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Abstract

 

Osteogenesis imperfecta (OI) is a heritable connective tissue

disorder characterized by bone fragility. Most cases of se-

vere OI result from mutations in the coding region of the

 

COL1A1 

 

or

 

 COL1A2 

 

genes yielding an abnormal collagen 

 

a

 

chain. In contrast, many patients with mild OI show evi-

dence of a null allele due to a premature stop mutation in

the mutant RNA transcript. We have previously described a

null allele arising from a splice donor mutation where the

transcript containing the included intron was sequestered in

the nucleus. Here we demonstrate that transcripts from null

alleles arising from premature stop mutations are also

present in the nucleus and absent in the cytoplasm. Using

reverse transcriptase-PCR and single-strand conformational

polymorphism of 

 

COL1A1 

 

mRNA from patients with mild

OI, we describe three patients with distinct null producing

mutations identified from the mutant transcript within the

nuclear compartment. A fourth patient with a Gly

 

→

 

Arg ex-

pressed point mutation exhibits the mutant transcript in

both compartments. Defining the distribution of allelic vari-

ants of 

 

COL1A1 

 

mRNA in the nuclear and cytoplasmic

compartments gives further insight into cell biology of OI

and provides a strategy for investigating potential causes of

a null allele. (

 

J. Clin. Invest. 

 

1996. 97:1035–1040.) Key

words: collagen diseases 

 

•

 

 bone 

 

•

 

 RNA splicing 

 

•

 

 polymerase
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•

 

 polymorphism, single strand conforma-

tional

 

Introduction

 

Osteogenesis imperfecta (OI)

 

1

 

 is a heterogeneous group of
dominantly inherited connective tissue disorders resulting in
increased frequency of bone fracture (1). Clinical classification
of this group of disorders is divided into four broad categories
based primarily on the degree of bone fragility (2). In most
cases, the molecular basis of OI is a mutation within either the

 

COL1A1

 

 or 

 

COL1A2

 

 gene, the two genes encoding type I col-
lagen (3). An extensive literature has documented that many
of the severe forms (OI types II, III, and IV) are caused by a
glycine (Gly) substitution within the Gly-X-Y amino acid re-
peat located within the triple helical domain of this protein (4).
The mutant collagen 

 

a

 

 chains, when incorporated into the col-
lagen triple helix, compromise the integrity of the higher order
collagen structure, particularly in bone (5). A rough correla-
tion between the location of the glycine substitution, degree of
helix instability, and severity of bone disease has been demon-
strated, although exceptions do exist (6). Thus, the mildest
form of OI (type I) may arise from the synthesis of an abnor-
mal 

 

a

 

 chain, usually the result of a mutation located within the
NH

 

2

 

-terminal portion of the helix (7). Mild disease, however,
can also occur from a functionally null 

 

COL1A1

 

 allele (8–10).
In contrast to a structural mutation that disrupts higher order
collagen formation, a null allele merely decreases production
of normal type I collagen.

The molecular basis of a null 

 

COL1A1

 

 allele is frequently
the result of a premature stop codon arising either directly
from a point mutation or indirectly from a frameshift mutation
(11), or from a mutation causing an abnormality in mRNA
splicing (12). Our analysis of RNA containing a stop codon
within an included intron of the 

 

COL1A1

 

 gene (12) and a stop
codon in the chicken aggrecan gene (13) demonstrated that
the mutation-bearing transcript is retained in the nuclear com-
partment and does not accumulate in the cytoplasm, preclud-
ing its translation and, thus, rendering the allele null.

This work was initiated to determine if nuclear sequestra-
tion of one allelic transcript of 

 

COL1A1

 

 mRNA is also present
in patients with a null mutation that does not result from a de-
fect in RNA splicing. Our approach uses the presence of an
electrophoretic variant within PCR-amplified segments of

 

COL1A1

 

 mRNA extracted from the nuclear and cytoplasmic
compartments to distinguish between allelic transcripts and to
determine their presence in the two cellular compartments.
The approach provides a strategy that can distinguish funda-
mentally different molecular mechanisms for mild OI. In this
paper, three examples are given illustrating the production of
allelic transcripts from functionally null alleles. A fourth exam-
ple resulting from an expressed mutant protein also docu-
ments the ability to distinguish between an expressed and null

 

COL1A1

 

 mutation.

