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Summary

Nonsense and frameshift mutations, which predict pre-
mature termination of translation, often cause a dra-
matic reduction in the amount of transcript from the
mutant allele (nonsense-mediated mRNA decay). In
some genes, these mutations also influence RNA splicing
and induce skipping of the exon that contains the non-
sense codon. To begin to dissect how premature termi-
nation alters the metabolism of RNA from the COLlA1
gene, we studied nonsense and frameshift mutations dis-
tributed over exons 11-49 of the gene. These mutations
were originally identified in 10 unrelated families with
osteogenesis imperfecta (OI) type I. We observed
marked reduction in steady-state amounts of mRNA
from the mutant allele in both total cellular and nuclear
RNA extracts of cells from affected individuals, sug-
gesting that nonsense-mediated decay of COLlA1 RNA
is a nuclear phenomenon. Position of the mutation
within the gene did not influence this observation. None
of the mutations induced skipping of either the exon
containing the mutation or, for the frameshifts, the
downstream exons with the new termination sites. Our
data suggest that nonsense and frameshift mutations
throughout most of the COLlAl gene result in a null
allele, which is associated with the predictable mild clini-
cal phenotype, 01 type I.

Introduction

Osteogenesis imperfecta (01) type I is a mild form of
dominantly inherited brittle-bone disease, which results
from decreased production of type I collagen (Sykes et
al. 1977; Barsh et al. 1982; Wenstrup et al. 1990). A
growing body of evidence suggests that null mutations
in COLlA1, the gene that encodes the proccl(I) chain
of type I collagen, result in this phenotype (Willing et
al. 1990, 1994; Stover et al. 1993; Redford-Badwal et al.
1996). Steady-state levels of mRNA from one COLlA1
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allele are decreased in most 01 type I cell strains (Rowe
et al. 1985; Genovese and Rowe 1987; Willing et al.
1992). Although several molecular mechanisms pre-
viously have been shown to alter the amount of
COLlA1 mRNA available for translation (Willing et al.
1990, 1994; Stover et al. 1993; Redford-Badwal et al.
1996), data presented in the present paper suggest that
premature termination is the most common mechanism
by which RNA metabolism is altered.
Mutations leading to premature termination are a

unique class of mutations, because, although they are
expected to have their effect at the translational level
and lead to shortened, truncated polypeptides, it is rec-
ognized that their primary effect is on RNA stability,
with possibly a secondary effect on RNA splicing (Los-
son and Lacroute 1979; Baserga and Benz 1988, 1992;
Daar and Marquat 1988; Urlaub et al. 1989; Magnus
et al. 1990; Lim et al. 1992; Mashima et al. 1992; Dietz
et al. 1993; Fisher et al. 1993; Gibson et al. 1993; Bel-
grader and Maquat 1994; Das et al. 1994). In an effort
to understand how premature termination alters the ex-
pression of the COLlA1 gene, we have studied nonsense
and frameshift mutations distributed over exons 11-49
of the gene, and we have determined the effect of each
mutation on steady-state levels of mRNA and on splice
site selection. Our data indicate that mutations that pre-
dict premature termination reduce steady-state amounts
of COLlAl mRNA from the mutant allele in both total
cellular and nuclear RNA extracts. We find no evidence
for a polar effect of mutation location on RNA levels.
Although exon skipping has been described in associa-
tion with premature termination in some genes, we did
not detect this phenomenon in our cell strains. Our data
suggest that premature-termination mutations have a
predictable and uniform effect on COLlA1 gene expres-
sion, which ultimately leads to decreased production of
type I collagen and to the mild phenotype associated
with 01 type I.

Methods

Inclusion Criteria
Each affected individual met the clinical criteria for

01 type I (Sillence et al. 1979). In addition, dermal fi-
broblasts from each produced approximately half the
expected amount of structurally normal type I procolla-
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gen (Wenstrup et al. 1990). There was no evidence of
posttranslational overmodification or retained collage-
nous material within the cells of any of the probands,
as is seen in lethal and deforming OI cell strains.

PCR Amplification and SSCP Analysis
Genomic DNA isolated either from lymphocytes or

from cultured dermal fibroblasts, of affected individuals,
unaffected family members, and of unrelated controls,
served as template for PCR amplification (Saiki et al.
1988). The sequences of the oligonucleotide primers
used for PCR were derived from published information
(D'Alessio et al. 1988; Westerhausen et al. 1991) and
are available on request from the authors. PCR products
were screened for potential mutations, by SSCP (Orita
et al. 1989; Poduslo et al. 1991). Details of the SSCP
protocol were as described elsewhere (Willing et al.
1994), except that allele identification was by silver
staining, using Typon Silver Sequence film (Promega),
rather than by autoradiography.

