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iodination of Tg, was added 24 h before the assay. After cells
were exposed to '*°I (0.1 pCi) for 1 h, radiciodide uptake was
quantified. Approximately 3.41% of radioiodide taken up
was retained in the protein fraction derived from BHPP18-21v
cells without depsipeptide {Fig. 5A). Tc-zNIS cells that ex-
pressed NIS, but not TPO or Tg, retained anly about 2.11%
of the iodide. This retention of radioiodide in untreated
BHP18-21v and Tc-rNIS cells appeared to be nonspecific,
because pretreatment of the cells with MMI did not signif-
icantly diminish the amount of protein-bound radioiodide.
Treatment of BHP18-21v cells with 10 ng/ml depsipeptide
significantly increased the amount of radioiodide bound to
cellular proteins to almost 7.58%, compared with the cells
pretreated with MMI (P < 0.05) {Fig. 5A). This organification
induced by depsipeptide increased in a dose-dependent
manner. Pretreatment of cells with MMI inhibited the in-
crease in radioiodide organification.

In addition, to analyze whether re-expressed TPO could
iodinate intracellular protein substrates, the molecular size of
radioiodinated intracellular proteins was investigated. After
BHP18-21v cells, which were pretreated with or without
depsipeptide, were exposed to '*I for 1 h, the intracellutar
proteins were separated by SDS-PAGE. In 3 ng/ml
depsipeptide-treated cells, radiolabeled protein bigger than
210 kDa was detected, whereas it failed to produce radio-
labeled protein without depsipeptide (Fig 5B).

These results indicate that TPO induced by HDACI was
capable of facilitating iodide organification into protein sub-
strates, in which the HDACI-induced expression of Tg
played a crucial role on this effect.
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Fig. 5. Depsipeptide-induced iodide organification in BHP18-21v
poorly differentiated thyroid cancer cells. A, Te-rNIS cells were es-
tablished from FRTL-Te malignantly transformed thyroid cells trans-
fected with NIS expression vector (8). Because the Tc-rNIS cell line
overexpresses the NIS gene but does not express TPO and Tg, it was
used as a negative control for iodide organification. BHP18-21v cells
that were incubated in depsipeptide-containing medium with or with-
out MMI were exposed to 0.2 uCi/well Na'?%] for 1 h. The cells were
washed in buffer, and radioactivity was counted. The radioactivity of
251 bound to protein was determined by TCA precipitation. All data
are expressed as the mean * SEM(n = 6). ¢, P < 0.05, compared with
nontreated with depsipeptide; *, P < 0.05, compared with MMI-
treated cells. B, BHP18-21v cells were pretreated with or without 3
ng/ml depsipeptide for 48 h and exposed to 20 xCi/dish Na'*1 for 1 h.
Each sample (30 pg protein) was electrophoresed and analyzed using
a BAS 2500 imaging analyzer (Fuji Film Co.). Lane 1, The molecular
weight (MW) of the standard; lane 2, 3ng/ml depsipeptide-treated
BHFP18-21v cells; lane 3, DMSO-treated BHP18-21v cells.
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Depsipeptide leads to efficient iodide accumulation in vivo

To evaluate the efficiency of depsipeptide in vive, BHP1§-
21v cells were transplanted on the left flank of nude mice by
sc injection of 1 X 107 cells, One week after transplantation,
the cells formed small tumors at the injection site. The tumors
grew very rapidly and were 1 em in diameter 3 wk after
transplantation. At this point, we injected 5 ug/g-d dep-
sipeptide or DMSQO in PBS ip for 4 d. To prevent radioiodide
uptake by thyroid gland, mice were treated with L-T,.

Autoradiographic imaging of the depsipeptide-treated
mice displayed the accumulation of radioiodide in the phys-
iological NIS-expressed organs, thyroid, stomach, and blad-
der. However, 48 h after, no accumulation was observed in
stomach and bladder (Fig. 6A). In contrast, depsipeptide-
treated tumors could accumulate %], as revealed by imaging
at 12 and 48 h (Fig. 6A). Radioactivity in the tumors, thyroid,
stomach, and liver were measured and were represented as
a percent of the maximum uptake (Fig. 6A). The disappear-
ance of radioiodide from the stomach paralleled the decrease
in radioactivity from the liver. In contrast, the depsipeptide-
treated tumors could reserve approximately 3.52% of max-
imum uptake 48 h after injection (Fig. 6A). The percentage of
injected dose per gram of tissue of depsipeptide-treated tu-
mors at 48 h after injection of *°I was 0,70 * 0.16%, whereas
0.14 = 0.04% of radioiodide remained in DMSO-treated tu-
mors (P << 0.05). In addition, radioiodide measurement by
whole-bady scanning showed that values of 5.95 % 0.39%
and 149 * 0.93% of whole-body retention at 48 h were
detected in tumors treated with depsipeptide and DMSO,
respectively. Radioiodide accumulation in thyroid glands
gradually increased and peaked 48 h after injection,

To examine the time-dependent accumulation of %[ in
these mice, the tumor/liver '2°] concentration ratio was mea-
sured at 3, 12, and 48 h after injection of 10 uCi Na'?*[. Three
hours after the injection, there was no significant difference
between the tumor/liver ratios in depsipeptide- and DMSO-
treated mice. At 12 and 48 h, the tumor/liver ***I concen-
tration ratio was 4.56 = 1.35 and 11.03 £ 3.37 in depsipeptide-
treated mice, respectively, whereas that in DMSO-treated
mjce was 0.48 * 3.37 and 1.57 + (.33, respectively. There was
a significant difference in the tumor/liver '**I concentration
ratio between the depsipeptide-treated and DMSO-treated
mice after 12 h (P < 0.05) (Fig. 6B).

To analyze iodide organification in vfvo, we measured
protein-bound radioicdide in xenotransplanted tumors. A
total of 10 uCi of Na'**1 was injected into the mice treated
with depsipeptide or DMSO. The removed tumors were
distupted, and intracellular protein was extracted. The
protein-bound radioiodide in depsipeptide-treated mice was
36.74 = 7.0 cpm/mg, whereas that in DMSO-treated mice
was 6.16 * 3.6 cpm/mg (P < 0.05) (Fig. 6C).

To investigate the effects of the HDACI on the expression
of NIS, TPO, Tg, and TSH-R in vivo, we analyzed the mRNA
levels of these thyroid-specific genes in depsipeptide- or
DMSO-treated tumors using quantitative real-time PCR (Ta-
ble 2}. The mice were treated with 5 pg/g-d depsipeptide or
DMSO in PBS for 4 d. In DMSO-treated mice, NIS, TPO, Tg,
and TSH-R mRNA were not observed. Re-expression of NIS,
TPO, and Tg was detected in depsipeptide-treated tumors,
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Fic. 6. Induction of intratumoral radiciodide accumulation by dep-
sipeptide in vivo. BHP18—21v cells were transplanted on the left flank
of nude mice by sc injection. Mice were treated with L-T, to aveid
massive uptake by the thyroid. A total of 5 pg/g-d depsipeptide was
injected ip for 4 d. After the injection of 10 uCi of **°I, the radioactivity
from the mice was analyzed using a BAS2500 imaging analyzer. A,
Typical images 3, 12, and 48 h after the injection. Thyroid, stomach,
and bladder are observed by their physiologic uptake. Radioactivity
from the tumors, thyroid, stomach, and liver was measured and rep-
resented as a percent of the maximum uptake. B, After calculating the
amounts of radiciodide uptake per tissue weight, tumor/liver radio-
iodide uptake ratio was elevated. C, The intratumoral radioactivity of
126] hound to protein was determined by TCA precipitation. Radio-
activity was measured with a y-counter and normalized by dividing
the amounts of proteins weight. All data are expressed as the mean =
SEM {n = 6). *, P < 0.05, compared with DMSO-treated tumors.
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whereas the induction of TSH-R mRNA was not cbserved.
These results clearly demonstrated that depsipeptide could
induce the expression of thyroid-specific genes that is necessary
for effective cell processing of iodide, and this depsipeptide-
induced radioiodide uptake is TSH-independent.

HDACI stimulates TTF-1 gene expression

Expression of thyroid-specific genes (NIS, TPO, and Tg} is
modulated, in part, by the interaction of the TTF-1 and Pax-8,
thyroid-specific transcription factors with their respective
promoters (16). To analyze the mechanisms by which the
HDACI-induced re-expression of thyroid-specific genes took
place, we examined changes in the expression of the thyroid-
specific transcription factor after treatment of HDACI using
RT-PCR. In untreated ARO cells, only faint expression of
TTF-1 mRNA was detected (Fig. 7). Depsipeptide treatment
in this cell line caused a dose-dependent increase in expres-
sion of the TTF-1 gene. Maximum gene expression was ob-
tained at 10 ng/ml depsipeptide. However, depsipeptide
were unable to restore the expression of Pax-8 mRNA that
was lost in ARQ cells {(data not shown). In BHP18-21v cells,
which express Pax-8 but not TTF-1 mRNA, depsipeptide
induced the expression of TTF-1 mRNA in a dose-dependent
manner. Maximum TTF-1 gene expression was observed in
cells incubated with 10 ng/ml depsipeptide for 24 h (Fig. 7A).

We also analyzed time-dependency of HDACl-induced
expression of the TTF-1 gene. After incubation with 3 ng/ml
depsipeptide, TTF-1 mRNA levels reached a maximum after
24 hand after 12 hin BHP18-21v and ARO cells, respectively.
Conversely, Pax-8 mRNA levels significantly decreased in
BHP18-21v cells after incubation with depsipeptide.

