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Riedel Claudia

Introduction

Breast cancer remains the leading cause of cancer death in women ages 15-54. It was estimated that
in 2001 about 192,200 women would be diagnosed with breast cancer in the U.S and nearly 40,800
would die from the disease (1). Unquestionably, current available therapies for breast cancer, including
surgery, chemotherapy, and radiotherapy, are not satisfactory. Therefore, improvement of detection and
treatment requires exploration of alternative diagnostic and therapeutic strategies. The lactating
mammary gland is one of very few tissues which, like the thyroid, has the ability to actively accumulate
iodide (I) (2). In the thyroid, this ability is used as a centerpiece to diagnose and often treat thyroid
ailments, including thyroid cancer. In contrast, I" transport by mammary tissue has yet to be thoroughly

examined for its potential as a diagnostic and therapeutic tool in breast cancer.

Thyroidal I" transport has been an area of intense research (3 [appendix 2]; 4, 5). Yet it was not until
1996 that, after a decades-long search by numerous groups, our laboratory isolated the cDNA that
encodes the rat thyroid Na'/I" symporter (NIS), a 618 amino acid plasma membrane glycoprotein that
mediates active I” uptake in the thyroid (6) We have subsequently generated high-affinity anti-NIS
antibodies (Abs) (7). Significantly, using our anti-NIS Abs we have demonstrated extrathyroidal NIS
expression in mammary gland (mgNIS) during lactation, and have shown that mgNIS catalyzes I’
transport in mammary tissue (8). An adequate supply of I" for sufficient thyroid hormone production is
essential for proper development of the newborn’s nervous system, skeletal muscle and lungs. Even
though thyroid NIS and mgNIS are the same protein, it is clear that NIS responds to distinct regulatory
mechanisms in different tissues and cell types. Physiologically, I" transport in the mammary gland

occurs in late pregnancy and during the course of lactation. In vivo studies have shown that NIS
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expression is regulated in a reversible manner by suckling during lactation (8) Studies in
ovariectomized mice showed that the combination of B-estradiol, oxytocin and prolactin in the absence
of progesterone (i.e. the relative hormonal levels prevalent in mice during lactation) leads to the highest
level of NIS expression (8). Moreover, we have also shown that healthy lactating mammary tissue is
not the only breast tissue expressing mgNIS. Human breast carcinomas and experimental mammary
carcinomas in transgenic mice bearing constitutively activated oncogenes (neu, ras or polyoma T
antigen) also express mgNIS (8) These observations suggest that mgNIS expression can be regulated by
transcription factors that are activated by the new, ras or polyoma T antigen signal pathways. Therefore,
it is highly informative to study and compare the mechanisms by which mgNIS is expressed during
lactation and in breast cancer. Our hypothesis was that regulatory factors that lead to expression aﬁd
activation of mgNIS in lactating mammary tissue are also operational in some breast cancers. Our
purpose was to identify the regulatory mechanisms of NIS expression in mammary cells at the
transcriptional and post-transcriptional levels. We studied a broad spectrum of mammary cell lines and
breast cancer cell lines for NIS mRNA expression by Northern blot analysis and RT-PCR, and we are
currently carrying out immunoblot analyses for NIS protein expression as well. We identified several
mammary cell lines that express NIS at the franscriptional level and have found one breast cancer cell
line, MCF-7, that expresses the NIS protein. We showed, by immunoblot analysis, mgNIS protein
expression in MCF-7 cells treated with tRA, and we have observed a very pronounced increase in
mgNIS expression when lactogenic hormones (insulin, prolactin and hydrocortisone) were added along
with tRA. These results demonstrate that MCF-7 cells provide a suitable model to study mgNIS
‘biogenesis in vitro. Significantly, we demonstrated by immunofluorescence analysis that a high
proportion of mgNIS expressed in MCF-7 cells is located intracellularly, rather than in the plasma
membrane. Future studies will focus on the identification of factors that promote the targeting of

mgNIS to the plasma membrane in MCF-7 cells.
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Body
1. mgNIS mRNA is expressed in three non-tumoral and six tumoral breast cell lines, and the

expression is sensitive to hormonal treatments.

Our ultimate aim is to determine whether mgNIS can play a role in breast cancer diagnosis and
therapy comparable to the role thyroid NIS has played in thyroid cancer for more than 60 years in
clinical medicine. We seek to elucidate and understand the characteristics and hormonal reguiation of
mgNIS in its mammary cell environment, just as we have done in thyroid cells. Thyroid NIS and
mgNIS are the same protein and mediate the same active I transport process, but they are clearly
regulated in a different manner in their different cell types. For obvious reasons, thyroid NIS has been
much more extensively studied (3, 4 and 9) than mgNIS. We have analyzed by RT-PCR for mgNIS
mRNA expression in many tumoral and non-tumoral mammary cells lines, and subjected them to
different hormonal treatments. Briefly, cells were grown in 10 cm plates and were kept for 2 days in
starved medium (DMEM without phenol red and 5 % charcoal stripped serum). Cells were subjected to
various hormonal treatments for 2 days (Table I and Fig. 1). Hormone concentrations were: insulin 10
pg/ml, hydrocortiosone 1 pug/ml, ovine prolactine 5 pg/ml, estradiol 1 uM, tri-iodothyronine 1 uM and
trans-retinoic acid 1uM. Control cells were kept in starved medium. Cells were disrupted and mRNA
was isolated for the RT-PCR analysis. We observed expression of mgNIS mRNA in the following three
non-tumoral mammary cell lines (Fig. 1): 1. COMMA-1D, an epithelial cell line originally isolated
from the mammary gland of mice in mid-pregnancy (kindly provided by Dr. J.M Rosen); 2. CID9, a
cell line derived from COMMA-1D (kindly provided by Dr. M. Bissell); and 3. MCF-12A, a cell line

originally derived from human mammary gland adenocarcinoma.
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We also found mgNIS mRNA expression in the following six tumoral cell lines (Fig. 1): 1. AC816, a
cell line derived from transgenic mice overexpressing ras under an MMTV promoter; 2. NAFA, a cell
line derived from mammary cells of transgenic mice that overexpress neu oncogene; 3. MLC, a cell line
originally derived from MDA MB 231 that was explanted into scid mice, developed lung metastases,
then cells were collected again from the lung metastases and renamed MLC (MDA MB from lung
metastases); 4. MDA MB 231, a cell line originally derived from a human mammary adenocarcinoma
cell line, estrogen receptor negative; 5. SKBR, a cell line derived from a highly undifferentiated human
mammary adenocarcinoma, which is also estrogen receptor negative; and 6. MCF-7 cells, which are
derived from human mammary gland adenocarcinoma. We observed that the extent of NIS mRNA

expression varied considerably in these cell lines.

We are currently studying all the above cells by immunoblot analysis for mgNIS protein expression
and assaying them for Na'-dependent, perchlorate sensitive iodide uptake activity. We will then
continue studying the regulatory effects exerted on mgNIS biogenesis, half-life, expression, activity,
and trafficking by a variety of relevant hormones and factors, including insulin, prolactin,
hydrocortisone, and tRA, as well as oxytocin and estrogens. We have shown the last two hormones to
be significant for mgNIS regulation in animals (8). Future studies using these cells are likely to uncover
differences in the properties of mgNIS between tumoral and non-tumoral cells. As shown below, we

have identified MCF-7 cells as being of major interest and have studied them further.

2). The breast tumoral cell line MCF-7 expresses the mgNIS protein; expression is stimulated by
trans-retinoic acid and is greatly increased when lactogenic hormones (insulin, prolactin and

hydrocortisone) are added along with trans-retinoic acid.
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Kogai et al (10) have reported that trans-retinoic acid (tRA)-treated MCF-7 cells exhibit active I’
accumulation. MCF-7 cells are a good candidate for the study of NIS protein expression because they
are originally derived from human mammary tumoral cells. Therefore, we studied NIS protein
expression by immunoblot analysis (Fig. 2A) and the localization of NIS by immunoflourescence
analysis (Fig. 2B). Briefly, MCF-7 cells were grown in Eagle's Minimal Essential medium
supplemented with 1 mM Na'-pyruvate/ 0.1 mM non-essential amino acids/ 1.5 g/l Na'-bicarbonate/
0.01 mg/ml bovine insulin/ 10% fetal bovine serum (FBS) until reaching confluency. This medium was
replaced with DMEM containing 2.5 % charcoal-treated FBS. After 48 hrs, cells were treated for an
additional 48 hrs with 1 pM tRA (lane 2): lactogenic hormones (10 pg/ml insulin, 1pg/ml
hydrocortisone, 10 ng/ml human recombinant prolactin) (lane 3); or tRA plus lactogenic hormones
(lane 4). Membrane fractions were prepared as described (Appendix 1), electrophoresed,
electrotransferred and immunoblotted with 8 nM anti-human NIS Ab. Immunoblot analysis showed
mgNIS expression in MCF-7 cells treated with tRA, and we have observed a very pronounced increase
in mgNIS expression when lactogenic hormones (insulin, prolactin and hydrocortisone) were added
along with tRA. Both the mature (~ 100 kDa) and the precursor (~ 60 kDa) NIS polypetides were
clearly observed in the immunoblot (Fig. 2A). These results demonstrate that MCF-7 cells provide a
suitable model to study mgNIS biogenesis in vitro. The immunofluorescence analysis shows that a
significant proportion of mgNIS expressed in MCF-7 cells is located intracellularly, rather than at the
plasma membrane (Fig. 2B). This contrasts with the predominant plasma membrane location of thyroid
NIS in rat thyroid-derived FRTL-5 cells grown in the presence of TSH. The intracellular location of
mgNIS in MCF-7 cells may explain the lower levels of I" uptake reported in MCF-7 cells by Kogai et
al, as compared to FRTL-5 cells. Therefore, we are currently studying, by cell surface biotinylation
using the same protocol we have used previously (appendix 1), the effects of the mentioned hormones

and factors on the subcellular localization of mgNIS in MCF-7 cells. We will use MCF-7 cells to study
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in vitro the biogenesis of mgNIS by [¥*S]-methionine/cysteine pulse-chase analysis, to determine the
half-life of NIS, and to investigate whether NIS is phosphorylated. We will also analyze in these cells
the regulatory effects on mgNIS exerted by a variety of relevant hormones and factors on mgNIS

bioghenesis, half-life, expression, activity, and trafficking, as indicated above for other cell lines.
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Key research accomplishments (report 2001 and final report 2002)

- 1. We demonstrated mgNIS mRNA expression in three non-tumoral and six tumoral breast cell lines,
including the tumoral MCF-7 cells, and showed that mgNIS mRNA expression responded to hormonal
treatments. We identified MCF-7 cells as being of major interest.

