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Nuclear factor-kappa B (NF-«kB) is a ubiquitous transcription factor that is involved in
inflammatory and immune responses, as well as in regulation of expression of many
other genes related to cell survival, proliferation, and differentiation. In mammals, NF-xB
comprises five subunits that can bind to promoter regions of target genes as homodimers
or heterodimers. The most common dimer is the p50/p65 heterodimer. The several
combinations of dimers that can be formed contribute to the heterogeneous regulation
of NF-«kB target genes, and this heterogeneity is further increased by interactions of
the NF-kB dimers with other transcription factors, such as steroid hormone receptors,
activator protein-1 (AP-1), and cAMP response element binding protein (CREB). In
the thyroid, several studies have demonstrated the involvement of NF-kB in thyroid
autoimmunity, thyroid cancer, and thyroid-specific gene regulation. The role of NF-kB
in thyroid autoimmunity was hypothesized more than 20 years ago, after the finding that
the binding of distinct NF-kB heterodimers to the major histocompatibility complex class
| gene is hormonally regulated. Further studies have shown increased activity of NF-«B
in thyroid autoimmune diseases and in thyroid orbitopathy. Increased activity of NF-kB
has also been observed in thyroid cancer, where it correlates with a more aggressive
pattern. Of particular interest, mutation of some oncogenes or tumor suppressor genes
involved in thyroid carcinogenesis results in constitutive activation of the NF-kB pathway.
More recently, it has been shown that NF-kB also has a role in thyroid physiology, as
it is fundamental for the expression of the main thyroid-specific genes, such as sodium
iodide symporter, thyroid peroxidase, thyroglobulin, Pax8, and TTF-1 (NKX2-1).

Keywords: NF-kB, thyroid autoimmunity, thyroid cancer, transcription factors, gene regulation, major
histocompatibility complex, RET/PTC, BRAFV600E

INTRODUCTION

Nuclear factor-kappa B (NF-kB) was identified more than 30 years ago as a transcription factor
that can stimulate the expression of the immunoglobulin k light chain in B cells (1, 2). Further
studies demonstrated that NF-kB binds to DNA as a dimer that is formed by the combination
of several proteins that contain an N-terminal Rel homology domain, which is responsible for
NF-kB DNA binding and dimerization. These proteins are members of the NF-«kB family, and in
mammals they include: subunit p50 and its precursor p105 (encoded by the NF- « BI gene); subunit
p52 and its precursor p100 (encoded by the NF-k B2 gene); subunit p65 (also called RelA); c-Rel;
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TABLE 1 | The NF-kB family members in mammals.

TABLE 2 | Main stimuli involved in NF-kB activation.

Protein Functional domains Precursor Gene symbol
p50 subunit RHD p105 NFkB1

p52 subunit RHD p100 NFkB2

p65 subunit (RelA) RHD, TAD None RELA

c-Rel RHD, TAD None REL

RelB RHD, TAD None RELB

RHD, Rel homology domain; TAD, transcriptional activation domain
See references (2-4).

and RelB (Table 1) (2-4). The proteins p65, c-Rel, and RelB
contain a C-terminal transcriptional activation domain (TAD)
that confers the ability to activate gene expression, whereas p50
and p52 lack the TAD and can only stimulate transcription
through formation of heterodimers with transcription factors
that have a TAD. Otherwise, p50 and p52 can bind as
homodimers and repress gene transcription by preventing
binding to the DNA of dimers containing a TAD (5). In this
Review, the term NF-kB is used to indicate the NF-kB family of
transcription factors as a whole (as given in Table 1), whereas the
specific proteins are indicated where appropriate.

Although first described in B lymphocytes, NF-kB is almost
ubiquitous. It regulates the expression of hundreds of genes,
most of which are involved in inflammatory and immune
responses. Indeed, NF-kB has a fundamental role in lymphocyte
development and activation, and it is essential for innate
and adaptive immune responses. In addition to its role in
inflammation and immunity, NF-kB regulates other genes
involved in cell survival, proliferation, and differentiation (2, 4-
8). The list of genes that can be regulated by NF-kB can be found
at the following link: http://www.bu.edu/NF-kB/gene-resources/
target-genes/.

At its simplest, the mechanism by which NF-kB regulates
transcription can be described as follows. In the resting state,
NF-kB dimers are located in the cytoplasm in an inactive form,
through their binding to inhibitory proteins known as inhibitors
of kB (IkB). A wide range of stimuli can activate NF-kB through
degradation of IkB (Table 2). This leads to translocation of the
dimers into the nucleus, where they bind to a consensus sequence
in the promoters of target genes (Figure 1). The first NF-kB
dimer that was identified was the p50/p65 heterodimer (9), which
is also the most abundant and widespread of the NF-kB dimers.
In addition, several combinations have been described, both as
homodimers, such as p65/p65, c-Rel/c-Rel, and p50/p50, and as
heterodimers, such as p52/c-Rel, p50/c-Rel, RelB/p50, RelB/p52,
p65/c-Rel, and p65/p52 (10).

