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The Gram-negative bacterial endotoxin lipopolysaccharide (LPS) elicits a variety of biological
responses. Na�/I� symporter (NIS)-mediated iodide uptake is the main rate-limiting step in
thyroid hormonogenesis. We have recently reported that LPS stimulates TSH-induced iodide
uptake. Here, we further analyzed the molecular mechanism involved in the LPS-induced NIS
expression in Fisher rat thyroid cell line 5 (FRTL-5) thyroid cells. We observed an increase in
TSH-induced NIS mRNA expression in a dose-dependent manner upon LPS treatment. LPS
enhanced the TSH-stimulated NIS promoter activity denoting the NIS-upstream enhancer
region (NUE) as responsible for the stimulatory effects. We characterized a novel putative
conserved �B site for the transcription factor nuclear factor-�B (NF-�B) within the NUE region.
NUE contains two binding sites for the transcription factor paired box 8 (Pax8), main regulator
of NIS transcription. A physical interaction was observed between the NF-�B p65 subunit and
paired box 8 (Pax8), which appears to be responsible for the synergic effect displayed by these
transcription factors on NIS gene transcription. Moreover, functional blockage of NF-�B sig-
naling and site-directed mutagenesis of the �B cis-acting element abrogated LPS stimulation.
Silencing expression of p65 confirmed its participation as an effector of LPS-induced NIS
stimulation. Furthermore, chromatin immunoprecipitation corroborated that NIS is a novel
target gene for p65 transactivation in response to LPS. Moreover, we were able to corroborate
the LPS-stimulatory effect on thyroid cells in vivo in LPS-treated rats, supporting that thyro-
cytes are capable of responding to systemic infections. In conclusion, our results reveal a new
mechanism involving p65 in the LPS-induced NIS expression, denoting a novel aspect in thyroid
cell differentiation. (Molecular Endocrinology 24: 1846 –1862, 2010)

Iodide plays a key role in thyroid physiology as an essential
constituent of the thyroid hormones and a major regulator

of thyroid function (1). The first step in thyroid hormono-
genesis comprises the active transport of iodide across the
basolateral plasma membrane, a process mediated by the
Na�/I� symporter (NIS) (2). NIS plays an important role in

iodide homeostasis (3–5). TSH is the main regulator of thy-
roid growth and differentiation. All steps in thyroid hormo-
nogenesis are under TSH regulation, including iodide up-
take and NIS gene expression (2).

The rat NIS gene has a minimal promoter region lo-
cated within �199 and �110 bp (2) and an NIS upstream
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enhancer (NUE) between �2495 and �2264 bp (2, 6, 7).
The NUE region stimulates transcription in a thyroid-
specific, cAMP-dependent manner and is involved in the
most relevant aspects of NIS regulation. It has been re-
ported that the NUE region contains two thyroid tran-
scription factor-1 (TTF-1)-binding sites that have no ap-
parent effect on NIS transcription, two paired box 8
(Pax8)-binding sites, and a degenerate cAMP-response
element (CRE-L) (6). Full TSH/cAMP-dependent tran-
scription requires at least one Pax8-binding site and the
integrity of the CRE-L sequence (6).

Nuclear factor-�B (NF-�B) refers to a family of ubiq-
uitous and inducible cellular transcription factors that
play a critical role in many cellular processes by regulating
the expression of genes involved in inflammation, cell
adhesion, cell cycle regulation, angiogenesis, and apopto-
sis (8, 9). There are five known members of the mamma-
lian NF-�B/Rel family: p65 (also named RelA), c-Rel,
RelB, p50, and p52. These proteins share a conserved
N-terminal region named “Rel homology domain”
(RHD), which is responsible for DNA binding, dimeriza-
tion, and nuclear translocation (10). In addition, p65,
c-Rel, and RelB contain a C-terminal transactivation do-
main (TAD), thus constituting the transcriptionally active
members of the NF-�B family, whereas p50 and p52 pri-
marily repress transcription unless associated with a
TAD-containing NF-�B family member, or other proteins
capable of coactivator recruitment (8, 10, 11). In most
cells, Rel family members form homodimers and het-
erodimers with different specificities in several combina-
tions. The most well studied and predominant form of
NF-�B consists of a heterodimer composed of p65/p50
subunits, even though p65 constitutes the main effector
and the most studied subunit of the classic NF-�B path-
way (12). The importance of p65 is underscored by the
observation that macrophages derived from p65
knockout mice display a severe defect in the expression
of inflammatory cytokines upon proinflammatory
stimulation (13).

Pathogen-sensing Toll-like receptors (TLRs) medi-
ate downstream activation of NF-�B through an evo-
lutionary conserved signaling pathway (14, 15), thus
controlling the expression of several proinflammatory
genes in immune cells (16). Among the TLR members,
TLR-4 has been well characterized for its capability to
recognize the typical pathogen-associated molecular
pattern from Gram-negative bacteria, lipopolysaccha-
ride (LPS) (17). A common feature regarding the regu-
lation of NF-�B signaling is its sequestration in the
cytoplasm as an inactive complex by physical associa-
tion with a class of inhibitory molecules known as I�Bs
(10). Exposure of cells to a variety of inducers such as

LPS, phorbol esters, IL-1, or TNF-� results in phos-
phorylation, ubiquitination, and degradation of the
I�B proteins (11, 18). The absence of I�B proteins ex-
poses the nuclear localization sequence in the remain-
ing NF-�B subunit, which in turn leads to a rapid trans-
location to the nucleus, where it activates a plethora of
specific target genes by binding to cognate DNA-regu-
latory elements known as �B sites in the promoter/
enhancer regions of NF-�B-dependent genes (8, 19).

The bacterial endotoxin LPS is an essential outer mem-
brane glycolipid in virtually all Gram-negative bacteria
(20). LPS exhibits a wide array of biological effects,
mainly on innate immune cells inducing an inflammatory
response (21). However, evidence of LPS effects on endo-
crine cells has been reported in recent years (22–24). Stud-
ies from our group have demonstrated that the endotoxin
exerts a direct action on the thyroid cells by up-regulating
TSH-stimulated thyroglobulin and NIS gene expression,
which reveals the capacity of LPS to alter thyroid-specific
gene expression (25, 26). In addition, we recently de-
scribed the ability of thyroid cells to specifically recognize
LPS through TLR-4 (25).

Based on our previous results, we sought to examine
the molecular mechanism involved in LPS-induced NIS
expression in thyroid cells. Here, we described that LPS
treatment increased TSH-induced NIS mRNA expres-
sion. By testing internal deletions of the NIS promoter,
we determined that the NUE region is responsible for
the LPS-stimulatory effect. Bioinformatic analysis over
the NUE region looking for conserved sites of LPS ca-
nonical effectors showed a novel conserved cis-acting
element for the transcription factor NF-�B. In addition,
site-directed mutagenesis of the �B site abrogated LPS-
induced NIS stimulation. Silencing of endogenous p65
by small interfering RNA (siRNA) confirmed its par-
ticipation as mediator of LPS action. Remarkably, a
physical interaction was observed between the NF-�B
p65 subunit and Pax8, main regulator of NIS expres-
sion, which appears to be responsible for the synergic
effect displayed by these transcription factors on NIS
gene transcription. Furthermore, using chromatin im-
munoprecipitation (ChIP) we corroborated that NIS is
a novel target gene for p65 transactivation in response
to LPS. Finally, we were able to reproduce the LPS-
stimulatory effect on thyroid cells of LPS-treated rats,
which revealed that thyrocytes has the potential capa-
bility to respond to systemic infections. Overall, our
results uncovered the role of the transcription factor
p65 in LPS-induced NIS expression, and they estab-
lished a novel mechanistic model for LPS-induced gene
expression in thyrocytes.
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Results

LPS stimulates TSH-induced NIS mRNA levels
To investigate the molecular mechanism involved in

the LPS-stimulatory effect on NIS gene expression, we
analyzed LPS-mediated effects at the transcriptional level.
Starved Fisher rat thyroid cell line 5 (FRTL-5) cells were
treated with LPS (10 and 100 ng/ml) in the presence or
absence of TSH (0.5 mIU/ml) for 6 h, and NIS mRNA
levels were analyzed by quantitative RT-PCR assay. As
expected (27, 28), TSH stimulated NIS mRNA expres-
sion (Fig. 1). In agreement with previous observations
indicating that LPS increases TSH-induced iodide uptake
and NIS protein expression (25), LPS treatment aug-
mented TSH-stimulated NIS mRNA levels in a dose-
dependent manner (Fig. 1). Incubation with LPS in the
absence of TSH did not modify NIS mRNA levels in
comparison with those of nonstimulated cells. These
data suggest that LPS modulates TSH-induced NIS
transcription.