- 2. Most significantly, we showed that the breast tumoral cell line MCF-7 expresses the mgNIS protein,
and that mgNIS expression in these cells is stimulated by trans-retinoic acid and is greatly increased
when lactogenic hormones (insulin, prolactin and hydrocortisone) are added along with trans-retinoic
acid. We determined that mgNIS expressed in MCF-7 cells is located intracellularly, rather than in the
plasma membrane. We concluded that MCF-7 cells provide a suitable model to study mgNIS
biogenesis in vitro, including an analysis of the mechanisms underlying subcellular localization and
trafficking of mgNIS in breast cells.

- 3. We showed that transcription of NIS was inhibited in HC11 cells. We found that the sequence —564 to
+1 nucleotide elicited transcription activity in HC11 cells. However, sequences located beyond -564
inhibited transcriptional activity. These observations suggest that there are factors in HC11 cells that
bind sequences upstream of —564 that inhibit NIS transcription (Report 2001).

- 4. We observed that mgNIS from NAFA cells was phosphorylated in vivo at Ser and Thr residues. The
phosphorylation pattern of mgNIS was different from thyroid NIS. These results suggest that

phosphorylation may be a regulatory mechanism of NIS in breast tissue (Report 2001).
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Reportable outcomes
1. Riedel C, Levy O. and Carrasco N. (2001) “Post-transcriptional regulation of the Sodium/Iodide

symporter by Thyrotropin” J. Biol. Chem. Vol 276, 21458-21463. (Appendix 1)

2. Riedel C, Dohan O, De la Vieja A, Ginter CS and Carrasco N. (2001) “Journey of the iodide
transporter NIS: from its molecular identification to its clinical role in cancer”. Trend Biochem. Sci. Vol

26, (459-517). (Appendix 2)

3. Park DS, Lee H, Riedel C, Hulit J, Scherer PE, Pestell RG, Lisanti MP. Prolactin negatively
regulates caveolin-1 gene expression in the mammary gland during lactation via a Ras dependent

mechanisms. J. Biol Chem, 2001, Vol 286,(483-407).

4. Zhang X, Riedel C, Carrasco N and Arvan P. (2002) “Polarized trafficking of thyrocyte proteins

in MDCK cells”. Mol Cell Endocrinol. 188 (1-2):25-36.

5. Riedel C. “Post-transcriptional regulation of thyroid NIS by thyrotropin” Ph.D Thesis. March, 26™

2002.

6. Riedel C, Ginter CS and Carrasco N (2002) “Identification of the phosphorylation sites of the

sodium/iodide symporter (NIS)” (in preparation).
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Conclusions

The study of the regulation of I" transport in breast cancer cell lines is of considerable significance in
our efforts to assess the possible use of NIS-transported radioiodide as a novel diagnostic and
therapeutic modality in breast cancer. Having shown that NIS is expressed in over 80% of human
breast cancers (8), elucidation of the mechanisms that regulate NIS expression, biogenesis, trafficking,
and activity in mammary cells is key to the development of strategies to optimize the NIS-mediated
targeting of radioiodide in breast cancer. In the course of the last two years we have tested more than 15
mammary cell lines, both tumoral and non-tumoral, for mgNIS mRNA expression (Table I of this
report and Table I and II from report 2001). We have found mgNIS mRNA expression in 8 mammary
cell lines, 3 non-tumoral (CID-9, COMMA-1D, MCF-12A) and 6 tumoral (MCF-7, NAFA, AC816,
MLC, SKBR, and MCF-7). In all these cells mgNIS mRNA expression was sensitive to various
hormonal treatments. We observed mgNIS protein expression in 3 tumoral mammary cell lines
(AC816, NAFA, and MCF-7) (Fig. 2 of this report and Figs. 1A and 1B from report 2001). AC816
cells are derived from transgenic mice overexpressing ras under an MMTV promoter. NAFA cells are
derived from mammary cells of transgenic mice that overexpress a neu oncogene. No I transport was
detected in these cell lines (data not shown), suggesting that NIS may be recruited to intracellular
compartments, as was observed in FRTL-5 cells kept in the absence of TSH (Appendix 1). mgNIS
protein expression in AC816, NAFA and MCF-7 cells was sensitive to the number of cell passages. It

appears that several passages alter gene stability in these cells, thus affecting NIS expression.

Most significantly, we observed mgNIS protein expression in MCF-7 cells, a cell line derived from

mammary gland adenocarcinoma (Fig. 2). mgNIS expression in these cells was stimulated by trans-
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retinoic acid and was greatly increased when lactogenic hormones (insulin, prolactin and
hydrocortisone) were added along with trans-retinoic acid. We determined that mgNIS expressed in
MCF-7 cells was located intracellﬁlarly, rather than in the plasma membrane. This may explain the low
I" transport activity rate detected in these cells by Kogai et al (10). A major conclusion of this project is
that MCF-7 cells provide a suitable model to study mgNIS biogenesis in vitro, including an analysis of

the mechanisms underlying subcellular localization and trafficking of mgNIS in breast cells.

We showed that mgNIS was phosphorylated in vivo in NAFA cells (Fig. 4A, annual report 2001).
Analysis of the phosphoamino acid map revealed that Ser and Thr residues were phosphorylated in
mgNIS (Fig. 4B, annual report 2001). NIS phosphorylation at Thr residues was detected only in NAFA
cells, but not in FRTL-5 or COS cells, suggesting that different kinases modulate NIS phsophorylation
in mammary cells. The phosphorylation pattern of mgNIS was different from thyroid NIS (Fig. 4C,

annual report 2001). These results strongly suggest that phosphorylation may play a role as a

“mechanism for NIS regulation in breast cells. Therefore, we are currently carrying out studies to

address the significance of mgNIS phosphorylation for NIS function and recruitment to the plasma

membrane.

In order to identify which upstream regions of the NIS DNA are involved in regulation of mgNIS
transcription we analyzed HC11 cells, a non-tumoral mammary cell line. We observed that the NIS
promoter sequence —564 to +1 was capable of eliciting NIS transcription in HC11 cells (Fig. 3B, report
2001). Upstream regions of 564, or the entire upstream sequence, did not elicit transcriptional activity
(Fig. 3B, report 2001). These results are consistent with the lack of endogenous NIS expression in
HC11 cells. Considering these results together, we propose that there are factors in HC11 that bind to

sequences upstream to 564 (Fig. 3A, report 2001) and have an inhibitory effect on NIS transcription in

13
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‘HC11 cells. Currently, in the laboratory of Dr. Carrasco, the analysis of the upstream sequences to

—2946 is being carried out to identify their role in mgNIS transcription.

Given the enormous potential role that mgNIS could play in breast cancer diagnosis and therapys, it
is of considerable interest to study its regulation at the cellular level in tumoral and non-tumoral cell
lines. Our findings show that mgNIS expression is clearly under different hormonal regulation than
thyroid NIS and it varies among mammary cells. Furthermore, our data indicate that mgNIS

transcription is also regulated in a different manner than thyroid NIS.

The ability of cancerous thyroid cells to actively transport I" via NIS provides a unique and effective
delivery system to detect and target these cells for destruction with therapeutic doses of radioiodide
without harming other tissues. Therefore, it seems feasible that radioiodide could be a diagnostic and
therapeutic tool for the detection and destruction of other cancers in which NIS is functionally
expressed. NIS expression was found in 87% of human breast carcinomas and NIS functional
expression was detected in experimental adenocarcinomas in mice, either carrying an activated ras

oncogene or overexpressing neu oncogene or polyoma T antigen (8). These results suggest that

‘radioiodide could represent a potentially novel alternative for the diagnosis and treatment of breast

cancer. The understanding of NIS regulation at the molecular level in tumoral and non-tumoral
mammary cell lines will likely continue to provide useful knowledge for the manipulation of NIS
expression in these cells and it could have an important role in the treatment of breast cancer with

radioiodide therapy.

14
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Figure Legends
Table I: Hormonal treatment to tumoral and non-tumoral breast cell lines. The following are the
treatments that several tumoral and non-tumoral breast cell lines were subjected for the analysis of
mgNIS mRNA expression by RT-PCR. All cells were grown in 10 cm plates and starved for two days
in DMEM without red phenol, 5% charcoal stripped serum. Control cells were kept for 2 days in this
medium and the other cells were subjected to different hormonal treatment as indicated in the table.
Hormone concentration that were used are insuline 10 pg/ml, hydrocortisone 1 [Lg/ml, ovine prolactine
5 pg/ml, estradiol 1uM, tRA 1 pM and tri-iodotyronine 1uM. I stands for insuline, H stands for

hydrocortisone, P stands for prolactine, E stands for estrogen, O stands for oxcytocin, tRA stands for

trans-retinolacid, T3 stands for tri-iodothyronine.

Figure 1. mgNIS mRNA expression in tumoral and non-tumoral breast cell lines. Several tumoral
and non-tumoral mammary cell lines were subjected to different hormonal treatment as was described
in Table I. Briefly cells were starved for two days in DMEM medium with 5% charcoal stripped serum
and without phenol red. Then control cells were kept in this medium and the other cells were
challenged to different hormonal treatment. Then total RNA was isolated with Quiagen RNaesy Mini
RT reaction. The RT-PCR reaction was carried with 2 pg of total RNA, Superscript II RNase H
Reverse transcriptase as an enzyme, and the following primers: for human NIS, forward: 921-950
reverse: 1501-1525 for rat NIS, forward: 617-636 reverse: 1103-1121. The DNAs were subjected to
electrophoresis in 1 % agarose gel. CID-9 (lanes, 1-5), AC816 (lanes, 11-15), NAFA (lanes, 16-20),
MLC (lanes, 21-26), SKBR (lanes, 27-32), MCF-7 (lanes, 33-38), MCF-12A (lanes, 39-44) and FRTL-
5 cells (lanes, 45-47). In table I is indicated the different hormonal treatment that each cell was

subjected and the numbers (#) in Table I correspond to the lanes in the figure.

