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The gene encoding the Na/I symporter (NIS) is expressed at high levels only in thyroid follicular cells, where
its expression is regulated by the thyroid-stimulating hormone via the second messenger, cyclic AMP (cAMP).
In this study, we demonstrate the presence of an enhancer that is located between nucleotides —2264 and
—2495 in the 5'-flanking region of the NIS gene and that recapitulates the most relevant aspects of NIS
regulation. When fused to either its own or a heterologous promoter, the NIS upstream enhancer, which we call
NUE, stimulates transcription in a thyroid-specific and cAMP-dependent manner. The activity of NUE de-
pends on the four most relevant sites, identified by mutational analysis. The thyroid-specific transcription
factor Pax8 binds at two of these sites. Mutations that interfere with Pax8 binding also decrease transcriptional
activity of the NUE. Furthermore, expression of Pax8 in nonthyroid cells results in transcriptional activation
of NUE, strongly suggesting that the paired-domain protein Pax8 plays an important role in NUE activity. The
NUE responds to cAMP in both protein kinase A-dependent and -independent manners, indicating that this
enhancer could represent a novel type of cAMP responsive element. Such a cAMP response requires Pax8 but
also depends on the integrity of a cAMP responsive element (CRE)-like sequence, thus suggesting a functional

interaction between Pax8 and factors binding at the CRE-like site.

Cell type-specific gene transcription is often dependent on a
set of transcription factors whose combination is unique to that
cell type. Three transcription factors, TTF-1, TTF-2, and Pax8,
have been implicated in such a control in the case of thyroid-
specific transcription of the thyroglobulin and thyroperoxidase
genes (13). TTF-1 is an homeodomain (HD)-containing pro-
tein, present in the developing thyroid, lung, and diencephalon
(26). TTF-2, a forkhead protein, has been detected in the
endoderm of the developing foregut, including the thyroid
anlage, and in the anterior pituitary (41), while the paired-
domain (PD) factor Pax8 is present in both the thyroid and
kidney (35). The unique combination of these factors in the
thyroid follicular cells strongly suggests that their interaction
plays an important role in inducing a specific pattern of gene
expression in these cells. Cyclic AMP (cAMP), whose intracel-
lular level is elevated by the thyroid-stimulating hormone
(TSH), is an important modulator of gene expression in thy-
roid cells (1, 2, 14, 18, 20, 22, 34, 37). Nevertheless, direct roles
for the thyroid-restricted factors TTF-1, TTF-2, and Pax8 in
mediating the cAMP effects in thyroid cells have not yet been
demonstrated. Interestingly, well-known mediators of tran-
scriptional regulation by cAMP, such as those acting through
the cAMP responsive element (CRE) sequence (5) have been
proposed to be involved only in the regulation of TSH receptor
gene expression (22), but no conclusive evidence on their roles
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in the control exerted by TSH cAMP or on other thyroid-
specific genes has been provided. To gain further insights into
the mechanisms responsible for cAMP-dependent transcrip-
tion in thyroid cells and their relationships to thyroid-specific
transcriptional mechanisms, we decided to study the regulation
of the gene encoding the Na/I symporter (NIS). Thyroid fol-
licular cells accumulate iodide against a concentration gradient
and utilize it for thyroid hormone biosynthesis (40). Iodide
transport, which is catalyzed by NIS, is primarily regulated by
TSH through cAMP (30, 36, 40) by at least two mechanisms.
The first induces the activity of the NIS protein (27, 32), pre-
sumably by posttranslational modifications, while the second
positively regulates NIS mRNA levels (24) in a cycloheximide-
sensitive manner.

In the present study, we isolated the rat NIS (rNIS) gene and
searched for a regulatory element(s) capable of thyroid-spe-
cific and TSH-regulated transcriptional activation. We identi-
fied in the upstream region of rNIS a short enhancer capable
of increasing transcription of its own or a heterologous pro-
moter. This regulatory element shows four remarkable fea-
tures. (i) It responds to cAMP only in differentiated thyroid
cells, suggesting that a cell-type-specific mechanism is operat-
ing to mediate the transcriptional response of NIS to cAMP.
(ii) It can be activated by cCAMP even when thyroid cells, as a
consequence of chronic stimulation of the cAMP pathway,
down-regulate their PKA levels and, hence, are unable to carry
out transcriptional activation of CRE-containing promoters
(1). (iii) It requires the binding of Pax8, in addition to a de-
generate CRE-like sequence, for transcriptional activity. (iv) It
can be activated in a cAMP-dependent manner in nonthyroid
cells by cotransfection of a Pax8 expression vector. Taken to-
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gether, these data suggest that the rNIS enhancer mediates
thyroid-specific gene expression by the interaction of Pax8 with
a novel cAMP-dependent pathway.

MATERIALS AND METHODS

Isolation of the rNIS gene. A A\DASHII rat genomic library (Clontech) was
screened with a 3?P-labeled 384-bp fragment named PSAP and derived from the
NIS ¢cDNA (12) (from +133 to +516 bp, the first nucleotide of ATG being
considered +1) by digestion with Apal and PstI. Among the positive clones, one
containing a larger 5" upstream region was selected by dot blot hybridization with
probes PSAP and P3H. P3H contained the DNA sequence extending from
+1937 to +2730 bp in the rNIS cDNA in the 3’ untranslated region, and it was
obtained by cleaving pNIS/SPORT with HindIII. One genomic clone that hy-
bridized PSAP and not with P3H was selected. DNA was extracted from the
clone, and its insert was excised with NorI and cloned into pBluescriptIIKS(—)
(Stratagene) to yield plasmid BS39N.

