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Abstract

A 12-yr-old hypothyroid girl was diagnosed at birth as athy-
reotic because her thyroid gland could not be visualized by
isotope scanning. Goiter development due to incomplete
thyrotropin suppression, a thyroidal radioiodide uptake of
< 1%, and a low saliva to plasma ratio of 2.5 suggested io-
dide (I") transport defect. mRNA isolated from her thyroid
gland and injected into Xenopus oocytes failed to increase
1™ transport.

Sequencing of the entire Na*/I~ symporter (NIS) cDNA
revealed a C to G transversion of nucleotide (nt) 1146 in
exon 6, resulting in a Gln 267 (CAG) to Glu (GAG) substi-
tution. This missense mutation produces an NIS with unde-
tectable I transport activity when expressed in COS-7 cells.
Although only this missense mutation was identified in thy-
roid and lymphocyte cDNA, genotyping revealed that the
proposita and her unaffected brother and father were het-
erozygous for this mutation. However, amplification of
cDNA with a primer specific for the wild-type nt 1146
yielded a sequence lacking 67 nt. Genomic DNA showed a
C to G transversion of nt 1940, producing a stop codon as
well as a new downstream cryptic 3’ splice acceptor site in
exon 13, responsible for the 67 nt deletion, frameshift, and
premature stop predicting an NIS lacking 129 carboxy-ter-
minal amino acids. This mutation was inherited from the
mother and present in the unaffected sister.

Thus, although the proposita is a compound heterozy-
gote, because of the very low expression (< 2.5%) of one
mutant allele, she is functionally hemizygous for an NIS
without detectable bioactivity. (J. Clin. Invest. 1998. 101:
1028-1035.) Key words: frameshift « genetics « thyroid « io-
dide transport . allele-specific amplification

Introduction

Iodine is indispensable for the biosynthesis of thyroid hor-
mone. Under normal conditions of dietary iodine intake, a suf-
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ficient supply of iodine to the thyroid gland requires active io-
dide (I") uptake into thyroid follicular cells, a process which is
mediated by the sodium/iodide symporter (NIS)!' (1). This pro-
tein with a predicted molecular mass of ~ 65 kD belongs to the
family of sodium-dependent cotransporters and has most se-
quence similarity with the human sodium/glucose cotrans-
porter 1 (SGLTI). The NIS is located in the basolateral mem-
brane of the thyroid follicular cell and is predicted to have a
serpentine structure of probably 12 transmembrane segments,
with both carboxy and amino termini located inside the cell
(for a review, see reference 1). The hypothyroidism due to ab-
normalities of the NIS can be overcome by the supplementa-
tion of excess I as well as with levothyroxine (L-T}) (2).

Routine neonatal screening in most western countries has
shown an incidence of hypothyroidism of about 1 in 4,000 new-
born (3). Congenital hypothyroidism is sporadic in the major-
ity of cases, and is caused by thyroid agenesis or dysgenesis
(ectopia or hypoplasia) that appears not to have a genetic basis
(2, 4). In ~ 15% of the cases, hypothyroidism results from de-
fects of thyroid hormonogenesis inherited in an autosomal re-
cessive manner. Such defects have been traced to abnormali-
ties in all known steps involved in thyroid hormone synthesis,
including thyrotropin (TSH), TSH receptor, I" accumulation
(“trapping”), I~ organification, thyroglobulin, and iodoty-
rosine deiodination (2, 5). Homozygous or compound het-
erozygous mutations have been described in the TSH (6),
TSH receptor (7), thyroid peroxidase (8), and thyroglobulin
(9) genes. However, until the very recent publication of Fuji-
wara et al. (10), the precise gene abnormalities causing a defect
in I” trapping were not known.

Since the first report in 1958 of a hypothyroid cretin with a
presumed I~ trapping defect (11), about 40 additional cases
belonging to 28 families and occurring world-wide have been
reported (for a review, see reference 2). However, determina-
tion of the molecular mechanism of this form of congenital hy-
pothyroidism had to await the cloning of the NIS gene. First,
the rat NIS cDNA was cloned by Dai et al. in 1996 (12). This
was followed in the same year by the cloning of the human NIS
cDNA by Smanik et al. (13). The human NIS gene is located
on chromosome 19. It consists of 15 exons and encodes a pro-
tein of 643 amino acids (14).