Sequence Analysis of Mutations
In preparation for sequence determination of muta-

tions, amplified genomic DNA from each proband was
directly ligated into the PCR vector (version 2.3), pro-
vided in the Invitrogen TA Cloning Kit. Transformants
were screened for the presence of insert, by PCR. Ali-
quots of amplified material from individual clones were
electrophoresed in 0.8% NuSieve (FMC Bioproducts).
Single bands were excised from the gel and melted; 10-
gl aliquots were used as template for sequence determi-
nation by the dideoxy-chain termination method
(Sanger et al. 1979). Multiple individual subclones were
sequenced from each proband to ensure that two or
more independent examples of each variant sequence
were obtained. When possible, mutations were con-
firmed by restriction-endonuclease analysis of PCR-am-
plified genomic DNA (Fl, PvuII; F2-F4, Sfi; F5, AvaI;
F6, Bsu36I; F8, BsaHI; and F10, Tsp45I).

Determination of Allele-Specific Steady-State Levels of
COL1A1 mRNA
RNA isolation.-Dermal fibroblasts were incubated

with ascorbic acid (50 ,ug/ml) for 4 d, with daily medium
changes, prior to isolation of total cellular and nuclear
RNA. Total cellular RNA was isolated from dermal fi-
broblasts by the guanidinium thiocyanate-phenol-chlo-
roform method of Chomczynski and Sacchi (1987). In
preparation for isolation of nuclear RNA, a second set
of fibroblasts was pelleted and washed twice with PBS
at 4°C. Nuclei were isolated after the cells were incu-
bated with NP-40 lysis buffer (10 mM Tris-HCl pH 7.4,
10 mM NaCl, 3 mM MgCl2, and 0.5% NP-40). To
eliminate potential contamination with cytoplasmic
RNA, nuclei were washed and repelleted several times,
with fresh Iysis buffer (Greenberg 1987). All washings

were done at 4°C. RNA was extracted from nuclei by
the method of Chomczynski and Sacchi (1987).

Restriction-endonuclease analysis of PCR-amplified
cDNA.-The Perkin-Elmer GeneAmp RNA PCR Kit
(Perkin Elmer) was used to synthesize and amplify
cDNA derived from RNA transcripts of both COLlA1
alleles. In each case, the primer that was used to prime
the RT reaction also served as the 3' PCR primer. To
optimize detection of small amounts of mutant mRNA,
35 amplification cycles were performed for each sample.
Mutations in families Fl-F6, F8, and F10 either dis-
rupted or created a restriction-endonuclease recognition
site. After the PCR, aliquots of each amplified cDNA
product were cleaved with the appropriate enzyme (Fl,
PvuII or MspAlI; F2-F4, Sfi1; FS, AvaI; F6, AvaI; F8,
BsaHI; and F10, Tsp45I); restriction products were sep-
arated in a 6% polyacrylamide gel and were identified
by ethidium bromide staining. Analyses were repeated
at least twice for each mutation. Sequences of the oligo-
nucleotide primers used for reverse-transcriptase PCR
(RT-PCR) reactions were derived from published se-
quence information and are available on request.

Allele-specific oligonucleotide hybridization (ASOH).
ASOH was used to assess steady-state levels of mRNA
from normal and mutant COLlA1 alleles, in families
F7 and F9. cDNA was prepared by RT-PCR, from total
cellular and nuclear RNA extracts, as above. Amplified
products were separated by electrophoresis in 1.6%
agarose and were transferred to Zeta-Probe nylon mem-
branes (Bio-Rad) by an alkaline downward-transfer pro-
tocol (Zhou et al. 1994). Nucleic acid was bound to the
membranes by UV cross-linking, followed by baking at
80°C for 30 min. Membranes were prehybridized for 30
min at 65°C in 1 mM EDTA, 0.5 M Na2HPO4, and 7%
SDS. Hybridization was performed at 65°C for 6 h with
either normal or mutant [y_32P] dATP (3,000 Cilmmol;
Amersham) end-labeled oligonucleotides (F7 normal al-
lele, 5' GGCCCCCCTGGTGCTGACGG 3'; F7 mutant
allele, 5' GGCCCCCCTTGGTGCTGACGG 3'; F9 nor-
mal allele, 5' GGTCCCCCTGGCCCTGCCGG 3'; and
F9 mutant allele, 5' GGTCCCCCCTGGCCCTGCCG
3'). After the hybridization, membranes were washed
twice at room temperature in 1 mM EDTA, 40 mM
Na2HPO4, and 5% SDS for 5 min each, then in 1 mM
EDTA, 40 mM Na2HPO4, and 1% SDS at 68°C for 10
min. Radiographic signals were identified by autoradi-
ography using Kodak XAR-5 X-ray film. Duplicate hy-
bridizations were performed for all samples.

