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Context: Iodide (I�), an essential constituent of the thyroid hormones, is actively accumulated in
the thyroid by the Na�/I� symporter (NIS), a key plasma membrane protein encoded by the slc5a5
gene. Mutations in slc5a5 cause I� transport defects (ITDs), autosomal-recessive disorders in which
I� accumulation is totally or partially impaired, leading to congenital hypothyroidism. The char-
acterization of NIS mutants has yielded significant insights into the molecular mechanism of NIS.

Objective: This study aimed to determine the basis of a patient’s ITD clinical phenotype, by se-
quencing her slc5a5 gene.

Design: Genomic DNA was purified and the slc5a5 gene sequence determined. Functional in vitro
studies were performed to characterize the V270E NIS mutant.

Patient: The index patient was diagnosed with hypothyroidism with minimal radioiodide uptake
in a normally located, although enlarged, thyroid gland.

Results: We identified a new NIS mutation: V270E. The patient had the compound heterozygous
NIS mutation R124H/V270E. R124H NIS has been characterized previously. We show that V270E
markedly reduces I� uptake via a pronounced (but not total) impairment of the protein’s plasma
membrane targeting. Remarkably, V270E is intrinsically active. Therefore, a negative charge at
position 270 interferes with NIS cell surface trafficking. The patient’s minimal I� uptake enabled
sufficient thyroid hormone biosynthesis to prevent cognitive impairment.

Conclusions: A nonpolar residue at position 270, which all members of the SLC5A family have, is
required for NIS plasma membrane targeting. (J Clin Endocrinol Metab 100: E1353–E1361, 2015)

Active I� accumulation, the first step in thyroid hor-
mone biosynthesis, is mediated by the Na�/I� sym-

porter (NIS), an integral plasma membrane glycoprotein
located on the basolateral surface of thyrocytes (1). NIS
couples the inward movement of Na� down its electro-
chemical gradient to the inward movement of I� against its
electrochemical gradient (2). NIS is expressed not only in

the thyroid but also in other tissues, including lactating
breast, salivary glands, stomach, and small intestine (3–7).
The human slc5a5 gene, which encodes NIS, a 643 amino
acid protein, is located on chromosome 19p12–13 and
consists of 15 exons (8). Our experimentally tested sec-
ondary structure model for NIS predicts a protein with 13
transmembrane segments (TMSs), an extracellularly fac-
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ing amino terminus, and an intracellularly facing carboxy
terminus (9, 10) (Supplemental Table 1).

I� transport defect (ITD) is an autosomal-recessive dis-
order characterized by the inability of the thyroid gland to
actively accumulate I�, which leads to dyshormonogenic
congenital hypothyroidism (11). The diagnostic criteria
for ITD include a variable degree of hypothyroidism and
goiter, low to absent thyroid radioiodide uptake, and low
I� saliva-to-serum ratio (12). However, the clinical pre-
sentation of the resulting phenotypes varies from euthy-
roid to severe hypothyroidism (13). To date, fourteen dif-
ferent loss-of-function mutations in the slc5a5 gene have
been identified in patients with ITD (11, 14). The detailed
molecular analysis of several ITD-causing NIS mutants
has yielded key mechanistic information on NIS structure/
function; in particular, residues have been identified that
are critical for substrate binding, specificity, stoichiome-
try, and plasma membrane targeting (15–20).

