0021-972X/97/$03.00/0
Journal of Clinical Endocrinology and Metabolism
Copyright © 1997 by The Endocrine Society

Vol. 82, No. 10
Printed in U.S.A.

Increased Expression of the Na*/I~ Symporter in
Cultured Human Thyroid Cells Exposed to Thyrotropin
and in Graves’ Thyroid Tissue*

TSUKASA SAITO, TOYOSHI ENDO, AKIO KAWAGUCHI, MASATO IKEDA,
MINORU NAKAZATO, TAKAHIKO KOGAI, anpo TOSHIMASA ONAYA

Third Department of Internal Medicine, Yamanashi Medical University, Tamaho, Yamanashi 409-38,

Japan

ABSTRACT

The Na*/I~ symporter (NIS) is important in hormone synthesis in
the thyroid gland. NIS activity, as reflected by I~ uptake, was in-
creased by TSH (1 mU/mL) or forskolin (10 umol/L) in primary cul-
tured human thyroid cells. Northern blot analysis revealed that in-
cubation of these cells with TSH or forskolin for 24 h increased the
abundance of NIS messenger ribonucleic acid (mRNA) 2.3- and 2.5-
fold, respectively. Immunoblot analysis revealed 2.7- and 2.4-fold
increases, respectively, in the amount of NIS protein after 48 h,
suggesting that elevated levels of intracellular cAMP induced the
expression of NIS in human thyrocytes. We then studied the levels of

NIS mRNA and protein in Graves’ thyroid tissue and found that the
amount of NIS mRNA in thyroid tissue from individuals with Graves’
disease (n = 5) was 3.8 times that in normal thyroid tissue (n = 5).
The abundance of NIS mRNA was significantly correlated with that
of thyroid peroxidase or thyroglobulin mRNAs, but not with that of
TSH receptor mRNA, in the Graves’ and normal thyroid tissue spec-
imens. The amount of NIS protein was also increased 3.1-fold in
Graves’ thyroid tissue compared with that in normal thyroid tissue.
The increased expression of NIS may thus contribute to the devel-
opment of Graves’ disease. (J Clin Endocrinol Metab 82: 3331-3336,
1997)

HE TRANSPORT of iodide (I7) into thyroid cells is re-
quired for the synthesis of thyroid hormone (1). Intra-
cellular I" is subsequently incorporated into thyroglobulin
(Tg) in a reaction that is catalyzed by thyroid peroxidase
(TPO). Both this reaction and I transport are stimulated by
TSH. The Na* /I~ symporter (NIS) plays an important role
in I” transport into the thyroid follicular cells. However, the
molecular mechanism in the regulation of NIS by TSH re-
mained unclear because neither the gene nor the protein of
NIS had been identified. On the other hand, it is known that
I™ uptake activity is increased in patients with Graves’ dis-
ease (2) and that patients with congenital goiter caused by
hypothyroidism reportedly exhibit a partial defect of I~
transport (3-5). Thus, NIS seems to be implicated in the
pathogenesis and development of these diseases.

Dai et al. (6) have recently cloned and characterized the
complementary DNA (cDNA) for rat NIS. Subsequently, us-
ing recombinant rat NIS protein, we reported that some
patients with autoimmune thyroid disease, such as Hashi-
moto’s thyroiditis and Graves’ disease, might possess an
autoantibody against NIS and that the IgGs from patients
with Hashimoto’s thyroiditis could affect NIS activity re-
flected by I uptake (7, 8).

We have now cloned and sequenced the human NIS cDNA
that contains the entire coding sequence and examined the
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effect of TSH on NIS messenger ribonucleic acid (mRNA)
and protein in cultured human thyroid cells as well as mea-
sured NIS mRNA and protein in normal and Graves’ thyroid
tissues in the present study.