Plasmids. (i) pNISLUCI to -6. DNA fragments from the NIS regulatory region
were obtained from plasmid BS39N and inserted into pGL3-basic vector (Pro-
mega) containing the luciferase (LUC) reporter gene. Fragments were obtained
either by cleaving with restriction enzymes (KpnI and Ncol for pNISLUCI; Xbal
and Ncol for pNISLUC4) or by PCR with forward primers containing either an
Nhel or Kpnl site and abutting the deletion endpoint and reverse primers down-
stream of either the Xbal (—2257 for pNISLUC2 and -3) or Ncol (-2 for
pNISLUCS and -6) site.

(ii) pNISLUC7 to -10. DNA fragments were cleaved from pNISLUCI (—2946
to —2264 for pNISLUC?7) or from pNISLUC3 (—2495 to —2264 for pNISLUC9)
by Kpnl and Xbal. Alternatively, fragments corresponding to regions —2946 to
—2494 (pNISLUCS) and —2386 to —2264 (pNISLUC10) were amplified by PCR
with forward primers containing a Kpnl site and reverse primers either contain-
ing an Nhel site or located downstream of the Xbal site at position —2257. All
fragments were cleaved by Kpnl and either Nhel or Xbal and cloned between the
KpnI and Nhel sites of pNISLUCS.

pNISTKLUCT to -4. The thymidine kinase (TK) promoter was amplified from
the pBLCATS (4) by PCR, using a forward primer with a Bg/II site (5'-TGTA
AAGATCTGGATCCGGCCCCGCCCAGCG) and a reverse primer (5'-ATG
CCATTGGGATATATCAA). The PCR product was digested with Bg/II and
cloned into the Bg/II site of pGL3-basic to obtain pTKLUC. The same promoter
fragments described for plasmids pNISLUCT7 to -9 were inserted into the Kpnl
and Nhel sites of pTKLUC to construct plasmids pNISTKLUCI to -3. For
pNISTKLUCH4, the fragment from —2495 to —2264 was amplified by PCR with
primers 5'-GAAGGGTCGACAGATTGCAGCTGGCAAGTGC-3" and 5'-GT
CTCGTCGACTAGAAGAAGGTGTTTGCCTC-3" which contained a Sall site.
This PCR fragment was digested with Sa/l and cloned into the Sall site down-
stream of the LUC reporter gene of pTKLUC. All the sequences of the frag-
ments generated by PCR were confirmed by sequencing after cloning.

Scanning mutants of pNISTKLUC3, 2-1 to 16-2. In order to search the binding
sites for transcription factors, every 6 bases in the fragment located from —2483
to —2302 bp, as shown in Fig. 5A, were changed to GATATC, the EcoRV
recognition site, by using the QuickChange Site-Directed Mutagenesis Kit (Strat-
agene) and sequenced. Since this method requires amplifying whole plasmid, to
exclude any possibilities of the mutation within other regions of the vector,
Kpnl-Nhel fragments including mutated versions of rNIS enhancer were sub-
cloned into the Kpnl and Nhel sites in pTKLUC.

Construction of CMV-TTF1 and CMV-Pax8 was described previously (15, 42).

The expression vector, C-PKA, containing the catalytic subunit of mouse PKA
(cPKA), and CRE-CAT containing a fragment from the somatostatin promoter,
as well as the TK promoter and the chloramphenicol acetyltransferse (CAT)
reporter gene, were all kindly provided by E. V. Avvedimento (6).

Anchored PCR. Total RNA from FRTL-5 cells was extracted by the acid
guanidinium-phenol-chloroform method (7). Anchored PCR (rapid amplifica-
tion of 5" cDNA ends [5'-RACE]) was used to amplify the 5’ end of the rNIS
c¢DNA by using the 5" RACE system (GIBCO BRL), according to the instruc-
tions supplied. The amplified products were electrophoresed on 2% agarose gels
and subjected to Southern analysis with a 3*P-labeled fragment corresponding to
—355 to +109 bp of rNIS gene as a probe. The hybridizing fragments were
cloned into plasmid pCRII (Invitrogen) and sequenced.

Cells and transient-expression analysis. The FRTL-5 cell line was grown and
transfected by calcium phosphate coprecipitation technique as previously de-
scribed (19). For promoter studies, 2 pmol of test plasmid and 1 pmol of
CMV-CAT, used to monitor for transfection efficiency, were transfected. To
study the effects of PKA on CRE-CAT or pNISTKLUCS3, 3 pg of either CRE-
CAT or pNISTKLUCS, 2 pg of either C-PKA or pBluescriptIl (to adjust the
quantity of total plasmid), and 1 pg of CMV-LUC or CMV-CAT were used.
After 72 h, cells were collected to determine either the levels of CAT protein
with a CAT enzyme-linked immunosorbent assay kit (Boehringer Mannheim) or
LUC activities as described previously (41). To investigate the effects of TSH and
forskolin, transfected cells were cultured in the medium supplemented with 0.2%
calf serum for 72 h (starvation medium). After an additional 72 h of incubation
in 4H medium (5% calf serum, 3.6 ng of cortisol per ml, 5 pug of transferrin per
ml, 10 ng of glycyl-L-histidyl-L-lysine acetate per ml, and 10 ng of somatostatin
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per ml) with 1 mU of bovine TSH per ml, 10 pg of insulin, or 10 pM forskolin,
transfected cells were collected for LUC and CAT assays. Rat-1 and HeLa cells
were grown and transfected as previously described (19, 42). For the extracts for
band shift assays, 10 ug of CMV-Pax8 was transfected into HeLa cells in 100-
mm-diameter dishes and cultured for 48 h to obtain HeLa-Pax8 extracts.

