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Abstract

Thyroid peroxidase (TPO) is the key enzyme in the synthesis
of thyroid hormones, and the TPOdefects are believed to be the
most prevalent causes of the inborn errors of thyroid metabo-
lism. Weinvestigated an adopted boy with iodide organification
defect, who presented with florid hypothyroidism at the age of 4
mo, poorly complied with thyroxine treatment, and developed a
compressive goiter necessitating partial resection at the age of
12 yr.

Biochemical studies revealed the absence of TPOactivity in
the resected tissue. Genomic DNAstudies identified a 4 base-
pair insertion in the eighth exon of the TPOgene, and showed
that the patient was homozygous for this frameshift mutation.
The direct genetic diagnosis of this mutation can be made by
digestion of polymerase chain reaction products with NaeI re-
striction enzyme. This will help assessing its prevalence among
the heterogenous genetic group of TPOdefects. (J. Clin. In-
vest. 1992. 90:1200-1204.) Key words: alternative splicing.
inborn errors of metabolism * molecular diagnosis * organifica-
tion defect * thyroid hormone biosynthesis

Introduction

Congenital hypothyroidism is a public health concern affecting
1/4,000 births. Although most cases result from dysembryo-
genesis of the thyroid gland, an interesting minority are due to
inborn errors of thyroid hormones metabolism ( 1 ). Congenital
goiters due to defective synthesis of thyroid prohormone thyro-
globulin (TG)' have been investigated in man and in animal
models ( 1-4), and a pathogenic mutation has recently been
identified in the human (5); however, the most prevalent cause
of inherited defects in thyroid metabolism is believed to be the
thyroid peroxidase (TPO) deficiency (6).

TPO is the key enzyme in thyroid hormones formation; it
catalyzes both the iodination and the coupling of hormono-
genic tyrosyl residues of TG(7, 8). TPOis a 1 10-kD glycopro-
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tein, using heme as a cofactor, whose primary structure has
been deduced from the sequence of the cloned complementary
DNA(cDNA) (9-1 1). Sequences involved in the enzymatic
mechanism have been postulated by comparison with related
peroxidase enzymes (12). The TPO gene, located on chro-
mosome 2 [2pter-2p24] (10, 13) consists of 17 exons and 16
introns ( 14).

Congenital TPOdefects, typically transmitted as autosomal
recessive traits, result in hypothyroid goiters with failure to
convert iodide into organic iodine (organification defect) (8).
Genetic heterogeneity is expected in this syndrome, as it may
result from several mechanisms ( 1), including total absence of
TPO activity, inability of TPO to bind to the heme cofactor
( 15), inability to interact with the TGsubstrate, and abnormal
subcellular localization (8). Recent linkage studies supported
heterogeneity of the mutations involved, and suggested that
one pathogenic TPOmutation might consist of a not yet identi-
fied partial genomic deletion (6).

In the present study, we have identified a human mutation
causing TPOdeficiency. It consists of a duplication of a tetran-
ucleotide -GGCC- in exon 8 of the TPOgene occurring in a
homozygous subject presenting with congenital goiter and hy-
pothyroidism. The resulting frameshift generates stop codons
in exon 9, which would result in a grossly truncated protein
with no expected activity.

Methods

Patient. D.M., a 4-mo-old adopted male, was referred to the endocrine
service (Centro de Investigationes Endocrinologicas, CONICET, Hos-
pital de niftos "Ricardo Gutierrez," Buenos Aires, Argentina), where a
diagnosis of hypothyroidism was made. The serum thyroxine (14)
level was 0.1 tg/dl (normal, 5-13 Ag/dl) and the patient was immedi-
ately given thyroid hormone therapy. At the age of 5 yr the physical
examination showed moderate to severe mental retardation with
speech difficulties and stunted growth. The medication was discontin-
ued and laboratory testing revealed: low serum triiodothyronine (T3)
(25 ng/dl, normal 100-200 ng/ml) and T4 ( 1.6 ,g/dl), elevated thyro-
tropin (> 80 uUU/ml, normal < 9 AU/ml) and a positive thiocyanate
discharge test (27% discharge of labeled iodine, normal < 10%). No
informations are available regarding compliance of the patient with his
treatment. The subsequent evaluation at the age of 10 yr showed:
serum T4, 0.5 ,lg/dl; serum T3, 27 ng/dl; '31I-thyroid uptake was 20%
at 2 and 24 h (normal, 30-60% at 2 h and 15-55% at 24 h) and the
thyroid scan revealed a pattern of diffuse goiter. Microsomal antibodies
were absent. Thyroidectomy was performed at the age of 12 yr 9 mo
because of compressive symptoms, and the patient was subsequently
treated with appropriate thyroid hormone replacement therapy. Histo-
logical examination disclosed a multinodular goiter. The follicular epi-
thelial cells showed hyperplasia with papillary projections in the cystic
follicles.