Here, we describe a patient with a congenital I” trapping
defect who is heterozygous for two different mutations in the
NIS gene. The mutant allele inherited from the father, which
has a single amino acid substitution (Q267E), is transcribed in
thyroid tissue and lymphocytes but has no detectable biologi-
cal activity. The mutation inherited from the mother produces

1. Abbreviations used in this paper: L-T,, levothyroxine; NIS, sodium/
iodide symporter; nt, nucleotide(s); SGLTI, sodium/glucose cotrans-
porter 1; S/P, saliva to plasma; TSH, thyrotropin; WT, wild-type.



a stop codon and also creates a downstream cryptic 3’ splice
acceptor site in exon 13 of the NIS gene. The latter results in a
67-bp deletion and a frameshift with a premature stop in the
transcript, predicting a truncated NIS lacking 129 amino acids.
The mutant NIS mRNA transcribed from the maternal allele
is unstable as determined from the very low steady state levels
of mRNA. Thus, the proposita is functionally hemizygous for
an NIS without detectable bioactivity in vitro.

Methods

Patient. The proposita, a daughter of unrelated healthy parents of
Mexican Hispanic ancestry, had a normal, spontaneous vaginal deliv-
ery at term after an unremarkable gestation. Her birth weight was 3.1
kg. Routine neonatal screening for hypothyroidism revealed a blood
TSH of 142 mU/liter (normal < 30) and a T, of 6.7 pg/dl (normal
> 7). Serum TSH levels remained high (> 40 mU/liter) at 3 wk of age.
No thyroid gland was found on physical examination and no function-
ing tissue was detected by pertechnetate ([*™Tc]ClO,) scan in the
neck or base of the tongue. From these findings, it was concluded that
the infant had thyroid gland agenesis, and treatment with 37.5 wg/d
L-T, was started. With adjustments of the L-T, dose, physical and
mental development proceeded normally. The patient grew along the
90th percentile for height and the 95th percentile for weight. Several
elevated values of serum TSH were recorded, including 50 mU/liter
at 11 mo of age and 15.4 mU/liter at 7 yr of age. After each of these
occurrences, the L-T, dose was increased to normalize the level.
However, in addition to these high TSH values, of the remaining 23
TSH determinations recorded during 11 yr of follow-up, only 6 were
within the normal range while the remainder ranged from 5.8 to 12.7
mU/liter (normal 0.5-4.5).

At 12 yr of age, the patient noted a mass on the right side of her
neck. On physical examination, it was 2.5 cm in diameter, firm, freely
moveable, and nontender; it had not been observed 1 yr earlier. The
patient was taking 100 pg of L-T,, and her serum total T, level was 7.2
wg/dl (normal range 5.0-12), with a TSH of 14.5 mU/liter (normal
range 0.4-3.6). The thyroidal %I~ uptake was markedly reduced (3%
at2h,2% at4 h, and < 1% at 6 and 24 h). Scanning showed faint vi-
sualization of both thyroid lobes, with possible reduction of activity in
the right lower pole. Ultrasound displayed a very heteroechogenic
thyroid gland and confirmed the finding of a solid, highly vascular
mass measuring ~ 3 cm in diameter in the lower pole of the right
lobe. Microscopic examination of cells obtained by fine needle aspira-
tion showed abnormalities suggestive of a dyshormonogenic gland,
but follicular carcinoma could not be ruled out. Therefore, the pa-
tient underwent near total thyroidectomy. Histological examination
revealed a hyperplastic thyroid parenchyma with an encapsulated hy-
perplastic nodule 2.5 cm in diameter and several smaller hyperplastic
and colloid nodules. As described previously (15), many thyroid epi-
thelial cells had bizarre nuclear pleomorphism as seen in thyroid ma-
lignancy, but which were attributed to chronic TSH stimulation.

To confirm the diagnosis of an iodide trapping defect suggested
by the clinical, laboratory, and histological findings, the I~ saliva to
plasma (S/P) ratio was measured 1 h after the oral administration of
Na!»I. This S/P ratio was 2.5 in the patient (normal 25-140). After
thyroidectomy and under treatment with 125 pg L-T,, the patient re-
mains euthyroid and is doing well in school.

Family members. Both her parents, her younger brother and a
sister, three maternal uncles, a paternal uncle, and a paternal aunt
were clinically euthyroid and had normal or slightly enlarged (< 30 g)
thyroid glands. All gave informed consent to undergo studies ap-
proved by the Institutional Review Board at The University of Chi-
cago.