Materials and Methods
Cell cultures

Thyroid tissue was obtained from a patient with Graves’ disease who
underwent a subtotal thyroidectomy. The diagnosis of Graves’ disease
was based on conventional criteria (diffuse goiter, hyperthyroidism, and
exophthalmos); TSH binding inhibitor immunoglobulin (TBII) activity
was 26% before surgery. Protocols were approved by the institutional
ethics board of Yamanashi Medical University. Thyroid cells were pre-
pared and cultured as described previously (9-12). In brief, thyroid
tissue was digested with collagenase type II (1 mg/mL; Sigma Chemical
Co., St. Louis, MO) and dispase II (5 mg/mL; Boehringer Mannheim,
Mannheim, Germany). After being centrifuged, resuspended, and
washed three times, follicles were seeded in 24-well culture plates or
10-cm culture dishes and cultured in Coon’s modified Ham’s F-12 me-
dium (Sigma) containing insulin (10 wug/mL), transferrin (5 ug/mL),
somatostatin (10 ng/mL), hydrocortisone (10 nmol/L), glycyl-L-histi-
dyl-L-lysine (10ng/mL), TSH (5mU/mL; Sigma), penicillin (100 U/mL),
streptomycin (100 ug/mL), and amphotericin B (2.5 pug/mL). If indi-
cated, 1% calf serum (Life Technologies, Grand Island, NY) was also
added to the medium. The cells were incubated for 2 days and then
maintained for 5 days in the same medium lacking TSH (5H medium).
Culture medium was replaced every other day. The cells were then
incubated for the indicated times in 5H medium containing TSH (1
mU/mL), forskolin (10 umol/L), mercaptomethylimidazol (MMIL 1
mmol/L), or TSH (1 mU/mL) plus MMI (1 mmol/L) before measure-
ment of I” uptake or NIS mRNA or protein.

Iodide uptake

Cells in 24-well plates were rinsed with I uptake buffer [137 mmol /L
NaCl, 5.4 mmol/L MgCl,, 1.3 mmol/L CaCl,, 0.4 mmol/L MgSO,, 0.5
mmol/L MgCl,, 0.4 mmol/L Na,HPO,, 0.44 mmol/L KH,PO,, 5.55
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mmol/L glucose, and 10 mmol/L HEPES (pH 7.3)] and then incubated
for 2 h at 37 C with 100 nmol/L *I~ (50 mCi/mmol) in the same buffer
(9, 13). The cells were rapidly rinsed and scraped from each well, and
the associated radioactivity was measured with a y-counter. The radio-
activity was normalized to the cellular protein content measured in the
same cells. For the assay of I” uptake in CHO-K1 cells transfected with
human NIS cDNA in pcDNAS3 (Invitrogen, San Diego, CA), the cells
were incubated with the same I~ uptake buffer containing '*’I~ for the
indicated times as described previously (7).

Cloning and sequencing of human NIS cDNA

We screened 1 million independent recombinant bacteriophage from
a human thyroid follicular carcinoma cDNA library in Agt11 (HL1009b,
Clontech, Palo Alto, CA) with a rat NIS cDNA probe as described
previously (7). Inserts from purified recombinant bacteriophage ob-
tained from four rounds of library screening (14) were excised with EcoRI
(Takara, Ohtsu, Japan) and subcloned into pBluescript SK™ (Stratagene,
La Jolla, CA). Cloned inserts were subcloned into the M13 mp18 phage
vector and sequenced.

Northern blot analysis

Total RNA (15 ug) from cultured cells or from specimens of five
normal and five Graves’ human thyroids (obtained from patients un-
dergoing hemithyroidectomy for benign adenoma or papillary cancer,
or subtotal thyroidectomy for Graves’ disease; TBII activities in Graves’
patients ranged from 56.0-66.3%) was separated on a 1% agarose gel
containing formaldehyde and transferred to a nylon filter as described
previously (15). A human NIS RNA probe was prepared by the in vitro
transcription of pcDNA3 containing the human NIS ¢cDNA with SP6
RNA polymerase (Pharmacia LKB, Tokyo, Japan). Other probes were
prepared by labeling cDNAs corresponding to rat B-actin, human TPO,
rat Tg, and human TSH receptor (TSHR) as previously described (16).
The filters were hybridized with the probes and washed, and mRNA
signals were quantitated with a BAS2000 system (Fujix, Tokyo, Japan).