Extract preparation, band shift assays, and DNase I footprinting. Total cell
extracts were prepared from FRTL-5 cells, and HeLa cells were grown to near
confluency as previously described (9). Probes and competitors for band shift
assays are shown in Fig. 9C. Anti-Pax8 antibody, Pax8 peptide, and anti-TTF1
antibody were previously described (16, 26). Preparation of recombinant TTF-1
HD and Pax-8 PD and band shift and footprinting assays were performed as
previously described (42). The footprinting probe from the 5'-flanking fragment
of rNIS gene was generated by PCR with a sense primer located from —2634 to
—2615 bp, 5'-CCAGAGTGAATCAGGAGGTT, and a 3?P-labeled antisense
primer, 5'-CAGTGGGTCTCTGTGTCTAG, reverse complementary sequence
of —2267 to —2248 bp.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide
sequence databases with the accession number AB005653.

RESULTS

Isolation and sequencing of a genomic fragment containing
the 5'-flanking region of the rNIS gene. Ten positive clones
were isolated by screening a rat genomic library with °P-
labeled PSAP probe, a 384-bp fragment at the 5" end of rNIS
cDNA. One clone (clone 39), extending the most in the 5'-
flanking region was selected. DNA was extracted from clone 39
and digested with Norl, yielding three fragments of 8, 5.5, and
3 kb. Sequencing of the entire 5.5-kb fragment demonstrated
that it contains the 5’ end of the NIS cDNA and extended for
4 kb into the 5'-flanking region. Our sequence of 2264 bp
upstream of the NIS translation initiation site is in agreement
with that already reported (39). Figure 1 shows additional
sequence of the 5’-flanking region of rNIS, from —2263 to
—2947, with the first nucleotide of the NIS translation initia-
tion codon being referred to as +1.

To assess the transcriptional initiation site(s) of the rNIS
mRNA, we performed 5'-RACE. The results of Southern blot
analysis of the amplified cDNA products identified an approx-
imately 0.2-kb fragment that hybridized with a probe contain-
ing the NIS gene translation initiation region (corresponding
to —355 to +109 bp). After subcloning, 14 positive products
were sequenced. The 5" ends of these products were as follows:
—96 (eight clones), —95 (one clone), —94 (two clones), —93
(one clone), —335 (one clone), and —329 (one clone). These
data suggest that the major transcription start site of the rNIS
gene is located around position —96 and that other, minor,
transcriptional start site(s) may be located at —335 and at
—329 bp. In keeping with this hypothesis is the presence of a
TATA box-like sequence, AATAAAT, at position —124, 23 bp
upstream of the major transcriptional start site (Fig. 1).

Identification of a thyroid-specific transcriptional regula-
tory element in the 5’'-flanking region of the rNIS gene. To
functionally identify transcriptional regulatory elements in the
5’-flanking region of the rNIS gene, chimeric constructs were
made containing either the entire upstream region or deletion
derivatives fused to the LUC reporter gene in the vector
pGL3-basic (Fig. 2A). Each construct was transiently trans-
fected, together with a CMV-CAT construct used to normalize
for transfection efficiency, into either the rat thyroid cell line
FRTL-5, the rat fibroblast cell line Rat-1, or human HelLa
cells. The transcriptional activity of each construct is reported,
in Fig. 2A, as fold induction over the transcription obtained
with pGL3-basic, whose value was set at 1.0 in each cell line. A
2.9-kb DNA fragment from the rNIS regulatory region signif-
icantly stimulated transcription of the reporter in all three cell
lines (pNISLUCI). However, pNISLUCI1 was at least 10-fold
more active in FRTL-5 cells than in the two nonthyroid cell
lines. Deletion of 5'-flanking sequences up to position —2495
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GGTACCA TCAGAGCCAG GGCAGTACAC AAGCCTCACA TCCTCCTTAC TCCCCACAGG -2891
TGTTTGAGAA GTCACCCCTG CGTGTGAAGA ACTTCGGCAT CTGGCTGCGC TATGATTCCC -2831
GAAGTGGCAC TCACAACATG TACCGAGAGT ACCGGGACCT GACCACTGCC GGCGCGGTCA -2771
CACAGTGCTG TGAGTCACCA ACCCTCTGTC AACCCTTGGC ACCCAACCCA AGAACTGCCG -2711
CTACTATAGC GGCTGTTTAA ACAGTGGTGC ACACAGCAAA GTGCTTCGTC GCCTTTGGGG -2651
GGCTGTGCAG TGCCCTCCAG AGTGAATCAG GAGGTTCTAC AGTTCTGTGG GTGTTCTGGG -2591
TGGCTGGGGC TGACTTTCTT CTCTTTCCAC AGACCGAGAC ATGGGTGCCC GACACCGTGC -2531
CCGTGCGCAC TCCATCCAGA TCATGAAGGT GGAAGAGATT GCAGCTGGCA AGTGCCGCCG -2471
GCCAGCTGTC AAGCAGTTCC ACGTGAGTGA ACCTGAGTGT GGGGCTGACG CAGGGCTGCA -2411
GGGGGTGGTT GCGCATGGAC AGTCCCTGGA CATGCATCTC CTCCCTCCCC ACAGGACTCC -2351
AARGATCAAGT TCCCATTGCC CCACCGTGTG TTGCGGCGCC AGCACAAACC ACGCTTCACC -2291
ACCAAGAGGC CARACACCTT CTTCTAGR.. .ovveveces ecoennncnne oanonoons . -2263