Here, we report a novel compound heterozygous mis-
sense and loss-of-function mutations in the slc5a5 gene as
a cause of ITD in a pediatric patient with stunted growth
but no cognitive deficiency. The maternal allele carries a
T�A transversion at position �809 in exon 6 resulting in
a Val-to-Glu substitution at residue 270 (V270E), whereas
the paternal allele encodes the ITD-causing mutant
R124H (13, 15). We show that V270E markedly reduces
I� uptake when the protein is heterologously expressed,
because targeting of V270E NIS to the plasma membrane
is severely impaired. Replacing V270 with Asp (V270D)
resulted in intracellular retention, whereas V270Q NIS
was targeted to the cell surface. Strikingly, membrane ves-
icles from V270E NIS-expressing cells transported as
much I� as membrane vesicles from wild-type (WT) NIS-
expressing cells, indicating that V270E NIS itself is highly
functional. Therefore, a negative charge at position 270
does not destabilize the protein but rather interferes with
NIS cell surface trafficking. Our results suggest that a non-
polar residue at position 270 is required for NIS matura-
tion and plasma membrane trafficking. Of note, all mem-
bers of the SLC5A family have a nonpolar residue at the
equivalent position.

Materials and Methods

Case report
The patient was a full-term girl born to healthy, nonconsan-

guineous Jamaican parents. On day 2, an abnormally high TSH
level was detected by neonatal screening (494 mIU/L; cutoff � 20
mIU/L). However, upon reexamination at day 11, she was di-
agnosed euthyroid (TSH, 8.00 mIU/L [normal range, 0.44–8.80
mIU/L] T4, 9.0 �g/dL [normal range, 7.2–15.6 �g/dL]) and no
thyroid hyperplasia was evident. Normal growth was observed
during the first years of life. At the age of 4 years, her height was

109 cm (�1.88 SD). However, at 7 years 3 months of age, her
height was 117 cm (�3.0 SD) and her weight was 22 kg (mean
SD). Radiographic analysis revealed a bone age of 3 years. Severe
hypothyroidism was diagnosed: TSH, 446 mIU/L (normal range,
0.50–4.30 mIU/L); free T4, 0.1 ng/dL (normal range, 0.9–1.6
ng/dL); T4, 0.5 �g/dL (normal range, 5.6–14.9 �g/dL). Her se-
rum thyroglobulin was high (� 3000 ng/mL [normal range, 2.0–
35.0 ng/mL]), and T4-binding globulin levels were normal, 25.2
�g/mL (normal range, 16.3–30.7 �g/mL). No autoantibodies
against thyroglobulin or thyroid peroxidase were reported. Thy-
roid ultrasonography showed multinodular enlargement of the
gland. Thyroid scintigraphy revealed reduced diffuse I� uptake
(5.4%) 24 hours after the oral administration of 100 �Ci 123I�

(normal range, 10–40%), and virtually no uptake in salivary
glands and stomach, suggesting a diagnosis of ITD. Of note, the
patient’s hypothyroidism did not seem to affect her intellectual
development: age-appropriate school performance was re-
ported. Thyroid hormone supplementation was started imme-
diately after diagnosis, with a daily dose of 75 �g of levothy-
roxine. Six weeks after treatment her TSH level was 4.36 mIU/L
and her thyroglobulin level was 1668 ng/mL. Thyroglobulin lev-
els continued to decrease, reaching 204 ng/mL after 15 months
of treatment. At the age of 8 years 6 months her height was 131
cm (�0.5 SD).

No clinical history of hypothyroidism was reported in the
family of the proband’s parents. The patient’s parents and ma-
ternal half sister were clinically and biochemically euthyroid.
However, her younger sister, who also had normal development
and stature (mean SD), when evaluated at 2 years 6 months of
age, showed TSH, 4.36 mIU/L; free T4, 0.8 ng/dL; T4, 5.6 �g/dL;
and thyroglobulin, 1668 ng/mL. After a genetic diagnosis, she
began receiving 50 �g of levothyroxine to prevent development
of overt hypothyroidism.