16
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Figure 2. Analysis of NIS protein expression in MCF-7 cells. (A) Immunoblot analysisy of membrane
fractions from FRTL-5 and MCF-7 cells. Cells grown to 90% confluence in 100-mm culture plates
were harvested, washed and homogenized in sucrose buffer to prepare membrane fractions (appendix
1). 100 pg of membrane fractions were electrophoresed, electrotransferred to nitrocellulose and
analyzed by immunoblot with 8nM of anti-NIS Ab (appendix 1). Both the mature (~ 100 kDa) and the
precursor (~ 60 kDa) NIS polypetides are clearly observed in the immunoblot. (B) Immunofluorescence
analysis of NIS in FRTL-5 cells and MCF-7 were performed. See appendix 1 for methodological

procedures.




Table I:

Cellline |Media Hormones) # Cell line Media Hormones|
11CID-9 starved |contr 23|MLC IHPE
2 IHP 24 IHPEO
3] IHP E 25 tRa
4 IHPEO 26 tRa T3
5 tRa 27|SKBR starved contr
6] Comma-1l¥starved |contr 28 IHP
7 IHP 29 IHPE
8 IHPE 30 IHPEO
9 IHPEO 31 tRa
10 tRa 32 tRaT3
11]AC816 |starved |contr 33|MCFR7 complet media |T3H
12 IHP 34| (contains 1) HP
13 IHPE 35 HPE
14 IHPEO 36 HPEO
15 tRa 37 HtRa
16| NAFA starved |contr 38 HtRa T3
17| IHP 39|MCF12-A complet media  |T3
18 IHPE 40 (| H EGF) P
19 IHPEO 41 PE
20 tRa 42 PEO
21|MLC starved  |contr 43 tRa
22 IHP 44| tRa T3




%

Figure 1:

6 7 8 910 111213 141516 17 18 19 20 45

19

e




*

A

Figure 2

tRa| =

Ins, HC, PRL| = - +

kDa
120 —

85 -

85 —

B

20



THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2001 by The American Society for Biochemistry and Molecular Biology, Inc.

Post-transcriptional Regulation of the Sodium/Iodide

Symporter by Thyrotropin*

Vol. 276, No. 24, Issue of June 15, pp. 2145821463, 2001
Printed in US.A.

APPENDIX 1

Received for publication, January 22, 2001, and in revised form, March 21, 2001
Published, JBC Papers in Press, April 4, 2001, DOI 10.1074/jbc.M100561200

Claudia Riedeli$, Orlie Levyl, and Nancy Carrascoi]
From the tDepartment of Molecular Pharmacology, Albert Einstein College of Medicine, Bronx, New York 10461

The Na*/I~ symporter (NIS) is a key plasma membrane
glycoprotein that mediates active I” transport in the
thyroid gland (Dai, G., Levy, O., and Carrasco, N. (1996)
Nature 379, 458-460), the first step in thyroid hormone
biogenesis. Whereas relatively little is known about the
mechanisms by which thyrotropin (TSH), the main hor-
monal regulator of thyroid function, regulates NIS ac-
tivity, post-transcriptional events have been suggested
to play a role (Kaminsky, S. M., Levy, O., Salvador, C.,
Dai, G., and Carrasco, N. (1994) Proc. Natl. Acad. Sci.
U. S. A 91, 3789-3793). Here we show that TSH induces
de novo NIS biosynthesis and modulates the long NIS
half-life (~5 days). In addition, we demonstrate that TSH
is required for NIS targeting to or retention in the
plasma membrane. We further show that NIS is a phos-
phoprotein and that TSH modulates its phosphorylation
pattern. These results provide strong evidence of the
major role played by post-transcriptional events in the
regulation of NIS by TSH. Beyond their inherent inter-
est, it is also of medical significance that these TSH-de-
pendent regulatory mechanisms may be altered in the
large proportion of thyroid cancers in which NIS is pre-
dominantly expressed in intracellular compartments,
instead of being properly targeted to the plasma
membrane.

The Na*/I~ symporter (NIS)! is an intrinsic plasma mem-
brane protein that mediates the active transport of I” in the
thyroid and other tissues such as salivary glands, gastric mu-
cosa, and lactating mammary gland (1, 2). NIS is of central
significance in thyroid pathophysiology as the route by which
I~ reaches the gland for thyroid hormone biosynthesis and as a
means for diagnostic scintigraphic imaging and for radioiodide
therapy in thyroid cancer (3). NIS couples the inward translo-
cation of Na™ down its electrochemical gradient to the simul-
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article were defrayed in part by the payment of page charges. This
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stimulating hormone; MV, membrane vesicles; PMSF, phenylmethane-
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PBS, phosphate-buffered saline; RT, room temperature; Sulfo-NHS-SS-
biotin, sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-dithiopropionate.
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taneous inward translocation of I~ against its electrochemical
gradient (4—6) with a 2:1 Na*/I” stoichiometry (6). Cloning
and sequencing of the rat NIS ¢cDNA revealed a protein of 618
amino acids (7), which is highly homologous (87% identity) to
the subsequently cloned human NIS (8). The current secondary
structure model depicts NIS as a protein with 13 transmem-
brane segments, the amino terminus facing the extracellular
side and the carboxyl terminus facing the cytosol, both of which
we have demonstrated experimentally (9).

The iodine-containing thyroid hormones triiodothyronine
and thyroxine play essential roles in promoting the develop-
ment and maturation of the nervous system, skeletal muscle,
and lungs and in regulating intermediary metabolism in virtu-
ally all tissues. Thyroid-stimulating hormone (TSH) is the pri-
mary hormonal regulator of thyroid function overall and has
long been known to stimulate I uptake activity in the thyroid
(10). No thyroidal I™ uptake is detected in humans whose
serum TSH levels are suppressed (11). In addition, up-regula-
tion of NIS thyroid expression and I uptake activity by TSH
has been demonstrated in rats in vivo (12), in the rat thyroid-
derived FRTL-5 cell line (13), and in human thyroid primary
cultures (14, 15). TSH up-regulates I~ uptake activity by a
cAMP-mediated increase in NIS transcription (13, 16-18). Af-
ter TSH withdrawal a reduction of both intracellular cAMP
levels and 1™ uptake activity is observed in FRTL-5 cells. This
is a reversible process, as I~ uptake activity can be restored
either by TSH or agents that increase cAMP (13, 18). I” uptake
activity surprisingly persists in membrane vesicles (MV) pre-
pared from FRTL-5 cells that, when intact, have completely
lost I” uptake activity due to prolonged TSH deprivation (19).
This suggests that mechanisms other than transcriptional
might also operate to regulate NIS activity in response to TSH.

Here we provide evidence for post-transcriptional regulation
of NIS function by TSH. Our results show for the first time that
NIS is a phosphoprotein and that the NIS phosphorylation
pattern is regulated by TSH. Furthermore, our data indicate
that in the absence of TSH, NIS is redistributed from the
plasma membrane to intracellular compartments. This sug-
gests that under TSH deprivation, the loss of I” transport
activity in FRTL-5 cells is due to NIS intracellular distribution.
Interestingly and contrary to expectations, NIS is overex-
pressed in some thyroid cancers, notwithstanding their de-
creased I™ uptake activity (20, 21).2 Moreover, overexpressed
NIS in these cells is predominantly retained intracellularly.?
The intracellular NIS redistribution pattern that we observed
in FRTL-5 cells maintained in the absence of TSH resembles
that reported in thyroid tumors, underscoring the importance
of elucidating the mechanisms that govern the subcellular lo-
calization of NIS.

2 Dohén, O., Baloch, Z., Banrevi, Z., Livolsi, V., and Carrasco, N.
(2001) JCEM 86, in press.

This paper is available on line at http://www.jbc.org
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EXPERIMENTAL PROCEDURES

Cell Culture—FRTL-5 rat thyroid cells, kindly provided by Dr. L. D.
Kohn (National Institutes of Health, Bethesda, MD), were grown in
Ham’s F-12 media (Life Technologies, Inc.) supplemented with 5% calf
serum, 1 mM non-essential amino acids (Life Technologies, Inc.), 10 mM
glutamine, 100 units/m! penicillin, 100 pg/ml streptomycin, and a six-
hormone mixture (6H) containing insulin (1.3 pM), hydrocortisone (1
M), transferrin (60 pm), L-glycyl-histidyl-lysine (2.5 pm), somatostatin
(6.1 nv), and TSH (1 milliunits/ml) as reported previously (23). Cells
were grown in a humidified atmosphere with 5% CO, at 37 °C. To study
the effect of TSH deprivation, FRTL-5 cells were kept in the same
medium without TSH (5H). FRTL-5 cells are viable in this medium for
at least 15 days (23). TSH was obtained from the National Hormone
Pituitary Program, and all other reagents were purchased from Sigma.

Preparation of Membrane Vesicles (MV)—MV for 1™ transport were
prepared as described previously (19). Briefly, FRTL-5 cells kept in
TSH(+) or TSH(—) medium were washed, harvested, and resuspended
in ice-cold 2560 mM sucrose, 1 mM EGTA, 10 mm Hepes-KOH (pH 7.5),
containing aprotinin (90 pg/ml) (Roche Molecular Biochemicals), leu-
peptin (4 pg/ml) (Roche Molecular Biochemicals), and phenylmethane-
sulfonyl fluoride (PMSF) (0.8 mm) (Sigma). Cells were disrupted with a
motor-driven Teflon pestle homogenizer. The homogenate was centri-
fuged twice at 500 X g for 15 min at 4 °C, and the supernatant was
centrifuged at 100,000 X g for 1 h at 4 °C. The pellet was resuspended
in ice-cold 250 mM sucrose, 1 mM MgCl,, 10 mM Hepes-KOH (pH 7.5),
aliquoted, and stored in liquid nitrogen.