 

Methods

 

Fibroblast culture growth and harvesting DNA and RNA. 

 

Dermal fi-
broblasts from clinically diagnosed mild OI donors were isolated and
cultured in Dulbecco’s minimal essential media containing 5% FCS
and 5% horse serum as previously described (8). Cultures were
grown to confluency and supplemented with sodium ascorbate (25

 

m

 

g/ml) 24 h before harvesting. Cells were removed from the plate
with 0.25% EDTA/trypsin, washed in serum-containing media, and
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pelleted. Analysis of collagen chain synthesis and total collagen as a
percentage of total protein synthesized was performed by standard
radiolabeling and gel electrophoresis (8).

Genomic DNA was isolated from fibroblasts by resuspending the
cells in 0.1 M NaCl, 10 mM Tris, pH 8.0, 25 mM EDTA, 0.5% SDS,
and 100 

 

m

 

g/ml proteinase K for 4 h at 55

 

8

 

C, followed by sequential
phenol and chloroform extractions. The aqueous phase was removed
and adjusted to 2.5 M ammonium acetate, 66% ethanol at room tem-
perature. The DNA was collected by spooling, washed with 70% eth-
anol, dried, resuspended in 400 

 

m

 

l TE (10 mM Tris, pH 7.4, 1 mM
EDTA), quantitated spectrophotometrically (absorbency measured
at 260 nm), and stored at 4

 

8

 

C.
Nuclear and cytoplasmic RNA were obtained by disrupting the

cell membrane with reticulocyte swelling buffer–Triton as previously
described (14). Sample processing was rapid and done at 4

 

8

 

C. The nu-
clear fraction was pelleted by centrifugation (CRU-5000 centrifuge;
International Equipment Co., Needham, MA) at 3,000 rpm for 4 min.
The supernatant containing the cytoplasmic RNA was extracted us-
ing SDS–proteinase K as previously described (15). The nuclear pel-
let was reextracted in reticulocyte swelling buffer–Triton, repelleted,
and subjected to acid phenol extraction (15). Total RNA was ex-
tracted by the same method. RNA yield was determined by spectro-
photometry and stored at 

 

2

 

70

 

8

 

C. The ratio of 

 

a

 

1(I)/

 

a

 

2(I) mRNA was
performed by a dot hybridization protocol (14).

 

cDNA synthesis. 

 

cDNA was synthesized using 5 

 

m

 

g of nuclear,
cytoplasmic, or total fibroblast RNA as previously described (10).
Either a 35-mer cDNA primer directed to exon 48 (10) or a 33-mer
primer (5

 

9

 

AAGCCGAAGCTCCAACCGGGACAGACGAAG-
GAC3

 

9

 

), complementary to nucleotides 4479–4512 in exon 52, was
used. After incubating the reactions for 90 min at 37

 

8

 

C, 10 

 

m

 

g of car-
rier RNA was added, and the cDNA was phenol/chloroform ex-
tracted and ammonium acetate/ethanol precipitated. The pellet was
washed with 70% ethanol, dried, resuspended in 30 

 

m

 

l water, and
stored at 

 

2

 

20

 

8

 

C.

 

Amplification of fragments. 

 

The entire 

 

a

 

1(I) mRNA coding re-
gion was reverse transcriptase (RT)-PCR amplified (16) as 18 over-
lapping, 

 

32

 

P-labeled fragments of 

 

z

 

 300 bp in size (17). Some of the
oligonucleotide primers had an artificial cloning site added to the 5

 

9

 

end of the sequence. Table I lists the placement of nucleotide primers
and the fragments generated that encompassed the 

 

COL1A1

 

 mRNA.
The oligonucleotide primers were made using a DNA/RNA synthe-
sizer (model 394; Applied Biosystems, Inc., Foster City, CA), har-

vested according to recommended procedures (18), and stored at

 