All had normal S/P ratios ranging from 29 to 70 (Fig. 1 A). Values
for two normal controls determined at the same time were 52 and 56.
Serum tests of thyroid function including total and free T,, total tri-
iodothyronine, and TSH were in the normal range (TSH values are
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Figure 1. Pedigree, phenotype, and genotype of the proposita and
family members. (A) The phenotype is shown in terms of serum TSH
levels and I~ S/P ratios. TSH values for the proband are those ob-
tained before treatment with L-T,. (B) Detection of the paternal mu-
tation in nt 1146. A 205-bp fragment was amplified from genomic
DNA using a mismatched primer that creates a BslI restriction site in
the presence of the mutant nt 1146G. There is also a second, natural
BslI site in the adjacent intron, included in the amplified DNA frag-
ment. The product of digestion was resolved by electrophoresis on
10% polyacrylamide gel. Digestion of the allele containing the WT
1146C produces two fragments, of 138 and 67 bp. Digestion of the
mutant allele 1146G produces three fragments, of 105, 67, and 33 bp.
The 33-bp fragment is not visible on the agarose gel. Note that the
proposita is heterozygous for this mutation, showing both the 138-
and 105-bp fragments. (C) Detection of the maternal mutation in nt
1940. A 226-bp fragment was amplified from genomic DNA using a
mismatched primer that produces a BslI restriction site only in the
presence of the mutant nt 1940G. The product of digestion was re-
solved by electrophoresis on 10% polyacrylamide gel. The mutant al-
lele produces two fragments, of 196 and 30 bp, the latter not visible.
Note that the proposita is heterozygous for this mutation, showing
both the 226- and 196-bp fragments.

shown in Fig. 1 A). Thyroid peroxidase and thyroglobulin antibodies
were not present in any samples including that of the proposita.
Clinical testing. S/P ratio was measured by a modification of the
method of Harden et al. (16). Saliva was collected without stimula-
tion over a period of 5-10 min 1 h after the oral administration of 5
wCi of Na'®IL. At the same time, a venous blood sample was obtained,
and the S/P ratio of radioiodide was determined by counting equal
volumes of these fluids. Serum total T, and triiodothyronine concen-
trations were measured by RIA, and TSH levels were determined by
a third generation chemiluminescence assay (Corning Nichols Insti-
tute, San Juan Capistrano, CA). The serum free T, index was calcu-
lated as the product of the serum total T, and the T, resin uptake
value. Thyroid peroxidase and thyroglobulin autoantibodies were
measured by agglutination (Fujirebio Inc., Tokyo, Japan).
Preparation of RNA and DNA. RNA was prepared from thyroid
tissue and from lymphocytes. Thyroid tissue removed at surgery from
the proposita and from patients with multinodular goiter and Graves’
disease (“normal thyroid glands”) were frozen immediately and kept
at —85°C. Frozen thyroid tissue (0.2-2 g) was pulverized in a cold
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Table I. Primers Used for Amplification of cDNA
and Sequencing

Primer pair Sequence Orientation
1 5"-AGACGGAGCGGGGACAGGCTGCCGAGCA -
TCCTCCCACCCG-3’ Sense
5'-GTGGACACCAGGAGCATGAG- 3’ Antisense
II 5"-ACCTTCGGCGCCTGGGACTA-3' Sense
5"-GATGCCGGTGTACAGCATCG- 3’ Antisense
111 5'-AAGTTCCTGTGGATGTGC-3’ Sense
5'-CACGCCATACATGGAGAGCCAC-3’ Antisense
v 5'-TGCTAAGTGGCTTCTGGGTTGT -3’ Sense
5"-ATGCTGGTGGATGCTGTGCTGA -3’ Antisense
\'% 5"-ATGAATTCCTGATCGTGTCCAGC-3’ Sense
5'-GGATCCCGTCCATTCCTGAG- 3’ Antisense
VI 5'-GAGCCTTCATCTTGGGAATGT -3’ Sense
5'-ACAGACGATCCTCATTGGTG-3' Antisense
VII 5"-GTGGCTCTCTCAGTCAACGCCTCT -3’ Sense
5'-TAGGGTAGGGTATTGTAGTCCT -3’ Antisense

PCR conditions: initial denaturation, 5 min at 94°C; 35 cycles: 1 min at
94°C, 1 min at 55°C (primer pair I, 60°C), 1 min at 72°C and final exten-
tion 10 min at 72°C. Mismatched nt are underlined.

(—85°C) mortar. Total RNA was extracted using the phenol/guani-
dine isothiocyanate method (TRIzol®; GIBCO BRL, Gaithersburg,
MD). Lymphocytes from 30 ml of blood were isolated by Ficol Paque
Plus® (Pharmacia Biotech, Piscataway, NJ) according to the manufac-
turer’s protocol, and total RNA was extracted using TRIzol. PolyA*
RNA from thyroid was isolated using the oligotex mRNA kit
(QIAGEN Inc., Chatsworth, CA) and was further fractionated by a
10-30% sucrose gradient centrifugation. Fractions containing polyA™*
RNA of 2-4.5 kb and enriched with NIS mRNA (17) were pooled,
and the RNA was ethanol-precipitated and dissolved in water (1 pg/ml).
After each step of preparation, the integrity of the RNAs was as-
sessed by formaldehyde—agarose gel electrophoresis. The size-selected
mRNA was used for expression studies in Xenopus oocytes while to-
tal RNA was used for the preparation of cDNA.

