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Abstract

Nanomelia is a recessively inherited connective tissue disorder of chicken affecting cartilage
development. Other investigators have demonstrated that it involves low aggrecan production
and diminished aggrecan mRNA levels. Based on genetic linkage studies showing a high
likelihood that the mutation responsible for the nanomelic phenotype lay within the aggrecan
gene, a series of experiments was performed to define the molecular basis of the trait. Aggrecan
mRNA was present in the nucleus of the nanomelic chondrocyte but greatly reduced in the
cytoplasmic compartment, a finding suggestive of a premature stop codon within the aggrecan
transcript. Since no defect in mRNA splicing could be demonstrated by ribonucleasease protec-
tion studies, direct DNA sequencing was initiated by polymerase chain reaction of the mRNA
and of genomic DNA. A stop codon was demonstrated at codon 1513, which is located in the
eighth repeat of the chondroitin sulfate 2 domain of the large tenth exon. The mutation creates a
unique BasBI restriction site which readily distinguishes the mutant and wild-type alleles.
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Introduction

Naturally occurring mutations affecting limb formation
in vertebrates are important models for studying a complex
developmental process. Nanomelia is one such example
and has illustrated the importance of the cartilage proteo-
glycan, aggrecan, to cartilage biology and limb develop-
ment. This mutation was described by Landauer (1965) asa
recessive trait of chicken associated with shortened limbs
and beak, underdevelopment of the chest wall and death
around 17—19 days of embryonic development. Defective
synthesis of cartilage chondroitin sulfate (CS)? proteo-
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glycan and the absence of proteolycan core protein were
demonstrated in nanomelic embryos (McKeown and
Goetinck, 1979; Argraves et al., 1981). With the cloning of
chick aggrecan ¢cDNA (Sai et al., 1986), it was shown that
the content of aggrecan mRNA from nanomelic chondro-
cytes was approximately 6% of normal and that the size of
the RNA transcript was normal (Stirpe et al., 1987). Subse-
quently, antibodies directed against the N-terminal
hyaluronic acid-binding domain of aggrecan identified an
immunoreactive product from nanomelic chondrocytes
with a molecular mass of 300 kDa rather than the expected
370kDa (O’Donnell et al., 1988). The authors postulated
that nanomelia resulted fronmt premature translational ter-
mination, although they poirted out that the immunoreac-
tive product detected in nanomelic chondrocytes might re-

ribonuclease; PCR, polymerase chain reaction; RT, reverse tran-
scription; RSB, reticulocyte swelling buffer; SET, buffer contain-
ing SDS, EDTA and Tris; TAE, buffer containing Tris, sodium
acetate and EDTA.
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present another cross-reacting core protein and not neces-
sarily an authentic but truncated aggrecan protein.

Before we began to define the molecular basis for this
mutation, it was important to show that the mutation most
likely lay within the aggrecan gene and not in another gene
which acted in trans to regulate its activity. Thus, the study
carried out by Velleman and Clark (1992) demonstrating
genetic linkage of the nonomelia mutation to the aggrecan
gene was fundamental to undertaking this project. First we
demonstrated that the mutant gene was as transcriptionally
active as the wild type since normal levels of the RNA
product accumulated within the nucleus. However, its con-
tent within the cytoplasm was greatly reduced. Failure of
cytoplasmic accumulation of a specific mRNA has been
associated with a premature termination of translation sec-
ondary either to a point mutation causing premature termi-
nation or a frame shift mutation causing formation of a
downstream termination codon (Maquat and Kinniburgh,
1985; Urlaub et al., 1989). The latter possibility might
result from either an error of splicing or a base insertion or
deletion. Ribonuclease (RNase) A protection experiments
were performed to show that the aggrecan RNA within the
nucleus was co-linear with normal cDNA, thus excluding
the possibility of a splicing defect causing the abnormality.
DNA sequencing from the 3’ end of the gene revealed a
point mutation resulting in a premature stop codon within
the highly repetitive CS2 binding domain. The same muta-
tion has recently been reported by Li et al. (1993).

