerase (Sequenase;
United States Biochemical).

Hybridization of Allele-spacific Oligonucieotides to
Genomic DNA

Genomic DNA was prepared using standard proce-
dures from the parental and infant Rbroblasue cell
strains and from peripheral blood leukocytes and sperm
samples from the father. The genomic DNA sequence
containing the mutacion site was amplified using primers
709 and 705 {sequence: 5 TGGAGGTCCCCGGTAGC-
CAGGGCGOCCCCTGE ¥, amino acids §37-547 of
the triple helix), focared at the 3’ and 5" ends of exan
32 of the COLLAT gene, respectively. Seriaf twofold di-
lutions of the 82-bp fragment were prepared in 33.3%
{vol/vol} formaldebyde {using a standard solution of
37% formaldchyde). The samples were heated for 4
min at 100°C, immediately apphed 0 a nylon filter
{Nytran; Schleicher and Schull} in a slot blot appara-
tus, and the Alter was baked for 2 h at 80°C. Duplicare
filters were prepared for each sample, prehybnidized for
4 h, and then hybridized overnight at §2°C using a szan-
dard procedure (Maniaus e al. 1982) with etther the
mutant or normat fy-*2P1ATP (3,000 Ci/mmol; Am-
ersham) end-labeled allele-specific oligonucleotides
{normal, 5 TGGCCTTCAGGGAATGCCTGE 3 mu-
tant, §° TGGCCTTCAGAGAATGCCTGG ¥'). The
filers were washed in 6 x SSCand 0.5% 5DS at room
temperature, then in 6 x $5C alone at room tempera-
ture, and then in 6 x SSC at 68°C for 10 min. The
filters were wrapped in Saran Wrap and exposed to Ko-
dak XAR-S X-ray filim for 4-24 h. Under these condi-
cions there was no cross-hybridization of the normal
or inutant oligenucleotides to cloned DNA of the mu-
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tant or normal alleles, respectively (results not shown).
The absorbance of the resultant bands on the film was
determined by densitometry (Zenich Scanning Den-
sitometer, Model SLR-504-X1, Biomed Instruments).
A curve was generated to deteemine the density valoes
over which there was linearity, and experimental mea-
surements within chat range were used to determine rcl-
ative ranos. The refative frequencies of the mutam
COLIAL allele were calculated from the ratio of the
densities of the bands obtained when hybridizing with
the mutant-allele oligonucieotide versus the combined
densities of the bands obtained whesn hybridizing with
the mutant or the normat-allete oligonucleotides. The
proportion of the mutant allele was expressed as a per-
centage. The frequency calculations were uncorrected
for differences in the specific radioactivities and hybrid-
szation efficiencies of the oligonucleatides. These differ-
ences were corrected for and normalized by using, as
a standard, the resuits from the presumed heterozygous
infant in the calculation of the allele frequencies in the
tissue from the father.

Results

The Father ond the Fetus Both Have a Charge Shift in
« HCB3 of Type i Procolfagen

Fibroblastic cells from che infant with Of type fhand
the infant's father produced normatl and abnormal type
I procollagen molecules. The chains in the abonormal
motecules were delayed in electrophoretic mobility, and
the abnormal molecules were preferentially retained
within the cells (fig. 1). Cells grown from the mother
of the fetus produced type I procoliagen molccules that
contained only nermally migrating chains. Two popu-
lations of CNBr peptides of the al{i) chains of type
I procollagen were synthesized by the cells from the fa-
ther and the fetus: a normally migrating population
and a population of peptides that were overmodified
amino-terminal to tl{HCB3. The a1{I)CB3 peptide con-
tained both a normally charged popidation and one
with a more basic isoefectric point {hg. 2).