2

 

20

 

8

 

C. The quantity of oligonucleotide primer was calculated spec-
trophotometrically.

The 10

 

3

 

 PCR buffer stock (300 mM tricine, pH 8.4, 50 mM

 

b

 

-mercaptoethanol, 0.1% gelatin, 1% polyoxyethylene-9-lauryl
ether, and 5–25 mM MgCl

 

2

 

 [19]) was stored at 4

 

8

 

C. The optimal
MgCl

 

2

 

 concentration and annealing temperature were determined for
each set of PCR primers. The PCR reaction consisted of 1 

 

m

 

l cDNA,
0.25 

 

m

 

g of the 5

 

9

 

 forward and 3

 

9

 

 reverse primers, 2 

 

m

 

l of the appropri-
ate 10

 

3

 

 PCR buffer, 2.5 U Taq polymerase (GIBCO BRL, Gaithers-
burg, MD), and 1 

 

m

 

Ci [

 

a

 

-

 

32

 

P]dCTP (3,000 Ci/mmol; Amersham
Corp., Arlington Heights, IL). This final volume of 16.8 

 

m

 

l was
heated to 94

 

8

 

C for 1 min before the addition of 3.2 

 

m

 

l of 0.4 mM
dNTPs (20). The reactions were subjected to 30 cycles of 94

 

8

 

C for
30 s, 42–72

 

8

 

C for 15 s, and 72

 

8

 

C for 30 s.

 

Single-strand conformational polymorphism (SSCP). 

 

A 0.4-mm-
thick, 19.5 

 

3

 

 36.5 cm SSCP gel (8% acrylamide, 10% glycerol, 1.78 M
Tris, pH 8.3, 1.78 M boric acid; and 40 mM EDTA [21]) was prerun at
600 V and room temperature for 30 min in 0.5

 

3

 

 TBE (44.5 mM Tris,
pH 8.3, 44.5 mM boric acid, and 1 mM EDTA). A 2-

 

m

 

l aliquot of the

 

32

 

P-labeled PCR reaction was added to 8 

 

m

 

l of denaturing loading
buffer (95% formamide, 20 mM EDTA, 0.05% xylene cyanol, and
0.05% bromphenol blue). The samples were heated to 94

 

8

 

C for 10
min, and a 3-

 

m

 

l aliquot was loaded into the 5-mm well. A second ali-
quot was loaded without prior denaturation. The electrophoresis was
run at 600 V (constant voltage) for 15 h at room temperature. The gel
was dried and exposed to x-ray film (XAR 5; Eastman Kodak Co.,
Rochester, NY) for 1–4 h at 

 

2

 

70

 

8

 

C to visualize the banding patterns
from the primary PCR.

 

Identification of SSCP bands. 

 

To isolate a SSCP band, a 2-

 

m

 

l ali-
quot of the original PCR reaction was rerun on another SSCP gel un-
der the same conditions. The wet gel was covered in Saran wrap
(Dow Chemical Co., Indianapolis, IN) and placed against x-ray film
at room temperature for 1–3 h. The developed film was placed over
the gel, and the area of interest was excised. The gel slice was sus-
pended in 50 

 

m

 

l of water, mechanically crushed for 30 s, placed on ice
for 15 min, and centrifuged to separate the liquid from the solid
phase.

PCR reamplification of the isolated SSCP fragment was per-
formed in a reaction volume of 100 

 

m

 

l, containing 10 

 

m

 

l of 10

 

3

 

 PCR
buffer and 2 

 

m

 

l of the template. The molar concentration of oligonu-
cleotide primers and nonradioactive dNTPs as well as the reaction
conditions were the same as the original PCR. Generation of the ex-
pected size product was confirmed by running a 5-

 

m

 

l aliquot in a 6%
TBE acrylamide gel followed by ethidium bromide staining. The re-
mainder (95 

 

m

 

l) of the PCR reaction was incubated for 60 min at 37

 

8

 

C
with 50 

 

m

 

g/ml proteinase K (22), followed by phenol/chloroform ex-
traction and ethanol precipitation.