Materials and Methods
Cell culture

Fertile eggs were obtained from normal white leghorn
breeding stocks and nanomelic breeding stocks maintained
at the Storrs Agricultural Experimental Station and incu-
bated for 17 days. Sterna from affected and normal
embryos were dissected free of perichondrium and incu-
bated in Ham’s F12 medium (Gibco) containing 0.1% col-
lagenase CLS2 (Worthington Biochemical) for 4h. Liber-
ated cells were plated at a density of 10 cells/100 mm petri
plate in 9 ml of Ham’s F 12 medium containing 20% fetal
calf serum and incubated at 37°C in humidified armos-
phere at 7.5% CO,.

Medium was changed every second day. The cells were
split at a 1:2 ratio at 5—7 days of culture and grown to
confluency for an additional 5—7 days. In a typical experi-
ment, six nanomelic sterna were used to generate 12 100-
mm petri plates of chondrocytes. Two days prior to har-
vesting cells for RNA extraction, the culture medium was
supplemented with 50 ug/ml ascorbic acid.

RNA Isolation

Confluent chondrocytes were scraped from the petri dish
with a rubber policeman into 10ml of cold phosphate-
buffered saline and collected by centrifugation for 3 min at
2000 X g in a 15-ml Falcon tube. The cell pellet was
resuspended in 10 ml of cold reticulocyte swelling buffer
(RSB: 10mm Tris, pH7.5, 10 mMm KCl, 1.5 mm MgCl,)
containing 0.25% Triton X-100 and dispersed by Dounce
homogenization using a B size pestle. After the cells were
allowed to lyse on ice for 5 min, they were rehomogenized
with §—10strokes and checked microscopically for extent
of cell rupture and quality of nuclear morphology. Further
Dounce homogenization was done if the cells were not
adequately lysed. The isolated nuclei were collected in the
same 15-ml Falcon tube by centrifugation for 5§ min at 2000
% g. The supernatant was transferred to a 30-ml Corex tube
(cytoplasmic extract) containing 1.1ml of 10 x SDS,
EDTA and Tris (SET) buffer (10.0% SDS, 0.5 m Tris HCI
pH7.5,10 mm EDTA) and 110 pl proteinase K (10 mg/ml).
The nuclear pellet was re-extracted in 5 ml of RSB contain-
ing 0.25% Triton X-100 with brief Dounce homogeniza-
tion. The nuclei were again separated by centrifugation and
extracted in 1 X SET containing 100 ul/ml proteinase K.
The RNA was isolated from both fractions as previously
described (Genovese et al., 1984). The yield of total RNA
from 12 confluent plates of chondrocytes was 21-30ug
from the nuclear fraction and 200—300 pg from the cyto-
plasmic compartment.

Genomic DNA extraction

Minced leg muscle tissue (0.5—1.0 gm) was placed in a
10-ml Falcon tube containing 5.0ml 2 x SET and 200 pg/
ml of proteinase K and rocked over night at 55°C, The
solubilized tissue was extracted in an equal volume of
phenol/chloroform/isoamyl alcohol (12:12:0.5 by vol-
ume), centrifuged 5 min and the aqueous portion re-
extracted in an equal volume of chloroform:isoamyl
alcohol (24:1 by volume). The aqueous portion was trans-
ferred to a fresh tube, adjusted with Y2 volume 7.5M
amonium acetate, incubated at room temperature for
10 min and centrifuged at 10000 x g for 10 min. The
supernatant was transferred to a fresh tube and layered
with an equal volume of 100% EtOH. DNA was spooled
from the solution with a sealed Pasteur pipette, washed
twice with 70% EtOH, air dried and redissolved in 1.0 ml
Tris-EDTA buffer, pH8.0.

RNase protection

Three types of RNase protection were utilized to charac-
terize the quantity and structure of the aggrecan RNA in
normal and nanomelic chondrocytes. Direct RNase protec-
tion using short (~ 350 bp) probes was employed to quanti-



tate RNA, while longer (~ 1.7 kb) cRNA probes were used
to screen for a skipped exon (see Fig. 1). In either case, the
probe was cloned in Bluescript SK* (Stratagene) and trans-
cribed with T5 or T RNA polymerase in the presence of
[P32)UTP to produce a uniformly labeled antisense cRNA
probe. The probe was mixed with 6 ug of nuclear or cyto-
plasmic RNA, precipitated with ethanol, redissolved in
80% formamide, 0.4 M NaCl, 40 mm Hepes, pH 7.6 and
2mm EDTA and incubated at 50 °C over night. The solu-
tion was digested with a mixture of T, and Ty RNase as
previously described (Lichtler et al., 1992). Each reaction
mixture was phenol/chloroform extracted, ethanol precipi-
tated and electrophoresed in an 8% polyacrylamide gel
containing 8 M urea. RNase resistant bands were identified
by autoradiography with Kodak X-OMAT AR film.

