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The lack of Na�/I� symporter (NIS) gene expression in some
thyroid cancer patients has been a major hurdle that limits
the efficacy of standard radioactive iodide therapy. The mo-
lecular mechanism that contributes to low NIS expression is
not well understood. Activated NIS gene expression is stim-
ulated by thyroid-stimulating hormone-mediated cAMP/pro-
tein kinase A signaling through a NIS upstream enhancer
(NUE). The cAMP pathway is also stimulated by forskolin. In
the current work, we studied the mechanism of transcrip-
tional activation of NIS in normal thyroid cells and thyroid
cancer cells. We identified the cAMP response element mod-
ulator (CREM) activator as a new component of the transcrip-
tion complex that is important for NIS gene expression. The

CREM complex is seen in the normal thyroid cells and BRAF
(V600E) thyroid cancer cells (BHP 17–10) but is missing in
rearranged in transformation/papillary thyroid carcinoma-1
rearrangement thyroid cancer cells (BHP 2–7). This complex
is believed to be responsible for the loss of NUE activity and
reduced NIS expression in the BHP 2–7 cell line. In BHP 2–7
cells, forskolin stimulated the thyroid-specific transcription
factor Pax 8, but CREM activator mRNA did not increase, and
this produced a small increase in NUE activity. Ectopic ex-
pression of CREM activator enhanced activity of the NUE,
indicating that CREM is an essential regulator of NIS gene
expression. (Endocrinology 149: 2592–2606, 2008)

THYROID CANCER IS the most prevalent endocrine car-
cinoma (1). Papillary thyroid cancer makes up about

80% of all thyroid cancers (2) and is a differentiated carci-
noma derived from follicular cells. Because radioiodide is
concentrated in thyroid follicles, radioiodide-131 has been
used for treatment of patients with differentiated thyroid
carcinoma (3). Radioiodide is actively transported into nor-
mal and cancerous thyroid cells mediated by the sodium/
iodide symporter (NIS) positioned on the basolateral mem-
brane of thyroid follicular cells. NIS gene expression and
iodide uptake are stimulated by thyroid-stimulating hor-
mone (4–6). Endogenous or exogenous thyroid-stimulating
hormone enhances the efficacy of radioiodide therapy. Thy-
roid-stimulating hormone and forskolin (FSK) both stimulate
NIS gene expression in a cAMP-dependent manner, medi-
ated by protein kinase A dependent and independent path-
ways (7–9). About 20% of differentiated thyroid carcinomas
do not take up radioiodide, resulting in a poor prognosis (10).
Generally, the loss of active iodide transport is the result of

either faulty NIS gene expression or the loss of NIS protein
translocation to the membrane.

Both rat NIS and human NIS (hNIS) promoters have been
studied by several groups (11–16). They vary in functional
regions, but both retain activity in different proximal and
upstream regions. Taki et al. (8 found a strong thyroid-stim-
ulating hormone and FSK-responsive far upstream enhancer
between �9847 and �8968. Within this segment there is an
essential Pax 8 site and cAMP response element (CRE)-like
site along with an inactive thyroid transcription factor-1 site.
The hNIS upstream enhancer (NUE) appears to be different
from the rat NUE in promoter position and sequences. How-
ever, there is a region in the human promoter between �3927
and �3686 that is homologous to the rat promoter, but no
activity has been found in this region (17).

Thyroid-specific and nonspecific transcription factors are
required for thyroid-stimulating hormone and FSK-stimu-
lated NUE activation of NIS gene expression. The thyroid-
specific transcription factor Pax 8 is required for thyroid
development and differentiated function. Pax 8 is essential
for thyroid-stimulating hormone-stimulated NUE-activated
hNIS gene expression (8). Pax 8 protein levels have increased
with thyroid-stimulating hormone treatment up to 24 h in
FRTL-5 cells [Fischer rat thyroid cells in low serum (5% calf
serum)] (18). The downstream effects of thyroid-stimulating
hormone stimulation are generally mediated by cAMP,
which stimulates the small palindromic cis-acting element
CRE (19–22). Both rat and human NUE contain degenerate
CRE sites that require the traditional pathway for stimulation
(8, 15). The CRE element recruits transcription factors in the
cAMP response element binding protein (CREB) family that
include cAMP response element modulator (CREM) and ac-
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tivating transcription factor (ATF)-1 (23, 24). CREM isoforms
act as transcriptional activators by using glutamine-rich do-
mains (Q1 and Q2) and serine phosphorylation (P-Box), and
act as repressors that lack Q1 and Q2 domains (25).

Previously, Chun et al. (16) showed, by gel mobility su-
pershift analysis, that CREB 1, ATF-2, c-Jun, and c-fos all bind
to the CRE site in the rat NUE. Using a similar technique, Taki
et al. (8) showed that CREB was involved in complexes bound
to the CRE-like site in the human NUE. Furthermore, Taki et
al. found that one CRE complex was thyroid-stimulating
hormone induced, and was not shifted by antibodies to some
CRE binding proteins. This complex was not observed in the
papillary thyroid cancer cells (BHP 2–7) that have the rear-
ranged in transformation/papillary thyroid carcinoma
(RET-PTC)-1 rearrangement. The observation that factor S
was not found with BHP 2–7 nuclear extract and that this
cancer cell line does not show NUE activity implied an im-
portant role for the thyroid-stimulating hormone-induced
complex in activated NUE stimulation of NIS gene
expression.

In the present study, we aimed to identify the transcription
factors involved in stimulating NIS gene expression through
the NUE in functional thyroid cells (FRTL-5), and to under-
stand the transcriptional defects that cause reduced endog-
enous NIS in mutually exclusive BHP 2–7 (RET-PTC1) and
BHP 17–10 (BRAF) thyroid cancer cells.

Materials and Methods
Materials

Mouse CREM-1 (�1��) polyhistidine-tagged fusion protein is a com-
mercial product from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
All chemicals were purchased from Sigma Chemicals (St. Louis, MO)
unless otherwise stated.

