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were divided into 12 groups. The
cRNA transcripts from group

12 (~500 clones) elicited a consider-
ably higher transport activity
(14.42 + 4.1 pmol of I~ per cocyte),
which became evident as early as
day 4 after injection. cDNAs from
group 12 were further subdivided
into 126 subgroups (containing

~5 clones each), which were then
redistributed in 10 pools. Of these,
Sall pool 10 (containing a total of

~50 clones from groups 109-126)
elicited an even higher signal
(77.89 = 14 pmol of I per oocyte;

a signal detected 3 days after injec-
tion). Further analysis of these
subgroups traced the activity to

) subgroups 109 to 112 (containing a
RNA transcripts total of ~10 clones). Transport activ-
ity elicited from the pool of sub-
groups 109 to 112 was 110 + 7.4
pmol of I~ per oocyte. After individ-
ual clones were separately taken
L from subgroup 111, one clone elicit-
Microinjection ed the strongest signal 1 day after
injection (~192.4 + 24.4 pmol of

I~ per oocyte) (Figure 4). This clone
was streaked on a plate from which
5 single colonies were taken and

insert
™~

Sal I T7 Promoter

Not1l

DNA template

analyzed by electrophoresis. Activi-
Culture the oocytes ty elicited in oocytes by microinject-
for several days ed transcripts from each of these

colonies was indistinguishable.

In summary, the expression
cloning of NIS was carried out by
measuring perchlorate-sensitive
Transport assay cpm Na*/I- symport activity in cocytes
microinjected with cRNAs made
in vitro from pools containing
decreasing numbers of cDNA
clones. In addition to control assays
in oocytes microinjected with water,
Na* dependence was ascertained by
using choline in place of Na*, and
perchlorate sensitivity was tested
by conducting assays in the pres-

en + rchiorate.
Strategies to identify NIS by functional screening of a thyroid cBDNA library in c? ?f b_Oth Na_ and perchlorate
Xenopus laevis oocytes. Activity in choline or perchlorate
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Expression of NIS activity in Xenopus laevis oocytes. Oocytes were microinjected with
H,0, mRNA from FRTL-5 cells, or transcripts made in vitro from pools containing the indicat-
ed numbers of clones. I" accumulation was assayed in the presence of Nat (first bar), absence
of Na* (second bar), or Na* plus perchlorate (third bar). The time period that elapsed after
microinjection, before NIS activity was detectable, is indicated on the bottom.

assays was virtually indistinguish-
able from background. Iodide accu-
mulation in oocytes microinjected
with water (control), mRNA from
FRTL-5 cells, or cRNA from the
NIS clone elicited a signal that cor-
responds to a >700-fold increase in
perchlorate-sensitive Na*/I~ sym-
port activity over background.
Time course and kinetic
analysis of Na*/I~ symport activi-
ty in oocytes microinjected with
the transcript from the NIS
cDNA clone. The time course of
I~ accumulation was analyzed in
oocytes microinjected with the
transcript from the NIS ¢cDNA
clone, 60 hours after injection.
Iodide accumulation reached near-
ly 800 pmol of I~ per oocyte at the
~90-minute saturation point. Given
that the I~ concentration in the
transport solution was 50 pM and
the functional volume is 0.5 mL per
oocyte, the generated I~ concentra-
tion gradient was >30-fold,? that is,

a virtually identical value to that
observed in the thyroid gland

in vivo. A kinetic analysis of
Na*/I- symport activity was per-
formed in oocytes microinjected
with the transcript from the NIS
cDNA clone. The apparent K for
I~ was 36 nM,? a value consistent
with the range of values reported
for FRTL-5 cells.1? The complete
nucleotide sequence of the cloned
NIS ¢DNA and the deduced amino
acid sequence are presented in
reference 3, Figure 2. The nucleo-
tide sequence of the NIS cDNA
indicates that the insert is 2839 bp
in length, with a predicted open
reading frame of 1854 nucleotides,
a 5 untranslated.

Clinical Impact of Recent
NIS Research

NIS in autoimmune thyroid dis-
ease. The pathophysioclogic impact

of Tg, TPO, and TSHr is partly

due to the fact that autoantibodies
against all three proteins have
been demonstrated in patients suf-
fering from autoimmune thyroid
disease (AITD). AITD is signifi-
cantly more prevalent in women:

it affects ~2% of the female popula-
tion but only ~0.2% of males. As is
the case in all autoimmune disor-
ders, multiple factors are believed
to play a role in the development of
AITD, including genetic predisposi-
tion, environmental factors, and a
state of dysregulation of the
immune system.!