Indirect RNase protection was utilized to screen aggre-
can RNA for an insertion (Genovese et al., 1989). Single-
stranded antisense DNA probes were generated from the
same Bluescript SK* clones by co-culture with 10”-pfu/ml
of VCSM 13 helper phage (Veira and Messing, 1987). Once
the infection has been established, cells harboring the
helper were selected in 25 pug/ml kanamycin over night,
followed by harvesting the single-stranded cDNA by poly-
thylene glycol precipitation. The indirect RNase protection
was performed as previously described using 4 pg RNA,
1 pg single-stranded cDNA and cloned RNase A at 0.05 ug/
ml, 37°C for 30 min (Genovese et al., 1989).

Polymerase chain reaction (PCR) of RNA and genomic
DNA

Two ug of nuclear or cytoplasmic RNA was transcribed
by reverse transcription (RT) to cDNA using 2 ug of a core
protein-specific primer that extended from codon 2100 (5
GGGTGGGTCTGTGCACGACACCGGGT)* in 50mMm
Tris, pH 8.3, 7.0 mm KCl, 3 mm MgCl, and 10mm DTT.
The mixture was heated at 65°C for 3 min, cooled and
adjusted to contain 500 mm dNTPs and 500 U M-MLV RT
(BRL). The incubation lasted for 1h at 37°C, followed by
phenol/chloroform extraction and ethanol precipitation.
The sample was dissolved in 20 ul water, and 1 ul was used
in the PCR reaction.

The region encompassing the CS2 repetitive domain
(codons 1363—1762) was PCR amplified using oligonu-
cleotides that flank the region (codon 1327: 5' GCCAA-
CAGTTTCACAGGAG and codon 1735: §* GCTAACA-
GCAGGCAGCCCAG, see Fig. 1). The PCR mixture con-
tained 50mm KCl, 10 mm Tris, pH 8.3, 1.5 mm MgCl,,
0.01% gelatin and 2.5 v Taq DNA polymerase (BRL) in a

4 The two published sequences of the chicken aggrecan gene
differ in their nucleotide numbering because of different lengths of
the 5 untranslated region. Because they agree at the level of the
translated protein sequence, codon number is used to localize
sequence. '
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final reaction volume of 84 ul. The mixture was heated to
94°C for § min., after which 16 ul of 1.25 mm dNTPs was
added (Chow et al., 1992), and the sample was cycled
30 times at 94°C for 15 s, 65 °C for 15 s and 72 °C for 90 s in
the Perkin Flmer 9600 Thermocycler. The PCR products
were visualized in a 1% agarose TAE gel stained with
ethidium bromide. Genomic DNA was amplified with the
same primers and reaction conditions as the aggrecan
cDNA.

The PCR products were excised from 1% TAE agarose
and extracted with a Qiaex solution (Qiagen, Chatsworth,
CA). The purified DNA was cut with the restriction
enzyme, Sst II, cloned into Bluescript SK H (Stratagene) and
sequenced by the dideoxy method employing Sequenase
(US Biochemical Corporation). The BsaB1 restriction frag-
ment polymorphism that resulted from the nonomelia
mutation was detected in PCR-amplified genomic DNA
using the same primers that flanked the CS2 repetitive
domain (see above). The product was cut with the BsaB1
restriction enzyme for one h at 60°C, electrophoresed in
5% acrylamide and visualized with ethidium bromide
staining.

Results

Fig. 1 shows the composite structure of the gene and the
probes that were generated from cDNA and genomic clones
generously provided by Drs. Chandrasekaran and Tanzer
(Tanaka et al., 1988; Chandrasekaran and Tanzer, 1992).
The first nine exons have not been mapped in chicken but
are assumed to exist based on similarity with the mouse and
human aggrecan gene (Barry, 1990; Doege et al., 1990).
Not included within the published cDNA sequence of the
chicken is the alternatively spliced epidermal growth fac-
tor-like exon located within intron 10 (Baldwin et al.,
1989; Doege et al., 1991; Grover and Roughley, 1993).
The aggrecan gene is unusual in that exon 10 is an excep-
tionally large internal exon (2.8—3.9kb depending on
species). It contains two highly repetitive serine-rich regions
that encode the site of CS attachment, designated the CS1
and CS2 domains (Dudhia et al., 1990; Neame, 1990).