LPS up-regulates the TSH-dependent
transcriptional activation of the NIS gene

To study whether LPS exerts a transcriptional regula-
tion of the NIS gene, we assessed the effect of LPS on the
activity of the rat NIS promoter. The luciferase reporter
construct pNIS-2.8 was transiently transfected into
FRTL-5 cells, and its transcriptional activity in response
to LPS (100ng/ml) was assayed in the presence or absence
of TSH (0.5 mIU/ml) for 24 h. TSH stimulated pNIS-2.8

activity, as has been extensively reported (28, 29),
whereas LPS induced a significant increase of the TSH-
mediated transcriptional activation (Fig. 2A). Consistent
with the data presented in Fig. 1, the NIS promoter activ-
ity was not affected by LPS in the absence of TSH (data
not shown).

To identify the NIS promoter region responsible for
the LPS-induced regulation, we analyzed the transcrip-
tional activity of the 5�-deleted constructs lacking the
NUE region i.e. pNIS-2.0, pNIS-1.2, and pNIS-0.5. As
described, NUE is required for full TSH stimulation of
NIS gene (7, 29), and LPS had no effect on the tran-
scriptional activity of any NUE-deleted construct (Fig.
2A). Transfection of the internal deleted NUE-carrying
constructs, pNIS-1.2 NUE and pNIS-0.5 NUE, showed
significant activity in response to TSH, as reported
(29). Moreover, an increase of the TSH-induced tran-
scriptional activity was observed when cells were
treated with LPS (Fig. 2A). In summary, the results
indicate that LPS augments the TSH-dependent tran-
scriptional activation of the NIS gene and that cis-
elements present within the NUE region seem to be
required.

The NUE region contains at least three crucial sites
whose sequence substitutions lead to severe loss of en-
hancer activity in thyroid cells (6). One of them is the
overlapped binding sites of Pax8/TTF-1 (NUE-A), and
the other two are the CRE-L site (NUE-B) and the second
binding site for Pax8 (NUE-C). To determine the se-
quence directly responsible for the LPS-mediated en-
hancer activity, we tested site-directed mutants of the
wild-type rat NUE region linked to the thymidine kinase
promoter (pNUE) (6, 7). To this end, transiently trans-
fected FRTL-5 cells were treated with LPS (100 ng/ml) in
the presence of TSH (0.5 mIU/ml) for 24 h. As reported,
TSH induced the enhancer activity of the reported vector
pNUE (6, 7). In agreement with the results stated above,
under LPS stimulation pNUE displayed a significant in-
crease in the reporter gene activity induced by TSH. By
contrast, the site-directed mutants, pNUE-B MT and
pNUE-A�C MT, did not respond to treatment with TSH
in the presence or absence of the endotoxin (Fig. 2B).
Mutagenesis of Pax8 sites (NUE-A or NUE-C) showed
different results. Despite the fact that both site-directed
mutants respond to TSH treatment, NUE-A did not im-
pair LPS-mediated stimulation of NUE activity, whereas
disruption of NUE-C site interfered with the LPS effect
(Fig. 2B). Hence, although NUE-C plays a role in medi-
ating the LPS-induced stimulation of the NUE region,
it also requires cooperation of a fully TSH-responsive
promoter.

FIG. 1. LPS increases TSH-stimulated NIS mRNA level in thyroid cells.
Quiescent FRTL-5 cells (5 d of TSH and serum deprivation) were treated
with LPS (10–100 ng/ml) in the presence or absence of TSH (0.5 mIU/
ml) for 6 h. Total RNA was extracted and reverse transcribed. Real-time
PCR analysis was performed to relatively quantify NIS mRNA levels to
those of �-actin under the different conditions. The expression level of
untreated cells was set to 1. Values are indicated as fold of change to
the mRNA levels of nontreated cells. #, P � 0.001 vs. basal; *, P �
0.05; **, P � 0.001 vs. TSH (ANOVA; Student-Newman-Keuls).
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A novel NF-�B-binding site mediates
NIS up-regulation by LPS

A bioinformatical study of the rat NUE region se-
quence was undertaken with MatInspector version 8.0
software (Genomatix, Munich, Germany) to identify pos-
sible transcription factor-binding sites involved in the ef-
fect of LPS. The analysis revealed a putative �B-binding
site (5�-GGACAGTCCC-3�) between nucleotides �2284
and �2275 minus strand (core similarity � 1; matrix
similarity � 0.93) strikingly similar to the current NF-�B
consensus motif (5�-GGGRNNTYCC-3� R �A/G, Y�T/C)
(19), and in close proximity with NUE-C site (�2296 to
�2288) (Fig. 3A).

The alignment and comparison of the NUE region in
different species (human, rat, and mouse) showed a re-
markable conservation of the sequence (70% homology)

and position of putative cis-acting ele-
ments, including the �B site discovered
here, uncovering the potential impor-
tance of this binding site (30, 31). In the
rodent NUE region, two Pax8 elements
are present (7, 32), whereas in the hu-
man NUE, the Pax8 element down-
stream to CRE-L is missing (33) (Fig.
3A). The NIS gene promoter/enhancer
is regulated by these trans-acting fac-
tors, although with some variation
among species (7, 33–35). Surprisingly,
we found that the �B region is strongly
conserved along the tested species and
strictly positioned close to a Pax8 ele-
ment, raising the question of whether
NF-�B is a functionally important
trans-acting factor related to NIS tran-
scriptional regulation.

Using EMSA, we examined the
binding of FRTL-5 nuclear extracts to
the radiolabeled NUE-�B oligonucleo-
tide. As shown in Fig. 3B (lines 1–3) a
specific single NF-�B complex binds to
the probe. The observed complex was
highly responsive to the indicated
treatment. Binding specificity was
confirmed by complete displacement of
the shifted band using an excess of the
unlabeled self oligonucleotide (Fig. 3B,
lines 4–6). Conversely, the observed
DNA-NF-�B complex was not com-
peted by the mutated �B probe (NUE-
�B MT, which contains the underlined
mutations GGACAGTCCC to AAG-
CAGCTTC in the �B-binding core mo-
tif) (data not shown). Moreover, 32P-

labeled NUE-�B MT did not form a complex when
incubated with FRTL-5 nuclear extracts (Fig. 3B, lines
10–12). When we assessed the participation of the NF-�B
p65 subunit in the observed complex by supershift as-
say using a specific monoclonal anti-p65 antibody, a
visible although partial displacement was obtained
(Fig. 3B, lines 7–9).

To confirm the role of NF-�B in the described effect,
we disrupted by site-directed mutagenesis the �B-binding
site core found in the rat NUE. FRTL-5 cells were tran-
siently transfected with pNUE and the �B mutant reporter
construct (pNUE-�B MT). After transfection, cells were
treated with LPS (100 ng/ml) in the presence of TSH (0.5
mIU/ml), and luciferase activity was assayed after 24 h.
Results demonstrated that disruption of the �B-binding

FIG. 2. LPS stimulation of NIS promoter activity depends on the NUE region and involves a
NUE-C-binding site. A, FRTL-5 cells were transiently transfected with different NIS promoter
constructs linked to the reporter gene luciferase (Luc). The left panel shows transfected
constructs, and the right panel shows transcriptional activity in response to the indicated
stimulus. Starved cells were treated with LPS (100 ng/ml) in the presence of TSH (0.5 mIU/ml)
for 24 h. Results are expressed as Luc activity normalized to �-galactosidase and relative to
basal activity for each construct. #, P � 0.001 vs. basal; *, P � 0.005 vs. TSH (ANOVA;
Student-Newman-Keuls). B, FRTL-5 cells were transiently transfected with different NUE
constructs linked to Luc. The left panel shows transfected constructions in which the shapes
refer to transcription factor-binding sites. The right panel shows transcriptional activity in
response to the indicated stimulus. Cells were treated after starvation as indicated in the
figure for 24 h. Results are expressed as Luc activity normalized to �-galactosidase and
relative to basal activity for each construct. #, P � 0.001; ##, P � 0.01 vs. basal; *, P � 0.005
vs TSH (ANOVA; Student-Newman-Keuls). TK, Thymidine kinase.
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sequence completely abrogates the ability of the NIS en-
hancer to respond to the endotoxin (Fig. 3C). Similar
results were obtained in the context of the pNIS-2.8 pro-
moter mutated at the �B site (data not shown). This indi-
cates that the NF-�B site is indeed functional and essential
for LPS-induced NIS promoter activity. Moreover, mu-
tating of the �B-binding site also reduces, but does not
abrogate, the induction exerted by TSH on the NIS pro-
moter (Fig. 3C), suggesting that this region may be in-
volved in the physiological TSH responsiveness.

