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Abstract

Osteogenesis imperfecta (OI) type I is the mildest form of
heritable bone fragility resulting from mutations within the
COL1A1 gene. We studied fibroblasts established from a child
with OI type I and demonstrated underproduction of a1 (I) col-
lagen chains and o1 (I) mRNA. Indirect RNase protection sug-
gested two species of o1 (I) mRNA, one of which was not col-
linear with fully spliced a1 (I) mRNA. The noncollinear popula-
tion was confined to the nuclear compartment of the cell, and
contained the entire sequence of intron 26 and a G — A transi-
tion in the first position of the intron donor site. The G — A
transition was also identified in the genomic DNA. The re-
tained intron contained an in-frame stop codon and introduced
an out-of-frame insertion within the collagen mRNA producing
stop codons downstream of the insertion. These changes proba-
bly account for the failure of the mutant RNA to appear in the
cytoplasm. Unlike other splice site mutations within collagen
mRNA that resulted in exon skipping and a truncated but in-
frame RNA transcript, this mutation did not result in produc-
tion of a defective collagen proal(I) chain. Instead, the mild
nature of the disease in this case reflects failure to process the
defective mRNA and thus the absence of a protein product from
the mutant allele. (J. Clin. Invest. 1993. 92:1994-2002.) Key
words: osteogenesis imperfecta « RNA splicing « nuclear RNA
transport « RNase protection » premature stop codon

Introduction

Osteogenesis imperfecta (OI)! is a heritable disorder that re-
sults in bone fragility. Identification of mutations within the
COLI1A1 and COL1A2 genes that encode the chains of type I
collagen has begun to provide a detailed understanding of the
structural requirements for the type I collagen molecule (1, 2).
Mutations that disrupt the triple-helical configuration of colla-
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gen, including substitutions for glycine in the gly-x-y triplet
(3), partial gene deletions (4), and exon skipping (5), pro-
duce, depending on the location of the mutation, a range of
disease severity that extends from lethal (OI type II) to severely
deforming (OI type III) to mildly deforming (OI type IV) (6).

In OI type I fractures are usually limited to the prepubertal
years and are not associated with bone deformity. At times the
fracture frequency is not recognized as a distinct abnormality
and the disorder only comes to medical attention when early-
onset osteoporosis develops in adult family members. Thus,
mild forms of OI and “familial osteoporosis™ often coexist, in
part because the underlying pathogenesis may be similar. For
mutations in the a1 (I) chain (COL1A1), there appears to be a
positional effect in which those at the COOH terminus are
more likely to result in severe disease than those at the NH,
terminus (7). In fact, substitutions for glycine have been iden-
tified near the NH,-terminal end of the triple helix that result in
nondeforming bone disease (type I OI) and heritable osteoporo-
sis (8). Mutations within the a2 (I) chain (COL1A2 gene) that
produce mild OI or osteoporosis (9) do not always occur at the
NH,-terminal end of the chain (10).

The most common mechanism for OI type I appears to be
decreased synthesis of normal type I collagen molecules. The
synthesis of proa1 (1) collagen chains (11) and the steady-state
level of a1 (I) mRNA appears to be reduced by ~ 50% (12,
13), suggesting that one of the two COL1A1 alleles is “null.”
We previously showed that dermal fibroblasts from some indi-
viduals with type I OI contain normal or elevated amounts of
al(I) mRNA in the nucleus (14). Furthermore, a novel spe-
cies of a1(I) collagen mRNA present in the nuclear compart-
ment of cells from one such child was not collinear with a
cDNA probe (15). In this paper we show that a mutation
within a splice donor site results in inclusion of the entire suc-
ceeding intron in the mature mRNA that accumulates in the
nuclear compartment. Apparently because no abnormal
proal (I) chains are synthesized from the mutant allele, the
clinical phenotype of this child is mild.

Methods

Description of patient. CF was a 13-yr-old female at the time of the
dermal biopsy (cell line 053). She had been followed at the Newington
Childrens Hospital (NCH) between 10 and 15 yr of age. She had sus-
tained seven fractures before her first NCH visit, all of which healed
without deformity. Subsequently, the fracture rate diminished and her
primary problems were ligament strains and knee discomfort second-
ary to patellar subluxation. Her height was at the 50-75 percentile. She
had blue sclera, ligamentous laxity, a mild thoracic scoliosis (< 10%),
and normal dentition. Her current age is 28 yr, and she and her family,
including an affected brother, have been lost to follow-up.

