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ABSTRACT The hereditary goitre of Afrikander cattle is
an autosomal recessive disease characterized in homozygotes
by the production of abnormal thyroglobulin (Tg) and the
coexistence in the thyroid of normal-sized 8.4-kilobase (kb) Tg
mRNA with a misspliced 7.3-kb message having lost exon 9. We
have cloned and sequenced the cDNA segment corresponding
to the abnormal exon 8—exon 10 junction and the relevant
genomic DNA region. The mutation responsible for the disease
is a cytosine to thymine transition creating a stop codon at
position 697 in exon 9. The original reading frame is main-
tained in the 7.3-kb mRNA, which, as it lacks the mutated
exon, is translatable into a potentially functional protein. This
puzzling phenotype in which a mutated exon is apparently
removed selectively from transcripts by alternative splicing
leads us to suggest that the 7.3-kb transcript could be present
in normal animals. Using a sensitive oligonucleotide hybrid-
ization assay, we have demonstrated that a 7.3-kb mRNA
lacking exon 9 does exist in normal thyroids as a minor mRNA
species. As it is fully translatable, the 7.3-kb mRNA is expected
to be more stable than the normal-sized 8.4-kb message. This
probably accounts for the higher proportion of 7.3-kb tran-
script found in the goitre.

Thyroglobulin (Tg), a 660-kDa homodimer, is the biosynthet-
ic precursor of the thyroid hormones (1). The Tg gene is
=250,000 nucleotide pairs long, of which 8431 nucleotides are
represented in the mRNA (2). Congenital goitres with defec-
tive Tg production have been described in humans (3) and in
animal models (4, 5). They are usually associated with
hypothyroidism and may lead, in humans, to the develop-
ment of the ‘‘cretin’’ phenotype (6). The hereditary goitre of
the Afrikander cattle is inherited as an autosomal recessive
disease (7). The goitre of homozygotes contains no normal Tg
(8) and contains both a shorter and a normal-sized Tg mRNA
(9); exon 9 is absent in the shorter Tg mRNA, suggesting that
a splicing error is responsible for the disease (9). To identify
precisely the mutation, we have cloned and sequenced the
cDNA of the affected region of the smaller mRNA and the
exon 9-intron 9 region of the genomic DNA from both a
normal individual and an individual with goitre. We show that
a cytosine to thymine transition in exon 9, changing codon
697 from CGA (arginine) to TGA (stop) is responsible for the
disease. The nonsense mutation in exon 9 is apparently
associated with and partially cured by removal of the defec-
tive exon from a portion of Tg transcripts. An explanation for
this curious phenotype was obtained by the identification of
a minor mRNA species lacking exon 9 in the thyroids of
normal animals. Different stability of the shorter (fully
translatable) and larger (containing an early stop codon)
messages probably accounts for their relative amounts in
goitre tissue.
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METHODS

Isolation of Total and Poly(A) RNA. Total RNA was
prepared from normal and goitre tissues according to Auffray
and Rougeon (10). Poly(A) RNA and purified Tg mRNA were
isolated by poly(U) Sepharose chromatography and sucrose
density-gradient fractionation as described (11, 12).

Cloning and Sequencing of Tg cDNA from Goitre. Poly(A)
RNA from the thyroid of a homozygous goitrous animal was
reverse-transcribed under conditions favoring the obtention
of full-length transcripts (13). Double-stranded cDNA was
prepared according to standard procedures (14) and cleaved
with Sau3Al. The resulting fragments were cloned in the
BamHI site of pBR322 and an Escherichia coli C600 trans-
formant containing the fragment bridging the exon 8—exon 10
junction of 7.3-kilobase (kb) Tg transcripts (see Fig. 1) was
identified by hybridization to a 3?P-labeled exon 10-specific
probe (an EcoRI/Sau3Al fragment from the pbTg 2.6; see
ref. 15) and by restriction analysis of DN A minipreparations.
The insert was subcloned in both orientations in M13mp19
and sequenced (16).