Immunoblot analysis

Membrane fractions were prepared from cultured cells or thyroid
tissue in a solution containing 10 mmol/L Tris-HCl (pH 7.4), 5 mmol/L
NaCl, 1 mmol/L ethylenediamine-N,N,N’ N'-tetraacetic acid, 1
mmol/L phenylmethylsulfonylfluoride, and leupeptin (50 ug/mL);
subjected to electrophoresis on a 10% polyacrylamide gel containing
0.1% SDS; and transferred to a nitrocellulose filter. Immunoblot analysis
was performed with antiserum (1:500) generated with glutathione-S-
transferase/N-terminal portion of rat NIS (amino acids 1-231) fusion
protein as described previously (7, 8). The abundance of immunoreac-
tive human NIS was quantitated with a scanning densitometer (model
GT-8000, Epson, Tokyo, Japan).

Statistical analysis

Data are presented as the mean * sg and were analyzed by Student’s
t test or linear regression. When multiple comparisons were made,
statistical significance was determined by ANOVA with the Bonferroni/
Dunn post-hoc test. P < 0.05 was considered statistically significant.

Results
Iodide uptake by cultured cells

The uptake of I" by cultured human thyroid cells was
stimulated by the addition of TSH (1 mU/mL) or forskolin
(10 wmol/L) in a time-dependent manner (Fig. 1), consistent
with previous observations (9, 10, 13). Cells exposed to 1%
calf serum during culture showed a reduced response to TSH
(data not shown), again as demonstrated previously (9, 10).
MMI had no effect on I" uptake in the absence or presence
of TSH.
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Fic. 1. Uptake of I™ by cultured human thyrocytes. The cells were
seeded and cultured without serum. After incubation for 5 days in 5H
medium (without TSH), cells were incubated for the indicated times
in the same medium containing TSH (1 mU/mL; O), forskolin (10
pmol/L; A), MMI (1 mmol/L; @), TSH plus MMI (A), or no additives
(W). I uptake was then determined as described in Materials and
Methods. Data are the mean * SE of triplicate wells. *, P < 0.005 vs.
control (no additives), by Bonferroni/Dunn post-hoc test.

Cloning of human NIS

We were unsuccessful in our attempt to detect human NIS
mRNA by Northern blot analysis with rat NIS cDNA as a
probe, which thus necessitated the cloning of human NIS
cDNA. Screening of a human thyroid follicular carcinoma
cDNA library with rat NIS cDNA identified an approxi-
mately 1.6-kilobase (kb) insert that contained 240 bp of the
5'-untranslated region and 1333 bp of the open reading frame
of human NIS cDNA. We then screened the library with the
cloned 1.6-kb DNA fragment as a probe and obtained an
approximately 2.4-kb cDNA that contained the entire coding
sequence. The 1929-bp open reading frame encodes a protein
of 643 amino acids, as previously described (17). Figure 2
shows replacements of nucleotide and deduced amino acids
in our findings. Three amino acid substitutions were found:
Pro'®, GIn®®, and GIn®® instead of Ala, Thr, and Ser, re-
spectively. Other nucleotide replacements were T (at the
position of 307, A in ATG initiation codon is designated 1),
G (1338), and G (1548) instead of C, C, and A, respectively,
with no amino acid substitutions. CHO-K1 cells transfected
with the cloned human NIS cDNA showed marked I uptake
activity, whereas CHO-K1 cells transfected with the pcDNA3
alone did not have I" uptake (Fig. 3).