Cell culture. A fibroblast strain was derived from a skin explant
taken from the inner aspect of the upper arm. Fibroblasts were main-
tained as previously described (12). Confluent cultures were harvested
for protein or RNA after 48 h in fresh culture media supplemented
daily with 25 ug/ml ascorbic acid.
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Collagen analysis. For experiments analyzing collagen synthesis,
the cultured cells were radiolabeled with [2,3-3H]-L-proline (DuPont
Co., NEN Research Products, Boston, MA) as previously described
(12). Collagen synthesis was determined from collagenase susceptible
counts in an aliquot of the combined medium and cell extract (16).
The relative proportion of collagen a1(I), «2(I), and a1 (III) chains
was determined by interrupted SDS-PAGE electrophoresis of pepsin-
treated protein extracts (17).

Cell fractionation and nucleic acid extraction. Total RNA was ex-
tracted from the confluent fibroblasts cell layer using the SDS protein-
ase K method (18). The nuclear and cytoplasmic compartments of the
cells were isolated as previously described ( 14). Briefly, confluent fibro-
blast cultures ( 12-100-mm petri plates) were scraped from the plate in
10 ml of cold PBS, centrifuged, and resuspended in 15 ml of lysis buffer
(10 mM Tris, pH 7.5, 10 mM KCl, and 1.5 mM MgCl,) containing
0.25% Triton X-100. The pellet was disrupted by dounce homogeniza-
tion with a tight-fitting pestle. The suspension was centrifuged for 10
min at 2,200 g and the supernatant was transferred to a 30-ml corex
tube (cytoplasmic extract) containing 2.0 ml of a 10X extraction buffer
(10% SDS, 0.10 M Tris, pH 7.5, 0.05 M EDTA, and 500 pg/ml of
proteinase K ). The nuclear pellet was reextracted a second time in 5 ml
of lysis buffer with Dounce homogenization. After centrifugation, the
supernatant was combined with the first extract, producing a final con-
centration of the extraction buffer of 1X. The nuclear pellet was ex-
tracted in 15 ml of 1X extraction buffer. Subsequent steps of RNA

isolation followed the SDS proteinase K protocol (18).
DNA was harvested from cultured fibroblasts in 1X extraction

buffer containing 100 ug/ml of proteinase K. The digest was extracted
sequentially in phenol/chloroform and chloroform and adjusted to 0.3
M NaOAc. Two to three volumes of ethanol was layered over the ex-
tract, and the DNA was spooled from the interface, washed in 70%
ethanol, dried, and resuspended in water.

RNA analysis. The relative content of «1(I) and «2(I) mRNA in
the nuclear and cytoplasmic compartments was assessed by dot hybrid-
ization as previously described (14). The filters were hybridized with
al(I)- and a2(I)-specific cDNA probes (HF404 [19] and HF32 [20])
after labeling by the random primer method (21). The relative inten-
sity of hybridization was quantitated in a Betascope G03 (Betagen,
Waltham, MA) from the slope of the dilution curve of patient and
control RNA.

The method for indirect RNase protection of nuclear and cytoplas-
mic RNA using single-stranded (SS) antisense cDNA to a1 (1) mRNA
has been previously described (15). Briefly, hybridization of the
sscDNA to RNA was carried out at 50°C in 20 gl of hybridization
buffer (0.75 M NaCl, | mM EDTA, 50 mM Hepes) ( N-[ 2-hydroethyl }-
piperazine- N-[ 2-ethanesulfonic acid]) for 3 h. The sample was diluted
to 300 ul in RNase buffer (0.2 M NaCl, 20 mM Hepes, pH 7.5, and 2
mM EDTA ) and incubated with 1 ug RNase A and 10 ug RNase T1 for
30 min at 37°C. The RNase-resistant hybrids were extracted in SDS
proteinase K, ethanol precipitated, and reapplied to 1% agarose gel
made up in 2.2 M formaldehyde. The electrophoresis was carried out at
room temperature in a 25 mM imidazole, 25 mM 3- N-morpholino]-
propanesulfonic acid (MOPS), 0.5 mM Na-EDTA buffer, pH 7.0, for
3 hat 100 V. The RNA fragments resistant to the RNase digestion were
transferred to a nitrocellulose filter with a Posiblot apparatus (Strata-
gene, La Jolla, CA) and identified by hybridization with 2.5 X 106 cpm
of [*?PO,JUTP-labeled cRNA probe of HF404 transcribed from a sp64
vector (22).