Primer extension at the polymorphic Mnl/ site.-Steady-
state levels of allele-specific mRNA in total cellular and
nuclear RNA extracts were assessed for MnlI heterozy-
gotes (F1 and F2) by primer extension (Daar and Ma-
quat 1988). Methodological details are as described
elsewhere (Willing et al. 1992). The oligonucleotide,
5' CAGGTACACTTTAACAGAGGGT 3', was used to
prime the extension reaction.
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PCR Amplification with F1 Cloned cDNAs
RT-PCR was performed with 1 ,ug of F1 fibroblast

nuclear RNA as template; amplification primers were

homologous to sequences in exons 10 and 14. The
PCR product was ligated into the vector provided in
the Invitrogen TA Cloning Kit. Individual colonies
were screened for the presence of insert, by PCR; nor-

mal and mutant clones were distinguished by cleavage
of the PCR product by MspAlI (the mutation disrupts
the restriction site). One normal and one mutant clone
were cultured separately, overnight, in LB broth with
50 ,ug ampicillin/ml. DNA was prepared by using the
QlAprep Spin Plasmid Miniprep Kit, and stock solu-
tions (30 fmol/,ul) were made for both DNA prepara-

tions. Serial 10-fold dilutions (3, 0.3, 0.03, and 0.003
fmol/gl) were made for both cDNAs, starting from the
original stocks; 2-,ul aliquots of each dilution served
as template for PCR amplification. Each amplification
reaction contained 400 ,uM dNTPs, 500 mM KCI, 100
mM Tris-HCl pH 8.3, 2.0 mM MgCl2, 0.1% gelatin,
2 x Triton X-100, 10 mM DTT, 10% glycerol, 150
ng of each oligonucleotide primer, 0.5 units of Taq
polymerase, and 12.5 jiCi of [a-32P]ATP (3,000 Ci/
mmol; Amersham). Normal and mutant plasmid DNA
at each dilution were amplified separately, for 20 cy-

cles (the logarithmic phase of amplification for this
fragment). An aliquot of each final PCR product was

separated in 6% acrylamide and was identified by au-

toradiography. In a second set of PCR reactions, equal
amounts of normal and mutant plasmid DNA at each
dilution were amplified together for 20 cycles. A 5-pi
aliquot of each PCR product was digested with
MspAlI, and products derived from the normal and
mutant alleles were identified by autoradiography, fol-
lowing electrophoresis as described above. Individual
bands were quantified by an Ambis f3-scanner.

Identification of Splicing Products by RT-PCR
To screen for products of aberrant splicing (exon

skipping) that result from premature termination, RT-
PCR was used to synthesize and amplify the domains
of COLlA1 cDNA surrounding each mutation site;
for the frameshift mutations, the exons surrounding
their respective downstream termination codons were

also amplified. For the F1, F3, F7, F9, and F10 muta-
tions, the new termination signals were near the origi-
nal mutations and therefore were included within the
original amplified cDNA fragments. The F2, F4, and
F8 mutations led to termination in more distant exons

and therefore required additional amplifications, to
span these domains. The amplification strategy for
each mutation is outlined in table 1. Primers were de-
rived from published sequence information, as noted
above. RT-PCR products were separated by electro-
phoresis in 6% polyacrylamide and were identified by
ethidium bromide staining.

Sequence Analysis of cDNA Clones to Determine the
Effect of the F7 Mutation on Splicing
To determine the effect that the insertion mutation in

family F7 (a mutation located in the last codon of exon
36) has on splicing, sequence analysis was performed
on cDNA clones. Total cellular and nuclear RNA served
as templates for RT-PCR using the Perkin Elmer Gen-
eAmp RNA PCR Kit. Amplified material was cloned as
described above, and sequence was determined on 139
clones (76 and 63 derived from total and nuclear RNA,
respectively), by the dideoxy-chain termination method
(Sanger et al. 1979).

Results
Mutation Identification

All mutations were identified by SSCP analysis of
PCR-amplified genomic DNA. Prior to analysis, how-
ever, we suspected the presence of a deletion in families
F8 and F10, because of heteroduplex formation identi-
fied by PAGE. SSCP primer pairs were designed to am-
plify 150-250-bp fragments that included intron-exon
junctions and coding sequence, in order to optimize
identification of donor and acceptor splice-site muta-
tions, as well as mutations located in exons. Affected
individuals from each family had an aberrant banding
pattern that was not observed either in unaffected rela-
tives or in controls. Two families (F2 and F3) had the
same variant SSCP pattern, whereas the proband in fam-
ily F4 had a similar but distinct banding pattern for the
same domain. Affected individuals in families F8 and
F9 had anomalous but different SSCP banding patterns
for the COLlA1 domain that spanned exon 37 and
surrounding introns (data not shown).
Sequence Analysis of Mutations
We identified eight out-of-frame deletion/insertions

and two nonsense mutations in unrelated OI type I fami-

Table 1

Analysis of Splice-Site Selection in RNA of Probands, by RT-PCR

Mutation Termination RNA Domain(s)
Location Location Amplified

Family (Exon) (Exon) (Exons)

F1 11 11 10-14
F2 17 24 14-19,21-31
F3 17 18 14-19
F4 17 24 14-19,21-31
F5 19 19 18-21
F6 31 31 29-34
F7 36 37 34-40
F8 37 46 34-40, 44-50
F9 37 38 34-40
F10 49 50 46-51

NOTE.-Total cellular RNA from each proband served as template
for RT-PCR.
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lies (fig. 1). All mutations are found in exons and occur
in the heterozygous state. Families F1, F2, and F4 have
single-base-pair deletions, whereas families F3, F7, and
F9 have single-base-pair insertions. Families F8 and F10
have 16-bp and 13-bp deletions, respectively, which are
the largest ones that we have detected in OI type I cell
strains. The remaining families (F5 and F6) have single-
base-pair substitutions that change arginine codons
(CGA) to termination codons (TGA), in exons 19 and
31, respectively.