TATA box // Transcription start

AGTTCRATAA ATICCGCAGCG CGAAAAGCGA GTGGATCGAC GGCCCAGCGG TGACTCGCGC -71
TGCGACTCTC CCACTGACCG AGAGTCCCCG ACGTCCTCCG CATCCTCTCC TCACCGAGTC -11
ACCTGTCTCC +11TGGAGGGTG CGGAGGCCGG GGCCCGGGCC ACCTTCGGCG CCTGGGACTA 50
CGGCGTGTTC GCGACCATGC TGCTGGTGTC CACGGGCATC GGGCTATGGG TCGGCCTGGC 110

FIG. 1. DNA sequence of the 5'-flanking region and part of the coding region of the rat NIS gene. The first nucleotide of the translation start codon is designated
+1. The enhancer fragment described in detail in this study is shown in bold letters, and the TATA box and major transcription start site are indicated.

(pNISLUC?2 and -3) showed no significant decrease in activity,
whereas further deletions, such as those in pNISLUC4, -5, and
-6 showed drastic reductions in transcription only in FRTL-5
cells, suggesting the presence, immediately downstream of nu-
cleotide —2495, of regulatory information that is relevant ex-
clusively for thyroid-specific transcription. Additional, nonthy-
roid-specific, regulatory information must be located between
positions —564 and —150, as deletion of these sequences
causes another dramatic reduction in transcription in all three
cell lines used. We conclude that the rNIS regulatory region
contains a promoter from —564 to —2 and a tissue-specific
regulatory element located downstream of —2494 bp. To fur-
ther define the tissue-specific tNIS regulatory elements, sev-
eral fragments from rNIS 5'-flanking sequence were inserted
into either pNISLUCS (pNISLUC7 to -10 [Fig. 2A]) or
pTKLUC (pNISTKLUCI to -4 [Fig. 2B]). The results ob-
tained, mostly with pNISLUC9 and pNISTKLUCS3, showed
that the fragment from —2262 to —2494 could reproduce most,
if not all, of the transcriptional activity of the entire pNIS-
LUCI construct. Furthermore, the newly identified regulatory
element behaved as an enhancer, since it was capable of stim-
ulating transcription of the heterologous TK promoter even if
it was placed downstream of the LUC cistron, as in pNISTK-
LUCH4 (Fig. 2B). The sequence from —2495 to —2264 did not
cause a significant stimulation of transcription in Rat-1 cells
and HeLa cells, strongly indicating that a thyroid specific cis-
regulatory element is present in this region of the rNIS gene.

To verify whether the newly identified thyroid-specific en-
hancer was TSH and/or cAMP responsive, we transfected the
pNISTKLUC constructs and the pTKLUC control in FRTL-5
cells. After transfection, cells were cultured for 72 h in starva-
tion medium (Ham’s F-12 medium containing 0.2% calf se-
rum). Cells were then kept in starvation medium or treated
with either TSH or forskolin. After the cells were cultured for
an additional 72 h, expression of LUC was measured (Fig. 3).
All constructs showed similar transcriptional activity in starva-
tion medium, indicating that under this condition the thyroid-
specific enhancer is transcriptionally inactive. Conversely,
pNISTKLUCI and -3 exhibited significant stimulation of tran-
scription by forskolin or TSH, while no effect was observed on
the pTKLUC control or on pNISTKLUC?2, which lacked the

enhancer. No effects were observed when insulin was added
(data not shown). Thus, the same region necessary to elicit
thyroid-specific transcription is strongly activated by forskolin
or TSH, suggesting that thyroid-specific factors could partici-
pate in the cAMP response of the rNIS upstream enhancer
(NUE).

To assess whether the cAMP response of the NUE was
thyroid specific, we measured the transcriptional activation of
pNISTKLUCS3 by either forskolin or by the cPKA (21) in Rat-1
cells (Fig. 4). For a control for the treatment, we used a
reporter containing the somatostatin CRE, which is known to
be activated by cAMP via PKA-mediated phosphorylation of
the transcription factor CREB. The data shown in Fig. 4 dem-
onstrate that transcription of pNISTKLUCS is not activated by
either forskolin or cPKA in Rat-1 cells. Conversely, a CRE-
containing promoter is activated by either agent. We conclude
that cAMP-mediated transcriptional activation of NUE re-
quires thyroid-specific mechanisms.