Sequencing of the NIS gene. Both genomic DNA and cDNA am-
plified by PCR were used for sequencing. DNA was extracted from
leukocytes by standard procedure. Avian myeloblastosis virus reverse
transcriptase (Promega Corp., Madison, WI) and oligo dT primer
were used to prepare the first strand of cDNA from thyroid tissue
and lymphocyte total RNA. Oligonucleotide primers for amplifica-
tion and sequencing of NIS cDNA are shown in Table I. Automated
fluorescence-based sequencing (ABI; Perkin-Elmer Corp., Foster
City, CA) was performed either directly or after cloning of the PCR
products into pGEM-T vector (Promega Corp.).

The weakly expressed mutant allele (see Results) was amplified
from the proposita’s cDNA using allele-specific oligonucleotide
primers with the 3’ terminal nucleotide (nt) complementary for the
wild-type (WT) nt 1146C and thus, mismatched for the mutant nt
1146G (nt numbers are those published for the human NIS cDNA
[13]). These primers were tested for their amplification specificity us-
ing clones containing either the mutant or WT NIS cDNA as templates,
under optimal PCR conditions. A PCR fragment of 961 bp in the 5’
direction from nt 1146 was generated using the allele-specific anti-
sense primer 5'-CTTCTCTGTGCGGCAAGCCACGTATCGCTG-
3’ (mismatched nt, to increase specificity [18], is underlined, and
the allele-specific nt is in bold) and the sense primer 5'-AGACG-
GAGCGGGGACAGGCTGCCGAGCATCCTCCCACCCG-3'. A
PCR fragment of 1061 bp in the 3’ direction of nt 1146C was gener-
ated using the allele-specific sense primer 5'-TGGCGTGAACCAG-
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GCGTAGGTCC-3' and the antisense primer 5'-ACAGACGATC-
CTCATTGGTG-3'. The PCR products were purified and cloned in
the pGEM-T, and eight clones in each direction were sequenced.

Genotyping. The mutations in nt 1146 and nt 1940 do not create
new restriction sites. Therefore, the endonuclease digestion allele—
specific primer method (19) was used to detect these two mutations in
genomic DNA. For this purpose, mismatched oligonucleotide prim-
ers complimentary to sequences near but not overlapping the mutant
nt were synthesized. These primers were designed so that their prod-
uct of amplification would create a restriction site only if the tem-
plates contained the mutant nt.

For detection of the mutation in nt 1146, the sense primer 5'-GT-
GTGGCTCTCCATGTATGGCGTGAACTACCCGCAG-3" (mis-
matched nt underlined) and the antisense primer 5'-AGGCCGAC-
CTGGTTGATGAGCAGGGC-3" were used to amplify a 205-bp
fragment. The mismatched nt create a BslI restriction site only if the
mutant nt 1146G is present. The PCR fragment also contains a sec-
ond, natural BslI site in the adjacent intron, as a control. The prod-
ucts of digestion with Bsll were resolved by 10% PAGE and stained
with ethidium bromide. The allele containing the WT 1146C pro-
duces two fragments, of 138 and 67 bp, whereas the mutant allele
1146G produces three fragments, of 105, 67, and 33 bp.

For detection of the mutation in nt 1940, the mismatched sense
primer 5'-GCTGACAGCTTCTATGCCATCTCCTACCTCTATT-
3’ and the antisense primer 5’'-ggtacaaatgtgtacagcacacagtggcagtttg-3’
(intron sequences in lower case letters) were used to amplify a 226-bp
fragment. The mismatched nt creates a Bsll restriction site only in the
presence of the mutant nt 1940G. After digestion and resolution by
10% PAGE, the mutant allele produces two fragments, of 196 and 30
bp, whereas the allele containing the WT nt 1940C remains undi-
gested.

Construction of plasmids, cell culture, and functional expression.
A mammalian expression vector (pcDNA3/Amp; Invitrogen Corp.,
San Diego, CA) containing the entire cDNA of the human WT NIS
was constructed as follows. First, a PCR fragment containing the full
coding sequence of the NIS was amplified from a normal thyroid gland
cDNA with a sense primer containing a HindIII site (mismatched nt
underlined) and the natural Kozak sequence (in bold), 5'-GATG-
AAGCTTGCCCTCATGGAGGCCGTGGAGACCGGGGAACG
GCCCAC-3', and the antisense primer, 5'-AGGACTACAATAC-
CCTACCCTA-3". The PCR product was cloned into the pGEM-T
vector. The insert was released by HindIII and Sacll digestion. After
blunting the sticky end of Sacll, the fragment was inserted into the
HindIII/Eco RV polylinker site of pcDNA3/Amp. Fragments of both
mutant NIS cDNAs were amplified by PCR and substituted for the
corresponding fragments of WT NIS cDNA in pGEM-T, and the mu-
tant NISs were transferred and cloned into pcDNA3/Amp as de-
scribed above. All DNA constructs were verified by sequencing.
When expressed in reticulocyte lysate (T7-coupled TNT® lysate;
Promega Corp.), all constructs gave unique products on SDS-PAGE
(data not shown).