Cloning and Sequencing of Genomic DNA Segments. An
EcoRI/HindIlI genomic DNA fragment containing the exon
9—intron 9 region (see Fig. 1 and ref. 9) was partially purified
from a homozygous goitrous animal by sequential cleavage of
the DNA with EcoRI and HindIII and electroelution of the
fragments of the expected size from agarose gels. After
ligation in EcoRI1/HindIIl-cleaved pBR322 and transforma-
tion of E. coli MC1061, a clone harboring the fragment of
interest was identified by hybridization to the 3?P-labeled
1.1-kb insert of pbTg 1.1 (15). The Rsa 1/Hincll fragment
containing the exon 9-intron 9 junction (Fig. 1) was sub-
cloned in both orientations in M13mp19 and sequenced (16).

The corresponding Ras I/Hincll fragment from a normal
animal of European origin was subcloned and sequenced in
exactly the same manner, except that the starting material was
a cosmid clone harboring the first 16 exons of the Tg gene (9).

Detection of 7.3-kb Tg Transcripts by Hybridization to an
Oligonucleotide Probe. Total and purified Tg mRNA were
separated by electrophoresis in agarose gels and blotted onto
nylon membranes (Biodyne Electronics, Santa Monica, CA)
(17). After a 2-hr prehybridization in 6xX NET/0.5% NaDod-
S04/0.05% sodium pyrophosphate at 50°C (1x NET = 150
mM NaCl/1 mM ethylenediaminetetraacetic acid/15 mM
Tris'HCl, pH 7.5), the blots were hybridized in the same
medium containing =5 X 10 cpm of a 20-mer oligonucleotide
per ml (see Fig. 2 Upper) that had been labeled to = 5 x 10®
cpm/ug by polynucleotide kinase and [32P]JATP (14). Hybrid-
ization was for 2 hr except in one experiment involving total
RNA (Fig. 3A, lanes § and 6), where it was prolonged to 16
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F1G.1. Schematic representation of the Tg gene from the 3’ end
of exon 8 (E8) to exon 11 (E11). Solid bars, exons; open bars, introns.
The position of cDNA (hatched bar) and genomic DNA (stippled bar)
sequences presented are also indicated. E, EcoRI; H, HindIII; Hc,
Hincll; R, Rsa 1; S, Sau3Al.

hr. After three 15-min washes at 0°C, a 1-min wash was
performed at 45°C followed by two 15-min washes at room
temperature. All washes were in 50 ml of 6X NET/0.5%
NaDo0dS0,/0.05% sodium pyrophosphate. The wet filters
were exposed overnight to Kodak XAR-5 films without a
screen. Thereafter, the blots were washed for 1 min at 50°C
and then autoradiographed again. To obtain a readable
autoradiograph with total RNA (see Fig. 3, lanes 5 and 6), it
was necessary to rehybridize the filter at 50°C for 16 hr.
Thereafter, the washing procedure and autoradiography were
as described above; only the results corresponding to the
50°C wash are shown. To display the total Tg mRNA
sequences present on the blots, they were washed at 80°C and
hybridized to a 32P-labeled Tg cDNA fragment (pbTg 1.9; ref.
15) under standard conditions (14). Exposure was for 10 min
without a screen.

RESULTS

Cell-free translation of goitre RNA gave Tg-related peptides
of relative molecular mass 250 and 75 kDa (18). As the shorter
(7300-nucleotide) mRNA could encode a 250-kDa peptide,
the presence of a 75-kDa peptide was compatible with a
mutation in the vicinity of the exon 9-exon 10 junction, which
directly or indirectly caused an in-frame stop codon in the
8400-nucleotide mRNA. This, together with the presence of
genomic restriction fragment length differences in the vicinity
of the exon 9-intron 9 junction and the absence of exon 9
from the smaller Tg mRNA (9), strongly suggested that the
responsible mutation was localized at or near the exon
9-intron 9 junction. This region of the goitre Tg cDNA and
of both the normal and goitre genomic DNA was therefore
selectively cloned and sequenced (Fig. 2). The sequence
across the exon 8—exon 10 junction of the smaller mRNA
establishes that exon 9 is precisely spliced out with its two
flanking introns. There is no change in the reading frame,
although a new amino acid (glycine) is generated at the
junction (Fig. 2 Upper). The most notable difference between
the genomic DNA sequences of normal and goitre animals is
a cytosine to thymine transition, which changes codon 697
from CGA (arginine) to TGA (stop) (Fig. 2 Lower). This
results in loss of a Taq I restriction site as reported (9).
Translation of the goitre 8400-nucleotide mRNA therefore
terminates at codon 697 to give a protein of a size consistent
with the 75-kDa peptide found in the cell-free translation
studies (18). Other minor differences do exist between the
normal and the goitre sequences: there is an adenine to
guanine transition in codon 699 resulting in a conservative
amino acid change (alanine to glycine) 21 nucleotides from
the exon 9-intron 9 junction, and an intronic adenine to
guanine point mutation 25 nucleotides 3’ of the same junc-
tion, generating a Pst I recognition site. Although these
polymorphisms are linked to the goitre phenotype (9), they
most probably reflect differences between the genetic back-
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ground of Afrikander and European cattle from which the
normal sequences were obtained.