Cell culture

FRTL-5 rat thyroid cells, kindly provided by Dr. Leonard D. Kohn
(Ohio University, Athens, OH), were grown in Coon’s modified Ham’s
F-12 medium (Sigma Chemicals) supplemented with 5% calf serum and
a six hormone mixture containing thyroid-stimulating hormone (1 mU/
ml), insulin (10 �g/ml), cortisol (10 nm), transferrin (5 �g/ml), glycyl-
l-histidyl-l-lysine acetate (10 ng/ml), and somatostatin (10 ng/ml) (26).
In some experiments FRTL-5 cells were cultured for 6 d in medium
without thyroid-stimulating hormone [five hormone mixture (5H)] after
reaching approximately 80% confluency before use.

BHP 2–7 cells, derived from a human papillary thyroid cancer and
recently shown by genetic analysis to be a subclone of the thyroid
papillary carcinoma-1 cell line, kindly provided by Dr. Sissy Jhiang
(Ohio State University, Columbus, OH) (27, 28), and BHP 17–10 cells,
recently shown by genetic analysis to be a subclone of the NPA 87 cell
line, kindly provided by Dr. Guy Juillard (University of California Los
Angeles, Los Angeles, CA), were both grown in RPMI 1640 medium
(Sigma Chemicals) supplemented with 10% fetal bovine serum, 0.1 mm
nonessential amino acids (Life Technologies, Inc., Gaithersburg, MD),
and 1 mm sodium pyruvate (Life Technologies, Inc.).

Reporter plasmids and expression vectors

pGL3 basic vector (Promega Corp., Madison, WI) and pGL3 pro-
moter vector with NIS proximal promoter (�812 to �268) and NUE
enhancer region (�9847 to �8968) are described elsewhere (8). The
CREM-�2� expression vector pRc/CMV was kindly provided by Dr.
G. N. Europe-Finner (University of Newcastle upon Tyne, Newcastle
upon Tyne, UK) (29).

Transient expression analysis

Transient transfection and luciferase assay analysis were performed
as described (8), with minor modifications. Briefly, FRTL-5 cells were
grown in 12-well plates to approximately 80% confluency, and BHP 2–7
cells were grown to approximately 50–60% confluency (BHP 2–7 cells
grow faster). One hundred fifty nanograms of firefly luciferase reporter
construct were transiently transfected with 10 ng pRL-CMV (Renilla
luciferase expression plasmid; Promega) to normalize the transfection
efficiency. The Diethylaminoethyl (DEAE)-Dextran transfection system
(Promega) was used for the transient transfection study of FRTL-5 and
BHP 2–7 cells with minor modifications of the manufacturer’s protocol.
Briefly, the cells were exposed to 250 �l of a plasmid-DEAE-Dextran-PBS
mixture containing 10 �g DEAE-Dextran for 20 min at 37 C in a CO2
incubator, followed by the addition of 1 ml fresh medium, and continued
incubation for 2.5 h. Eighteen to 21 h later, the medium was replaced
with 1 ml fresh medium with or without FSK as indicated in different
experiments, followed by another 24-h incubation. Firefly and Renilla
luciferase activities were determined 48–72 h after the beginning of
transfection with the Dual-Luciferase Reporter Assay System (Pro-
mega). Measurements were made using a TD-20/20 luminometer
(Turner Designs, Sunnyvale, CA). Cotransfection experiments with 150
ng expression vectors were added to the DNA-DEAE-Dextran-PBS mix-
ture and performed as described previously.

Nuclear extracts

Nuclear extracts from FRTL-5 and BHP 2–7 cells were prepared as
described (30). Briefly, the cells were grown to 80% confluency and
scraped free from the flask bottom. After a slow centrifugation, the pellet
was washed with PBS (pH 7.4), then resuspended in 100 �l modified
buffer A [10 mm HEPES (pH 7.9), 10 mm KCl, 1.5 mm MgCl2, 300 mm
sucrose, 0.05% NP40, Roche protease inhibitor cocktail (Roche Diag-
nostics, Indianapolis, IN), 0.5 mm dithiothreitol (DTT), 0.1 �g/ml leu-
peptin, 1 �g/ml pepstatin-A, and 0.5 mm phenylmethylsulfonylfluo-
ride]. Cells were gently homogenized, and the suspension was put on
ice for 10 min, followed by centrifugation at 300 rpm, 3 min, 4 C. The
cytoplasmic fractions were collected, and the pellet was resuspended in
50 �l modified buffer B [20 mm HEPES (pH 7.9), 0.2 mm EDTA (pH 8),
20% glycerol, 420 mm NaCl, 0.5 mm DTT, 0.1 �g/ml leupeptin, 1 �g/ml
pepstatin-A, 0.5 mm phenylmethylsulfonylfluoride, and Roche protease
inhibitor cocktail]. After 30 min on ice, the suspension was centrifuged
at 14,000 rpm, 15 min, 4 C, and the nuclear extract was collected. Nuclear
extract was used in EMSAs and Western blots after the quantification of
protein using the Bradford reagent (Bio-Rad Laboratories, Inc., Hercules,
CA).

Western blot analysis

Nuclear extracts (�15 ng) were electrophoresed on a 10% sodium
dodecyl sulfate-polyacrylamide gel and transferred to a nitrocellulose
membrane (Hybond-ECL; Amersham Biosciences, Buckinghamshire,
UK). The membrane was incubated in a 3% enhanced chemilumines-
cence blocking buffer at least 1 h, washed two times in Tris-buffered
saline with Tween 20 (TBST). The membrane was incubated with mouse
monoclonal ATF-1 (25C10G) (Santa Cruz Biotechnology) overnight. The
membrane was washed two times in TBST and then incubated with
horseradish peroxidase-conjugated antimouse IgG (Promega) for 45
min. Membrane was washed for 1 h in TBST. The proteins were illu-
minated with the enhanced chemiluminescence advance Western blot-
ting detection kit (Amersham Biosciences), exposed to film, and ana-
lyzed using an imaging system (Alpha Innotech Corp., San Leandro,
CA). Membranes were stripped [Pierce (Rockford, IL) stripping buffer]
and reblotted with mouse monoclonal �-tubulin (Santa Cruz Biotech-
nology), rabbit monoclonal Pax 8 (31), rabbit CREB (Sigma Chemicals),
or rabbit CREB PSer133 (Sigma Chemicals) antibody and treated as
described previously.

