0888-8809/04/$15.00/0
Printed in U.S.A.

Molecular Endocrinology 18(11):2817-2829
Copyright © 2004 by The Endocrine Society
doi: 10.1210/me.2004-0020

The CRE-Like Element Inside the 5 -Upstream
Region of the Rat Sodium/lodide Symporter Gene
Interacts with Diverse Classes of b-Zip Molecules
that Regulate Transcriptional Activities through

Strong Synergy with Pax-8

J. T. CHUN, V. DI DATO, B. D’ANDREA, M. ZANNINI, anp R. DI LAURO

Department of Biochemistry and Molecular Biology (J.T.C., V.D.D., R.D.L.), Stazione Zoologica
‘Anton Dohrn,’ Villa Comunale, 80121 Napoli, Italy; and Istituto di Endocrinologia ed Oncologia
Sperimentale del Consiglio Nazionale delle Ricerche and Dept. di Biologia e Patologia Cellulare e
Molecolare (B.D’A., M.Z.), Universita’ di Napoli Federico Il, 80131 Napoli, Italy

We previously demonstrated that transcription of
the rat sodium/iodide symporter (NIS) gene is reg-
ulated by NUE, an upstream enhancer located be-
tween nucleotides —2264 and —2495 of the 5'-
flanking region. To elucidate the mechanism of
TSH/cAMP-mediated regulation of NIS gene ex-
pression, we have characterized the putative
cAMP response element (CRE)/activator protein
(AP)-1 site (termed NUC) that is closely located
between the two Pax-8 (paired box domain tran-
scription factor-8) binding sites within NUE. In two
different approaches using either gel supershift
analyses or dominant-negative inhibitors of b-Zip
molecules, we have shown that NUC can be rec-
ognized by several members of the AP-1 and CREB

family transcription factors that modulate the tran-
scriptional activity of NUE. Using tethered dimers
of b-Zip molecules, we have also demonstrated
that specific homo- or heterodimers of AP-1 can
synergistically stimulate NUE activity in concert
with Pax-8. To demonstrate further that NUC is a
bona fide CRE, we made an artificial promoter with
the five-time tandem repeat of this sequence
(6XxNUC). In comparison to the canonical CRE
(5xCRE), 5xNUC manifested greater transcriptional
activity and broader response to cAMP signaling.
Hence, we postulate that the significance of this
evolutionally conserved CRE-like site may lie in its
broader cell type specificity. (Molecular Endocrin-
ology 18: 2817-2829, 2004)

SH IS REQUIRED for differentiation and prolifera-

tion of thyroid cells. TSH stimulates expression of
thyroid-enriched genes, e.g. thyroglobulin (Tg), TSH
receptor (TSHR), thyroid peroxidase (TPO), and sodi-
um/iodide symporter (NIS). The effects of TSH on thy-
roid cells are mostly mediated by cAMP, a second-
messenger molecule that is immediately induced by
TSH. In cultured thyroid cells, cAMP can substitute
TSH and stimulate expression of these thyroid-
enriched genes. However, the molecular mechanism
of cAMP-dependent gene expression in thyroid is still
largely unknown (1-4).

Abbreviations: AP, Activator protein; ATF-2, activating
transcription factor-2; CAT, chloramphenicol acetyl trans-
ferase; C/EBP, CCAAT/enhancer binding protein; CMV, cy-
tomegalovirus; CRE, 3’, 5’-cyclic adenosine monophosphate
response element; 4H, four-hormone media; NIS, sodium/
iodide symporter; N17, dominant-negative mutant of human
Rap1A; NUC, NIS upstream cAMP response element; NUE,
NIS upstream enhancer; Pax-8, paired box domain transcrip-
tion factor-8; PKA, protein kinase A; SI, synergy index; Tg,
thyroglobulin; TPO, thyroid peroxidase; TSHR, TSH receptor;
TTF-1, thyroid transcription factor-1.
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The most characterized mechanism of cAMP-
dependent gene expression is through CRE (cAMP
response element), a small palindromic cis-acting el-
ement in the regulatory region of the gene. Thus, the
genes responding to cAMP usually contain one or
more CRE sequences near their promoters. CRE re-
cruits transcription factors like CREB, which can be
activated by cAMP-dependent protein kinase A (PKA)
and other kinases (5-8). However, other mechanisms
may be also at work to conduct cAMP signaling and
regulate gene expression. With the exception of
TSHR, for instance, the other three cAMP-responsive
thyroid-enriched genes (e.g. Tg, TPO, and NIS) do not
contain the canonical CRE (4, 9). Hence, it has been
suggested that cAMP-dependent expression of these
genes might be mediated in some indirect mecha-
nisms that involve modulation of other transcription
factors such as TTF-1 (thyroid transcription factor-1)
or Pax-8 (10, 11).

In our previous study, we characterized the 5'-
upstream region of the rat NIS gene, and demon-
strated that the 232-bp fragment located between
—2264 and —2495 nucleotides can recapitulate the most
relevant features of NIS gene regulation, i.e. thyroid cell-
specific transcription and strong response to cCAMP (12).
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This enhancer element (NIS upstream enhancer; NUE)
contains a CRE-like site (TGACGCA) that deviates from
the canonical CRE (TGACGTCA) or activator protein
(AP)-1 (TGA®,TCA) sequences by only one nuclectide.
This CRE-like sequence element, which we call NUC
(NIS upstream cAMP response element), is quite unique
in several aspects. Firstly, although CRE is usually lo-
cated within 150 bp upstream from the promoter region
(13, 14), NUC is located over 2.5 kb away from the
transcription start site. Secondly, although chronic ex-
posure of cells to cAMP induces a refractory phase,
where cells do not respond further to cAMP (15, 16), the
232-bp enhancer unit containing NUC can respond to
cAMP in FRTL-5 cells during the refractory phase (12).
Finally, the sequence of NUC (TGACGCA) is conserved
in the rat and human genomes and is immediately
flanked by binding sites of thyroid- enriched transcription
factors, e.g. Pax-8 and TTF-1 (12, 17, 18). Previous work
demonstrated that Pax-8, and not TTF-1, plays a direct
role in modulating the transcriptional activities of NUE
(12).