Cycloheximide diminishes depsipeptide-induced NIS gene
expression and enhances the TPO and Tg gene expression

HDACI directly activates the regulatory machinery of
transcription via an increase of acetylated histones (38), but
also can modulate expression of certain transcription factors,
including TTE-1 (Fig. 7). To investigate whether new protein
synthesis was necessary for induction of thyroid-specific
genes in depsipeptide-treated BHP18-21v and ARO cells, we
measured expression of thyroid-specific genes with or with-
out cycloheximide (Biomol Corp., Plymouth Meeting, PA)
treatment. After BHP18-21v and ARQ cells were incubated
with 3 ng/ml depsipeptide in the presence or absence of 30
pg/ml cycloheximide for 24 h, expression levels of thyroid-
specific genes were quantified by real-time RT-PCR.
Cycloheximide partly, but significantly, inhibited the
depsipeptide-induced up-regulation of NIS mRNA (Fig. 8);
approximately 70% of induced NIS gene expression was
abolished. Thus, a portion of depsipeptide-induced up-
regulation of NIS mRNA required ongoing protein synthesis.

The faint increases in TPO and Tg mRNA levels were
observed in the presence of cycloheximide without dep-
sipeptide (Fig. 8). The presence of cycloheximide led to el-
evated expression levels of TPO mRNA induced by 3 ng/ml
depsipeptide in BHP18-21v and ARO cells. In depsipeptide-
treated BHP18-21v and ARO cells, cycloheximide similarly
induced 30.0-fold and 16.8-fold increases in Tg mRNA levels,
respectively. These results suggested that depsipeptide-
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TABLE 2, The expressicn of NIS, TPO, Tg, and TSH-R mRNA in xenotransplanted BHP18-21v cells isolated from DMSO-treated mice

and depsipeptide-treated mice

NIS e Tg TSH-R
Depsipeptide 2.84 x 1078 + 0.001° 1.11 x 1071 = 0.047 7.67 x 107! + 0.195° 0
DMSO 0 ] (] 0

Each group of mice was treated with DMSO or depsipeptide for 4 d. Amounts of NIS, TPO, Tg, and TSH-R mRNA were determined by
quantitative real-time RT-PCR with 100 ng ¢cDNA in duplicate. All data are ratio to GAPDH mRNA level and expressed as the mean * seEM.
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Fic. 7. Effect of depsipeptide on the expression of thyroid-specific
transcription factors. Amounts of TTF-1, Pax-8, and GAPDH mRNA
were determined by RT-PCR. A, BHP18-21v and ARO cells were
incubated with 1, 3, or 10 ng/ml of depsipeptide for 24 h. B, Time-
course analysis was performed by RT-PCR. TTF-1 and Pax-8 gene
expression was analyzed using BHP18-21v and ARO cells incubated
with 3 ng/ml depsipeptide for 12, 24, or 48 h.

induced re-expression of TPO and Tg genes was not medi-
ated by newly produced-transcription factors.

Depsipeptide exhibits cytotoxic effect against BHP18-21v
and ARO cells in vitro

We examined the effect of depsipeptide on viabilities of
ARO and BHF18-21v celis. In both cell lines, 1 ng/ml dep-
sipeptide exhibited no cytotoxicity. Administration of 3
ng/ml depsipeptide was not cytotoxic in BHP18-21v,
whereas 51% of ARO cells resulted in cell death (P < 0.05).
Almost 90% cell death was observed in ARO and BHP18-21v
cells treated with 10 ng/ml depsipeptide (P < 0.05) (Fig. 9).
In comparison with depsipeptide-induced expression of
thyroid-specific genes, higher concentrations of depsipep-
tide were required for the cytotoxic effect.

Discussion

Radioiodide therapy of thyroid carcinoma with preserved
ability of trapping and concentration of iodide is not effective
in poorly differentiated or anaplastic thyroid cancers, in
which thyroid-specific gene expression is lacking (6, 39). In
the present study, we showed that exposure of poorly dif-
ferentiated papillary thyroid BHP18-2iv cells and anaplastic
thyroid ARO cells to the HDACI induced the expression of
NIS, TPO, and Tg mRNAs, We also demonstrated immuno-
reactive NIS, TPO, and Tg proteins in HDACI-treated
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Fig. 8. Effect of cycloheximide on regulation of thyroid-specific genes
in depsipeptide-treated BHP18—21v and ARO cells. BHP18-21v and
ARO cells were incubated with 1, 3, or 10 ng/ml depsipeptide in the
presence or absence of cycloheximide for 24 h, Total RNA was isclated
in four independent samples. Amounts of NIS, TPO, and Tg mRNA
were determined by gquantitative real-time RT-PCR with 100 ng
¢DNA in triplicate. Relative quantification of target cDNA was
determined by arbitrarily setting the control value from 3 ng/ml
depsipeptide-incubation samples to 1. All data are expressed as the
mean * SEM. *, P < (0.05.

BHP18-21v and ARO cells. We provided further evidence
clearly demonstrating that HDACI-treated cancer cells in-
creased their radioiodide uptake and prolonged radioiodide
retention in depsipeptide-treated tumors in vitro and in vivo.

We have reported that, despite radioiodide accumulation,
Na'I did not significantly change the volume of experi-
mental tumors formed by rat undifferentiated thyroid cells
with or without transfection with NIS (8). In that study,
extracorporeal measurement of radioactivity in the tumors
revealed that '°I accumulation peaked at 90 min and de-
creased to 50% 6 h after injection in vivo. In contrast, 121
uptake in thyroid glands gradually increased and peaked
48 h after injection. These results demonstrated the differ-
ences between NIS-expressed tumor and thyroid glands in
time-dependent iodide accumulations may be related to their
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Fic. 9. Effect of depsipeptide on cell viability in BHP18-21v and
ARO cells. BHP18-21v and ARO cells were incubated with 1, 3, or 10
ng/ml for 48 h. Cell viability were analyzed using a Cell Counting Kit.
Survival of cells is presented as a percentage of the absorbance with
depsipeptide-treated cells divided by that with cells not exposed to
depsipeptide. All data are expressed as the mean = SEM. *, P < (.05,
compared with untreated cells.

abilities to organify iodide. These results indicate that cyto-
toxic efficacy of radioiodide may be limited by the radicio-
dide efflux, and that enhancing the intracellular retention of
iodide is necessary for effective radioiodide therapy. Rapid
washout of radiciodide from tumors and low binding of
radioiodide are probably consequences of the absence of TPO
and Tg gene expression.

Our present study is the first report showing simultaneous
induction of NIS, TPO, and Tg gene expression and iodide
organification by HDACT in undifferentiated papillary thy-
roid cancer cells in vitro. Furthermore, we demonstrated
HDACI-induced radioiodide accumulation in tumors
formed with thyroid cancer cells in vivo, Certain reagents or
transcription factors have been found to induce re-expres-
sion of thyroid-specific genes. Fagin et al. (40) reported that
papillary thyroid cancer cells transfected with wild-type p53
showed re-expression of TPO mRNA and protein. Re-
expression of Pax-8 mRNA, which specifically activates the
TPO promoter, also was demonstrated. Schmutzler (41) re-
ported that all-trans retinoic acid increased NIS mRNA in
human follicular thyroid cancer cells. Venkataraman ¢f al.
(42) similarly found that 5-azacytidine could restore the ex-
pression of NIS mRNA and radioiodide uptake in benign
thyroid adenoma cells. Kitazono et al. (43, 44) reported that
HDACI induced the re-expression of NIS and Tg mRNA in
human anaplastic thyroid cancer cells.

TPO is the primary enzyme involved in iodide organifi-
cation (45}, being active at the apical pole of the thyrocytes,
where oxidizing H,O, is produced (46). It has been shown
that TPO can also be active intracellularly in the presence of
H,0,, leading to low levels of intracellularly iodinated pro-
teins (47). Recently, Huang et al. (48) reported that an increase
of iodide organification was observed in NIS- and TPO-
cotransfected lung cancer cells. Boland ¢t al. (49) reported that
the levels of iodide organification obtained were too low to
increase the iodide retention time in the thyroid cancer cells
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cotransfected with NIS and TPO. These reports suggested
that expression of Tg was required for the effective iodide
retention and organification. In this report, radiolabeled pro-
tein greater than 210 kDa was specifically observed, and
iodide organification was detected in depsipeptide-treated
thyroid cancer cells. These results supported the hypothesis
that the induction of iodide organification may require com-
bined expression of NIS, TPO, and Tg, and TPO induced by
depsipeptide was capable of facilitating iodide organifica-
tion into protein substrates, in which the HDACI-induced
expression of Tg could play a crucial role on this effect.
However, the fact that smear bands appeared suggests a
possibility that some other protein substrates might be io-
dinated in the process of depsipeptide-induced iodide
organification.

In the present report, we demonstrated that inhibition of
histone deacetylation by HDACI induced the expression of
thyroid-specific genes in thyroid cancer cells. Acetylation
and deacetylation of histones plays a significant role in reg-
ulation of gene transcription in many cell types (38). Histone
acetylation alters nucleosomal conformation, which in turn
can increase accessibility of transcriptional regulatory pro-
teins to chromatin templates (50). HDAC oppose these events
by catalyzing removal of acetyl groups from the amino-
terminal lysine residues of core nucleosomal histones (51).
Although HDACT act on the general regulatory machinery of
transcription, our results demonstrated that HDACI do not
do so nonspecifically. For example, HDACI did not increase
expression of the GAPDH and Pax-8 genes (Figs. 1 and 7).

TTF-1 and Pax-8 are major transcription factors regulating
the Tg and TPO promoter activity positively. We observed
that depsipeptide could increase in the expression level of
TTF-1.In contrast, the expression levels of Pax-8 mRNA were
decreased in depsipeptide-treated BHP18-21v cells, and
were not observed in depsipeptide-treated ARO cells. We
detected that overexpression of TTF-1 using an adenovirus
vector inhibited the expression of Pax-8 mRNA in BHP18-
21v cells (12, 13, 16-19). Therefore, we suspect that re-
expressed TTF-1 induced by HDACIT could influence the
reduction of Pax-8 mRNA in BHP18-21v cells. Because dep-
sipeptide exhibited an opposite effect on the expression of
TTF-1 and Pax-8, we studied the effect of cycloheximide on
Tg and TPO gene expression to determine whether HDACI
acts through newly synthesized transcription factors or, in-
stead, directly activates the transcriptional machinery for
thyroid-specific genes. Figure 8§ shows that the presence of
cycloheximide did not decrease the levels of HDACI-
induced TPO or Tg expression. These results suggested that
HDACH-induced re-expression of TPO or Tg genes was not
mediated by newly produced trans-activating factors.