EMSA

EMSAs were performed as previously described (14, 30, 32). Briefly,
the 4-pmol top strand of synthesized single-strand oligonucleotides was
labeled with �-32P ATP (MP Biomedicals, Solon, OH) by T4 polynucle-
otide kinase and purified using the QIAquick Nucleotide Removal Kit
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(QIAGEN, Inc., Valencia, CA). The 60 �l mixture containing 4 pmol
kinased oligo mixed with 60 �l containing 6 pmol complementary strand
in 20 mm Tris-HCl (pH 7.4), 50 mm NaCl, was annealed by rapid heating
to 95 C and slow cooling to room temperature in a PCR thermocycler (MJ
Research, Inc., Waltham, MA). The resulting annealed probes were used
in all EMSAs performed. FRTL-5, BHP 2–7 nuclear extracts, or CREM
purified protein (Santa Cruz Biotechnology) was incubated with or
without competitor oligonucleotides in the following buffer K [4.5%
glycerol, 60 mm KCl, 0.05 �g polydeoxyinosinic-deoxycctidylic acid,
0.33% NP40, 250 mm HEPES NaOH (pH 7.8), 50 mm MgCl2, 5 mm EDTA
(pH 8), and 5 mm DTT] for 20 min at room temperature. Labeled probe
was added, and incubation was continued for an additional 20 min at
room temperature. DNA-protein complexes were separated on 5.3%
native polyacrylamide gels at 4 C. Gels were dried and exposed to film
overnight in the �70 C freezer, and analyzed using an imaging system
(Alpha Innotech), or placed in a cassette overnight and analyzed on the
storm 840 phosphoimager (General Electric Co., Fairfield, CT). Super-
shift assays were performed using 2 �g antibody to CREB 1 (CHEMI-
CON International, Inc., Temecula, CA), CREB 1 (Sigma Chemicals),
CREB PSer133 (Sigma Chemicals), CREM (X-12), ATF-1 (25C10G), ATF-1
(C41–5.1) (Santa Cruz Biotechnology), or CREM� (33) mixed with nu-
clear extracts and buffer K before labeled probe addition, as described
previously.

RT-PCR analysis

Experiments were performed as described previously (34). Briefly,
total RNAs were prepared from FRTL-5 and BHP 2–7 cells cultured
with or without 10 �m FSK at various time points and prepared using
the RNeasy kit (QIAGEN). RNA was reversed transcribed into cDNA
with Oligo(dT)20 using the SuperScript III First-Strand Synthesis Sys-
tem (Invitrogen, Carlsbad, CA). Primer design was performed using
“Primer3”; for human and rat primers see Table 1. The PCR mixture
contained 0.2 pmol 5� and 3� primers, one 20th cDNA with buffers
from the Taq DNA polymerase kit (QIAGEN) for 27, 30, or 34 cycles
using a PTC-200 PCR machine (MJ Research). Resulting products
were run on a 1% agarose gel and visualized using an imaging system
(Alpha Innotech).

Results
FSK stimulation increases the CRE binding transcription
factors ATF-1 and CREM activator in FRTL-5 cells

It is unclear which transcription factors are required for
FSK-stimulated NUE activity. To address this, we evalu-
ated several candidate transcription factors that may bind
the CRE’ site and Pax8 element for their potential to be FSK
stimulated. The most likely candidates to bind and activate
these elements are CREB family basic region leucine zip-
per (bZIP) molecules and the paired domain transcription
factor Pax 8. ATF-1, CREB, and CREM activators are the

most common CREB family activators that bind to CRE’
sites. We designed primers to evaluate CREB 1, CREM,
ATF-1, and Pax 8 mRNA expression levels specifically in
rat (FRTL-5) cells. CREM splicing is complex, thus we
created primers that evaluated both activating regions (Q1
and Q2) (35).

FRTL-5 cells were depleted of thyroid-stimulating hor-
mone for 5–6 d to eliminate NIS gene expression, and then
exposed to FSK to increase NIS mRNA levels. Presumably,
this would raise transcription factors needed to stimulate NIS
gene expression. FSK increased CREM activator (Q1 and Q2)
mRNA expression 4.5 and 8-fold respectively (Fig. 1, top and
middle left). ATF-1 mRNA expression also increased about
2.5-fold (Fig. 1, bottom left). In contrast, there was no detect-
able FSK stimulation of CREB and Pax 8 mRNA (Fig. 1, top
and middle right) in FRTL-5 cells.

Nuclear extracts from FRTL-5 cells that were treated with
FSK for 0.5, 2, 6, and 24 h were evaluated for candidate
transcription factor protein expression. Figure 2A, top panel,
shows that FRTL-5 cells grown without thyroid-stimulating
hormone for 5 d (5H) have Pax 8 protein; treatment with FSK
up to 24 h did not significantly increase Pax 8. Figure 2A,
middle panel, is a blot with anti-ATF-1 (cross-reacting anti-
body) and shows that CREB protein does not change with
FSK, whereas a CREM isoform and ATF-1 both increase with
FSK between 2 and 24 h (lanes 3–5). There may be other
CREM protein isoforms that we are unable to account for
with our antibody. CREB protein is active when phosphor-
ylated at serine 133 for up to 1-h FSK stimulation. Thus, we
looked for FSK-stimulated modification of CREB using a
phospho-CREB (CREB-P) antibody (Fig. 2B). Figure 2B, top,
lane 3 vs. 4, shows that 0.5-h FSK stimulation increases
CREB-P. Figure 2B, lane 2, contains commercial CREM pro-
tein that appears to be strongly detected with anti-CREB
(bottom panel). In FRTL-5 cells, FSK stimulates CREM acti-
vator and ATF-1 mRNA and protein, as well as CREB
phosphorylation.