In this article, we have demonstrated that NUC is a
functional CRE that produces cAMP-dependent gene
expression. We have characterized the NUC site not
only in the natural context within the rat NIS upstream
enhancer, but also in an artificial promoter containing
five-time tandem repeat of the NUC sequences. Using
gel mobility supershift assay and dominant-negative
inhibitors of specific b-Zip molecules, we have shown
that NUC can specifically interact with CREB and sev-
eral other b-Zip molecules. In explanation of our ob-
servation that cAMP-dependent transcriptional activ-
ity of NUE requires integrity of NUC and at least one
Pax-8 binding site, we have also demonstrated that
specific AP-1 dimers can create a strong synergy with
Pax-8 in our heterologous reporter gene assays.

RESULTS

NUC Plays a Pivotal Role in Mediating cAMP-
Responsive Transcriptional Activation, but It
Requires Cooperation of at Least One of the Two
Adjacent Pax-8 Binding Sites

NUE contains at least three crucial sites where mu-
tagenesis of the sequence leads to severe loss of
enhancer activities in FRTL-5 cells (12). One of them is
NUC (NISB), and the other two are overlapping binding
sites of Pax-8/TTF-1 (NISA) and the second binding
site for Pax-8 (NISC). To determine the sequence el-
ement that is directly responsible for cAMP-mediated
stimulation of the enhancer activity, we introduced
site-directed mutations to the pNISTKLUC3 plasmid
(Fig. 1A), and examined their abilities to respond to
cAMP. To this end, transiently transfected FRTL-5
cells were arrested in basal media (0.2% serum) for
72 h and then recovered in 4-hormone media (without
insulin and TSH) for additional 72 h in the presence or
absence of the cAMP-releasing agent forskolin. In the
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A Mutagenesis of NUE
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Fig. 1. cAMP-Dependent Stimulation of NUE Transcriptional
Activity Requires NUC and One of the Pax-8 Sites

A, pNISTKLUCS3 was mutated at the three major regulatory
sites, NISA (corresponding to 2444-2450 bp upstream to the
first codon), NISB (NUC, —2424 to —2418 bp), and NISC
(—2399 to —2405 bp). The mutated sequences were indi-
cated below the wild-type sequences for each case. B, Tran-
siently transfected FRTL-5 cells were arrested in basal media
(0.2% calf serum) for 72 h and subsequently maintained in 4H
(without insulin and TSH) for additional 72 h in the absence
(=) or presence (+) of 10 um forskolin. As a control for
transfection efficiency, luciferase activity was normalized
with CAT activities of the internal control vector. Error bars, sb
from three independent experiments. C, Northern blot anal-
ysis of the endogenous NIS mRNA in FRTL-5 cells under the
same experimental conditions as transfection assays. Five
micrograms of total RNA were resolved in 1% agarose gels
and hybridized to the rat NIS cDNA probe as described
previously (12). Definition of culture media: 6H, complete
media with six hormones, as described in Material and Meth-
ods section; 4H, same as 6H media without insulin and TSH.

absence of forskolin, the wild-type and the three mu-
tant NUE constructs displayed similar basal level of
reporter gene activities (Fig. 1B). When forskolin was
added, however, the plasmid with mutations at the
NUC site manifested a significant loss of cAMP re-
sponsiveness, whereas the wild-type plasmid dis-
played 10-fold increase of reporter gene activities,
similar to the changes of the endogenous NIS mRNA
levels monitored in the same experimental conditions
(Fig. 1, B and C). In contrast, mutagenesis of one of the
two Pax-8 sites (NISA or NISC) did not impair cAMP-
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mediated stimulation of NUE activities. When both
Pax-8 sites were modified, however, the ability to re-
spond to cAMP was also severely impaired (Fig. 1B;
NISA + C). Hence, although NUC plays a central role
in mediating cAMP-induced stimulation of enhancer
activity, it requires cooperation of at least one of the
Pax-8 binding sites.

Transcriptional Activity of NUE Is Suppressed by
Specific Dominant-Negative Inhibitors of b-Zip
Transcription Factors

NUC bears sequence similarity to both AP-1 and CRE
consensus sequences. Transcription factors binding
to AP-1 or CRE are known as members of the b-Zip
family. These molecules are characterized by a stretch
of basic amino acids and a leucine zipper structure at
the C terminus, which are required for DNA binding
and dimerization, respectively (19). To demonstrate
that transcriptional activity of NUE is under the regu-
lation of b-Zip transcription factors, we used specific
dominant-negative inhibitors of b-Zip. These mole-
cules can dimerize with the target b-Zip with high
affinity, but the resulting dimer cannot bind to DNA
because of the stretch of negatively charged amino
acid residues (20). Hence, dominant-negative inhibi-
tors can specifically sequester the target b-Zip mole-
cules and prevent them from binding to DNA (Fig. 2A).
When these dominant-negative inhibitors were used
for the cotransfection assay in FRTL-5 cells, we ob-
served that dominant-negative inhibitors of CREB,
Fos, JunD, and ATF-2 (activating transcription factor-2)
consistently repress the NUE enhancer activities by
25-40% (Fig. 2B). In contrast, dominant-negative in-
hibitors for ATF-4 and CCAAT/enhancer binding pro-
tein (C/EBP) produced an increase of enhancer activ-
ities, whereas ATF-3 and A1-Zip made no difference.
These results indicate that the transcriptional activity
of NUE is specifically stimulated by CREB, ATF-2, Fos,
and JunD, whereas other b-Zip molecules such as
ATF-4 and C/EBP have repressive effects.