Moreover, cycloheximide increased the expression of TPO
and Tg mRNA in depsipeptide-treated and untreated cells.
We suspect that unknown proteins inhibit TPO and Tg gene
expression in cancer cells, and cycloheximide might block the
synthesis of these unknown proteins,

In contrast, this study revealed that up-regulation of the
NIS gene partly involved newly produced proteins, presum-
ably some transcription factors. In our study, HDACI solely
induced expression of TTF-1. Kitazono et al. (52) demon-
strated that TTF-1 gene was re-expressed in thyroid cancer
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cells by simultaneous treatment with depsipeptide and 8-Br-
cAMP. In the rat NIS gene, TTF-1 was shown to activate the
rat NIS promoter by a direct interaction with its proximal
enhancer region (18). Further, Taki et al. (22) found a TTF-
1-binding site in the human NIS upstream enhancer, but
TTF-1 did not act as a trans-activating factor on the human
NIS upstream element. Schmitt et al. (53) also reported that
transcription of a TIF-1 expression vector showed no effect
on luciferase activity driven by the 9-kb NIS promoter. We
presently suspect that an unidentified protein activated by
HDACT was involved in NIS gene induction. It is also pos-
sible that newly synthesized TTF-1 is involved in the induc-
tion of NIS gene expression via interactions of the NIS gene
other than these previously investigated.

HDACI was identified as an antitumor agent (54). In hu-
man bladder cancer cells, HDACI induced apoptosis, which
might be related to the re-expression of p21, c-mye, and
gelsolin genes (11). In human breast cancer cells, increased
p21, phosphorylation of Bcl-2, and apoptosis have been ob-
served after treatment with depsipeptide (55). In the case of
thyroid cancer, Greenberg et al. (36) demonstrated that 500
nM T5A induced apoptosis and cell-cycle arrest in anaplastic
thyroid cancer cells. In our study, poorly differentiated and
anaplastic thyroid cancer cells treated with 30 ng/ml (99 nm)
TSA showed re-expression of the thyroid-specific genes that
are required for effective radioiodide therapy (Fig. 1B).
HDACI previously have been shown to simultaneously in-
duce differentiation and apoptosis, as well as cell-cycle ar-
rest, in breast cancer, bladder cancer, and leukemia in mice
(11,54, 55,57, 58). In this study, 10 ng/ml depsipeptide could
induce cell-death concomitantly with iodide accumulation in
poorly differentiated and anaplastic thyroid cancer cells
(Figs. 3 and 9). It is reasonable to speculate that the
depsipeptide-induced cell-death can be a beneficial effect,
from the standpoint of cancer therapy using radioiodide.

Depsipeptide, a strong inhibitor of histone deacetylase, is
currently in phase I trials in the United States. These trials
suggest that the maximum tolerated plasma concentration is
about 472.6 ng/ml (59). In this study we confirmed that a
low-dose depsipeptide concentration (1-10 ng/ml} induced
iodide uptake and organification in poorly differentiated
thyroid cancer cells. Furthermore, depsipeptide-treated tu-
mors could specifically accumulate radioiodide, as revealed
by imaging experiments and radioiodide concentration in
vivo. Schlumberger et al. (60) reported that the presence of '3'I
uptake that could be detected using whole-body scanning
was one of the most important prognostic factors in thyroid
cancer patients with metastases. Although the tumoral up-
take was dependent on tumor size, it was reported that most
of positive scans were above 0.7% of whole-body retention
48 h after administration of radioiodide (61, 62). In the
present study, whole-body scanning performed 48 h after
injection (Fig. 6A) showed that depsipeptide- and DMSO-
treated tumors could accumulate 5.95 = 0.39% and 1.49 +
0.93% of whole-body retention, respectively (P < 0.01). We
therefore speculate that this HDACI-induced iodide reten-
tion may confer some therapeutic effects on poorly differ-
entiated and anaplastic thyroid carcinoma.
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Familial Hypocalciuric Hypercalcemia Caused by an
R648stop Mutation in the Calcium-Sensing Receptor Gene

MIKA YAMAUCHL' TOSHITSUGU SUGIMOTO,! TORU YAMAGUCHL' SHOZO YANO,!
JUNNING WANG,” MEI BAIL> EDWARD M. BROWN,? and KAZUO CHIHARA!

ABSTRACT

In this study, we report an 84-year-old female proband in a Japanese family with familial hypocalciuric hyper-
calcemia (FHH) caused by an R648stop mutation in the extracellular calcium-sensing receptor (CaR) gene. At the
age of 71 years, she presented with hypercaleemia (11.4 mg/dl), hypecalciuria (Cea/Cer = 0.003), hypermagnesemia
(2.9 mg/dl), and a high-serum parathyroid hormone (PTH) level (midregion PTH, 3225 [160-520] pg/ml). At the
age of 74 years, a family screening was carried out and revealed a total of 9 hypercalcemic individuals (all intact
PTH values <62 pg/dl) among 17 family members tested, thus, being diagnosed as FHH. Two and one-half of three
clearly enlarged parathyroid glands were resected, because persistently high PTH levels (intact PTH, 292 pg/ml;
midregion PTH, 5225 pg/ml) and the presence of a markedly enlarged parathyroid gland by several imaging
modalities (ultrasonography, computed tomography [CT], magnetic resonance imaging [MRI], and subtraction
scintigraphy) suggested coexistent primary hyperparathyroidism (pHPT); however, hypercalcemia persisted post-
operatively. Histological and immunohistochemical examination revealed that the resected parathyroid glands
showed lipohyperplasia as well as normally expressed Ki67, vitamin D receptor (VDR), and the CaR, Sequence
analysis disclosed that the proband and all affected family members had a heterozygous nonsense (R648stop)
mutation in the CaR gene. This mutation is located in the first intracellular loop; thus, it would be predicted to
produce a truncated CaR having only one transmembrane domain (TMD) and lacking its remaining TMDs,
intracellular loops, and C-terminal tail. Western analysis of biotinylated HEK293 cells transiently transfected with
this mutant receptor showed cell surface expression of the truncated protein at a level comparable with that of the
wild-type CaR. The mutant receptor, however, exhibited no increase in intracellular free calcium concentration
(Ca“,-) when exposed to high extracellular calcium concentrations (Ca®*,). The proband’s clinical course was
complicated because of associated renal tubular acidosis (RTA) and nephrotic syndrome, However, it was unclear
whether their association affected the development of elevated serum PTH and parathyroid gland enlargement.
This report is the first to show that an R648stop CaR mutation yields a truncated receptor that is expressed on the
cell surface but is devoid of biological activity, resulting in FHH. (J Bone Miner Res 2002;17:2174-2182)

Key words:  familial hypocalciuric hypercalcemia, calcium-sensing receptor, parathyroid gland, parathyroid
hormone, renal tubular acidosis

INTRODUCTION cellular calcium concentration (Ca®*,) and mainly controls

parathyroid hormone (PTH) secretion from the parathyroid

THE EXTRACELLULAR CALCIUM-SENSING receptor (CaR)isa  pland as well as calcium reabsorption by the kidpey.!'~¥
plasma membranej, G protein-coupled receptor that be-  Famjliat hypocalciuric hypercalcemia (FHH) and neonatal
longs to the superfamily of the seven-transmembrane recep-  severe hyperparathyroidism (NSHPT) are caused by inacti-
tors, The receptor is activated by an increase in the extra- vating mutations of the CaR gene on chromosome 3q21-24.
FHH results mainly from an inactivating mutation in one
The authors have no conflict of interest. CaR allele, whereas NSHPT can be the result of either

'Division of Endocrinology/Metabolism, Neurology, and Hematology/Oncology, Department of Clinical Molecular Medicine, Kobe
University Graduate Schoot of Medicine, Kobe, Japan.

Endocrine-Hypertension Division and Membrane Biology Program, Department of Medicine, Brigham and Women’s Hospital,
Harvard Medical School, Boston, Massachusetts, USA.
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heterozygous, compound heterozygous, or hemozygous
mutations. In contrast, activating mutations lead to auteso-
mal dominant hypoparathyroidism (ADH) and some cases
of sporadic hypoparathyroidism." =7 FHH patients are char-
acterized by relaive hypocalciuria as well as inappropri-
ately normal or slightly elevated serum levels of PTH in
spite of hypercalcemia.

Accumulating evidence also supports the involvement of
the CaR in regulating the proliteration of parathyroid cells.
In secondary hyperparathyroidism (sHPT) caused by
chronic renal failure, there is not only PTH hypersecretion
but also parathyroid hyperplasia. In the parathyroid glands
of rats with experimentally induced chronic renal failure,
parathyroid cellular proliferation was inhibited by a high
concentration of Ca®”, in one study.”® CaR knockout mice
also had enlarged parathyroid glands.” Moreover, in a rat
model of renal failure, CaR agonists suppressed the pro-
gression of sHPT as well as parathyroid growth.”” Because
CaR expression in parathyroid cells of patients with sHPT is
known to be diminished,®'™'" these findings suggest that
reduced expression of the CaR may lead to parathyroid
growth. In contrast, clinical studics showed that parathyroid
glands in FHH patients with certain types of mutant CaR
were also occasionally enlarged,"*'* but it remains un-
clear whether or not inactivated mutant CaRs in this disor-
der are the cause of the enlarged parathyroid glands.

Here, we report an elderly patient with a heterozygous
R648stop mutation in the CaR that produced a truncated
CaR lacking most of its transmembrane and intracellular
domains and exhibiting no intracellular Ca™* (Ca*”)) re-
sponses to high Ca®*_. This is the sccond case of this
mutation in the literature''™ but the first to show that this
CaR mutation yields a truncated receptor that is indeed
expressed on the cell surface but is devoid of biological
activity, resulting in FHH. Moreover, the patient showed
three clearly enlarged parathyroid glands with a markedly
increased serum PTH level, suggesting the occasional link
between inactivation of the cytoplasmic tail of the CaR and
enhanced parathyroid growth.