Thyroid cancer cells (BHP 2–7) cannot increase ATF-1 and
CREM activator, but FSK increases the Pax 8 transcription
factor

To understand the transcription factor differences be-
tween normal thyroid cells and thyroid cancer cells, we eval-

TABLE 1. Primers used for PCR amplification

Forward (5�–3�) Reverse (5�–3�)

Human primers
hATF-1 cacaagagtaccacgtcagagacag atatgagaaatgtgagctccctgaa
hCREB 1 cgagaaccagcagagtggaga gcatagatacctgggctaatgtgg
hCREM Q1 gaagaggctccccagctgtaa ccatggctgtggtgtctgaa
hCREM Q2 tgatggtgttcagggactgc ggctgcctgggacaaagaac
hGAPDH gagtcaacggatttggtcgta catgggtggaatcatattgga
hPax8A tcactcacccttcgccataaa aaaggcggagctagataaagagga

Rat primers
rATF-1 atggaagattcccacaagagtaaca gacaacgatgacacctgatgga
rCREB gacaaccagcagagtggagatg atggatacctgggctaatgtgg
rCREM Q1 ggatcaggcactggaagagg cgatggatgtggtgtctgaa
rCREM Q2 cagggactccaggcattaacaa caaagaactgctgtgtgccatc
rGAPDH ccagcaaggatactgagagcaag tgttatggggtctgggatgg
rPax 8 cctgacaccttccaatacacctct ctggggtttcctgctttatgg

GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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FIG. 1. PCR amplification effects of FSK on CREM activator, ATF-1, CREB, and Pax 8 mRNA expression in FRTL-5 cells. FRTL-5 cells were
treated with 10 �M FSK for 0.5 and 2 h before collecting the mRNA and PCR amplification. Quantitative RT-PCR and PCR were performed
for CREM Q1 (102 nt), CREM Q2 (106 nt), ATF-1 (82 nt), CREB (101 nt), and Pax8 (107 nt) denoted above each panel. The bar across the top
of each panel is the fold difference of the FSK treated nuclear extract relative to the untreated nuclear extract. The y-axis of the bar graphs
shows the amount of mRNA of the tested transcription factor relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and the x-axis
shows the time the cells were treated with FSK. Lower right, The gel below the graphs is the PCR products after 30 cycles of PCR amplification
with glyceraldehyde-3-phosphate dehydrogenase included. Each experiment was done at least three times.
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with 10 �M FSK for 0.5, 2, 6, and 24 h before collecting the nuclear extract and performing Western blots with anti-Pax 8, anti-ATF-1
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from cells treated with thyroid-stimulating hormone, lane 7 is purified CREM protein, and lane 8 is a protein ladder. The same gel was stripped
and reblotted. Bottom panel, The amounts of protein loaded in each lane are similar at about 10 �g, by evaluating �-tubulin. B, FRTL-5 cells
were treated with 10 �M FSK for 30 min, and evaluated for CREB phosphorylation (top) and total CREB (bottom) using anti-CREB-P and
anti-CREB. Lane 1 is the protein ladder, lane 2 is CREM purified protein, lane 3 is nuclear extract without FSK, and lane 4 is nuclear extract
with FSK for 30 min.
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uated the transcription factors that are involved in BHP 2–7
cells. Figure 3 shows the mRNA expression of the NUE
binding transcription factor candidates with FSK stimulation
in BHP 2–7 cells. BHP 2–7 cells have a vastly different mRNA
expression pattern from that of the FRTL-5 cells. CREM ac-
tivator Q1 had low mRNA expression, even with four ad-
ditional PCR amplification cycles, and Q1 and Q2 CREM
activator regions did not change with FSK stimulation (Fig.
3, top left and middle left). In addition, ATF-1 required addi-
tional amplification cycles for a signal and was not affected
by FSK (Fig. 3, bottom left). FSK did not stimulate CREB
mRNA. The only FSK-stimulated mRNA effect in BHP 2–7
cells was a greater than 3-fold increase of Pax 8 mRNA (Fig.
3, middle right).

Nuclear extracts from BHP 2–7 cells that were treated with
FSK for 0.5, 2, 6, and 24 h were evaluated for candidate
transcription factor protein expression. Figure 4A, top panel,
shows that FSK-treated BHP 2–7 nuclear extracts had in-
creased Pax 8 protein, starting at 2 h and up to 24 h (Fig 4A,
lanes 3–5). Figure 2A, middle panel, shows that the CREB
protein did not change with FSK and that CREM was absent
(Fig. 4A). ATF-1 showed a faint band that appears to be
unchanged with FSK treatment (Fig. 4A). We evaluated
CREB phosphorylation at 0.5-h FSK treatment in the BHP 2–7
nuclear extract (Fig. 4B) using CREB-P antibody. Figure 2B
top, lane 3 vs. 4, shows that 0.5-h FSK stimulation increased
CREB-P, and the total CREB remained unchanged (Fig. 4B,
bottom, lane 3 vs. 4). In response to FSK treatment, BHP 2–7
cells are able to phosphorylate CREB protein and increase the
amount of Pax 8 mRNA and protein but were defective in
stimulating CREM activator and ATF-1.

Characterization of complexes formed on Pax 8 and CRE’
sites to identify FSK-stimulated complex differences between
FRTL-5 thyroid cells and thyroid cancer cells (BHP 2–7)

Pax 8 and CRE’ binding was assessed to compare the
differences between FRTL-5 and BHP 2–7 complex forma-
tion, and to determine the transcription factors bound in
these complexes. We examined nuclear extracts at various
times of FSK treatment from FRTL-5 cells and BHP 2–7
cells using probes designed to optimize binding and com-
plex specificity. Two major complexes form with the TG
promoter Pax 8 binding site (Fig. 5A, arrows). Figures 2A
and 4A show that both cells have Pax 8. Figure 5A (lanes
1– 4) indicates that, with or without FSK, FRTL-5 cells have
constant Pax 8 protein bound to the probe. BHP 2–7 cells
show a gradual increase in the lower of the two complexes
that is FSK dependent (Fig. 5A, top, lane 5 vs. 6 – 8). Both
of these bands were specifically competed away with 100-
fold excess cold probe (Fig. 5B, top). Pax 8 antibody di-
minished a much larger portion of the lower complex,
suggesting that Pax 8 protein occupies this position. It
appears that the FRTL-5 Pax 8 binding signals are stronger
than the BHP 2–7 Pax 8 binding signals, (Fig. 5B, bottom
panels). Thus, it is likely that anti-Pax 8 inhibition of the
FRTL-5 complexes is not as complete as seen with the BHP
2–7 complexes. However, it is possible that an additional
protein occupies the Pax 8 binding site in FRTL-5 nuclear
extract that is absent in BHP 2–7 nuclear extract. In BHP

2–7 cells, the lower complex is enhanced with FSK, and
thus an increase in Pax 8 protein results in an increase in
Pax 8 bound to the probe (Fig. 5A).