MV for immunoblot analysis were prepared as described above ex-
cept that the final pellet was resuspended in 250 mM sucrose, 1 mM
EGTA, 10 myM Hepes-KOH (pH 7.5).

I~ Transport in Intact Cells and MV—I1" transport assays in intact
cells were performed with 90% confluent FRTL-5 cells in 12-well plates
that were kept either in 6H or 5H medium (23). Briefly, after aspirating
the culture medium, cells were washed two times with 0.5 ml of mod-
ified Hanks’ balanced salt solution (HBSS). Cells were incubated with
HBSS buffer containing 20 umM Na'?3I (specific activity 50 Ci/mol) for 45
min at 37 °C in a humidified atmosphere with 5% CO,. Reactions were
terminated by aspirating the radioactive solution and washing three
times with cold HBSS. Intracellular ?°I~ was released by permeabiliz-
ing the cells with 500 ul of 95% cold ethanol and was quantitated in a
v-counter. DNA in each well was determined by the diphenylamine
method (19). I~ uptake was expressed as picomoles of I” per ug of DNA
in each well.

FRTL-5 MV were assayed as described (19). MV were thawed at
37 °C and placed on ice. Aliquots containing 50 ug of protein (10 ul)
were assayed for 12°I iiptake by incubating at room temperature RD

_with an equal volume (10 pl) of a solution containing 20 uM Nal?51
(specific activity 1.1 Ci/mmol), 1 mm MgCl,, 10 mM Hepes-KOH (pH
7.5), 2 mM methimazole, 200 mm NaCl, 30 uuM NaClO,. Reactions were
terminated at the 30-s time point by the addition of 3 ml of ice-cold
quenching solution: 250 mm KCI, 1 mM methimazole, and 1 mm Tris-
HCl (pH 7.5), followed by rapid filtration through wet nitrocellulose
filters (0.45-um pore diameter). Radioactivity retained by MV was
determined by quantitating filters in y-counter. Data were standard-
ized per mg of protein. :

Immunoblot Analysis—SDS-9% polyacrylamide gel electrophoresis
and electroblotting to nitrocellulose were performed as described pre-
viously (12). Samples were diluted 1:2 with loading buffer and heated at
37 °C for 30 min prior to electrophoresis. Immunoblot analyses were
also carried out as described (12) with 930 pM of affinity-purified anti-
NIS polyclonal antibody (Ab) and 1:1500 of a horseradish peroxidase-
linked goat anti-rabbit IgG (Amersham Pharmacia Biotech). Proteins
were visualized by an enhanced chemiluminescence Western blot de-
tection system (Amersham Pharmacia Biotech).

Metabolic Labeling and Immunoprecipitation—Metabolic labeling
and immunoprecipitation were performed as described previously (12).
Briefly, FRTL-5 cells in 60-mm plates kept in the presence or absence of
TSH were washed and incubated for 30 min with cysteine- and methi-
onine-free RPMI 1640 medium supplemented with dialyzed 5% calf
serum. Cells were labeled with 480 uCi/ml [**SImethionine/cysteine
(Promix, DuPont) for the indicated times, followed by washes and
incubation with regular media supplemented with 10X methionine/
cysteine for the indicated times. Cells were lysed with 1% SDS in PBS
containing aprotinin (90 pg/ml), leupeptin (4 pg/ml), and PMSF (0.8
mm), followed by a 16-fold dilution with 1% Triton X-100, 1% deoxy-
cholate, 200 mM NaCl, 1% BSA, 50 mM Tris-HCI (pH 7.5). Preimmune
serum and protein G fast flow Sepharose beads (Amersham Pharmacia
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Biotech) were added and incubated at 4 °C for 60 min. Lysate was
centrifuged at 100,000 X g for 30 min. Supernatants were incubated
with 1:40 dilution of anti-NIS antisera for 60 min at 4 °C, followed by
the addition 30% of a slurry of protein G fast flow Sepharose beads
incubated at 4 °C for 60 min. Beads were centrifuged at 14,000 X g for
5 min and alternately washed with low ionic strength buffer (150 mm
NaCl, 1% Triton X-100, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl
(pH 17.5)), with high jonic strength buffer (150 mM NaCl, 1% Triton
X-100, 1% deoxycholate, 1 mm EDTA, 0.5 u LiCl, 10 mM Tris-HCI (pH
7.5)), and with 10 mwm Tris-HC] (pH 7.5). Samples were heated at 37 °C
for 30 min in loading buffer prior to SDS electrophoresis. Gels were
fixed and soaked in Fluoro-Hance (Research Products International).
Gels were vacuum-dried and exposed for autoradiography at ~70 °C.

Cell Surface Biotinylation—Cell surface biotinylation was performed
in FRTL-5 cells kept in 6H or 5H medium as a modification of a method
described previously (24). Cells were grown in 12-well plates to 80%
confluence. Cells were washed with PBS/CM (PBS with 0.1 mum CaCl,
and 1 mM MgCL,) and incubated twice for 20 min at 4 °C with 1.5 mg/ml
sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-dithiopropionate (Sulfo-
NEHS-SS-biotin) (Pierce) in 20 mM Hepes (pH 8.5), 2 mm CaCl,, and 150
mm NaClL Cells were washed twice for 20 min with PBS/CM-containing
100 mm glycine at 4 °C and lysed with 1% SDS in 150 mmM NaCl, 5 mM
EDTA, 1% of Triton X-100, 50 mM Tris (pH 7.5) containing aprotinin (90
pg/ml), leupeptin (4 pg/ml), and PMSF (0.8 mm), referred to as buffer A.
Samples were diluted 10X with buffer A without SDS. Streptavidin-
agarose beads (Pierce) were added to the lysate and incubated over-
night at 4 °C. The next day the lysate was centrifuged at 14,000 X g for
5 min to separate beads from the supernatant. Beads were washed 3X
with buffer A without SDS and 2X with high ionic strength buffer (500
mM NaCl, 0.1% Triton X-100, 5 mm EDTA, and 50 mM Tris-HCl (pH
7.5)). The final wash was done with 50 mm Tris-HC1 (pH 7.5). Beads
were resuspended in sample buffer and heated for 5 min at 75 °C.

Immunofiuorescence—FRTL-5 cells in the presence of TSH were
seeded onto poly-(lysine)-coated coverslips. Forty eight hours after seed-
ing, cells were changed to 6H or 5H for the indicated times. Cells were
washed 38X with PBS/CM, fixed with 2% paraformaldehyde in PBS for
920 min at RT, and rinsed with PBS/CM. Cells were permeabilized with
0.1% Triton in PBS/CM plus 0.2% BSA (PBS/CM/TB) for 10 min at RT.
Cells were quenched with 50 myM NH,CI in PBS/CM for 10 min at RT
and rinsed with PBS/CM/TB. Cells were incubated with 8 nm anti-NIS
Ab in PBS/CM/TB for 1 h at RT, washed, and incubated with 1:700
dihution of fluorescein-labeled goat anti-rabbit Ab (Vector Laboratories).
After washing, cells on the coverslips were mounted onto microscope
slides using an antifade kit from Molecular Probes. Coverslips were
sealed with quick-dry nail polish and allowed to dry in the dark for 2h
at RT and stored at 4 °C. NIS immunofluorescence was analyzed with a
Bio-Rad Radiance 2000 Laser Scanning Confocal MRC 600, equipped
with a Nikon Eclipse epifluorescent microscope.

32D in Vivo Labeling—®2P in vivo labeling was performed as de-
seribed previously (25). Cells were grown to 70-80% confluency in
100-mm tissue culture plates and incubated for 30 min in 4 ml of
phosphate-free Dulbecco’s modified Eagle’s medium (Sigma) supple-
mented with 5% calf serum. Then 100 Ci/ml ortho[**Plphosphoric acid
(P,) (DuPont) was added to the culture medium and incubated for 5 h at
37 °C. Cells were lysed with 1% SDS in PBS containing phosphatase
inhibitors (50 nM calyculin (Sigma), 10 mm NaF, 2 mM EDTA, 4 pM
cantharidin (Sigma), 2 mM vanadate, and 100 uM phenylarsyn oxide
(Calbiochem)) and protease inhibitors (3 ug/ml leupeptin, 2 wg/ml apro-
tinin, and 0.8 mm PMSF). After lysis, NIS was immunoprecipitated,
subjected to electrophoresis, and electrotransferred to nitrocellulose.
NIS was visualized by autoradiography after 3 h at —70 °C. The NIS
band was excised from the nitrocellulose and digested with trypsin as
described (26). Briefly, nitrocellulose strips were treated with 0.5%
polyvinylpyrrolidone-30 in 100 nM acetic acid for 30 min, washed with
water, and digested with 1-1-tosylamido-2-phenylethyl chloromethyl
ketone-treated trypsin (10 pg) (Worthington) in 100 mM NH,HCO, (pH
8.2), 1 mM CaCl, for 24 h at 37 °C. Under these conditions, ~60% of the
32D wag released from the nitrocellulose.

Two-dimensional Tryptic Phosphopeptide Mapping of in Vivo La-
beled NIS—The phosphopeptide map was performed as described pre-
viously (25). Tryptic phosphopeptides were separated in two dimensions
on cellulose thin layer plates by electrophoresis at pH 1.9 for 50 min at
650 V, followed by chromatography (1-butanol/pyridine/acetic acid/H,0,
50:38:1:40, v/v). Approximately 1000 and 500 cpm were loaded onto
each plate from TSH(+) and TSH(-) cells, respectively. Plates were
visualized by autoradiography after 3 days at —70 °C.
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Fic. 1. TSH regulates I~ transport and NIS expression in
FRTL-5 cells. A, I transport activity. FRTL-5 cells were kept in the
presence or absence of TSH for the indicated number of days. I~ trans-
port was measured in intact cells (empty bars) and in membrane vesi-
cles (MV) prepared from these cells (filled bars). I~ transport measured
in cells maintained in the presence of TSH and in their MV was defined
as 100%. I transport corresponding to days 1, 3, 5, 7, and 10 after TSH
removal was expressed as the percentage of I~ transport relative to day
0. The values represent the means + S.E. of at least four independent
experiments performed in triplicate. B, NIS expression in FRTL-5 cells.
MYV from FRTL-5 cells were prepared, electrophoresed, and analyzed by
Western blot using a high affinity anti-NIS Ab as described under
“Experimental Procedures.” The NIS protein corresponds to the ~85-
kDa broad band.