The published work of Stirpe et al. (1987) and O’Donnell
et al. (1988), in conjunction with the genetic linkage analy-
sis by Velleman and Clark (1992), strongly suggested that
in the nanomelic mutation a premature stop codon was
present within the aggrecan gene and accounted for the low
levels of RNA and the truncated immunoprecipitable pro-
tein product. To determine if the distribution of aggrecan
RNA between the nuclear and cytoplasmic compartments
was consistent with this possibility, we assessed its presence
in both compartments by direct RNase protection using a
Xmnl subfragment of probe H which corresponds to exon
13 and 14 (Fig. 1). Fig. 2 shows the aggrecan cRNA probe
of 380nt (lane9) that protects an mRNA fragment of
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Fig. 1. Maps of the Aggrecan Gene and cDNA. (A)
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TAA (Codon 1513)

The tentative genomic map of the chicken aggrecan DNA is based on the known

chicken sequence and on homology with the human and rat gene. The primary sequence of the chicken gene from exon 11 through 15 is

known from genomic sequencing (Tanaka, 1988},

and the large exon 10 was obtained by genomic sequencing (Chandrasekaran and

Tanzer, 1992). Exons 1—9 were obtained by sequencing a sequencing a cDNA fragment obtained from a lambda library (Chandraseka-
ran and Tanzer, 1992; Li et al., 1993). The untranslated first exon (UT), signal peptide (SP), alternatively spliced epidermal growth

factor-like (EGF) domain, complement regulatory protein-like (CRP)

domain and three globular domains (GD) are illustrated in the

diagram. (B) The three probes used in RNase protection experiments were derived from cDNA fragments that span exons 1—8 (probe B),
another that extends from exon 6 through approximately 300 bp of exon 10 (probe 7—2) and a fragment that begins in the final 140 bp of
exon 10 and covers exons 11—14 (probe H). A subfragment of probe H spanning exons 13 and 14 was produced to quantitate aggrecan

mRNA by linearizing the plasmid at a Xmnl site prior to cRNA transcription with T3.
based on the published sequence (Chandrasekaran and Tanzer, 1992; Li et al., 1993).

(C) The cDNA map of chicken aggrecan mRNA
The two repetitive domains that make up the CS

binding domains (CS1: 10-amino-acid repeat and CS2: 20-amino-acid repeat) are highlighted within the large exon 10 that extends from

codon 839 through 1893. The regions flanking the repeated domain that was sequenced (codons 1217 through 2086)
the area where the inconsistencies were identified is underlined with a broken line.
contains the nanomelic mutation plus the six additional 20-amino-acid repeats not found in the original

(codons 1492 and 1710)

is underlined, and
(D) The region within CS2 between the two Sst Il sites

published sequence of this region (Chandrasekaran and Tanzer, 1992). The original repeat number prior to detection of the additional six
repeats is illustrated above the shaded rectangle, and the corrected numbering is given below. The region was amplified with
oligonucleotides shown by horizontal arrows that end at codons 1327 and 1735. The Sst 1 sites are located in repeats 7 and 12 of the
published sequence and repeats 7 and 18 of the revised sequence. The nanomelic mutation is located in repeat 8 at codon 1513.

310 nt (arrow). As a control for the quantity of RNA used
in the hybridization reaction, we employed a second probe
from the C-terminal domain of typeIl collagen (Vuorio et
al., 1982), since previous published work found that the
quantity of typell collagen produced by nanomelic
chondrocytes was normal (Sawyer and Goetinck, 1981). It
generates a cCRNA probe of 200 nt (lane 10) and protects
two fragments of 150 and 100nt (arrows). The signal
strengths of the bands were significantly stronger in RNA
obtained from normal cells (lanes 1 and 2 vs. lanes 7 and 8),
probably because the nanomelic cells do not maintain their
differentiated state as well as control cells. The film was re-
exposed for shorter intervals to obtain comparable band
densities between the control and nanomelic samples. The
ratio of aggrecan to collagen bands in control cells is
approximately 1:4 in both the nuclear and cytoplasmic
compartments (Janes 3 and 4). In contrast, the 1:4 ratio that
was present in the nuclear compartment of the nanomelic