Regulation of human NIS mRNA and protein in cultured
cells

As shown in Fig. 1, TSH (1 mU/mL) and forskolin (10
pmol/L) up-regulated I uptake activity, so we determined
human NIS mRNA levels in the presence of these agents.
Northern blot analysis of total RNA from cultured human
thyroid cells with a human NIS RNA probe revealed marked
hybridization with an approximately 3.5-kb mRNA (Fig. 4A).
Incubation of cells for 24 h with TSH or forskolin increased
the amount of NIS mRNA 2.3- and 2.4-fold, respectively (Fig.
4). MMI (1 mmol/L) had little effect on NIS mRNA abun-
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Fic. 2. Sequence analysis and amino acid substitutions. Human NIS
c¢DNA was subcloned to M13 phage and sequenced. Three amino acids
(Ala, Thr, and Ser shown in Ref. 17) were replaced by Pro, Gln, and
Gln, respectively. Dots indicate the nucleotide substitutions.
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Fic. 3. Uptake of I by CHO-K1 cells that stably expressed recom-
binant human NIS. CHO-K1 cells were transfected with (O) or with-
out (@) human NIS ¢cDNA in pcDNA3, and I~ uptake was assayed
after incubation of cells for the indicated times with 2°I~. Data are
the mean * SE of three separate experiments with different batches
of cells on different days.

dance. Immunoblot analysis with antiserum to rat NIS de-
tected an approximately 77-kDa immunoreactive protein in
cultured human thyroid cells, consistent with our previous
observations (7); weak signals were detected at 88 and 60
kDa, but these were also apparent with serum preadsorbed
with rat NIS, whereas 77-kDa protein disappeared (Fig. 4A,
lane f). Incubation of cells with TSH or forskolin for 48 h
increased the amount of NIS protein 2.7- and 2.4-fold, re-
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Fic. 4. Regulation of NIS mRNA and protein abundance in cultured
human thyroid cells. A, Total RNA from cells incubated for 24 h with
various agents was subjected to Northern blot analysis with human
NIS RNA probe or rat B-actin cDNA probes (upper panel). The posi-
tions of 28S and 18S ribosomal RNA are indicated. Membrane frac-
tions prepared from cells incubated for 48 h with various agents were
subjected to immunoblot analysis with antiserum (1:500) to rat NIS
(lower panel, lanes a—e). The positions of 101- and 83-kDa molecular
size standards (lane M) are indicated. Lanes correspond to cells in-
cubated in the absence (a and f) or presence of TSH (1 mU/mL; b),
forskolin (10 pmol/L; ¢), MMI (1 mmol/L; d), or TSH plus MMI (e).
Immunoblot analysis in lane f was performed with antiserum (1:500)
that was preadsorbed with rat NIS. Data represent typical experi-
ments that were obtained three individual dishes. B, Quantitative
analysis of data from three individual dishes corresponding to that
shown in A. Data are the mean * SE and are expressed relative to the
control values (lane a). *, P < 0.05 vs. control with Bonferroni/Dunn
post-hoc test.

spectively. MMI had no effect on the abundance of human
NIS protein.

Northern blot analysis of human NIS in normal and
Graves’ thyroid tissues

As human NIS was up-regulated by TSH and forskolin in
these experiments, it was expected that the expression of
human NIS was increased in Graves’ thyroid compared with
that in normal thyroid. Northern blot analysis revealed the
amounts of NIS mRNA in thyroid tissue from five patients
with Graves’ disease to be markedly greater than those in five
specimens of normal thyroid tissue (Fig. 5A). The abundance
of both TPO and Tg mRNAs, but not that of TSHR mRNA,
also appeared increased in Graves’ thyroid tissue. Quanti-
tative densitometry and normalization of the amounts of
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FiG. 5. Northern blot analysis of NIS, TPO, Tg, and TSHR mRNA in normal and Graves’ thyroid tissue. A, Total RNA from specimens of normal
(lanes 1-5) and Graves’ (lanes 6—10) thyroid tissue was subjected to Northern analysis with probes specific for NIS, TPO, Tg, TSHR, or B-actin
mRNA as indicated. B, The amounts of NIS, TPO, Tg, and TSHR mRNAs were quantitated by densitometry and expressed relative to the amount
of B-actin mRNA. Data are the mean * st (n = 5). ¥, P < 0.01; **, P < 0.05 (vs. normal, by Student’s ¢ test). C, Correlation analysis of the relations
among the normalized amounts of NIS, TPO, Tg, and TSHR mRNAs in normal (O) and Graves’ (@) thyroid specimens.