To assess possible differences in CRE’ complexes between
the cell lines, we repeated the gel shifts using a CRE con-
sensus probe. Figure 6A shows four previously described
complexes (Ds�, Ds�, M, and S) with FRTL-5 nuclear extract
and three complexes (Ds�, Ds�, and M) with BHP 2–7 nu-
clear extract (8). It is noticeable that FSK stimulation for 2–24
h greatly enhances the S complex in FRTL-5 (Fig. 6A, lane 1
vs. 2–4). All of these bands have specificity for the CRE probe
(Fig. 6B). The S complex is enhanced with FSK stimulation
and is absent in the BHP 2–7 lanes. This FSK-stimulated
complex appears only in FRTL-5 cells, suggesting that the
FSK-stimulated transcription factors, ATF-1 and CREM ac-
tivator, may be components of the factor S complex.

To identify the transcription factors associating with the
FSK-stimulated complex, we tested antibodies that could
inhibit and/or supershift the complex. We evaluated ATF-1
specific and cross-reacting antibodies to determine if ATF-1
is part of the factor S complex. Supershifts with the ATF-1
specific antibody suggest the Ds� complex (Fig. 6C, top, lanes
9–12) and S complex (Fig. 6C, top, lanes 11 and 12, boxed
region) are still intact, whereas most complexes are sensitive
to the ATF-1 cross-reacting antibody (Fig. 6C, top, lanes 5–8).
It appears that the M complex is mildly resistant to the ATF-1
cross-reacting antibody. We further tested two other CREB
family cross-reacting antibodies, to CREB and CREM, to
verify that the factor S complex consists of CREB family
proteins. Both cross-reacting antibodies disrupted most of
the complexes, including the factor S complex (Fig. 6C, bot-
tom, lanes 5–12). A similar pattern of supershifts was seen
with the BHP 2–7 nuclear extracts. ATF-1 specific antibody
did not alter the Ds� complex, but all other complexes were
disrupted with ATF-1, CREB, or CREM cross-reacting anti-
bodies (data not shown). Three CREB family cross-reacting
antibodies, but not ATF-1 specific antibody, shifted the factor
S complex. CREM, but not CREB, and the factor S complex
are stimulated by FSK treatment, suggesting that CREM and
the factor S complex share features that link their appearance
in FRTL-5 cells.

To determine if the FSK-stimulated S complex consists of
CREM activator, we performed gel shifts using CREM� an-
tibody, specific to all of the CREM isoforms (33). Using
FRTL-5 nuclear extracts from 5H cells, 6-h FSK, and 24-h FSK,
we evaluated complex dissociation with the CREM� anti-
body (Fig. 6D). The 6- and 24-h FSK extracts have the FSK-
stimulated S complex that is dissociated with the CREM�
antibody (Fig. 6D, compare lanes 2 and 3 with lanes 5 and 6).
CREM� specific antibody strongly dissociated the FSK-stim-
ulated S complex, strengthening the argument that CREM is,
at least, part of this important complex needed for full ac-
tivation of the NUE and NIS expression.

BRAF (V600E) thyroid cancer cell line retains CREM
activator expression and FSK-stimulated S complex

A different thyroid papillary cancer cell line that has a
BRAF (V600E) mutation, BHP 17–10, was studied for the
presence of CREM activator and FSK-stimulated S complex.
Figure 7A shows the mRNA expression of the NUE binding

Fenton et al. • CREM Activates Expression of NIS Endocrinology, May 2008, 149(5):2592–2606 2597

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/149/5/2592/2455177 by guest on 10 April 2024



transcription factor candidates with FSK stimulation in BHP
17–10 cells. BHP 17–10 cells have a very similar mRNA ex-
pression pattern to FRTL-5 cells, except for the Pax 8 expres-
sion. Pax 8 was absent in the BHP 17–10 BRAF cells (no signal

seen). However, CREM Q1 and Q2 activator mRNA are both
stimulated by FSK (Fig. 7A, top left and middle left). In addi-
tion, ATF-1 was FSK stimulated (Fig. 7A, bottom left), and FSK
did not stimulate CREB mRNA (Fig. 7A, right).
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FIG. 3. PCR amplification effects of FSK on CREM activator, ATF-1, CREB, and Pax 8 mRNA expression in BHP 2–7 cells. BHP 2–7 cells were
treated with 10 �M FSK for 0.5 and 2 h before collecting the mRNA and PCR amplification. Quantitative RT-PCR and PCR were performed
for CREM Q1 (89 nt), CREM Q2 (128 nt), ATF-1 (71 nt), CREB (104 nt), and Pax8 (85 nt) denoted above each panel, and the representation
is the same as described previously. The gel below the graphs is the PCR products after 30 cycles of PCR amplification with glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) included (lower right), except CREM Q1 and ATF-1 are PCR products after 34 cycles, Each experiment
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Nuclear extracts from BHP 17–10 cells that were treated
with FSK for, 2, 6, and 24 h were evaluated for candidate
transcription factor protein expression. Figure 7B, top panel,
shows that FSK-treated BHP 17–10 nuclear extracts had in-
creased CREM and ATF-1 protein at 6 and 24 h (lanes 3–4),
and there was no visible change of CREB protein. Pax 8
protein did not show any signal (data not shown).