The sample was redissolved in 16 

 

m

 

l water, incubated with the ap-
propriate restriction endonucleases, gel purified, and extracted with a
gel purification kit (QIAEX; Qiagen Inc., Chatsworth, CA) accord-
ing to the manufacturer’s instructions. Half of the eluted DNA (10

 

m

 

l) was ligated to an appropriately linearized and phosphatased pBS-
SK (Stratagene, La Jolla, CA) vector (50 ng) or pCRII (Invitrogen
Corp., San Diego, CA) and transformed into DH5

 

a

 

 

 

Escherichia coli

 

cells (23). Colony identification was performed by restriction enzyme
digestion of isolated plasmid DNA or by colony lift (24) with a

 

32

 

P-labeled probe. Plasmid DNA was isolated by alkaline lysis (25)
and resuspended in water. Sequencing of the double-stranded DNA
was done by dideoxy sequencing (26) using a T7 Sequenase kit
(United States Biochemical Corp., Cleveland, OH).

 

Results

 

Our strategy to discriminate between an expressed and a null
mutation in mild OI is dependent upon distinguishing the tran-
scripts derived from each 

 

COL1A1

 

 allele. The method uses

 

Table I. Amplification Strategy

 

1. Exons 2–6 (306–618 nt)

2. Exons 6–9 (594–808 nt)

3. Exons 9–15 (787–1106 nt)

4. Exons 15–19 (1081–1354 nt)

5. Exons 19–23 (1331–1715 nt)

6. Exons 23–26 (1638–1917 nt)

7. Exons 24–27 (1747–1965 nt)

8. Exons 26–31 (1899–2184 nt)

9. Exons 30–33/34 (2115–2389 nt)

10. Exons 33/34–37 (2368–2629 nt)

11. Exons 36–39 (2542–2767 nt)

12. Exons 38–41 (2689–3000 nt)

13. Exons 41–42 (2978–3219 nt)

14. Exons 43–47 (3195–3516 nt)

15. Exons 47–49 (3492–3782 nt)

16. Exons 49–50 (3781–4128 nt)

17. Exons 50–52 (4119–4377 nt)

18. Exons 51–52 (4360–4502 nt)

Strategy for systematic evaluation of 

 

a

 

1(I) RNA is listed above. The lo-

cations of the oligonucleotides in 

 

a

 

1(I) mRNA are included.
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collagen RNA extracted from the nucleus of cultured fibro-
blasts as the template to detect an electrophoretic variant that
is unique to one patient and absent from other patient and
control samples. Once an electrophoretic variant is identified
in the nuclear compartment, the cytoplasmic RNA is then ex-
amined. The presence of the variant in both compartments
suggests an expressed collagen mutation; total RNA prepara-
tions may then be used for further analysis. In contrast, pres-
ence of the variant in the nucleus alone indicates a null muta-
tion, and further analysis must be restricted to nuclear RNA.
In both cases, DNA sequencing will determine whether the
unique band represents the causative mutation. An innocuous
base change requires further analysis of the patient cDNA de-
rived from the appropriate pool of RNA. We describe the suc-
cessful application of this method for mutation identification
in four patients with OI.

 

Patient 196: glycine substitution in exon 11. 

 

The initial SSCP
screen of several overlapping 

 

COL1A1

 

 cDNA fragments de-
rived from the nuclear RNA of patients with mild OI revealed
a unique band present in the fragment encoded by exon 9–15
of patient 196 (Fig. 1 

 

A

 

). Subsequent SSCP analysis of the
same region using the cytoplasmic RNA also demonstrated
the presence of the unique band. This evidence of allelism ap-

pearing in both compartments indicated that the mutation
leading to the OI phenotype probably resulted from an ex-
pressed mutation, and further analysis used total RNA.

