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relative expression level of the PTHR1 alleles in chondro-
cytes and bone cells in vivo, then the predicted alterations in
PTHRI1 levels could be associated with parameters such as
adult height and bone formation and resorption in young
adults.

Longitudinal growth is under strong genetic control, as
evidenced by the effect of parental height on child height and
final height attained, which is manifested by developmental
canalization in normal height in children (13, 14). The
PTHR]1, which mediates the effects of PTHrP in the transi-
tional zone of the growth plate, is critical in ensuring the
appropriate temporal and spatial control of endechendral
bone formation (2, 15, 16). Hence, the PTHR1 gene is a strong
candidate to be one of the important factors influencing bone
growth and final height. The importance of the PTHR1 in
bone growth is well illustrated in two rare genetic disorders,
Jansen’s metaphyseal chondrodysplasia (17, 18) and Blom-
strand lethal chondrodysplasia (BLC) (19, 20). Jansen's me-
taphyseal chondrodysplasia is characterized by short-limbed
dwarfism secondary to severe growth plate abnormalities
and increased bone resorption and is due to heterozygous
gain of function mutations in the PTHR1 gene giving rise to
constitutively active receptors. BLC is characterized by ad-
vanced endochondral bone maturation, short-limbed dwarf-
ism, and fetal death and is due to inactivating mutations in
the PTHR1 gene. The majority of BLC cases were born to
phenotypically normal, consanguineous parents, suggesting
an autosomal recessive mode of inheritance. Thus, both loss
and gain of function mutations in the PTHR1 give rise to
extreme short-limbed dwarfism, which may indicate that
fine regulation of PTHR1 expression in the growth plate is
critical for optimum height growth. Indeed, in the present
study it was found that the PTHR1 genotype was associated
with adult stature, with the 6/6 genotype group having a
significantly greater mean adult height compared with other
groups. In functional studies we demonstrated that this ge-
notype is associated with lower promoter activity, suggest-
ing that a small, but significant, difference in PTHRI pro-
moter activity could contribute to the difference in adult
height.

There was no difference in serum alkaline phosphatase
levels ameng groups, indicating that osteoblast activities
with respect to bone formation were not different. However,
differences were found with respect to bone resorption mark-
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ers, and the 6/6 genotype group had lower urinary levels of
the collagen breakdown products, deoxypyridinoline and
pyridineline (21). This is likely to represent the role that
osteoblastic PTHR1 signaling plays in modulating osteoclas-
togenesis and/or osteoclast activity via osteoclast differen-
tiation factor and its receptor (22). Cyclical PTH administra-
tion in postmenopausal women leads to increased trabecular
BMD (23). In addition, suggestive linkage of the PTHR1 locus
to BMD was found in subjects (mean age, 50 yr) from families
with osteoporosis (24). However, in the present study no
differences were observed in BMD at lumbar spine and fem-
oral neck sites among genotype groups. The balance between
bone resorption and formation is important in maintaining
peak BMD once achieved, but the contribution that PTHR1
makes to the overall process may only become obvious later
in life. Therefore, this would not be apparent in the popu-
lation studied here shortly after achieving peak bone mass.

Serum intact PTH levels were not different among geno-
types, suggesting that there was no alleration in parathyroid
gland function. However, lower circulating midregion PTH
levels were found in the 5/5 genotype group relative to
others. This could point to a link between PTHR1 activity in
tissues that metabolize PTH (kidney and liver} and the rate
at which PTH is cleared from the circulation (25).

In summary, we have identified a polymorphism in a
tetranucleotide AAAG repeat region of the human PTHRI
gene promoter that functions as a repressor sequence. Gene
transfer experiments showed that promoter recombinant
containing the AAAG6 variant displayed the lowest pro-
moter activity. The 6/6 genotype group of a cohort of young
adult Japanese women was of significantly greater mean
adult height compared with the 5/5 group and had signif-
icantly lower levels of urinary markers of bone resorption.
These results point to the PTHR1 gene as one of the important
genetic factors influencing bone growth and final height.
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Histone acetylation status influences transcrip-
tional activity, and the mechanism of negative gene
regulation by thyroid hormone remains unclear,
although its impairment by a mutant thyroid hor-
mone receptor (TR) is critical for resistance to thy-
roid hormone {RTH). We found a novel RTH mutant,
F455S, that exhibited impaired repression of the
TRH gene and had a strong dominant-negative ef-
fect on the gene. F4558 strongly interacted with
nuclear receptor corepressor {NCoR) and was hard
to dissociate from it. To analyze the dynamics of
histone acetylation status jn vivo, we established
cell lines stably expressing the TRH promoter and
wild-type or F4555 TR. Treatment with a histone

deacetylase (HDAC) inhibitor completely ahbolished
the repression of the gene by T,. The histones H3
and H4 at the TRH promoter were acetylated, and
addition of T, caused recruitment of HDACs 2 and
3 within 15 min, resulting in a transient deacetyla-
tion of the histone tails. TR and NCoR were located
on the promoter, and T, caused NCoR dissociation
and steroid receptor coactivator-1 recruitment. In
the presence of F455S, the histones were hyper-
acetylated, and HDAGC recruitment and histone
deacetylation were significantly impaired. This is

_the first report demonstrating the direct involvement

of aberrant dynamics of chromatin modification in
RTH. {(Molecular Endocrinology 18: 1708-1720, 2004)

ESISTANCE TO THYROID hormone (RTH) is an

autosomal dominant disorder caused mainly by
mutations in the thyroid hormone receptor (TR) B gene
{1, 2). RTH is characterized by elevated serum thyroid
hormone levels associated with a failure to suppress
pituitary TSH secretion. The high levels of thyroid hor-
mone result in various symptoms according to the
degree of refractoriness to hormone in peripheral tis-
sues. TRs are members of the nuclear receptor super-
family and function as ligand-regulated transcription
factors that increase (positively regulate) or decrease
(negatively regulate) the expression of target genes.
The serum thyroid hormone levels in RTH patients
depend on the resistance in the hypothalamic-
pituitary-thyroid hormone axis, in which all critical
genes including TRH, TRH-receptor, and TSH genes
are negatively regulated by thyroid hormone. There-

Abbreviations: ChIP, Chromatin immunoprecipitation;
FBS, fetal bovine serum; GST, glutathione-S-transferase;
HAT, histone acetylytransferase; HDAC, histone deacetylase;
NCoR, nuclear receptor corepressor; PML, promyelocytic
leukemia; RAR, retincic acid receptor; RTH, resistance to
thyroid hormone; RXR, retinoid X receptor; SDS, sodium
dodecyl sulfate; SMRT, silencing mediator of retincic and
thyroid hormone receptor; SRC, steroid receptor coactivator;
TR, thyroid hormone receptor; TRE, thyroid hormene recep-
tor response element; TSA, trichostatin A.
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fore, impairment of the negative gene regulation by
thyroid hormone in the hypothalamic-pituitary-thyroid
axis plays a critical role in the pathophysiology of RTH.

On the genes positively regulated by thyroid hor-
mone, TR binds to target promoters as a homodimer
or & heterodimer with the retinoid X receptor (RXR) and
regulates promoter activity by recruiting specific co-
regulatory protein complexes (3, 4). In the unliganded
state, TR assumes a conformation that stably interacts
with corepressor molecules such as nuclear receptor
corepressor (NCoR) and silencing mediator of retinoic
and thyroid hormone receptors (SMRT). Numerous
histone deacetylases (HDACs}, including HDAC-1, -2,
-3, -4, -5, -7, and -8, have been shown to interact with
NCoR and SMRT in one context or another, and then
repress basal transcriptional activity. Recent chroma-
tin immunoprecipitation (ChlP) experiments have
demonstrated that HDAC3 on NCoR, not on SMRT, is
most important for the repression by unliganded TR (5).

Stimulation with T, leads to the dissociation of core-
pressors and recruitment of coactivators including
members of the p160/steroid receptor coactivater
(SRC) family and TR-associated proteinfvitamin D
receptor-interacting protein mediators. These proteins
are thought to function in part by associating with
potent histone acetylytransferases (HATs) such as
pP300/cAMP response element binding protein-binding
protein and ultimately import the HAT activity to
proemoter-bound TR, resulting in the acetylation of nu-
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cleosome histones. Additionally, some p160/SRC
family members have intrinsic HAT activity, further
supporting a functional role for these factors in chro-
matin modification {6, 7). It was reported that the
ordered recruitment and release of coactivators are
important for transcriptional activation (8).

In contrast to the mechanism of positive regulation,
the mechanism of trans-repression of the hypotha-
lamic TRH and pituitary TSH subunit genes remains
poorly understood. It remains to be elucidated
whether direct binding of TR to DNA is necessary for
the negative regulation. A detailed analysis of TR
knockout mice demonstrated that at least the 8 iso-
form of the TR (TRB) has a key role in the negative
feedback regulation of the hypothalamic-pituitary-
thyroid axis (9). Although a number of distinct mech-
anisms for TRBE-mediated negative regulation by thy-
roid hormane have been proposed, several investiga-
tors reported that coregulators including NCoR,
SMRT, and SRC-1 are involved in the negative regu-
lation by thyroid hormone and the dominant-negative
effect of the mutant TR observed in RTH patients. It is
of interest how such cofactors affect histone acetyla-
tion status and chromatin structure in the negative
gene regulation by thyrcid hormone.

In the present study, we first report a novel RTH
mutant, F4558, characterized using conventional
molecular methods including transient transfection
analysis, glutathione-S-transferase (GST) pull-down
assay, and EMSA. In addition, to investigate the
chromatin structure, we established cell lines stably
expressing the TRH gene, a typical gene negatively
regulated by thyroid hormone, together with the
wild-type or mutant TR, and then performed ChiP
analysis. We found that transcriptional repression by
thyroid hormone of the TRH gene is associated with
rapid local histone deacetylation. The dynamics
were significantly impaired in the presence of the
F45538 mutant in vivo.