A novel cAMP-dependent transcription-activating mecha-
nism in thyrocytes. It has been reported before that FRTL-5
cells exposed chronically to TSH enter a state characterized by
lack of response of CRE-containing promoters to further
cAMP stimulation. Such a refractory state has been demon-
strated to last for several days after removal of TSH from the
medium and to depend on down-regulation of the mRNA
encoding cPKA (1). We transfected FRTL-5 cells, grown in the
presence of TSH and hence in the refractory state, with either
CRE-CAT or pNISTKLUCS, in the presence or absence of an
expression vector encoding cPKA. After transfection, cells
were incubated in the presence or absence of 10 uM forskolin
for 72 h (Fig. 5A). In these conditions, both CRE-CAT and
pNISTKLUC3 were activated by cPKA expression. However,
in the absence of cPKA, pNISTKLUC3 was activated by for-
skolin, while CRE-CAT was not (Fig. 5B). We suggest that the
NUE is either responding to a PKA-independent pathway or is
sensitive to the lower concentration of PKA that may be
present in thyroid cells induced into the refractory state. To
test the latter hypothesis, we transfected either CRE-CAT or
pNISTKLUCS3 in FRTL-5 thyroid cells in the refractory state,
together with increasing amounts of cPKA expression vector
(Fig. 5C). Since the results of this experiment do not reveal a
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FIG. 2. Cell-type-specific promoter activity of rNIS-LUC chimeric plasmids. Schematic representations of various chimeric LUC plasmids containing different
fragments from rNIS 5’-flanking region in front of its own promoter (A) or of the TK promoter (B). The activity of each construct is expressed relative to that of
pGL3-basic. The results presented are the means for at least three separate experiments, with each experiment done in duplicate. In all transfections, a CAT expression

vector was introduced to normalize for transfection efficiency.

preferential activation of NUE at low cPKA concentration, we
conclude that the rNIS enhancer is capable of responding to
cAMP in both PKA-dependent and -independent manners,
while a classical CRE element can only be activated by a
PKA-dependent mechanism.

Mutations and localization of binding sites for thyroid-en-
riched transcription factors within the rNIS enhancer. To
identify potential protein binding sites responsible for tran-
scriptional regulation, we introduced mutations throughout
the NUE in the context of pNISTKLUCS3 (Fig. 6). Each mu-
tant was transfected in FRTL-5 cells grown in complete me-
dium, and transcription levels were assessed by the activity of
the LUC reporter in cell extracts. Mean values of activities of
each mutant from three independent transfections are shown

in Fig. 6. Four regions important for NUE activity, correspond-
ing to mutation sites 5-1, 6-2 7-1, 8-2 9-1, and 10-2 were thus
identified, and were named rNISA, -B, -C, and -D, respectively.

To test whether thyroid-specific transcription factors, such
as Pax8, TTF1, and TTF-2, can bind to the important regions
of the NUE, DNase I footprinting analysis was performed,
using bacterial expressed Pax8 PD, TTF-1 HD, or TTF-2 (Fig.
7A). A sequencing reaction, run along the footprints, was used
to precisely map the footprinted regions. Pax8 PD protected
two areas in the rNIS enhancer located from —2461 to —2429
bp (PA) and —2409 to —2377 bp (PB), and TTF1 HD pro-
tected two areas from —2468 to —2427 bp (TA) and —2355 to
—2330 bp (TB). No footprints were detected when TTF-2 was
used (data not shown).
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Relative luciferase activity

2946 2495 2264 o aH A

5 " r»FrNIS 4H +TSH  +forsk.

: ; ,

: ; : PGL3-basic 1.0 10 1.0

; ; ; pTKLUC 42 49 5.0

; : F----- PNISTKLUC1 62 816 686
. < - < - SEEEE PNISTKLUC2 5.4 79 6.7

e - - - PNISTKLUC3 63 1045 890

FIG. 3. Hormonal regulation of the promoter activity of rNIS-TKLUC chimeric plasmids in FRTL-5 cells. Schematic representations of rNIS-TKLUC chimeric
plasmids and their relative LUC activities in FRTL-5 cells cultured in 44 medium containing four hormones with (+) or without TSH or forskolin (forsk.). After
transfection, cells were cultured for 72 h in starvation medium containing 0.2% calf serum and then incubated for an additional 72 h in medium containing 5% calf
serum and the indicated additives. The activity of each construct is expressed relative to that of pGL3-basic. The results presented are the means for at least three
separate experiments, with each experiment done in duplicate. In all transfections, a CAT expression vector was introduced to normalize for transfection efficiency.

A summary of these data (Fig. 7B) shows that both TTF-1
and Pax8 bind to rNISA, while only Pax8 binds to rNISC. The
second binding site of TTF-1 (TB) does not correspond to any
relevant region. rNISB does not bind any of the transcription
factors tested, but it contains the sequence 5'-TGACGCA-3’,
which has been implicated as mediator of cCAMP response in
other promoters (see Discussion). rNISD was not further in-
vestigated in this study.