Given that thyroid-associated
proteins such as Tg, TPO, and
TSHr are known targets for auto-
antibodies in AITD, the molecular
identification of NIS has made it
possible to assess experimentally
whether NIS is also a target auto-
antigen and whether any anti-NIS
autoantibodies (if present) have an
effect on NIS function. In addition,
it is also possible that NIS is one of
the modulators of the local autoim-
mune processes, conceivably regu-
lating the individual I~ supply to
the follicular cell.

Available datal”-20 suggest that
NIS is an autoantigen in AITD and
that autoantibodies are generated
against it. It is important to contin-
ue the analysis of this topic using
experimental systems free of other
thyroid autoantigens and to inves-
tigate the presence of anti-NIS
autoantibodies against both linear
and conformational epitopes.
Clearly, a wide range of experimen-
tal approaches will be necessary
to determine unequivocally the
existence, prevalence, functional
effects, and pathologic significance
of autoantibodies against NIS.
Furthermore, another interesting
aspect to consider is the role of cer-
tain cytokines in NIS function,




because recent reports indicate
that tumor necrosis factor alpha
(TNF-0) and, to lesser extent,
interleukin 1 alpha (IL-1a) inhibit
both basal and TSH-induced NIS
expression.1® High concentrations
of interferon gamma (IFN-y) also
downregulate TSH-stimulated
NIS mRNA expression. Conse-
quently, IL-1a, TNF-qa, and IFN-y
all inhibit I~ uptake in FRTL-5
cells. Caturegli et al?! have recent-
ly generated transgenic mice that
produce INF-yin the thyroid. The
presence of this cytokine in the
thyroid had no effect on Tg expres-
sion. In contrast, the expression
of both TPO and TSHr was slightly
increased, whereas NIS expression
was significantly decreased.
Consistently, I~ accumulation was
severely reduced in these ani-
mals.2! Further investigation on
the effect of cytokines on I~ uptake
may reveal some correlations
between I~ supply and the patho-
genesis of the autoimmune process.
NIS and cancer. Though can-
cer of the thyroid is a relatively
infrequent condition in the United
States (0.6% of all cancers in men
and 1.6% in women), it has a con-
siderably greater impact on endo-
crinologic practice than would be
expected solely on the basis of its
incidence. This is so because the
possible existence of thyroid cancer
must be ruled cut whenever a thy-
roid nodule is detected. There is a
high estimated incidence of solitary
palpable nodules in US adults
(~2%-4%).1 The degree of accumula-
tion of I, as revealed by scans of
the gland, is used as an aid in the
differential diagnosis of thyroid
nodules. Thyroid nodules that accu-
mulate I~ equally or more efficient-
ly than the normal surrcunding
tissue are generally benign, where-
as most thyroid cancers display

markedly reduced I~ accumulation
relative to healthy tissue. On

the other hand, carcinomas behav-
ing as hyperfunctioning hot nodules
are very rare. Thus, radicactive

I~ plays a major diagnostic and
therapeutic role in the manage-
ment of differentiated thyroid carci-
noma. The main morphologic types
of thyroid cancer are the papillary
carcinoma (75%-85% cof all thyroid
cancers) and the follicular carcino-
ma (10%-20%). In most instances
both types are well-differentiated
tumors that originate in the thyroid
follicular cells. The reduced I~ accu-
mulation detected in the majority
of thyroid cancers suggests that
malignant transformation of these
cells may have an effect on the NIS
molecule. Thus, the continued char-
acterization of NIS may shed light
on I~ transport changes observed in
thyroid cancer.

The treatment of differentiated
thyrecid carcinoma is total or near
total thyroidectomy followed by
1311 ablation. Radioiodide ablation
destroys occult microscopic carci-
nomas and also any remaining
normal thyroid tissue, permitting
a postablative 131 total body scan-
ning search for possible persistent
carcinoma. The tools that allow
the sensitive and specific detection
and subsequent treatment of dif-
ferentiated thyroid carcinoma are
the uptake (mediated by NIS) and
organification (mediated by TPO)
of I, both TSH-regulated process-
es. The tumorigenic role of radio-
iodine in the thyroid—transported
also by NIS into the follicular
cell—is debated, but the increased
incidence of papillary thyroid car-
cinomas in children after nuclear
testing and nuclear accidents
(100 times higher than in nonex-
posed children) suggests that
radioactive isotopes of iodine