Genetic analysis
The genetic analysis was approved by the ethics committee of

the Winthrop-University Hospital and performed under in-
formed written consent of the subjects themselves or their guard-
ians thereof in accordance with all ethical standards and proto-
cols. Genomic DNA was extracted from peripheral blood
mononuclear cells. All 15 exons of the slc5a5 gene were exam-
ined by sequencing DNA segments amplified by PCR as de-
scribed (14). Nucleotide sequences of all PCR-amplified exons
were determined in both orientations in triplicate (Keck DNA
Sequencing Facility, Yale University). The nucleotide position in
the human NIS mRNA was designated according to reference
sequence (GenBank accession No. NM_000453.2). The adenine
of the ATG translation start codon was denoted as nucleotide
�1. The described V270E mutation was not detected in 50 eu-
thyroid unrelated control patients subjected to BsaAI restriction
enzyme analysis (see BsaAI restriction enzyme analysis).

BsaAI restriction enzyme analysis
The WT NIS allele contains a BsaAI restriction site between

nucleotides �805 and �810 in exon 6. The mutation V270E
disrupted the BsaAI site. Exons 6 and 7 were coamplified by PCR
with the intervening intron 6 and subjected to digestion with
BsaAI (New England Biolabs). Digested products were visual-
ized after electrophoresis in a 2% agarose gel containing
ethidium bromide. BsaAI digestion of WT allele produced frag-
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ments of 353 and 137 bp, whereas, when the V270E mutation
was present, the 490-bp PCR product remained undigested.

Homology model and electrostatic surface
The possible effects of the amino acid substitutions at position

270 of NIS were analyzed using our NIS homology model (17)
based on the 3D structure of the Vibrio parahaemolyticus Na�/
galactose symporter (vSGLT) (21), a bacterial homolog of hu-
man Na�/glucose symporter 1 (SGLT1). The sequence identity
between vSGLT and NIS is 27% over residues 50–476, and the
homology between them is 58%. After careful sequence align-
ment, an initial model was built using the software MODELLER
(22). Cycles of improvement in sequence alignment and model
building yielded the final model. Conformers for the substitu-
tions at position 270—introduced using the software PyMOL
(DeLano Scientific)—were selected and adjusted manually. The
electrostatic maps for WT and V270 E/K/R NIS were generated
and drawn with PyMOL.

Site-directed mutagenesis
The hemagglutinin (HA)-tagged human NIS cDNA construct

containing nucleotides �1 to �1,932 was cloned in pcDNA3.1
vector (Invitrogen) and the R124H HA-NIS mutant was gener-
ated as described (15) NIS substitutions at position 270 were
generated by site-directed mutagenesis using QuikChange Site-
Directed Mutagenesis Kit (Stratagene) as reported (23). All con-
structs were sequenced to verify specific nucleotide substitutions.

Cell culture and transfections
FRTL-5 cells (a line of rat-thyroid–derived cells) were grown

in Ham’s F-12 media (Life Technologies) supplemented with 5%
calf serum (Life Technologies), 3.6 ng/mL cortisol, 5 �g/mL
transferrin, 10 ng/mL glycyl-L-histydyl-L-lysine acetate, 10
ng/mL somatostatin, 10 �g/mL insulin, and 1 mU/mL TSH as
reported (24).

Cos-7 and Madin-Darby canine kidney (MDCK-II) cells were
cultured in DMEM media (Life Technologies) supplemented
with 10% fetal bovine serum (Life Technologies) as described
(17). MDCK-II cells expressing WT NIS were cultured as re-
ported (25). Stable MDCK-II polyclonal populations expressing
V270E NIS were selected and propagated in growth medium
containing 1 g/L G418 (Life Technologies). Cos-7 cells were
transfected with 4 �g plasmid/10-cm dish using Lipofectamine
Reagent enhanced with Plus Reagent (Life Technologies).
FRTL-5 and MDCK-II cells were transfected with 7 �g plasmid/
10-cm dish using Lipofectamine 2000 (Life Technologies).