The direct RNase protection was performed with a cRNA of a
PCR-derived DNA fragment that had been cloned into pBSII-SK * vec-
tor (Stratagene). Nuclear and cytoplasmic RNA (7 ug) were hybrid-
ized with 10* cpm of the cRNA overnight at 50°C in 50 gl of buffer
containing 0.4 M NaCl, 10 mM Hepes, pH 7.3,and 1 mM EDTA. The
next day the solution was diluted to 300 ul of T2 buffer (50 mM
NaOAc, pH 4.6, 2 mM EDTA, and 0.1 M NaCl) containing 5 ul of
crude T2 RNase as previously described (23). The fragments of the
protected probe were identified by electrophoresis in a 6.0% denaturing
polyacrylamide gel. An RNA ladder of 0.16-1.77 kb (no. 56235A;
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GIBCO BRL, Gaithersburg, MD) was end labeled with y-[3*PO,]ATP
according to the supplier’s directions.

PCR of RNA and genomic DNA. 5.0 ug of nuclear or cytoplasmic
RNA was reverse transcribed to cDNA using an a! (I)-specific primer
directed to sequences within the COOH-terminal propeptide as previ-
ously described (8). The reaction was carried out in 50 mM Tris, pH
8.3, 7 mM KCl, 3 mM MgCl,, 10 mM dithiothreitol, and 2.5 ug of the
primer. The mixture was heated at 65°C for 3 min, cooled, adjusted to
contain 500 uM dNTPs, and 500 U of Moloney murine leukemia virus
(M-MLV) reverse transcriptase. The incubation lasted for 1 h at 37°C

_ and was followed by phenol / chloroform extraction and ethanol precip-

itation. The sample was dissolved in 20 ul water and 1 ul was used for
PCR amplification. In the case of genomic DNA, 1 ug of DNA was
used in the PCR reaction. The oligonucleotide pairs for each set of
amplifications are given in Table I.

The PCR mixture contained 50 mM KCl, 10 mM Tris, pH 8.3, 1.5
mM MgCl,, 0.01% gelatin, and 2.5 U AmpliTaq (Perkin Elmer Corp.,
Norwalk, CT) in a final reaction volume of 84 ul. The mixture was
heated to 94°C for 5 min, after which the 16 ul containing 200 uM
dNTPs (hot start [24]) was added and the sample was cycled 25 times
with denaturation at 94°C for 1 min, hybridization at 62°C for 1 min,
and polymerization at 72°C for | min in a DNA thermal cycler (Perkin
Elmer-Corp.). The products were extracted in phenol/chloroform and
1:10 of the original reaction volume was applied to a 5% polyacryl-

amide TBE mini-gel.
For direct DNA sequencing of PCR products, we used the dsDNA

Cycle Sequencing System (GIBCO BRL). PCR products were cloned
either with G-tailing into C-tailed pUC9 vector (Pharmacia Fine Chem-
icals, Piscataway, NJ) or by blunt end cloning into Sma site pBSII-
SK *. For sequencing of the cloned DNA, we used the Sequenase Re-
agent Kit (no. 70750; United States Biochem. Corp., Cleveland, OH).

Results

Total collagen synthesis by the fibroblasts derived from the
patient (Table II) was 4.0% of total protein synthesis. For com-
parison, three cell strains derived from patients with severe
forms of the disease are shown. We have observed significant
variation in the rate and percentage of collagen synthesis in
part dependent on the age of the donor. The range of synthesis
in non-OlI control cells is 5-7% (5). In most of the cell strains
obtained from patients with OI type I, a reduced rate of total
collagen synthesis is observed.

The relative proportion of type I and type III collagen was
determined on pepsin-treated radiolabeled protein extracts of
the medium and cell layer (Fig. 1). The ratio was elevated to
0.38 and 0.45 in two experiments ( control patients range from
0.15 to 0.25). Because an equal amount of total collagen is
loaded into each electrophoresis lane, the elevation in the colla-
gen type III-to-I ratio reflects underproduction of type I colla-
gen. The electrophoretic mobilities of the al(I) and a2(I)
chains from the patient sample were identical to those of the
control sample.