Considering together the cDNA and genomic sequencing
data, the results would indicate that the occurrence of a
nonsense mutation in exon 9 of goitrous animals results in the
removal of the defective exon from a fraction of Tg tran-
scripts by alternative splicing. As no causal relationship is
expected to relate splicing with translatability, we reasoned
that the splicing out of exon 9 might preexist in normal
animals at a level too low to be detected in our previous S1
nuclease mapping experiments (9). To test this hypothesis, a
20-mer oligonucleotide complementary to a segment bridging
the exon 8—exon 10 region (see Fig. 2 Upper) was used to
probe normal Tg mRNA for the presence of 7.3-kb tran-
scripts. Hybridization of RNA blots at 50°C followed by
stepwise washing at increasing temperatures demonstrated
clearly the presence of a 7.3-kb RNA in Tg mRNA isolated
from two normal individuals (Fig. 34). A total RNA prepa-
ration from the goitre also showed the expected 7.3-kb band,
while its amount was apparently too low to be detected in
total RNA from normal thyroids. Hybridization of the same
blot with a Tg cDNA probe failed to detect the 7.3-kb mRNA,
except in the goitre where it coexists with similar amounts of
normal-sized 8.4-kb mRNA, as demonstrated (Fig. 3B) (9).

DISCUSSION

The existence of a minor 7.3-kb mRNA in Tg transcripts from
normal animals leads to a coherent explanation of the
goitrous phenotype. As demonstrated in other cases (19, 20),
the nonsense mutation at codon 697 is expected to cause a
dramatic destabilization of the 8.4-kb mRNA as a conse-
quence of its limited translatability. The 7.3-kb mRNA,
preexisting as a minor mRNA species, is actively translated
into a 250-kDa Tg polypeptide and escapes destabilization as
it does not contain the mutation. Even though no normal
300-kDa Tg can be made by the goitrous animals, the
production of the 74-kDa and the 250-kDa Tg polypeptides is
compatible with thyroid hormone production. Indeed, the
amino-terminal hormonogenic domain of Tg responsible for
the bulk of thyroxine synthesis (2) is present in both peptides,
which probably accounts for the euthyroid status of the
animals (7).

While this picture sounds coherent from a qualitative point
of view, some quantitative aspects are worth discussing. Our
results demonstrate significantly more 7.3-kb transcripts in
goitre as compared to normal (compare lanes 5 and 6 in Fig.
3A). It is conceivable that the chronic hyperstimulation
leading to goitre (21) would result in a significant increase in
transcription or would affect the precision of the splicing
mechanisms. Against this hypothesis is the observation that
under basal conditions, transcription of the Tg gene is already
close to its maximum (at least in rats; see ref. 22), and that
normal thyroid stimulating hormone levels have been report-
ed in the plasma of goitrous animals as measured by a
heterologous bioassay (7). Despite the latter data, it is hard
to escape the idea that some kind of hyperstimulation is
responsible for the presence of a large goitre in these animals.
Alternatively, the nonsense mutaton near the end of exon 9
or the polymorphic variations found in this region in the
Afrikander animals (Fig. 2) might influence the choice of the
splice site, thus favoring generation of the 7.3-kb mRNA.
Examples of exonic mutations affecting the choice of splice
sites have been documented (23, 24).