MATERIALS AND METHODS
Subjects

An elderly Japanese female with FHH and 17 other
family members were studied. An additional group of 50
normal Japanese subjects was recruited as controls, This
study complied with the Declaration of Helsinki and was
ethically approved by the Institutional Review Board of our
institution. Subjects agreed to participate in this study and
gave their informed consent.

Biochemical measurements

Serum concentrations of Ca, P, and Cr as well as urinary
concentrations of Ca and Cr were measured by automated
techniques at the central laboratory of Kobe University
Hospital. Intact PTH and midregion PTH were measured by
immunoradiometric assay (Allegro Intact PTH RIA kit
normal range, 10-65 pg/ml; Nichols Institute Diagnostics.
San Juan Capistrano. CA, USA)!'®'" and radioimmunoas-
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say (RIA; Yamasa hypersenseitive PTH-RIA kit; normal
range, 160-320 pg/ml; Yamasa Shoyu Co,, Ltd., Tokyo,
Japan) "*® respectively. The Yamasa PTH-RIA kit consists
of chicken PTH antiserum raised by Hruska et al., '*°I-
labeled [Tyr**} human PTH(44-68) [hPHT(44-68)] as the
radioligand, and synthetic hPTH(1-84) as the standard.!'®
The assay recognizes fragments containing the amino acid
sequence of at least 44-68 in the PTH molecule as well as
intact PTH.

Histological examination

Parathyroid tissues from patients with primary HPT
(pHPT; adenoma) and FHH patients were obtained during
parathyroidectomy. Normal parathyroid glands, resccted to-
gether with thyroid tissue in patients with thyroid carcinoma
whose renal function was normal, were employed as normal
controls. The anti-human CaR antibody, kindly provided by
Dr, K. Rogers (NPS Pharmaceuticals, Salt Lake City, UT,
USA), was a mouse monoclonal antibody against residues
214 -235 (ADD) of the human CaR extraceltular domain, as
previously described.®™ A rat monoclonal anti-humnan vi-
tamin D receptor (VDR) antibody (9A7rE10.E4} and a
rabbit affinity-purified, anti-human Ki67 antigen were pur-
chased from NeoMarkers (Fremont, CA, USA) and DAKQO
(Glostrup, Denmark), respectively. Immunohistochemical
staining was performed using formalin-fixed and paraffin-
embcdded sections as we have previously described. "
Sections were deparaffinized in xylene and dehydrated
through an ethanol series. Then, endogenous peroxidase
was inactivated with 0.3% H,0, in methanol for 20 minutes
at room temperature. After washing twice with PBS, sec-
tions were processed in distilled H,O for 10 minutes using
a medical microwave (MI-77; Higashiya, Tokyo, Japan) at
400 W for VDR and Ki67 staining.**' After blocking with
1.5% nonfat dry milk in PBS for 10 minutes, sections were
incubated with each primary antibody overnight at 4°C:
ADD (diluted 1:1200 in PBS containing 1% nonimmunized
mouse serum), 9A7r (diluted 1:50), or anti-Ki67 antigen
(diluted 1:100). After washing thoroughly with PBS, sam-
ples were incubated with a biotinylated link antibody (con-
taining anti-rabbit and anti-mouse immunoglobulins) fol-
lowed by peroxidase-labeled streptavidin using the LSAB2
kit (Dako Corp., Carpinteria, CA, USA} for 30 minutes,
respectively. Final development was carried out with 3,.3-
diaminobenzidine {DAB) containing 0.1% H,0, in PBS for
10 minutes.** Slides were counterstained with hematoxylin
for 30 s only for CaR staining. For staining of VDR and
Ki67-antigen, Ni2* and Co®* were added to the DAB
solution at 0.3% final concentrations, respectively. Negative
controls were carried out using preimmune mouse serum.
The intensity of the staining with each of the three antisera
was standardized with positive and negative controls. Good
reproducibility of the staining intensity was obtained in
serial sections. Finally, we quantified the intensity of these
signals by visual examination.

DNA extraction

Genomic DNA was cxtracted from peripheral blood
lymphocytes using the GENOMIX kit (TALENT, Triaste,
Italy).
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Polymerase chain reaction amplification

The CaR gene was amplified by polymerase chain reac-
tion (PCR). Exons 2. 3. 5, and 6 were amplified using one
specific primer set and exons 4 and 7 were amplified with
several primer sets,”™**" The following primer pairs were
used, with the forward primer given first and the reverse
primer given sccond: 5'-TCCCTTGCCCTGGAGAGAC-
GGCAGA-3" and 5-AGAGAAGAGATTGGCAGATTAG-
GCC-3' for exon 2; AGCTTCCCATTTTCTTCCACTTCTT
and CCCGTCTGAGAAGGCTTGAGTACCT for exon 3;
ACTCATTCACCATGTTCTTGGTTCT and CCACATGCT-
GGATCTCTTCC, CCGAGAGGAAGCTGAGGAAAG and
CCCAACTCTGCTTTATTATATCAGCA, and CCCAG-
GAAGTCTGTCCACAATG and CCCAACTCTGCTTTAT-
TATATCAGCA for exon 4: GGCTTGTACTCATTCTTT-
GCTCCTC and GACATCTGGTTTTCTGATGGACAGC
for cxon 5 CAAGGACCTCTGGACCTCCCTTTGC and
GACCAAGCCCTGCACAGTGCCCAAG for exon 6 and
AGTCTGTGCCACACAATAAC and CAGCAGGAACTG-
CAGGTTGAG. TTCCGCAACACACCCATTGTCAAGG
and GAAGAAGCAGATGGCAGC, ACCGCGCCCCCCT-
CAAGCTA and GGATCCCGTGGAGCCTCCAAGGCTG,
and TGCCGTAGAGGTGATTGCCATCCTG and TCTTC-
CTCAGAGGAAAGGAGTCTGG for exon 7. PCRs were
performed with slight modifications of previously reported
methods'™" in a final volume of 20 wl containing 10 pmol each
of PCR primer, 2 ul of 105< buffer (100 mM of Tris-HC, pH
8.3, 500 mM of KCl. and 15 mM of MgCl,, Takara PCR
amplification kit; Takara Shuzo Co., Seta, Japan), 200 uM of
each deoxynuclecside triphosphate (ANTP), 0.5 U of Taqg poly-
merase, and 0.5 pg of genomic DNA in a DNA thermocycler
Gene E (Techne, Cambridge, UK) for 35 cycles. DNA was
denatured at 93°C for 5 minutes in the fiest cycle and for 30 s
in all subsequent cycles. Annealing was performed at 60°C for
30 s. and elongation was performed at 72°C for 2 minutes, with
a finul elongation of 10 minutes in the last cycle.

Sequence analysis of the CaR gene

The PCR products were sequenced directly using fluores-
cently labeled primers on an ABI automated DNA sequencing
machine (Perkin-Elmer Applicd Biosystems, Japan, Tokyo,
Japan) according to the manufacturer’s instructions.

Restriction enzyme digestion

To confirm that the single base change at codon 648
found by direct sequencing analysis was present in only one
allele of the CaR gene, the PCR products from exon 7 of the
family members and the 30 normal controls were digested
with restriction enzyme Ddel (New England BioLabs, Bev-
erly. MA). and the predicted molecular sizes of the resultant
fragments were assessed by clectrophoresis through a 26
agarose gel.

Transient expression of the wild-tvpe CaR
and mutated receptor

To produce this mutation, site-directed mutagenesis was
performed using the approach described previously.*® The
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TaBLE . LABORATORY DATA OF CALCIUM METABOLISM IN
ALl AFFECTED FaMILY MEMBERS

Serum Ca Serum P

Age {mg/dl; ud, {mg/di: ni,
Member {vear) 8.4-9.9) 2.4-4.5) Cea/Cer
I1-1 74 .4 30 0.003
H-2 71 LE 1 25 0.009
IH-1 50 10.5 23 0.005
I11-3 43 10.0) 30 0.008
-4 44 10.9 1.6 0.008
I11-5 42 1.1 2.9 0.001
V-6 14 10.6 4.1 0.002
iv-8 2] 11.6 29 0.003
1V-11 12 [i.3 4.2 (rL.004
v-12 7 1.2 38 0.002

full-length wild-type and mutant receptors were cloned into
the mammalian expression vector pcDNA3 (Invitrogen
Corp.. Carlsbad. CA, USA). The human embryonic kidney
cell line (HEK293 cells) was transiently transfected with a
wild-type or mutant receptor using pcDNA3 as a vector,®®

Western analysis of the human CaR expressed on the
cell surface

As described previously,”™™ the CaR-transfected cells were

surface-biotinylated and the FLAG-tageed CaR in whole cell
tysates was immunopurified with anti-FLAG antihody. Then,
the immunopurified sample was subjected to SDS-containing
PAGE''? using a linear gradient of polyacrylamide (3-10%).
The proteins on the gel were subscquently electrotransferred to
a nitrocellulose membrane. After blocking with 5% milk, the
forms of the receptor present on the cell surface were detected
using an avidin-horseradish peroxidase conjugate (Bio-Rad,
Hercules, CA, USA) followed by visualization of the biotin-
ylated bands with an enhanced chemiluminescence (ECL} sys-
tem (Amersham, Arlington Heights, IL, USA).?®

Measurement of Ca”*; by Jiorometry

HEK293 cells that had been transfected with wild-type or
mutant CaR ¢DNA were loaded with fura-2. CaCl, was
added to give the desired final concentrations. The 340/380
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TABLE 2. LABORATORY DATA OF PROBAND