Mutations are distributed throughout the gene, from
exon 11 (Fl) to exon 49 (F10) (fig. 1B). As suggested
by SSCP analysis, families F2, F3, and F4 have mutations
in the same domain, as do families F8 and F9. The
mutations in families F2, F3, and F4 cluster together in
or immediately after six consecutive cytosine nucleotides
(GGC CCC CCT), in exon 17. Families F2 and F3 have
a single cytosine deletion and insertion, respectively, in
this group of nucleotides, whereas family F4 has a dele-
tion of the thymidine that immediately follows the clus-
ter of cytosines. The mutation in family F9 also involves
the insertion of a single cytosine in a similar sequence
(GGT CCC CCT), in exon 37.
Each deletion/insertion leads to a shift in the transla-

tional reading frame and predicts premature termination
downstream of the original mutation site, whereas the
substitutions in families F5 and F6 directly produce pre-
mature termination, in exons 19 and 31, respectively.
For the former group, the locations of the new termina-
tion codons vary, from either six amino acid residues
away in the same exon (Fl) or in close proximity in the
next exon (F3 and F7) to much greater distances from
the original mutation site (e.g., 266 amino acids down-
stream, in exon 46, for the F8 mutation). If the mRNA
product of the mutant allele were translated, each dele-
tion/insertion would result in a truncated-protein species
that is missing variable portions of the triple-helical do-
main and the carboxy-terminal telopeptide and propep-
tide extension. Only the F10 mutation, located in exon
49, with a predicted termination signal in exon 50,
would result in a protein with an intact triple-helical
domain. The mutations in families F5 and F6 would
also be expected to produce shortened proa chains, but,
because they do not involve translational frameshifts,
there would be no anomalous protein beyond the muta-
tion site.

Premature Termination and Its Effects on Steady-State
Amounts of COL 1A 1 mRNA
To determine the effect of each mutation on steady-

state levels of COLlA1 mRNA, we used either restric-
tion-endonuclease cleavage of PCR-amplified cDNA or
hybridization of allele-specific oligonucleotides to
cDNA, prepared from total cellular and nuclear RNA
extracts. The mutations identified in families F1-F6, F8,
and F10 either disrupt or create restriction-endonuclease

recognition sites. For all cell strains except F1, mutation-
specific endonuclease cleavage of amplified cDNA de-
rived from total cellular and nuclear RNA yields prod-
ucts primarily from the normal allele, although restric-
tion fragments derived from both COLlAl alleles are
present in approximately equal amounts in genomic
DNA (fig. 2). Small amounts ofmRNA from the mutant
alleles are visible after 35 cycles of amplification in RNA
extracts from the F2, F5, and F6 probands, and, al-
though we were unable to visualize restriction products
from the mutant allele in F10 RNA, the presence of
heteroduplexes suggests that at least small amounts of
mutant mRNA must also be available to serve as tem-
plate for RT-PCR in this cell strain.
ASOH was used to assess steady-state levels of

COLlAl mRNA for the F7 and F9 mutations, since
they were not amenable to analysis by restriction-endo-
nuclease cleavage. Although, for these probands, cDNA
products are readily identified by PAGE (fig. 3, rows A),
hybridization with the respective mutant oligonucleo-
tides detects almost no product from either mutant allele
(fig. 3, rows C). In contrast, there are strong signals
when the normal oligonucleotides are used as hybridiza-
tion probes (fig. 3, rows B). These data indicate that, as
is true for the other COLlAl mutations, there is little
detectable mRNA from the mutant allele in cells from
the F7 and F9 probands.
The F1 cell strain is the only one in which we identified