Asymmetric restriction enzyme cleavage further localized
the mutation to exon 10–15 (data not shown). A subsequent
PCR of this region confirmed the original screen and demon-
strated a greater band separation (Fig. 1 

 

B

 

). cDNA made from
total RNA from the affected parent also confirmed the pres-
ence of the two alleles (Fig. 2 

 

B

 

). The identified electro-
phoretic variant band from patient 196 was excised from the
SSCP gel and reamplified using oligonucleotides containing ar-
tificially created restriction endonuclease sites. Sequencing of
the cloned cDNA as well as genomic DNA revealed a G to A
transition at nucleotide 888 (helical codon 79), which changed
Gly to Arg in exon 11 in approximately half of the resultant
clones (Fig. 1 

 

C

 

).
The synthesis of collagenous proteins by cultured fibro-

blasts of patient 196 (Table II) revealed low normal levels of
total collagen production, whereas the 

 

a

 

1(III)/

 

a

 

1(I) chain ra-
tio and the 

 

a

 

1(I)/

 

a

 

2(I) mRNA ratio were normal. The migra-
tion of the 

 

a

 

1(I) and 

 

a

 

2(I) chains on SDS-PAGE were not de-
layed (data not shown).

 

Patient 189: stop codon in exon 19. 

 

The initial 

 

COL1A1

 

SSCP screen of nuclear RNA from this individual with mild OI
revealed two electrophoretic variant bands present in the frag-

Figure 1. (A) Mild OI nuclear 
SSCP screen exon 9–15. This figure 
is from a nuclear screen (exon 9–
15) of a number of individuals with 
mild OI. The differing alleles are 
indicated by the arrows. Lane 1, 
patient 196 nuclear cDNA; lane 2, 
patient control; lane 3, control. 
Primers used: 9 F 59CCAGGT-
CCCCCTGGAAAGAATG39;
15 R 59tcactgatCCAGTAGCA-
CCATCATTTCCACGAGC39. 
(B) SSCP analysis of cDNA from 
control (lane 1), patient 196 nu-
clear RNA (lane 2), cytoplasmic 
RNA (lane 3), and cDNA from to-

tal RNA of the patient’s affected parent (lane 4) is shown here. Note the presence of the abnormal allele in the affected individuals. Additional 
primers used, 10 F 59gcgaattCCTGGTCGTCCTGGTGAGCGT39. ND, nondenatured. (C) Genomic sequence, patient 196. Sequencing the an-
tisense strand of the genomic DNA revealed a single base pair change: G to A alters the amino acid Gly to Arg at nt 888.

Figure 2. Nuclear and cytoplas-
mic SSCP, patient 189. SSCP 
analysis of patient 189 (exon 
19–23) comparing cDNA syn-
thesized from the nuclear RNA 
(lane 1) and the cytoplasmic 
RNA (lane 2). Note the abnor-
mal allele is present only in the 
nuclear compartment and ab-
sent from the cytoplasmic com-
partment, indicating the pres-
ence of a null allele. Primers 
used, 19 F 59gaattcGTATTG-
CTGGTGCTCCTGGC39;
23 R 59gcgaattcGCTTCACCG-
GGACGACCAGCT39.

Table II. Protein Examination

Collagen
synthesis as

percentage of
total synthesis

a1(III)/a1(I)
chain

a1(I)/a2(I)
mRNA

Controls 4–6% 0.14–0.18 1.7–2.3

Patient 196 expressed 3.560.2% 0.16 1.96

Patient 189 null 2.160.2% 1.16 1.4

Patient 263 null 2.360.3% 0.75 0.96

Patient 190 null ND 0.39 ND

Initial protein analysis of the indicated individuals with osteogenesis im-

perfecta is listed for comparison. ND, not determined.
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ment encoded by exon 19–23 (Fig. 2). The unique bands were
present in the nuclear fraction but absent from the cytoplasmic
fraction. Nuclear sequestration of one allele indicates a null
mutation. Analysis of collagenous proteins synthesized in the
patient’s cultured fibroblasts showed that total collagen pro-
duction was decreased to z 50% of control levels (Table II).
The ratio of a1(III)/a1(I) collagen was high, suggesting that
the reduction in total collagen production was a consequence
of a decrease in type I collagen production. Furthermore, the
a1(I)/a2(I) mRNA ratio was , 2, indicative of a decrease in
a1(I) mRNA.