Blood count

WBC 4000/mm™ (4000-8500) ‘
RBC 299 % 10%mm?* Hb 8.9 g/dl (11.8-15.0) Het 29.0% (35.0-44.5)
(380-430)
MCV 93 fl {85-9%) MCH 29.9 pg (27.0-32.0} MCHC  32.1% (32.0-36.0)
Plt 26.1 % 10%mm*
(13.0-30.0)
Chemist
t-Bil 0.3 mg/dl (0.3-1.0) GOT 14 TUAiter (9-36) GTP 7 IWU/iter {(7-34)
ALP 215 IU/liter (100-303) LDH 314 TW/liter (117-203) LAP 35 TUAiter (35-76)
v-GTP 8 TUMiter {9-64) TP 6.9 ¢/dl (6.5-7.8) Alb 3.5 g/dl (4.1-5.0)
BUN 24 mefdl (9-22) Cr 1.2 mg/dl (0.5-1.3) UA 6.7 mg/dl (2.6-5.1)
Na 140 mEg/liter K 5.7 mEqgftiter (3.54.7) Cl 116 mEg/liter (99-109)
(137-146)
FPG 78 me/dl (61-92) CPK 20 TUAer (35-169)
Ca 11.4 mg/di (8.4-9.9) P 3.0 mg/dl (2.4-4.5) Mg 2.9 mg/dl (1.7-2.3)
intact-PTH 292 pa/mi (10-65) midregion 5225 pg/ml (160-32()
PTH
u-Ca 8.05 mg/day (100-300)  CCa/CCr  0.003 Cer 50 ml/minute
S%TRP 83% (85-95) TmPO,/ 2.49 mg/dl (2.55-3.53)
GFR
1.25(0H).D, 26 pg/ml (20-60) 25(0H)D;  22.9 ng/ml (9-33.9)
N-cAMP 374 nmol/dl (<3.2)
Arterial blood gas analysis
pH 7.323 (7.38-7.46) PCO, 33.3 mum Hg (32-46) PO, 83.9 mm Hg (74-108})
HCO, 16.9 mmolditer (21-29y BE. —7.9 mmol/liter (=2 — +12)
Endoecrinological examinations
PRA 0.6 ng/ml per h PAC 162.9 pa/ml (47-131)

(0.3-2.9

Ranges within parcntheses are the normal ones.

FPG. fasting plasma glucose: %TRP, whbular rcabsorption of phosphate; TmPO,/GFR. tubular maximum reabsorption of phosphate/
glomerular filration rate; N-cAMP, nephrogenous ¢cAMP; B.E., base excess; PRA. plasma renin activity: PAC, plasma aldosterone

concentriation.

excitation ratio of emitted light was used to calculate Ca™ ",
as described previously.® ECq, was defined as the effec-
tive concentration of Ca®"_ giving one-half of the maximal
response. The mean ECs, for the wild-type receptor in
response to increasing concentrations of Ca'*, was calcu-
lated from the EC,, values for all the individual experiments
and expressed with the SE of the mean.

Case report

A 74-year-old female proband in a Japanese family was
admitted to our hospital for evaluation of hypercalcemia.
Since 1964, she had been followed for nephrotic syndrome
and hypertension. At the age of 71 years, she presented with
hypercalcemia (1 1.4 mg/dl), hypermagnesemia (2.9 mg/dl),
elevated serum PTH levels (midregion PTH, 3225 pg/ml;
normal range, 160-520 pg/ml), and hypocalciuria (Cca/
Cer = 0.003) despite her hypercalcemia. At the age of 74
vears, family screening revealed a total of 9 hypercalcemic
and hypocalciuric persons among 17 family members tested
(Fig. 1; Table 1). One family member (IT1-3) showed a
serum calcium level of 10 mg/dl, which was only slightly
higher than the normal range at our institution (8.4-9.9
mg/dl). However, her calcium level was 10.6 mg/dl on

another occasion. In contrast, serum calcium levels of 8
unaffected family members were 8.5-9.3 mg/dl. Moreover,
we also diagnosed affected family members by the combi-
nation of hypercalcemia and hypocalciuria {i.e., low Cca/
Cer; Table 1) Thus, a diagnosis of FHH was established.
Her serum PTH levels steadily increased (midregion PTH,
5225 pg/mi: intact PTH, 292 pg/m]) and enlargement of the
right lower parathyroid gland was found by several para-
thyroid imaging techniques (ultrasonography, computed to-
mography [CT], magnetic resonance imaging [MRI), and
subtraction scintigraphy). On admission, her height and
weight were 151 em and 53 kg, respectively, Blood pressure
was [60/84 mm Hg. Physical examination was otherwise
unremarkable.

Laboratory data on the proband are shown in Table 2 and
revealed hyperkalemia, metabolic acidosis, and elevated
serum aldosterone levels; type IV renal tubular acidosis
{RTA} was diagnosed by a sedium bicarbonate loading test
(data not shown).*® The bone mineral density (BMD) of
the lumbar spine measured using a Hologic QDR-1000
densitometer {Hologic, Inc., Waltham, MA, USA) indicated
severe osteoporosis (0.638 g/em’; T score, —3.58; Z score,
~0.54). She underwent parathyroid exploration because of
the concern that coexistent pHPT was the cause of her
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persistently high PTH levels and the presence of parathyroid
enlargement by imaging. Three of her parathyreid glands,
with the sole exception of the left upper gland. were clearly
enlarged, and the two glands on the right {both 280 mg in
weight) and one-half of the left lower gland were resected.
The normal-sized left upper gland was biopsiced. Despite the
parathyroid resection, hypercalcemia persisted. Therefore,
we further examined the histology of the resected parathy-
roid glands and the gene structure of the patient’s CaR,

RESULTS
Histological examination

Histology of the resected parathyrotd glands (right upper,
right lower, and left tower) showed the characteristics of
lipohyperplasia; namely. there was an admixture of fat and
parathyroid chief cells in a 1-2:1 ratio (Fig. 2). The normal-
sized left upper gland exhibited hyperplasia (Fig. 2). The
gland with lipohyperplasia was assessed further by immu-

YAMAUCHI ET AL.

FIG. 2. Composite indicating
the correct positions of fragments
of the proband’s parathyroid tis-
sue removed at the time of para-
thyroidectomy (1op left. right up-
per; bottom [eft, right lower; top
right, left upper; bottom right, left
lower). The three clearly enlarged
parathyroid glands showed char-
acteristics of lipohyperplasia, an
admixture of fat, and parathyroid
chicf cells in a 1-2:1 rativ. The
normal-sized left upper gland ex-
hibited hyperplasia. (hematoxylin
and eosin stain: eriginal magnifi-

et
o cation X20).

Y LA
L%“"‘“ .

FIG. 3. Immunchistochemistry
for Ki67 (from left to right: nor-
mal, this case, and pHPT). The
parathyroid gland in a patient
with pHPT showed many positive
cells for Ki67. In conirast, there
wcere no positive cells in a normal
parathyroid gland and only one
positive cell was shown in the
parathyroid gland in the present
paticnt,

nohistochemistry. The parathyroid gland in a patient with
pHPT showed many cells that were positive for Ki67, and
there were no positive cells in normal parathyroid tissue
(Fig. 3). The expressions of VDR and CaR immunoreactiv-
ity in normal parathyroid gland were high in the nucleus and
the cell surface. respectively, compared with negative con-
trols. The levels of VDR and CaR expressions were mark-
edly decreased in the parathyroid glands in pHPT, compared
with normal parathyroid tissue (Figs. 4 and 5). These results
were compatible with previous reports.>®=*" In this FHH
patient, there were normal levels of expressions of Ki67
(Fig. 3). VDR (Fig. 4), and the CaR (Fig. 5).

Mutation in CaR gene

Nucleotide sequencing of PCR preducts from the proband
disclosed a heterozygous CGA o TGA mutation at codon
648 in exon 7 that resulted in the conversion of the wild-
type codon for arginine to a stop codon. The R648stop
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FIG. 4.

Immunohistochemistry for VDR (from left to right: negative control, normal, this case. and pHPT). VDR immunoreactive expression

of normal parathyroid grand wus high in the nuclens, compared with the negative control, The expression of the VDR was markedly decreased
in the parathyroid gland from the patient with pHPT, compared with a nermal parathyreid glund. The parathyreid gland from the present patient

exhibited a normal VDR expression level.

FIG. 5.

Immunohistochemistry for the CaR (from left 1o fight: negative controd, normal, this case, and pHPT}. CaR immunoreactive expression

of normal parathyroid grand was high on the cell surface, compared with the aegative control, The expression of the CaR was markedly decreased
in the parathyroid gland from the patient with pHPT, compared with a normal parathyroid gland. The parathyroid gland from the present paticnt

exhibited a normal CaR expression level.

nonsense muwiation had a restriction cleavage site for the
Ddel restriction enzyme. The proband and affected family
members showed both a wild-type PCR product and an
additional digested band. confirming that they harbored this
heterozygous nonsense nutation, The PCR products of un-
affected family members, in contrast, were not cleaved (data
not shown). Restriction analysis of PCR products from 50
normal subjects all showed a wild-type pattern (data not
shown). These results strongly sugeested that the R648stop
transition is not a benign polymorphism, but the cause of the
derangements in calcium metabolism in this family. This
mutation is located in the first intracellular loop and would
be predicted to produce a truncated CaR having only one
transmembrane domain (TMD) and lacking its remaining
TMDs, intracellular loops. and C-terminal tail.

Western analvsis of the CaR expressed
in HEK293 cells

Western analysis of membrane from biotinylated
HEK293 cells transicntly transfected with (his mutant re-

ceptor revealed cell surface expression of the truncated
protein at a level comparable with that of the wild-type CaR
(Fig. 6}.

Functional characterization of the R648stop
CaR mutation

The EC* of the wild-type CaR was 3.1 mM as previously
reported.”™* The mutant receptor exhibited no Ca®*, re-
spomses when exposed to high Ca™", (Fig, 7).