have a direct tumorigenic effect on
the thyroid.22

To understand the involvement
of NIS in the observed patterns of
I~ transport in thyroid carcinomas
with respect to healthy thyroid tis-
sue, several groups have looked for
a possible correlation between the
lower or absent radioiodine uptake
activity in thyroid carcinomas and
the expression of NIS mRNA or
protein, using various tech-
niques.23-26 The results show that
hNIS expression may be either
increased, decreased, or absent in
well-differentiated thyroid cancer,
even though I~ transport activity
is consistently decreased in the
majority of tumors. Therefore,
the explanation for the decreased
I~ uptake in well-differentiated
thyroid carcinoma does not simply
lie in lower NIS expression but
likely involves a more complex
combination of regulatory changes
ultimately affecting NIS expres-
sion, targeting, and/or activation.
To date, there are still no data
concerning the regulation of
expression, posttranslational modi-
fications, targeting to the plasma
membrane, or other factors regu-
lating NIS in cancerous follicular
cells. Thus, there clearly is a press-
ing need to investigate a much
larger number of thyroid cancer
specimens by more quantitative
techniques to understand better
the expression of hNIS at both the
transcript and protein levels, to
elucidate the cellular localization
of NIS, and to be able to compare
such findings to the clinical behav-
ior of the carcinomas.

NIS-based gene therapy.
Some in vitro experiments concern-
ing NIS-based gene therapy for
both diagnostic and therapeutic
purposes have been reported, in
which NIS-mediated radioiodide
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uptake was used to visualize and
destroy malignant tumor cells.
Using a retroviral vector, Mandell
et al2” have recently introduced
recombinant NIS (rNIS) into
melanoma and ovarian, liver, and
colon carcinoma cells. The result-
ing rNIS transduced tumor cells
exhibited I uptake activity. In
vitro experiments showed that
these transduced cells could be
destroyed by accumulation of 131].
If positive results are obtained in
subsequent in vivo experiments,
this gene therapy approach would
undoubtedly be one of the most
promising developments concern-
ing the possible uses of the molecu-
lar characterization of NIS in the
diagnosis and treatment of cancer.
NIS mutations as causes of
congenital iodide transport
defect. Congenital lack of I~ trans-
port is a rather uncommon thyroid
condition that has been defined as
an I~ transport defect (ITD). The
general clinical picture consists of
hypothyroidism (which can be nor-
malized in some cases with high
I supplementation or L-T, substi-
tutive therapy), goiter, low thyroid
I~ uptake (as determined by scinti-
graphy), and low saliva:plasma
I~ ratio.?82% Even though congeni-
tal hypothyroidism is an infrequent
disease (incidence of 1:3000-
1:4000 in neonates),?° it has an
irreversible, deleterious effect on
the development of the newborn,
finally resulting in cretinism if
untreated. Mutations in thyroid-
specific molecules, such as TPO,
Tg, and TSHr, have been identified
among causes of congenital
hypothyroidism.! Most recently,
NIS mutations have also been
demonstrated to cause this disease.
Ever since the first case of con-
genital hypothyroidism due to an
ITD was described by Federmann

et al,3! several explanations have
been proposed to better define the
nature of the defect. However, the
molecular basis of this condition
has begun to be examined only in
the past few years, as a result of
the isolation of the NIS ¢cDNA3 and
the elucidation of the exon—intron
organization of the NIS gene.32
About 48 cases of ITD, belonging
to 33 families, have been reported
worldwide to date; 17 cases from
13 families have been studied at
the molecular level and shown to
have a mutation in NIS.33

Shortly after the ¢cDNA that
encodes NIS was isolated, two
groups reported almost simultane-
ously a homozygous missense
mutation in patients who had pre-
viously been diagnosed with con-
genital hypothyroidism caused by
ITD34 (reference 33, Table I). Both
groups found a DNA substitution
of adenine with cyteosine in
nucleotide 1060 in exon 9, result-
ing in a Pro instead of Thr at posi-
tion 354 (T354P) in NIS. The
T354P mutation is located in the
putative transmembrane segment
IX of the NIS protein.

The patient in Fujiwara et al’s
report3* was homozygous for the
T354P mutation and had consan-
guineous parents; her two siblings
were heterozygous for T354P and
were unaffected, suggesting the
recessive nature of the disease.
Treatment with extremely high
doses of potassium iodide (KI)
maintained this patient euthyroid.
Human embryonic kidney cells
(HEK-293) transfected with the
mutant T354P NIS ¢cDNA did not
exhibit any I~ uptake activity.
Based on these results, the authors
proposed that T354P probably dis-
rupts (due to the presence of Pro),
through a structural change, the
putative transmembrane segment

IX of NIS, where the mutation is
located.