The relative content of a1(I) and a2(I) mRNA was deter-
mined by dot blot hybridization and compared with the ratio of
control cells (Fig. 2). The slope of the line of dot density when
the filter was hybridized to an a1(I) or a2 (1) cDNA probe was
compared with the slope of a control RNA applied to the same
filter. In this assay, the a1 (I)/ a2 (1) mRNA ratio of the control
is normalized to 1. When the slope of the a1(I) and «2(I)
mRNA derived from cell strain 053 was compared with the
standard (std), the a1(I)/std was 0.30 and the a2(I)/std was
1.19, making the a1(I)/a2(I) ratio of the patient 0.25. Thus,
the amount of a1(I) mRNA present in the total cellular RNA
was reduced to less than half of the control. Because the control
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Table 1. Oligonucleotide Pairs Used to Amplify al(I) mRNA Encoded by HF404

NT*
Oligonucleotide pair/exons amplified

5’ Oligonucleotide-3'

3-Oligonucleotide 5
NT*

1:35-39 2541 AGCAGGACCATCAGCACCAGGGGAT
CCCGGCCCTGCTGGCTTTGCTGGCC 2948

2:30-36 2113 TTTCGGCCACGACTAACCAGG
AGACCTTGGCGCCCCTGGCCCCTCT 2621

3:25-31 1800 TTGCACACCACGCTCGCCAGGGAAA
TCAAGATGGTCGCCCCGGA 2159

4:24-28 1746 AGCAGGGCCTTGTTCACCTCTCTCG
AGCCCTGGCAGCCCTGGTCCTGATG 2005

5:19-23 1330 GCTTCACCGGGACGACCAGTC
GTATTGCTGGTGCTCCTGG 1708

* The nucleotide number is determined from the a1(I) collagen mRNA start site.

cells have a 2:1 ratio of al (I)/a2(1), the amount of a1 (I) of
the patient sample is reduced to < 1:1.

Analysis of this patient and other cell lines with OI type 1
indicated that the o1 (I)/a2(I) collagen mRNA ratio extracted
from isolated nuclei approximated or exceeded 2:1 in contrast
to the low ratio from cytoplasmic compartment (14). This
observation suggested a defect in a1 (1) mRNA transport simi-
lar to that observed in splicing defects associated with S-thalas-
semia (25, 26). An indirect RNase protection was developed to
detect insertions within collagen mRNA (15). It relies on pro-
tection of the mature mRNA with a single-stranded antisense
cDNA. The protected or cleaved RNA is detected by Northern
hybridization of the RNase-digested products. Nuclear and cy-
toplasmic RNA was protected with a 1.8-kb cDNA fragment
derived from HF404 that encodes exons 19-43 (Fig. 3). In
RNA from cell strain 053, the expected 1.8-nucleotide (nt)
band and two smaller bands (1.4 and 0.4 nt) were visible in
nuclear RNA. Only the fully protected band was present in the
cytoplasmic RNA and was similar in size to RNA extracted
from normal cells.

To characterize the abnormal RNA species, nuclear RNA
was reverse transcribed and then PCR amplified in segments to
span the region encoded by HF404 (Fig. 4). Of the five PCR
primer sets used (Table I), two (sets 3 and 4) produced a sec-
ond higher molecular weight (~ 150 bp larger) band from the
patient but not the control RNA. A third band well above the
1.3-kb marker was also unique to these oligonucleotide sets
and probably represents a heterodimer produced when two
complementary strands of different lengths hybridized during

Table I1. Production of Total Collagen by Dermal Fibroblasts
Derived from Patients with Various Forms of OI

Collagen Total protein Percent
Cell line synthesi synthesi collagen
dpm/mg DNA
053 (This case) 372 1,729 3.98
118 (Lethal OI) 1,385 4,042 6.34
144 (Type 111 OI, age 5) 818 2,264 6.69
147 (Type 111 OI, age 46) 693 2,292 5.59
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the late rounds of amplification. Both primer sets amplify a
cDNA segment that has intron 26 in common.

The PCR products of the normal and mutant RNA were
cloned. DNA sequencing revealed the presence of the intron 26
(Fig. 5 A) in the larger species. Furthermore, the expected first
position donor site G was replaced by an A. This mutation was
confirmed when the corresponding region of the genomic
DNA was isolated by PCR and found to be present in ~ 50% of
the clones sequenced (Fig. 5 B).