RESULTS
Clinical Studies

A girl, age 11 yr, came to the hospital because of low
weight (body mass index, 14.9). She was misdiag-
nosed as having hyperthyroidism due to Graves’ dis-
ease. Her blood pressure was 120/80 mm Hg. Her
height was 155.1 cm (+1.68 sp) and body weight, 35.8
kg (—0.21 sp). The thyroid gland was enlarged. Her
heart rate was 96-120/min. Thyroid function tests re-
vealed the following values: free T,, 5.7 ng/dl (0.81-
2.13); free T; 13.6 pg/ml (2.6-5.4); and TSH, 5.90
pU/ml (0.5-5.5) (Fig. 1A). There was no family history
of thyroid disease. She was admitted to the hospital to
examine responses to thyroid hormone. After 7 d of
treatment with 160 ng T4, a TRH test showed that the
response of serum TSH was not completely de-
pressed, indicating severe RTH (data not shown).
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Fig. 1. Thyroid Function in the Family of a Patient with
F4558 Mutant TR (A), and Schematic Representation of the
Mutants Used in this Study (B}

Genetic Analyses

Direct sequencing of exon 10 of TRB in the proband
indicated that she was heterozygous for a novel
single-nucleotide substitution T to C at nucleotide
1364. The mutation results in the replacement of phe-
nylalanine with serine in codon 455 (F4558) (Fig. 1B).
Both parents had a normal TR sequence, indicating
that the mutation in the patient was sporadic.

F4555 TR Mutant Showed Normal T; Binding,
DNA Binding, and Homo- and Heterodimerization
on DNA

The T, binding affinity was determined for the F4553
mutant and compared with that of the wild-type TR. As
shown in Fig. 2A, the T, binding affinity of F4553 was
86.4% of that of the wild type. Homodimers and het-
erodimers with RXR of the wild type and F455S were
observed in a similar manner in the EMSA study
(Fig. 2B).

Transcriptional Activity of the F4555 Mutant

To characterize the functional properties of the
F4558 mutant TR, we compared its ability to mod-
ulate the expression of positively and negatively
regulated reporter genes in CV1 cells to that of the
wild-type TR and TR mutants including E457A, AHT,
and P214R. It has been reported that E457A exhib-
ited impaired coactivator binding, and that interac-
tion with corepressors with AHT and P214R was
markedly attenuated.

In the first instance, we assayed the ability of mutant
receptors to activate transcription of PAL-TK-Luc con-
taining a palindromic TRE (thyroid hormone response
element}. The wild-type receptor activated PAL-Luc
activity in a T; dose-dependent manner. Whereas
E457A showed almost a complete loss of ability to
activate transcription, the stimulation by F4558 was
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Fig. 2. Scatchard Plot Analysis of T, Binding in the Wild-Type (WT} and F4558 Mutant TRs (4) and DNA Binding and Dimerization

of the Wild-Type and Mutant TRs (B}

EMSA showed normal formation of TRB homodimers and TR/RXRa heterodimers on palindromic (PAL) (B, feft) and direct

repeat (DR4) (B, right) configuration of TRE in all mutant TRs.

significantly impaired at 10 nv and 100 nm T, but
comparable with that of the wild type in the presence
of 1 um T,. The ranking in order of activation potency
at 1 pum T, was F4555>P214R>AHT>E457A (Fig. 3A).
We next performed similar experiments with a re-
porter gene repressed by the wild-type receptor in a
ligand-dependent manner (negatively regulated gene)
(Fig- 3B). As previously reported, the promoter region
of the TRH gene used in this study contains a typical
element negatively regulated by thyroid hormone (10,
11). Expression of the wild-type TR induced a ligand-
independent activation that was approximately 2- to
3-fold the basal level {data not shown). Addition of T,
depressed the activity In a dose-dependent manner
with maximal inhibition, 10% of that without T,, at a
concentration of 1 um. The strongest ligand-indepen-
dent activation was observed, unexpectedly, when the
F4555 mutant was expressed, resulting in a 1.5-fold
activation compared with the wild type. Furthermore,
the inhibition by T; was significantly impaired. E457A
also exhibited strong ligand-independent activation
and impairment of repression by T, but the activation
was significantly stronger with F4553 than with E457A.
In contrast, AHT and P214R showed almost no ligand-
independent activation and no repression by T,.

Dominant-Negative Effect of F455S on Positively
and Negatively Regulated Promoters

Because a dominant-negative effect is critical to the
phenctype and autosomal dominant Inheritance of
RTH, we investigated the ability to inhibit wild-type
receptor action in a dominant-negative manner. In
these experiments, equal amounts of wild-type and
mutant receptors were coexpressed, and reporter
gene activities were assayed at various hormone con-
centrations. The mutant receptors exhibited a variable
spectrum of dominant-negative properties when in-
vestigated using PAL-TK-Luc. The greatest dominant-
negative effect was observed with E457A, which
inhibited the wild-type receptor activation by approx-
imately 80% at 100 nm T,. The F455S8 mutant also has
a clear dominant effect, showing 40% of inhibition; the
AHT mutant did not affect the activation by the wild-
type TR, and P214R acted like a wild-type TR (Fig. 4A).

In contrast to the dominant-negative effects on the
positively regulated gene, a distinct profile of each
mutant was observed for the TRH gene. F4558
showed significant dominant-negative activity on re-
pression of the TRH promoter, resulting in a 2.5-fold
increase in promoter activity compared with that with
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Fig. 3. Transcriptional Properties of the Wild-Type (WT) and
Mutant TRs on the Positively Regulated Gene (A} and the TRH
Gene (B}

CV-1 cells were transfected with PAL-TK-Luc or TRH-Luc
reporter gene and with expression plasmid of wild-type or
mutant TR. After incubation with the indicated concentration
of T, for 48 h, the promoter activity was measured. The data
are expressed as the mean * se from at least three experi-
ments. Asferisks indicate a statistically significant difference
{P < 0.05) between the wild-type and mutant TRs.

the wild-type TR, even in the presence of 100 nm T. At
the same T, concentration, E457A, AHT, and P214R
did not show any effect on the repression by the
wild-type TR (Fig. 4B).

NCoR and SRC-1 Binding Properties of
Mutant Receptors

We next examined the binding of each mutant to a
corepressor, NCoR, and a coactivator, SRC-1. The
GST pull-down assay showed that F4553 exhibited
stronger interaction with NCoR than the wild type,
whereas E457A showed a mildly attenuated associa-
tion. Addition of 1 um T, failed to dissociate NCoR
from F4555 and led to about 70% dissociation from
E457A. EMSA revealed that additionof 10nm T led to
a complete dissociation of NCoR from the wild-type
and E457A mutant TRs, but almost no dissociation
from the F4558 mutant. There was apparent interac-
tion of NCoR with the FA558 mutant even at 100 nm T,
As previously reported, no significant interaction with
NCoR was observed in the AHT and P214R mutants

Mol Endocrinol, July 2004, 18(7):1708-1720 1711

with either the GST pull-down assay or EMSA (Fig. 5,
A and B).

Both the GST pull-down assay and EMSA showed a
significant ligand-dependent association with SRC-1
in the wild-type TR. The interaction of SRC-1 was
slightly attenuated in F4553 and mildly impaired in
P214R. In contrast, the association of SRC-1 with
E457A and AHT was markedly impaired (Fig. 6, A
and B).

Establishment of GH4C1 Cell Lines Stably
Expressing the TRH-Luciferase and the Wild-
Type or F4555 Mutant TR

Because chromatin modification plays a crucial role in
transcriptional regulation, it is necessary to investigate
the function of TRs under conditions in which chro-
matin structure is conserved. We therefore established
cell lines stably expressing the TRH promoter gene
and elther wild-type or F4553 mutant TRs, in which we
could also exarnine the TRH promoter activity by the
luciferase assay. The single integration of alf con-
structs into genomic DNA was confirmed by Southern
blot analysis with the fragment of the [uciferase cDNA
and TR cDNA as probes (Fig. 7A). Northern blot anal-
ysis showed equal expression of the endogenous and
exogenous wild-type or F45558 TR mRNAs (Fig. 7B},
reflecting the pathophysiology of the heterozygote for
the F4558 mutant. After this Northern blot analysis, we
further confirmed by Western blot analysis that equal
amounts of TR, including endogenous and exocgenous
TRs, were expressed in different cell lines (Fig. 7C).
Furthermore, the TRH promoter stably expressed in
the established cell lines was functionally suppressed
by T; (Fig. 7D), as observed in the transient transfec-
tion analysis shown in Fig. 3B.