In control experiments, the dominant-negative b-Zip
molecules had no effect on the reporter gene activities
of the mutated pNISTKLUC3 plasmid with site-
directed modification at the NUC motif sequence (Fig.
2C). Hence, the effect of dominant-negative b-Zip
molecules on pNISTKLUCS3 is specifically mediated by
NUC, and not by other sequence elements.

Tethered b-Zip Dimers Can Stimulate
Transcription Activity of NUE by Forming Strong
Synergy with Pax-8

In an inverse approach to demonstrate that transcrip-
tion activity of NUE is under the regulation of b-Zip, we
used tethered b-Zip in which AP-1 monomers were
joined by a polypeptide tether to force specific pairing
(Fig. 3A). Considering the possibility that a given b-Zip
can form multiple forms of dimers, this approach pro-
vides an advantage to study the effect of the exact
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homo- or heterodimers of b-Zip (21). To study the
cooperation of Pax-8 and the various forms of teth-
ered b-Zip dimers, NUE reporter gene (pNISTKLUC3)
and the tethered b-Zip plasmids were cotransfected
into Hela cells in the presence or absence of exoge-
nous Pax-8 (Fig. 3B). When Pax-8 was transfected into
Hela cells without exogenous tethered b-Zip, it stim-
ulated NUE transcription over 3-fold. In the absence of
exogenous Pax-8, the tethered b-Zip manifested ei-
ther strong stimulation (JunD:Fra2, CREB:CREB),
moderate stimulation (JunB:Fra2, JunB:ATF2, and
JunD:ATF2), or slight repression (c-Jun:JunD). On the
other hand, other tethered b-Zip homo- or het-
erodimers showed marginal effect by themselves
(cdun:Fra2, cJun:cdun, JunD:JunD, and cJun:ATF2).
However, in the presence of Pax-8, most tethered
AP-1 (except cJun:JunD) displayed strong synergy
with Pax-8 because the reporter gene activities were
much greater than the sum of the inductions elicited
by Pax-8 or tethered AP-1 alone. For the sake of
quantitative comparison, we have defined Synergy In-
dex (Sl) as the combinatorial effect of the Pax-8 and a
given tethered b-Zip dimer divided by the sum of the
individual effects by the two (fold induction). The
strongest synergy with Pax-8 was observed with cJun:
Fra2 and JunD:JunD, where Sl values reached 9.6 and
8.8, respectively (Fig. 3B). In contrast, despite the fact
that CREB:CREB homodimer can stimulate NUE ac-
tivity by 4-fold by itself, its combinatorial effect to-
gether with Pax-8 was rather additive rather than syn-
ergistic (SI = 1.2).

In control experiments, the tethered b-Zip mole-
cules had no effect on the reporter gene activities of
the mutated pNISTKLUC3 plasmid with site-directed
modification at the NUC motif sequence (Fig. 3C).
Hence, the effect of tethered b-Zip molecules on
pNISTKLUCS is specifically mediated by NUC, and not
by other sequence elements.

Direct Identification of Transcription Factors
Binding to NUC by Gel Mobility Supershift Assay

To demonstrate that b-Zip transcription factors exert
their effects on NUE by direct interaction with the
target site NUC, we performed supershift assays. The
28-bp oligonucleotide probe containing the NUC se-
quence displayed a complex binding pattern, which
were arbitrarily labeled D, W, L1, U, and L2 (control
lane, No Ab) in Fig. 4. All of these characteristic mo-
bility shift patterns except the U band represent spe-
cific binding to the CRE-like core motif sequence, as
mutation of the NUC sequence in the same probe led
to elimination of all bands except U (data not shown).
In the presence of the specific antibodies, supershift
patterns were observed for some of those b-Zip mol-
ecules that modulated NUE activities in the transfec-
tion experiments using dominant-negative plasmid.
ATF-2 antibody specifically supershifted the D bands,
suggesting that ATF-2 is the main component of the D
complex (Fig. 4). In comparison to that, c-Jun antibody
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Fig. 2. Effects of Dominant-Negative Inhibitors of b-Zip Molecules on Transcriptional Activity of NUE

A, Dominant-negative inhibitors of b-Zip molecules can form a stable dimer with the target molecule, and thereby prevent it
from binding to DNA. B, FRTL-5 cells were cotransfected with pNISTKLUCS (3 ng), pPCMV-CAT internal control (1 ng), and the
plasmid overexpressing specific dominant-negative inhibitor of b-Zip (2 ng). Transfected cells were incubated in 6H media for
72 h, and lysed for luciferase and CAT (internal control) assays. C, Control experiments with the mutated pNISTKLUC3 modified
at NUC core motif. Normalized data were plotted in reference to the control value (the empty cloning vector for b-Zip was used
as effector). Error bars, sb from three independent experiments.