Biochemical and molecular genetics techniques. All molecular ge-
netics manipulations involved standard procedures (16). Standard
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precautions were taken to avoid polymerase chain reaction (PCR) con-
taminations.

The presence of TG in the thyroid tissue from patient DMwas
investigated by agarose gel electrophoresis (in denatured and reduced
conditions), gel filtration on Sephacryl S-300 column, and immuno-
electrophoresis. TPO activity was measured by the tyrosine iodinase
assay (17). Organification of '1'I (given as a 25-uCi tracer dose before
surgery) was studied by Sephadex G-200 elution pattern of thyroid
homogenate. RNAand DNAsamples were prepared from goiter tissue
frozen in liquid nitrogen at the time of surgery. Genomic DNAfrom
control subjects was extracted from circulating leukocytes. The goiter
genomic DNAfrom patient D.M. was analyzed by Southern blotting
using BglII, EcoRI, PstI, and PvuII restriction enzymes and the TG
cDNAprobe pbTgM3 (18).

Amplification of overlapping portions of the goiter TGmessenger
RNA(mRNA), encompassing the whole length of the mRNA, was
performed by reverse transcription of total goiter RNAaliquots fol-
lowed by PCRamplification exactly as described in Ieri et al. (5). By
using the same method, couples of primers were designed to amplify
the [6-1066], [744-1703], [1524-2400], and [2221-3024] segments of
the 3-kb TPOcDNA (19). To facilitate cloning, a couple of nested
PCRprimers containing restriction sites in 5' overhangs, were used to
reamplify the 1019-1558 segment from the [744-1703] fragment (for-
ward primer complementary to exon 8 (1019F): 5'tagaattccaccgtg-
tatggcagctc3'; reverse primer complementary to exon 9 (1558R):
5'tggaagcttgcgtccagcctcctcacc3'). Standard PCRconditions were the
following: 1 min at 930C, 2 min at 550C, 3 min at 720C, X35 cycles, in
100-,ul reaction volumes with 1.5 mMMgCl2 and 10% DMSO. The
PCRproduct was visualized by electrophoresis in a 2% agarose gel
followed by ethidium bromide staining, and aliquots were cloned in
M13 mpl8 and mpl9 and sequenced on both strands (model 370A
DNAsequencer, Applied Biosystems, Inc., Foster City, CA).

A 460-bp genomic DNAfragment containing the exon 8/intron 8
junction was amplified under identical conditions from goiter DNA
using the same forward primer complementary to exon 8 (1019F) and
a reverse primer complementary to intron 8 (IN8R:5'ataagcttggagagag-
aagccacgatgc3'). Digestion of the PCRproduct with SstII (Bethesda
Research Laboratories, Gaithersburg, MD) or NaeI (Boehringer
Mannheim GmbH, Mannheim, FRG) was performed as described by
the manufacturers. NaeI recognizes the sequence 5'GCCGGC3'. The
PCRproduct was extracted with phenol, CHC13, then ethanol-precipi-
tated before digestion, and stained with ethidium bromide after electro-
phoresis in a 3% agarose gel. Aliquots were cloned in Ml 3 and se-
quenced on both strands. Additional amplifications were performed
using IN8R and a more 5'exonic forward primer (951 F:5'ttgaattctttggg-
aacctgtccacg3'); SstII and NaeI digestion, as well as M13 sequencing of
this PCRproduct yielded the same results. A 350-bp fragment contain-
ing the intron 8 / exon 9 junction was amplified using a forward primer
complementary to the 3'region of intron 8 (IN8F:5'tagaattcgcaagaaggc-
atttctgg3') and the reverse primer complementary to exon 9 (1558R).
The PCRproduct was cloned in M13 and sequenced on both strands.
An additional amplification product spanning the intron 8/exon 9
junction was obtained using 1558R and a more 3' intronic forward
primer (IN8Fd:5'atgaattcgaggcgaccctcctctgg3'); it was cloned in Ml 3
and sequenced on both strands, and yielded the same results.