Transcriptional Repression Is Associated with
Deacetylation of Histones and Recruitment of
HDACSs at the TRH Promoter

As the SRC-1 complex and NCoR complex possess
activity for histone acetylation and deacetylation, we di-
rectly analyzed the status of histone at the TRH promoter
in vivo using ChIP assays with the established cell lines
and specific antibodies recognizing acetylated histcne
H3 and H4 {Fig. 8). Unexpectedly, acetylated histones
H3 and H4 were detected in the TRH promoter without
stimulation by T,. Treatment with T, caused a significant
loss of both acetylated histones H3 and H4 within 15
min. The acetylation level of H3 declined by about 30%
within 30 min and recovered to up to 80% of the basal
level 120 min after addition of T,. Histone H4 reached a
minimurn acetylation level within 15 min (~45% cn av-
erage) and reacetylation began at 30 min. Histone 4 was
cormpletely reacetylated within 120 min. The deacetyla-
tion of histones at the TRH promoter suggested that
deacetylase complexes should be recruited to this site.
Therefore, we performed ChIP analysis with antibodies
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Fig. 4. Dominant-Negative Potencies of the Mutant TRs on

the Positively Regulated Genes (A) and the TRH Gene (B)

A, CV-1 cells were transfected with PAL-TK-Luc reporter gene and equal amounts of wild-type (WT) and mutant TR expression
vectors. After incubation with the indicated concentration of T, for 48 h, the promoter activity was measured. B, The same
experiment was performed with TRH-Lue. The data are expressed as the mean = SE from at least three experiments. Asterisks
indicate a statistically significant difference (P < 0.05) between the wild-type and mutant TRs.
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Fig. 5. F4558 Exhibited Strong Interaction with and Impaired Dissociation from NCoR

A, G8T-pull down assay was performed with 3%S-labeled TRs and GST alons (GST) or GST-NCoR fusion proteins in the
absence (-} or presence (+) of 100 nM T,. B, EMSA was performed with **P-labeled DR4 probe, in vitro translated wild-type (WT)
or mutant TRs, and the receptor interaction domain of NCoR in the presence of the indicated concentration of T,. TR homodimers
and TR-NCoR complexes on the DNA are indicated by arrows. The TR-NCoR complexes dissociated as the concentration of T,

increased.

against HDACs 1, 2, and 3. The results demonstrated
that no HDACs were coprecipitated with the TRH pro-
moter in the absence of T, However, addition of T,
induced a dramatic recruitment of HDACs 3 and 2, par-
ticularly HDAC3, on the TRH promoter within 15 min.
HDAC3 gradually dissociated and disappeared within 60
min. In contrast, HDAC2 rapidly disappeared from the
promoter within 30 min. Interestingly, the dynamics of

histone H3 deacetylation and reacetylation correlated
well with the recruitment and release of HDACS, and
histone H4 acetylation status seems to be related to the
dynamics of HDAC2. These results suggest that nucleo-
somal changes mediated by transient histone deacety-
lation with specific histone deacetylases play an impor-
tant role in mediating the transcriptional repression of the
TRH gene by thyroid hormone. Furthermore, the recruit-
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Fig. 6. Interaction with SRC-1 Was Almost Normal in the F4555 Mutant

A, GST-pull down assay was performed with **S-labeled TRs and GST alone (GST) or GST-SRC-1 fusion proteins in the
absence (-} or presence {+) of 100 nM T,. B, EMSA was performed with *2P-labeled DR4 probe, in vitro translated wild-type (WT)
or mutant TRs, RXR, and the receptor interaction domain of SRC-1 in the absence (—) or presence {+) of 100 nv T5. TR
homodimers, TR/AXR heterodimers, and TR-RXR-SRC-1 complexes on the DNA are indicated by arrows.

ment of HDACs was specific, and HDAC1 was not de-
tected in the absence or presence of T,.

Histone Deacetylase Inhibitor, Trichostatin A
(TSA), Abolished TRH Gene Repression by
Thyroid Hormone

As this is the first demonstration of the deacetylation
of histones and the recruitment of HDACs to the TRH
promoter by T,, we examined the effect of an inhibitor
of histone deacetylase, TSA, to assess whether the
histone deacetylation was sufficient for the repression
of the TRH promoter by thyroid hormone (Fig. 9A).
Treatment of the cells with 10 nM TSA did not affect the
basal level of the TRH gene promoter activity at all.
However, this concentration of TSA completely abol-
ished the repression of the gene induced by thyroid
hormone. Furthermore, a higher concentration of TSA
{100 nv) induced a nonspecific stimulation of the basal
promoter activity probably due to the globkal inhibition
of histone deacetylases. Even at this concentration,
the repression of the gene by thyroid hormone was
lost. These findings strongly suggested that histone
deacetylation is not involved in ligand-independent
stimulation by unfiganded TR but essential for the TRH
gene repressicn by thyroid hormone.

Unliganded TR and NCoR at the TRH Promoter
without T, and Recruitment of SRC-1 by T,

On the positively regulated gene, a recent study uti-
lizing ChIP analysis showed that TR was located on

the gene without stimulation by T; and that the amount
of TR on the gene did not alter even in the presence of
T, (8). Our assays also demonstrated the occupancy
of the TRH promoter by TR in the absence of T; and
that TR remained on the promoter for more than 120
min.

As on the positively regulated gene, NCoR was also
associated with the TRH promoter in the absence of
T, However, HDACs 1-3 were not detected, suggest-
ing that NCoR was located in the complex on the TRH
promoter without the association of HDACs. It is of
interest to note that NCoR remained on the promoter
even 15 min after addition of T,, when HDACs were
recruited. NCoR then began to dissociate from the
TRH promoter at 30 min in parallel with the release of
HDAC?2 and -3 and disappeared completely in 120
min.

In contrast, SRC-1 was not associated with the pro-
moter in the absence of T; but the recruitment of
SRC-1 started 30 min after addition of T;. A significant
amount of SRC-1 was detected within 20 min, and
then it dissociated again within 120 min {Fig. 9B).

Hyperacetylation and Impaired Deacetylation of
Histones at the TRH Gene in Cells Expressing the
F4555 Mutant TR

To analyze how the chromatin structure is affected on
the TRH gene by the presence of the F455S mutant,
we also established a cell line stably expressing the
mutant. As expected from the strong ligand-indepen-
dent activation of the TRH promoter by the F4558
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Fig. 7. Establishment of GH4C1 Cell Lines Expressing TRH-Luciferase Reporter Gene and Wild-Type (WT) or F455S Mutant TR

A, GH4C1 cells were stably transfected with TRH-Luc and wild-type or F455S mutant TR along with neomycin-resistant cDNA,
After selection with neomycin for 14 d, Southern blot analysis was performed to confirm the single integration of all constructs
into the genomic DNA. Representative data are shown here. Approximately 4.0 and 2.2 kb Hindlll-digested fragments of the TR
gene were observed in genomic DNA extracted from GH4G1 cells (lane 1), A single 1.4-kb band of the EcoR I-digasted exogenous
TR c¢DNA was observed in cells transfected with wild-type TR (lane 2) and the F4558 mutant (lane 3). The BamHI-digested
luciferase cDNA (0.9 kb) were also detected in each cell line (lane 4, wild-type transfected; and lane 5, F455S transfected). B,
Northern blot analysis showed equal expression of the endogenous {wild-type} and exogenous (lane 1, wild-type; or lane 2, F4555)
mRBNA for TR in each cell line. C, Western blot analysis reveated that equal amounts of TR proteins were expressed in cells
transfected with wild-type TR (lane 2) and the F455S mutant (lane 3). The amount of expression of TR {endogencus and
exogenous) was approximately 2 times of that in the nontransfected GH4C1 celfs (fane 1). D, The activity of the TRH promoter
stably expressed in the established cell lines was functionally suppressed by 100 nm T,. The data are expressed as the mean *
sk from at least three experiments.

mutant, the degree of histone H3 acetylation at the revealed that the HDACs examined (HDACH, -2, and
TRH promoter was significantly higher than that in -3) were not detected on the TRH promaoter in the
cells expressing wild-type TR (~140% of the wild-type absence of T, as observed with the wild-type TR. The
control) (Fig. 10A). The deacetylation of H3 induced by Ts-induced rapid recruitment of HDAC3 to the TRH

T, was also diminished and delayed: even 60 min after promoter was markedly delayed and impaired, the
addition of T, the acetylation level reached only 80% maximum occupancy being achieved 45 min after the
of the basal level with wild-type TR. In contrast, al- addition of T, and reaching approximately 75% of that
though the acetylation status of histone H4 in the with the wild type. Furthermore, the recruitment of
absence of T, was similar to that with the wild-type TR, HDAC2 was more severely impaired, resulting in only
the deacetylation induced by addition of T, was al- 40% cccupancy of the wild-type control (Fig. 10, C
most completely abolished (Fig. 10B). These results and D). Again, of note is the correlation of the dynam-
suggested that the hyperacetylation and diminished ics between HDAGC3 and the deacetylation of histone
deacetylation of the histones on the TRH gene are H3, and between HDAC?2 and the deacetylation of
responsible for the impairment of the negative regula- histone H4.
tion by T, in the RTH patient with F455S. We finally examined the kinetics of NCoR and
SRC-1 on the TRH promoter. Reflecting the results
Impairment of HDAC Recruitment with the obtained by EMSA and GST pull-down assays, in cells
F455S5 Mutant expressing F455S, the occupancy of the TRH pro-
moter by NCoR in the absence of T; was markedly
To analyze the mechanism of aberrant acetylation with increased (~200% of the control), and the maximum
the mutant TR, we investigated the kinetics of HDACs dissociation from the gene was also impaired, reach-
in the presence of the F4553 mutant. ChIP assays ing only the same level as the wild-type TR without T,.
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Fig. 8. Histone Deacetylation and Recruitment of HDACs at
the TRH Promoter in Vive

A, Schematic representation of the TRH promoter and the
luciferase gene integrated into the genomic DNA. Arrows
indicate the position of primers used for ChIP analysis. B,
GHA4C1 cells stably expressing the TRH promoter reporter
gene and the wild-type (WT) TR were treated with 100 nm T,
for the indicated period. The time course of the TRH promeoter
occupancy by acetylated histone 3 (AcH3), histore 4 (AcH4},
and HDAC 1, 2, and 3 was analyzed by ChiP assay. Similar
results were obtained from at least three independent exper-
iments.

In contrast, the recruitment of SRC-1 was observed in
a similar manner as in cells expressing the wild-type
TR (Fig. 10, E and F}.