COS-7 cells were maintained and propagated in DME containing
10% FBS (GIBCO BRL) at 37°C under 100% humidity in 90% room
air and 10% CO,. 1 d before transfection, the cells were trypsinized
and plated on 10-cm cell culture dishes. When cells reached a density
of 70-80%, they were transfected with various combinations of plas-
mids using the calcium phosphate coprecipitation method (20). These
included the WT NIS, the mutant NIS 267E, a combination of both
in equal amounts, or the empty pcDNA3/Amp vector. Sonicated
salmon sperm DNA was added to maintain the total concentration of
transfected DNA constant. A luciferase expression plasmid (20) in a
concentration 1/10 of the total DN A was cotransfected to monitor the
efficiency of transfection. After 16-20 h incubation at 37°C and 5%
CO,, the transfected cells from each 10-cm dish were trypsinized and
distributed uniformly onto 6-well dishes in which the I~ uptake stud-
ies were carried out under the three different conditions (see below).
The similarity of luciferase values indicated that this procedure re-
duced intraassay variation. The amount of DNA used for transfec-




tion, which was optimized to give the maximal I~ uptake, was 5 pg/
well.

Expression of NIS mRNA in Xenopus laevis oocytes. Xenopus lae-
vis oocytes were prepared, and 24 h later, healthy-appearing stage V
or VI oocytes were selected for injection. 20 oocytes were injected
with each of the following preparations: water only, or size-selected
polyA™ RNA extracted from thyroid glands of unaffected individuals
or the proposita. Each oocyte was injected with 50 pl (1 mg RNA/ml)
near the vegetal hemisphere. After 5 d of incubation at 20°C, oocytes
were assayed for specific I~ uptake as described below. The details of
oocyte dissection, handling, injection, and incubation have been de-
scribed in detail elsewhere (21).

lodide uptake assay. lodide transport into Xenopus oocytes (4 d
after microinjection) and into COS-7 cells (60 h after transfection)
was determined by measurement of specific uptake of 21" essentially
as described by Vilijn and Carrasco (17) and Weiss et al. (22), respec-
tively, with slight modifications.

Oocytes were incubated for 60 rather than 45 min, and the solu-
tions contained 5 rather than 50 uM of Nal and 0.5 p.Ci of '*1. Other-
wise, the procedure was followed as described (17).

Duplicate wells of COS-7 cells, transfected with each combination
of DNA constructs, were washed once with 2 ml of three different
modified HBSS solutions, one containing 137 mM NacCl, the second
having in addition 10 pM sodium perchlorate (NaClO,), and the third
containing 137 mM choline chloride instead of NaCl. The cells were
then incubated for 1 h at 37°C and 5% CO, in the respective solutions
to which 0.1 nCi carrier-free Na'?I (ICN Biomedicals, Inc., Irvine,
CA) and 0.1 pM unlabeled Nal had been added. The medium was as-
pirated, and to reduce the leakage of I~ that had been transported
into the cells, the individual wells were washed rapidly one by one
with ice-cold HBSS (GIBCO BRL). Cells were harvested after incu-
bation in 200 pl cell culture lysis buffer (Promega Corp.) for 5 min.
Finally, an aliquot of 20 .l was assayed for luciferase activity using lu-
ciferase assay reagents (Promega Corp.), and the remaining cell ly-
sate was counted in a vy-scintillation counter (COBRA; Packard,
Meriden, CT). The amount of radioactivity was expressed as counts
per minute (cpm) corrected for the efficiency of transfection (each
cpm value was divided by the corresponding luciferase measurement
and multiplied by the average luciferase value for a given experi-
ment).

Results

Expression of NIS mRNA in Xenopus oocytes. Before the avail-
ability of the NIS sequence, size-selected (2-4.5 kb) polyA*
RNA preparations from the patient’s thyroid gland and from
thyroid tissue of an unrelated individual with intact I" trans-
port function were expressed in Xenopus oocytes. As shown in
Fig. 2, I uptake inhibited by ClO,” was observed in oocytes
injected with the control RNA but not in those injected with
RNA prepared from the proposita’s thyroid gland. I uptake
of oocytes injected with RNA from the proposita was not
greater than that of oocytes injected with water alone. Normal
RNA produced a ninefold increase in I~ uptake above nonspe-
cific background and corresponded to 0.55 pmol I /oocyte/h.
As reported previously (17), total nRNA had no detectable I
transport activity.