Results

Organification defect and normal expression of the TG gene.
Southern blotting analysis of the TG locus in patient D.M.
showed a normal band pattern. Similarly, all fragments of the
goiter TG mRNAdisplayed normal sizes after reverse tran-
scription and PCRanalysis (see Methods). The protein was
detected in the tissue by agarose gel electrophoresis, gel filtra-
tion assay, and immunoelectrophoresis; those three tests
showed a normal size of the TG protein (data not shown).

Consistent with the preoperative thiocyanate discharge test in-
dicative of an iodide organification defect, TPOactivity in the
resected goiter tissue was very low as measured by the tyrosine
iodinase assay (19 U, with 323 U in a control from a patient
with multinodular goiter ( 17), and the sephadex G-200 elution
pattern of labeled thyroid proteins showed concentration of 3"I
in the free iodine peak, with no detectable iodination of high-
molecular-weight proteins eluted from the column.

Deletion in goiter TPOmRNA.By using the same method-
ology as for TG, PCRamplification of four overlapping seg-
ments of the reverse-transcribed goiter TPOmRNA(see Meth-
ods), each± 1 kb in length, identified a± I00-bp deletion in the
1000-1550 region of the normal TPOcDNA; Fig. 1, lane 3,
shows the size of this deleted segment (420 bp) as compared
with a control from normal thyroid RNA(540 bp, lane 2),
where a fainter 420-bp band is also observed; this 420-bp band
is not observed in the amplification product from a normal
TPOcDNAmolecule cloned in a plasmid vector shown in lane
1. A smaller PCRproduct observed in the goiter is also found in
the background of amplification generated in the absence of
DNAtemplate (H20 control, lane 4). The 420-bp segment
from the goiter was cloned and sequenced. The deleted se-

quence (see below) corresponds to the first 124 bp of exon 9,
i.e., fragment [1379-1502] of the normal (3 kb) TPOmRNA
(10, 19).

Inspection of the goiter TPOcDNAsequence upstream of
the deletion readily identified a 4-bp insertion at position 1227
in exon 8, due to the duplication of a GGCCtetranucleotide.
By its expected deleterious effect, this frameshift mutation
must be considered responsible for the phenotype.

Homozygous mutation in goiter genomic DNA. In order to
confirm the presence of the insertion in genomic DNAand to
determine whether the patient was homozygous for the muta-
tion, the corresponding region of genomic DNAwas amplified,
cloned, and sequenced. Duplication of the GGCCtetranucleo-
tide was identified in exon 8 of the TPOgene, 152 bp upstream
from the junction with intron 8 (Fig. 2 A). In addition, two
point mutations were found by comparison with published se-
quences ( 10, 11, 14, 19) (Fig. 2 A; coordinates as in reference
19). All sequences from the total PCRproduct showed identi-
cal mutations (five clones sequenced). Homozygosity was fur-
ther demonstrated by the complete digestion of the uncloned
PCRproduct with NaeI (Fig. 2 B). This enzyme recognizes
specifically the mutated sequence. The specificity of the major
PCRamplification product is indicated by the SstII digestion
that generates the expected restriction bands. Also shown in
Fig. 2 A, is the absence of mutation in the region spanning the
3' splice site of intron 8. This region was investigated in search

1 2 3 4 MW Figure 1. Deletion in goiter
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TPO mRNA. Ethidium
bromide staining of the
PCRproduct of the [1019-
1558] region of TPOcDNA
amplified from: normal
TPO cDNA template
cloned in pBS plasmid
(lane 1); reverse-tran-
scribed thyroid RNAfrom
a normal control subject

(lane 2); reverse-transcribed goiter RNA from patient DM(lane 3);
and H20 control (lane 4). MW,molecular size markers (kb ladder,
Bethesda Research Laboratories).
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1019:TCCACCGTGTATGGCAGCTCCCCGGCCCTAGAGAGGCAGCTGCGGAACTG