DISCUSSION

In this study, we report a novel natural mutation,
F4588, in the AF-2 domain of the TR gene. It had a
stronger affinity for NCoR than the wild-type receptor
in the absence of T, and the release of NCoR by T,
was markedly impaired. By ligand binding, the AF-2
domain in helix 12 of the ligand-binding domain has
been proposed to come into close contact with helices
3, 5, and 6, creating a small hydrophohic cleft where
the transcriptional coactivators bind {12-14). In con-
trast, the most critical site for NCoR binding overlaps
the coactivater binding site but extends underneath
helix 12 (15). As shown in Fig. 11, computer analysis
revealed that the residue of F455S examined in the
present study is localized inside of helix 12 (16, 17).
Furthermore, it has been suggested that the presence
of helix 12 Inhibits NCoR binding to TR, estrogen
receptor, and RXR (18-20). On the basis of these
observations, it is suggested that helix 12 of F4558
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Fig. 9. TSA Abolished TRH Gene Repression by Thyroid
Hormone (A) and Ordered Recruitment of TR, NCoR, and
SRC-1 Induced by T, at the TRH Promoter in Vivo (B)

A, GH4C1 cells stably expressing the TRH promoter re-
porter gene and the wild-type (WT) TR were treated with TSA
{10 and 100 nm), and the activity of the TRH promoter was
assayed. The data are the mean * st from at least three
experiments. Asterisks indicate a statistically significant dif-
ference (P < 0.01). B, ChIP assays were performed as in Fig.
8 with specific antibodies against TR3, NCoR, and SRC-1.
Similar results were obtained from at least three independent
experiments.

cannot be in the position required for suppression of
NCoR binding, resulting in the increased interaction
with NCoR.

NCoR has been reported to form complexes with
several HDACs, and SRC-1 has intrinsic HAT activity
and associates with potent HATs. Hence we hypoth-
esized that the characteristic interaction of the F4558
mutant with NCoR and SRC-1 may lead to changes in
chromatin modification, resulting in the impaired neg-
ative gene regulation by thyroid hormaone, which play a
critical role in the pathophysiclogy of RTH. Although -
involvement of HDACs in the negative gene regulation
has been reported, precise time course of histone
modification and how histone modification was af-
fected in RTH remain unknown. Therefore, we first
investigated chromatin modification induced by thy-
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Fig. 10. Hyperacetylation and Aberrant Dynamics of Histone Deacetylation at the TRH Gene in Cells Expressing the F4555

Mutant TRs in Vivo

ChlP assays were performed as in Fig. 8 with cells expressing F4555 mutant TRs and antibodies against AcH3 (A}, AcH4 (B),
HDAC2 (C), HDACS (D), NCoR (E), and SRC-1 (F). Hyperacetylaticn and impaired deacetylation of histones (A and B) impairment
of HDAC recruitment (C and D), and increased recruitment and impaired dissociation of NCoR (E and F) were observed in cells
expressing the F4558 mutant TRs i1 vivo. The values with AcH3, AcH4, and NCoR antibody were expressed as a percentage of
the basal level of the wild type (WT) (100%), and values with HDAC2, HDAG3, and SRC-1 antibody were expressed as a
percentage of the peak value of the wild type. The data are represented as the mean * st of at least three experiments. Asterisks
indicate a statistically significant difference (P < 0.05) between the wild-type and mutant TR.
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F455S Ligand Binding Domain

.y . FA458S

Fig. 11. The F4555 Residue [s Localized Inside of Helix 12 of
the TR

Estimated ribbon diagram of the ligand-binding domain of
the F4555 mutant. The F4558 residue is presented as a soiid
black ball. Residues present underneath helix 12 and re-
ported to be critical for NCoR binding are marked as solid
gray balls. Computer analysis was done with Swiss-Pdb-
Viewer.

roid hormone con the TRH promoter and then demon-
strated direct involvement of impaired chromatin mod-
ification in the disease. The reason why the TRH gene
was selected in this study is that the gene is well
characterized as a typical negatively regulated gene
by thyroid hormone, and its promoter possesses po-
tent activity compared with the TSAx and -3 gene
promoters.

Using ChiP analyses, we found that lysine residues
of histone H3 and H4 at the TRH promoter were acety-
lated in the absence of T,. After addition of Tj, histone
tails were rapidly deacetylated within 30 min, and this
was correlated with the simultaneous recruitment of
HDACSs, particularly HDACs 3 and 2. Thus, it is spec-
ulated that recruited HDACs deacetylate histone tails
on the TRH gene promoter, resulting in repression of
the gene. The precise mechanism by which a transient
histone deacetylation upon T, treatment led to con-
tinuous repression over a few days remains to be
elucidated. It is possible that cyclic turnover of tran-
scription complex may occur every several hours as
recently reported for estrogen receptor (21), or other
histone configuration such as methylation, phosphor-
ylation, or chromatin remodeling may be involved in
the late stage of the repression. However, our results
showing that treatment of a HDAC inhibitor, TSA,
completely abolished the repression of the TRH gene
indicated that rapid deacetylation of the histone tails of
the gene is critical for the transcriptional repression of
the TRH gene by thyroid hormone.

One of the remaining questions is how HDACs are
recruited to the TRH gene. One possibility is that
HDACs are corecruited with NCoR because NCoR has
been shown to bind HDAC or Sin3A/HDACs. However,
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to our surprise, NCoR did not bind HDAC 1-3 on the
TRH promoter in the absence of T,. After addition of
T,, NCoR remained on the gene for approximately 15
min before dissociating, and in this period HDACs
were recruited to the gene. Therefore, T, may be a
trigger for recruitment of HDAGCs to NCoR on the TRH
promoter. Alternatively, HDACs could be recruited by
another complex containing specific transcriptional
factors, although our attempts to identify the specific
recruitment factor are still in progress. Indeed, this is
the first demonstration of the presence of NCoR with-
out binding HDACs on the TRH promoter in the ab-
sence of T, in vivo,

After NCoR began to dissociate, HAT SRC-1 was
recruited to the TRH promoter. The appearance of
SRC-1 correlated well with the reacetylation of his-
tones, suggesting that the reacetylation was induced,
at least in part, by the recruitment of SRC-1. In addi-
tion, it is of interest that the recruited SRC-1 started to
dissociate again after 90 min. Recent analyses on
positively regulated genes (diol and SERCA gene)
revealed the same dissociation, and acetylated H4
was cbserved even after the dissociation (8). On the
basis of these findings and our results, SRC-1 is
thought to be necessary for the initiation of histone
acetylation but not for the maintenance of acetylated
histones on the TRH promotet.

To explain the negative regulation of the gene ex-
pression by thyroid hormone, both DNA binding-
dependent and -independent mechanisms have been
proposed (22-25). Recent analysis demonstrated that
the negative thyroid hormone receptor response ele-
ment (TRE) on the GH promoter bound to TR, and that
T, causes the release of TR as well as disappearance
of acetylated histone from the promoter (26}, They also
demonstrated the importance of HDACT for this re-
pression. Therefore, the mechanism of the negative
regulation of the GH gene by thyroid hormone Is com-
pletely different from that of the TRH promoter gene
observed in this study, suggesting that there would be
several distinct mechanisms involved in the negative
regulation of each gene by thyroid hormone.

Previous studies revealed that NCoR acted as a
coactivator on the negative TRE (22, 23, 27). Reflect-
ing the nature of F455S, which strongly interacts with
and is hard to dissociate from NCoR, our ChiP anal-
yses demonstrated that the occupancy of the TRH
promoter by NCoR was significantly increased in the
presence of F455S. These observations suggested
that the increased amount of NCoR may affect the
histone hyperacetylation at the TRH promoter in the
absence of T,, and that dissociation of NCoR may
contribute to the transcriptional repression. Further-
more, these results suggested direct interaction of TR
and NCoR in the complex on the TRH promoter in vivo.
Taken together, these observations indicate that the
abnormal histone acetylation status of the TRH pro-
moter in the presence of F4558 is responsible for the
impairment of the negative regulation of TRH expres-
sion by thyroid hormone.
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Another example of a disorder related to aberrant
interaction with NCoR is acute promyelocytic leukernia
{PML). In this case, key molecular events are caused
by chromosomal rearrangements of the retinoic acid
receptor (RAR}, resulting in the fusion gere transcript
PML-RAR« (28). RARa in PML-RAR« shows stronger
interaction with NCoR, but the target genes of PML-
RARa remain obscure. Therefore, our present study
on RTH demonstrated the first direct involvement of
the disturbance of the chromatin structure on the tar-
geted gene with the human disorder in vivo. We pro-
pose a new category of diseases: RTH is a chromatin
structure disease as well as a genetic disease.

MATERIALS AND METHODS

Genetic Studies

With informed consent, genomic DNA was extracted from the
leukocytes of a patient and her parents. The study protocol
was approved by the ethics committees of the Gunma Uni-
versity School of Medicine. The coding exons of the human
TR gene were amplified using PCR and were sequenced in
the sense and antisense direction using an autosequencer
(PRISMTM 310, Applied Biosystems, Foster City, CA).