Iodide uptake
I� transport assays were performed as described (26). Briefly,

cells were incubated in Hank’s balanced salt solution containing
10�M I� supplemented with 50 �Ci/�mol carrier-free Na125I
(PerkinElmer) for30minutesat37°C.NIS-mediated I� uptakewas
assessed in the presence of 40�M perchlorate (ClO4

�). Accumu-
lated 125I� was extracted with ice-cold ethanol and then quantified
inaCobra IIGammaCounter (PackardBioscience).Theamountof
DNA was determined by the diphenylamine method after trichlo-
roacetic acid precipitation (27). I� uptake was expressed as pico-
molesper�gDNAandstandardizedbyNISexpressionanalyzedby
flow cytometry (FACS) under permeabilized conditions.

Initial rates of I� transport were determined as described (19).
Cells were incubated for 2 minutes with 0.625–80�M I� (50

�Ci/�mol carrier-free Na125I), maintaining a constant 140mM
Na� concentration, and uptake activity was evaluated as above.
Experimental data were analyzed using the equation v � (Vmax

� [I�])/(Km � [I�]) and fitted by nonlinear least squares using
Gnuplot software (www.gnuplot.info). Background data ob-
tained in nontransfected cells were subtracted.

Membrane vesicles were prepared from Cos-7 cells as de-
scribed (28). Aliquots containing 100 �g of protein were incu-
bated at room temperature with an equal volume of a solution
containing 40�M I� (50 �Ci/�mol carrier-free Na125I), 1mM
MgCl2, 10mM HEPES (pH 7.5), 2mM methimazole, and
200mM NaCl for 2 minutes. Reactions were quenched with
1mM Tris-HCl (pH 7.5), 250mM KCl, and 1mM methimazole
followed by rapid filtration through wet 0.22-�m nitrocellulose
filters (EMD Millipore). Radioactivity retained by membrane
vesicles was determined as described above.

Flow cytometry
Paraformaldehyde-fixed cells were incubated in PBS contain-

ing 0.2% BSA for nonpermeabilized conditions or an additional
0.2% saponin for permeabilized conditions with 0.1 �g/mL an-
ti-HA rat monoclonal antibody (Roche Applied Science). After
washing, cells were incubated with phycoerythrin-conjugated
goat antirat antibody (Life Technologies). The fluorescence of
104 cells per tube was assayed in a FACS Calibur flow cytometer
(BD Bio-Sciences). Data were analyzed with FlowJo software
(Tree Star).

Statistical analysis
Results are presented as the mean � SE of values from three

independent experiments. Statistical tests were performed using
Prism 3.0 software (GraphPad Software). Multiple group anal-
ysis was carried out by one-way ANOVA and the Newman-
Keuls multiple-comparisons post-hoc test. Differences were con-
sidered significant at P � .05.

Results

Identification of the compound heterozygous NIS
mutation R124H/V270E

ITD was suspected in a Jamaican 7-year-old female pa-
tient on the basis of hypothyroidism (TSH, 446 mIU/L
[normal range, 0.50–4.30 mIU/L], free T4, 0.1 ng/dL [nor-
mal range, 0.9–1.6 ng/dL], T4, 0.5 �g/dL [5.6–14.9 �g/
dL]), nodular goiter, and reduced 123I� accumulation in a
normally located thyroid gland, as well as in salivary
glands and stomach. Sequencing of the patient’s NIS
cDNA revealed a previously unidentified heterozygous
T�A transversion at nucleotide �809, located in exon 6,
which results in a Glu instead of a Val at position 270
(Figure 1A). The patient also has a G�A transition at
nucleotide �371, located in exon 2, which results in an
Arg to His substitution at residue 124, a mutation previ-
ously reported in a newborn in France (13) (Figure 1B).
Thus, the patient bears a compound heterozygous muta-
tion R124H/V270E. Analysis of the proband’s family
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showed that the mother is heterozygous for V270E NIS
(Figure 1A) and the father for R124H NIS (Figure 1B). The
parents’ normal thyroid function is consistent with the
recessive nature of ITDs. The same two mutations were
present in the sister but not in the half sister (Figure 1, A
and B). BsaAI restriction analysis demonstrated that the
patient, her mother, and her sister were all heterozygous
for V270E (Figure 1C). This information is summarized in
a pedigree diagram (Figure 1D).