The electrophoretic variant bands identified in the nuclear
RNA were excised from the SSCP gel and reamplified using
oligonucleotides containing artificially created restriction en-
donuclease sites. DNA sequencing of the cloned fragment
showed a C to T transition at nucleotide 1362 in exon 19, which
changed the amino acid Arg to a stop codon, CGA→TGA
(Fig. 3 A). This transition created a new restriction site, Bsu36I,
which allowed rapid confirmation of the mutation in the PCR
products and demonstrated that the mutation was present in
the nuclear RNA but absent from the cytoplasmic RNA (Fig.
3 B). Cloning and sequencing of the genomic DNA isolated
from patient 189 confirmed the mutation. The normal and mu-
tant alleles were easily identified by restriction mapping.

Patient 190: 1-bp deletion in exon 27. Initial analysis of the
a1(III)/a1(I) chain ratio was high, indicative of a null allele

(Table II). The nuclear SSCP screen of the region containing
exon 26–31 revealed an additional band present in patient 190
but absent from the other patients (data not shown). The
SSCP comparison of nuclear and cytoplasmic RNA from pa-
tient 190 revealed the absence of the abnormal band from the
cytoplasmic RNA (Fig. 4 A). DNA from the abnormal allele
was isolated, reamplified, cloned with the TA cloning kit (In-
vitrogen Corp.), and sequenced. The sequence of the abnor-
mal cDNA revealed a single base pair deletion, T at nucleotide
1986 in exon 27 (Fig. 4 B). This created a premature stop
codon 142 amino acids downstream in exon 33, precluding the
exit of this transcript from the nucleus. Confirmation by ge-
nomic sequencing was performed (data not shown).

Patient 263: 2-bp deletion in exon 50. Patient 263 is a mem-
ber of a family in which mild OI has previously been described
(9). SSCP analysis of nuclear RNA revealed a distinct and in-
tense abnormal band pattern of the exon 49–51 (Fig. 5). The
unique bands were limited to the nuclear RNA, whereas the
bands derived from the normal allele were present in both
compartments. Analysis of collagenous proteins and total col-
lagen mRNA also suggested a null allele. Total collagen pro-
duction was low, the a1(III)/a1(I) collagen chain ratio was
high, and the a1(I)/a2(I) mRNA ratio was low (Table II).

Subsequent cloning and sequencing of abnormal bands re-
vealed a 2-bp deletion in exon 50 (nt 3708–3709), which cre-
ated a stop codon 21 amino acids downstream in the same
exon. This mutation was previously identified by Willing et al.
(11) using SSCP analysis of genomic COL1A1 DNA.

Discussion

We have demonstrated that allelic transcripts from the
COL1A1 gene containing a premature stop codon are present
in the nuclear compartment but absent from the RNA found
in the cytoplasm of fibroblasts from patients with mild OI. The

Figure 3. (A) Genomic sequence, patient 
189. The sequence of the antisense strand of 
the confirming genomic sequence is shown 
here, demonstrating the normal allele 
(GCA) and the abnormal null allele creat-
ing a premature stop codon (TGA) in exon 
19, nt 1362. (B) Nuclear and cytoplasmic 
cDNA-amplified fragments digested with 
Bsu36I demonstrate the novel restriction 
site created in the abnormal allele at bp 
1363, which removes 32 bp in this allele.

Figure 4. (A) Nuclear and cytoplasmic SSCP, patient 190. SSCP anal-
ysis of patient 190 (exon 26–31) comparing cDNA made from nuclear 
RNA (lane 1) and cytoplasmic RNA (lane 2) demonstrating the pres-
ence of an abnormal band sequestered in the nuclear compartment. 
Primers used, 26 F: AAGGCTGGAGAGCGAGGT; 31 R: TTGCA-
CACCACGCTCGCCAG. (B) cDNA sequence, patient 190. Se-
quencing the antisense strand of the cDNA showed a single base pair 
deletion of T at nucleotide 1986, which altered the subsequent read-
ing frame, creating a premature stop codon 142 amino acids down-
stream.