produced two similarly supershifted complexes, but vious when considering that the relative intensity of D
with only slight reduction of the D complex. However, complex in the c-Jun lane is much reduced with re-
the concomitant disappearance of the D band is ob- spect to W, in comparison with the situation with the
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Tethered b-Zip
—
Pax-8 Pax-8 —
NUC transcription
E3 bZip dimer Co-transfectant Synergy
B-cal Pax-8 Index
control
{B-Gal) 1.00 4+ 0.25 3.25 ¢ 0.43 N
JunB:Fra2 2.36  0.91 36.07 + 2.45 6.4
cdJun:Fra2 1.70 + 0.49% 47.28 + 7.69 9.6
cdun:cdun 0.85 + 0.14 21.72 ¢ 4.25 5.3
JunD:Fra2 14.95 4+ 1.88 101.32 + 9.31 5.5
cJun: JunD 0.55 4+ 0.02 4.32 + 0.99 11
JunB:ATF2 3.15 + 0.65 28.15 £ 1.01 4.4
JunD:ATF2 2.96 + 0.1s6 33.03 + 7.25 4.6
JunD: JunD 1.00 + 0.10 37.54 ¢ 0.52 8.8
cJun:ATF2 1.49 + 0.26 28.80 + 2.46 6.1
CREB:CREB 4.33 + 0.59 9.37 + 1.93 1.2
pGL3 0.05 % 0.01 0.09 + 0.04 =
(: bZip dimer Co-transfectant
B-Gal Pax-8
B-Gal 1.00 + 0.07 1.43 ¢ 0.39
JunB:Fra2 0.94 + 0.15 1.03 + 0.13
cJun:Fra2 0.96 + 0.19% 1.07 + 0.15
cJun:cdun 1.04 4+ 0.12 1.07 + 0.14
JunD:Fra2 1.18 + 0.32 1.21 + 0.18
cJun: JunD 1.02 + 0.10 1.82 + 0.35
JunB:ATF2 1.08 + 0.11 1.30 £ 0.19
JunD:ATF2 0.97 + 0.09 1.43 + 0.15
JunD: JunD 0.97 + 0.18 1.50 + 0.35
cJun:ATF2 0.90 + 0.07 1.42 + 0.39
CREE : CREB 1.20 + 0.13 2.13 + 0.61
pGL3 0.04 4+ 0.01 0.19 + 0.10

Fig. 3. NUE Transcriptional Activity Is Regulated by Synergy between Pax-8 and b-Zip Dimers

A, Tethered b-Zip dimers with specific pairing were designed to interact with NUC, which is situated between the two Pax-8
sites within NUE. B, Hela cells were cotransfected with pNISTKLUCS reporter (3 ng), internal control pCMV-CAT (0.5 ng), and
plasmid expressing tethered b-Zip dimer (2 ng). To evaluate the activities of tethered b-Zip in the presence or absence of
exogenous Pax-8, either Pax-8 or B-Gal-expressing plasmids (2 ng) were added as cotransfectant. The values in the column of
B-Gal represent the effect of tethered b-Zip alone, whereas the values in the column of Pax-8 represent the combinatorial effect
of Pax-8 and tethered b-Zip. The total amount of transfected DNA was equalized by pCMV-B-Gal. Transfected cells were
harvested in 48 h for luciferase and CAT assays, and the normalized activity was presented as fold induction in reference to the
control value (cotransfection with only B-Gal). Sl was arbitrarily defined to evaluate the synergism between Pax-8 and the tethered
b-Zip (S| = the combinatorial effect in fold induction divided by the sum of the individual effects). C, Control experiments with
mutated pNISTKLUC plasmid modified at the NUC motif.

control lane (No Ab). On the other hand, CREB-1 an- the L1 complex. Similarly, c-Fos antibody specifically
tibody specifically inhibited the formation of the L1 but partially inhibited the formation of the W band,
band, identifying CREB-1 as the major component of suggesting that the W band might be composed of
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Fig. 4. Direct Identification of Transcription Factors Binding to NUC by Gel Mobility Supershift Analysis

Four micrograms of specific antibodies were added to the reaction mixture as described in Materials and Methods. After 20
min incubation at room temperature, the reaction mixture was resolved in 5% polyacrylamide gels and processed for autora-
diography. P, Unbound probe; D, retardation complex with doublet bands; W, a wide-spread retardation complex; L1 and L2,
retardation complexes with lower masses; U, ubiquitous band. Supershifted or inhibited protein-DNA complexes were marked

with black and white arrowheads, respectively.

other factors as well. Finally, ATF-1, FosB, Fral, Fra2,
and JunD antibodies did not produce evident super-
shift patterns in the given experimental conditions.

cAMP Induces Binding Activities to the NUC Site

TSH/cAMP increases NIS expression and transcrip-
tional activities of NUE. Because activation of CREB
and AP-1 transcription factors by phosphorylation
does not increase their DNA binding affinities in most
cases (22), modulation of transcriptional activities of
these factors by cAMP signaling pathways may not be
visualized by changes in the binding patterns at NUC,
unless such proteins are newly synthesized by cAMP
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signaling. To test whether cAMP signaling causes
changes of binding patterns at NUC, we performed gel
shift assays using FRTL-5 cells that were maintained in
the basal media (0.2% serum) for 72 h and subse-
quently in the four-hormone media (4H) in the pres-
ence or absence of 10 um forskolin for additional 72 h.
As shown in Fig. 5A, starved cells do not form the
doublet complexes (D) and the L1 band in the absence
of forskolin. However, cells treated with forskolin for
72 h regained binding activities that form the L1 and,
to a lesser extent, D complexes (Fig. 5A). The loss of
NUC binding activities forming D and L1 bands after
cell starvation is not caused by general down-regula-
tion of transcription factors, as judged by the incre-
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Fig. 5. cAMP Increases NUC Binding Activities in Complex
D and L1