p65 and Pax8 synergistically stimulate
NIS transcription

Our evidence suggests that NF-�B is a novel player
involved in NIS transcriptional regulation. We explored
which NF-�B members are able to induce NIS transcrip-
tional activity. Expression vectors encoding p65, c-Rel,
RelB, p52, or p50 were cotransfected into Cos-7 cells
along with the reporter construct pNUE or a NF-�B-re-
sponsive vector containing five multimerized �B-binding

sites linked to luciferase (5��B-luc) as control. Pax8
expression plasmid, transfected as positive control, ac-
tivated pNUE transcriptional activity as described else-
where (6). Interestingly, we observed that the transacti-
vation domain carrying subunits p65 and cRel, but not
RelB, enhanced pNUE transcriptional activity, albeit to a
different extent (Fig. 4A, black bars). In addition to p65,
cRel and RelB activated the NF-�B-driven reporter gene
(Fig. 4A, gray bars). As expected, such an effect was not
evident for p50 or p52 (11).

The assembly of NF-�B with different coactivator and
corepressor proteins is crucial in orchestrating its ultimate
biological effects. NF-�B can associate with different co-
activators, such as the CREB-binding protein (CBP) or
p300, thus sharply increasing the transcriptional activity
of the NF-�B complex (17, 36, 37). Several lines of evi-
dence indicate that Pax8 is a transcription factor strictly
required for NIS gene transcription in thyroid and non-
thyroid cells (38, 39). Physical interactions of Pax8 with
TTF-1 and p300 have been demonstrated to regulate thy-

FIG. 3. A novel �B consensus site at the NUE region of NIS promoter is required for the LPS effect. A, Comparison of the NIS upstream enhancer
(NUE) sequences of human (hNIS), rat (rNIS), and mouse (mNIS). Alignment was performed by using ClustalW2 Multiple Sequence Alignment
(http://www.ebi.ac.uk/tools/clustalw2) and manually fitted as described elsewhere (2, 77). Shaded boxes denote conserved cis-acting regions
experimentally tested along the sequences. Note that one Pax8-binding site (NUE-C) is missing on the human NUE, and a putative �B sequence is
surprisingly close to the NUE-A element (33). Numbers on the left side represent their location in the NIS promoter considering as �1 the first
nucleotide where transcription starts. B, Representative EMSA showing that LPS treatment increases a recruitment of the NF-�B complex to the
region �2291 to �2272 within NUE region (NUE-�B probe) (lines 1–3). Specificity as achieved by performing competition reactions in the
presence of a 100-fold excess of cold oligonucleotide NUE-�B (lines 4–6), and by the absence of shifted complex using the cognate sequence-
mutated oligonucleotide NUE-�B MT (lines 10–12). Incubations performed in the presence of an anti-p65 antibody supershifted the specific NF-�B
complex (lines 7–9), thus denoting the ability of the p65 subunit to recognize the putative �B cis-acting element observed within NUE region. C,
FRTL-5 cells were transiently transfected with the pNUE constructs linked to Luc shown in the left panel. The right panel shows transcriptional
activity in response to the indicated stimulus. Cells were treated after starvation as indicated for 24 h. Results are expressed as Luc activity
normalized to �-galactosidase and relative to basal activity for each construct. #, P � 0.001; ##, P � 0.01 vs. basal; *, P � 0.01 vs. TSH; †, P � 0.01 vs.
TSH in pNUE; ††, P � 0.001 vs. TSH � LPS in pNUE (ANOVA; Student-Newman-Keuls). TK, Thymidine kinase.
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roid gene expression (40, 41). Although site-directed mu-
tation of the Pax8-binding site NUE-C did not alter the
nucleotide sequence of the adjacent �B-binding site, this
disruption abrogated LPS stimulation; as a consequence,
we further hypothesized that Pax8 and p65 may act to-
gether to induce NIS expression. To test this hypothesis,
Cos-7 cells were cotransfected with p65 and Pax8 ex-
pression vectors together with the reporter construct
pNUE. Each transcription factor, when transfected
separately, enhanced NIS transcription (Fig. 4, A and
B). Interestingly, coexpression of p65 and Pax8 led to a
marked synergism in the activation of the NIS pro-
moter (Fig. 4B).

We sought next to determine the region of p65 in-
volved in NIS transactivation and Pax8 cooperation. We
generated vectors encoding p65-truncated proteins con-
taining its N-terminal (p65N) or C-terminal (p65C) re-
gions. Mutants were cotransfected along with the Pax8
expression vector and pNUE reporter into Cos-7 cells. As
expected, deletion of the TAD impaired the capacity of
p65 to activate NIS transcription. Thus, p65 lacking its
N-terminal portion activated NIS transcription, although
it did not synergize with Pax8 (Fig. 4B).

Considering the close proximity of the �B- and NUE-C-
binding sites within the rat NIS enhancer and the synergic
stimulus exerted by p65 and Pax8 on NIS transcriptional

FIG. 4. p65 activates NIS gene expression and interacts with Pax8. A, Cos-7 cells were transiently cotransfected with an expression vector
encoding the five different NF-�B members along with the indicated reporter vectors. Pax8 expression plasmid was used to monitor pNUE activity
as positive control. 5��B-luc reporter vector was used as a positive control to ensure functional expression of the transfected NF-�B proteins.
pNUE construct was used as a reporter gene of NIS transcription. The same amounts of DNA were transfected under all the assayed conditions by
adding an empty pcDNA3.1 vector. Luciferase activity was assayed 48 h after transfection. Results are expressed as Luc activity normalized to
�-galactosidase and relative to the activity of the empty vector. #, P � 0.005; ##, P � 0.01 vs. vector; *, P � 0.001 vs. vector (ANOVA; Student-
Newman-Keuls). B, p65N and p65C are expression vectors encoding p65 protein segments N-terminal (aa 1-313) and C-terminal (aa 314-551),
respectively. pNUE plasmid was used as a reporter gene. Results are expressed as Luc activity normalized to �-galactosidase and relative to basal
activity for each construct. *, P � 0.01; **, P � 0.005; ***, P � 0.001 vs. vector; †, P � 0.01 vs. p65 � Pax8 (ANOVA; Student-Newman-Keuls).
C, Upper panel, Schematic representation of full-length p65 and p65-deleted constructs linked to GST used as bait proteins. Locations of the N-
terminal RHD, and the C-terminal TAD are indicated. Lower panel, GST pull-down assay demonstrates p65 and p65N interaction with the paired
domain transcription factor Pax-8. FRTL-5 protein extracts were incubated with Sepharose-bound GST (lane 1) or GST-p65 constructs (lanes 2–4),
and the interacting proteins were visualized by Western blot (WB) using a monoclonal anti-Pax8 antibody. A fraction (10%) of input whole-cell
lysates (WCL) used as a prey protein was analyzed for loading comparison (lanes 1–4, lower panel). D, Cos-7 cells were transiently cotransfected
with the expression vectors encoding the transcription factors p65 and Pax8 along with the indicated pNUE reporter vectors bearing site-directed
mutations. Results are expressed as Luc activity normalized to �-galactosidase and relative to the activity displayed by the empty expression vector
arbitrarily set as 1.0. *, P � 0.01 vs. vector; #, P � 0.05 vs. Pax8 or p65 alone (ANOVA; Student-Newman-Keuls).
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activity, we studied the potential physical interaction be-
tween these transcription factors using glutathione-S-
transferase (GST) pull-down assays with total FRTL-5
protein extracts as a prey (Fig. 4C). A physical interaction
between p65 and Pax8 was demonstrated by the com-
plexes formed with GST-p65 beads and endogenous Pax8
(Fig. 4D, lane 2). These findings were corroborated by
GST pulldown using GST-Pax8 beads and endogenous
p65 (data not shown). As shown in Fig. 4C (line 4), Pax8
seems to interact with p65 RHD because it was retained
by the construct GST-p65N. In contrast, the TAD-carry-
ing construct GST-p65C did not precipitate Pax8 above
background levels (line 3). The lower panel shows the
input extracts used for the pull-down assays, as probed
for Pax8. These data demonstrate that p65 could interact
through its N-terminal domain [amino acids (aa) 1-313]
with Pax8 in thyroid cells to regulate NIS gene expres-
sion. To further confirm this finding, FRTL-5 nuclear
cell lysates were immunoprecipitated with anti-p65
monoclonal antibody, and then bound Pax8 was de-
tected by immunoblot (Supplemental Fig. 1 published
on The Endocrine Society’s Journals Online web site at
http://mend.endojournals.org).