large amounts of mRNA from the mutant allele in both
total cellular and nuclear RNA extracts (fig. 2B). Addi-
tional data from genomic DNA studies argue that this
mutation predisposes to preferential amplification of
products from the mutant allele. When the F1 mutation
was initially sequenced, all of our clones had the dele-
tion, suggesting that either there was preferential ampli-
fication of one allele in the genomic DNA or the proband
was homozygous for the mutation. We thought that the
latter alternative was unlikely, in view of the mild phe-
notype. Since the mutation disrupts both PvuII and
MspAlI restriction-endonuclease sites, we used PvuII to
cleave an aliquot of the original PCR product that was
used for genomic cloning. This yielded only the un-
cleaved product of the mutant allele, confirming the al-
lele-specific-amplification hypothesis (fig. 4). With se-
lection of different PCR primers, we eventually ampli-
fied and identified both alleles in genomic DNA (figs.
1A and 2A). Since the same sequence is found in the
mRNA, this might also contribute to its preferential am-
plification as well and might give us the results shown
in figure 2B. We used multiple sets of primers and condi-
tions to determine whether this would alter the amount
of RT-PCR product derived from the mutant allele, but
the same result was obtained each time.
To further address the issue of preferential amplifica-

tion of the F1 mutant-gene product, we used fixed
amounts of normal and mutant cDNA isolated from
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individual clones, amplified them separately and to-
gether, and examined the end products first by ethidium
bromide staining and then by radioactive labeling during
the PCR (fig. 5). Allele-specific products were distin-
guished by MspAlI cleavage, when normal and mutant
cDNAs were competitively amplified together. Regard-
less of whether the mutant cDNA is amplified alone or

in conjunction with identical amounts of normal cDNA,
the end product of the mutant cDNA template is always
more than that of the normal cDNA, at every dilution
tested. The discrepancy is most dramatic when normal
and mutant cDNAs are amplified together; quantifica-
tion indicates that the amount of final PCR product with
the normal cDNA is 12%-26% of that in the mutant,
depending on the dilution. These data confirm our hy-
pothesis of preferential amplification.

Verification of PCR-Based Results with Primer
Extension
To confirm PCR-based assessments of RNA levels

in 01 cell strains, we used primer extension at the
polymorphic MnlI site at the 3' end of the COLlA1
gene, to quantify steady-state amounts of allele-spe-
cific mRNA in total cellular and nuclear RNA extracts.
Probands F1 and F2 were heterozygous at the MnlI
site and therefore were amenable to analysis. Steady-
state amounts of mRNA from the mutant allele were

reduced in total cellular and nuclear RNA extracts
from both probands (fig. 6), verifying the RT-PCR re-

sults. These data support previous primer-extension
studies on other 01 type I cell strains, which identified
the nucleus as the primary site of mutant RNA degra-
dation (Willing et al. 1994).
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Figure 3 ASOH of PCR-amplified cDNA from F7 and F9 pro-

bands. Rows A, Total cellular and nuclear RNA from control and OI
cells (F7 [upper panel] and F9 [lower panel]) served as template for
RT-PCR (lanes 1-4 in both panels). Amplified genomic or cloned
material was included to verify hybridization stringency (upper panel,
lanes 5 and 6; and lower panel, lanes 5-8). Rows B, Hybridization
of [y32P] end-labeled normal oligonucleotide probe to PCR products
blotted onto nylon. Rows C, Hybridization of [y2P] end-labeled mu-

tant oligonucleotide probe to PCR products blotted onto nylon. F7
and F9 ASOH lanes are as follows: lane 1, control total RNA; lane
2, control nuclear RNA; lane 3, 01 total RNA; and lane 4, OI nuclear
RNA. Hybridization stringency for the F7 ASOH was verified by
including amplified DNA from normal (upper panel, lane 5) and mu-

tant (upper panel, lane 6) cDNA clones. Hybridization stringency for
the F9 ASOH was verified by including amplified genomic DNA from
the control (lower panel, lane 5) and the F9 proband (lower panel,
lane 6), as well as amplified DNA from normal (lane 7) and mutant

(lane 8) genomic clones. Rows A demonstrate the presence of amplified
material in all lanes. The normal probes hybridize to RT-PCR material
in lanes 1-4 and to the hybridization controls. The mutant probe fails
to hybridize to RT-PCR material from either proband (lanes 3 and 4
in both panels), demonstrating decreased amounts of mRNA from the
mutant allele in total cellular and nuclear RNA extracts. The mutant

probe hybridizes to appropriate hybridization controls, however (up-
per panel, lane 6; and lower panel, lanes 6 and 8).

Premature Termination and Its Effect on Splicing
To determine whether our mutations alter RNA splic-

ing, we amplified cDNA fragments that included both
the site of the original mutation and, for the frameshift
mutations, the downstream exons that contain the new
termination signals (table 1). For the F1, F3, F7, F9, and
F10 mutations, premature termination occurs in close
proximity to the original mutation, making it possible
to amplify cDNA fragments that spanned 4-6 exons

and included both sites. For the F2, F4, and F8 muta-
tions, where termination occurs at more distant sites,
additional amplification reactions were performed that
included these downstream sites. Using this approach,
we found no evidence of either shortened products or

heteroduplexes that might suggest the presence of exon
skipping. For the F2, F4, and F7 mutations, we identi-
fied, in addition to the expected product, at least one

additional cDNA fragment, but it was also present in
controls, suggesting that it is a nonspecific finding and