FRTL-5 cells were maintained in the basal medium (0.2%
serum) for 3 d, and transferred to 4H (without insulin and TSH)
for additional 3 d (72 h) in the presence or absence of 10 um
forskolin. Cell extracts were collected and analyzed by gel
shift as described in Materials and Methods. A, Gel shift
patterns with the double strand NUC probe. B, Gel shift
pattern obtained with the Sp1 probe (5’-ATTCGATC-
GGGGCGGGGCGAG-3': core motif underlined) using the
same cell extracts. Definition of culture media: 6H, complete
media with six hormones, as described in Materials and
Methods; 4H, same as 6H media without insulin and TSH.

ment of the U band and the unchanged binding activ-
ities of Sp1 in the absence of forskolin (Fig. 5B).

The Artificial Promoter with Five-Time Tandem
Repeat of NUC Displays Enhancer Activities and
Responds to cAMP with Broader Cell Specificity
in Comparison to the Equivalent 5xCRE Promoter

To characterize further the intrinsic nature of NUC, we
constructed an artificial promoter with a five-time tan-
dem repeat of the NUC sequence (Fig. 6A). This plas-
mid (p5xNUC-CAT) displayed enhancer activities in
both thyroid and nonthyroid cells because the reporter
gene activity (CAT; chloramphenicol acetyl trans-
ferase) was much higher than that of the vacant clon-
ing vector (pE1b-CAT) in all cell types tested (Fig. 6B).
In all cases, p5xNUC-CAT manifested slightly higher
enhancer activities in comparison to the similarly con-
structed plasmid using the canonical CRE sequence
(p5xCRE-CAT). Because the transcriptional activities
were completely suppressed by the mutagenesis of
the core motif sequences, the transcriptional activities
of the NUC and CRE tandem repeat were attributed to
the core motif itself and not to the flanking sequences
(data not shown).

NUE activity is stimulated by cAMP signaling in
FRTL-5 cells during the refractory phase in which the
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cells are depleted of PKA catalytic subunits by chronic
exposure to TSH/cAMP. In the same condition, how-
ever, the somatostatin promoter containing a canoni-
cal CRE did not respond to cAMP in FRTL-5 cells (12,
15). To test whether NUC can recapitulate such PKA-
independent transcriptional activities manifested by
NUE, we carried out the reporter gene assays using
p5xNUC-CAT in the FRTL-5 cells at the refractory
phase (without starvation of the cells). However, fors-
kolin was able to stimulate the transcriptional activities
not only for 5xNUC but also for 5xCRE in FRTL-5 cells
during the refractory phase. Hence, the ability of NUE
to respond to cAMP in a PKA-independent pathway
was not due to the intrinsic nature of NUC but should
be attributed to the unique combinatorial synergism of
the entire transcriptional unit involving NUE.

The major difference between 5xNUC and 5xCRE
enhancer activities was rather observed in their cell
type specificity. Although the transcriptional activity of
5xNUC was stimulated by forskolin and PKA in all cell
types tested, 5xCRE displayed only marginal induction
in HEK-293 and P19 cells by forskolin or PKA (Fig. 6B).
Hence, NUC might have certain advantages over the
canonical CRE in a sense that NUC can be activated
by cAMP signaling pathways in much broader cellular
milieu.

cAMP-Dependent Stimulation of NUE Activity Is
Repressed by a Dominant-Negative Mutant
of Rap1A

As mentioned above, cAMP induces NUE activities in
both PKA-dependent and -independent pathways
(12). Recent studies suggested that cAMP not only
activates PKA but also directly binds to a guanine
nucleotide exchange factor Epac, which in turn spe-
cifically activates a Ras-related molecule Rap1 (23,
24). Because Rap1 is readily activated by TSH in thy-
roid cells (25) and can function in a PKA-independent
way in several other systems (23, 26), we reasoned
that Rap1 may contribute to the PKA-independent
stimulation of NUE activities in FRTL-5 cells. Rap1 can
activate a transcription factor elk-1 through B-Raf and
MAPK pathway, which subsequently induce expres-
sion of certain genes responsible for neuronal pheno-
type in PC-12 cells (27). If similar events take place in
thyroid cells, it is expected that overexpression of the
activated form of Rap1 can induce the NIS gene ex-
pression in the absence of cAMP. However, expres-
sion of either active form (V12) or wild type of Rap1
was not able to stimulate the NUE enhancer activities
in the absence of forskolin (Fig. 7A). Similarly, expres-
sion of Epac did not stimulate NUE activities in FRTL-5
cells in the absence of forskolin either by itself or in
combination with Rap1A (data not shown). However, a
dominant-negative mutant (N17) of human Rap1A in-
hibited the cAMP-mediated stimulation of NUE activity
by 45% (Fig. 7A). These results suggest that Rap1A
may be necessary but not sufficient for cAMP-medi-
ated induction of NUE activities. Curiously, in the same
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nue [ nuc NUC] wuc | wuc |~ TATA
(E1lb promoter + CAT)
Normalized Forskolin Induction Induction
Cells Plasmid Activity (10 uM) (fold) cPKA (fold)
(x Elb-CAT)
Rat-2 5xNUC 17.3 + 2.5 137 + 34 7.9 67.5 + 11 3.9
E5xCRE 12.7 + 1.7 183 + 46 14.4 76.2 + 11 6.0
HEK-283 5xNUC 71.2 + 16 214 + 36 3.0 256 + 4.3 3.6
5xCRE 57.2 + 18 85.8 + 11 1.5 80.1 + 4.6 1.4
Hela 5xNUC 40.8 + 7.7 110 + 2.0 2.7 182 + 61 4.7
5xCRE 6.20 + 3.6 14.5 + 0.48 2.1 61.4 + 30 8.9
FRTL-5 5xNUC 60.2 + 8.9 584 + 72 9.7 247 + 72 4.1
5xCRE 31.5 + 4.9 1370 + 270 43 .5 142 + 6.3 4.5
Ple 5xNUC 5.80 + 1.9 22.0 + 4.6 3.8 42.9 + 16.2 7.4
5xCRE 1.6 + 0.27 2.56 + 0.64 1.6 9.17 + 4.9 5.7