Next, we analyzed whether the described binding
sites were involved in the observed synergic effect in
transfected COS-7 cells. As displayed in Fig. 4D, site-
directed mutagenesis of the �B as well as NUE-C bind-
ing site abrogated the trans-activating individual effect
of the transcription factors. Interestingly, binding site
mutation disrupted the cooperation of p65 and Pax8 in
activating NIS enhancer function. Supplemental Fig. 2
shows p65 and Pax8 interaction with its cognate bind-
ing site present within NUE region. Lastly, the obtained
evidence seems to indicate a cooperative role displayed
by p65 and Pax8 on NUE function. This cooperative
association might involve not only a direct protein-
protein interaction but also a direct interaction with its
cis-elements.

NF-�B proteins are involved in LPS-induced NIS
gene expression

NF-�B subunits normally reside in the cytoplasm of
nonstimulated cells and are imported to the nucleus in
response to LPS signaling to regulate target gene tran-
scription (12, 42). Because the nuclear entry of NF-�B
subunits is a key step in signal transduction, we ana-
lyzed the accumulation of p65 in the nucleus of FRTL-5
cells after LPS treatment in the presence of TSH. We
observed a strong induction of p65 nuclear transloca-
tion after LPS treatment compared with that in TSH-
treated cells (Fig. 5A), confirming activation of the
NF-�B signaling pathway and supporting the partici-

pation of p65 as an intracellular effector of LPS action
in thyroid follicular cells.

We subsequently analyzed the ability of NF-�B to
act as a transcription factor to regulate the expression
of its target genes in response to LPS in thyrocytes.
FRTL-5 cells were transiently transfected with the
NF-�B reporter 5��B-luc. Cells were treated with LPS
(100 ng/ml) for 24 h in the absence or presence of TSH
(0.5 mIU/ml). As shown in Fig. 5B, these results sug-
gest that LPS potently induced activation of NF-�B
signaling in TSH-treated cells. However, a slight in-
crease was observed in the absence of TSH. Assay spec-
ificity was verified by inhibiting the activation of
5��B-luc by performing the assay in the presence of the
NF-�B-specific inhibitor sulfasalazine (SZ) (43) (Fig.
5B). It is noteworthy that TSH treatment slightly re-
cruits p65 to the nuclear compartment (Fig. 5A) and
induces NF-�B-mediated transcriptional activation (Fig.
5B), thus underscoring the potential ability of TSH to
induce NF-�B signal pathway, as previously postu-
lated (44, 45).

To gain insights into the mechanisms involved in
LPS-induced NIS expression, we investigated NF-�B
pathway activation using the chemical inhibitor SZ.
Induction of NIS mRNA expression (Fig. 5C) and NIS
promoter activity (Fig. 5D) by LPS in the presence of
TSH was blunted by the presence of SZ (20 �M). The
inhibitor abolished the effect of LPS but did not signif-
icantly affect TSH stimulation on the analyzed param-
eters at the assayed concentration. Thus, our results
confirm the involvement of the NF-�B signaling in the
stimulatory effect triggered by LPS on NIS transcrip-
tional expression in thyroid cells.

Silencing of p65 by siRNA abrogates LPS effect on
NIS gene expression

Present data seem to indicate that p65 is potentially
involved in LPS-induced NIS transcriptional expres-
sion. To corroborate the role of p65 in NIS transcrip-
tional stimulation by LPS, we silenced endogenous p65
protein expression by a specific siRNA pool. FRTL-5
cells were transfected with nonrelated siRNA (scram-
ble) or specific rat p65 siRNA. An immunoblotting
assay showed that p65 was efficiently knocked down
after 72 h of siRNA transfection. In addition, p65
siRNA, but not scramble siRNA, specifically reduced
the expression of p65 but not �-actin (Fig. 6A). Func-
tional analysis demonstrated that the knockdown of
p65 blocked the stimulatory effect of LPS on NIS
mRNA expression (Fig. 6B). The specificity of this ap-
proach was confirmed by transfecting p65 siRNA in
combination with an expression vector encoding a hu-
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man p65 cDNA that is not targeted by the rat-specific
siRNA pool. As shown in Supplemental Fig. 3, under
these conditions, p65 expression levels were recovered.
Reconstitution of p65 expression in thyroid cells re-
versed the NIS mRNA repression, displaying an ex-
pression level comparable to that observed in wild-type
cells (Fig. 6B). When we analyzed the transcriptional
effect displayed by LPS in the absence of p65 on NIS
promoter activity, a similar abrogation was observed
(Fig. 6C). These findings indicate that the NF-�B p65
subunit plays an important role in LPS-induced NIS
up-regulation.

p65 binds to the NIS enhancer region
To further prove the mechanism by which p65 promotes

NIS expression, we examined the association in vivo be-

tween endogenous p65 and the NUE region using ChIP as-
says. FRTL-5 cells were stimulated with LPS (100 ng/ml) in
the presence or absence of TSH (0.5 mIU/ml) for 1 h. Soluble
cross-linked and sonicated chromatin was immunoprecipi-
tated using a monoclonal ChIP-suitable antibody against the
p65 subunit. The DNA content of immunoprecipitates was
then analyzed by real-time PCR. Quantitative ChIP analysis
revealed enrichment in sequences spanning the �B site (P1)
predicted in the NUE region (Fig. 7B, black bars) but not
sequences close to the transcriptional start site (P2) of the
NIS gene (Fig. 7B, gray bars). To rule out nonspecific back-
ground of the ChIP assay, we performed the immunopre-
cipitation using nonrelated mouse IgG (mock). Therefore,
the measured association between p65 and the NUE DNA
region is specific. Interestingly, ChIP analysis showed that
enrichment in p65 immunoprecipitates was consistently re-

FIG. 5. NF-�B-mediated pathway is involved in the LPS-stimulating effect. A, Representative Western blot showing nuclear recruitment of p65 after
treatment. Basal FRTL-5 cells were treated with TSH (0.5 mIU/ml) in the presence or absence of LPS (100 ng/ml) for different periods of time. Nuclear
protein fraction was recovered as described in Materials and Methods. The nuclear protein histone H1 was used to correct loading differences. The lack
of staining for the cytoplasmic protein �-tubulin shows no cytoplasmic contamination in the nuclear preparation. Densitometric analysis was performed
to determine the relative nuclear increase (fold increase) of p65 normalized to histone H1. The value of nonstimulated cells was set up arbitrarily as 1.0. B,
Relative activity of the NF-�B response element (5��B-luc) in response to the indicated treatments. The NF-�B inhibitor SZ (20 �M) was used as specificity
control. #, P � 0.01; ##, P � 0.001 vs. basal; †, P � 0.01 vs. same condition in the absence of SZ (ANOVA; Student-Newman-Keuls). C, Relative
quantification of NIS mRNA levels (RT/qPCR) normalized to the levels of �-actin. Sulfasalazine was added to the media 1 h before treatment. Values are
indicated as fold of change to the mRNA levels of nontreated cells. #, P � 0.005; ##, P � 0.01 vs. basal; *, P � 0.01 vs. TSH; †, P � 0.01 vs. same
condition in the absence of inhibitor (ANOVA; Student-Newman-Keuls). D, FRTL-5 cells were transiently transfected with pNUE construction linked to Luc.
Cells were treated after starvation as indicated in the figure for 24 h. Results are expressed as Luc activity normalized to �-galactosidase and relative to
basal activity for each construct. #, P � 0.001; ##, P � 0.005 vs. basal; *, P � 0.005 vs. TSH; †, P � 0.01 vs. same condition in the absence of inhibitor
(ANOVA; Student-Newman-Keuls).