The paternal allele. The entire coding region of the propos-
ita’s NIS was sequenced directly from cDNA transcribed from
thyroid tissue RNA. A single nt substitution, C to G transver-
sion at nt 1146, was found in exon 6, which replaces the normal
GIn (CAG) in codon 267 with a Glu (GAG) (Q267E). The
proposita appeared to be homozygous for this mutation since
the WT nt 1146C was not detected (Fig. 3 B). However, the ge-
nomic sequence of the corresponding region indicated that the
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Figure 2. Activity of NIS measured by translation of thyroid gland
mRNA in Xenopus oocytes. Size-selected (2-4.5 kb) polyA* RNA
from a multinodular thyroid gland (“Normal”) and from the thyroid
gland of the proposita were injected into oocytes, and I~ uptake was
measured under three different conditions, as described in Methods.
Note the lack of specific, NaClO,-sensitive I~ uptake in oocytes in-
jected with the proposita’s RNA.

patient was heterozygous for this mutation (Fig. 3 A). Further-
more, genotyping for this mutation showed that the mutation
was inherited from the father and that it was also present in the
unaffected brother and in a paternal uncle and aunt (Fig. 1 B).
The unaffected mother, sister, and three maternal uncles, as
well as 50 normal subjects, had only the WT nt 1146C.

DNA fragments encompassing nt 1146 were amplified by
PCR from eight different cDNAs transcribed from three dif-
ferent RNA preparations, extracted from different areas of the
proposita’s thyroid gland. They were used to prepare clones in
pGEM-T vector. Each of the 28 randomly selected clones har-
bored the mutant nt 1146G. The same result was obtained
when cDNA was generated by illegitimate transcription of
NIS from lymphocyte RNA (10 of 10 clones). In contrast, ille-
gitimate transcription of NIS from lymphocyte RNA of the un-
affected, heterozygous brother yielded five clones with the WT
nt 1146C and six with the mutant nt 1146G.

The mutant NIS 267E was expressed in COS-7 cells, and its
I~ transport activity was compared to that of the WT NIS un-
der the same conditions (Fig. 4). Results of I” uptake were cor-
rected for the efficiency of transfection using a cotransfected
luciferase expression vector, and were corrected for nonspe-
cific retention of I~ on plastic by subtracting the counts per
minute retained in empty wells processed in parallel. Cl1O,"-
sensitive I~ uptake in cells transfected with the WT NIS
(Q267) was 24-fold above the choline background. The mutant
NIS 267E showed no significant I" uptake above the choline
background and was not different from the I" uptake of cells
transfected with the empty vector serving as a negative con-
trol. Furthermore, cotransfection of equal amounts of WT
and mutant NIS did not reduce the I" uptake activity of the
WT NIS.

The maternal allele. The results shown in Fig. 1 B and Fig.
3, A and B, suggested that the maternal allele was either
weakly expressed or not expressed at all. Therefore, the pro-
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Figure 3. Sequences of
the proposita’s genomic
DNA and cDNA. De-
spite heterozygosity at
the genomic level (A),
only the mutant paternal
allele is visible by direct
sequencing of cDNA
(B). This mutation pro-
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The mutation in the ma-
ternal allele, a C- G in
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ture stop at codon 515

(D). The latter could be

"homozygous"
EXON 12
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weakly expressed
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posita’s NIS cDNA was amplified using primers specific for
the WT nt 1146C that according to genotyping should be
present. The two cDNA fragments thus generated in both di-
rections and starting at nt 1146C (see Methods) were ligated
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70,000 I NaCl (137 mM)
- i 7] NaCl (137 mM)
3 60,0001 ’: NaCIO 4 (10 uM)
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£ 40,000
[
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Figure 4. Functional analysis of the mutant NIS Q267E. Expression
plasmids of the WT NIS Q267 and the mutant (Mut) NIS 267E were
transfected into COS-7 cells alone, and together in equal amounts
(WT + Mut). Empty vector was used as a control. Results were
corrected for the efficiency of transfection by cotransfection of a lu-
ciferase-expressing plasmid and reported in this representative exper-
iment as mean=*range of duplicate determinations. Specific, NaClO4-
sensitive I~ uptake was not observed with the mutant NIS (267E).
Furthermore, the presence of the mutant NIS did not inhibit the ac-
tivity of the WT NIS (WT + Mut).
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demonstrated only after
allele-specific amplifica-
tion of cDNA, indicating
a very low level of expres-
sion.

EXON 13

into pGEM-T and sequenced. In the 3’ direction, seven of
eight clones displayed a 67-bp deletion (nt 1874-1940) causing
a frameshift and a premature stop at codon 515 (Fig. 3 D). The
resulting protein would lack the 129 carboxy-terminal amino
acids.