Because BHP 17–10 did not have Pax 8 mRNA and protein,
only the CRE’ probe was evaluated in gel shift assays. Figure
7C shows that the BRAF cells have all four major complexes
that are seen in normal thyroid cells (Ds�, Ds�, M, and S).
FSK treatment appears to enhance the S band slightly more
than the other bands, but Ds� was weaker in all lanes relative
to FRTL-5 shifts (Fig. 7C, lanes 1–4). The BHP 17–10 nuclear
extracts were tested with ATF-1 cross-reacting and specific
antibodies. ATF-1 cross-reacting antibody supershifted all
complexes; however, the M complex appears to be more
resistant to this antibody (Fig. 7C, lanes 5–8). ATF-1 specific
antibody demonstrates a similar pattern of supershifts to
FRTL-5 (Fig. 6C); Ds� and S complexes are more resistant
than the other complexes (Fig. 7C, lanes 9–12). Thus, CREM
activator and FSK-stimulated S complex are both present in
the BRAF cells, as in the FRTL-5 thyroid cells.

FSK partially stimulates NUE activity in BHP 2–7 thyroid
cancer cells

RET-PTC 1 thyroid cancer cells have not been shown to
have NUE activity because they lack thyroid-stimulating
hormone receptor (28). However, by using FSK we are able
to bypass the need for thyroid-stimulating hormone receptor
in thyroid cancer cells. Thus, we analyzed the NUE activity
in FRTL-5 cells, BHP 2–7 cells, and BHP 17–10 cells with and
without FSK. Prior work showed that FRTL-5 cells, depleted
of thyroid-stimulating hormone, did not have NUE activity.
However, adding back thyroid-stimulating hormone or FSK
greatly enhanced luciferase expression through the NUE (8).
We transiently cotransfected plasmids (pGL3 firefly lucif-
erase) with the NIS proximal promoter alone or with the
NUE attached (Fig. 8, top) along with a control plasmid
(pRL-CMV Renilla luciferase) into FRTL-5 cells, BHP 2–7
cells, and BHP 17–10 cells, and evaluated the firefly luciferase
normalized to the Renilla luciferase. FRTL-5 cells, when co-
transfected with the NUE and with the addition of FSK,
increased expression over 20-fold (Fig. 8, left column), as
previously reported (8). BHP 2–7 cells showed more than a
5-fold increase in NUE activity in the presence of FSK (Fig.
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FIG. 5. EMSA shows that FSK stimulates Pax 8 binding
complexes in BHP 2–7 cells. A, Top is a representation of
Pax 8 probe (designed from the TG promoter) used with the
boxed region representing Pax 8 binding site. Lanes 1–4 are
FRTL5 nuclear extract stimulated with FSK at 0, 2, 6, and
24 h. Lanes 5 and 6 are a repeat using BHP 2–7 nuclear
extract. Arrows on the left represent the two major com-
plexes bound to the Pax 8 probe. B, Top panel is a compe-
tition of the lanes above with 100-fold excess cold probe.
FRTL-5 nuclear extract with FSK time increments in lanes
1–4; these were repeated with cold probe in lanes 5–8. The
next eight lanes are repeats using BHP 2–7 nuclear extract.
Arrows represent potential Pax 8 binding complexes. The
bottom panel is organized as previously described except
that FRTL-5 lanes 5–8 and BHP 2–7 lanes 9–16 are incu-
bated with anti-Pax 8. Arrow represents Pax 8 binding
complex.
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8, middle column). BHP 2–7 cells had a much lower basal level
of transcription than FRTL-5 cells (Fig. 8, 0.7 vs. 7.7) and an
overall lower activation (Fig. 8, 7.4 vs. 98.7). BHP 17–10 cells
maintained a high level of basal expression but did not re-
spond to FSK (Fig. 8, right column). This is likely because BHP
17–10 cells lack Pax 8 that is needed for NUE activation. BHP
2–7 cells respond to FSK treatment and show NUE activity,
whereas BHP 17–10 did not.

CREM activator enhances NUE activity in FSK-stimulated
thyroid cancer cells

FSK induced CREM activator in normal thyroid cells, but
not in thyroid cancer cells. It appears that the FSK-stimulated
complex found on the CRE’ site consists of CREM activator.
Thus, we cotransfected CREM �2� (activator, Fig. 9A, top)
into both FRTL-5 cells and BHP 2–7 cells to evaluate func-
tionality of CREM activator on the NUE. We did not find
activity with CREM activator in FRTL-5 cells or BHP 2–7 cells
without FSK stimulation (Fig. 9A, bottom), even though
CREM was expressed (data not shown). In FRTL-5 cells this
may be due to low ATF-1 expression and/or CREB/CREM
modification. In BHP 2–7 cells, this is likely due to low Pax
8 levels. In contrast, when both cell lines were cotransfected
with CREM �2� and FSK-stimulated, the NUE activity was
enhanced (Fig. 9B, both panels, lanes 5 vs. 6). The FRTL-5 cells
and BHP 2–7 cells had NUE activity close to 2-fold higher
with CREM �2� than without it. The insets of Fig. 9B show
CREM �2� protein overexpressed at approximately 39 kDa
in both cell lines, as previously reported (29). This indicates
that CREM activator is functional on the NUE during FSK
treatment. To control for NUE activity, we tested a CREB
expression vector in both cell lines with FSK, and there was
a very slight increase in NUE activity (data not shown). The
lack of a major increase in NUE activity is likely because both
cell lines are saturated with endogenous CREB.

Discussion

We characterized Pax 8 and CRE’ element binding tran-
scription factors that are stimulated by FSK in FRTL-5, BHP
2–7, and BHP 17–10 cell lines, and correlated the data with
NUE activity leading to NIS gene expression. The main ob-
servation of the current data shows that CREM activator is
FSK induced, and contributes to the binding and activity of
the NUE needed for NIS expression. In addition, the data
elucidate the differences in transcription factors that are stim-
ulated and modified by FSK in all three cell lines. FSK stim-
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FIG. 6. EMSA shows that FSK stimulated a CREM complex (factor
S) on a CRE’ probe in FRTL-5 cells. A, Top shows the NUE CRE’ site
compared with a CRE consensus probe, the CRE protein binding
region is boxed. Left gel shows FRTL-5 nuclear extracts bound to the
CRE consensus probe treated with FSK for 0, 2, 6, and 24 h (lanes
1–4). Complexes are designated on the left of the gel in order of
migration, Ds a, Ds b, M and S, and free probe. The same orientation