Mol Endocrinol, September 2010, 24(9):1846–1862 mend.endojournals.org 1853

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/24/9/1846/2706181 by guest on 10 April 2024



duced in the presence of the NF-�B inhibitor SZ (Fig. 7B).
Hence, these experiments establish that, in response to LPS
stimulation, p65 binds to the NIS promoter in an inducible
fashion and confirm that p65 directly binds to the NUE
region carrying a putative �B consensus site.

Subseptical dose of LPS induces NIS mRNA
expression in rat thyroid cells

To study the role of LPS in thyroid physiology in vivo,
we measured the response displayed by the gland after a
single injection of LPS in a subseptical concentration (10
�g/kg). After the treatment we observed a rapid stimula-
tion of NIS mRNA expression in the thyroid gland. By 3 h
after LPS application, specific NIS mRNA expression
level was 2.2-fold higher than in thyroids of untreated
controls; surprisingly, as soon as 1 h after injection, NIS
mRNA levels were also increased, although levels were
not of statistical significance. Six hours after LPS treat-
ment, NIS transcript levels reach basal levels, and 24 h
after treatment NIS mRNA level remained unchanged
(Fig. 8, upper panel). Plasmatic levels of thyroid hor-
mones were evaluated after the endotoxin challenge. Se-
rum T3 and T4 were significantly decreased 6 and 24 h
after injection, compared with control animals, thus as-
suming the characteristics of the nonthyroidal illness
(NTI) syndrome elicited by LPS (46). Consistently, data

FIG. 6. Silencing of endogenous p65 by siRNA blocks the LPS effect
on NIS expression. A, Representative Western blot evaluating p65
protein levels after siRNA [scrambled (Scr) or p65-directed] transfection
in FRTL-5 cells. B, Quiescent FRTL-5 cells transfected with scrambled
siRNA, p65-targeted siRNA (p65 siRNA), and p65 siRNA together with
human p65 expression vector (p65 siRNA/human p65) were treated
after 72 h from siRNA transfection with TSH (0.5 mIU/ml) in the
presence or absence of LPS (100 ng/ml) for 6 h. Relative quantification
of NIS mRNA levels was performed by RT/qPCR and normalized to the
levels of �-actin. Values are indicated as fold of change to the mRNA
levels of nontreated cells. #, P � 0.005; ##, P � 0.05 vs. basal; *, P �
0.01; **, P � 0.05 vs. TSH; †, P � 0.001 vs. same treatment in scr-
transfected cells (ANOVA; Student-Newman-Keuls). C, FRTL-5 cells
were transiently cotransfected with scrambled or p65-specific siRNA
and the pNUE reporter construction. pNUE-�B MT was used as LPS-
nonresponsive control. Cells were treated for 12 h after starvation as
indicated in the figure. Results are expressed as Luc activity normalized
to �-galactosidase and relative to basal activity for each construct.
#, P � 0.005; ##, P � 0.05 vs. basal; *, P � 0.01 vs. TSH; †, P � 0.05;
††, P � 0.005 vs. same condition in Scr-transfected cells (ANOVA;
Student-Newman-Keuls).

FIG. 7. p65 binds to the NUE region in response to LPS treatment. A,
Schematic drawing of the rat NIS promoter (PP, proximal promoter).
Positions are relative to the start of the first exon denoted as �1. The
location of primer sets (P1 and P2) used in ChIP experiments are
shown. Transcription factor-binding sites are indicated. B, Basal
FRTL-5 cells were treated under the indicated conditions for 1 h
before cross-linking and further ChIP assay. Sulfasalazine was
added to the media 1 h before treatment. DNA amount was
evaluated by qPCR. Results are expressed as relative fold of increase
(p65 IP/Total input), taking arbitrarily the basal relation as 1.0.
Relative fold of increase were calculated according to the equation
Fold Change � 2[(Ct.input � Ct.target) � (Ct.input � Ct.mock)]; #, P � 0.01 vs. basal;
*, P � 0.01 vs. TSH; †, P � 0.05; ††, P � 0.005 vs. the same condition
in the absence of inhibitor (ANOVA; Student-Newman-Keuls).
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concerning the serum levels of the antiinflammatory
agent cortisol show a significant increase 6 h after the
inflammatory stimulus (Supplemental Fig. 4).

A time-delaying strategy that control unrestricted
NF-�B activity relies on the principle that negative regu-
lators are themselves highly regulated NF-�B target genes.
Particularly, NF-�B inhibitor-� (I�B-�) is one of the ear-
liest induced NF-�B targets and plays an important role in
removing NF-�B from its cognate DNA sequence ensur-
ing termination of the early NF-�B response (47). We
observed an up-regulation of the mRNA expression levels
of the NF-�B inhibitor I�B-� in thyroid gland, the expres-
sion of which reliably, although indirectly, indicates
NF-�B activation after LPS treatment. Moreover, in the
thyroid lysate we observed a strong increase in the expres-
sion of the proinflammatory cytokine IL-6 gene, a known
target of NF-�B activation recently described to respond
specifically to p65 regulation (48) (Fig. 8, upper panel).

Additionally, we analyze the expression of well-de-
scribed markers of systemic inflammation in the liver as
control of the response to the endotoxin treatment (49,
50). As expected, we observed a rapid and transient re-
duction in the mRNA levels of type 1 deiodinase (D1) as
well as a strong increase of the cytokine IL-6 and the
NF-�B-regulator I�B-� subunit (Fig. 8, lower panel).

Discussion

Our results provide direct evidence that LPS increases the
TSH-induced NIS gene expression at the transcriptional
level in thyroid cells. This is consistent with our previous
reports indicating that LPS stimulates TSH-dependent io-
dide uptake and NIS protein expression (25) as well as
thyroglobulin gene expression (26), all of which are well-
defined markers of thyroid differentiation. Taken to-
gether, these data favor the ability of the endotoxin to
stimulate different aspects of thyroid hormone biosynthe-
sis modifying thyroid homeostasis. This notion is strongly
supported by our recent observations indicating that a
functional TLR-4 conferring LPS responsiveness is ex-
pressed in thyroid cells (25). The special ability of thyroid
follicular cells to specifically recognize and respond to
LPS by increasing the expression of proteins involved in
thyroid function argues for a possible role of this endo-
toxin as a potential modifier of thyroid homeostasis with
pathophysiological implications.

NIS is a membrane protein responsible for active trans-
port of iodide in the thyroid, gastric mucosa, intestinal
epithelium, and lactating mammary glands (1, 3). Iodide
uptake in thyroid follicular cells is an essential step in the
biosynthesis of thyroid hormones, a process up-regulated

FIG. 8. LPS injection induces NIS mRNA expression in vivo. Male Wistar rats were divided in five groups (n � 8 per group). Animals were treated
as described in Materials and Methods for the indicated periods of time with a subseptical dose of LPS (10 �g/kg). Total RNA was extracted from
thyroid and liver tissue and reverse transcribed. Real-time PCR analysis was performed to relatively quantify mRNA levels. Upper panel shows NIS,
I�B-�, and IL-6 mRNA expression in the thyroid gland, whereas lower panel demonstrate D1, I�B-�, and IL-6 mRNA expression in the liver. The
expression level of control animals was arbitrarily set to 1. Data are indicated as fold of change to the mRNA levels of control animals and
presented as box plots. *, P � 0.05 vs. control (Kruskal-Wallis; Dunn).
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by TSH through either transcriptional or posttransla-
tional modification of NIS (1, 51). Despite the molecular
cloning of the NIS enhancer and its 5�-flanking region, the
detailed mechanism by which NIS gene expression is reg-
ulated by TSH and other cell-specific cues is largely un-
known (6, 7, 34). The proximal promoter region of the
NIS gene contains binding sites for thyroid-specific tran-
scription factors (34), but the complete activation of the
gene by TSH requires the further upstream enhancer (6, 7,
28, 52). In rat thyroid cells, the regulatory region that
confers the strongest TSH/cAMP response was mapped to
the NUE, a 232-bp region located between �2495 and
�2264 nucleotides that contains clusters of several bind-
ing sites for TTF-1 and Pax8, as well as a degenerate
cAMP-responsive element (CRE-L) (6). To analyze the
role of LPS in the regulation of NIS gene transcription, we
used a 2.8-kb DNA fragment of the rat NIS promoter that
includes NUE region (29). Our results of transient trans-
fection assays agree with the requirement of the NUE
region for a strong functional response to TSH, as previ-
ously described (2, 7). To pinpoint the region involved in
TSH-dependent LPS-induced stimulation, we studied sev-
eral deletions of the NIS promoter. The region between
�2854 and �1941 bp, which includes the NUE region,
was responsible for the LPS-stimulatory effect.