T S A E G L L R V H A R L R D S
1069:GACCAGTGCCGAAGGGCTGCTCCGCGTCCACGCGCGCCTCCGGGACTCCG

G R A Y L P F V P P R A P IS A C A
1119:GCCGCC'CCTACCTGCCCTTCGTGCCGCCACGCGCGCCTTCGGCCTGTGCG
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1315: TGCGCACTGGAGCGCGGACGCCGTGTACCAGGAGGCGCGCAAGGTCGTGG

R S A P
1365:GCGCTCTGCACCAGgtgcgcggggtggtcctgggcgccctgggtggctgc

gggcaaagcggggggcgcctcgtgtgggtgcgcag---- // ---gaagtt
cagctgaggcccttattacaagacgagaagggtccagttccctggggctg
tcaaggaagatgctcttccacactgccgctcgaggcgaccctcctctggt
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atcctgggcctcactgagatgcttttcctatctgcacagATCATCACCCT
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1390:GAGGGATTACATCCCCAGGATCCTGGGACCCGAGGCCTTCCAGCAGTACG
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1440:TGGGTCCCTATGAAGGCTATGACTCCACCGCCAACCCCACTGTGTCCAAC
1490:GTGTTCTCCACAGCCGCCTTCCGCTTCGGCCATGCCACGATCCACCCGCT
1540:GGTGAGGAGGCTGGACGC
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of a mutation causing a splicing error (e.g., a mutation affect- Discussion
ing the 3' acceptor splice site in intron 8) that could have ex-
plained the alternative splicing (20). To the best of

Fig. 3 shows the expected effects of the mutation and of scribe in this st
alternative splicing on the primary structure of the TPOpro- TPOmutation
tein. Normal splicing of the mutated transcript would generate consistent with
a polypeptide less than half the length of normal TPO, with activity results
mutation of the proximal-and deletion of the distal-puta- thyroidism, an(
tive heme-binding histidine residues ( 12). Interestingly, alter- Interestingl
native splicing as observed in the goiter TPOmRNArestores disrupting the I
the normal reading frame. The result is a nearly full-length ducing stop co
protein with a 91-amino acid segment at position [397-487] cryptic accepto
replaced by a 5 1-residue unrelated segment which is read in a splice site activ
different frame. This translation product is expected to have an contains a shoi
unchanged distal putative heme-binding His, but to lack the cag, see Fig. 2 v
proximal putative heme-binding His. (21 ). The pres

Figure 2. Homozygous mutation in goiter geno-
mic DNA. (A) Partial sequence of the goiter TPO
gene exon 8, intron 8 (lower case letters), and
exon 9. The duplicated tetranucleotide is Dou-
BLE-UNDERLINED. The 1 24-bp deleted from goiter
TPOmessenger RNAare underlined. Deduced
protein sequence is shown in the one letter code,
assuming normal splicing of the transcript. Coor-
dinates refer to the normal cDNA sequence (ref-
erence 19). The vertical arrows indicate the point
mutations. *First in-frame stop codon. (B) Ethi-
dium bromide staining of a 460-bp genomic DNA
fragment encompassing the exon 8/intron 8 junc-
tion, and corresponding to the 5' part of the se-
quence described in panel A (from position 1019
in exon 8 through the interruption in intron 8),
PCR-amplified from normal (N) or goiter (G) ge-
nomic DNAand digested as indicated by restric-
tion enzymes SstII or NaeI, which cleaves only if
the GGCCduplication is present. NC, not cleaved.
MW,molecular size markers (HaeIII fragments
of OXl74).

our knowledge, the GGCCduplication we de-
Ludy represents the first description of a human
Lresulting in congenital goiter. Homozygosity is
i a recessive trait, and a near absence of TPO
in iodide organification defect, primary hypo-

,d elevated thyrotropin.
ly, besides abolishing the enzymatic activity by
reading frame of the messenger RNAand intro-
dons, the GGCCduplication also unmasks a
)r splice site in exon 9. Consistent with cryptic
vation, the 3' extremity of the mRNAdeletion
rt pyrimidine tract and ends with AG (ttctcca-
A4); it thus fits the acceptor splice site consensus
sence in the normal thyroid control of a small
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1000 AA
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TM
I I I COOH

350 exon8 400
I. .z. . A: pp.