is used for BHP 2–7 nuclear extracts that lack the S complex. B, A
competition of the lanes seen previously with 100-fold excess cold
probe. Complexes are in the order as described previously with
FRTL-5 lanes 5–8 repeated with cold probe and lanes 13–16 repeated
with cold probe. C, FRTL-5 nuclear extracts are supershifted with
various antibodies. Top panel, Lanes 5–8 are shifted with an ATF-1
cross-reacting antibody, and lanes 9–12 are shifted with an ATF-1
specific antibody (reacts with CREB, CREM, and ATF-1). The arrow
on the right of the gel indicates supershift. The bottom panel is a repeat
with lanes 5–8 incubated with anti-CREM and lanes 9–12 incubated
with anti-CREB. D, FRTL-5 nuclear extracts are dissociated with
CREM� antibody. Lanes 1–3 are FRTL-5 extract without FSK, 6-h
FSK treated, and 24-h FSK treated. Lanes 4–6 are in the same order
with CREM� antibody. c, Consensus; wt, wild type.
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ulates CREM activator and ATF-1 mRNA and protein in
FRTL-5 and BHP 17–10 cells; in contrast, FSK stimulates Pax
8 protein in BHP 2–7 cells. FSK-stimulated FRTL-5 and BHP
17–10 nuclear extracts have an additional CRE’ binding com-
plex (factor S) that is absent in BHP 2–7 cells. The finding that

FSK stimulates CREM activator together with the gel super-
shift data suggests that factor S consists of CREM activator.
The FSK-stimulated factor S complex appears to provide
strong NUE activity for NIS gene expression when Pax 8 is
present. However, in BHP 2–7 cells, FSK mildly stimulates
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FIG. 7. BHP 17–10 cells have FSK-stimulated
CREM activator and S complex but are miss-
ing the Pax 8 transcription factor. A, BHP
17–10 cells were treated with 10 �M FSK for
0.5 and 2 h before collecting the mRNA and
PCR amplification. Quantitative RT-PCR and
PCR were performed for CREM Q1 (89 nt),
CREM Q2 (128 nt), ATF-1 (71 nt), and CREB
(104 nt) denoted above each panel, and the
representation is the same as described pre-
viously. The gel below the graphs is the PCR
products after 30 cycles of PCR amplification
with glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) included (lower right). Each
experiment was done at least three times. B,
BHP 17–10 cells were treated with 10 �M FSK
for 2, 6, and 24 h before collecting the nuclear
extract and performing Western blots with an-
ti-ATF-1 [cross-reacting (c-r) to CREB, CREM,
and ATF-1], and anti-�-tubulin. Lanes 1–4
show increasing time of FSK treatment. The
same gel was stripped and reblotted. The bot-
tom panel shows the amounts of protein loaded
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evaluating �-tubulin. C, BHP 17–10 nuclear
extracts bound to the CRE consensus probe
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CREM cross-reacting antibody. The arrow on
the right of the gel indicates supershift.
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the NUE without the factor S complex by increasing the Pax
8 protein to DNA complex. Furthermore, we demonstrate
that CREM activator can increase NUE activity in both
FRTL-5 and BHP 2–7 cell lines. The results give insight into
the importance of the factor S complex in NUE activation.

FSK-stimulated complex is required for strong NUE activity

The data show that FSK-stimulated FRTL-5 cells, BHP 2–7
cells, and BHP 17–10 cells express different patterns of tran-
scription factors that influence NUE activation. FRTL-5 and
BHP 17–10 nuclear extracts show a FSK-stimulated increase
in a complex (factor S) that was defined previously (8). The
factor S complex was supershifted with cross-reacting anti-
bodies ATF-1, CREM and CREB, but not with ATF-1 specific
antibody (Fig. 6C, lanes 11 and 12 boxed region and Fig. 7C,
lanes 10–12 boxed region). More specifically, the CREM�
antibody dissociated the S complex (Fig. 6D). The data in-
dicate that the FSK-stimulated factor S complex consists of
CREM activator. FSK stimulation and the factor S complex
are required for NUE activation of NIS gene expression.
However, NUE activation may include other unknown FSK-
stimulated activators in FRTL-5 cells.

In contrast, BHP 2–7 nuclear extracts showed FSK-stimu-
lated increases in Pax 8 complex in EMSA. FSK stimulates
Pax 8 protein and Pax 8 EMSA complexes, strongly suggest-

ing that BHP 2–7 cells use Pax 8 to gain minimum NUE
activity. Similarly, De Vita et al. (36) reported that a RET/
PTC1 rearrangement cell line has reduced levels of Pax 8
protein. The lack of factor S complex probably prevents BHP
2–7 cells from gaining full NUE activation and, therefore, NIS
gene expression. It is possible that NIS endogenous expres-
sion in BHP 2–7 cells is suppressed by transactive repres-
sor(s) acting on the NIS promoter region (37). FSK-treated
BHP 17–10 cells were unable to gain NUE activation, but this
was expected because they lack Pax 8.

CRE sites can potentially bind to a variety of bZIP mole-
cules. CRE sites are preferentially bound by homodimers and
heterodimers of CREB family proteins, and bear similarity to
activator protein (AP)-1 sites that are strongly bound by
dimers through the FOS/JUN subfamily of bZIP molecules.
The CREB family of bZIP molecules has cross talked and
heterodimerized with the FOS/JUN bZIP molecules (24, 38,
39). Chun et al. (16) demonstrated that cJun and c-fos bZIP
molecules bind the CRE site of the rat NUE by supershift
analysis, even though these proteins were not implicated in
binding to the CRE’ site in the human NUE (8). It is possible
that the M complex, which is relatively stable in the presence
of CREB family cross-reacting antibodies, consists of AP-1
binding protein or unknown proteins. Thus, we cannot ex-
clude the possibility that AP-1 binding proteins or other
unknown proteins contribute to the stimulation of the NUE.