Mutant NIS proteins with charged residues at
position 270 are minimally expressed at the
plasma membrane, yet have the same apparent
affinity for I� as WT NIS

According to our NIS homology model (17) based on
the crystal structure of the vSGLT (21)—a bacterial ho-
molog of human SGLT1 (SLC5A1) and a member of the
same family, the solute carrier 5 (SLC5) family, as NIS—
R124 is located in intracellular loop 2 (IL-2), which con-
nects transmembrane segments (TMSs) 3 and 4, and V270
at the end of TMS 7 (Figure 2A and Supplemental Figure
1). Molecular characterization of the R124H mutation
uncovered the structural role of R124: to bridge IL-2 and
IL-6. Based on this, we proposed an interaction between
the �-amino group of R124 (IL-2) and the thiol group of
C440 (IL-6) (15). To determine the effect of the V270E

substitution, Cos-7 cells, which do
not express NIS endogenously, were
transfected with WT or V270E NIS
cDNAs. FACS analysis using an an-
ti-HA antibody directed against an
extracellular HA tag engineered
onto the amino terminus of NIS
(Supplemental Figure 1), in nonper-
meabilized cells, showed that the lev-
els of V270E NIS at the plasma mem-
brane were significantly lower than
those of WT NIS (Figure 2, B and C;
surface). By contrast, FACS analysis
under permeabilized conditions
showed similar expression levels for
both proteins (Figure 2, B and C; to-
tal). V270E NIS-expressing Cos-7
cells exhibited minimal I� uptake,
which was inhibited by perchlorate
(ClO4

�), a substrate of NIS (29) (Fig-
ure 2D). Furthermore, FRTL-5 cells
(a line of highly functional rat thy-
roid–derived cells) transiently trans-
fected to express WT, R124H, or
V270E NIS and maintained without
TSH to down-regulate their expres-

sion of endogenous NIS (30), displayed significantly lower
R124H and V270E NIS levels at the plasma membrane
than WT NIS-expressing cells, and consequently minimal-
to-no NIS-mediated I� accumulation (Supplemental Fig-
ure 2). Together, these findings suggest that the functional
defect resulting from the V270E NIS mutation severely
decreases targeting of NIS to the plasma membrane, and
consequently reduces NIS-mediated I� transport. On
Western blots, the mature, fully glycosylated NIS poly-
peptide was barely detected in V270E NIS-expressing
cells, indicating that this mutant protein was not fully pro-
cessed; consistent with this observation, most of the
V270E polypeptide was sensitive to Endo H, indicating
that V270E is retained before it can reach the medial-Golgi
(Supplemental Figure 3). This experiment was carried out
in MDCK-II cells permanently expressing V270E or WT
NIS to obtain better resolution, because NIS is expressed
at lower levels and oligomerizes less in MDCK-II cells than
in Cos-7 cells. The electrophoretic pattern of WT NIS, by
contrast, showed a higher ratio of mature (	75–100 kDa)
to Endo H-sensitive, partially glycosylated (	60 kDa)
polypeptide, which has been observed previously (15, 16).

To ascertain whether the intracellular retention of
V270E NIS was due to the negatively charged Glu, we
replaced V270 with Asp or Gln. V270D NIS, like V270E,
did not reach the plasma membrane efficiently; V270Q