RESULTS

TSH Differentially Regulates NIS Expression and I~ Uptake
Activity in FRTL-5 Cells—We measured Na*-dependent, per-
chlorate-inhibitable (i.e. NIS-mediated) I~ uptake activity in
intact FRTL-5 cells over the course of 10 days after TSH was
removed from the culture medium and in MV prepared from
these cells (Fig. 14). MV are a pool of sealed vesicles from all
subcellular compartments except the nuclear membrane. As
reported previously (19), while I~ transport activity decreased
by 75% in intact cells 3 days after removal of TSH (Fig. 14,
empty bars), I” transport activity only decreased by 25% in MV
(Fig. 14, filled bars). By 5 days after TSH withdrawal, I~
uptake was completely abolished in intact cells, whereas in MV
it was still as high as 60% of the initial activity. To determine
whether the reduction of I uptake in intact cells was due to a
decrease in NIS expression, we subjected MV from these cells
to immunoblot analysis with anti-NIS Ab (Fig. 1B), and we
monitored the ~85-kDa broad band corresponding to fully gly-
cosylated NIS (12). Although NIS expression decreased to
~50% of its initial level after 3 days of TSH deprivation, NIS
expression in MV remained detectable after 7-10 days (Fig.
1B), i.e. even after I™ uptake in intact cells was completely
abolished (Fig. 14). That I~ transport activity in MV from
TSH-deprived cells persists during the entire time course is
consistent with NIS expression in these cells.

TSH Is Required for de Novo NIS Biosynthesis—To test
whether NIS is synthesized in the absence of TSH, cells that
had been deprived of TSH for 5 days were metabolically labeled
for 10 min with [3*S]methionine/cysteine and chased for 8 h.
NIS immunoprecipitation and SDS-polyacrylamide gel electro-
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Fic. 2. De novo synthesis of NIS requires TSH. FRTL-5 cells
maintained in the presence or absence of TSH for § days were meta-
bolically labeled with 480 xCi/ml [**Slmethionine/cysteine for 10 min.
Cells were chased for 8 h and lysed. NIS was immunoprecipitated with
anti-NIS Ab and electrophoresed. The ~85-kDa broad band corresponds
to the NIS monomer and the ~160-kDa to the dimer.

phoresis analysis showed that de novo biosynthesis of NIS
occurred only when cells were maintained in the presence of
TSH (Fig. 2). NIS remained detectable for up to 10 days follow-
ing TSH deprivation (Fig. 1B), i.e. in the absence of de novo NIS
biosynthesis (Fig. 2), demonstrating that I~ uptake observed in
MV from TSH-deprived cells is mediated by NIS molecules
synthesized prior to TSH removal.

NIS Half-life Is Modulated by TSH—The observation that
NIS remains detectable after prolonged TSH deprivation in the
absence of de novo NIS biosynthesis suggests that NIS has a
long half-life. To determine the precise half-life of NIS and
whether it is modulated by TSH, cells maintained in the pres-
ence of TSH were pulse-labeled with [3*S]methionine/cysteine
for 5 min and chased for different times in the presence (Fig.
3A) or absence of TSH (Fig. 3B). As indicated above, NIS
migrates as an ~85-kDa broad band. The ~70-kDa band cor-
responds to a nonspecific unrelated polypeptide that, unlike
NIS, was also immunoprecipitated by preimmune serum (not
shown). The half-life of NIS was determined to be ~5 days in
the presence and ~3 days in the absence of TSH (Fig. 3C). This
indicates that TSH modulates the long half-life of NIS, increas-
ing it by 40%.

TSH Regulates the Subcellular Distribution of NIS—To as-
sess the effect of TSH on NIS content at the plasma membrane,
we performed cell surface biotinylation experiments in the
presence of TSH and then over the course of 10 days after TSH
was removed from the culture medium. To ensure that only
polypeptides facing the extracellular milieu would be biotiny-
lated, we utilized the NH,-specific and plasma membrane-
impermeable biotinylating reagent Sulfo-NHS-SS-biotin. The
entire biotinylated fraction was isolated with streptavidin-
coated beads and was immunoblotted with anti-NIS Ab,
whereas only 1:50 of the non-biotinylated fraction was loaded
onto the gel (Fig. 4, A and B, respectively). Densitometric
quantitation of the bands showed that NIS content at the
plasma membrane decreased over time after TSH withdrawal
in a fashion that correlated very closely with the corresponding
decrease in NIS activity in intact cells (Fig. 4C). While 1 day of
TSH deprivation causes a similar decrease in both intracellular
and cell surface NIS, by 3 days after TSH withdrawal a more
pronounced decrease in NIS content was detected at the
plasma membrane than in intracellular compartments (Fig.
40). This indicates that TSH regulates the subcellular distri-
bution of NIS.

The possible regulatory role played by TSH in the subcellular
distribution of NIS was further investigated by confocal immu-
nofluorescence analysis of NIS subcellular localization in re-
sponse to TSH withdrawal over a 10-day period (Fig. 5). As
anti-NIS Ab recognizes a cytosol-facing epitope of NIS (i.e. the
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F1c. 3. NIS has a long half-life, which is modulated by TSH. To
determine the half-life of NIS, FRTL-5 cells were pulsed for 5 min with
480 uCi/ml of [**Simethionine/cysteine in the presence of TSH. During
the chase period an aliquot of cells was maintained in the presence of
TSH (A) and a second aliquot kept in the absence of TSH (B). Chase
periods are indicated in the horizontal axis. Samples were processed as
described in Fig. 2. NIS bands were subjected to densitometric analysis
(NTH program) for quantitation (TSH(-), circles and continuous line,
TSH (+), squares and dotted line). C, inset, scatter plot of NIS half'life
from three independent experiments in the presence (+) and absence
(=) of TSH. Student’s ¢ test (unpaired) yielded p < 0.0001. Data fitting,
S.D., and Student’s ¢ test calculations were done with the Prism™ 2.0
software (GraphPad, San Diego, CA).

carboxyl terminus), cells were fixed and permeabilized prior to
incubation with the Ab. Given that NIS expression decreases
after TSH deprivation, images were taken with different expo-
sure times. In the presence of TSH, FRTL-5 cells predomi-
pantly displayed a stark immunofluorescent staining delineat-
ing the periphery of the cells, strongly indicative of plasma
membrane localization for NIS (Fig. 5, 0 days). Some intracel-
lular staining was also observed. The cell surface staining
pattern decreased slowly after removal of TSH, disappearing
completely by day 8, at which point only an intracellular pat-
tern remained. The intracellular NIS pattern observed on day
3 was punctate and spread throughout the cytoplasm. In con-
trast, by days 5-10 the NIS punctate distribution decreased
noticeably and was localized further from the perinuclear re-
gion. Immunofluorescence was abolished by preincubation of
the Ab with antigen peptide or when the second but not the
first Ab was added, indicating that the observed staining is
specific for NIS (12). These observations are consistent with the
biotinylation findings described above (Fig. 4), suggesting that
TSH is required for NIS localization at the cell surface. There-
fore, the absence of TSH over time causes NIS to mainly redis-
tribute to and/or remain in intracellular compartments. These
data support the notion that in addition to regulating NIS
expression, TSH also regulates the subcellular distribution of
NIS. In the absence of TSH, not only is de novo NIS biosynthe-
sis nonexistent (Fig. 2) but NIS is increasingly re-distributed
from the plasma membrane to intracellular compartments over
time (within the 3-7-day range).

TSH Modulates NIS Phosphorylation—The inechanism by
which TSH regulates the subcellular distribution of NIS is
unknown. Phosphorylation has been shown to be implicated in
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Fic. 4. NIS at the cell surface decreases in close correlation
with I transport after TSH withdrawal. Cell surface biotinylation
experiments were performed in FRTL-5 cells that were kept in the
presence or absence of TSH. Cells were biotinylated with Sulfo-
NHS-SS-biotin, 2 membrane-impermeable reagent, and lysed, and bi-
otinylated proteins were separated from non-biotinylated proteins by
precipitation with streptavidin. The membrane impermeability of
Sulfo-NHS-SS-biotin was verified by demonstrating that the intracel-
lular protein actin was not biotinylated (not shown). All biotinylated
proteins (4) and 1:50 of the supernatant containing the non-biotiny-
lated intracellular proteins (B) were electrophoresed, electrotransferred
to nitrocellulose, and immunoblotted with anti-NIS Ab. Equivalent
protein amounts were loaded on each lane, as assessed by immunoblot
analysis with anti-actin Ab (data no shown). Hence, A shows NIS
content at the plasma membrane, and B shows 1:50 of NIS content in
intracellular compartments. C, NIS bands from both immunoblots were
subjected to densitometric analysis (NIH program) for quantitation
(squares, biotinylated NIS; asterisks, non-biotinylated NIS), and the
results were plotted along with the corresponding I” transport activity
values from intact cells (circles). All values were expressed as percent-
age relative to day 0. Values represent the means * S.E. of at least
three independent experiments.

activation and subcellular distribution of several transporters
(27-82). NIS has several consensus sites for kinases, including
those for cAMP-dependent protein kinase, protein kinase C,
and CK-2. Furthermore, TSH actions in the thyroid are mainly
mediated by cAMP, raising the possibility that phosphorylation
might be involved in the regulation of NIS distribution. FRTL-5
cells were labeled with 2P, for 5 h and lysed. NIS was immu-
noprecipitated with anti-NIS Ab, and the immunoprecipitate
was subjected to electrophoresis. The autoradiogram revealed
that NIS was phosphorylated, independently of the presence of
TSH in the culture medium (Fig. 64). Given the decreased
expression of NIS in TSH-deprived cells, the amount of 82p.NIS
was considerably lower in these cells than in those grown in the
presence of the hormone. To assess whether NIS phosphoryla-
tion is modulated by TSH, we performed 32p, labeling in the
presence or absence of TSH, and immunoprecipitated 32P-la-
beled NIS was subjected to digestion with trypsin as described
under “Experimental Procedures.” The phosphopeptide map
obtained when TSH was present was markedly different from
that when TSH was absent (Fig. 6B). Five phosphopeptides
were resolved in the presence and three in the absence of TSH.
Only one among these eight phosphopeptides seemed to be
common to both conditions (number two for TSH(+) and num-
ber eight for TSH(-)) as calculated by the migration coefficient.
These results indicate that NIS is a phosphoprotein and that
the NIS phosphorylation pattern is modulated by TSH.
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Fic. 5. NIS is redistributed to intracellular compartments during TSH deprivation. NIS staining was performed in FRTL-5 cells with
anti-NIS Ab. Cells were maintained in the presence or absence of TSH for the indicated number of days. NIS immunofluorescence in these cells
was analyzed by confocal microscopy as described under “Experimental Procedures.” Magnification was X 60.