Marnmalian Cell Culture and Transfection

CV-1 cells and GH4C1 cells were grown in DMEM supple-
mented with 10% fetal bovine serum (FBS), as described
previously (29). Cells were split into six-well plates at sub-
confluency 24 h before transfection. The transient transfec-
tion was performed using a calcium phosphate precipitation
method, as described previously (29). The total amount of
transfected plasmid was adjusted by adding an empty ex-
pression vector in all experiments. After transfection (16 h),
the medium was changed to DMEM supplemented with 10%
FBS and treated with AG1-X8 resin (Bio-Rad Laboratories,
Inc., Hercules, CA} and activated charcoal (Sigma Chemical
Co., St. Louis, MO} to remove thyroid hormones. Cells were
further incubated in the absence or presence of T, (Sigma).
For stable transfection, cells were grown in 108-mm diam-
eter dishes and cotransfected with 6.7 ug of each linearized
plasmid (TRM promoter {(—790 +54) luciferase reporter,
pPKCR,-wild type TR, or pKCR,-F45558 TR mutant and pKJ,-
Neo) for 24 h using calcium-phosphate metheds. The cells
were cultured in complete medium for 48 h before selection
using 0.7 mg/ml G-418 sulfate (Life Technologies, Inc., Gaith-
ersburg, MD). In 20 clones tested for reporter activity, inte-
gration of the TR or TR F4555 gene was examined by ex-
tracting genomic DNA and PCR. Southern blot analysis was
performed to confirm the single integration of all constructs
into the genomic DNA. Luciferase (1-259) and full-length TR
cDNA fragments were used for probes. Expression levels of
each mRNA and protein were examined by Northermn blot and
Western blot analysis as previously described (29, 30). A
cRNA fragment for TR3 (499-835) was used for probes.

Plasmid Constructions

The mutant human TRB, cDNAs (F455S8, E457A, P214R, and
AHT, which contains three amino acid substitutions in the
hinge region} were prepared by PCR mutagenesis and veri-
fied by sequencing the DNA. Mutant and wild-type receptor
cDNAs were subcloned into the vector pKCR, for in vitro
transcription/translation and for transient expression analy-

Ishii et al. » Aberrant Histone Deacetylation in RTH

sis. Firefly luciferase reporter plasmids {(pA3Luc) carrying the
palindromic (PAL-TK-Lug) or direct repeat-type (DR4) TRE
were prepared as previously described (30). TRH-Luc con-
tains 790 bp of the 5'-flanking sequence and 54 bp of exon
1 from the human TRH gene in pA3-Luc (TRH-Luc).

Ts Binding Experiments

Mutant or wild-type TR was transcribed and translated using
a TNT-coupled reticulolysate system (Promega Corp., Mad-
ison, WI). T,-binding affinity was determined using a filter-
binding assay as reported previously (31). Fitting with lines in
Scatchard plots was done with Cricket Graph (Computer
Associates Ltd., Islandia, NY).

EMSA

The EMSA was performed using radiolabeled TRE DR4 or
TRE palindrome fragments as described previously (29). Tha
consensus sequences used as TRE DR4 and palindrome
were 5'-agcttcaggtcacaggaggteagagag-3’, and 5'-aagatta-
aggtcatgacctgaggaga-3’, respectively. Double-stranded oli-
gonucleotides were labeled with [o«>2P]dCTP by a fill-in reac-
tion using a Klenow fragment of DNA pofymerase | The
binding reaction, ge! electrophoreses, and autoradiographies
were performed under conditions described previously (29).

GST Pull-Down Assay

[3°S] methionine-labeled wild-type and mutant TR were syn-
thesized by in vitro transcription/translation from pKCR,-TR,
F4558, E457A, R214R, and AHT using T, RNA polymerase
and the TNT-coupled reticulocyte lysate system (Promega
Corp.). The synthesis of proteins of expected molecular
weights was confirmed by SDS-PAGE). A cDNA fragment
enceding the receptor interaction domain of NCoR and
SRC-1 was amplified by PCR using pKCR,-NCoRI and
pKCR,-SRC-1 as a template and subcloned in frame into
pGEX4T1 to vield GST fusion proteins in Escherichia coli
DH5«. The GST fusion proteins were purified on glutathione-
agarose beads (Sigma) and analyzed by SDS-PAGE. Inter-
action assays and autoradiographies were performed as de-
scribed previously (30). Bound protein was quantified using a
Melecular Imager FX (Bio-Rad).

Luciferase Assay

To determine the luciferase (Luc) activity, cell monolayers
were rinsed twice with PBS, and then lysed with 300 ul of 25
mm glycylglycine {pH 7.8) containing 15 mm MgSQ, 4 mm
EGTA, 1 mm dithiothreitol, and 1% {vol/vol) Triton X-100.
Cells were scraped from the dishes and centrifuged at 12,000
x g for 5 min at 4 C. Assays for Luc activity were performed
using 150 pl aliquots of cell lysate and 210 pl of 25 mm
glycylglycine (pH 7.8) containing 15 mm MgSQ, 4 mm EGTA,
3.3 mM KPQ,, 1 mwm dithiothreitol, and 0.45 mm ATP. The
reaction was initiated by addition of 200 pnl of 0.2 mm b-
luciferin, and light emission was measured for 10 sec using a
luminometer. Luc activity was expressed as arbitrary light
units per pg of cellular protein. All the transfection experi-
ments were repeated at least twice with triplicate
determinants.

Antibodies

Antibodies against TR3 (no. 08-539)}, acetylated Histone H3
(no. 06-599) and H4 (no. 06-866) were obtained from Upstate
Biotechnology, Inc. (Lake Placid, NY). Antibodies against
HDAC1 (H-51), HDAC2 (H-54), HDAC3 (H-99), NCeR (C-20),
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and SRC-1{N-19} were obtained form Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA}).

ChIP Assay

ChiP analyses were performed according to the manufactur-
er's instructions (Upstate Biotechnology) with some modifi-
cations. Cells {2 X107) were grown in DMEM suppfemented
with 10% FBS treated with AG1-X8 resin and activated char-
coal for 24 h. After addition of T, cells were washed with PBS
and treated with the cross-linking reagent formaldehyde (final
concentration, 1%) for 10 min at 37 C. They were then rinsed
twice with celd PBS containing 0.5 mm phenylmethylsulfony-
fluoride and 1 pg/ml of aprctinin. Cells were collected by
centrifugation for 4 min at 4 C and resuspended in 150 ul of
sodium dodecyl sulfate (SDS) lysis buffer (1% SDS/10 mm
EDTA/50 mwm Tris-HCI, pH 8.1) with proteinase inhibitors and
incubated for 10 min on ice. Samples were sonicated on ice
five times for 8 sec each (.e. until the average length of the
sheared genomic DNA was 0.2-1.0 kbp} and centrifuged for
10 min. One percent of the supernatant was used as input,
and the remaining amount was subjected to the ChlIP proce-
dure. Next, 40 ul of salmon sperm DNA/Protein A Agarose-
50% slurry were added to reduce the nenspecific back-
ground and incubated for 30 min at 4 C with agitation. The
solution was then incubated with 1-3 pg of specific antibody
or normal 1gG and rotated at 4 C overnight. immunoprecipi-
tated chromatin complexes were isolated by adding 50 ul of
salmon sperm DNA/Protein A Agarose-50% slurry and rotat-
ing the reactions for 1 h at 4 C. Immunoprecipitates were
sequentially washed with low-salt immune complex wash
buffer [20 mm Tris-HCI (pH 8.1)/2 mm EDTA/0.1% SDS/1%
Triton X-100], followed by high-salt wash buffer [20 mm Tris-
HCI (pH 8.1)/2 mm EDTA/0.1% SDS/1% Triton X-100/500 mm
NaCl], LiCl Immune complex wash buffer (10 mm Tris-HCI {pH
8.1)/0.25 M LiCI/1% Nonidet P-40/1% deoxycholate/1 mm
EDTA) and twice in 1x Tris-EDTA, pH 8.0. To elute the
immunoprecipitated chromatin complexes from the resin,
100 pl of elution buffer (1% SDS/0.1 M NaHCQO;) were added
to the beads, and the tubes were vortexed and incubated at
reom temperature for 15 min with rotation, The supernatant
was then collected, and the elution was repeated with a fresh
100 ul of elution buffer. After combining the eluants in one
tube, the protein-DNA cross-linking was reversed by adding
5 M NaCl to a final concentration of 200 mM and heating at 65
G for 4 h. Inputs were diluted to 200 ul and subjected to the
same procedure, Each sample was added to 8 pl of 1 m
Trig-Cl {pH 6.5), 4 ul of 0.5 m EDTA, and 5 ug of proteinase
K (Life Technologies) and subsequently incubated at 45 C for
1 h. Samples were then extracted with phenol/chloroform/
isoamylalcohol (25:24:1), and the DNA was precipitated with
ethanol and subsequently resuspended in 50 ul H;0. PCR
was performed with 5 pl of immunoprecipitate or input (see
above), 0.5 um of each primer, 1.5 mm MgCl,, 0.2 mm de-
oxynucleotide triphosphate mixture, 1x thermophilic buffer,
and 2.5 U of AmpliTagq DNA polymerase (Applied Biosystems)
in a total volume of 5¢ pl. The primers for the human TRH
prometer were: forward, 5'-ctgagcgctgcagacicetgacet-3°;
and reverse, 5'-tgttcacctcgatatgtgeatctgt-3°. Initially, PCR
was performed with a serial dilution of input DNA to deter-
mine the linear range of the amplification for each gene. PCR
conditions were 25 cycles of 45 sec at 94 C, 45 sec at 60 C,
and 1 min at 72 C. All PCR signals were visualized by South-
ern blot analysis with the fragment of the TRH-luciferase
¢DNA (pA3TRH-Luc) as a probe and guantified with the Mo-
lecular Imager FX (Bio-Rad). The probe was labeled by the
random-priming method with Ready-To-Go DNA Labeling Kit
(Pharmacia Bictech, Piscataway, NJ} and [*?P]JdCTP. The
values were corrected using the input values, and those
obtained with 1gG were used as background values.