Figure 1. Identification of the compound heterozygous NIS mutation R124H/V270E. A,
Chromatograms showing a 9-bp fragment of slc5a5 exon 6 (nucleotides �805 to �813). Amino
acids (Y269 to A271) are indicated using the one-letter code. The mother carries the mutation-
bearing V270E allele. B, Chromatograms showing a 9-bp fragment of slc5a5 exon 2 (nucleotides
�367 to �375). The amino acid sequence (M123 to F125) is indicated using the one-letter code.
The father carries the mutation-bearing R124H allele. C, BsaAI-restriction enzyme analysis. The
490-bp PCR product remains undigested in the presence of V270E. D, Pedigree analysis of the
proband’s family. The arrow indicates the propositus. The mutated alleles for V270E and R124H
NIS are shown in black and gray, respectively.
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NIS, in contrast, did (Figure 2, B and C; surface). All mu-
tants were expressed at similar levels (Figure 2, B and C;
total). Furthermore, in steady-state I� uptake assays,
V270D NIS displayed modest I� accumulation (Figure
2D). Interestingly, Gln at position 270 restored I� trans-

port, although not completely (Figure 2D). Initial rates of
I� transport showed that V270E, D, and Q NIS had vir-
tually the same apparent affinity (Km) for I� as WT NIS.
By contrast, the Vmax values ranged from lower (V270Q)
to markedly lower (V270E/D) than those of WT NIS (Fig-
ure 2E). In summary, a negatively charged residue at po-
sition 270 causes NIS to be retained intracellularly.

Experiments performed in Cos-7 cells transiently co-
expressing V270E or R124H with WT NIS, mimicking a
heterozygous state, suggested that the mutated allele does
not interfere with the activity of WT NIS (Figure 3A).
Moreover, coexpression of V270E and R124H did not
increase I� transport mediated by V270E (Figure 3A) or its
targeting to the cell surface (Figure 3B).

V270E is intrinsically active
To determine the intrinsic activity of V270E NIS, we

measured I� transport in membrane vesicles (MVs) (ie,
sealed sacs derived from all the membranous organelles
except the nucleus) (31). Strikingly, MVs from Cos-7 cells
expressing V270E NIS transported nearly as much I� as
MVs from cells expressing WT NIS (Figure 4A), indicating
that although trafficking of V270E NIS to the cell surface
is impaired, the protein itself is highly functional. This
demonstrates that the negative charge of a Glu at position
270 does not affect NIS folding, stability, or activity;
rather, the subtle change in the surface charge of the in-
tracellularly facing domain (Figure 4B) may interfere with
interacting proteins that are essential for trafficking NIS to
the cell surface. These results stand in stark contrast with
those obtained with other ITD-causing NIS mutants that,
although completely inactive, do reach the cell surface
(17–20).

Position 270 tolerates positively charged residues
To investigate the effect of positively charged residues

at position 270, we engineered Arg and Lys at this posi-
tion. FACS analysis under permeabilized conditions
showed no difference in WT, V270K, or V270R NIS ex-
pression (Figure 5A; total). Under nonpermeabilized con-
ditions, however, less V270K and R NIS were targeted to
the plasma membrane than WT NIS (Figure 5A; surface).
Remarkably, V270K and V270R NIS displayed some I�

uptake at steady state (Figure 5C). The Km values for I� of
V270K and R were virtually identical to that of WT NIS
(Figure 5D).

Neutral residues at position 270 partially or fully
restore NIS cell surface expression

The neutral amino acids Ala, Ile, Leu, and Thr were
individually placed at position 270. Each of the resulting
NIS mutants was properly expressed and targeted to the

Figure 2. Negatively charged residues at position 270 markedly
impair targeting of NIS to the plasma membrane. A, NIS homology
model highlighting R124 and V270. TMS 7 is depicted in green. B,
Representative FACS analysis (forward scatter vs. fluorescence
intensity) of NIS expression in Cos-7 cells under nonpermeabilized (left
panel; surface) and permeabilized (right panel; total) conditions. NT;
nontransfected cells; WT, V270E, V270D, and V270Q: cells transfected
with wild type, V270E, V270D, or V270Q NIS, respectively. MFI:
median fluorescence intensity; %PC: percentage of transfected cells.
C, Representative FACS analysis (histogram) of NIS expression in Cos-7
cells under nonpermeabilized (upper panel; surface) and permeabilized
(lower panel; total) conditions. Nontransfected cells are represented in
solid gray. D, Steady-state I� uptake in Cos-7 cells, either
nontransfected (NT) or transiently expressing WT or V270E/D/Q NIS.
Cells were incubated with 10�M I� in the absence (dark bars) or
presence (light bars) of 40�M ClO4