NIS, TPO, Tg, and TSHR mRNAs relative to the amount
of B-actin mRNA revealed significant increases of approx-
imately 3.8- and 2.9-fold in NIS and TPO mRNAs, respec-
tively, in Graves’ thyroid tissue (Fig. 5B). Then we studied
the correlation between the expression levels of these thy-
roid-specific genes. The amount of NIS mRNA in all tissue
specimens was significantly correlated with those of TPO
and Tg mRNAs (Fig. 5C); there was also a significant
correlation between the amounts of TPO and Tg mRNAs,
but not between the amount of TSHR mRNA and that of
NIS, TPO, or Tg mRNA (r = 0.282,r = 0.107, and r = 0.104,
respectively).

Immunoblot analysis of NIS in normal and Graves’ thyroid
tissue

Immunoblot analysis of membrane fractions prepared
from three normal and four Graves’ thyroid specimens was
performed with antiserum to rat NIS. The amount of NIS
protein in Graves’ thyroid specimens was 3.1 times that in
normal thyroid tissue (Fig. 6).

Discussion

TSH/cAMP has previously been shown to stimulate 1™
uptake in both the continuous rat thyroid cell line FRTL-5
and primary cultures of human thyroid cells (9, 10, 13). Our
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Fic. 6. Immunoblot analysis of NIS protein in normal and Graves’
thyroid tissue. A, Membrane fractions prepared from specimens of
normal (lanes 1-3) and Graves’ (lanes 4—7) thyroid tissue were sub-
jected toimmunoblot analysis with antiserum (1:500) to rat NIS. Lane
M, Molecular size markers. B, Quantitative analysis of the data in A.
Values are the mean = SE of three normal and four Graves’ thyroid
specimens. *, P < 0.005 vs. normal thyroid, by Student’s ¢ test.

demonstration that TSH and forskolin increased I” uptake by
cultured human thyroid cells is thus consistent with these
previous observations. Serum-free cultures of human cells
responded well to TSH and forskolin in a time-dependent
manner. The presence of 1% serum reduced I™ uptake stim-
ulated by TSH as described previously (9, 10). These data
suggest that our cultures followed the previous experiments
(9, 10) and were thought to be valid. MMI, known to be a
goitrogen in vivo, had no effect on I™ uptake directly in the
primary cultured cells. Incubation for I” uptake was usually
performed for 40-120 min in primary cultured human thy-
roid cells, as described previously (9, 10, 18, 19). Two-hour
incubation for I" steady state uptake could reflect not only
I transport, but also other factors, such as backflux rate by
nonspecific leak, cell water content, and protein binding;
however, the major part of the uptake activity could reflect
I” transport stimulated by TSH/forskolin. Therefore, we
next determined NIS expression, which may be involved in
the increase in I uptake.

We also cloned human NIS cDNA and detected three
differences in the deduced amino acid sequence from that
determined by Smanik ef al. (17). These differences in amino
acids might not appear to affect I uptake activity, given the
marked activity in cells transfected with our cloned entire
NIS ¢cDNA, and may possibly represent polymorphisms.

TSH and forskolin up-regulate NIS mRNA and protein in
FRTL-5 cells, actions that may underlie at least in part the
effect of the agents on 1™ uptake activity (20); NISmRNA was
markedly increased after 24 h and NIS protein after 48 h of
incubation with TSH. We have now shown that TSH and
forskolin markedly increased the amounts of NISmRNA and
protein in primary cultured human thyroid cells at these
same time points. Thus, the TSH/cAMP pathway appears to
up-regulate NIS gene expression and NIS protein abun-
dance, resulting in an increase in I~ uptake activity in human
thyroid cells.