Pax8, not TTF-1, is required for transcriptional activation
and cAMP stimulation of the rNIS enhancer. To provide direct
evidence on the role of Pax8 and/or TTF-1 in rNIS enhancer
activity, we introduced pNISTKLUCS3 in HeLa cells together
with various combinations of expression vectors encoding
Pax8, TTF1, and cPKA and measured LUC activity in each
transfection. As shown in Fig. 8A, rNIS enhancer is activated
by Pax8. cPKA, which has no effect on its own, further en-
hances Pax-8-stimulated transcription. TTF-1 has no effect on
rNIS transcription, either alone or in combination with Pax8,

A
Transfection of
reporter plasmid +PKA
Growth medium 1 Growth medium = Forskolin
Rat-1 1 P | UC/CAT Assay
B
CRECAT pNISTKLUC3
-Forsk. 1 1
-cPKA
+Forsk. 3.66 £1.13 0.90 £0.18
-Forsk. 4.60 +1.00 0.73 £ 0.11
+cPKA
+Forsk. 964 +1.26 071 +0.12

(Fold Activation + SD)

FIG. 4. The NUE does not respond to forskolin in nonthyroid cells. (A)
CRE-CAT and pNISTKLUC3 were transiently transfected, with or without an
expression vector for cPKA in Rat-1 cells. Cells were plated 48 h prior to
transfection. After transfection, cells were cultured in Dulbecco modified Eagle
medium containing 5% calf serum in the absence or presence of 10 pM forskolin
for 48 h. (B) Normalized CAT (for CRE-CAT) and LUC (for pNISTKLUC3)
activity. Results are expressed as fold activation of the value obtained in the
absence (—) of both cPKA and forskolin (Forsk.). The means of three indepen-
dent experiments in duplicate are shown.

A Transfection of
reporter plasmid +PKA

6H medium } 5H = Forskolin

FRTL-5 1 P LUC/CAT Assay
[ refractory phase |

B CRECAT  pNISTKLUC3
“Forsk. 1 1
PKA
+Forsk. 1.58 £+0.74 6.48 £ 0.48
“Forsk. 5.99 +0.46 7.68 +0.98
+cPKA
+Forsk. 6.18 +0.35 8.06 +0.75

(Foid Activation £ SD)

—— CRE-CAT
9 —O— pNISTKLUC3

Activation

Fold

15 2
C-PKA (ug/plate)

0 05 1

FIG. 5. The NUE responds in thyroid cells to PKA-independent and -depen-
dent pathways. (A) Experimental strategy. The entire experiment was performed
under conditions that keep FRTL-5 thyroid cells in a state refractory to cAMP
induction (6H) of CREB-dependent promoters. (B) Normalized CAT (for
CRE-CAT) and LUC (for pNISTKLUCS3) activity. Results are expressed as fold
activation of the value obtained in the absence (—) of both cPKA and forskolin
(Forsk.). The means of three independent experiments in duplicate are shown.
(C) Activation of CRE-CAT and pNISTKLUCS3 in response to different amounts
of cPKA expression vector in the refractory phase of FRTL-5 cells. Means and
standard deviations of relative activity of CRE-CAT (squares) and pNISLUC3
(circles) were plotted.
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rNISA

AT TC ATAT GATATCGATATCGAT TCGAT TCGATA CG TATCGA A C

Mutant 2-1 2-2 3-1 3-2 4-1 4-2 5-1 5-2 6-1
% Activity 6619 75%12 62+10 537 48+7 4316 3418 7618 59t5
(Mean=SD)

rNISB NISC rNISR
- P

GGGCTGACGCAGGGCTGCAGGGGETGGTTGCGCATGGACAGTCCCTGGACATGCATCTCCTC
ATA CGATATC ATAT GATATCGATA CGAT C GATA GATAT GATATCGATA
6-2 7-1 7-2 8-1 8-2 9-1 9-2 10-1 10-2 11-1

1424 10+2 56%4 5316 1213 16+4  78#12 91+11 31+13 60114

CCICCCCACAGGACTCCARGATCAAGTTICCCATTGCCCCACCGIGTCTTGCGECGCCACC

GA AT G T TCGA ATCGATATCGA AT G AT GAT T ATATCGATAT AT T GAT T
11-2 12-1 12-2 13-1 13-2 14-1 14-2 15-1 15-2 16-1 16-2
55:9 76x8 70t7 608 7716 78+11 70£12 819 52%7 769 831l

CACGCT TCACCACCAA GAGGCCAAAC ACCTTCT-3'

FIG. 6. NUE mutants and relative transcriptional activity in FRTL-5 cells. The sequence of wild-type NUE is shown at the top. Mutants are numbered from 2-1
to 16-2, and only the nucleotides that are different from those of the wild-type sequence are indicated for each mutant. Transcriptional activity of each mutant is
expressed as a percentage of that of pNISTKLUCS3. rNISA, -B, -C, and -D are the regions that showed significantly lower LUC activity upon mutagenesis.