�. Results are expressed in pmol
I�/�g of DNA � SD. *, P � .05 (ANOVA, Newman-Keuls test). E, Initial
rates of I� uptake were determined at the indicated concentrations of
I�. Calculated curves (smooth lines) were generated using the equation
v � (Vmax � [I�])/(Km � [I�]) adjusted to subtract out background data
obtained from nontransfected cells. Km values are indicated as mean �
SD (n � 3).
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cell surface (Figure 5B). These mutants transported I� to
significant, albeit varying, extents (Figure 5C). Ile at po-
sition 270 yielded a mutant that transported I� at levels
close to those of WT NIS; Ile, like Val, has a nonpolar side
chain branched at the �-carbon. However, Thr, a polar
amino acid branched at the �-carbon, did not fully restore
NIS activity. Furthermore, the nonpolar residues Ala and
Leu partially restored NIS function. Consistent with these
observations, all members of the SLC5A family have a Leu
or Ile at the position corresponding to V270 in NIS (Figure
5E). The apparent affinity for I� of all these mutants is the
same as that of WT NIS (Figure 5D). Normalizing the
levels of I� uptake in terms of the amount of WT or mutant

NIS expressed at the plasma mem-
brane revealed that the decrease in
transport by mutant NIS results
from impaired targeting to the
plasma membrane, not from reduced
intrinsic activity (Supplemental Fig-
ure 4).

Discussion

The ability of NIS to transport I� at
the submicromolar concentrations
found in the bloodstream is remark-
able given the difficulty of binding a
halide ion such as I� with high affin-
ity (32). We have recently reported
that NIS overcomes this problem by
taking advantage of the physiologi-
cal Na� concentration (	145mM)
and the increase in affinity for the
second Na� that occurs when the

first Na� site is occupied. We have shown that, at the
physiological Na� concentration, 	79% of NIS mole-
cules are occupied by two Na� ions, and hence ready to
bind and transport I� (33). This property of NIS is par-
ticularly relevant to the case presented here because thy-
roid hormones are critical for the development of the fetal
and neonatal brain, as well as the musculoskeletal system
and lungs in the child (34). Thyroid hormone insufficiency
at the beginning of life can lead to congenital hypothy-
roidism, which, depending on the severity of the hormone
deficiency, may result in mental retardation and stunted
growth. In the patient examined here, the evidence sug-
gests that the small amount of V270E NIS that reached the

plasma membrane mediated suffi-
cient I� uptake to permit the synthe-
sis of enough thyroid hormones to
ensure adequate cognitive develop-
ment and linear growth during the
initial 4 years of life, even though
there was a marked growth stunt af-
terwards which was reversed after
levothyroxine administration (Sup-
plemental Figure 5).

Patients with ITDs bearing differ-
ent NIS mutations have been shown
to have a wide variety of clinical
manifestations (13). The genotype-
specific age of onset of hypothyroid-
ism may depend on differences in re-
sidual mutant NIS activity across

Figure 3. Neither R124H nor V270E NIS interferes with WT NIS activity when coexpressed with
WT NIS. A, Steady-state I� uptake in Cos-7 cells transiently transfected with the GFP-expressing
vector pEGFP (Clontech), WT NIS, or one of the NIS mutants R124H and V270E (5 �g/10 cm
dish). In WT/GFP-, WT/R124H-, WT/V270E-, and V270E/R124H-cotransfected cells, a half dose of
each of the plasmids was used (2.5 �g/10 cm dish), to keep the total amount of DNA constant.
Cells were incubated with 10�M I� in the absence (dark bars) or presence (light bars) of 40�M
ClO4