Fig. 6. The Artificial Promoter Containing a Tandem Repeat of NUC Sequences Responds to Forskolin and PKA in All Cell Types
Tested

A, Plasmid vector containing E1b promoter and 5-time tandem repeat of NUC or the canonical CRE sequence motif was
prepared as described in Materials and Methods. B, Cells were transiently transfected with pSxNUC-CAT or p5xCRE-CAT
plasmids (4 ng) in the presence or absence of forskolin (10 um) or PKA catalytic subunit-expressing plasmid (2 ng). After 48 h,
reporter gene activities (CAT) were normalized with the internal control vector, and presented in reference to the background
values with the vacant vector pE1b-CAT (mean *+ sp). Fold induction values in bold represent the effect of forskolin or PKA in
comparison to controls (cells without PKA or forskolin treatment). For FRTL-5 cells, transfected cells were not starved in 0.2%
serum to see the effect of cAMP signaling during the refractory phase.

experiment with 5xNUC, the N17 dominant-negative
inhibitor of Rap1A did not repress the cAMP-depen-
dent stimulation of transcriptional activity (Fig. 7B),

suggesting that the downstream effects of Rap1A after
cAMP signaling may be conducted to NUE, but not
directly through the factors binding to NUC.
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Fig. 7. Dominant-Negative Mutant of Rap1A (N17) Inhibits cAMP-Dependent Stimulation of NUE Transcriptional Activity

A, CMV promoter-based plasmids containing wild-type (WT), activated (V12), or dominant-negative (N17) forms of human
Rap1A (2 ng) were cotransfected with pNISTKLUC3 reporter gene (3 ng) in FRTL-5 cells. Normalized values were presented in
reference to the control values (reporter gene activities without forskolin or Rap1 plasmid). Transfected cells were maintained in
starvation media (0.2% calf serum) for 72 h and subsequently recovered in 4H containing 5% calf serum for additional 72 h in
the absence (—) or presence (+) of forskolin (10 uMm). Error bars, sb from four independent experiments (*, P < 0.01 compared with
the values with B-Gal + forskolin). B, Cotransfection assay was performed with the artificial promoter containing 5xNUC (4 ng)
in the same experimental conditions. Error bars: sb from four independent experiments.

DISCUSSION and lactating mammary glands (28, 29). lodide uptake

in thyroid follicular cells is an essential step for bio-
NIS is a membrane protein that is responsible for synthesis of thyroid hormones, and this process is
active transport of iodide in thyroid, gastric mucosa, up-regulated by TSH through either posttranslational
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modification of NIS (30, 31) or NIS mRNA induction in
a cycloheximide-sensitive manner (32). Despite the
molecular cloning of NIS promoter and its 5’-flanking
regions, however, detailed mechanism by which NIS
gene expression is regulated by TSH and other cell-
specific cues is largely unknown (12, 33-36). The prox-
imal 5’-flanking region of the rat NIS gene contains
binding sites for TTF-1 and other transcriptional fac-
tors (34, 37), but the complete activation by TSH re-
quires the further upstream regions (12, 32, 37).

In thyroid, the regulatory region that confers the
strongest cAMP response was mapped to NUE, the
232-bp fragment located between —2264 and —2495
nucleotides (12). This region is clustered with several
binding sites for TTF-1 and Pax-8, as well as a CRE-
like site NUC. In this study, we have demonstrated that
NUC can recruit both Fos/Jun and CREB/ATF sub-
families of b-ZIP transcription factors. Using gel su-
pershift assays, we have identified transcription fac-
tors binding to NUC in FRTL-5 cells, e.g. c-Jun, c-Fos,
ATF-2, and CREB-1 (also called CRE-BP1 or HB16).
On the other hand, ATF-1, Fral, Fra2, FosB, and
Jun-D antibodies had no evident effects on the NUC-
binding patterns in FRTL-5 cells (Fig. 4). However, it
bears emphasis that the negative results do not prove
that these factors (ATF-1, Fra1, Fra2, FosB, and JunD)
do not bind to NUC. The negative results might simply
reflect insufficient efficacy of the antibodies or low
prevalence of such transcription factors in the cells at
the steady state. In other independent experiments,
we have observed Fra2 and FosB binding to NUC
(data not shown).