The cloned reverse transcriptase PCR fragments encom-
passing exons 25-28 derived from oligonucleotide set 3 were
used to generate a radiolabeled antisense cRNA probes comple-
mentary to the retained intron and the normally spliced tran-
script. These probes were hybridized to nuclear and cytoplas-
mic RNA derived from the patient and control cell strain ( Fig.

Delay
Unreduced Reduced
1 2 3 4
.

—a1(lll) unreduced

—o1(lll) reduced

-~ o b

Figure 1. SDS-PAGE of radiolabeled collagen from patient and con-
trol fibroblast cultures. The cells were labeled for 24 h and the cell
layer and media combined for analysis. The sample was treated with
pepsin to destroy the noncollagen proteins before the gel electropho-
resis. The type III collagen is separated from type I based on the
unique intrahelical cysteine disulfide bonds within type III collagen.
The relative ratio of the a1 (III)/ a1 (1) was obtained by quantitative
densitometry of the pattern in lanes 3 and 4. Lanes / and 3, patient;
lanes 2 and 4, control.
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of (1) MRNA

o2 () mRNA

0D, relative units
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0
ng Total RNA
Ratio Patient/Std = 1.19

1
ug Total RNA
Ratio Patient/Std = 0.3

Patient a1(l) / 2(1) mRNA = 0.25

Figure 2. Plot of dot hybridization density and total RNA obtained
from patient- and control-cultured fibroblasts. The slope for the a1 (I)
mRNA of the patient is less than the control while that of a2(1) is
similar to control. This finding is consistent with a reduction of the
al(I) mRNA that accumulates within the fibroblasts of the patient.

6). The probe containing the included intron protected the
predicted 442-nt fragment in the nuclear (Fig. 6 4, lanes 4 and
6) but not the cytoplasmic compartment (Fig. 6 A4, lanes 3 and
5) of the patient RNA. No evidence of the 442-nt band was
present in the control RNA (Fig. 6 A4, lanes 7 and 8). The RNA
encoded by the normal COL1A1 allele from the patient as well
as all the RNA from the control cell line did not protect the
intron 26-containing probe. Instead the probe was cleaved
producing two fragments (209 and 90 nt) collinear with the
flanking exons. The cRNA probe derived from the normally
spliced allele was protected equally well by total fibroblast
RNA from the patient (Fig. 6 B, lane 6) and control (Fig. 6 B,
lane 5), indicating that exon skipping was not occurring to a
significant degree as a result of the donor site mutation (27).
The intensity of the normally spliced transcript in the patient
total RNA extract is significantly less than the control, con-

firming the low amount of normal «1(I) mRNA that is present

in this cell strain.

Discussion

The fibroblasts derived from this patient had a G — A transi-
tion at position + 1 of intron 26 in one of the two COL1A1

1 2 3 4 S

1.8—
1.4—

0.4 —

Figure 3. Indirect RNase protection of
nuclear and cytoplasmic a1 (I)
mRNA extracted from patient’s cul-
tured fibroblasts. The fully protected
(1.8-nt) band present in both com-
partments is identical to the band
found in normal fibroblasts. However,
the lower bands (1.4 and 0.4 nt) that
were present in the nuclear RNA (lane
1) but absent from the cytoplasmic
RNA (lane 2) were unique to this pa-
tient.

alleles so that the donor splice site was inactivated. As a conse-
quence of this mutation, all of intron 26 was retained and the
frame-shifted mRNA transcript contained several stop codons
within and downstream of the intron insertion. Analysis of
RNA transcripts from other multiexon genes such as dihydro-
folate reductase (28) and triose phosphate isomerase (29) have
shown that transport of the abnormal transcript into the cyto-
plasm was reduced when the stop codon was located in all but
the terminal exon. The behavior of the mutant a1 (I) mRNA
in the 053 cells is consistent with the model that a stop codon
before the penultimate exon prohibits transport from the nu-
cleus, since there was no evidence of abnormal transcript accu-
mulation in the cytoplasm.

ABABCABCABABC M
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Figure 4. PCR of reverse-transcribed cDNA using
nuclear RNA extracted from control- and patient-
cultured fibroblasts. (Lanes 4) Patient RNA; (lanes
B) control RNA; (lanes C) cloned «al(I) cDNA. The
new band is present in lanes 3 4 and 4 4, and is

~ 150 bp larger that the expected band. The hetero-
dimer band is also present in these lanes. The primer
pairs are given: (lanes /) exons 35-39; (lanes 2) exons
30-36; (lanes 3) exons 25-31; (lanes 4) exons 24-28;
(lanes 5) exons 19-23. (Lane M) PhiX Haelll DNA
markers.
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... Gly Val Hyp Gly Pro Hyp Gly Rla Val

Intron 26

a

gtaagtatect cctttccatc
gccccggecac tttcgtcectec

cctacctcect tccgattget
ctgcaggagg ggtgcta...