�. Results are expressed in pmol I�/�g of DNA � SD. *, P � .05 (ANOVA, Newman-Keuls
test). ns, nonstatistically significant. B, Representative FACS analysis of WT or mutant NIS
expression under nonpermeabilized (upper panel; surface) and permeabilized (lower panel; total)
conditions using anti-HA antibody. Cos-7 cells transiently transfected with HA-tagged WT NIS,
HA-tagged R124H, HA-tagged V270E NIS, and HA-tagged V270E � nontagged R124H NIS (2.5
�g per mutant/10-cm dish). A vector encoding the Na�/monocarboxylate transporter (SMCT)
was added to adjust for equal amounts of transfected DNA.

Figure 4. V270E NIS is intrinsically active. A, I� uptake in membrane vesicles prepared from
nontransfected (NT) or from WT- or V270E NIS-expressing Cos-7 cells. Membrane vesicles were
incubated with 20�M I� in the absence (dark bars) or presence (light bars) of 80�M ClO4

�.
Results are expressed as pmol I�/mg protein � SD. ns, nonstatistically significant. B, Electrostatic
surface of WT and V270E NIS. The yellow arrow points to the location of residue 270 in NIS. The
introduction of a glutamate increases the size of a negative patch at the surface of NIS close to
the cytosolic region of the molecule. Positive and negative potentials are shown in blue and red,
respectively. The surface was calculated and plotted using PyMOL software.
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NIS gene defects. Our proband bearing the compound
heterozygous mutation R124H/V270E developed clinical
hypothyroidism in childhood. In sharp contrast, the ITD
patient harboring a homozygous, fully intracellularly re-
tained R124H mutant developed hypothyroidism with
significant clinical manifestations as a neonate. This dif-
ference in the age of presentation may have been due to
residual V270E NIS activity, an explanation compatible
with the patient’s reduced, although not absent, 123I� up-
take, which was revealed by thyroid scintigraphy. In
this context, the increase in TSH levels following a re-
duction in thyroid hormone production might have par-
tially overcome the defect in trafficking of V270E NIS
to the plasma membrane by enhancing NIS transcrip-
tion, as occurred in patients with ITDs carrying the
missense mutation T354P (35). Consistent with this
possibility, the proband’s high serum thyroglobulin lev-

els suggest TSH-induced over-
stimulation of the thyroid tissue
(36).

The mutant protein is intrinsically
active (Figure 4A), but the additional
negative charge imparted by the Glu
at position 270 impairs its matura-
tion and trafficking to the plasma
membrane, resulting in markedly de-
creased I� accumulation. The subtle
change in the surface charge of a pos-
itive patch in the intracellularly fac-
ing domain of the NIS molecule (Fig-
ure 4B) may hinder interactions
between NIS and proteins key for its
trafficking to the cell surface. Con-
sistent with this possibility, increas-
ing the amount of positive charge in
the patch by introducing Arg or Lys
at position 270 (Figure 5F) partially
restored plasma membrane targeting
(Figure 5A). Unsurprisingly, when
the original Val was replaced with Ile
or even Leu, plasma membrane tar-
geting was mostly retained (Figure
5B).

Trafficking is also compromised
by missense mutations in other mem-
bers of the SLC5 family, such as the
Na�/glucose symporters SGLT1 (en-
coded by slc5a1) and SGLT2 (en-
coded by slc5a2) (37). Autosomal-
recessive mutations in slc5a1 and
slc5a2 that result in the intracellular
retention of SGLT1 and SGLT2
cause glucose-galactose malabsorp-

tion and renal glucosuria, respectively (37). Additional
studies are needed to identify proteins that interact with
NIS, to determine whether these proteins also interact
with other members of the SLC5 family, and to eventually
attempt to modulate their interactions.
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