TA
PA

-2355 ACTCCAAGAT CAAGTTCCCA TTGCCCCACC GTGTGTTGCG GCGCCAGCAC AAACCACGCT TCACCACCAA

=2285 GAGGCCAAAC ACCTTCTTCT AGA

TB

FIG. 7. Binding of known thyroid-specific transcription factors to NUE. (A) DNase I footprinting obtained on the rNIS enhancer fragment in the absence of added
proteins (—) or in the presence of either Pax8 PD or TTF1 HD. A sequence ladder of the rNIS fragment (G, A, T, and C) was used as size marker. The regions protected
by PD (PA and PB) and HD (TA and TB) are depicted as lines. (B) Summary of the regions on rNIS upstream enhancer protected from DNase I digestion. Protected
sequences obtained with PD (PA and PB) or HD (TA and TB) are indicated.
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FIG. 8. Pax8 stimulates rNIS enhancer activity in HeLa cells. (A) pNISTK-
LUC3 (3 pg) and CMV-CAT (1 pg) were transfected in HeLa cells with the
expression vectors of Pax8 (0.5 ug of CMV-Pax8), cPKA (1 pg of C-PKA), and
TTF1 (0.5 pg of CMV-TTF1). Activity of pNISTKLUC3 without Pax8, cPKA,
and TTF1 was set at 1, and mean relative activities and standard deviations of
cotransfected pNISTKLUC3 with the various expression vectors from three
separate experiments are shown. pBluescriptll was used to adjust the total
amount of DNA transfected. HeLa cells were incubated 48 h after transfection
and harvested, and LUC activity and CAT amount were measured. (B) Com-
parison of the effects of cPKA and/or Pax8 on pNISTKLUC3 and mutants of the
CRE-like sequence in NUE. Three micrograms of mutants 6-2 and 7-1, derived
from pNISTKLUCS3, and 1 pg of CMV-CAT were transfected in HeLa cells with
or without 1 pg of C-PKA and/or 0.5 pg of CMV-Pax8. Activity of pNISTK-
LUCS3 without Pax8 and cPKA was set at 1, and the mean relative activities and
standard deviations of cotransfected test plasmids with the various expression
vectors from three separate experiments are shown. pBluescriptIl was used to
adjust the total amount of DNA transfected. HeLa cells were incubated for 48 h
after transfection and harvested, and LUC activity and CAT amount were mea-
sured.

cPKA, or both. These data suggest that a large part of the rNIS
enhancer activity is due to Pax8, which is also necessary to
observe a cPKA-dependent increase in transcription. How-
ever, a mutation at the CRE-like sequence (7-1 [Fig. 8B]) does
not interfere with Pax8 activation but abolishes the further
increase in transcription by cPKA. Thus, we conclude that the
target of cPKA is not Pax8 itself but an unidentified factor that
binds at the CRE-like sequence and that mediates the cAMP
or PKA response by cooperating with Pax8.

To gain further support for the role of Pax8 in NUE tran-
scriptional activity, we performed band shift assays. Oligonu-
cleotides derived from both the PA and PB regions of the NUE
form the same protein-DNA complex, as judged by the iden-
tical electrophoretic mobility, when challenged with nuclear
extracts from FRTL-5 cells. A similar protein-DNA complex is
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absent in mock-transfected HeLa cells but can be easily ob-
served if extracts of HeLa cells transfected with a Pax8 expres-
sion vector are used (Fig. 9A). To conclusively demonstrate the
presence of Pax8 in the protein-DNA complex specifically
formed with both PA and PB oligonucleotides, we performed
supershift experiments with an anti-Pax8 specific antibody.
These experiments clearly show that only the anti-Pax8 anti-
body, not an anti-TTF1 antibody, recognizes the main protein-
DNA complex present with both oligonucleotides when
FRTL-5 and HeLa-Pax8 extracts are used. No other bands
were supershifted in the lane. Furthermore, the supershift
could be abolished by the addition of the Pax8 synthetic pep-
tide used to generate the antibody (Fig. 9A). Interestingly,
mutations 5-1 (within rNISA) and 9-1 (within rNISC), both of
which greatly reduce transcriptional activity of the NUE (Fig.
6), strongly interfere with Pax8 binding (Fig. 9B), as indicated
by their inability to compete for the formation of the Pax8-
DNA complex, thus indicating an important role for this tran-
scription factor in NUE activity. As expected, the binding con-
sensus sequence for Pax8 (11, 25, 33) is present in both PA and
PB and is significantly altered by mutations 5-1m and 9-1m.

DISCUSSION

This study reports a structural and functional analysis of the
regulatory region of the rNIS gene aimed at identifying regu-
latory elements responsible for thyroid-specific and TSH- or
cAMP-controlled expression of the rNIS gene. We demon-
strate the presence of a promoter within 0.56 kb upstream of
the translation start site and of an enhancer located between
nucleotides —2495 to —2264. In this report, we have focused
on the rNIS enhancer, which we have called NUE, for NIS
upstream enhancer. The NUE stimulates transcription of both
its own and of a heterologous promoter exclusively in thyroid
cells. Furthermore, the NUE is strictly controlled in thyroid
cells by the TSH via the cAMP pathway. However, the NUE
does not respond to forskolin-induced cAMP elevation in non-
thyroid cell types, suggesting that the cAMP regulation of this
enhancer utilizes thyroid-specific factors. In keeping with such
a hypothesis, we show that the thyroid-restricted transcription
factor Pax8 binds at two sites, which we call PA and PB, within
the NUE. Mutations at these sites result in great reduction of
both transcription and Pax8 binding, thus suggesting a func-
tional role for Pax8 in NUE transcriptional activity. TTF-1,
another transcription factor previously implicated in thyroid-
specific transcription also binds at two sites (TA and TB)
within the NUE. Interestingly, TA overlaps with PA. However,
while the expression of Pax8 in nonthyroid cells is capable of
inducing NUE-dependent transcription that can be further
stimulated by cotransfection of a cPKA expression vector, sim-
ilar experiments with TTF-1 did not induce NUE-dependent
transcription. Taken together, these data suggest an important
role for Pax8 in controlling NIS expression and add further
relevance to the role of this protein in controlling thyroid
function, as also demonstrated by the severe hypothyroidism
observed in mice homozygous for a null Pax8§ allele (29) and by
the finding of PAX8 gene mutations in patients with congenital
hypothyroidism (28). Another site, containing a degenerate
CRE-like sequence (5'-TGACGCA-3'), is of relevance for
NUE transcriptional activity. Several lines of evidence suggest
that a factor(s) binding at this site plays an important role in
the transcriptional activity of NUE. First, mutations at this site
almost abolish NUE activity. Second, a NUE mutated at the
CRE-like sequence can still be transcriptionally activated by
Pax8 but cPKA induction is abolished. Finally, the same CRE-
like sequence has been implicated in tissue-specific CAMP re-
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FIG. 9. Binding of Pax8 protein on rNISA and rNISC. (A) Band shift assays were performed with *?P-labeled oligonucleotides corresponding to the Pax8 binding
sites PA and PB. Each probe was incubated without extracts (—) or with extracts from FRTL-5 cells, mock-transfected HeLa cells (HeLa), or HeLa cells transfected
with a Pax8 expression vector (HeLa-Pax8) in the presence (+) or absence (—) of either anti-Pax8 (P) or anti-TTF1 (T) antibody. Where indicated, a Pax8 synthetic
peptide used to generate the antibody was added. The DNA-Pax8 complexes (Pax8), DNA-ubiquitous factor complex (asterisk), and supershift by anti-Pax8 antibody
(Supershift) are indicated by arrows. (B) Competition experiments, using either PA or PB oligonucleotide. The complex formed by FRTL-5 nuclear protein with each
oligonucleotide was challenged with 100-fold excess of itself (self) (cold) or cold oligonucleotides carrying either the 5-1m or 9-1m mutation. (C) Alignments between
Pax8 consensus binding sequence (Pax8cons) and probes used in this study. Nucleotides in PA and PB matching the consensus sequence are indicated by vertical lines.
Identical nucleotides between the PA and PB binding sites are indicated by white letters on a black background, and nucleotides changed by mutations 5-1m and 9-1m