N :EGLLRVHARLRDSGRAYLPFVPPRAPAACAPEPGIPGETRGPCFLAGDGRASEVPSLTALHTLWLREHNRLAAALKALNAHWSADAVYQEARK
Gns:EGLLRVHARLRDSGRAYLPFVPPRAPSACAPEPGIPGETRGPCFLAGDGRPRORGPLPDGTAHAVAARAOPPGRGAOGPOCALERGRRVPGGA
Gas:EGLLRVHARLRDSGRAYLPFVPPRAPSACAPEPGIPGETRGPCFLAGDGRPRQRGPLPDGTAHAVAARAOPPGRGAOGPOCALERGRRVPGGA

sna
:T * * *. . d . .

N :VVGALHQ IITLRDYIPRILGPEAFQQYVGPYEGYDSTANPTVSNVFSTAAFRFGHATIHPLVRRLDASFQEHPDLPGLWLHQAFFSPWTLLR
Gns:QGRGRSAPDHHPEGLHPQDPGTRGLPAVRGSL*
Gas:R2GBRSA ----------------------------------------AAFRFGHATIHPLVRRLDASFQEHPDLPGLWLHQAFFSPWTLLR

exon 9

Figure 3. Effects of mutations and splicing on TPOprotein sequence. Primary structures of the proteins deduced from cDNA sequences are

compared. N, normal gene product; Gns, product of goiter gene and normal splicing; Gas, product of goiter gene and alternative splicing as ob-

served in goiter mRNAfrom patient DM. p and d, putative proximal and distal heme-binding histidine residues, respectively. TM, transmem-
brane domain. x, GGCCduplication. *Stop codon. Amino acids are in the one-letter code. The mutated region is cross-hatched in the upper
panel and underlined in the lower panel. Arrows indicate the point mutations. The arrowhead indicates the exon 8/exon 9 junction. The dashed
line denotes deleted amino acids.

amount of PCR-amplified transcript displaying the same size

as the goiter transcript (Fig. 1, lane 2) suggests that alternative
splicing in the goiter might represent the exacerbation of a natu-
rally occurring phenomenon. Although deleterious in the nor-

mal allele, in the mutated allele bearing the GGCCduplication,
the alternative splicing might represent a "salvage" mechanism
because it restores the normal reading frame disrupted by the
mutation and eliminates the stop codons which would truncate
the protein in its carboxy-terminal half. Although the physio-
logical relevance of the alternative splicing remains to be eluci-
dated in the case of this study, it is reminiscent of a similar
situation described in an animal model of euthyroid congenital
goiter with TGdefect (22), and of mutations of Becker muscu-

lar dystrophy (23). Although no enzymatic activity can be ex-

pected from the normal splicing product of the mutated gene

(see Results and Fig. 3), the product of alternative splicing of
the mutated gene as observed in the goiter mRNAmight have
some residual TPOactivity in spite of mutation of the proxi-
mal putative heme-binding His, as other His residues in the
peptide might possibly function in heme binding. This could
account for the very low residual TPOactivity observed in the
goiter (5% of a normal control).

In the absence of results from Northern blots of TPOtran-
scripts (due to limitation of tissue availability), it is difficult to
estimate the amount of alternatively spliced transcripts in the
goiter as compared to the normal message present in control

tissue. Absence of amplification of normal-sized TPOcDNA
from the goiter is likely to result from destabilization of the
mRNAbearing stop codons in the middle of the coding se-
quence (24).

As no other observations of naturally occurring TPOgene
mutation have been reported, it is difficult to speculate on the
nature of the additional point mutations found in our patient.
They may have accumulated because of lack of selective
pressure on the abnormal gene. Alternatively, although they
induce a change in amino acids (11157:G -> T:Ala -- Ser and
1237:G -- C:Ser -- Thr in the reading frame of the normal
allele) they may represent polymorphisms that were present
before the GGCCduplication; these point mutations are how-
ever not found in any of the four independently published se-
quences ( 11,1 14, 19).

From a practical viewpoint, the presence of the NaeI site in
the TPO alleles amplified by PCRas described in Methods
provides a rapid test for direct genetic diagnosis of this muta-
tion. Considering the expected genetic heterogeneity of organi-
fication defects, analysis of further cases will provide new in-
sight on the structure-function relationships of thyroid peroxi-
dase.
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