is not a consequence of aberrant splicing. These data
suggest that premature termination in these COLlA1
alleles does not predispose to significant exon skipping.
To further investigate the relationship between pre-

mature termination and splicing, we sequenced cDNA
clones prepared from total cellular and nuclear RNA
extracts from an affected member of family F7. Since
the F7 mutation predicts premature termination at the
5' end of exon 37 and has the potential to alter recogni-
tion of the 5' splice site for this exon (the insertion
mutation occurs in the last codon of exon 36), we
thought that it would be the most likely, of the 10 muta-
tions, to produce aberrant splicing. When 76 cDNA
clones derived from total RNA were sequenced, we iden-
tified 51 clones with the normal sequence and 6 with
the insertion. In all cases, exons 36 -38 were intact and
correctly spliced. The remaining 19 clones, of varying
sizes, were sequenced to determine whether they repre-
sented products of alternative splicing; none were de-
rived from the COLlA1 gene. Sequence results for the
cDNA clones derived from nuclear RNA were identical,
including the proportions of normal and mutant clones.
Thus, although two different mechanisms (premature
termination and alteration of donor splice-site recogni-
tion) might have predisposed to alternative splicing, we
found, in our sequence analysis, no support for this phe-
nomenon.

Discussion

The ability of premature translation termination to re-
duce steady-state levels of the corresponding mRNA (non-
sense-mediated mRNA decay) is a phenomenon common
to most eukaryotes, including yeast, plants, Caenorhab-
ditis elegans, Drosophila, humans, and other mammals
(Losson and Lacroute 1979; Baserga and Benz 1988, 1992;
Daar and Marquat 1988; Urlaub et al. 1989; Magnus et

F1 Genomic DNA

216>211>
150-
92-

C C 01
PvU U

93 11 25 _1 NIL
* 1 _ _~1 218 ,-o

Figure 4 Preferential amplification of the mutant COLlA1 allele
in F1 genomic DNA. Amplified genomic DNA from the control (lanes
C) and F1 proband (lane OI), cleaved with PvuII: lane 1, control DNA
before cleavage; lane 2, control DNA cleaved; and lane 3, 01 DNA
cleaved. Control DNA is cleaved into two fragments, demonstrating
the presence of only the normal COLlA1 alleles, whereas cleavage of
amplified DNA from the F1 proband yields only the 218-bp product
of the mutant allele.

805



Am. J. Hum. Genet. 59:799-809, 1996

al. 1990; Belgrader and Maquat 1994; Belgrader et al.
1994; Zhang et al. 1994). Several studies have demon-
strated that transcription efficiency is not altered by the
presence of nonsense codons, suggesting that the effect is
primarily on RNA stability (Losson and Lacroute 1979;
Urlaub et al. 1989; Baserga and Benz 1992). Recent analy-
ses of frameshift and nonsense mutations in the human
triosephosphate isomerase (TPI) gene indicate that nuclear
mRNAs harboring nonsense codons are targeted for de-
struction after they are fully processed, suggesting that
the mRNA is lost during or immediately before transport
across the nuclear membrane (Belgrader et al. 1994). Al-
though our analyses did not distinguish between unpro-
cessed (heterologous RNA [hnRNA]) and mature mRNA,
they support the same general conclusion.
The results of the F1 mutation deserve additional

comment, since, at first glance, they appear to be at odds
with data on the other COLlAM mutations. Our initial
genomic DNA data (fig. 4) suggested that this mutation
predisposes to preferential amplification of products

PCR with F1 Cloned cDNAs
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Figure 5 Amplification of mutant and normal cloned F1 cDNA.
Rows A and B, Standardized amounts of 10-fold serial dilutions (lanes
1-5) of normal and mutant cloned cDNAs amplified separately for
20 cycles at 94°C (1.5 min), 60°C (30 s), and 72°C (30 s). Row C,
Standardized amounts of normal and mutant cDNAs amplified to-

gether, then cleaved with MspAlI to identify allele-specific PCR prod-
ucts. Products of the mutant allele remain uncleaved: lane 1, 60 fmol;
lane 2, 6 fmol; lane 3, 0.6 fmol; lane 4, 0.06 fmol; and lane 5, 0.006
fmol. When amplified separately, the final PCR product of the normal
cDNA is less than that of the mutant cDNA, at each concentration.
Quantification with an Ambis beta-scanner indicates that the PCR
products of the normal cDNA represent 6%-54% of the mutant, for
starting concentrations of 0.006 fmol and 60 fmol, respectively. When
fixed amounts of normal and mutant cDNA are competitively ampli-
fied together, the discrepancy is more obvious; the PCR product of
the normal cDNA never represents >26% of that of the mutant

cDNA. Normal and mutant cDNAs were isolated from individuals
clones prepared from F1 fibroblast nuclear RNA.