The Father and the Fetus Both Hove the Same Point
Mutetion Producing a Single Amina Acid Substitution

The COL1AL cDNA synthesized from fibroblascic
mRNA from the facher and the fetus bad a G-to-A tran-
sition in the frst nucleotide of the codon for amino
acid restdue 550 of the triple-helical domain of the al(l)
chain in about half the clones that were sequenced (fig.
3). This point mutation resulted in the substtution of
glycine by arginine.
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Figure | Proa chains of type | collagen separated under reduc-

ing conditions. The arrows indicate the populations of overmodified
proal(l} chains present in the medium and cell Tayers of the Ol type
Il cell strain {O1} and the father {F} but not seen in the conteod (C)
or the mother {M}. FN = fibronectin.

The Father is Mosaic for the Point Mutation

Allele-specific oligonuclectides were used ro estimate
the relative frequency of the normal and mutant
COL1A1 in genomic DNA isolated from several pater-
nal issues (fig. 4). The relative proportions of the mu-

1037

tant allele were in the range of 46%~50% of the
COLI1AL1 alleles in Abroblasts, 26% -27% of those in
blood, and 36%-40% of those in sperm.

Discussion

For point mutations that result in substitutions for
glycyl residues within the triple-helical domain of the
al(l) chain of type I collagen there appears to be a pre-
dictable refarionship between the nature and location
of the substitution and the resulting phenotype {Byers
1989; Starman et al. 1989). In general, as the same sub-
stitution is moved toward the amino-terminal end of
the triple helix, the phenotype becomes milder. For ex-
ample, the substitution of cysteine for glycine at posi-
tions 988, 904, 748, and 718 is lethal, at §26 produces
Ol type It1, at 175 produces Ol type IV, and at 94
produces Ol type | (Starman et al. 1989). Similarly,
arginine substituted for glycine at positions 847 (G. A.
Wallis et al., submitted), 667 {(Bateman et al. 1988;
in a personal communication, J. F. Bateman stated that,
in Bateman et al. [1988], “substitution of arginine for
glycine 664" should read “substitution of arginine for
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Figure 2

Two-dimensional maps of CNBr peptides. Peptides were separated by isoelectric focusing in the first dimension and by SDS-

PAGE in the second. Panels represent the medium and cell-layer peptides after Iabeling of cell strains from a control, father, or infant (G}
for 18 h with |*H]proline, The additional basically charged a1{1} CB3 peptide synthesized by the paternal and OI cell strains is indicated
bs an arrow. The line diagram below the panels indicates the arrangement of the CNBr peptides of the al(l) chain. The reason for the
apparent lower molecular weight of the basically charged al{l} CB3 pepride relative to its normal charged counterpart is unknown. This
phenomenon has been observed in other reported glycine-to-arginine mutations in collagenous peptides {Bateman et al. 1988; Waliis et al.,

submitted).
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Figure 3 Sequence of the COLIAL mutation. Top, cDNA sequencing gels of the normal and the murant COL1AL alleles from the

father and the mutant COLIAY aliele from the infang {OB. The arrows mark the site of the mutation. The G-to-A transition occurs at the
first base af codon 550t within exon 32, The cDNA sequence is of the untisense sirand, Bostom, DNA and protein sequences surrounding
the mutation site. The G-10-A transition results in the substituzion of arginine for glycine at ainino ackd position 550 of the triple helrx

of al{l}. The first glycine of the triple helix is designated residuc |

glycine 667) and 391 (Bateman et al. 1987) are all fe-
thal, whereas substitution at position 154 (C. I Pruchno
et al., submitted) produtces the Ol type 111 phenotype.

Thus, the substitution of arginine for glycine at posi-
tion 550 in al(l) is consistent with the lethal pheno-
type found in the proband. However, this mutation
would also be expected 1o produce a lethal phenotype
in the father in the absence of ameliorating mutations
or some other special circumstance. The abnormal type
I procollagen molecules synthesized by cells from the

01 Father Father faother Mather
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- . - a» - . — -
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Fibroblasts  Fibroblasts  Blood Sperm Fibroblasts
Figure 4 Allefe-specific oligonucleotide hybridization to

genomic DMNA isvlared from fbroblases of the mother and infant
(Ot} and from fibrablasts, blood, and sperm of the father. The DNA
was hybridized to either the normal (N} or the ruzant (M) oligonu-
cleoride.