Surprisingly, using a bioinformatical search to find po-
tential cis-elements related to LPS transcriptional effect,
we detected a novel �B site in the NUE region of the NIS
5�-flanking region (�2284 to �2275). Moreover, the site
appears to act effectively as a functional mediator of the
LPS stimulation of NIS expression, as demonstrated here
by site-directed mutagenesis. Interestingly, we observed
that the �B region is strongly conserved among different
species i.e. rats, mice, and humans, which led to the ques-
tion of whether NF-�B is a functional and important
trans-acting factor for NIS gene regulation. In concor-
dance, recent reports have suggested that genome com-
parison of closely related species could lead to correct
predictions of regulatory sequences (30, 31, 53).

These findings seem to indicate that the LPS signal
interacts at the level of the TSH-stimulated NUE-depen-
dent activity. In addition to CRE-L, TSH-dependent tran-
scriptional activation of NUE requires participation of at
least one of the two existing Pax8-binding sites (6, 33).
Coincidentally, by site-directed mutagenesis, we observed
the involvement of the Pax8-binding site NUE-C in the
LPS action. Consistent with this observation, an earlier
report from our group proposed the mediation of Pax8 in
the LPS action on thyroid gene regulation by demonstrat-
ing the functional relevance of TTF-1 and Pax8-binding
activity to the C-site present in the thyroglobulin pro-
moter responsible for LPS-stimulated thyroglobulin gene

expression (26). It is interesting that we demonstrated a
novel ability of the NF-�B p65 subunit to synergize with
Pax8 (Fig. 4). Because the Pax8 protein is expressed in a
tissue-specific manner and, particularly in the thyroid, it
is induced and activated by TSH (54, 55), such a syner-
gistic mechanism involving p65 and Pax8 helps us to un-
derstand how LPS can induce NUE-mediated transcrip-
tional activity in the presence but not the absence of TSH.
However, the observation of cAMP-induced transcrip-
tion mediated by protein kinase A-induced phosphoryla-
tion of p65 in some cell types could also account for the
necessity of TSH to elicit the LPS effect (56–58). In agree-
ment, serine 276 of p65 is specifically phosphorylated by
protein kinase A during I�B degradation and is strikingly
necessary for the recruitment of coactivators to p65 for
active transcription (59, 60). Although the binding of p65
and Pax8 to their adjacent sites in NUE could create a
strong synergy, such cooperation seems to involve direct
protein-protein interactions between p65 RHD, but not
the C-terminal region containing the TAD domain, and
Pax8, as suggested by the GST pull-down assay. More-
over, functional cooperation of p65 with Pax8 was not
observed in the absence of the RHD, suggesting the im-
portance of the observed DNA-protein interaction. These
findings, together with the observation that the proximity
of p65 and Pax8 sites in NUE is conserved in rats, mice,
and humans, suggest a functional interaction between
both proteins and a potential role of this interaction in
thyroid-specific gene expression and differentiation. Sim-
ilarly, in different systems, the RHD of the NF-�B p65
subunit interacts with several diverse coactivator pro-
teins, such as CREB-binding protein (CBP). As mentioned
before p300, BRCA1, and members of the basic region-
leucine zipper (bZIP) family, to activate transcription (17,
36, 37, 61).

Here we used different approaches to characterize the
functional role of NF-�B as the mediator of LPS action in
thyroid cells. The induction of p65 nuclear translocation
as well as the binding to its cognate �B sequence observed
after LPS treatment favors the participation of p65 as an
intracellular effector of LPS in FRTL-5 cells. Concor-
dantly, chemical exposure to the NF-�B-specific inhibitor
sulfasalazine or specific knockdown of the NF-�B p65
subunit by siRNA prevented LPS-induced up-regulation
of NIS expression. Finally, LPS induced binding of p65 to
the enhancer region of the NIS promoter, as we success-
fully demonstrated by ChIP analysis (Fig. 7B). Consistent
with this finding, transcriptional activity stimulated by
direct binding of p65 to a target gene promoter in re-
sponse to LPS has been widely described in other genes
(62–64). All these findings underline a possible role of
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p65 as an important mediator of the endotoxin action in
thyroid cells.

According to the results obtained here, the molecular
basis for the stimulation of iodide transport by the proin-
flammatory stimuli LPS appears to rely on the activation
of NF-�B pathway in thyroid cells. This probably occurs
downstream from the TLR-4 activation, as we recently
proposed (25). Although much has been learned about
the function and signaling of TLRs in macrophages and
dendritic cells, the mechanisms of recognition of microbes
by epithelial cells are still poorly understood. Scarce in-
formation regarding the role of NF-�B pathway activa-
tion in response to TLR inducers in thyroid cells has been
reported. Nevertheless, it was suggested that treatment
with LPS as well as with the TLR-3 agonist polyinosinic:
polycytidylc acid (Poly-I:C) activates NF-�B pathway and
p65 nuclear recruitment in thyroid cells (65). The present
study provides evidence that, in thyrocytes, LPS stimu-
lates TSH-induced NIS gene expression through a specific
transcriptional mechanism that involves a direct interac-
tion of the NF-�B p65 subunit within the NIS promoter-
enhancer region NUE.

Previous outstanding results indicated that the NUE
region can integrate diverse classes of cell signals, which
have been described particularly for the CRE-L site (6, 28,
52, 66). This apparent redundancy makes it possible for
TSH as well as cAMP and other cell signals to reach NUE
to modify NIS expression through multiple routes during
development and under certain physiological or patho-
logical conditions (2, 51). More interestingly, we have
demonstrated that p65 and, to a lesser degree, c-Rel stim-
ulate NUE transcriptional activity. Hence, future studies
on the regulation of a possible synergism of p65 and other
factors at the NUE region are likely to provide more in-
sights into the transcriptional regulation of the NIS gene.
As observed, when the �B site was mutated or p65 was
silenced, TSH failed to fully activate NIS expression. In
this context, the activation of the NF-�B pathway by TSH
or by stimulating anti-TSH receptor antibodies in thyroid
cells has been recently reported (44). However, little is
still known about the role of NF-�B in thyroid physiol-
ogy. Our results raise the question of whether some mem-
bers of the NF-�B family could be physiological regula-
tors of NIS gene expression. Experiments are currently in
progress to address this hypothesis.

Radioactive iodide uptake has been largely exploited
in the diagnosis and treatment of differentiated thyroid
cancers and their metastases (1). Unfortunately, a number
of thyroid carcinomas have lost this capacity, mainly due
to a defective localization or expression of NIS (1, 2),
which has been the major therapeutic limitation. Al-
though the molecular mechanism that contributes to the

reduced or absent NIS expression is still poorly under-
stood, recovery of NIS function in neoplastic transformed
thyrocytes is crucial to make them susceptible to effective
radioiodine treatment. Advances in understanding the
mechanisms responsible for NIS gene regulation, such as
those described here, could contribute to creating new
approaches to achieve NIS induction in cancer cells, thus
allowing for effective radioiodide therapy.

Here, we demonstrate the stimulatory effect of LPS on
NIS mRNA expression in vivo in thyroid cells of LPS-
treated rats, which confirms that thyrocytes have a poten-
tial capability to respond to systemic infections. The phys-
iological parallel increase of the inhibitory I�B-� subunit
levels favors the activation of NF-�B-mediated transcrip-
tional response stimulated by LPS. It is known that the
induction of the I�B-� gene expression is a characteristic
sign of the nuclear response to NF-�B (11). Genes acti-
vated in response to an inflammatory stimulus can be
divided into primary and secondary response genes. Pri-
mary response genes are usually activated most rapidly
and are formally defined as those genes induced without
de novo protein synthesis (67). The induction of NIS by
LPS seems to be a primary response to inflammatory stim-
ulus favoring the mediation of NF-�B in the LPS action.
Even though the role of several host proteins upon infec-
tion has been described, we do not have yet an integrated
model to understand the actual physiological implication
of our findings during the inflammatory response. A pri-
ori we hypothesized that the LPS-induced NIS expression
appears not to be part of the defense cell response to the
inflammatory stimulus but rather a concurrent action of
LPS with unknown pathophysiological consequences.