NUC can bind to a variety of b-Zip molecules for
three reasons: 1) the NUC core motif bears high sim-
ilarities to both CRE and AP-1 consensus sequences;
2) although CREB/ATF and Fos/Jun subfamilies of
b-Zip molecules preferentially bind to CRE and AP-1
sites, respectively, they also show some extent of
cross-over binding specificity (38, 39); 3) certain b-Zip
transcription factors can form heterodimers with each
other even across the subfamily boundary. However,
b-Zip heterodimerization is not promiscuous and ap-
pears to follow specific pairing rules (7, 8, 40-42).

NUC is the only site bearing CRE/AP-1 motif in NUE.
Because transcriptional activity of NUE is nearly elim-
inated by mutation of NUC (12), transcription factors
binding to NUC obviously play a pivotal role in this
enhancer unit. We showed that dominant-negative in-
hibitors of those b-Zip molecules that bind to NUC can
modulate the transcriptional activities of NUE (Fig. 2).
From these results, it can be inferred that CREB-1,
Jun, Fos, and ATF-2 stimulate NUE, whereas C/EBP
and CREB-2 (ATF-4) work as repressors on this en-
hancer as in several other genes (43-45). However, all
these dominant-negative inhibitors for CREB, Jun,
Fos, and ATF-2 displayed moderate repression of
NUE activities (the strongest effect was observed with
A-CREB: 45% repression), rather than total elimination
(Fig. 2). Even when both CREB and AP-1 were seques-
tered altogether, we were not able to produce total

Chun et al. ¢ CRE/AP-1 Site in Rat NIS Upstream Enhancer

inhibition of NUE transcription activities (which is pub-
lished as supplemental data on The Endocrine Soci-
ety’s Journals Online web site at http://mend.en-
dojournals.org; supplemental data item 1, table).
Because the potency of these dominant negatives was
proved in other systems (20), such partial repression
seems to reflect the fact that NUC interact with mul-
tiple b-Zip families as shown in the supershift assay
(Fig. 4), and that these multiple factors contribute to
transcriptional activities in parallel. Alternatively, we
cannot rule out the possibility that a novel class of
transcription factor may interact with NUC.

A few recent studies indicated that the CRE/AP-1
like elements can manifest changes of protein binding
activity after cAMP signaling. In PC12 cells, cAMP
signaling increases Fos binding activities to the CRE/
AP-1 site (TGCGTCA) in dopamine pB-hydroxylase
gene (46). On the other hand, CRE-like sequence
within human NUE recruits increased amount of bind-
ing factors after cAMP signaling (18). In this study, we
observed that L1 and D bands are induced by 72 h
treatment of forskolin (Fig. 5). Whether the b-Zip mol-
ecules constituting these two complexes (e.g. ATF-2,
c-Jun, and CREB-1) are responsible for NIS induction
would be an interesting subject for future studies.

Besides NUC, cAMP-dependent transcriptional ac-
tivation of NUE requires participation of at least one of
the two Pax-8 binding sites (Fig. 1). Indeed, using
tethered b-Zip dimers with forced pairing, we have
demonstrated that Pax-8 can synergize with specific
AP-1 dimers, but not with CREB (Fig. 3). Because
Pax-8 protein is expressed in tissue-specific manner
and is induced by cAMP in thyroid cells (47-50), such
a synergistic mechanism involving Pax-8 and b-Zip
can partially explain how transcriptional activities of
NUE can be induced by cAMP in a cell type-specific
manner. Although Pax-8 and the b-Zip molecules
binding to the adjacent sites in NUE create strong
synergy, such cooperation does not seem to involve
direct protein-to-protein interactions between Pax-8
and b-Zip molecules. Our pull-down experiment of
FRTL-5 cell nuclear extracts with Pax-8-conjugated
Sephadex detected TTF-1 as observed previously (51)
but failed to detect CREB or other AP-1 molecules
(supplemental data item 2, figure).

CRE-like sequences containing asymmetric dyad
occur in a number of genes, and they display slightly
different binding characteristics toward CREB in com-
parison with the canonical CRE. For example, whereas
phosphorylation of CREB does not alter its binding
affinity to canonical CRE, some asymmetric CRE-like
sequence binds more efficiently to phosphorylated
CREB (52). NUC, an asymmetric CRE-like, binds to
CREB with lower affinity in comparison to the canon-
ical CRE, but phosphorylation of CREB does not sig-
nificantly change the binding affinity to NUC (data not
shown). Thus, with respect to the binding character-
istics, NUC is rather similar to canonical CRE than to
the other asymmetric CRE. However, CRE probe can
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produce subtly different supershift patterns in com-
parison to NUC (supplemental data item 3, figure).

Although PKA is the most characterized down-
stream effector of cAMP, other molecules transducing
cAMP signals without PKA have been discovered re-
cently, e.g. cyclic nucleotide-gated channels, Rap1,
and Ras (23, 53, 54). Recently, it was demonstrated
that stably transfected Wistar rat thyroid cells overex-
pressing N17-dominant-negative inhibitor of Rap1A
represses NIS expression in the presence of TSH/
cAMP signaling (55). However, the active form of
Rap1A did not induce NIS expression in the absence
of TSH/cAMP signaling. Hence, our results with NUE
and Rap1A (Fig. 7) exactly parallel their observation
with the endogenous NIS protein in those stable cell
lines. On the other hand, N17 dominant-negative in-
hibitor of Rap1A represses NUE but not 5xNUC tran-
scriptional activities in the presence of cCAMP signaling
(Fig. 7). Hence, the cis-acting element that conducts
the downstream effect of Rap1A is likely to be outside
NUC, e.g. Pax-8, TTF-1, or other binding sites.