A TSH: & )

TSH (-)

Chromatographyi

+ > -
Electrophoresis

Fic. 6. NIS is a phosphoprotein, and its phosphorylation pat-
tern is modulated by TSH. FRTL-5 cells were grown to 70% conflu-
ence in 100-mm tissue culture plates in the presence or absence of TSH
for 5 days. Cells were labeled in vivo with 100 uCi/ml 2P for 5 h at
37 °C. Cells were lysed, and NIS was immunoprecipitated with anti-
NIS Ab, electrophoresed, and electrotransferred to nitrocellulose. 32P-
labeled NIS was visualized after autoradiography at —70 °C for 3 h (A).
NIS bands were excised from the nitrocellulose and digested with
trypsin. Tryptic phosphopeptides were separated in two dimensions on
cellulose thin layer plates by electrophoresis (pH 1.9) for 50 min at 650
V, followed by thin layer chromatography. Phosphopeptides were visu-
alized by autoradiography (B).

DISCUSSION

The regulation of membrane transport proteins is a highly
complex process that takes place at various levels (33-35).
Here we show that this is the case for NIS regulation. NIS,
being the transporter that mediates the first step (i.e. active I~
uptake) in thyroid hormone biosynthesis, provides a suitable
regulatory target for TSH, which is the primary hormonal
regulatory factor of thyroid function overall. It has long been
clear that TSH stimulates thyroidal I~ uptake by up-regulating
NIS transcription via cAMP (13, 17, 18). Our findings provide
convincing experimental evidence that TSH also regulates NIS
by post-transcriptional mechanisms.

With our high affinity anti-NIS Ab we demonstrated conclu-
sively by immunoblot analysis that NIS is present in FRTL-5
cells as late as 10 days after TSH withdrawal (Fig. 1B) and that

de novo NIS biosynthesis requires TSH (Fig. 2). Therefore, it is
clear that any NIS molecules detected in TSH(-) FRTL-5 cells
had to be synthesized prior to TSH withdrawal. This is consist-
ent with NIS being a protein with an exceptionally long half-
life, as suggested previously (17, 36). Indeed, by pulse-chase
analysis we determined that NIS half-life is ~5 days in the
presence and ~3 days in the absence of TSH (Fig. 3). Even
though the NIS half-life in the absence of TSH is 40% shorter
than in the presence of the hormone, it is still sufficiently long
to account for the persistence of significant I" uptake activity
in MV from cells deprived of TSH (Fig. 1). It was the detection
of this vesicular activity that first led to the suggestion that
NIS might be regulated post-transcriptionally (19), a notion
further supported by several subsequent reports (17, 36). In
addition, it has recently been shown (14) that TSH markedly
stimulates NIS mRNA and protein levels in both monolayer
and follicle-forming human primary culture thyrocytes,
whereas significant stimulation of I~ uptake is observed onlyin
follicles, suggesting that NIS may be regulated by such post-
transcriptional events as subcellular distribution.

Several transporters are modulated by post-transeriptional
regulation of their trafficking to the plasma membrane and/or
by internalization from the plasma membrane to intracellular
compartments (37, 38). For example, the glucose transporter 4
(GLUT4) (35) is targeted to the plasma membrane in response
to insulin, whereas the serotonin transporter is internalized in
the presence of its antagonist cocaine (27). Therefore, it seems
feasible that regulation of the subcellular distribution of NIS
might also be a mechanism involved in modulating I~ uptake.
We have shown a remarkably close correlation between NIS
plasma membrane content and NIS activity (Fig. 4C), demon-
strating that the progressive loss of NIS activity after TSH
withdrawal is due to a decrease in the amount of NIS present
at the cell surface. Furthermore, we observed that 3 days after
TSH deprivation, intracellular NIS decreases at a slower rate
than plasma membrane NIS (compare Fig. 4, A and B). These
data support the notion that active NIS molecules, initially
located in the plasma membrane while TSH is present, are
redistributed to intracellular compartments in response to
TSH withdrawal despite the lack of de novo NIS synthesis and
the 40% reduction of the NIS half-life. This model explains the
presence of NIS activity in MV from cells deprived of TSH that,
when intact, exhibit no NIS activity. Clearly, TSH regulates I~
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uptake by modulating the subcellular distribution of NIS, with-
out apparently influencing the intrinsic functional status of the
NIS molecules, as proposed previously (19). In conclusion, TSH
not only stimulates NIS transcription and biosynthesis, it is
also required for targeting NIS to and/or retaining it at the
plasma membrane. Future experiments might distinguish be-
tween these two possibilities.

The precise mechanism by which TSH regulates NIS distri-
bution remains to be fully explored. NIS exhibits several con-
sensus sites for the cAMP-dependent protein kinase, protein
kinase C, and CK-2 kinases. We have observed that NIS is
phosphorylated (Fig. 64) and that the NIS phosphorylation
pattern differs when cells are in the presence as compared to
the absence of TSH (Fig. 6B). This demonstrates that TSH
modulates NIS phosphorylation. Therefore, given that phos-
phorylation has been reported to play a role in regulating
targeting of other transporters, such as the serotonin (27),
vesicular monoamine (29), vesicular acetylcholine (30), y-ami-
nobutyric acid (28), organic cation (OCT1) (31), and hepatocyte
organic anion transporters (32), it will be of considerable inter-
est to investigate whether NIS phosphorylation plays a role in
NIS targeting as well.

The multifaceted TSH-NIS regulatory interaction shown
here represents a key link in the negative feedback loop involv-
ing TSH and the thyroid hormones. First, the mentioned TSH
actions on NIS lead, by different but mutually reinforcing
mechanisms (i.e. transcriptional and post-transcriptional), to
stimulation of I uptake resulting in higher thyroid hormone
production and release. Then, a rise in thyroid hormone circu-
lating levels ultimately inhibits TSH release in the pituitary
gland, and this decreases I™ uptake in the thyroid.

The results presented here are highly relevant to thyroid
cancer. It is of major diagnostic importance that most thyroid
cancers exhibit decreased I~ uptake relative to the surrounding
tissue on scintigraphy (11). Conversely, the ability of thyroid
cancer cells to sufficiently transport I™ is the basis for radioio-
dide therapy to be effective against remnant thyroid malignant
cells or metastasis after thyroidectomy. Because of the de-
crease in I uptake observed in thyroid cancer, it had long been
expected that NIS expression would be decreased in thyroid
cancer cells. However, NIS has surprisingly been shown in
numerous thyroid cancers to be actually overexpressed but
retained intracellularly.? This suggests that malignant trans-
formation of thyroid cells interferes with the distribution of
NIS to the plasma membrane. Interestingly, we have also
observed both plasma membrane and intracellular NIS expres-
sion in breast cancer (1). The research presented here provides
insight into the post-transcriptional mechanisms involved in
the regulation of NIS by TSH. These are some of the very
mechanisms that may be affected in thyroid cancer. Whereas
several researchers have focused on finding ways to induce NIS

transcription in thyroid cancer (22, 39), our findings indicate -

that an understanding of the regulatory processes of NIS bio-
synthesis, targeting, and trafficking is necessary for the devel-
opment of complementary strategies to enhance the I™ trans-
port ability of thyroid cancers and increase the effectiveness of
radioiodide therapy in these cases.
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APPENDIX 2

Journey of the iodide transport’éfiNIS:’
from its molecular identification to its
clinical role in cancer

Claudia Riedel, Orsolya Dohén, Antonio De la Vieja, Christopher S. Ginter and
Nancy Carrasco - '

The Na*/I- symporter (NIS) is an intrinsic plasma membrane protein that
mediates the active transport of I in the thyroid, lactating mammary gland,
stomach and salivary glands. The presence of NIS in the thyroidis exploited in
diagnostic scintigraphic imaging and radioiodide therapy in thyroid cancer. The
continued rapid progress in NIS research (aimed at the elucidation of the Na*-
dependent|- transport mechanism, the analysis of NIS structure- function
relations and the study of the tissue-specific regulation of NIS at all levels),
holds potentially far-reaching medical applications beyond thyroid disease, in
breast cancer and malignancies in other tissues.
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Todide (I') is an essential constituent of the thyroid
hormones T, and T, [tri-iodothyronine and
thyroxine (or tetra-iodothyronine), respectively],
the only iodine-containing hormones in vertebrates.
These hormones are the main regulators of
intermediary metabolism in nearly all tissues, and
are of fundamental importance for the development
of the central nervous system in the fetus and the
newborn. However, I- is scarce in the environment.
Hence, a remarkably efficient thyroid I~ transport
system has evolved, ensuring that most of the
ingested dietary I- is accumulated in this gland. In
addition, comparable I-accumulating systems exist
in other tissues, including the lactating mammary
gland, the gastric mucosa and the salivary glands!.
Whereas the functional roles of the I transport
systems in the gastric mucosa and the salivary
glands are unknown, the I- transport system of

the lactating mammary gland is of clear
physiological significance: it translocates I into the
milk, making the anion available to the nursing
newborn who can then biosynthesize his or her own
thyroid hormones.