cells (lanes 5 and 7) was not maintained in the cytoplasmic
compartment. At the shorter exposure, 1o aggrecan band
was detectable in the cytoplasmic extract (lane6). At the
longer exposure (lane 8), a faint band migrating somewhat
more slowly than the comparable nuclear band was
observed. The band running just above the authentic aggre-
can band is probably not related to aggrecan RNA because
it is evident at equal intensity in both compartments of
nanomelic cells (lanes 5—8) and at shorter exposures in
normal cells (lane 3).

These data are consistent with diminished RNA accumu-
lation secondary to premature translational termination
such as an abpormality of splicing that results in a frame
shifted transcript. To assess for possible abnormal splicing,
nuclear RNA was obtdined from unaffected embryos from
a nanomelic mating assuming that % would be carriers and
15 would be normal. RNA from these presumptive
heterozygotes and from wild type chicken chondrocyte
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Fig. 2. Direct RNase protection of aggrecan RNA in the nuclear
(N) and cytoplasmic (C) extracts from normal and nanomelic
chondrocytes. Six ug of total RNA from each extract was pro-
tected with a Xmmnl-truncated subfragment of probe H colinear
with exons 13 and 14 of the aggrecan mRNA (see Fig. 1B). A
type II collagen mRINA probe encoding the C-terminal propeptide
was linearized with Sau3A. The RNA markers in Lane M are end-
labeled; Lanes1, 2, 7 and 8 were taken at the same X-ray film
exposure, while Lanes3, 4, 5 and 6 were taken at shorter
exposures to illustrate the relative amounts of aggrecan and
COL2A! mRNA in the lanes. Lanes 1 and 2: N and C, normal;
Lanes3 and 4: N and C, normal; Lanes$ and 6: N and C,
nanomelic; Lanes 7 and 8: N and C, nanomelic. Lanes 9 and 10 are
the input aggrecan and COL2A1 cRNA probes alone.

RNA was examined by direct and indirect RNase protec-
tion using probes which encoded exons 1 through 8
(probe B, Fig. 1), exons 6 through 10 (probe7-2, Fig. 1)
and exons 11 through 14 (probeH, Fig.1). The results
showed that all probes were fully protected by nuclear and
cytoplasmic RNA from chondrocytes derived from wild
type and normal embryos of a nanomelic mating (data not
shown).

Having failed to find an abnormality of splicing, we
searched the primary cDNA sequence for the presence of
either a frame shift mutation or point mutation causing
premature termination. RT/PCR sequencing from the 3’
end residues beginning at codon 2086 and from the 5’ end
beginning at codon 1217 produced a sequence that was
identical to the published sequence (Chandrasekaran and
Tanzer, 1992) except for occasional polymorphic changes
that would not account for the RNA phenotype of
nanomelia. However, as the region containing the CS2
domain was entered and particulary when oligonucleotide
primers from the CS2 repeat region were used to produce
PCR fragments, numerous sequence inconsistencies,
including stop codons, were encountered, although there
was still great similarly to the published sequence. Sequence
comparison with a cDNA obtained by Krueger et al. (1990)
that was upstream of the CS2 domain was identical to ours
and showed a similar loss of fidelity to the published
sequence at its 3’ end.
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Because we could not generate a reliable sequence from
the repetitive CS2 domain with internal sequencing prim-
ers, we chose PCR oligonucleotides that flanked the domain
(codon 1327 and codon 1735, Fig. 1C) with the intention
of sequencing it with vector-derived primers. Based on the
published sequence, the predicted size of this PCR fragment
was 0.9 kb, but the observed fragment from genomic DNA
of normal, nanomelic embryos and the plasmid originally
used to sequence this domain was 1.25kb (data not
shown). Furthermore, the predicted 300 bp SstII fragment
(Chandrasekaran and Tanzer, 1992) which resides within
the repetitive domain migrated at approximately 650 bp
(codons 1492 and 1710) in all three samples of DNA (data
not shown), thus identifying an apparent insertion within
the Sst Il fragment.