DISCUSSION

Normal adult parathyroid histology often exhibits an ad-
mixture of mature fat cells with parathyroid parenchymal
cells in a 1:1 ratio. In contrast, hyperplastic or adenomatous
parathyrotd tissue in HPT contains no or diminished num-
bers of mature signet ring adipocytes. In this case, histolog-
ical examination of the resected parathyroid glands showed
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WT R684stop

FIG. 6. Waestern anatysis of wild-type and mutant receptors. Western
analysis of biotinylated HEK293 cells transiently transfected with this
mtant receptor revealed cell surface expression of the truncated pro-
tein at a level comparabie with that of the wild-type CaR. The left
arrows show molecular weight markers in kilodalons.
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40 4

30

—O— wt, ECge=3.1mM
—O— R648Stop

Normalized % Max Ca2*; Response

o 9

] 5 10

Ca?*, (mM)

20

FI1G. 7. Functional characterization of the R648stop CaR mutation.
Wild-type and mutant CaR cDNAs were transicatly transfected into
HEK293 cells and increases in Ca®*, were measured. The ECs, of the
wild-type receptor was 3.1 mM, which was similar to previous reports,
In contrast, the mutant receptor exhibited no Ca®*, responses when
exposed 10 high Ca™ .

the characteristics of lipohyperplasia, which is thought to be
rather characteristic of the parathyroid glands of patients
with FHH.'***3 In contrast, in both pHPT and sHPT. the
expression of Ki67, which is a marker for cell proliferation,
increases, > while those of the VDR gnd
CaR™™ """ decrease. In this case, the use of immunocyto-
chemistry for detection of Ki67, VDR, and the CaR showed
that their expression levels were similar to these of a normal
parathyroid gland. Taken together, the histological charac-
teristics of the resected parathyroid glands in this patient
were more similar to those of FHH than those of HPT, and
thus it is unlikely that persistently high PTH levels and

YAMAUCHI ET AL.

parathyroid enlargement in this patient were explained by
coexistence of pHPT,

Homozygous inactivation of the CaR is associated with
increased parathyroid cell proliferation (i.e., in CaR knock-
out mice™ and patients with NSHPT due to inactivation of
both alleles of the CaR), implicating the CaR in regulating
parathyroid cellular proliferation. Although inactivation of a
single allele of the CaR is not always associated with
obvious parathyroid cellular hyperplasia, in some cases
heterozygous inactivation of the CaR is associated with
parathyroid enlargement.” 143 In these cases it is possible
that only certain types of CaR mutations produce enhanced
parathyroid growth. Available data indicate that the mini-
mum number of residues in the human CaR required for
biological action of the human CaR is somewhere between
877 and 888 and that there are structural elements within
regions of the receptor’s COOH tail distal to residue 892
that reduce its cell surface expression.”" A mutant CaR
with insertion of an Alu-repetitive element at codon 876
resulied in truncated protein that had molecular masses
some 30 kDa less than that of the wild-type CaR and
exhibited no Ca’", responses to either Ca*™, or Gd'*,.
Three of 36 heterozygous gene carriers in an FHH family
with this mutation developed high serum calcium and PTH
levels, and parathyroid gland enlargement was confirmed at
the time of parathyroidectomy.**" In another family ex-
hibiting a heterozygous F881L mutation of the CaR gene, 9
persons among 20 affected family members showed para-
thyroid hyperplasia or adenoma.*” These findings suggest
that the cytoplasmic tail of the CaR may be important for
the suppression of parathyroid cell proliferation and that the
loss of its function may induce parathyroid enlargement.

In our case, the R648stop CaR mutation is located in the
first intracellular loop and would produce a truncated CaR
having only one TMD and lacking its remaining TMDs,
intracellular loops. and C-terminal tail. Although the cell
surface expression level of the truncated receptor was com-
parable with that of the wild-type receptor, it was devoid of
biological activity with no Ca®”; responses to high Ca®* .
We examined one of the proband’s sons by ultrasonography
and found a high-echoic parathyroid mass that implied the
presence of a lipohyperplastic gland. Thus, although no
affected family member except for the proband showed
markedly increased serum PTH levels, all 10 heterozygous
gene carriers developed high serum calcium and at least 2 of
them exhibited parathyroid enlargement. Thus, our case also
supports the notion that abolishing the biological activity of
the cytoplasmic tail of the CaR is occasionally, but not
consistently, linked to enhanced parathyroid growth. How-
ever, we cannot rule out that loss of the intervening intra-
cellular loops and TMDs also participated in this process.

It is unclear whether or not the coexistence of type IV
RTA and nephrotic syndrome with FHH in this patient may
have contributed to the elevated serum PTH level and the
parathyroid gland enlargement. Serum PTH levels are
sometimes elevated in RTA because of hypercalciuria and
relative hypocalcemia as a result of acidemia,”** but this is
not the case in this patient, because she presented with the
opposite biochemical derangements (i.e., hypercalcemia
and hypocalciuria). At present, her elevated PTH levels
persist despite improvement of her nephrotic syndrome,
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Therefore, it is also unlikely that nephrotic syndrome is
responsible for her high PTH levels. The same mutation as
in the present case has already been reported in a 79-veur-
old male Chinese patient with hypercalcemia (11.3-11.4
mg/dl) and hypoculciuria (Cea/Cer = 0.0045-0.0054%
who showed a normal range of intact PTH and had no
evidence of parathyroid enlargement at neck exploration.
He had no family history and no surviving relatives. There-
fore, it was unknown whether this mutation was familial or
sporadic. Moreover, this previous study lacked functional
characterization of the mutant CaR in vitro using receptor-
transfected cells, and no parathyroid histology was reported.
Thus, our report is the first 1o show clearly that an R648stop
CaR mutation yields a truncated receplor that can be asso-
ciated with lipohyperplasia and is expressed at normal lev-
els but is devoid of biological activity, resulting in FFHH,
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Graves’ disease (GD) is an autoimmune disorder with genetic
predisposition. IL-13 is an important mediator of antiinflam-
matory immune responses and is expressed in the thyroid and
orbit. The aim of the present study was to investigate whether
I1-13 gene polymorphisms are associated with the develop-
ment of GID. J1-13 gene polymorphisms were studied in Jap-
anese GD patients (n = 310) and healthy control subjects with-
out antithyroid autoantibodies or a family history of
autoimmune disorders (n = 244). A C/T polymorphism at po-
sition —1112 of the promoter region was measured using the
direct sequencing method, and an Arg'3°Gln (G2044A) poly-
morphism in exon 4 was examined using the PCR-restriction

fragment length polymorphism method. There was a signifi-
cant decrease in —1112T allele frequency in GD patients com-
pared with controls (16% vs. 23%; P = 0.0019). The frequency
of the 2044A allele on exon 4 also appeared lower in GD pa-
tients compared with controls, Haplotype analysis showed a
significant decrease in the —11127/2044A haplotype in GD pa-
tients. There was no association between IL-13 gene polymor-
phisms and ophthalmopathy, severity, or serum IgE levels. In
conclusion, IL-13 gene polymorphisms are associated with GD
susceptibility in Japan. (J Clin Endocrinol Metab 90: 296-301,
2003)

RAVES" DISEASE (GD) is an autoimmune disorder
frequently associated with varying degrees of hyper-
thyroidism and ophthalmopathy (1). Although the TSH re-
ceptor has been proposed as an autoantigen in GD patients,
the nature of autoimmune reactions in the thyroid and orbit,
and the mechanisms linking GD and Graves’ ophthalmop-
athy (GO) have not been fully elucidated (2, 3). Several lines
of research support the involvement of environmental fac-
tors, such as smoking, and genetic factors in both GD and GO
{4-6). The genetic susceptibility of these diseases is thought
to be polygenic. It has been reported that major histocom-
patibility complex gene (7, 8), cytotoxic T lymphocyte anti-
gen-4 gene (9-~11)}, interferon-y gene (12, 13), and TNF-a gene
(14) polymorphisms are associated with GD and GO; how-
ever, none of these associations has been fully confirmed.
There is now considerable evidence suggesting that IgE is
associated with the severity of Graves” hyperthyroidism (15~
17) and GO (18-20). Recent studies of a Japanese population
showed that serum IgE concentrations increased by 30-40%
in GD patients, correlating with the recurrence of hyperthy-
roidism after antithyroid drug treatment. IgE deposits and
mast cells have also been reported in the thyroid and eye
muscle tissues of patients with GD and GO, suggesting that
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Abbreviations: GD, Graves” disease; GO, Graves” ophthalmopathy;
Pe, corrected P; SNP, single nucleotide pelymorphism; TRAb, TSH bind-
ing-inhibiting Ig; TSAb, thyroid-stimulating antibody.
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IgE might play a role in autoimmune inflammation (18,
21, 22).

IL-13is animportant immunoregulatory protein produced
primarily by activated T helper 2 cells (23) and is involved
in B cell maturation. It up-regulates CD23 and major histo-
compatibility complex class II expression {24) and promotes
IgE isotype switching in human B cells (25). IL-13 also down-
regulates macrophage activity, thereby inhibiting the pro-
duction of proinflammatory cytokines and chemokines such
as IL-1e, IL-13, IL-6, IL-8, and TNF-a. Nwnerous single nucle-
otide polymorphisms (SNP) have recently been identified in the
IL-13 gene and have been found to be associated with IgE levels
and/or allergic diseases (26). Thus, IL-13 might be a potential
candidate gene contributing to the development of GD or in-
fluencing its clinical course. Currently two SNPs in the IL-13
locus have been identified as having a biclogical function. One
is located in the 5'-flanking region at position —1112 (C to T
change, termed C-1112T) and has been shown to regulate gene
transcription (27, 28). The second is located in exon 4 at position
2044 (G to A change, termed as G2044A) and causes an amino
acid exchange (arginine to glutamine at codon 130, termed
Arg'GIn), which possibly affects ligand/receptor interactions
{29, 30). The aim of the present study was to investigate whether
IL-13 gene polymorphisms are associated with the develop-
ment of GD and GO.