In summary, we have identified the functional tran-
scription factors that bind to NUC and modulate tran-
scriptional activities of NUE. Our results in supershift
assay and transient transfection experiments indi-
cated that the NUC site can conduct diverse class of
cell signals. This apparent redundancy makes it pos-
sible for cAMP and other cell signals to reach NUE
through multiple routes during development and in
certain physiological conditions. For instance, in con-
trast to 5xCRE, the artificial promoter containing
5xXxNUC can respond to cAMP not only in differentiated
cell lines, but also in undifferentiated embryonal cell
lines such as P19 cells. More importantly, we have
also demonstrated that Pax-8 can synergize with
b-Zip molecules at NUC site and stimulate NUE tran-
scriptional activities. Hence, future studies on the reg-
ulatory mechanism of this synergism are likely to pro-
vide more insights into the transcriptional regulation of
the NIS gene.

MATERIALS AND METHODS

Plasmid

The reporter gene constructs containing the TK promoter and
NUE (pNISTKLUCS3) were prepared in the previous study (12).
To make a plasmid with isolated NIS CRE/AP-1 sites and a
reporter gene (p5xNUC-CAT), oligonucleotides containing
five time tandem repeat of the NUC sequence element (5'-
TGGGGCTGACGCAGGGC-3'; core motif underlined) were
chemically synthesized and annealed to the antisense oligo-
nucleotides, and subsequently ligated to pE1b-CAT. The
control plasmid with five time repeat of the canonical CRE
sequence (5'-GATTGCCTGACGTCAGAG-3': core sequence
underlined) was constructed in the same way. The expres-
sion vectors for Rap1 and Epac were made by PCR amplifi-
cation of human Krev-1/Rap1A (Dr. H. Kitayama, Kyoto Uni-
versity, Kyoto, Japan) and Epac cDNA (Dr. J. L. Bos, Utrecht
University, Utrecht, The Netherlands) and subsequent liga-
tion to a cytomegalovirus (CMV)-based expression vector.
Mutagenesis of target sequences on the plasmid was per-
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formed with the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). All expression vectors were veri-
fied by DNA sequencing and the Western blot analysis of the
lysates from the transfected cells (HelLa) to ensure proper
expression. The CMV-based expression vectors for domi-
nant-negative b-Zip molecules were generously provided by
Dr. Charles Vinson at the National Institutes of Health (Be-
thesda, MD) (20). Tethered AP-1 plasmids were kindly pro-
vided by Dr. Moshe Yaniv at the Pasteur Institute (Paris,
France). Tethered CREB:CREB plasmid was constructed us-
ing the same strategy as specified in Bakiri et al. (21).

Cells and Transient Transfection Assay

The FRTL-5 cell line was maintained in F12 media containing
5% calf serum and six hormones (3.6 ng/ml cortisol, 5ng/ml
transferrin, 10 ng/ml glycyl-L-histydil-L-lysine acetate, 10
ng/ml somatostatin, 10 wg/ml insulin, and 1 mU/ml bovine
TSH) and plated on 60-mm plastic dishes 2 d before trans-
fection. Transfection experiments were performed with cal-
cium phosphate method after the previously described pro-
tocols (12). The transcriptional activities of the test plasmid
were monitored with reporter gene activities 3d after trans-
fection, and the data were normalized with activities of inter-
nal control plasmid (pCMV-CAT, pCMV-Luc, or pTK-Renil-
laLuc). For assays of NUE transcriptional activity, 3 ng of
pNISTKLUC3 and 1 ng of pCMV-CAT were used for each
plate (60 mm). For assays of p5xNUC-CAT and p5xCRE-CAT
activities, the amount of the test plasmid was set to 4 ug. In
cotransfection assay, 2 ug of effector plasmid (b-Zip or Rap1
plasmid) was used per plate unless specified otherwise, and
the total amount of transfectant DNA was adjusted to equal
for each plate using pCMV-GAL plasmid. To study cAMP
effect, cells were maintained in starvation media (0.2% calf
serum) for 3 d after transfection, and for additional 3 d in 4H
in the presence or absence of forskolin (10 um) before anal-
ysis. Data were pooled from at least three independent ex-
periments with triplicate samples, and statistical analysis was
performed with ANOVA. Transfection assays for HelLa cells
and HEK 298 cells followed a similar procedure, except that
the cells were plated 1d before transfection.

Gel Mobility Shift

Oligonucleotides were elected from the NUC site (5'-AGT-
GTGGGGCTGACGCAGGGCTGCAGGG-3': core motif un-
derlined), and the nuclear extracts were prepared from
FRTL-5 cells after the previously described method (56). The
chemically synthesized oligonucleotides were labeled with
32p ysing polynucleotide kinase and annealed to the anti-
sense complementary sequences. The end-labeled double-
strand oligonucleotide probes (80,000 cpm) were mixed with
FRTL-5 cell extract (7 ng) in 20 ul of reaction buffer [reaction
buffer: 10 mm Tris (pH 7.5), 50 mm KCI, 5 mm MgCl, 1 mm
dithiothreitol, 1 mm EDTA, 50 wpg/ml poly(deoxyinosine-
deoxycytosine), 5 ug/ml BSA, 13% glycerol] and incubated at
room temperature for 20 min before loading on the 5% poly-
acrylamide gel in 0.5X TBE buffer at 200 V. For supershift
assay, 4 ng of specific antibodies (Santa Cruz Biotechnology)
were added to the reaction mixture and further incubated at
room temperature for additional 20 min. After electrophoresis
in a cold room, gels were dried and processed for autora-
diography on Kodak (Rochester, NY) OMAX films for 24 h.
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