A. §' Seguence
Repeat 7
Published

Sst2 (1492)

GG6C GAA ACG TCT GCG TTT CCc GAG ATT ACC ATA
P TEE T TEE T et
G66C GAA ACG TCT GCG TTT CCT GAG ATT ACC ATA
Gly Gly Thr Ser Ala Phe Pro Glu [le Thr tle

Nanonmelia

Repeat 8 (1503)
Published GAR GCC TCC ACR GTC CAT

FEERLE TEE TEr L
Nanonelia GAA GCC TCC ACA GTC CAT

Glu fila Ser Thr Ual His

Repeat 9 (1523)
Published GAR ACG TCC ACA GTC CRT

P
Hanonelia GAA ACG TCC ACA GTC CAT

Glu Thr Ser Thr Val His

Repeat 10
Repeat 10 (i543)
Published GAA ACg TCC ACR GTC CAT
(A THE AR )
Nanomelia GAA ACA TCC ACR GTC CAT
Giu The Ser Thr Val His

fepeat 11 (1563)
Thr Ual His
Published GAA ACA TCC ACa GTc CAt
PRIt
Nanoaelia GAR ACA TCC ACG AGT CAR
Glu Thr Ser Thr Ser Gin

Glu
GAA ACC AGT GGR GAR ACA TCT GCC TTT
PELEEE GED L 1 T 1
GAA ACC AGT GGA TAR ACA TCT GCC TTT
Glu Thr Ser Gly *%® Thr Ser Ria Phe

GAA ACC AGT GGA GAA ACR TCT GCC TTT
PEE 0 e LT R T ]
GAA ACC AGT GGA GAA ACA TCT 6CC TTT
Glu Thr Ser Gly Glu Thr Ser fila Phe

Thr Thr
GAR AcC AGT GGa GAR Aca TCT GCC TTT
NEEEIREEEIse
GAA ATC AGT GGG GRA AGT TCT 6CC TTT
Giu tls Ser Gly Glu Ser Ser Rla Phe

1le Ser Ser
GAR atC aGt GGg GAA figt TCT GCe TTC
ey e e b i
GRA GCC CGG GGT GAA ACR TCT GCG TTC
Glu Ala Apg Gly Giy Thr Ser Ala Phe

ccC GAR ATT RGC ATA
RN
CCC GRA RTT AGC ATR
Pro Glu Iie Ser lte

CCc GAR ATT AGC ATA
TE eIl

CCT GAA ATT AGC ATA
Pro Glu lle Ser ile

Ser
CCc GAA ATT AGe ATR
IE T LT T
CCT GAAR RTT AGR ATA
Pro Glu lle fArg 1le

Ser Ua!
CCT GAa ATT RgC gTA
e 1
CCT GAG RTT ACC ATA
Pre Glu lie The lie

B, 3' Sequence
Repeat 17 (1683) (11)
Thr Ual His lle
Published GAa aCR TCC ACA gtc CAt GAA aTc AGT GGG GAA AGT TCT GCC TTC CCT GAA ATT AGC GTA
f Ll IR I I T LA |
Nanomelia GAG GCA TCC ACA ACT CAA GAR GTA AGT GGG GAR RGT TCT GCC TTC CCT GAA ATT AGC GTA
Giu Ala Ser Thr Thr Gin Glu Val Ser Gly Gly Ser Ser Ala Phe Pro Glu lle Ser Val

Repeat 18 (1703) (12) $3t2(1710)
Pubiished GRG ACA TCC ACA AGT CAG GAR GCC

RN
Nanomelia CTC TGT AGG TGT TCA GTC CTT CGG

Glu Thr Ser The Ser GIn Glu fila

Fig. 3. Comparison of the DNA sequence of the ends of the Sst1I
fragment from nanomelia with the corresponding published
sequence (Chandrasekaran and Tanzer, 1992). Genomic DNA
from nanomelic embryos was PCR amplified using oligonuc-
leotides that flank the Sst1I sites. as shown in Fig. 1. The analysis
was performed on different nanomelic embryos and genomic
DNA from normal chicken to exclude the possibility of a PCR
artifact. (Panel A). The upstream SstII cleavage site at codon 1492
is located within the seventh repeat. Sequence fidelity is reasonably
preserved through repeat 9, begins to degenerate in repeat 10 and
is completely lost in repeat 11. The nanomelic mutation is located
within repeat 8. (Panel B) Sequence derived from the downstream
SstII cleavage site. The corrected repeat numbers, 17 and 18, are
used while the original repeat numbers, 11 and 12, are given
within the parentheses. Comparison of the sequences indicates
that the 17th repeat of the corrected nanomelic sequence begins to
correspond to the 11th repeat in the original sequence.
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Nanomelia