Our observations of diminished thyroid hormone lev-
els after LPS treatment are in accordance with the initial
induction of the NTI syndrome. It is known that bacterial
infections are able to elicit the NTI syndrome, a clinical
condition of thyroid dysfunction-related disturbance in
the hypothalamic-pituitary-thyroid axis not primarily
originating in the thyroid (46). Coincidentally, the in-
crease of NIS expression induced by LPS is apparently in
contrast to a reduction of thyroid cell function due to the
inflammatory stimulus. However, in more advanced
stages a down-regulation of the hypothalamic function or
locally generated proinflammatory factors may further
contribute to the decreased secretion of thyroid hormone.
The reduction of D1 and the increase of IL-6 in liver
confirm the ability of a single low dose of LPS to induce
the stage of NTI, suggesting that subseptical concentra-
tions of circulating LPS could have unexplored patho-
physiological implication.

Interestingly, the current observed increment in thyroi-
dal IL-6 mRNA expression, which is a representative
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marker of the inflammatory response, reveals the active
participation of thyroid tissue in the inflammatory re-
sponse. In accordance, the mRNA expression of the
proinflammatory cytokine IL-1� peaked very rapidly in
thyroid and liver after LPS administration (49). In agree-
ment, it has been demonstrated that bacterial and viral
thyroid infections are associated with subacute thyroiditis
and autoimmune diseases. Interestingly, a crucial role of
TLRs in these processes has been proposed (65, 68).
Taken together, these findings suggest a role of the LPS/
TLR-4/NF-�B pathway activation in the thyrocyte with
the development of thyroid gland dysfunction.

In summary, we have demonstrated the existence of a
novel and functional conserved binding site for the tran-
scription factor NF-�B within the enhancer region present
in NIS promoter that seems to be responsible for the
LPS-enhanced NIS gene expression in thyroid cells. Evi-
dence that LPS induces activation of the NF-�B pathway,
in turn increasing the expression of NIS, has been ob-
tained. This effect is due, at least in part, to a direct inter-
action of p65 with a specific �B site at the NIS enhancer.
These findings shed light on a possible new regulatory
mechanism in NIS transcriptional expression involving a
NF-�B site present in the NUE region of NIS promoter.

Materials and Methods

Reagents and antibodies
Phenol-extracted LPS from Escherichia coli 055:B5 contain-

ing less than 1% protein was from Sigma-Aldrich (Saint Louis,
MO). Bovine TSH was a generous gift from the National Insti-
tute of Diabetes, Digestive and Kidney Diseases National Pitu-
itary Hormone Program and Dr. A. F. Parlow, National Insti-
tutes of Health (Torrance, CA). Goat polyclonal antihuman
Pax8, monoclonal antihuman Pax8, monoclonal antihuman
p65, and monoclonal antihuman Histone H1 antibodies were
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Mono-
clonal antibodies antimouse �-tubulin, antimouse �-actin, and
nonspecific mouse IgG were from Sigma-Aldrich.

Plasmids
The �2854 to �13 bp DNA fragment (pNIS-2.8) of the rat

NIS promoter and the 5�-deletion constructs with NUE region
(pNIS-NUE-1.2 and pNIS-NUE-0.5) or without the enhancer
(pNIS-2.0, pNIS-1.2, and pNIS-0.5) were described previously
(28). The �2386 to �2153 bp DNA fragment of the rat NIS
promoter cloned 5� upstream to the thymidine kinase promoter
(pNUE), and the site-directed mutants pNUE-A, pNUE-B, and
pNUE-A�C have been reported (6).

To generate bacterial expression vectors for GST-p65 full
length (GST-p65FL, aa 1-551), GST-p65 N-terminal (GST-
p65N, aa 1-313), and GST-p65 C-terminal (GST-p65C, aa 314-
551), the corresponding rat p65 cDNA fragments were obtained
by PCR and cloned in frame into pGEX-4T vector. Full-length
human Pax8 and GST-Pax8 expression vectors have been re-
ported (41). p65 expression vectors (p65FL, p65N, and p65C)

were generated by PCR amplification of the corresponding rat
p65 cDNA and subsequently cloned into the expression vector
pcDNA3.1 (Invitrogen, Carlsbad, CA). Expression plasmids en-
coding c-Rel, RelB, p52, and p50 were as reported elsewhere
(69). The expression vector encoding human p65 cDNA has
been previously described (70). pNUE-C MT and pNUE-�B MT
were generated by site-directed mutagenesis using the
QuikChange kit (Stratagene, La Jolla, CA). The design of the
mutagenic primers and mutant oligonucleotides was based on
the transcription factor consensus-binding sequences found in
the TRANSFACT version 7.0 database (BIOBASE, Wolfenbüt-
tel, Germany). The nucleotide sequence of all constructs ob-
tained by PCR was confirmed by DNA sequencing (Macrogen,
Inc., Seoul, South Korea). 5��B-luc reporter vector containing
five �B consensus sites linked to the luciferase-coding sequence
was obtained from CLONTECH Laboratories, Inc. (Mountain
View, CA). pCMV-�-galactosidase normalizator plasmid was
purchased from Promega Corp. (Madison, WI).

Cell culture and transient transfections
The rat thyroid cell line FRTL-5 was grown in DMEM/Ham

F-12 medium, supplemented with 5% (vol/vol) heat-inactivated
calf bovine serum (Gibco, Langley, OK), 1 mIU/ml bovine TSH,
10 �g/ml bovine insulin, 5 �g/ml bovine transferrin, 2 �mol/ml
glutamine, and antibiotics (Sigma-Aldrich) (71). When cells
reached 50–60% of confluence, they were shifted to same me-
dium without TSH and containing 0.2% (vol/vol) calf serum
(starvation medium-basal condition-). Cells were maintained
for 5–7 d in this medium, allowing cells to be quiescent before
the experiments (72). TSH-starved cells were treated with the
indicated concentrations of LPS in the absence or presence of 0.5
mIU/ml TSH for different periods of time. After the treatments,
cell viability was higher than 95%, as determined by the Trypan
blue dye exclusion assay.

For transient transfection, FRTL-5 cells were cultured in six-
well plates and transfected using LipofectAMINE Plus reagent
(Invitrogen) as specified by the manufacturer. The day after
transfection, cells were split into 24-well plates at 80% conflu-
ence. The next day, growth media were replaced by basal media,
and transfected cells were starved and treated as stated above.

Cos-7 cells were grown in DMEM supplemented with 10%
(vol/vol) heat-inactivated fetal bovine serum (Natocor Labora-
tories, Córdoba, Argentina). Cells were transiently cotrans-
fected in suspension at a density of 3 � 104 cells/96-well with 10
ng of luciferase reporter-promoter constructs, 10 ng of p65 or
p65-deleted expression vectors, 20 ng of Pax8 expression vec-
tor, and 1 ng of �-galactosidase reporter vector using Lipo-
fectamine 2000 (Invitrogen) as described in the manufacturer’s
protocol. Each transfection was done in triplicate with an equal
amount of total DNA by adding appropriate amounts of the
empty vector pcDNA3.1. After transfection, cells were cultured
for 48 h and assayed for luciferase activity using a luciferase
reporter assay system (Promega), according to the manufactur-
er’s recommended protocol and normalized relative to the levels
of �-galactosidase activity (26).

Animals and treatment
Male Wistar WKAH/Hok rats (250–300 g) were obtained

from Laboratory Animal Facility, Facultad de Ciencias Veteri-
narias, Universidad Nacional de La Plata (Buenos Aires, Argen-
tina). Rats were housed on a 12-h light, 12-h dark cycle in a
temperature-controlled room. Animals received commercial rat
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chow and water ad libitum. Rats were allocated randomly into
five groups (eight animals per group), four of which received a
subseptical dose of LPS (E. coli 055:B5, 10 �g/kg) dissolved in
sterile 0.9% saline solution in a single ip injection. The fifth
group of rats or control group was injected ip with 0.5 ml saline
solution. Animals were killed by CO2 asphyxiation at the indi-
cated time points (1, 3, 6, or 24 h). Blood was taken by cardiac
puncture, and tissues were removed and further processed for
total RNA extraction. Animal protocols and procedures were
carried out in accordance with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health and local institutional animal care committee guidelines.