Mol Endocrinol, July 2004, 18(73:1708-1720 1719

Statistical Analysis

Statistical analysis was performed using ANOVA and Stu-
dent’s t test or Duncan’s multiple range test. The level of
significance was set at P < 0.05.
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Histone Deacetylase Inhibitors Restore Radioiodide
Uptake and Retention in Poorly Differentiated and
Anaplastic Thyroid Cancer Cells by Expression of the
Sodium/Iodide Symporter Thyroperoxidase and

Thyroglobulin

FUMIHIKO FURUYA, HIROKI SHIMURA, HIDEYO SUZUKI, KATSUMI TAKI, KAZUYASU OHTA,
KAZUTAKA HARAGUCHI, TOSHIMASA ONAYA, TOYOSHI ENDO, axp TETSURO KOBAYASHI

Third Department of Internal Medicine, Faculty of Medicine, Uniuversity of Yamanashi, Yemanashi 409-3898, Japan

Iodide uptake by the thyroid is mediated by the sodium/ficdide
symporter. Upon iodide uptake, thyroperoxidase catalyzes io-
dination of tyrosine residues in thyroglobulin, retaining io-
dide within thyroid follicles. Dedifferentiation-induced loss of
these functions in cancers, rendering them unresponsive to
radioiodide, occurs with most poorly differentiated and ana-
plastic tumors, We focused on the histone deacetylase (HDAC)
inhibitors (HDACI) as a way to induce differentiation of
thyroid cancer cells. We assessed re-expression of thyroid-
specific genes mRNA induced by HDACI using quantitative
RT-PCR and immunostaining in poorly differentiated papil-
lary and anaplastic thyroid cancer cells, HDACI induced ex.
pression of thyroid-specific gene mRNAs and proteins, and
accumulation of radioicdide through iodination of generic

cellular proteins were detected. HDACI-treated tumors could
specifically accumulate '2°I as revealed by imaging experi-
ments and radioiodide concentration in vive. In an attempt to
determine the mechanism by which these gene expressions
occurred, we detected the inhibition of protein synthesis by
eycloheximide, which up-regulated the expression of thy-
roperoxidase and thyroglobulin mRNA in HDACI-treated
cells and down-regulated that of sodium/iodide symporter
mRNA. Together, our results suggest that HDACI-induced ex-
pression of thyroid-specific genes, some of which is mediated
by some protein synthesis, may contribute to development of
novel strategy against thyroid cancer. (Endocrinology 145;
28652875, 2004)

THE THYROID GLAND, a relatively common site for
development of malignant neoplasms, gives rise to
90% of all endocrine cancers (1). In general, thyroid cancer is
a disease with a good prognosis. However, anaplastic thy-
roid carcinoma constitutes about 5-14% of all thyroid car-
cinomas and is highly malignant, with a median survival of
2-6 months, rapidly invading adjacent structures, and me-
tastasizing throughout the body, especially to the lung (2, 3).
Because no effective therapy is available for patients with
these aggressive types of thyroid carcinoma, development of
novel therapeutic strategies, including gene therapy, is an
urgent priority.

A unique property of thyroid follicular cells is the ability
to trap and concentrate iodide, which depends on expression
of the sodium/iodide symporter (NIS), thyroglobulin (Tg),
and thyroperoxidase (TPO) (4). Several reports indicated
that, because of ability for iodide trapping and concentration,
radioiodide is an effective therapy in the treatment of dif-

Abbreviations: DMSO, Dimethylsulfoxide; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; HBSS, Hanks” balanced salt solution;
HDAC, histone deacetylase{s); HDACI, HDAC inhibitor(s); MMI, me-
thimazole; NIS, sedium/iodide symporter; Tg, thyroglobulin; TPO, thy-
roperoxidase; TSA, trichostatin A; TSH-R, TSH receptor; TTF, thyroid
transcription factor.

Endocrinology is published monthly by The Endocrine Society (http.//
www.endo-society.org), the foremost professional society serving the
endocrine community.

ferentiated thyroid carcinomas (5-7). NIS protein mediates
iodide uptake in normal and well-differentiated neoplastic
thyroid cells. TPO iodinates Tg, which leads to iodide re-
tention within thyroid follicles. Concentration of these
thyroid-specific functions suggests that restoring lost expres-
sion of NIS, TPO, and Tg could provide a basis for radioio-
dide treatment of thyroid carcinomas. Loss of thyroid-spe-
cific functions associated with dedifferentiation in poorly
differentiated and anaplastic thyroid cancer cells ordinarily
renders them unresponsive to radioiodide therapy. We re-
ported that Na'?'T administration did not decrease volumes
of experimental tumors formed by malignantly transformed
rat thyroid cells T¢-rNIS that were stably transfected with rat
NIS cDNA but possessed no TPO or Tg expression (8). Con-
comitant re-expression of NIS, TPO, and Tg therefore would
seem necessary for the iodide uptake and retention that could
permit effective radioiodide therapy.

Histone acetylation is known to induce changes in nu-
cleosomal conformation that make DINA more accessible to
transcription factors (9). Acetylation of histone lysine resi-
dues reduces the overall positive charge of the histone, and
thus decreases its affinity for the negatively charged DNA
molecule (10). Recent reports have shown that histone
deacetylase (HDAC) inhibitors (HDACI) can induce expres-
sion of silenced genes in cancer cells {11). In bladder carci-
noma cells, for example, the HDACI, suberoylanilide hy-
droxamine acid, induces an increase in p21"*7! mRNA and
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protein. Thus, HDACI-induced restoration of tumor sup-
pression- or apoptosis-inducing genes in poorly differenti-
ated cancer, including thyroid cancer, might offer a novel
therapeutic strategy.

To develop a way to sensitize anaplastic thyroid carcinoma
to radioiodide therapy, we investigated re-expression of
thyroid-specific genes, NIS, TPO, and Tg, induced by
HDACI. We then examined radioiodide uptake and organi-
fication to confirm the function of the re-expressed thyroid-
specific genes in vitro and in vivo models.

Expression of thyroid-specific genes is controlled by the
interaction of a complement of thyroid-specific transcription
factors with their respective promaters (12-22). At least three
transcription factors have been identified: thyroid transcrip-
tion factor (TTF)-1 (12), TTF-2 (20), and Pax-8 (23). TTE-1, a
homeodomain-containing transcription factor expressed in
thyroid and lung (12, 24), interacts with all thyroid-specific
genes important for thyroid function {12, 13, 16-19). Pax-8§,
a member of the family of paired box-containing genes, is
expressed in the thyroid and kidney (16, 23) and binds to
promoter and enhancer sequences in thyroid-specific genes
(15, 21, 22, 25). We recently demonstrated that overexpres-
sion of TTF-1 could restore Tg promoter activity in Tg-
nonproducing poorly differentiated thyroid cancer cell lines,
which suggested that TTF-1 is important in the restoration of
thyroid-specific gene expression in thyroid cancer cells (24).
In an attempt to determine the mechanism by which HDACI
induce restoration of thyroid-specific gene expression, we
characterized the effect of HDACI on expression of thyroid-
specific transcription factors.

Materials and Methods
Reagents

Depsipeptide (FR901228, FK228) was a gift from Fujisawa Pharma-
ceutical Co. Ltd. {Osaka, Japan}. A 1-mg/ml solution of depsipeptide
was prepared dimethylsulfoxide (DMSO).

Cell culture

BHP18-21v cells, derived from human papillary thyroid cancer, were
provided by Dr. ]. M. Hershman (Endocrine Research Laboratory, West
Los Angeles Veterans Affairs Medical Center, Los Angeles, CA).
BHP18-21v cells expressing Pax-8, but neither TTF-1 nor Tg genes, were
isolated from BHP18-21 (26). The BHPce!l lines were maintained in
RPMI 1640 medium supplemented with 10% fetal calf serum. A human
anaplastic thyroid carcinoma cell line, ARQ {27), that lacks Pax-8, Tg, and
NIS and also shows decreased expression of TTF-1, was donated by Dr.

TABLE 1. Sequences of primers and TagMan probes
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H. Namba (Department of Molecular Medicine, Atomic Bomb Disease
Institute, Nagasaki University School of Medicine, Nagasaki, Japan) and
incubated with RPMI 1640 containing 10% fetal calf serum.

FRTL-Tc cells (28) were grown in Coon’s modified Ham'’s F-12 me-
dium supplemented with 5% calf serum containing a mixture of five
hormones: insulin (10 pg/ml), cortisol (0.4 ng/ml), transferrin {5 pg/
ml), glycyl-L-histidyl-L-lysine acetate (10 ng/ml), and somatostatin (10
ng/ml). Rat NIS cDNA (-29 to 1975 bp, with A in ATG designated as
+1) (29) was subcloned into the eukaryotic expression vector pcDNA3
(Invitrogen, San Diego, CA) and introduced into FRTL-Tc cells by elec-
troporation. Stably transfected cells were selected using G418 and then
cloned by limited dilution. The cloned cell line {Te-rNIS) (8) that ex-
hibited the highest iodide uptake activity was used for the subsequent
experiments,

Determination of mRNA levels using real-time kinetic
quantitative RT-PCR in vitro and in vivo

Inan in vitro and in vive study, total RNA was isolated from cultured
cells using RNeasy Mini kit (QITAGEN, Hilden, Germany). After quan-
tification by spectrophotometry, 5 pg total RNA was reverse-transcribed
into cDNA with 160 um deoxynucleotide triphosphate, 50 ng random
hexamer primers, and 200 U Superscript 11, per the manufacturer’s
recommendations (Invitrogen Corp., Carlsbad, CA). Oligonucleotide
primers and TagMan probes for NIS (30), Tg (31), TPO, and TSH receptor
(TSH-R) (32) genes are shown in Table 1. These primers were designed
to be intron spanning, The menitoring of negative control for each target
showed an absence of carryover. One of each type of amplicon, corre-
sponding to each target, was migrated on agarose gel electrophoresis
and showed a unique band at the expected size. The primers and Taq-
Man probes of TPO gene were designed using the computer program
Primer Express (PerkinElmer Corp., PE Applied Biosystems, Foster City,
CA).