Normal

Fig. 4. DNA sequencing for the SstII fragment within the CS2
domain that harbored the nanomelic mutation. The PCR derived
fragment was subcloned into Bluescript KS* and sequenced from
the vector primers.

M 1 2 3 4 5 6

\—-n--—----»—
—

L]

Fig. 5. BasBl restriction digest of the CS2 fragment obtained by
PCR amplification of homozygous normal (lanes1l and 2),
heterozygous (lanes 5 and 6) and nanomelic embryos (lanes 3 and
4). Lanes 1, 3 and 5 are the uncut PCR product, while lanes 2, 4
and 6 were cut with BasBl. M, DNA markers.

The 657 bp Sst1I fragment was cloned and its sequence
compared with the published sequence (Chandrasekaran
and Tanzer, 1992). Sequencing toward the 5’ end from
codon 1710 to 1691 (Fig.3, panelB) showed complete
identity, but farther upstream of codon 1691 the fidelity
with the published sequence was distinctly lost. Sequencing
from codon 1492 at the 5’ end (Fig. 3, panel A) showed
polymorphic changes at 1498 and 1538 and a G — T
transversion, producing a Glu — stop codon, at 1513. In
addition, conservative amino acid changes at 1550, 1534
and 1561 were found, followed by further degeneracy in
fidelity to the published sequence. The results of the
sequencing show that an additional six 20-amino-acid
repeats are present which escaped analysis in the original
sequence.

Once the basis of the difficulty in obtaining reliable
sequence within the CS2 repeat domain was understood,
the mutation causing the premature stop became apparent:
the eighth repeat contained a GAA to TAA mutation

(Figs. 4 and 1D). No other alteration in sequence was unco-
vered within the nanomelic sequence from codon 1217 to
2086 that could account for the protein and RNA findings.
Furthermore, the mutation generated a unique BasBl
restriction site which could be demonstrated in genomic
DNA from nanomelic embryos (Fig. 5, lane 4). Analysis of
genomic DNA from phenotypically unaffected embryos
collected from parents defined as nanomelic carriers
showed, as expected, the presence of either one (Fig. 5,
lane ) or two normal alleles (Fig. 5, lane 2) that were resis-
tant to cleavage by the enzyme.

Discussion

Our investigation into the molecular basis of nanomelia
was influenced by our analysis of mutations of another
extracellular matrix protein, type I collagen, in association
with the human disease, osteogenesis imperfecta (Rowe,
1991; Byers and Steiner, 1992). In that heritable disorder,
mutations which maintain the translational reading frame
accumulate normal amounts of the mutant transcript in the
cytoplasmic compartment, and corresponding levels of
mutant protein are produced. In contrast, mutations which
produce a premature stop of translation fail to accumulate
the mutant transcript in the cytoplasm and lead to a 50%
reduction of protein production (Barsh et al., 1982; Rowe
etal., 1985; Willing et al., 1992; Stover et al., 1993). Thus,
determination of the distribution of the mRNA between the
nuclear and cytoplasmic compartments can provide an
important starting point for mutation identification using
total RNA if the mutation is contained within the cyto-
plasm, or using the nuclear RNA if the transcript is
restricted to that compartment. This approach not only
avoids the need for excessive DNA sequencing but provides
a biological insight into the effects of the mutation on
mRNA processing and translation.