Figure 5. Nuclear and cyto-
plasmic SSCP, patient 263. 
SSCP analysis of patient 263 
(exon 47–49) comparing 
cDNA made from nuclear 
RNA (lane 1) and cytoplasmic 
RNA (lane 2) demonstrating 
prominent abnormal bands 
are sequestered in the nuclear 
compartment. Primers used, 
47 F: 59CTCTCCTGGTGA-
ACAAGGTCCCTCT39; 
49 R: 59GTCACGGTCACG-
AACCACATTGGC39.
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literature examining the manner in which cells handle an
mRNA containing a premature stop has been inconsistent. Us-
ing pulse chase experiments in erythroblasts of individuals
with b1-thalassemia, Benz et al. (27) found nuclear b/a mRNA
levels that were almost double those found in nonthalassemic
controls, while the cytoplasmic ratio was less than one-half of
the controls. This initial evidence for nuclear accumulation of
mutant transcripts has been difficult to confirm. Cheng et al.
(28) examined human fibroblasts heterozygous for a null mu-
tation of the triosephosphate gene and found decreased levels
of triosephosphate mRNA in the nucleus and cytoplasm. They
proposed that rapid intranuclear degradation of the mutant
transcript occurred at a step after gene transcription and splic-
ing but before nuclear export. Willing et al. were unable to find
COL1A1 transcripts in the nucleus or cytoplasm in fibroblasts
of individuals with a functionally null collagen allele using
primer extension assays (11). They could not distinguish
whether the apparent lack resulted from decreased transcrip-
tion or rapid degradation. Unlike the above examples in which
the RNA with a premature stop is functionally null, Dietz et al.
found shortened transcripts from the fibrillin gene in Marfan’s
syndrome, and in the d-aminotransferase RNA from patients
with gyrate atrophy, which resulted from skipping of the exon
containing the premature stop codon (29). This occurrence has
not been reported for the COL1A1 gene and would be un-
likely to cause mild OI if it arose within the 40 in-frame exons
that encode the helical domain (30).

Studies that used transfection to assess RNA processing of
a transcript containing a nonsense codon have not always re-
produced the naturally occurring mutations and have yielded
equally conflicting results. Mutant transcripts that are rapidly
degraded in the nuclear compartment (31–34) or transported
and degraded in the cytoplasm have been reported (35). With
the increasing appreciation of the role the nuclear matrix plays
in RNA splicing and subsequent export (36, 37), it cannot be
assumed that an RNA from a transfected gene shares the same
fate as RNA from an endogenous gene. Analysis of naturally
arising null mutations in the COL1A1 gene in patients with
mild OI provides a rich source of material to examine the bio-
logical basis for low cellular COL1A1 mRNA levels.

We have noted variations in the absolute amounts of the
electrophoretic variant nuclear transcript as revealed by PCR
and SSCP. In our experience, the visual intensity of the novel
bands are usually equal to or greater than the normal band,
but the ratio may differ between RNA preparations. The vari-
ation may reflect the choice of primers used to generate the
RT-PCR fragment. Our primers were designed to amplify the
entire a1(I) mRNA as relatively short but minimally overlap-
ping fragments that may have not been optimized to detect ev-
ery electrophoretic variant. As newer methods for detection of
single base pair mutation in a larger fragment of DNA become
available (38), this variability may diminish and the efficiency
of our approach may increase. This variability may also repre-
sent artifacts related to cell density, or RNA harvesting, or it
may reflect true differences in nuclear RNA content. Whether
these differences are indicative of a particular kind of mutation
is unknown at this time. Greater nuclear accumulation might
be expected in null mutations where nuclear export is not de-
tectable. At present, the relative intensity of electrophoretic
variants cannot be interpreted except as an indicator of a se-
questered nuclear transcript.