The second case with an ITD
was diagnosed 23 years ago (Table
I, case 6).%° The patient was euthy-
roid, apparently on account of a
very high dietary iodide intake.
However, diffuse goiter with slight-
ly elevated TSH was noted when
the patient was 18 years of age. The
patient exhibited greatly increased
NIS mRNA levels (>100-fold) in his
thyroid. Hence, these authors pro-
posed that the observed increase in
NIS transcription may reflect a
compensating mechanism for low
NIS activity, possibly related to
transcriptional regulation of NIS by
I~ itself. This patient was born from
a consanguineous marriage, and his
daughter was heterozygous for the
mutation but had no abnormal phe-
notype, as would be expected in a
recessive condition.

Subsequently, Levy et al36
studied the T354P mutation by
site-directed mutagenesis and
transfection of COS cells. They
determined that the T354P NIS
was not active, but observed by
immunofluorescence analysis that
it was properly targeted to the
plasma membrane. They then
explored various other amino acids
substitutions (Ala, Pro, Cys, Tyr,
Ser) at position 354 to determine
the structural change in putative
transmembrane segment IX. They
concluded that the hydroxyl group
at the B-carbon of the amino acid
residue at position 354 is essential
for NIS function.

In vitro experiments in cells
transfected with the various NIS
mutants found in ITD patients
have shown that the mutant NIS
proteins do not elicit I~ transport.
However, the precise structural
change brought about by a NIS
mutation has been determined




only for T354P. Therefore, it
remains to be determined whether
the other NIS mutations give rise
to proteins that are nonfunctional
but properly targeted to the plas-
ma membrane—proteins that are
rapidly degraded or retained in
intracellular organelles. It is
unknown how I~ enters the thyroid
follicular cells in these patients.
However, a diet high in I~ has
been shown to maintain some

of these patients in a euthyroid
state. It is possible that thyroidal
I~ transport in these patients
occurs by “simple diffusion” or by
nonspecific channels, as suggested
by Wolff.37 Moreover, Cl- channels
have been shown to transport
other halides with different affini-
ties, and in some cases these chan-
nels display a considerable affinity

for I=. Administration of high doses -

(1-200 mg/d) of KI has been report-
ed to maintain these patients
euthyroid, without apparent long-
term side effects.

The inheritance pattern of ITD
is autosomal recessive in all cases.
Thyroid morphologic findings are
fairly hetercgeneous, even in
patients carrying the same NIS
mutation. Among the patients in
whom NIS mutations have been
characterized at the molecular lev-
els (as summarized in reference 33,
Table 1), we find 2 cases without
goiter, 11 cases with small or large
diffuse goiter, 1 case with ncdular
goiter, and 3 cases with follicular
adenoma. Two cases remained
euthyroid. Mest probably, this vari-
ability reflects the roles played by
multiple factors in the onset and
evolution of ITD due to NIS muta-
tions, including the type of muta-
tion, time of detection of the
condition, time and type of admin-
istered therapy, I~ content in the
diet, and so on. In any case, the

considerable strides made in this
area of research in recent years
illustrate the powerful impact that
detailed function/structure studies
of this key molecule can have on
health and disease.

Concluding Remarks and
Future Perspectives

The landscape of NIS research has
been dramatically transformed in
a very short time.38 39 It is highly
revealing that the present review
already covers the isolation of a
¢DNA encoding rat NIS, the prepa-
ration of anti-NIS antibodies to
study NIS topology and its sec-
ondary structure, the examination
of the biogenesis and posttransia-
tional modifications of NIS, its
electrophysiologic analysis, the
isclation of the ¢cDNA encoding
hNIS, the elucidation of the
genomic organization of hNIS, the
analysis of NIS regulation by TSH
and I, and the regulation of NIS
transcription, among several other
topics. It also discusses sponta-
neous NIS mutations that have
been identified as causes of congen-
ital ITD that results in hypothy-
roidism, as well as the roles of NIS
in thyroid cancer and thyroid
autoimmune disease. Perhaps most
significantly, the foregoing accom-
plishments have made it possible
to carry out gene therapy experi-
ments in which the rat NIS gene
has been transduced into various
types of human cells, which then
exhibited active iodide transport
and became susceptible tc destruc-
tion with radioiodide. Hence, the
impact of the continued molecular
analysis of NIS has already
reached farther than predicted a
few years ago, given that it extends
not only to structure/function of

transport proteins, thyroid patho-
physiology, hormone action mecha-
nisms, and cell differentiation, but
also, quite possibly, to the diagno-
sis and treatment of cancer, both
in the thyroid and beyond.
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