Notwithstanding the existence of the I~ transport
system in the thyroid, iodide deficiency disorders
(IDDs) remain a major health crisis around the world
as a direct result of insufficient dietary intake of I-
(Refs 2,3). The clinical manifestations of IDD include
hypothyroidism, goiter {(enlargement of the thyroid),
dwarfism, impaired neurological development and
cretinism (the most severe form of IDD). It has been
estimated that 30% of the world population is at risk
of IDD, that 750 million people suffer from goiter, that
43 million have IDD-related brain damage and
mental retardation, and that 5.7 million are afflicted

by cretinism (Ref. 2). These enormous public health
problems could be solved by ensuring that all table
salt consumed in the affected areas is lodized, as has
been done in many countries. However, the
sociopolitical realities of the affected regions have
often prevented the implementation of such solutions,
at great human cost.

Active I transport in the thyroid, salivary
glands, stomach and lactating mammary gland is
mediated by the Na*/I- symporter (NIS), an intrinsic
plasma membrane glycoprotein-6. A cDNA clone
encoding rat NIS (rNIS) has been isolated and
encodes a protein of 618 amino acids that is highly
homologous to the subsequently cloned human NIS
(hNI1S, 643 amino acids)?. In all tissues where it is
functionally expressed, NIS mediates active I-
transport by coupling the inward ‘downhill’
translocation of Na* to the inward ‘uphill’
translocation of I-. Therefore, NIS is a symporter as
it translocates both of its substrates (Na*and I)
simultaneously and in the same direction. The
driving force for NIS-mediated I- transport is the
inwardly directed Na* concentration gradient
generated by the Na*-K*ATPase (Refs 8-11).
NIS-mediated I- accumulation is blocked by the
specific competitive inhibitors thiocyanate and
perchlorate!!-13, In the thyroid, I accumulation is
stimulated by thyroid stimulating hormone
(TSH)!415 1n addition, as part of the thyroid
hormone biosynthetic pathway, accumulated I~ is
incorporated into tyrosy! residues on the large
thyroglobulin (Tg) molecule in a process known as I~
organification’®; iodinated Tg gives rise to T, and T,
(for a detailed description of thyroid hormone
biosynthesis see Ref. 16). By contrast, I
accumulation in extrathyroidal tissues is not
regulated by TSH (Ref. 9).

The degree of radioiodide accumulation, as
detected by thyroid scintigraphy, has been used for
over 50 years in the diagnosis and treatment of
thyroid pathologies!’. It is clear that the study of NIS, -
beyond its inherent biochemical and physiological
interest, could also have major implications for the
development of novel cancer treatments in a wide
variety of tissues.

http:/tibs.trends.com  0968-0004/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved. Pli: S0968-0004(01)01904-1
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Flg. 1. The human NIS (hNIS) gene and its correlation with the NIS secondary structure model. (a) The
hNIS geneis localized on chromosome 19p13 and consists of 15 exons (biue squares) and 14 introns.
Exons are shown connected to the corresponding protein regions by dotted lines. Transmembrane
segments arerepresented by cylinders (figure is adapted, with permission, from Ref. 20). Localization
of mutations resulting infodidetransport defect (ITD) are indicated by green rectangles. (b) Current
NIS secondary structure model. The NH, terminus faces the extracellular milieu and the COOH
terminus faces the cytosol. Coordinates for the model were obtained with the program QUANTA
(Molecular Simulations, Burlington, MA, USA). Regutarization of the model was carried out with the
program 'Q". Graphics were generated with the program SECTOR.

Molecular characterization of NIS

Dai et al# isolated a single cDNA clone encoding NIS
by expression cloning in Xenopus laevis oocytes
using cDNA libraries derived from FRTL-5 cells (a
highly functional rat thyroid-derived cell line'%). The
hydropathic profile and initial secondary structure
predictions of the protein suggested an intrinsic
membrane protein with 12 putative transmembrane
segments in which both the NH, and COOH termini
were facing intracellularly4. This 12-
transmembrane segment model has since been
experimentally tested and revised. Several
phosphorylation sites have been identified in the
molecule. Only three charged residues were
predicted to lie within transmembrane segments,
namely Asp16, Glu79 and Arg208. Four Leu
residues (positions 199, 206, 213, 220) appeared to
form a putative leucine zipper motif, which could
play a role in the potential oligomerization of
subunits in the membrane. Freeze-fracture electron
microscopy studies of X Jaevis oocytes expressing
NIS revealed the presence of intramembrane
particles, 9 nm in size, corresponding to NIS

(Ref. 13). The size of these particles suggests that
NIS might be an oligomeric protein. NIS is
glycosylated at Asn residues 225, 485 and 497.
However, glycosylation is not essential for NIS
stability, targeting or function!8. The current
secondary structure model for NIS proposes 13
transmembrane segments. In addition,
immunofluorescence experiments have confirmed
the extracellular and cytosolic orientations of the
NH, and COOH termini, respectively (Fig. 1b)!8.

To date, five NIS hydrophilic segments (the NH,
terminus and loops between transmembrane
segments IT and III, VI and VII, VIII and IX,

and XII and XIII) out of a total of seven, have

been experimentally confirmed as having an

htpJftibs.trends.com

external orientation, as predicted in the model
(Fig. 1b)'.

The cDNA encoding hNIS was identified on the
expectation that this protein would be highly
homologous to the rNIS protein. Using primers to the
rNIScDNA sequence, Smanik ef al.” identified a
¢DNA clone encading hNIS. The nucleotide sequence
of hNISrevealed an open reading frame of 1929
nucleotides, encoding a protein of 643 amino acids.
hNIS exhibits 84% identity and 93% similarity to
rNIS. hNIS differs from rNIS mostly on account of a
five amino acid insertion between the last two
hydrophobic domains and a 20 amino acid insertion in
the COOH terminus. Subsequently, Smanik et al.%
examined the expression, exon—intron organization
and chromosome mapping of ANIS. Fifteen exons
encoding hNIS were found to be interrupted by
14 introns, and the hNIS gene was mapped to
chromosome 19p13 (Fig. 1a).

NIS belongs to the solute carrier family 5A
(OMIM reference for NIS is SLC5A5;
http://www.ncbi.nim.nih.gov/OMIM). The SLC5A
family includes the high affinity
Nat-glucose co-transporter family (SLC5A1), the low
affinity Na*-glucose co-transporter (SLC5A2), the
Nat-myoinositol transporter (SLC5A3), the
Na*-dependent proline symporter (SLC5A4) and the
Na*-dependent multivitamin transporter (SLC5A6)
(Ref. 21). SLC5A6 has the highest homology (42%,

Ref. 21) with NIS.

Congenital iodide transport defect (ITD) [OMIM
274400] is an autosomic recessive condition caused by
mutations in NIS. In the absence of a functional NIS
molecule, there is a sharp decrease in thyroid
hormone biosynthesis resulting in hypothyroidism
and higher circulating levels of TSH, which in turn
cause goiter??, To date, 27 cases of ITD caused by
mutations in NIS have been reported and diagnosed
at the molecular level®. Three different mutations
resulting in truncated proteins [C272X, 515X (which
is a six amino acid frame shift preceding a stop codon)
and Y531X], and six different point mutations
resulting in amino acid substitutions (V59E, G93R,
Q267E, T354P, G395R and G543E), have been
identified (Fig. 1a)°, Shortly after isolation of the
c¢DNA that encodes NIS, two groups reported a
homozygous missense mutation in patients that had
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Fig. 2. Electrophy ization of NIS. (a) Two-microetectrode voltage clamp setup for
electrophysiotogicat recorclmgs of NiS-expressing X. £ X. laevis oocy pressing NIS
are placed in a chamber and continuously perfused. Oocytes are pierced with two microelectrodes,
oneto maintain a constant voitage, the other to register changes in current. (b) Electrogenicity of NIS.
Positive inward current generated by Na*/I-cotransport. The stoichiometry is 2 Na*: 1 I-. Perchlorate
({€10,7) completely inhibited the t-elicited inward current. (¢) The eight-state NIS mechanistic model.
Naions bind NIS before I-. The Na*-I--NIS complex then tindergoes a conformational change to
expose bound Na* and I~ to the cytosol (in). These sub are rel d and the carrier undergoes
another conformational change to expose the empty substrate-binding sites to the external milieu
(out). Inthe absence of an anionic substrate, there is a Nat-dependent inward current via NIS (Ref. 13).
(d) Substrate setectivity of NIS. Inward currents induced by various anions (500 um) were normalized
with respect to the current generated by - {dark-blue cylinder). CIO,- did not generate a current,
suggesting that itis not translocated. (c) and (d) are adapted, with permission, fromRef. 13.

previously been diagnosed with hypothyroidism
caused by congenital ITD (Refs 23,24). Both groups
found a nucleotide substitution in exon 9, resulting in
aPro instead of Thr at position 354 (T354P) in NIS.
The T354P mutation is located in the putative
transmembrane segment IX of the NIS protein

(Fig. 1a). Levy et al % studied the T354P mutation by
site-directed mutagenesis and transfection of COS
cells. This group determined that T354P NIS was not
active but, as observed by immunofluorescence
analysis, was properly targeted to the plasma
membrane. Various other amino acid substitutions
(Ala, Pro, Cys, Tyr, Ser) at position 354 were assessed
to determine the structural requirements in putative
transmembrane segment IX. Thisled to the
conclusion that the hydroxyl group at the §-carbon of

http:/itibs trends.com

the amino acid residue at position 354 is essential for
NIS function.

Significantly, transmembrane segment IX is the
helix with the highest incidence of hydroxyl-
containing amino acids. De la Vieja et a1.26 assessed
the role of these other hydroxyl groups on NIS
function by replacing the corresponding amino acid
residues with Ala and Pro. They observed that the
hydroxyl groups of Ser353, Thr354, Ser356 and
Thr357 seem to be essential for NIS activity, as NIS
only functioned to a significant extent when these
positions were occupied by Ser or Thr.