NUE has activity in thyroid cancer cells, and CREM �2�
activator enhances NUE activity in both FRTL-5 cells and
BHP 2–7 cells

It has been well documented that FSK stimulates NUE
activity in FRTL-5 cells. However, there was no available
evidence of FSK-stimulated NUE activity in BHP 2–7 cells.
We provide evidence that the NUE is active in BHP 2–7 cells
(Fig. 8), but the FSK-stimulated activity is significantly lower
than that in FRTL-5 cells. We evaluated the effects of adding
a CREM activator (CREM �2�) in both cell lines with and
without FSK. Only with FSK treatment did both cell lines
respond positively to CREM overexpression by doubling
expression from the NUE. This signifies the productive en-
hancement of NUE activity through CREM activator inter-
action. It may be that FSK-stimulated factors are needed to
interact with CREM activator for optimal NUE activity. Al-
ternatively, FSK stimulation of CREM phosphorylation may
be required for activation of the NUE. It is presumed that
CREM is phosphorylated at serine 117 by protein kinase A,
similar to CREB phosphorylation. However, it is generally
believed that CREM may be able to bypass phosphorylation
and still interact with CREB binding protein (CBP) to activate
gene expression (25). In either case, CREM activator clearly
enhances NUE activity in BHP 2–7 cells, allowing for poten-
tial NIS gene expression to occur.

Implications for activating NIS gene expression through an
active NUE in cancer cells

BHP 2–7 was reported to have a RET-PTC 1 rearrangement
(40, 41), and lacked NIS and thyroid-stimulating hormone
receptor mRNA analyzed by Northern blot (28, 30). Thyroid-

NUE NIS

luc

NIS

luc

FRTL-5 BHP 2-7 BHP 17-10

NIS 7.7 +/- 1.67 0.7 +/- 0.09 6.4 +/- 0.42

NIS-NUE 3.7 +/- 0.24 0.9 +/- 0.41 5.6 +/- 0.31
fold change 0.5 1.3 0.8

NIS
  + FSK 4.5 +/- 0.93 1.3 +/- 0.45 13.2 +/- 1.03

NIS-NUE 98.7 +/- 21.03 7.4 +/- 0.59 12.8 +/- 0.09
  + FSK
fold change 21.8 5.7 1

FIG. 8. The NUE is FSK stimulated in BHP 2–7 cells. Top, Plasmid
constructs showing the proximal promoter NIS and enhancer NUE
upstream of firefly luciferase reporter gene. FRTL-5 cells were cul-
tured for 6 d in 5H medium, transfected with each luciferase reporter
construct, and cultured an additional 18–21 h in 5H medium, treated
with or without 10 �M FSK for 36–48 h. BHP 2–7 cells and BHP 17–10
cells were cultured in RPMI medium with or without 10 �M FSK.
Results are expressed as a percentage of firefly luciferase to Renilla
luciferase. A pRL-CMV vector was cotransfected to normalize for
transfection efficiency. Values are the means of two to three separate
experiments. Top of chart indicates the cells used, and along side the
chart indicates the plasmid used. Upper section of chart is without
FSK, and lower section is with FSK.
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FIG. 9. CREM �2� activator has activity on the NUE in both FRTL-5 cells and BHP 2–7 cells. A, Top, representation of CREM �2� activator expression
vector construct compared with CREM � (full length) activator. Bottom left panel shows FRTL-5 cells without and with NUE in lanes 1 and 2, without NUE
cotransfected with empty vector and CREM �2� in lanes 3 and 4, and with NUE cotransfected with empty vector and CREM �2� in lanes 5 and 6. Above
the bottom right panel is the same orientation with BHP 2–7 cells. The bar across the top of each panel is the fold difference with and without the NUE in
the absence and presence of expression vector. FRTL-5 (5H) and unstimulated BHP 2–7 cells with either an empty expression vector or CREM �2� activator.
Percentage of firefly luciferase to Renilla luciferase and SD values of FRTL-5 cells (lanes 1–6): 7.34 � 0.94, 3.79 � 0.05, 8.80 � 1.26, 6.52 � 1.35, 11.63 �
1.76, and 8.27 � 0.94. Percentage of firefly luciferase to Renilla luciferase and SD values of BHP 2–7 cells (lanes 1–6): 0.39 � 0.04, 0.44 � 0.04, 0.46 � 0.05,
0.76 � 0.04, 0.55 � 0.06, and 0.56 � 0.07. B, Panels have the same orientation as described previously, except both cell lines were treated with 10 �M FSK.
Insets are Western blots of nuclear extracts that were cotransfected with expression vectors and visualized with CREM antibody. Insets are placed above
thebarsthatrepresentthesameconditionsusedforbothsetsofdata.FSK-stimulatedFRTL-5cellsandFSK-stimulatedBHP2–7cellswithemptyexpression
vector or CREM �2� activator. Percentage of firefly luciferase to Renilla luciferase and SD values of FRTL-5 (left panel lanes 1–6): 4.38 � 0.13, 31.77 � 3.31,
4.52 � 0.36, 26.86 � 5.94, 5.52 � 1.79, and 58.60 � 4.24. Percentage of firefly luciferase to Renilla luciferase and SD values for BHP 2–7 (right panel lanes
1–6): 1.54 � 0.34, 7.74 � 0.01, 2.22 � 0.29, 6.75 � 1.91, 2.36 � 0.48, and 26.61 � 3.31. Basic pGL3 vector was used in all experiments with a value between
0 and 0.09 activity.
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stimulating hormone receptor is absent in the majority of
human thyroid cancer cell lines, but its expression is often
maintained in cancer tissue. We report here that basal level
transcription of the NIS proximal promoter in BHP 2–7 cells
appears to be significantly lower than in FRTL-5 cells. FSK
stimulation of Pax 8 increases NUE activity in BHP 2–7 cells
up to the basal level of FRTL-5 cells, but this is not adequate
for NIS gene expression. BHP 2–7 cells do not transport
iodide but can do so if a NIS expression vector is transiently
introduced into the cell (30). Thus, BHP 2–7 cells are capable
of translocating an active NIS protein to the membrane, FSK-
stimulated NUE activity, coupled with increased CRE’ bind-
ing transcription factors, may enhance NIS gene expression
to a level consistent with providing BHP 2–7 cells with
enough active NIS protein to transport iodide. By under-
standing the mechanisms responsible for NIS gene expres-
sion, we may be able to induce NIS gene expression and
iodide uptake in various cancer cells, thus allowing for ef-
fective radioiodide therapy.
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