Exon 27
GGT CCT GCT GGC AAR GAT GGA GAG GCT
Gly Pro Ala Gly Lys Asp Gly Glu Ala ...
B Mutant Allele Normal Allele
QAT a KT "6

9z uonu|

g o
GGC GCT GTC g taagtatct GGC GCT GTC g taagtatct

Figure 5. DNA sequencing of the mutation within intron 26. (4)
DNA sequencing of cloned PCR fragments from the patient and
control nuclear RNA. The abnormal patient allele demonstrated the
presence of a complete intron 26 with a G — A transition in the + 1
donor position. The patient also had sequence demonstrating normal
splicing of intron 26. The partial sequence of exons 26 and 27 and
intron 26 is given below the figure. (B) DNA sequencing of cloned
alleles of patient 053. The G — A transition that was observed in the
nuclear RNA was confirmed in the genomic DNA. The partial se-
quence of exon and intron 26 is given below the figure.

A frame shift or premature stop codon that results from a
mutation within an exon would be expected to produce the
same effect as a retained intron, although an example of this

type of mutation has not been reported. All of the defined
mutations of COL1A1 or COL1A2 that induced a frame shift
did not result in a premature stop codon before the terminal
exon (30-33). Low levels of a1 (I) mRNA (based on reversed
ratio of a1 /a2 mRNA ratio of 1:2) were observed with a frame
shiftin exon 51 that inactivated the authentic translation termi-
nation codon and extended the translated product to the first
polyadenylation signal (34). A potential mechanism for the
low a1 (I) mRNA seen in this case is an indirect effect on splic-
ing secondary to the altered transcriptional termination sig-
nal (35).

In fibrillar collagen genes all the exons that encode the tri-
ple-helical portion of the « chain are in-frame cassettes of the
Gly X-Y triplet starting with the first G of the glycine codon
and ending with the last nucleotide of the Y position amino
acid. The collagen mutations that cause abnormalities of splic-
ing were initially discovered because of synthesis of shortened «
chains. The shortened chain resulted from exon skipping due
to a mutation in either an intron donor or acceptor site (Table
III). These mutations can result in more severe forms of OI
because the shortened RNA transcripts are in frame, are trans-
ported to the cytoplasm, and are translated into a functional
although truncated « chain. The shortened « chain is incorpo-
rated into a trimeric molecule that interferes with secretion,
proteolytic processing, and fibrillogenesis, thus accounting for
the strong dominant nature of mutations of structural macro-
molecules (36).

An explanation for why a similar mutation in a donor site
results in exon skipping in the cases cited above and intron
retention in our case comes from the model of exon definition
developed by Robberson et al. (37) and Talerico and Berget
(38). In this model, the first step is the binding of U2 RNA to a
potential intron acceptor site followed by the second step, in
which U1 RNA and specific proteins identify and bind to the
strongest adjacent downstream donor site (39). This process
defines the exons and initiates the splicing machinery to excise
the intervening intron sequence. If UIRNA identifies an ade-
quate donor within 300 bases (the upper limit in size for inter-
nal exons [40]), then an exon is defined (Fig. 7 a) and the
intervening introns are spliced. With a mutant donor site, if the
intron is large and U1RNA does not detect an adequate down-
stream donor site within 300 bases, no acceptable exon is de-
fined, so that it and its flanking introns are spliced out of the
mature message (exon skipping; Fig. 7 b). However, if the in-
tron is small, then UIRNA will identify the authentic donor
site of the subsequent downstream intron. This defines the two
exons and the included intron as an acceptable “exon.” Thus,
the entire intron is retained in the mature RNA (intron reten-
tion; Fig. 7 ¢). This model accounts for why a mutant donor
site can result in either exon skipping or intron retention and
also predicts that all intron acceptor site mutations will result
in exon skipping, because the defining process to identify an
exon is initiated from the acceptor site.