Sequencing genomic DNA of the proposita provided the
explanation for this deletion. The proposita was heterozygous
for a C to G transversion in nt 1940 located in exon 13 (Fig. 3
C). While this nt substitution produces a stop (TAG) at codon
531, it also creates a new 3’ splice acceptor site (AC to AG) for
intron 12 (14), located downstream of the authentic site. This
new cryptic 3’ splice acceptor site with its corresponding
branch site matches the mammalian consensus sequences (Fig.
5) better and is therefore used preferentially. The mutation in
nt 1940 was also found in the unaffected mother, sister, and in
one of three uncles, but not in the father or brother (Fig. 1 C).

The one of eight pGEM-T clones containing NIS cDNA
from the proposita that did not have the 67-bp deletion con-
tained, nevertheless, the mutation in nt 1940. This indicates
that the cryptic 3’ splice is not used exclusively.

Discussion

We describe two novel mutations of the NIS gene that cause
congenital hypothyroidism in a compound heterozygous indi-
vidual. While both mutations involve single base pair substitu-
tions in coding regions, one of the two is unique. It is located in
an exon creating a new downstream cryptic 3' splice acceptor
site by introducing a G at position —1 of this site.

The mutation (Q267E), inherited from the father, is lo-
cated in the fourth extracellular loop between the seventh and
eighth segments of the transmembrane domain, as deduced
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nt mismatch in both the branch and acceptor sites of the authentic compared with the cryptic splicing sequence. The number of nt between the
branch and acceptor sites is indicated. Y, Pyrimidine. R, Purine. N, Any nt. U, Uracil.

from the hydropathic and secondary structure of the protein
(12). Compared to the 12-segment model for the transmem-
brane domain of other sodium-dependent cotransporters (23),
it lies close to one of the two described “hot spot” areas in the
human SGLTI (24). Recently, Western blot analysis has
shown that a missense mutation from Cys to Ser in codon 355
(C355S) in the SGLTI gene, located similarly in the fourth ex-
tracellular loop of the predicted SGLT1 protein, results in a
nonfunctional protein by blocking its transfer from the endo-
plasmic reticulum to the cell membrane (25). This mechanism
could be the underlying defect in the mutant NIS Q267E and
will be investigated as soon as an antibody against the extracel-
lular domain of NIS becomes available. Provided the mutant
protein is expressed properly in the membrane, an exchange of
a neutral Gln for a negatively charged Glu could alter the con-
formation of the fourth extracellular loop, resulting in an im-
pairment of function.

The functional property of mutant 267E was examined by
expression in COS-7 cells. It did not demonstrate detectable I”
transport activity. However, based on the coefficient of varia-
tion of the I~ uptake assay of 3% for the WT NIS, some activ-
ity below this level cannot be excluded. Cotransfection of
equal amounts of WT NIS and mutant NIS 267E resulted in a
normal I~ uptake. These data are in agreement with the clini-
cal observation that heterozygotes for NIS Q267E are clini-
cally normal, provided they express one normal allele. This
held true for both mutations (Fig. 1 A).

A patient with I transport defect, homozygous for a muta-
tion (T354P) located in the ninth segment of the transmem-
brane domain, was reported very recently (10). The mutant
NIS 354P had no detectable I" transport activity in HEK-293
cells.

In our case, the second point mutation, inherited from the
mother and also a C to G transversion, is located in codon 531
of exon 13. Although this mutation predicts a stop at codon
531 (TAC-TAG), it also creates a new 3’ splice acceptor site
(AC to AG) for intron 12 that is 67 nt downstream of the au-
thentic site. It leads to the deletion of 67 bases from the
mRNA transcript. This deletion results in a frameshift and a
premature stop at codon 515 (Fig. 3 D). A protein translated
from such a transcript would lack the entire twelfth segment of
the transmembrane domain, and is therefore predicted to be
biologically inactive. However, cDNA from thyroid and lym-
phocytes of the proposita appeared to be homozygous for the
paternal mutant allele, NIS 267E (Fig. 3 B), and only allele-
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specific primers enabled us to amplify the maternal allele.
Since none of the 38 cDNA clones prepared from the propos-
ita’s tissues (28 from thyroid and 10 from lymphocytes) were
transcribed from the maternal allele, it can be calculated that
expression of the corresponding mature transcript is very low
(< 2.5%). It is well known that eukaryotic cells have mecha-
nisms to degrade RNAs that harbor premature termination
codons, presumably for protection against the formation of ab-
normal proteins that could endanger cell viability (26). This
explains the low steady state level of the mutant mRNA that
could be demonstrated only after allele-specific amplification
of the cDNA.