RNA extraction and RT/quantitative PCR (qPCR)
Total RNA purification and cDNA synthesis were performed

as described (71). qPCR analysis was performed using an ABI
Prism 7500 detection system (Applied Biosystems, Foster City,
CA) and SYBR green chemistry. Reactions were carried out in
triplicate using, for each 15-�l reaction, 5 �l of cDNA template
(equivalent to 250 ng of total RNA), 0.3 �M forward and
reverse primers, 2� Brilliant SYBR Green qPCR Master Mix
(Stratagene), and 30 nM Rox as passive reference dye. Gene-
specific primer sets are included in Supplemental Table 1
published on The Endocrine Society’s Journals Online web
site at http://mend.endojournals.org. To quantify changes in
gene expression, the 2���Ct method was used to calculate the
relative changes normalized against the housekeeping gene �-ac-
tin used as internal control (73). For each pair of primers a
dissociation plot resulted in a single peak, indicating that single
cDNA product was amplified. Specific target amplification was
confirmed by automatic sequencing. All primers were from Sigma-
Genosys (Houston, TX).

Protein extraction and Western blot
Total and nuclear protein extracts were prepared as de-

scribed elsewhere (26). Proteins (50 �g) were resolved by SDS-
PAGE on a 10% Tris-glycine gel and transferred to nitrocellu-
lose membranes (Whatman, Inc., Clifton, NJ). Membranes were
blocked in 5% skimmed milk, 0.1% Tween 20, Tris-buffered
saline (TBS-Tween). Blots were incubated with 1 �g/ml anti-p65
or 2 �g/ml anti-Pax8 antibody in TBS-Tween overnight at 4 C.
Equal loading was assessed by stripping and reprobing the same
blot with 0.5 �g/ml anti-�-actin, 0.2 �g/ml anti-�-tubulin, or 1
�g/ml anti-histone H1 antibodies. Band intensities were mea-
sured densitometrically using ImageJ Image Software (National
Institutes of Health, Bethesda, MD).

EMSA
Assays were performed as previously described (26). Synthe-

sized double-stranded oligonucleotides (sequences available in
Supplemental Table 1) were labeled with �-32P-dATP using the
Klenow fragment of DNA polymerase. Nuclear extracts (5 �g)
were incubated in a 20-�l reaction volume on ice in binding mix
buffer containing 40 mM HEPES (pH 7.9), 100 mM KCl, 0.5 mM

dithiothreitol, 0.2 mM EDTA, 5% glycerol, 200 �g/ml BSA
(Fraction V), and 50 ng/�l sonicated salmon sperm DNA. La-
beled oligonucleotide probe (1 ng DNA) was added, and incu-
bation continued at room temperature for 30 min. The resulting
DNA-protein complexes were separated from free labeled-DNA
on a 5% native polyacrylamide gel in 0.25� Tris-borate-EDTA
buffer [22 mM Tris (pH 8.5), 22 mM boric acid, 0.5 mM EDTA],
then vacuum dried and exposed to x-ray film. Autoradiograms

the signal intensity of which was not in an oversaturated range
were analyzed. For competition assays, a 100-fold excess of cold
oligonucleotides was added to the reaction mixture 30 min be-
fore addition of the labeled oligonucleotide. In supershift exper-
iments, nuclear extracts were incubated with monoclonal anti-
p65 or polyclonal anti-Pax8 antibodies (0.5 �g) 1 h on ice before
the labeled probe was added and then processed as indicated
above.

GST pull-down
For GST pull-downs, GST fusion constructs encoding p65

and its deletions or Pax8 were induced with 1 mM isopropyl
1-thio-�-d-galactopyranoside in E. coli BL21. Recombinant
GST-proteins were purified using the GST pull-down assay kit
from Pierce Biotechnology (Rockford, IL). Equal amounts of
GST or GST-tagged proteins bound to glutathione-Sepharose
beads (GSBs) were incubated with GSB-precleared FRTL-5 ex-
tracts (200 �g) overnight at 4 C under constant rotation. GSBs
were then washed four times with 1:1 TBS:ProFound Lysis
Buffer and protease inhibitors. Specifically bound proteins were
analyzed by immunoblot as described above.

Chromatin immunoprecipitation
ChIP assays were performed as described (64). Briefly, after

stimulation, the cross-linker formaldehyde was added directly
to the cell culture media to a final concentration of 1%. The
fixation proceeded for 10 min and was stopped by the addition
of glycine to a final concentration of 125 mM. FRTL-5 cells were
rinsed twice with cold PBS plus 1 mM phenylmethylsulfonylfluo-
ride, and then scraped. Nuclei were purified and resuspended in
nuclear lysis buffer [50 mM Tris-HCl (pH 8), 10 mM EDTA, 1%
sodium dodecyl sulfate (SDS), and protease inhibitors cocktail]
and incubated on ice for 10 min. Samples were broken by son-
ication into chromatin fragments of an average length of 500/
1000 bp and then centrifuged at 10,000 � g. The supernatant
was diluted 5-fold in Immunoprecipitation (IP) dilution buffer
[1% Triton X-100, 5 mM EDTA, 50 mM Tris-HCl (pH 7.5),
0.5% Nonidet P-40, 150 mM NaCl] and precleared by adding
salmon sperm DNA-saturated Protein A/G Plus Agarose (Santa
Cruz Biotechnology) for 30 min at 4 C. Precleared chromatin
from 2 � 106 cells was incubated with 2 �g of affinity-purified
monoclonal anti-p65 antibody [sc-8008, Santa Cruz Biotech-
nology; suitable for ChIP analysis (74)] or control mouse IgG
overnight at 4 C under rotation. Immune complexes were al-
lowed to bind to salmon sperm DNA-saturated Protein A/G
PLUS-Agarose during 4 h at 4 C under rotation. Immunopre-
cipitates were washed four times with IP wash buffer [0.1%
SDS, 1% Triton X-100, 5 mM EDTA, 50 mM Tris-HCl (pH
7.5), 0.5% Nonidet P-40, 150 mM NaCl]; twice with high-salt
IP wash buffer [0.1% SDS, 1% Triton X-100, 5 mM EDTA,
500 mM NaCl, 50 mM Tris-HCl (pH 7.5)], and once with TE
[10 mM Tris-HCl (pH 8), 1 mM EDTA]. DNA was purified
using Chelex-100 (Bio-Rad Laboratories, Hercules, CA) as de-
scribed elsewhere (75). DNA was quantitated by qPCR as men-
tioned above. Relative fold increases were calculated according to
the equation: 2 �[(Ct.input � Ct.target) � (Ct.input � Ct.mock)] (64, 75).

RNA interference
siRNA pool (sc-61876) targeting specifically rat NF-�B p65

subunit was acquired from Santa Cruz Biotechnology (76).
siRNA (200 pmol) was transfected into FRTL-5 cells seeded
onto six-well plates using LipofectAMINE 2000 reagent accord-
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ing to the manufacturer’s protocol. After transfection, cells were
starved in basal media supplemented with 5% calf serum for
72 h and then treated with the indicated agents. A nonspecific
siRNA duplex (scrambled siRNA) was used as a control. The ex-
pression of p65 was monitored by Western blotting of total protein
extracts isolated from control and siRNA-transfected cells 72 h
after transfection.

Statistical analysis
Results are presented as the mean � SE from at least three

independent experiments unless indicated. Multiple group anal-
ysis was conducted by one-way ANOVA. As posttest, the Stu-
dent-Newman-Keuls multiple-comparisons test was used. Com-
parisons between two groups were made using unpaired
Student’s t test. Data derived from RT-qPCR assays performed
in animal tissues are given as median and range. Results were
analyzed by the nonparametric Kruskal-Wallis and Dunn’s mul-
tiple comparison post hoc tests. Statistical tests were performed
using Prism 3.0 software (GraphPad Software, San Diego, CA).
Differences were considered significant at P � 0.05.
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cas, Universidad Nacional de Córdoba, Haya de la Torre y Medina
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