The significance of 7.3-kb transcripts in normal animals is
obscure. While we cannot exclude that they may play a
specific role, the evidence for this is lacking. We consider it
more likely that they represent a low level of ‘‘noise’’ in the
efficiency of the splicing machinery. The recent sequencing
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Exon 8 l Exon 9 ‘ Exon 10
Norsal  GAG CCT CCA TCC T6T 6CT GAA GAC CAG ........ CCC AAG AAA TGC CCC AGC CCC T6T CAG
8.4kb Glu Pro Pro Ser Cys A:Ia Glu Asp GIn Pro Lys Lys Cys Pro Ser Pro Cys 6In
- = . _——
-~ -
E8 S~ —_ E10
Goitre GAG CCT CCA TCC T6T G6C CCC AGC CCC TGT CAG
7.3kb ___Glu Pro Pro Ser Cys[6ly|Pro Ser Pro Cys Gln
S84 868 888 450 388 888 B8
3'66T AG6 ACA CCG 666 TC6 66 5°
20-wer probe
o Exon 9 Intron 9
' _—
Norsal ATT CCT G6A ACT_CGA AGT 6CG CTT GGA GAG CCC AAG AAA TGTGAGTCTGTTGAGTGTTCAACCTACAGACTCTGA
Ile Pro Gly Thr Arg Ser Ala Leu Gly Glu Pro Lys Lys Cl(ys)
_— - | .
Goitre ATT CCT GGA ACT IG‘ AGT @G CTT GGA GAG CCC AAG AAA TGTG‘GTCTGI'GAGTGTIWCCI&CAGACTCTGA

Ile Pro 6ly Thr STOPSer Gly Leu Gly Glu Pro Lys Lys C|(ys)

697

F1G.2. (Upper) Nucleotide (and deduced protein) sequences of bovine Tg cDNA and genomic DNA from normal individuals and individuals
with goitre. Normal sequences are from beef of European origin. Exon 8—-exon 9 and exon 9-exon 10 borders as they appear in normal 8.4-kb
transcripts (27). The exon 8—exon 10 border generated by alternative splicing in the 7.3-kb transcript of the goitre is represented below, together
with the 20-mer oligonucleotide probe used in the RNA blotting experiment described in Fig. 3. (Lower) Exon 9-intron 9 junction in normal

and goitre genomic DNA. Sequence differences are indicated by arrows. The Tagq I site in the normal sequence is underlined.

of a bovine Tg cDNA variant lacking two exons in the 3’
region of the mRNA strengthens this contention (L.M.,
unpublished data). Similar splicing ‘‘errors’’ operating at a
low rate have been reported (see ref. 25 and refs. therein).
They may be more frequent than generally believed since, as
in the present case, special techniques more sensitive than S1
nuclease mapping or chance observations might be required
to detect them.

Apart from explaining the cattle disease in molecular
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terms, our results illustrate a curious phenotype in which a
nonsense mutation portrays a splicing error. In view of the
high mutability of CG sequences (26) and considering that the
segment involved is perfectly conserved in human Tg (26), an
analogous mutation may well be responsible for some hered-
itary goitres in humans.

We are thankful to Dr. J. E. Dumont and A. Bester for continuous
support and critical interest. We thank Dr. Leenaerts for the
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F1G.3. Detection of 7.3-kb transcripts lacking exon 9 in Tg mRNA from normal thyroids. (A) A 20-mer oligonucleotide probe complementary
to the exon 8—exon 10 border of 7.3-kb goitre transcripts (see Fig. 2 Upper) was hybridized to an RNA blot containing total thyroid RNA (10
ug) from normal (lanes 1 and 5) and goitre (lanes 2 and 6) South African animals, and Tg mRNA (0.5 ug) purified from two normal Belgian cattle
(lanes 3, 4, 7, and 8). Hybridization was for 2 hr (lanes 1-4, 7, and 8) or 16 hr (lanes 5 and 6; see Methods). Washing at different temperatures
(lanes 1-4, 45°C; lanes 5-8, 50°C) demonstrated the presence of 7.3-kb Tg transcripts in total goitre RNA (lane 6) and in normal Tg mRNA (lanes
7 and 8). (B) Hybridization of the same blot with Tg cDNA displaying the size distribution of the bulk of Tg mRNA sequences.
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