father and from the proband were overmodified to the
same degree and extent, were retained within the cell
tn the same manner, and had the same decreased melt-
ing temperatures (results not shown). While phenotypic
variability in the family might be explained by the pres-
ence of a protective mutation in the father’s tissues (type
unknown) the recognition of different frequencies of
the mutant allele in tissues suggests that the milder
phenotype in the father reflects the mosaic distribution
of the murant allele in his tissues,

A substantial proportion of the father's somatic cells
{fibroblasts and leukocytes) and germinal cells contained
the mutanc allele, indicating that the mutation accurred
during the father’s embryonic development, prior to the
segregation of fibroblast, germline, and hematopoetic
lincages. The proportion of cells with the murtant allele
to cells with the normal allele in the paternal osteo-
blasts has not been determined, but there must be
sufficient cells with the muzant allele in bone and other
tissues to cause the clinical manifestations of Of ap-
parent in the father. The proportion of cells with the
mutant allele required o produce a phenatypic effect
is not known, and the phenotypic differences may well
result if the cells synthesizing abnormal melecules are
not uniformly distributed in the matrix. Experimenis
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in transgenic mice suggest that expression of a mutant
collagen allele bearing a point mutation (el{]jgly859
to cys) at a level as low as 10% of the total ak{l) mRNA
can produce a lethal phenotype (Stacey et al. 1988).
Presumably, those alleles are expressed in all cells in
every tissue, so that 19% of the molecules {assuming
random assortment of products) produced by every cell
would be abnormal. In mosaic individuals, however,
only some cells express the mutant allele while others
express only normal alleles, Thus, if 10% of alleles in
amosaicindividual contained the mutation, then 15%
of all molecules would be abnormal but only 20% of
the cells would express the abnormal chain. As a con-
sequence, collagen production by 80% of the cells
would be normal, and any effects on secretion of fibril-
logenesis would probably be limited to the local envi-
ronment of the cells in the tissues that express the mu-
tant allele.

We are aware of a dozen families in which recurrence
of the Ol type Il phenotype in siblings is best explained
by parental mosaicism for the mutant allele. In each
family the parents are clinically normal. In one family
that has been extensively studied, a father who has no
clinical signs of Ol is mosaic such that about one of
seven alleles in sperm and one of five alleles in blood
are mutant, but he has no detectable mosaicism in
fibroblasts (Cohn et al. 1990}, Thus, it is clear that che
level of mosaicism and the expression of the mutant
allele in target tissues contribute to the phenotypiceffect
{see also Constantinou et al. 1989).

Although most of the clinical heterogeneity in Ol can
be explained by different mutations in either of the two
genes that encode the chains of type [ procollagen, so-
matic mosaicism provides an additional source of in-
rrafamilial variability. OQur finding {and that of Con-
stantinou et al. 1989) that mosaicism for an otherwise
lethal mucation can result in a clinical phenotype simi-
lar to that of OI type [V complicates genetic counsel-
ing for individuals who appear to represent new domi-
nant mucations. It is likely that most of these individuals
have Ol because they are heterozygous for a mutation
in a collagen gene whereas others (an unknown propor-
tion}, like the individual described here, are mosaic as
the result of a postzygotic mutation. The recurrence
risk among sibs of such individuals would be the back-
ground risk, but the risk of having children with more
severe forms of Ol would depend on the proportion
of mutant alleles in the germ line. As a consequence,
it is important to consider the possibility of mosaicism
in each individual with nonlethal Ol who is the first

sfected individual in his or her family. As more lethal
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and nonlethal mutations that result in OT are charac-
terized, and the relationship between genotype and
phenotype becomes clear, it will be possible to provide
better genetic counseling to individuals who appear to
have Ol as a result of new dominant mutations 1n the
genes that encode the chains of type 1 collagen.

We note, finally, that genetic anticipation [the con-
cept that a mutation becomes more severe with suc-
cessive generations {see Hall [1988] for review)] may
be explained in some nuclear families by somatic
mosaicism.
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