Approximately half of the introns within the a1 (I) gene are
< 150 bp, making the risk for a donor site mutation leadingtoa
retained intron a common possibility. There are 25 exon/in-
tron/exon combinations that are < 300 bp, the size limit for an
acceptable exon if the donor site of the included intron was
inactivated. 17 of the candidate sites would induce a frame shift
mutation, while 5 of the in-frame introns contain an in-frame
stop codon. The phenotype of a patient harboring a mutation
that introduces a frame shift-producing or stop codon—-con-
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Figure 6. Direct RNase protection of RNA from patient and control
fibroblast strains. (4) RNA was hybridized with the intron 26—con-
taining CRNA probe derived from cloning and sequencing experiment
discussed in Fig. 5 b. Two separate preparations of nuclear and cyto-
plasmic RNA from the patient’s fibroblast (lanes 3-6) were analyzed.
The probe is 522 nt (lanes / and 9) and is incompletely digested by
the RNase treatment (lane 2). It protects a 442-nt fragment of RNA
from the nuclear compartment from the patient fibroblasts (lanes 4
and 6), which is not found in the cytoplasmic compartment from the
same cell preparations (lanes 3 and 5). RNA from a control cell strain
did not show this band (lane 7, cytoplasmic; lane 8, nuclear). The
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taining retained intron would be expected to be similar regard-
less of the site of the intron. However, variability might be
observed if the exon/intron/exon size approaches or exceeds
300 bases. At that point exon definition would not be deter-
mined invariably and the entire domain would be either re-
tained or skipped. Disease severity would reflect the proportion
of mRNA that contained the skipped exon.

Review of published data of collagen splicing mutations is
consistent with the exon definition model, with one possible
exception (Table III). All acceptor mutations resulted in exon
skipping (49, 50), as did donor mutations where the exon/in-
tron/exon size (scanning domain ) was > 300 nt (5, 45-48).In
a number of these cases (49 ) the mRNA product of the mutant
allele was lower than predicted by the model. It seems likely
that cryptic splice sites may have been used and produced some
transcripts containing frame shift mutations that were not
transported to the cytoplasm. Since nuclear RNA was not ex-
amined in these cases, this possibility needs further examina-
tion.

The exon definition model may require modification to
accommodate an exon 14 donor site mutation in COL1A1
(50). Here intron retention is predicted that would insert three
in-frame stop codons and produce an OI type I phenotype.
Instead, exon 14 was skipped and resulted in a lethal phenotype
(Table III). A potential explanation for this exception is the
nature of the mutation. This donor site mutation was located at
position + 5, which is a less highly conserved consensus base
and produced either normal splicing or exon skipping. Normal
splicing was decreased at elevated temperatures. This suggests
that the exon-defining mechanism can be disrupted if there is
weak binding of UIRNA at the mutant donor site. In those
transcripts where U1 binds the mutant site but does not result
in cleavage, there is interference with splicing of the upstream
intron such that the upstream intron forms a lariat with the
downstream branch point resulting in exon skipping. Coopera-
tion between branch points and donor sites in determining the
extent of exon skipping has been observed in a different context
(39, 51). Other factors such as strength of competing donor
and acceptor splice sites and exon size also influence which
splicing alternative will predominate, and may account for the
heterogeneity of disease severity observed in mild to moder-
ately deforming OI that result from mutations that affect splic-
ing of collagen mRNA. The exception observed in this case
suggests that an included intron will only be observed when the
donor site is completely inactivated and the scanning mecha-
,nism progresses to the next downstream strong donor site.

Analysis of patients with a null collagen allele has been
difficult because protein data pointing to the site of a potential

smaller size results from RNase cleavage of the polylinker portion of
the cloning vector. The probe is not fully protected by normally
spliced RNA and is cleaved into two exon-containing fragments con-
taining exons 24-26 (209 nt) and exons 27-28 (90 nt). The two
fragments were present in all lanes containing a1(I) collagen mRNA.
Kinased RNA markers are in the lanes M. The probe and the ex-
pected band sizes are diagrammed below the figure. (B) RNase pro-
tection with the intron containing (lanes /-3) and fully spliced (lanes
4-6) cRNA probes. Lane /, intron containing probe alone; lane 2,
patient cytoplasmic RNA; lane 3, patient nuclear RNA; lane 4,
spliced probe alone; lane 5, total RNA from control cells; lane 6 total
RNA from patient cells. Kinased RNA markers are in lanes M. A
diagram of the fully spliced cRNA is given beneath the figure.
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Table III. Outcome of Reported Splicing Mutations