are underlined.

sponse in other promoters. In the case of the dopamine B-hy-
droxylase gene, a factor(s) binding at the same sequence acts
synergistically with the HD protein Arix/Phox2 binding at a
nearby site to activate transcription in a cAMP-dependent,
cell-type-specific manner (38). This situation is reminiscent of
what we describe for the NUE where the CRE-like sequence
acts synergistically with Pax8 bound at two flanking sites. The
same CRE-like sequence is found in the prohormone conver-
tase 1 promoter, where it is thought to mediate cell-type-
specific cAMP response by the binding of a heterodimer con-
taining c-Jun and a novel, as yet unidentified, cell-type-specific
protein (23). In the CRE-2 element of the proenkephalin gene
promoter, where the sequence TGACGCA was first identified
(10), it has been proposed that ATF-3 and the ATF-3-JunD
heterodimer bind to stimulate cAMP-induced transcription
(8). Thus, it appears that the TGACGCA sequence in many
promoters plays an important role in controlling transcrip-
tional regulation by cAMP, even though in most cases the
factors binding to it have not been identified. In the case of
NUE, we propose that this element acts synergistically with the
PD protein Pax8 in order to obtain full, TSH-controlled, tran-
scription.

The response of NUE to cAMP has one intriguing feature,
in that it can be observed in thyroid cells cultured under con-
ditions that do not allow activation mediated by a classical
CRE octamer. It has been shown that such a condition de-
pends on down-regulation of PKA expression, as a conse-
quence of the chronic stimulation of the cAMP pathway (1).
We have confirmed that in these conditions transcription from
a CRE-dependent promoter can be restored by cotransfection
of a cPKA expression vector. Interestingly, coexpression of
cPKA also activates NUE-dependent transcription, suggesting
that this enhancer can respond to cAMP both in the presence
and absence of PKA. However, the novel feature of the NUE
is its ability to respond to agents that elevate the intracellular
concentration of cAMP in thyroid cells chronically exposed to
TSH where cPKA is absent or greatly reduced. What could be
the mechanism responsible for mediating the cAMP response
of the NUE under these conditions? One possibility envisages
the presence in thyroid cells of a transcription factor that binds
to the CRE-like sequence of the NUE and that is sensitive to
a low cPKA concentration. However, a titration experiment
with a cPKA expression vector did not reveal any differential
sensitivity between the NUE and a CRE-dependent promoter.
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Thus, we propose that the NUE might be sensitive to a factor
whose activation by cAMP is PKA independent.

A few reports have recently appeared on the regulatory
elements present in the NIS proximal promoter. Regulatory
information to confer higher expression in thyroid cells has
been reported for both the rat (17) and human (3) proximal
promoters. The rat proximal promoter also appears to contain
signals for TSH-regulated transcription (31). Surprisingly,
however, Tong et al. reported that an 8-kb fragment from the
5’-flanking region of rNIS gene is not sufficient to confer thy-
roid-specific transcription (39). In this report we have concen-
trated on an upstream enhancer that we have called NUE. It is
likely that the NUE acts synergistically with the elements iden-
tified in the proximal promoter to achieve high-level transcrip-
tion. The NUE is a novel regulatory element that requires the
functional interaction between Pax8 and a factor binding at a
CRE-like sequence to achieve thyroid-specific transcription in
a cAMP-dependent manner. We have also presented evidence
suggesting that this enhancer is able to mediate cAMP-depen-
dent transcription with a novel, PKA-independent mechanism.
We are actively searching for the mediators of such a regula-
tory pathway in FRTL-5 cells.
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