In individuals with Graves’ disease, an up-regulation of
thyroid function, as reflected in increased uptake of I (2) and
increased hormone production as a result of increased H,O,
generation and synthesis of TPO and Tg (21-23), appears to
contribute to both the progression and duration of the dis-
ease. We have now shown that the amounts of NIS mRNA
and protein are increased in thyroid tissue from Graves’
patients. The significant correlation between the abundance
of NIS mRNA and that of TPO or Tg mRNAs in normal and
Graves’ thyroid tissue suggests that NIS may be a marker of
thyroid cell differentiation. We have previously shown that
the amounts of Tg and TSHR mRNAs are reduced in neo-
plastic thyroid tissue relative to those in normal thyroid,
suggesting that the abundance of these mRNAs reflects the
extent of tissue differentiation (16). Therefore, NIS mRNA
expression should be determined not only in Graves’ thyroid
but also in benign and malignant neoplasms. The correlation
between NIS and TPO or Tg mRNAs also suggests that the
mechanism of NIS gene expression might be similar to that
of the TPO and Tg genes. The expression of TPO and Tg
genes is stimulated by a cAMP pathway in primary cultures
of human thyroid cells (24, 25). Given the marked TBII ac-
tivity detected in all of the Graves’ patients in the present
study, itis possible that the increased NIS mRNA and protein
concentrations in the corresponding thyroid tissue were at-
tributable to increased cAMP accumulation induced by TBIL
Increased expression of both NIS and TPO may contribute to
the development of Graves’ disease.

Investigation of the regulation of human NIS gene expres-
sion provides an important information that will be useful in
defining the precise role of this protein and may, therefore,
produce a practical approach to elucidate thyroid disease.
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Conference on the Diagnosis and Treatment of the Unborn Child
The Buttes, Tempe, Arizona
Saturday, April 18-Monday, April 20, 1998

Participants: Maria I. New (Chairman), New York, NY; Arleen Auerbach, New York, NY; Ted Brown, New
York, NY; Frank Chervenak, New York, NY; Jessica Davis, New York, NY; Robert Desnick, New York, NY;
Miroslav Dumic, Zagreb, Croatia; Mark I. Evans, Detroit, MI; Alan W. Flake, Philadelphia, PA; Maguelone
G. Forest, Lyon, France; Judith Hall, Vancouver, BC; Margaret Hilgartner, New York, NY; Eric Hoffman,
Pittsburg, PA; Sheila Innis, Vancouver, BC; Y. W. Kan, San Francisco, CA; Josuha Lederberg, New York, NY;
Lucio Luzzatto, New York, NY; Arno Motulsky, Seattle, WA; John Opitz, Salt Lake City, UT; Darwin J.
Prockop, Philadelphia, PA; David L. Rimoin, Los Angeles, CA; Joe Leigh Simpson, Houston, TX; Jean Wilson,

Dallas, TX; Don Wolf, Beaverton, OR.

The Conference will include: Genetic Disorders in Ashkenazim; Hemophilia Problems in Carrier Identifi-
cation and Fetal Diagnosis; Fragile X Syndrome; Fanconi Anemia; Inherited Variation in Susceptibility to
Cancer in the Unborn Child; Smith Lemli-Opitz Syndrome, Marfan Syndrome, Androgen Receptor Defects,
Skeletal Dysplasias, Muscular Dystrophies, Congenital Adrenal Hyperplasia, Uniparental Disomy, Diag-
nosis and Treatment of Fetal and Neonatal Malnutrition, Fetal Cells in Maternal Blood to Diagnose
Aneuploidy; Fetal Cells in Maternal Blood to Diagnose Hemoglobinopathy; Open Surgery; Percutaneous
Approaches, Stem Cell Therapy, Stem Cell Techniques, Preimplantation Genetic Diagnosis, Ethical Fetal
Therapy; New Obligations of Physicians in Genetics, Cloning and Ethics.

The deadline for abstracts of poster presentations is December 15, 1997.

For further information, please contact Maria I. New, MD, Prenatal Diagnosis Conference—Arizona ‘98, Ross
Professional Services, 40 Old Ridgebury Road, Ste. 309, Danbury CT 06810; telephone 203-730-8724; fax

203-778-1121.
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