The nanomelic chondrocytes demonstrated ample aggre-
can mRNA in the nuclear compartment with little detect-
able accumulation in the cytoplasm. Structural analysis by
RNase protection studies failed to show evidence of exon
skipping or intron retention as a basis for a frameshifted
transcript. We did not elect to use current methods for point
mutation detection, such as chemical cleavage (Cotton,
1989) or single-stranded conformational polymorphisms
(Sarkar et al., 1992) to localize the mutation as previous
work by O’Donnell et al. (1988) using cell free translation
indicated the likely domairﬁ harboring the stop codon. Not
anticipated in the analysis of the suspect domain was the
discrepancy uncovered between our data and the published
sequence. As a result, the entire 3’ end of the cDNA was
resequenced to ensure that the stop codon encountered at
codon 1513 was the authentic mutation. This result was
confirmed by the presence of the mutation-generated BasBl
restriction site in homozygotes and heterozygotes for the



nanomelic phenotype. Our findings are in agreement with
those of Liet al. (1993).

The omission of the six 20-amino-acid repeats of the CS2
domain in the published sequence only became apparent as
sequencing through this region in the nanomelic mRNA
revealed many inconsistencies. We experienced difficulty
obtaining reliable sequence when primers derived from the
CS2 domain were in the DNA sequencing reaction. Once
the domain was subcloned and sequenced with primers
external to the repeat region, the reason for the initial
omission became clear. Since the revised sequence is present
in both normal and nanomelic aggrecan RNA, it has no
bearing on the nanomelic phenotype. The corrected
sequence will be described elsewhere (Chandrasekaran et
al., submitted) and is in agreement with the sequence of Li
etal. (1993).

The molecular basis for the decreased cytoplasmic
accumulation of aggrecan mRNA secondary to the pres-
ence of the premature termination codon is still not firmly
defined. Multi-exon genes containing premature stops in
other than the terminal exon fail to show accumulation of
the mutant transcript in the cytoplasm either from a
diminished half-life of the RNA within the cytoplasm
(Baserga and Benz, 1988; Lim et al., 1992) or from failure
of nuclear transport (Maquat and Kinniburgh, 1985;
Cheng et al., 1990). Experiments to distinguish clearly
between these two possibilities have been difficult to per-
form, and there may be alternative mechanisms based on
the gene, cell type and mutation.

The aggrecan gene is unusual in that it has an internal
exon of over 3000 bp. The current model of RNA splicing
based on exon definition limits the size of an internal exon
to less than 300 bp (Robberson, 1990). The fact that this
gene has evolved a way to permit proper splicing of such a
large internal exon may explain why more RNA containing
the premature stop was detected by Northern analysis or
translated into a truncated protein than has been observed
for other genes with premature stop codons (Hamosh et al.,
1991; Nakahashi et al.,, 1992; Koivisto et al., 1992).
Although the importance of nanomelia is the insight it gives
into the biology of aggrecan as related to cartilage develop-
ment, the unusual size of exon 10 and its ability to defy the
rules of exon definition may reveal how splicing occurs in a
number of extracellular genes that have large internal exons
(Hardingham and Fosang, 1992).

To date, a human homologue to nanomelia has not been
defined, although several dominantly inherited dwarfing
syndromes have been examined for DNA linkage to the
aggrecan gene (Finkelstein et al., 1991). Recently, the carti-
lage matrix deficient mouse has been shown to contain a
frame-shifted aggrecan transcript due to a 7-bp deletion in
the 5 coding region of the gene (Yamada, personal com-
munication). Now that the phenotype and genotype of
these two animal models of recessively inherited chon-
drodystrophy are appreciated, analysis for a homozygous
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null mutation in the corresponding human gene should
focus on sporadic and probably lethal cases affecting the
axial, facial and thoracic skeleton. In addition, molecular
markers to identify the heterozygous state of nanomelia
and the cartilage matrix deficient mouse can be used to test
the hypothesis that chronic underproduction of aggrecan
associated with one null aggrecan allele predisposes to
degenerative joint disease. Since both animal models con-
tain null mutations, it has not been possible to identify
regions within the structural domains of the gene that delete
function from the protein. At present, experiments of man
or nature have not been identified to indicate that there are
amino acid substitutions in the aggrecan gene that might act
as dominant negative mutations as has been found in many
structural proteins (Vikkula et al., 1993). However, there is
an increasing realization that subtle mutations in the struc-
tural proteins expressed by chondrocytes may result in
early onset degenerative joint disease (Nakata et al., 1993).
This information, plus evidence that the heterozygote
nanomelic or cartilage matrix deficient model have abnor-
mal cartilage, would provide a rationale to examine human
pedigrees with heritable osteoarthritis for genetic linkage to
the aggrecan gene.
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