We showed that the small amount of NIS mRNA tran-
scribed from the maternal allele was more abundant in the
cryptic spliced form. Of eight NIS cDNA clones generated by
specific amplification of the maternal allele, seven displayed the
67-nt deletion, and one was full-length with the mutation in
exon 13. Taking into account that the maternal allele is repre-
sented in < 2.5% of the total NIS mRNA (see above), and that
only one of eight clones is derived from properly spliced NIS
mRNA of this allele, it can be calculated that the latter ac-
counts for < 0.3% of the total NIS mRNA of the proposita.
However, this cannot explain the very low I” concentration
in thyroid and salivary gland observed in the proposita, be-
cause the mutation produces a stop irrespective of the site of
splicing.

Splice site mutations are not uncommon. They represent
15% of all point mutations causing human genetic diseases
(27). More than two thirds affect 5’ splice donor sites and usu-
ally result in exon skipping. Preferential use of a cryptic splice
site over the authentic site is less common, particularly when it
involves the AG consensus sequence of the 3’ splice site.
When aberrant splicing creates a new 3’ splice acceptor site,
the latter is usually located upstream of the authentic 3’ splice
site, thus adding intronic sequences to the downstream exon
(27, 28). Downstream exonic cryptic 3’ splice acceptor sites
have been reported in four instances, and in three of them, the
mutations were located in the new polypyrimidine tract (29—
32). Only one of these mutations, recently described, created a
cryptic 3’ splice acceptor site motif used preferentially over the
upstream authentic splice site (32). It introduced an A at posi-
tion —2. It is of interest that this position and not the introduc-
tion of a G in position —1 is responsible for all mutations creat-
ing novel 3’ acceptor splice sites irrespective of their location
relative to the authentic site (27).
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In our case, replacement of the normal C for a G is unique,
since it introduces a G at position —1 to create a new 3’ splice
acceptor site downstream of the authentic splice site. These
two sites, including their corresponding polypyrimidine tracts
and branch sites, are compared in Fig. 5. To determine what
component of the splice acceptor site recognition may be re-
sponsible for the preferential use of the cryptic site, the con-
sensus values were calculated according to the scoring system
of Shapiro and Senapathy (33). In this system, nt at each posi-
tion of the splice complex are scored for their frequency. A
splice site containing the most frequent bases at each position
would have a consensus value of 1, while that with the least
frequent bases would yield a consensus value of 0. Thus, in
comparing the consensus values of cryptic and authentic 3'
splice sequences, a higher value identifies the sequence re-
sponsible for the successful use of a new splice site and its com-
petition with the authentic site. The consensus values for the
cryptic and authentic splice sequences, respectively, are as fol-
lows: 0.818 and 0.868 for the five nt (+1 to —4) representing
the 3’ splice acceptor site proper, and 0.588 and 0.595 for the
polypyrimidine tract. These scores suggest that the authentic
splice site matches the consensus sequence better than the
cryptic site even though there is a mismatch at position +1 of
the authentic site. In contrast, the branch site of the cryptic
splice site matches the consensus sequence more closely than
the corresponding authentic site. Unfortunately, no nt fre-
quency data are available to calculate a consensus value score
for the branch site. Since our results show that the cryptic 3'
acceptor splice site is used preferentially, we conclude that the
new branch site sequence and its closer proximity to the poly-
pyrimidine tract are likely responsible for the activation of this
site in the maternal allele.

To reconcile the genetic data with the phenotype, possible
explanations for the apparent low level of I" concentrating ac-
tivity observed in vivo have been considered. The increased
vascularity of the hyperplastic thyroid gland could explain the
3% thyroidal I~ uptake measured at 2 h, after the standard
subtraction of background counts obtained over the thigh. The
loss of detectable thyroidal I™ uptake at 6 and 24 h supports
this interpretation, though reduced activity in the right lower
pole mass, which appeared to be highly vascular by ultrasound,
does not. The S/P I" ratio of 2.5 rather than 1 indicates a low
level of I~ concentration in a tissue that actively transports I".
However, since the radioiodide was given by mouth rather
than intravenously, we cannot exclude a low level of residual
contamination from the administered dose. Since the mutant
NIS inherited from the mother would be nonfunctional even if
it were expressed, a low level of I concentrating activity of the
paternal mutant NIS 267E is an explanation for the apparent
I transport activity observed in vivo. Although no I" concen-
trating activity could be detected in COS-7 cells transfected
with this mutant NIS, the limit of precision of the in vitro I”
uptake assay was 3%, which is within the range of relative ac-
tivity observed in vivo.

The low prevalence of I transport defect as a cause of con-
genital hypothyroidism is not well understood. Though the fre-
quency of mutations in the NIS gene is not known, impairment
of thyroidal I~ concentration is expected to occur only if both
NIS alleles are nonfunctional. However, because under condi-
tions of high iodide intake, full preservation of I~ concentrat-
ing function is not required to achieve normal hormone syn-
thesis, it can be speculated that only mutations in the NIS gene
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that cause a virtually complete loss of function will be de-
tected.
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