COLIAI: MnII
Total RNA Nucler RNA

I I IA
(-)

C Fl F2 C FI F2

B
5' TGMCCCCCIQMAGCCAAMAATGGGAGACAA1TTCACATGGAC 3'

A-X- CCCTCTG rA CGTGTACTG* 5'

A -- IACCCTCTGTTAAAGTGTACCTG]' 5

5 TGMCCCCCMAAAAGCCAAMATGGGAGACAAMCACATGGAC 3'
MnMI (-)

Figure 6 Primer extension at the polymorphic COLlAl MnlO
site. A, Total cellular and nuclear mRNA from control cells (lane C),
which direct the synthesis of approximately equal quantities of cDNA
derived from COLlA1 MnlI (+) and (-) alleles. In contrast, total
cellular and nuclear mRNA from 01 individuals in families F1 and
F2 (lanes F1 and F2) direct the synthesis of predominantly one cDNA
species. B, Schematic of the primer-extension reaction. The oligonucle-
otide primer end-labeled (denoted by an asterisk [*]) with 32[P]y ATP
is enclosed by boxes, and the MnO site is underlined. Terminations
(leftmost A's) are reached 15 nucleotides upstream of the primer in
the MnnI (+) allele and 24 nucleotides away in the Mn[ (-) allele.

from the mutant allele. Precedence for this phenomenon
has already been described elsewhere (Eldadah et al.
1995). Preferential amplification of one allele could be
related to a secondary-structure change that results from
the mutation. In the F1 cell strain, the G deletion is
located in the middle of the 54-bp exon 11 and falls
within a short palindrome (CAGCTG). We considered
the possibility that deletion of the G disrupts a short
hairpin structure, making PCR amplification of the mu-
tant allele kinetically more favorable. Our amplification
data derived by use of fixed amounts of normal and
mutant cloned cDNA support this hypothesis. Finally,
to corroborate PCR-based analyses, we used primer ex-
tension at the MnlI site, a site distant to that of the
mutation, and showed that steady-state levels ofmRNA
from the mutant allele are reduced in both total cellular
and nuclear RNA extracts. These data, taken together,
argue that premature termination promotes RNA degra-
dation in the F1 cell strain as well.
Our findings of reduced steady-state levels of mutant

COLlA1 mRNA in the nucleus of the cell appear to
contradict studies by Stover et al. (1993) and Redford-
Badwal et al. (1996), which demonstrate nuclear reten-
tion of aberrant mRNAs in 01 type I cell strains. In
their most recent report, null alleles are generated by
exclusion of RNA transcripts from the cytoplasm, thus
eliminating their translation into protein and their incor-
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poration into heterotrimers (Redford-Badwal et al.
1996). Included in their study is a cell strain, referred
to as "patient 263," which we had characterized pre-
viously by primer extension (the F7 cell strain in Willing
et al. 1994) and had reported to have markedly reduced
steady-state levels of mutant mRNA in both total cellu-
lar and nuclear RNA extracts. We have not looked for
mutant transcripts in the cytoplasm of this particular
cell strain or in any of the others described here, and
thus we are not certain whether the small amount of
mutant RNA detected in some cell strains is preferen-
tially retained in the nucleus.

Instead, we have focused on nuclear events that may
be important in nonsense-mediated mRNA decay. Using
quantitative RT-PCR with nuclear RNA extracts, we
find that levels of hnRNA from mutant and normal al-
leles are approximately equal, whereas the mutant tran-
script is significantly reduced in processed mRNA, in
comparison with that in the normal allele (Slayton et al.
1995). In most of the 12 cell strains examined to date
(including Redford-Badwal's patient 263), the mutant
mRNA represents -5%-10% of the normal mRNA,
suggesting that the RNA product from the mutant allele
is lost either during or immediately after splicing. In
view of this finding, we wondered whether the ability
of Redford-Badwal et al. to detect retained mRNA
within the nucleus of 01 type I cell strains reflects differ-
ences in the efficiency of amplification of RNA tran-
scripts, which are present in relatively low copy number,
in conjunction with the use of SSCP to identify these
transcripts. Their PCR buffer is different from ours (we
use the buffer in the Perkin Elmer GeneAmp RNA PCR
Kit) and includes both P-mercaptoethanol and 1% poly-
oxyethylene-9-lauryl ether, which may be relevant as a
means of explaining potential amplification differences.
Regardless of when the mutant mRNA is lost, the effect
on type I collagen production is still the same, however.