To normalize differences in the amount of cDNA added to the re-
actions, amplification of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was performed as an endogenous control. Primers and probes
for GAPDH were purchased from PerkinEimer Corp., PE Applied Bio-
systems, Quantitative real-time PCR was achieved in 96 sample tubes
using the cDNA equivalent of 100 ng with 1x TagMan Universal PCR
Master Mix, 900 nM of each primer, and 250 nM TagMan probe. The
cycling conditions included an initial phase of 2 min at 50 C, followed
by 10 min at 95 C required for optimal uracil-N-glycosylase enzyme
activity, 45 cycles of 15 sec at 95 C, and 1 min at 60 C. Polymerization
reactions were performed in a GeneAmp 5700 Sequence Detection Sys-
tem (PerkinElmer Corp., PE Applied Biosystems).

To validate the quantitative PCR method, standard curves for NIS,
TPO, Tg, TSH-R, and GAPDH were constructed from cDNA fragments.
The efficiency of each standard curve, as determined by its slope, al-
lowed us to quantify the threshold cycle method according to the man-
ufacturer’s instructions. The amount of targeted mRNA was determined
by standard curve. For each sample, the targeted mRNA amount was
divided by GAPDH to determine a normalized ratio. The crossing points
were all less than 30 cycles that are in the linear range of amplification.

Genes Gene_bﬂnk Primer and probe
AcCessinn na.

NIS U66088 Sense 2089-2109 CCATCCTGGATGACARCTTGG

Antisense 2166-2187 AAAMRACAGACCATCCTCATTG

Probe FAM-AGAACTCCCCACTGGAAACAAGAAGCCC - TAMRA
TPO M17755 Sense 26802698 ACCTCGACGGTGATTTGCA

Antisense 2723-2740 CCGCCTGTCTCCGAGATG

Probe FAM-TGGACACGCACTGGCACTAAATCCA-TAMRA
Tg X05615 Sense 262-280 GTGCCCAACGGCAGTGAAGT

Antisense 326-348 TCTGCTGTTTCTGTAGCTGACAAA

Probe FAM-ACAGACAAGCCACAGGCCGTCCT-TAMRA
TSH-R M32215 Sense 186-203 CCCAGCTTACCGCCCAGT

Antisense 238-264 TAGAAAATGCATGACTTCGAATAGTTC

Probe FAM-CGCAGACTCTGAAGCTTATTGAGACTCACCTG -TAMRA,
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Detection of TTF-1 and Pax-8 gene expression using
RT-PCR

To determine expression of human TTF-1 and Pax-8§ in BHP1§-21v
and ARO cells, 5 ug total RNA was reverse-transcribed as described
above. The cDNAs were amplified using the following intron-flanking
primers: human TTF-1 5 (sense)*?AACCTGGGCAACATCAGCG-
AGCT™; TTF-1 3’ (antisense),””' AGCTCGTACACCTGCGCCTGCGA
GAAGA™; human Pax-8 5 (sense),'"GATGCCTCACAACTCCATCA-
GATC®; and Pax-8 3' (antisense)**TCATCCATTTTCCTCTTGTC-
GCTG™®. The amplification reaction was carried out for 30 cycles, and
considered at 94 C for ¥ min, 60 C for 1 min, and 72 C for 2 min, followed
by a final 10 min elongation at 72 C. All PCR products were analyzed
by electrophoresis through 2% agarose gels followed by ethidium bro-
mide staining to ensure amplification of the appropriatety sized product.

Immunoperoxidase staining of cells

Immunostaining of thyroid cancer cells treated with HDACI was
performed to confirm expression of the NIS, TPO, and Tg proteins in
response to HDACI. After treatment of the cells, they were fixed for 15
min in —10 C methanol, air-dried, and then washed three times with
PBS. The fixed cells were incubated with an anti-Tg monoclonal (Neo-
Markers, Fremont, CA), anti-TPO monoclonal (HyTest Ltd, Eurocity,
Turku, Finland), or anti-NIS polyclonal antibody (33} for 30 min and
washed with three changes of PBS. Cells then were incubated with
biotinylated secondary antibody, washed, and exposed to avidin-bioti-
nylated horseradish peroxidase enzyme reagent and peroxidase sub-
strate (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Then, nuclei
were stained with Mayer-hematoxilin (Wako, Osaka, Japan). Cells were
examined for staining after rinsing with H;O.

Radioiodide uptake assay

Cells were grown in six-well plates, washed with Hanks'’ balanced
salt solution {HBSS), and incubated for 1 h at 37 C with 1000 ul HB5S
containing 0.2 pCi carrier-free Na'® {Amersham Pharmacia Biotech,
Piscataway, NJyand 10 pn Nal with or without 300 v NaClO, (34}. The
medium containing '*l was removed, and the cell monolayer was
washed twice with 1 ml HBSS. Celt-associated radicactivity of each
sample was measured with a y-counter after extraction with ethanol.

Radioiodide organification assay in vitro

After the BHP18-21v cells were incubated with 3 ng/ml depsipep-
tide, one of HDAC], for 72 h, 300 um methimazole (MMI), a TPO-specific
inhibitor, was added 24 h before the assay. Depsipeptide-treated
BHP18-21v cells were then exposed to '2°T (0.2 uCi/well in six-well
Flates) in HBSS containing 10 pm Nal at 37 C for 1 h. Medium containing

] was removed and washed with fresh medium. Cell lysates were
prepared with 1 ml of 0.1-N NaOH, and the radioiodide accumulation
of the cells was measured with a y-counter. Proteins in the cell lysates
were precipitated by the addition of 1 ml TCA (final concentration, 20%).
Assay tubes were centrifuged at 3300 X g for 30 min, and supernatants
containing free radioiodide were removed. The precipitated proteins
were washed again with 20% TCA, and radicactivity in the pellets were
measured with a y-counter. To measure the Tg- and TPO-independent
nonspecific ircorporation of '*] into the protein fraction, iodination was
measured in NIS-transfected FRTL-Te, which expresses neither Tg
nor TPO.

To investigate the molecular size of radioiodinated intracellular pro-
tein substrates, BHP18-21v cells, which were preincubated with or
without 3 n%/ml depsipeptide for 48 h in a 10-cm culture dish, were
exﬁposed to 11 {20 uCi/dish) in FIBSS at 37 C for 1 h. Medium containing
125] was removed and washed with fresh medium. Cell lysates were
prepared with 1 ml of 0.1 N NaOH, and proteins in the cell lysates were
precipitated by the addition of 1 ml TCA {final concentration, 20%), and
pellets were washed again with 20% TCA. The cell pellets were dissolved
with 100 ul of 10-mm HEPES/NaOH (pH 7.9), 0.1 mm EDTA, 1.5 mM
MgCl,, 10 mm KCL, 0.5 mm dithiothreitol, 1.5 mm pherylmethylsulfo-
nylfluoride, and 10 pg/ml leupeptin. Thirty micrograms of protein
extracts of lysate were resolved by SDS-PAGE (35) and processed for
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analysis by autoradiography. Radioactivity was analyzed using a BAS
2500 image analyzer (Fuji Film Co., Tokyo, Japan).

Analysis of iodide accumulation in vivo

A total of 1 % 107 BHP18-21v cells were transplanted in abdominal
sc tissue of 8-wk-old male nude mice (BALB/C nu/nu mice). These mice
were fed a low-iodide diet (Oriental Yeast, Tokyo, Japan) and were given
100 pg/kgd -T, (Wako) in their drinking water before the formation
of tumors (8). Three weeks after the tumors reached approximately 1cm
in diameter, 5 pg/g-d depsipeptide or the vehicle, 0.1% DMSO (Sigma-
Aldrich Corp., 5t. Louis, MO) in 100 pl PBS, was injected ip for4 d. A
total of 10 pCi Na'®l (Amersham Pharmacia Biotech} in PBS was in-
jected ip.

Three, 12, and 48 h later, the mice were killed, and radioactivity was
analyzed with a BAS2500 image anatyzer (Fuji Film Corp.}). The mice
were exposed to the imaging plates for 5 min. To investigate the ratio
of tumor radioactivity to liver radioactivity, their tumors and organs
were removed, and their weight and radioactivity were measured.

Three hours after injection of Na'®, tumors were removed. Part of
the tumor tissue was homogenated. After preparation of tissue lysate
with 300 ul of 1-8 NaOH, insoluble material was removed from the
lysate by centrifugation at 3300 X g for 10 min at 4 C. Protein in the tissue
lysates were precipitated by the addition of 600 pl of 40% TCA. The
precipitated proteins were collected by centrifugation at 3300 > g for 20
min, and washed twice. Radicactivity in the pellets was measured with
a vy-counter. Soluble protein was quantified by the Bradford method
using RCDC Protein Assay (Bio-Rad Co., Hercules, CA).

Our institutional committee on animal care approved these studies.

Cytotoxic assay with depsipeptide treatment in vitro

Viabilities of cells treated with depsipeptide were measured with a
nontadioactive cell profiferation assay, Cell Counting Kit-8 (Dojindo,
Kumamoto, Japan}. One day after plating 4 x 10° cells/well in triplicate
wells of 96-well culture plates, cells were treated with 1, 3, and 10 ng/ml
depsipeptide. Ceit viability was assayed 48 h after incubation. Survival
of cells is presented as a percentage of the absorbance with depsipeptide-
treated cells divided by that with cells not exposed to depsipeptide.