Subjects and Methods
Subjects

In total, 310 GD patients (71 males and 239 females; aged 11-83 yr;
mean age, 42.4 £ 15.5 yr) being treated at Kurume University Hospital

- 309 —



Hiromatsu et al. ¢ IL-13 Polymorphism in GD:

were enrolled in this study. GD diagnosis was determined by the pres-
ence of hyperthyroidism and serum anti-TSH receptor antibodies [TSH
binding-inhibiting immunoglobulin (TRAb) and thyroid-stimulating
antibody (TSAb)] and/or an increased 21 uptake ratio with diffuse
uptake. Ophthalmopathy was classified according to the system rec-
ommended by the American Thyroid Association (ATA) committee (31).
Ninety-eight of the GD patients (24 males and 74 females) showed
ophthalmopathy defined as ATA class III or greater and were classified
as GO. Two hundred and twelve patients showed no ophthalmepathy
{ATA class 0), signs of ophthalmopathy without symptoms (ATA class
I}, or only soft tissue involvement (ATA class II). Two hundred and
forty-four healthy unrelated Japanese medical students and staffs (97
males and 147 females; aged 18-79 yr; mean age, 30.7 = 10.6 yr) with
no family history of autoimmune diseases and no detectable antithyreid
autoantibodies were enrolled as control subjects. The study plan was
reviewed and approved by the institutional review committee, and
informed consent was obtained from all patients and control subjects.

IL-13 gene polymorphism

Genomic DNA extracted from peripheral blood was subjected to PCR
to amplify the polymerphic regions. The promoeter region of the IL-13
gene (32) (GenBank accession no. U31120) was amplified by PCR using
IL-13 primers originally reported by Laundy et al. (33). PCR was per-
formed using 50 ng genomic DNA, 1.25 U Tag DNA polymerase (Am-
pliTaq, Applied Biosystems, Foster City, CA), 0.5 um of each primer
(forward, 5'-TCTGAGCGGGAATCCAGCAT-¥; reverse, 5'-AAT-
GAGTGCTGTGGAG GGCG-3), 1.5 mMm MgCl,, and 200 pm of each
deoxynuclectide triphosphate under the following conditions: 35 cycles
of PCR consisting of 30 sec at 95 C, annealing for 30 sec at 60 C, extension
for 1 min at 72 C, and a final extension for 5 min at 72 C in a thermocycler
(PerkinElmer, Gene Amp PCR system 9600, Applied Biosystems). The
PCR products were directly sequenced using an ABI sequencer (ABI
PRISM 3100 Genetic Analyzer, PerkinElmer, Applied Biosystems) to
determine the C/T polymorphism at position —1112 relative to the
transcription start site (29).

A 236-bp PCR fragment including the Arg"*°Gln polymorphism was
generated using the following primers: 5'-CTTCCGTGAGGACTGAAT-
GAGACGGTC-3' and  5'-GCAAATAATGATGCTTTCGAAGTT-
TCAGTGGA-3', as previously reported (34). The underlined bases were
modified to create NialV restriction sites. PCRs were carried out in a total
volume of 50 gl containing approximately 50 ng genomic DNA, 10
mmol/liter Tris-hydrochloric acid (pH 8.3), 2.0 mm MgCl,, 200 um of
each deoxynucleotide triphosphate, 0.5 uM of each primer, and 1.25 U
Taq DNA polymerase (Applied Biosystems). Samples were denatured at
95 C for 5 min, followed by 33 cycles of 95 C for 30 sec, 60 C for 30 sec,
and 72 C for 1 min, and then a final extension for 10 min at 72 C. The
PCR products were digested by the addition of 0.25 U NialV (New
England Biolabs, Bosten, MA) and incubation at 37 C for 8 h. NlalV
digests the PCR fragment 26 bp from the 5’ end, which serves as a control
for assessing whether digestion is complete. It also digests 32 bp from
the 3’ end of the fragment when the G nucleotide (Arg"”) is present,
producing a 178-bp fragment. The digested PCR products were elec-
trophoresed on 3% agarose gels to separate the fragments.

Laboratory test

Serum concentrations of free T, free T,, and TSH were determined
by enzyme immunoassays. TRAb was measured by radiocreceptor assay
with a commercial kit (DiaSorin, Inc,, Stillwater, MN), and antithyro-
globulin and antithyroid peroxidase antibodies were measured by RIA
using commercial kits (RSR Ltd., Cardiff, UK). The cut-off values for
TRADb, antithyroglobulin antibodies, and antithyroid peroxidase anti-
bodies were 10%, 0.3 kU/liter, and 0.3 kU/liter, respectively. Serum IgE
was measured by nephelometric assay (Dade Bering Marburg GmbH,
Marburg, Germany).

Statistical analysis

The clinjeal data were expressed as the mean = sp. Differences in
clinical data between groups were evaluated using a f test or Welch's f
test. Haplotype frequencies were estimated by maximum likelihood
using Arlequin software available from the ARLEQUIN website
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(http:/ /1gb.unige.ch/arlequin/) {35). The statistical significance of any
differences in frequency between each polymorphic allele and genotype
of the patient and control groups was evaluated using the x* test or
Fisher’s exact probability test. P values were corrected by multiplying
by the number of different alleles or haplotypes tested. in this study a
corrected P (Pc) < 0.05 was considered statistically significant.

Results
Association between IL-13 gene polymorphisms and GD

The distributions of alleles and haplotypes for both groups
(control and GDj} are in good agreement with the Hardy-
Weinberg equilibrium. We calculated pairwise linkage dis-
equilibrium between the promoter and exon 4 variants.
These two variants were in significant linkage disequilibrium
{by Fisher’s exact test, P < 0.000001; D" = 0.803 in the control
and 0.807 in the GD group).

The CC genotype frequencies at position —1112 in the
promoter region of the IL-13 gene were significantly greater
in GD patients compared with controls (71% wvs. 59%, re-
spectively; CC genotype vs. CT and TT genotypes, ¥* = 8.738,
P = 0.0031, Pc=0.0186; Table 1). The C allele frequency at
position —1112 in the promoter region of the [L-13 gene was
significantly greater in GD patients compared with controls
(84% vs. 77%; x* = 9.611; P = 0.0019; Pc = 0.0076; estimated
power = (.85; Table 1). The G allele frequency at position
2044 in exon 4 of the IL-13 gene appeared greater in GD
patients than controls, but this difference was not statistically
significant (73% vs. 67%; ¥* = 5.690; P = 0.0171; Pc = 0.0684).

The association of the C-1112T polymorphism of the IL-13
gene with GD was observed when the female GD patients
(n = 239) and control subjects (n = 147) were analyzed (C
allele frequency; 85% vs. 77%; x¥* = 6.512; P = 0.0107; Pc =
0.0428; data not shown).

The association was also observed when the nonsmoking
GD patients (n = 191) and control subjects (n = 171} were

TABLE 1. IL-13 gene polymorphisms in patients with GD and
healthy control subjects

Control
. GD . X7 test,
IL-13 gene polymorphism (n = 310) (iuije;c:i) P valus
C-1112T
Genotype frequencies
CcC 219(71) 143 (59) X = 9.565
CT 83 (27 88 (36) P = 0.0084"
TT 8(2) 13 (5)
Allele frequencies
C 521(84)  374(77r x> =9.611
T 99 (163 114 (23) P =0.0019°
G2044A
Genotype frequencies
GG 166{53) 113(46) x*=6.594
GA 123 (40} 100 (41) P =0.0370°
AA 21(7) 31 (13}
Allele frequencies
455 (73} 326 (67) x° = 5.890
A 165 (27) 162 (33) P=00171¢

Values in parentheses are percentages of the group, P values were
calculated with y* test, comparing patients with GD} and healthy
control subjects. g

¢ Pc = 0.0504.
& Pe = 0.0076.
¢ Pec = 0.2220.
4 Pe = 0.0684.
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analyzed (C allele frequency; 85% vs. 77%; x* =11.845; P =
0.0027; Pc = 0.0108; data not shown).

Although the distribution of haplotype combinations did
not differ between the GD patients and healthy controls {}*
= 14.887; P = (.0614), the —1112C/2044G haplotype fre-
quency was greater in GD patients than in healthy controls
{x* = 6.856; P = 0.0088; Pc = (.0352; Table 2), and the
—1112T/2,044A haplotype frequency was significantly less
in GD patients than in controls (x* = 8.530; P = 0.0035; Pc =
0.0140; Table 2).

Association between IL-13 gene polymorphisms and
ophthalmopathy

There was no significant difference in genotype or allele
frequencies of IL-13 gene polymorphisms between the pa-
tients with evident ophthalmopathy (ATA class III or more;
GO} and those without or with mild ophthalmopathy (ATA
class 0-II; Table 3). However, the C allele frequency at po-
sition —1112 in the promoter region of the IL-13 gene in GO
patients was significantly greater than that in controls (87%
vs. 77%; X* = 8.755; P = 0.0031; Pc = 0.0124; Tables 1 and 3).
The G allele frequency at position 2044 in exon 4 of the IL-13
gene was greater in GO patients than in controls (76% vs.
67%; x* = 4.983; P = 0.0256; Pc = (.1024; Tables 1 and 3).

Hiromatsu et al. ® 11~13 Polymorphism in GD

TABLE 3. IL-13 gene polymorphisms in patients with GO and in
patients with Graves’ hyperthyroidism without clinically evident
ophthalmopathy

Cphthalmopathy
i ATA class ATA class X test,
IL-13 gene polymorphism LT ot P value
(n = 98) {n = 212)
c-1112T
Genotype frequencies
CcC 74 (76) 145 (68) x° = 1643
CcT 22 (22 61 (29) P =0.4397
TT 2(2) 6(3)
Allele frequencies
170 (87) 351 (83) X2 = 1.560
T 26 (13) 7307 P=02117
G2044A
Genotype frequencies
GG 54 (55) 112 (53} X = 1.645
GA 40 (41) 83 (39 P =04393
AA 4 (4) 17(®
Allele frequencies
G 148 (76) 307(72)  x* =0.661
A 48 (24) 117 (28) P =04160

ATA class, Classification by the American Thyroid Association.
Values in parentheses are percentages of the group. P values were
calculated with y? test, comparing patients with GD with ophthal-
mopathy and without evident ophthalmopathy.