Scan
Intron No. Intron mutation domain Predicted Observed Clinical phenotype
al(l) mRNA
6 (45) Donor (—1) 345 Exon 6 skip Exon 6 skip EDS VII
14 (50) Donor (+5) 213 Intron 14 inclusion (+) Exon 14 partial skip* Lethal OI
16 (41) Acceptor Exon 17 skip Exon 17 skip Moderate OI
21 (42) Acceptor Exon 22 skip Exon 22 skip Severe nonlethal OI
26 (This case) Donor (+1) 251 Intron 26 inclusion (+) Intron 26 inclusion (+) Mild (type I) OI
47 (46) Donor (+1) 482 Exon 47 skip Exon 47 skip Lethal OI
a2(I) mRNA
6 (47) Donor (+1) 749 Exon 6 skip Exon 6 skip EDS VII
6 (48) Donor (—1) 749 Exon 6 skip Exon 6 skip EDS VII
10 (43) Acceptor Exon 11 skip Exon 11 skip EDS VII/Mild Ol
12 (5) Donor (+2) 1399 Exon 12 skip Exon 12 skip Moderate Ol
27 (44) Acceptor Exon 28 skip Exon 28 skip Lethal OI

The intron containing an acceptor or donor site mutation is designated in columns 1 and 2. The scanning domain (exon/intron/exon size) is only
given for donor site mutations because it is this type of mutation in which the scanning domain appears to be important. The predicted and
actual outcomes of the acceptor or donor mutation are indicated. Whether a retained intron would contain a stop codon or induce one by a frame
shift within the mature RNA is give as + or —. The disease severity observed as a consequence of the mutation is given. EDS VII is Ehlers-Danlos
syndrome, type VII. * This exception is discussed in the text.
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Figure 7. Outcome of splicing with a mutation that inactivates a donor site. U2 RNA (open circle) identifies the 3’ acceptor site and subsequently
Ul RNA (filled circle), and associated proteins identify the downstream donor site. (a) Normal splicing occurs when exons are identified and
the intervening introns are removed. (b) Exon skipping occurs with a damaged donor site. If the scanning mechanism does not identify an ade-
quate donor within 300 bp of the acceptor site, the region is not considered an exon and the region is spliced. The outcome is that the exon ad-
jacent to the mutant donor site is skipped. (¢) Intron inclusion also can occur with a damaged donor site. If the scanning mechanism does
identify a strong donor site within 300 bp of the acceptor site, then the exon is defined by the position of the donor site. If the new donor site is
the next downstream exon, then the entire intron is included as part of the enlarged exon. If an adequate donor is identified within the intron,
then cryptic splicing and inclusion of a partial intron are observed.
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mutation are lacking. Initial characterization of nuclear RNA
not only suggests potential mechanisms to account for the un-
derproduction of mature mRNA from the mutant allele, it pro-
vides localization of an unprocessed intron that might not be
obtained from analysis of total RNA because of the enrichment
of the abnormal transcript in the nuclear compartment. The
difficulty of detecting null-producing mutations in cDNA de-
rived from total RNA is illustrated by the presence of 2 abnor-
mal of 19 sequenced cDNA transcripts of the 2.5-kb ferroche-
lastase mRNA (52), < 2% of the expected cystic fibrosis trans-
membrane conductance regulator transcript in bronchial
epithelial cells detected by mutation specific oligonucleotide
hybridization (53), and < 5% of a frame shift-producing exon
skip mutation of the 5.3-kb low density lipoprotein receptor
mRNA (54). It is likely that frame shift mutations that result
from insertions or deletions within exons of COL1A1 will also
account for type I OI but these will be hard to localize by the
RNase protection techniques used in this case. PCR of frag-
ments of nuclear mRNA enriched for the presence of the mu-
tant transcript followed by an analysis using techniques capa-
ble of detecting a 1-bp change will be required to identify such
cases. Discovery of mutations within the regulatory domains of
the COL1A1 gene that lead to reduced transcriptional activity
will be an even greater challenge because the regions essential
for the activity of this gene in collagen-producing tissues are
not yet clearly defined (55 ). These will be important abnormal-
ities to identify because it is likely that subtle mutations that
result in a partially null allele of the COL1A1 gene may be a
common cause of type I OI and heritable forms of osteoporosis.
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