Eskandari et al.!* examined the mechanism,
stoichiometry and specificity of NIS by means of
electrophysiological, tracer uptake and electron
microscopic methods in X. laevisoocytes expressing
rNIS. Using the two microelectrode voltage clamp
technique (Fig. 2a) and obtaining
electrophysiological recordings, NIS activity was
shown to be electrogenic; that is, an inward steady-
state positive charge current was generated upon
addition of I- to the bathing medium (Fig. 2b).
Simultaneous measurements of tracer fluxes and
currents revealed that two Na* ions were
transported with one anion, demonstrating
unequivocally a 2Na*: 11~ stoichiometry. In addition,
on the basis of the obtained kinetic results, an
ordered simultaneous transport mechanism was




Fig. 3. Immunohistochemical analysis of NIS protein expression in tissues that exhibit active -
transport: (a) thyroid, (b) salivary gland, (c) stomach and (d) lactating mammary gland. Panels (a), (b)
and (d) are reproduced, with permission, from Ref. 6. Theimage shown in (c) was obtained using
techniques described in Ref. 6.

proposed in which the two Nat* ions bind to NIS
before I- binds to NIS (Fig. 2¢)!3.

Similar steady-state inward currents were
generated by a wide variety of anions in addition to I
(Fig. 2d), indicating that these anions are also
transported by NIS. However, perchlorate (C1O,), the
most widely characterized inhibitor of thyroidal I-
uptake and an jon previously reported tobe
transported by NIS, did not generate a current,
strongly suggesting that it is not transported!3,
Similarly, Yoshida et 2127 have reported that
perchiorate did not induce an inward current in
Chinese hamster ovary (CHO) cells stably
expressing NIS. The most likely interpretation of
these observations is that perchlorate is not
transported by NIS.

Physiological expression and regulation of NIS in
different tissues

NIS was once believed to be a thyroid-specific
protein. However, it is now clear that NIS is
expressed in a variety of tissues (Fig. 3), in which NIS
is regulated differently. Under physiological
conditions, the thyroid, salivary glands and stomach
exhibit constitutive I~ accumulation mediated by
NIS. By contrast, NIS in the mammary gland is
functionally expressed only during late pregnancy
and lactation®.

The hNIScDNAs cloned from gastric mucosa,
parotid (salivary) and mammary glands® are identical
to that from thyroid tissue. Immunohistochemical
analyses revealed positive NIS staining in the
basolateral membrane of salivary ductal cells?,
mucin-secreting epithelial cells of the gastric
mucosa®? and epithelial cells of the lactating breast®,
The polarized basolateral localization of NIS in all
these cells strongly resembled the
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immunohistochemical NIS pattern observed in
thyroid follicular cells®. The NIS mRNA transcript
has been detected using the reverse
transcriptase-polymerase chain reaction (RT-PCR)
in salivary glands, gastric mucosa, prostate, ovary,
testis, pancreas, placenta, pituitary gland and
thymus®. However, of these, only salivary glands and
gastric mucosa have been found to exhibit Na*-
dependent, perchlorate-sensitive, active I~
accumulation!. Therefore, detection of the NIS mRNA
by RT-PCR cannot be regarded as sufficient evidence
of functional expression of NIS in the absence of a
correlation with NIS activity.

Regulation of NIS protein expression in the thyroid
Thyroid I accumulation is stimulated by TSH, the
primary hormonal regulator of all thyroid function.
TSH is synthesized by the adenohypophysis and its
release is stimulated by thyrotropin-releasing
hormone (TRH) (derived from the hypothalamus)
and inhibited through a negative-feedback
mechanism by the thyroid hormones!4. TSH
stimulation of I~ accumulation results, at least in
part, from the cAMP-mediated increased
biosynthesis of NIS (Refs 15,31-33). NIS protein
expression is upregulated by TSH in vive®!. The
expression of NISmRNA in dog thyroid is
dramatically upregulated by blocking I-
organification with propyl-thiouracil (PTU)

(Ref. 34), which mainly inhibits thyroid peroxidase.
Although relatively little is known about the
mechanisms by which TSH regulates NIS activity,
posttranscriptional events have also been suggested
to play a role®5-%, Interestingly, it has been observed
that TSH induces de novo NIS biosynthesis and
modulates the long NIS half-life, and that TSH is
required for NIS targeting to, or retention in, the
plasma membrane?¥. It has also been shown that
NIS is a phosphoprotein and that TSH modulates its
phosphorylation pattern®”. The phosphopeptide map
obtained when TSH was present was markedly
different from that when TSH was absent: five
phosphopeptides were resolved in the presence and
three in the absence of TSH (Ref. 37).

Other than TSH, the main factor regulating NIS
activity in the thyroid is I~ itself. Wolff and Chaikoff
reported in 1948 that organic binding of I~ in rat
thyroid was blocked when thyroid I- reached a
critical high threshold, a phenomenon known as the
acute Wolff-Chaikoff effect33, Approximately two
days later, in the presence of continued high plasma
I~ concentrations, an ‘escape’ (or adaptation) from
the acute effect is observed, so that the level of I~
organification is restored and normal hormone
biosynthesis resumes3. The mechanism of the acute
Wolff-Chaikoff effect has been suggested to be the
result of organic iodocompounds acting as
mediators?, The less well-studied mechanism for
the ‘escape’ was proposed to result from a decrease in
I- transport leading to sufficiently low intracellular
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Fig. 4. NIS transcriptional regulation in rat thyroid cells. (a) Diagram of the NIS promoter indicating
the major transcription start site (+1), the TATA box (AATAAAT) and the NIS upstream enhancer {NUE).
The NUE contains two Pax8-binding sites and a degenerate CRE (cAMP responsive element)
sequence, which are important for ful thyroid stimulating hormone (TSH)-cAMP-dependent
transcription. {(b) Transcriptional regulation of the NiS gene in thyroid cells. During chronic TSH
stimulation, cAMP activates N/Stranscription¥ even when the catalytic subunit of PKA is
downregulated®.

I- concentrations that removed the feedback
inhibition of I- organification4!. In vivostudies have
shown that low doses of I- inhibit the expression of
mRNAs encoding both TPO and NIS in dog
thyroid?4. More recently, Eng et al.* measured the
levels of NISmRNA and NIS protein in response to
both chronic and acute I~ excess in rats in vivo. The
results showed that the decrease of I- transport
observed during the ‘escape’ is a consequence of a
decrease in NIS expression which, in turn, is
mediated, at least in part, by a transcriptional
mechanism.

Recent evidence strongly supports the notion that
NIS activity depends on the state of polarization of
the cell*?, TSH markedly stimulated NISmRNA and
protein levels in both monolayer and follicle-forming
human primary culture thyrocytes, but significant
stimulation of I- uptake was observed only in
follicles*3. These interesting observations indicate
that, in additon to TSH stimulation, cell polarization
and spatial organization are crucial for proper thyroid
function. Among other factors that have been
reported to modulate NIS expression are cytokines??,
estrogen® and Tg (Ref.. 46).

Three different transcription factors have been
implicated in thyroid-specific gene transcription:
thyroid transcription factor (TTF) 1, TTF-2 and Pax8
(Ref. 47). As for rat NIS, Endo et al 8 localized a
TTF-1 binding site that confers thyroid-specific
transcription but only exerts a modest effect. The
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same group subsequently identified a novel TSH-
responsive element (TRE) in the promoter region of
NISthat modestly upregulates NIS expression®®, The
TSH effect is cAMP-mediated and thyroid-specific.
The protein that binds this site is not TTF-1, TTF-2,
Pax8 or any other known transcription factor; this
protein was named NTF-1 (NIS TSH-responsive
factor 1)48,

A thorough characterization of the upstream
enhancer of the r/NIS gene has been reported by
Ohno et al.3* The rNISregulatory region contains a
non thyroid-specific promoter and an enhancer that
recapitulates the most relevant aspects of NIS
regulation. The NISupstream enhancer (NUE)
stimulates transcription in a thyroid-specific and
cAMP-dependent manner. NUE contains two Pax8
binding sites, two TTF-1 binding sites that have no
effect on rNIStranscription and a degenerate CRE
(cAMP responsive element) sequence, which is
important for NUE transcriptional activity. In
NUE, both Pax8 and the unidentified CRE-like
binding factor (CRE-LBF) act synergistically to
obtain full TSH-cAMP-dependent transcription.
However, this enhancer is also able to mediate
cAMP-dependent transcription by a novel PKA-
independent mechanism3 (Fig. 4). The
transcriptional regulation of the NIS gene differs
from that of true thyroid-restricted genes such as
those encoding Tg and TPO.

Regulation of NIS protein expression in the mammary
gland

Physiologically, I- transport in the mammary gland
occurs during late pregnancy and during the course of
lactation. An adequate supply of I- for sufficient
thyroid hormone production is essential for proper
development of the newborn’s nervous system,
skeletal muscle and lungs. Tazebay et a1.8
demonstrated that I- transport in the mammary
gland is mediated by NIS. They showed that NIS was
absent in nubile mammary glands from rats, but that
NIS expression was increasingly detectable towards
the end of gestation, and intensely apparent in
lactating mammary gland. Interestingly, NIS
expression was regulated in a reversible manner by
suckling during lactation. Inn vivostudies in
ovariectomized mice showed that the combination of
B-estradiol, oxytocin and prolactin, in the absence of
progesterone (i.e. the relative hormonal levels
prevalent in mice during lactation), lead to the
highest level of NIS expression®.

Pathophysiological impact of NIS
Impact of NIS on thyroid cancer
NIS activity plays a major diagnostic and therapeutic
role in the management of differentiated thyroid
carcinoma. On scintigraphy, most thyroid cancers
exhibit decreased I-uptake relative to the
surrounding tissue. Conversely, sufficient I- transport
activity in thyroid cancer cells is required for 1311
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Concluding remarks

Injust afew years, our conception of NIS has changed
from a thyroid-specific protein, highly significant in
the diagnosis and treatment of thyroid disease but
unknown at the molecular level, to an extensively
characterized transporter expressed beyond the
thyroid. NIS has potentially far-reaching medical
applications in breast cancer and cancer in other
tissues. These applications, as well as additional
valuable insights into the biochemistry of membrane
transporters, might be achieved in the near future as
progress continues in efforts to purify and
functionally reconstitute NIS, elucidate NIS
structure-function relations, and uncover the
mechanisms involved in the differential regulation of
NIS expression in various tissues*.

*After this review was submitted, an interesting article about the
effects of thyroglobutin and pendrin on iodide flux was published®®.
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