TABLE 2. Haplotype frequency of IL-13 gene polymorphisms in patients with GD and healthy control subjects

IL-13 gene polymorphism GD gfg}gii 1{2 vf]f;
Haplotype frequencies n = 620 n = 488
(promoter C/T-exon G/A)
CG 441 (71) 311 (64) ¥ =10.011
CA 80 (13} 63 (13) P =0.0185*
TG 14 (2} 15 (3)
TA 85 (14) 99 (20)
cG*~ 441/179 (71) 311/177 (64) x° = 6.856
P = 0.0088"
CA*- 80/540 (13) 63/425 (13) x? = 0.0001
P =0.9974
TG~ 14/6086 (2) 15/473 (3) X = 0.3985
P=0.713
TA*- 85/535 (14) 99/389 (20) X = 8.530
P =0.0035°
Haplotype combination n =310 =244
CG/CG 156 101 X = 14.887
CG/CA 60 35 P =0.0614
CA/CA 3 7
CG/TG 10 12
CATG 2 2
CG/TA 59 62
CA/TA 12 12
TG/TG 0 0
TATG 2 1
TA/TA 6 12
CG/CG or CG/- 285 210 = 4.944
Others 25 34 P = 0.02624
TA/TA or TA/- 79 87 X’ =86.732
Others 231 157 P = 0.0095°
Percentages are given in parentheses. + or — indicates the presence or absence of particular haplotype.
2 Pe = 0.0740.
¢ Pe = 0.0352.
* Pe = 0.0140.
4 Pc = 0.1048.
¢ Pc = 0.0380.
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TABLE 4. Association of IL-13 gene polymorphisms with laboratory features of patients with GD

IL-13 gene FT,

FT,*

polymarphism Ne. pe/ml® pmol/iter ng/dl pmolliter TRAD () T34k ()
(C-1112T genotype

cC 127 129> 6.1 198 6,1 4.8=286 61.8 +33.5 35.0 £ 24.2° 423 + 450

CT 52 149+ 81 22,8+ 8.1 58386 75.9 * 33.5 39.0 + 27.67 609 + 965

T 5 133 =54 204 * 5.4 4.7+ 18 60.5 + 23.2 206 * 106 331273
G2044A genotype

GG 94 134 = 6.3 206 £ 6.3 5231 66.9 + 39.9 36.3 + 255 410 % 449

GA 78 134 =75 206 =75 53*32 68.2 + 412 358 +251 492 * 497

AA 12 133+ 59 204+ 58 49*25 63.1 =322 30,8+ 268 890 * 1785

No., Number of patients; FT,, free Ty; FT,, free T,; TRAb, TSH binding-inhibiting Ig. Values in parentheses are expressed as Systeme

International (SI) units.

¢ Conversion factor for SI units, multiply conventional units by 1.536 to equal picomoles per liter.
¢ Conversion factor for SI units, multiply conventional units by 12.87 to equal picomoles per liter.,
¢ P = 0.0324 (by Welch’s ¢ test, compared with TT group); Pc = 0.1944.
¢ P = 0.0115 (by Welch’s ¢ test, compared with TT group); Pe = 0.0690.

Association between IL-13 gene polymorphisms and severity
of Graves’ hyperthyroidism

There were no significant differences in the levels of serum
free T,, free T3, and TSH receptor antibodies among the
genotypes of the C-1112T polymorphism or the G2044A
polymorphism. However, differences in TRAbD levels were
observed at the time of diagnosis (Table 4). TRAD titers
tended to be low in patients with the TT genotype.

Association between IL-13 gene polymorphisms and serum
IgE levels in GD patients and normal controls

Serum IgE levels were elevated in 34% of the GD patients
at the time of diagnosis or during treatment with antithyroid
drugs and in 28% of the control subjects (Table 5). Mean
serum IgE levels tended to be greater in the CC and CT
genotypes than in the TT genotype at position —1112 of the
IL-13 promoter region in GD patients {Table 5). However,
this difference was not significant. There was no significant
association between the G2044A polymorphisms and serum
IgE levels in either GD or control subjects.

When GD patients and control subjects, whose serum IgE
levels were less than 170 kIU/liter, were analyzed, the CC
genotype and the C allele frequencies at position —1112 of the
promoter region of the IL-13 gene were significantly greater
in GD patients compared with controls (CC genotype vs. CT
and TT genotypes: ¥* = 9.405; P = 0.0022; Pc = 0.0132; C allele

vs. T allele frequencies: ¥ = 8.392; P = 0.0038; Pc = 0.0152;
Table 6).

Discussion

GD is an organ-specific autoimmune disorder character-
ized by diffuse goiter and thyroid hormone oversecretion as
a result of TSH receptor antibody stimulation. Although the
etiology of GD remains unclear, it is believed to be caused by
a complex interaction between genetic and environmental
factors. Recent genome-wide research has provided evidence
for the linkage of GD to loci on multiple chromosomes,
including loci on chromosomes 5 in regions 5q31-q33 (36~
38), which have been linked to autoimmune thyroid disor-
ders, including GD in Japanese and Chinese populations, but
not in Caucasian populations. This might suggest that these
loci are specific to eastern Asian populations. The loci in
regions 5q31-q33 have also been identified as being suscep-
tible to IgE synthesis (39-42). This region encodes a cluster
of cytokine genes, including IL-3, IL-4, IL-5, IL-9, and IL-13,
that are involved in inflammation and IgB synthesis (43).
Furthermore, IL-13 mRNA expression has been demon-
strated in thyroid and orbital tissues from GD patients (44,
45), suggesting that IL-13 might be a potential candidate gene
contributing to the development of GD or influencing its
clinical severity and course.

Our previous study with a power of 60-85% suggested

TABLE 5. Association of IL-13 gene polymorphisms with serum total IgE in patients with GD and control subjects

GD Control subjects
IL-13 gene polymorphism IgE >170 kIU/iter Mean * sp Median IgE >170 kU iter Mean + sp Median
(n = 299) (kIUAiter) (kIUliter) (n = 123) (kIUfliter) (&1Uliter)
C-1112T genotype
CcC 73/213 (34) 308.5 * 621.4 105 22/69 (32) 276.2 = 648.7 78.2
CT 29/78 (37) 327.7 = 534.8 107 9/46 (20) 214.1 = 463.8 76.7
TT 1/8 (13) 130.2 + 235.7¢ 52.9 3/8 (38) 2257+ 2279 101.2
G2044A genotype
GG 55/160 (34) 281.5 * 538.0 112 17/56 (30) 2921+ 7105 81.5
GA 42/118 (36) 339.3 = 651.0 84.8 13/51 (25) 222.7 + 4489 76.0
AA 6/21 (29) 345.0 =+ 658,2 116 4/16 (25) 186.9 = 221.7 75.2
Total 10:3/299 (34) 308.6 = 592.3 103 34/123 (28) 249.7 + 563.8 78.2

Values in parentheses are percentages of the group.

® By Weleh's ¢ test, P = 0.0732 vs. CT group; P = 0.0832 vs. CC group.
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TABLE 6. IL-13 gene polymorphisms in patients with GD} and
healthy control subjects whose serum IgE levels were less than
170 kIUAiter

Contrel
IL-13 gene polymorphism @ :Gll)gs) (sulijects gzv':‘iité
n = 89)
C-11127T
Genotype frequencies
cC 140 (71) 47(53) x*=19.414
CT 49 (25) 37 (41) P =0.0090°
TT 7(4) 5 (6)
Allele frequencies
C 329 (84) 131{74)  x* =8.392
T 63 (16} 47 (26) P = 0.0038°
G2044A
Genotype frequencies
GG 105 (53) 39(44) x*=3.583
GA 76 (39) 38 (43) P =0.1667
AA 15 (8) 12(13)
Allele frequencies
G 286(73)  116(65) »%=3.574
A 106 (27) 62 (35} P = 0.0587°

Values in parentheses are percentages of the group. P values were
calculated by x® test, comparing patients with GD and healthy control

subjects.
@ Pe = 0.0540.
& Pe = 0.0152.
¢ Pe = 0.2348.

that in the Polish-Caucasian population studied, IL-13 gene
SNPs at positions —1112 {C-»T) and 2044 (G—A), 1) do not
confer genetic susceptibility to GD, 2} do not contribute to the
development of clinically evident GO, and 3) are not asso-
ciated with the severity of Graves’ hyperthyroidism (34). In
the present study a positive association between IL-13 gene
polymorphisms and GD was demonstrated for the first time.
In this study the C allele frequency in GD patients was
significantly greater than that in control subjects. This con-
tradictory result might reflect the insufficient power of the
studies or the different genetic susceptibilities of different
ethic groups to GD, supporting the idea that the 5¢31 locus
is specific to eastern Asian populations. Additional large-
scale studies are needed to make a definitive conclusion.

IL-13is an important immunoregulatory protein that plays
a role in the regulation of IgE synthesis {43). An IL-13 pro-
moter C to T polymorphism alters the regulation of IL-13
production (27) and possibly contributes to asthma (27, 28).
Another polymorphism, the GlIn form of Arg™Gln, was
shown to be associated with increased serum IgE levels in
three Caucasian populations (29). In the present study, how-
ever, an association between C-1112T or Arg'>°Gln polymor-
phisms and serum IgE levels could not be found in either GD
patients or control subjects. This discrepancy between stud-
ies of Caucasian and Japanese populations with regard to IgE
synthesis suggests that different genetic factors influence IgE
synthesis in different ethnic groups. The present study also
showed that the C allele frequency was significantly greater
in GD patients than control subjects even when those with
high titers of IgE were excluded from the study. The results,
therefore, suggest that IL-13 polymorphisms independently
confer susceptibility to GD.

The relationships between IL-13 polymorphisms and the
severity of hyperthyroidism and ophthalmopathy were also

Hiromatsu et /. ¢ IL-13 Polymorphism in GD

investigated. There were no differences in IL-13 polymor-
phism allele frequency between patients with clinically ev-
ident ophthalmopathy and patients without ophthalmopa-
thy or those with mild ophthalmopathy. IL-13 gene
polymorphisms were likely to be associated with serum lev-
els of TRAD. However, there were no differences in the other
clinical markers investigated, namely, free T,, free T, or TSH
receptor antibodies. Additional studies are necessary to de-
termine whether IL-13 polymorphisms are associated with
the outcome of antithyreid drug treatments. In conclusion,
this study has shown for the first time that IL-13 gene poly-
morphisms are associated with the development of G, but
not with ophthalmopathy, in Japanese populations.
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