Statistical analysis

All data are expressed as mean = seM. Differences between groups
were examined for statistical significance using Student’s f testand a P
value < 0.05 was considered significant unless otherwise indicated.

Results

HDACI induced re-expression of NIS, TPO, and Tg mENA
in poorly differentiated and anaplastic thyroid cancer cells

To investigate the effects of the HDACI, the cancer cells
were incubated with or withoutan HDACT for 24 h; then total
RNA was isolated. Specifically, cells were incubated with 1,
3, and 10 ng/ml depsipeptide, strong HDACI (36), and ex-
pression of thyroid-specific genes was analyzed by quanti-
tative real-time RT-PCR performed as described in Materials
and Methods (Fig. 1A). In untreated BHP18-21v and ARO
cells, we could observe neither expression of NIS, TPO, Tg,
nor TSH-R. It should be additionally noted that faint expres-
sion of TPO and Tg mRNA in untreated ARO cells, and Tg
mRNA in untreated BHP18-21v cells were detected, when
the crossing points were set bellow 38 cycles. Addition of 3
and 10 ng/ml depsipeptide induced the expression of NIS,
TPO, and Tg mRNA in BHP18-21v cells (Fig. 1A). In ARO
cells, 3 and 10 ng/ml depsipeptide induced re-expression of
NIS mRNA (Fig. 1A4). TPO and Tg gene expression were
induced by 1 ng/ml depsipeptide.

Additicnally, BHP18-21v and ARO cells treated with at
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Fig. 1. The re-expression of NIS, TPO, and Tg mENA induced by

HDACI A, Three thyroid-specific genes mRNA levels were assayed in

BHP18-21v and ARO cells were incubated with 1, 3, or 10 ng/ml depsipeptide for 24 h. B, Three thyroid-specific genes mRNA levels were assayed

in BHP18-21v, and ARO cells were incubated with 30, 100, or 300 ng/ml TSA for 72 h. From four inde
Amounts of NIS, TPO, and Tg mRNA were determined by quantitative real-time RT-PCR with 100 ng
of target cDNA was determined by arbitrarily setting the contrel value from maximum expression s

pendent samples, total RNA was isolated.
cDNA in triplicate. Relative quantification
ampies to 1. All data are expressed as the

mean * SEM. *, P < 0.05; **, P < 0.001, compared with untreated cells.

least 30 ng/ml trichostatin A (TSA) (Wako), which was also
HDACI (37), expressed NIS, TPO, and Tg mRNA (Fig. 1B).
These results indicate that HDACI induced the restoration of
thyroid-specific gene expression that had been lost in the
process of oncogenesis.

We also investigated time dependence of the HDACI-
induced expression of thyroid-specific genes. Amounts of
thyroid-specific genes mRNA reached a maximum 48 h after
addition of 3 ng/ml depsipeptide to BHP18-21v cells. In
ARO cells, re-expression of NIS and TPO reached a maxi-
mum after 12 h, whereas Tg gene gradually increased and
peaked 48 h after the incubation with 3 ng/ml of depsipep-
tide (Fig. 2).

HDACI induces radioiodide uptake in BHP18-21v and
ARO cells

Radioiodide uptake was measured in an effort to deter-
mine whether depsipeptide-induced NIS mRNA vielded a
functional protein. After 48 h treatment with depsipeptide,
BHP18-21v and ARO cells were incubated with Na'®’I (0.2
nCi/well) with or without 300 uM sodium perchlorate for 1 h
(Fig. 3, A and B). In nontreated BHP18-21v and ARQ cells,
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no difference in intracellular radioactivity was seen in cells
with or without addition of sodium perchlorate, specific
inhibitor. This result indicated that the cell line had lost its
ability to take up iodide via NIS protein in thyroid cancer
cells.

BHP18-21v cells incubated with 1 ng/ml depsipeptide
showed a small increase in radioiodide uptake. However,
there were no significant differences compared with sodium
perchlorate-treated cells. Treatment with 3 and 10 ng/ml
depsipeptide induced significant radioiodide uptake in
BHP18-21v cells (Fig. 3A). This radioiodide uptake was in-
hibited by sodium perchlorate. In ARO cells, incubation with
1ng/ml depsipeptide induced no radiciodide accumulation;
3 and 10 ng/ml of depsipeptide increased the count of ra-
dioiodide uptake (Fig. 3B). These results showed that the
depsipeptide induced significant iodide uptake that was me-
diated by newly produced NIS protein. These results agreed
with the findings in quantitative real-time RT-PCR (Fig. 1)
that induction of NIS mRNA was required for at least 3
ng/ml depsipeptide.

To evaluate the effect of TSH, we performed the iodide
uptake assay pretreated with or without TSH. There were no
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Fic. 2. Time-dependent expression of thyroid-specific genes mRNA.
Re-expression of thyroid-specific genes was analyzed in BHP18-21v
and ARO cells incubated with 3 ng/ml depsipeptide for 12, 24, 48, or
72 h. Total RNA was isolated in three independent samples, Amounts
of thyroid-specific genes mRNA were determined by quantitative
real-time RT-PCR with 100 ng ¢cDNA in triplicate. Relative quanti-
fication of target cDNA was determined by arbitrarily setting the
control value of samples at 48 h incubation to 1. All data are expressed
as the mean * SEM. *, P < 0.05, compared with control cells; **, P <
0.001, compared with controls cells.

BHP18-21v B ARQO

x>

B NaCioag)
[ NaCro4(+}

*x

4] 1 3 10 0 1 3 10
Depsipeptide {ng/ml) Depsipeptide (ng/ml)

Fig. 3. Characterization of radioiodide uptake in BHP18-21v and
ARO cells incubated with depsipeptide. A, BHP18-21v cells were
incubated with depsipeptide for 48 h. B, ARO cells were incubated
with depsipeptide for 48 h. These cancer cells were incubated in 0.2
1Ci Na'?*I-containing medium with or without 300 uM of NaClO, for
1 h. Cells were washed twice with ice-cold HBSS and exposed to 1007%
ethanol. Extracted radioactivity was measured with a v-counter. All
data are expressed as the mean = SEM (n = 9). ¢, P < 0.01, compared
withuntreated cells; *, P < 0.01, compared with NaClO -treated cells.
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differences in the amount of depsipeptide-induced icdide
uptake between TSH-treated and untreated cells (data not
shown). In addition, no expression of TSH-R mRNA was
observed in either depsipeptide- or TSA-treated BHP18-21v
or ARQ cells (data not shown). These results indicate that
TSH-R gene expression is hardly influenced by HDACI, and
depsipeptide-induced iodide uptake is TSH-independent.
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Immunocytochemical demonstration of HDACI-induced
NIS, TPO, and Tg proteins expression in BHP18-21v and
ARO cells

To analyze whether HDACT-up-regulated NIS, TPO, or Tg
mRNAs is translated to corresponding protein product, im-
munoreactive NIS, TPO, or Tg proteins expressed in BHP18 -
21v and ARO cells were stained with anti-NIS, anti-TPQ, or
anti-Tg antibody. The presence of the NIS protein was de-
tected by immunocytochemistry in HDACI-treated BHP18 -
21v and ARO cells and was observed in the cell membrane
and cytosol (Fig. 4, B, C, K, and L). On the contrary, untreated
cells were not stained (Fig. 4, A and J}. Treatment with anti-
TPO antibody did not yield any staining in BHP18-21v or
AROQO cells untreated with HDACT (Fig. 4, D and M). In
contrast, marked staining was observed in both cell lines
treated with HDACI (depsipeptide at 3 ng/ml or TSA at 300
ng/ml) for 48 h (Fig. 4, E, F, N, and 0). This TPQ immuno-
staining was localized in the region of cell membrane and
cytosol. Expressed immunoreactive Tg protein also was
stained with anti-Tg monoclonal antibody in BHP18-21v
and ARO cells treated with depsipeptide (3 ng/ml) or TSA
(300 ng/ml). Tg protein was detected in the area of the
cytosol (Fig. 4, H, 1, Q, and R). No Tg staining was observed
in untreated cells (Fig. 4, G and P). These results clearly show
that HDACI induced the expression of NIS, TPO, and Tg
proteins, whereas re-expressed NIS and TPO protein were
localized in either region of cell membrane and cytosol.

HDACI augments radioiodide organification in
BHP18-21v cells

As described above, we demonstrated that HDACI in-
duced the re-expression of NIS, TPO, and Tg protein. To
confirm the function of the expressed TPO and Tg, we mea-
sured HDACI-induced radiciodide organification. BHP18-
21v cells were incubated with 1, 3, and 10 ng/ml depsipep-
tide for 48 h. MMI (300 um), which inthibits the TPO-induced
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FiG. 4. Detection of immunoreactive NIS, TPO, and Tg proteins in
HDACI-treated BHP18-21v and ARO thyroid cancer cells. BHP18—
21v and ARQ cells were incubated for 48 h with 3 ng/m] depsipeptide
or 300 ng/ml TSA. A-C and J-L, The presence of NIS protein was
examined by immunostaining using an anti-NIS monoclonal antibody
in BHP18-21v and ARO cells treated with or without HDACI, D-F
and M-0, The fixed cells were stained with an anti-TPQ monoclonal
antibody. G-I and P-R, Tg immunostaining was examined in cells
incubated with or without HDACI. The fixed cells were incubated
with an anti-NIS, anti-TPO, and anti-Tg monoclonal antibody and
then a biotinylated secondary antibody, and then stained with avidin-
biotinylated horseradish peroxidase.
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