To define the molecular basis of a null allele, both protein

and molecular studies are necessary. Protein studies will dem-
onstrate lower levels of type I collagen production when a null
allele is present. In cultured fibroblasts from a normal individ-
ual, total collagen synthesis accounts for z 5–7% of all protein
produced (30). Of the total collagen made, z 75–90% (39) is
type I collagen, which results in an a1(III)/a1(I) chain ratio be-
tween 0.14 and 0.18. An expressed mutation such as a glycine
substitution usually has normal to slightly reduced total col-
lagen synthesis with a normal a1(III)/a1(I) chain ratio. Patient
196, with an expressed mutation, fell within the normal range
for the a1(III)/a1(I) chain ratios and showed low normal levels
of total collagen synthesis. In contrast, patients 189 and 263,
both with null mutations, showed half of the normal total col-
lagen synthesis with an elevated a1(III)/a1(I) chain ratio, in-
dicative of low type I collagen production. Qualitatively, in
none of these patients did the mobility of the a chains deviate
from normal.

At the molecular level, a distinction between null and ex-
pressed mutations is also apparent. Previously, we have re-
ported that the ratio of a1(I) to a2(I) mRNA from patients
with mild OI was reduced by z 50% and correlated with low
type I collagen synthesis (8). However, the reduction in a1(I)
mRNA can be variable, probably because of limitations in the
hybridization procedures. Willing and co-workers (11, 40, 41),
capitalizing on allelic differences in collagen mRNA, show that
one allelic transcript was absent from the total RNA in many
patients with type I OI. Our paper shows that analysis of nu-
clear mRNA by RT-PCR followed by SSCP can be used to
identify electrophoretic variants derived from the two allelic
transcripts. Once identified, it can be determined whether both
allelic transcripts are present in the cytoplasmic compartment.
Patient 196 demonstrated two allelic transcripts in both com-
partments and proved to be OI from an expressed mutation.
Patients 189, 190, and 263 demonstrated both transcripts in the
nucleus but showed only normal transcript in the cytoplasm.
The nuclear-retained transcript illustrates the biology of a null
mutation and focuses the mutation identification analysis on
the mutation-harboring allele.

A null allele may arise from a gene deletion, promoter in-
activation, premature stop codons, and disruption of the poly-
adenylation signal. An additional mutation unique to collagen
can occur in the COOH-terminal propeptide by reducing in-
corporation of the affected a1(I) chain into the procollagen
molecule (42). By analyzing the quantity of collagen protein
and the distribution of the mRNA transcripts from both genes,
an expressed allele, a transcribed but null allele, or nontran-
scribed allele can be distinguished. This information should di-
rect DNA sequencing to the region of the gene most likely to
contain the underlying mutation. As this paper illustrates, null
alleles that are transcribed but have low type I collagen synthe-
sis show an electrophoretic variant that is sequestered in the
nucleus. There are two exceptions to nuclear sequestration
that point to unusual causes for a null allele. The first is a null
resulting from a lack of transcription of the mutant allele. In
this case, low type I collagen synthesis is associated with no ev-
idence of an electrophoretic variant in either the nucleus or cy-
toplasm in the collagen mRNA, although allelism can be found
in the exonic sequences of the genomic DNA. The second is a
mutation in the COOH-terminal propeptide affecting chain
assembly. In this case, low type I collagen synthesis is associ-
ated with an electrophoretic variant in both the nuclear and cy-
toplasmic compartments.
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The pathophysiology that accounts for the low bone mass
in OI is still not well understood. Contradictory evidence of a
high rate of bone formation/turnover and a low rate of bone
formation/turnover have been presented (43, 44, 45). Clinical
analysis of patients with mild bone disease resulting from ei-
ther underexpression of a normal collagen molecule or accu-
mulation of an abnormal collagen molecule may begin to re-
solve some of these contradictory findings. There are no
distinguishing clinical features in terms of fracture frequency,
stature, or blue sclera that discriminate patients with an ex-
pressed mutation from those with a null mutation. A more de-
tailed analysis of clinical parameters such as bone densitome-
try, bone histomorphometry, and serum and urine markers for
bone turnover, correlated to the molecular basis for defective
matrix formation, may provide diagnostic insight for future
treatment of this disease.
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