In some genes, position of the nonsense mutation in-
fluences mRNA stability, such that mutations located
more 5' in the gene decrease mRNA levels more dramat-
ically than do those toward the 3' end of the gene (Ur-
laub et al. 1989; Cheng et al. 1990; Mashima et al.
1992; Zhang et al. 1994). Mutations involving the last
exon of a gene typically do not trigger mRNA destruc-
tion, suggesting that genes have boundaries beyond
which nonsense mutations are not recognized. The posi-
tion effect of the last exon also appears to be true in
the COLlA1 gene. Whereas nonsense and frameshift
mutations distributed throughout most of the gene uni-
formly lead to decreased steady-state levels of allele-
specific mRNA, a 5-bp deletion in the last exon of the
COLlA1 gene results in approximately equal amounts
of mRNA from both COLlA1 alleles, in the nucleus
and cytoplasm of cells from affected individuals (Willing
et al. 1990). With the mutations presented here, we
found no evidence for a linear relationship between mu-

tation location and steady-state levels of mutant mRNA.
These data corroborate previous studies of nonsense and
frameshift mutations in exons 22, 46, 47, and 49 of the
COLlA1 gene (Willing et al. 1994) and suggest that
premature termination has a uniform effect on mRNA
stability throughout the gene.
We also examined the effect of premature termination

on splice-site selection. In many genes, premature termi-
nation influences RNA processing and leads to skipping
of the exon containing the new termination codon (Dietz
et al. 1993; Fisher et al. 1993; Gibson et al. 1993; Bel-
grader et al. 1994; Das et al. 1994). Location of the
mutation within the exon, its effect on RNA secondary
structure, and the order of intron removal for the gene
may influence this phenomenon, since not all nonsense
mutations within the same gene facilitate exon skipping
(Belgrader et al. 1994). Although the mutations de-
scribed here are distributed throughout the COLlA1
gene, at varying distances from 5' and 3' splice sites, we
found no evidence for exon skipping in any of these
COLlA1 alleles. Although it is possible that RT-PCR
did not detect infrequent alternative splicing events ei-
ther at the mutation sites or at more distant sites, we
think that it is more likely that our ability to detect exon
skipping was biased by studying only individuals with
the mild 01 type I phenotype. Exon skipping in the
COLlA1 gene often leads to lethal or severe deforming
01 (Byers 1993). For a structural macromolecule such
as type I collagen, where mutations have a dominant-
negative effect, restoration of an open reading frame
to create a more functional protein would not have an
ameliorating effect on the clinical phenotype, as has been
suggested for recessive disorders. It should be noted that,
in the fibrillin gene, which encodes another extracellular
matrix protein, Dietz et al. (1993) observed exon skip-
ping as a result of a nonsense mutation in a patient with
severe manifestations of Marfan syndrome.

Several models have been proposed to explain the
phenomenon of nonsense-mediated mRNA decay (re-
viewed in Urlaub et al. 1989), but none adequately ex-
plains all of the available experimental data. The transla-
tional translocation model suggests that transport of
mature mRNA out of the nucleus is coupled with the
splicing and translation processes, at the nuclear mem-
brane, whereas the nuclear-scanning-of-translational-
frames model proposes a mechanism, within the nu-
cleus, that scans RNA molecules for the presence of
nonsense codons. It is possible that cells have more than
one mechanism for recognizing and degrading nonsense-
containing mRNAs. Any model proposed to explain
nonsense-mediated mRNA decay in the COLlA1 gene
must take into account that this gene encodes a secreted
protein whose synthesis occurs on membrane-bound ri-
bosomes of the rough endoplasmic reticulum (RER)
(Kielty et al. 1993). Unless the RER were an integral
part of the nuclear membrane, it would be hard to imag-
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ine how the translational translocation model could ex-
plain recognition and degradation of mutant COLlA1
mRNA. Instead, we think that it is more likely that there
is a nuclear surveillance system that scans the hnRNA
for the presence of premature-termination codons. This
surveillance mechanism potentially could occur at the
time of RNA splicing, when exons are defined. Cis-act-
ing sequences, as well as alterations in RNA secondary
structure, might contribute to the recognition process,
but trans-acting factors, analogous to the smg and UPF
proteins identified in C. elegans and yeast, respectively
(Leeds et al. 1992; Pulak and Anderson 1993), would
also be required to mediate RNA degradation.

Mutations that lead to premature translation termina-
tion appear to be the most common molecular cause of
OI type I. Of the 21 COLlA1 mutations that we have
identified, 15 lead to premature termination, as a result
of either translational frameshifts or single nucleotide
substitutions (Willing et al. 1994; M.C.W., unpublished
data). Another mutation (the 5-bp deletion in exon 52)
extends termination to beyond the normal site (Willing
et al. 1990). The remaining five mutations are splicing
defects, and, of these, four disrupt 5' donor splice-site
recognition and lead to either cryptic splicing or intron
retention within the mature mRNA. Both of these alter-
native splicing pathways indirectly lead to frameshifts
and premature termination in downstream exons. A
similar observation has been reported by Stover et al.
(1993), who described a 5' donor splice-site mutation, in
intron 27, which leads to intron retention in the mature
mRNA. Thus, in OI type I cell strains, almost all identi-
fied mutations that lead to null alleles do so as a result
of premature termination. Premature termination seems
to have a predictable effect on steady-state levels of
COLlA1 mRNA and, ultimately, on type I collagen and,
for this reason, may be an explanation for the relatively
uniform clinical phenotype associated with OI type I,
compared with the more variable nature of OI types III
and IV.
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