As indicated above, in unstimulated cells, NF-kB dimers
are localized in the cytoplasm through their association with
IkB proteins. However, it has been reported that the complex
constituted by IkBa and the p50/p65 dimer can shuttle
between the cytoplasm and the nucleus, although it remains
transcriptionally inactive. Indeed, only after degradation of IkB
proteins this dimer localizes to the nucleus and binds to DNA
(2, 10). The IkB protein family is characterized by the presence of

Pattern recognition receptors ligands (including PAMPs and DAMPs)
Cytokines (such as TNF-q, IL-1, IL-2, IL-17, IFNSs)

T-cell receptor signals

B-cell receptor signals

Oxidative stress, hypoxia

Radiation (such as UV radiation, y-radiation)

Mitogen-activated protein kinase signals

DAMPs, damage-associated molecular patterns; IFN, interferon; IL, interleukin;, PAMPs,
pathogen-associated molecular patterns; TNF-a, tumor necrosis factor o; UV: ultraviolet.

Stimuli
(TNF-q, ILs, etc.)

FIGURE 1 | Schematic representations of NF-kB activation. Several stimuli
(see Table 2) activate the classical or canonical pathway, where the p50/p65
heterodimer is the most common signal.

several ankyrin repeat (ANK) domains (i.e., five to seven) that
are responsible for IxB binding to the NF-kB dimers. Several
IkB proteins have been identified, including IkBao, kB, IkBe,
IkBk, and Bcl-3. The precursor proteins pl00 and p105 have
several ANK domains in their C-terminal portions that work as
IkB proteins, and therefore they are known as IkB8 and IkBy,
respectively (2, 5). I«kBa and IkBp are the best known members
of the IkB family, as they are expressed in almost all tissues;
conversely, the expression of IkBe, IkBt, and Bcl-3 is restricted
to hematopoietic cells (5, 10). The primary target of IkBa is the
dimer p50/p65, whereas IkBp is associated mainly with p65/c-Rel
dimers. Several stimuli (Table 2) can activate NF-kB by triggering
a signal cascade that ends in the phosphorylation of the IkB
proteins, and their removal from the NF-kB dimer complex.
Two signaling pathways are involved in NF-kB activation:
the classical or canonical pathway and the alternative or
non-canonical pathway. The canonical pathway is the most
common signaling involved in the activation of NF-kB. It is
triggered by inflammatory cytokines, toll-like receptors, antigen
receptors, and other stimuli, as given in Table 2. The canonical
pathway activates the most common NF-kB dimers, which are
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formed by the p65, p50, c-Rel, and RelB subunits. The non-
canonical pathway is involved in the activation of p100/RelB
dimers, and it is induced by specific stimuli, such as B-
cell activating factor (BAFF), lymphotoxin B, CD40 ligand,
receptor activator of NF-«kB ligand (RANKL), tumor necrosis
factor (TNF)-like weak inducer of apoptosis (TWEAK), and
TNF superfamily member 14 (also known as LIGHT) (11).
The non-canonical NF-kB pathway is mainly involved in
regulation of immune cell function and in bone remodeling
(11).

As already mentioned, the precursor proteins p100 and p105
contain ANK domains and can function as IkB proteins. Usually,
the precursor pl05 is constitutively processed in cells, which
produces the p50 subunit that binds to other NF-kB subunits
to form dimers. However, dimers between p105 and other NF-
kB subunits can also be formed; in this case, the ANK domains
of the precursor protein function as an IkB protein, and their
phosphorylation and degradation activate p50-containing dimers
(12). Instead, precursor p100 is processed only after stimulation
of the non-canonical pathway, which generates p52-containing
dimers.

Activated NF-kB dimers bind to specific DNA binding sites
(called kB sites) that are located in the promoter regions of the
target genes. The consensus kB site has a partial palindromic
sequence, 5'-GGGRNWYYCC-3’, where R is any purine (A or
G), N is any nucleotide, W is A or T, and Y is any pyrimidine
(C or T) (2). The constitution of different NF-kB dimers allows
the regulation of distinct sets of genes. The mechanism of
transcriptional regulation by NF-kB is complex and remains
not fully understood (13). The several combinations of dimers
that can be formed are fundamental for selective regulation of
the target genes. Indeed, differences in DNA binding affinities
have been reported between the different NF-kB subunits and
the variant kB sites of target genes. Some dimers, such as c-
Rel, p50, and Rel A homodimers, can bind kB sites that contain
only half of the site consensus sequence (14). Also, the same
NF-kB dimer can have different effects on gene transcription
based on small differences in the kB site. An example is seen
for the p52/Bcl-3 dimer, which activates transcription in genes
with a kB site that contains the nucleotides G/C in the central
position, whereas it represses transcription in genes where the
nucleotides A/T are located in the central position of the kB
site (15). Furthermore, NF-kB dimers can interact with several
transcriptional coactivators (e.g., interactions between p65 and
the coactivators p300/CBP) and with chromatin complexes.
These interactions are particularly important for NF-kB dimers
that lack a TAD; i.e., p50 and p52. Indeed, it has been reported
that p50 and p52 homodimers can stimulate gene transcription
through their interactions with nuclear IkB proteins such as
Bcl-3 and IkB ¢, which function as coactivators. Furthermore,
p50 and p52 homodimers can repress gene expression through
interactions with histone deacetylases. A further mechanism that
contributes to heterogeneous regulation of target genes by NF-
kB is through its physical interactions with steroid hormone
receptors, and it can also form heterodimers with different
families of transcription factors, such as activator protein-1 (AP-
1) and cAMP response element binding protein (CREB) (16-20).

NF-«kB AND THE THYROID

The presence of NF-kB in thyrocytes was reported more than
20 years ago, both in a human thyroid carcinoma cell line (21)
and in a non-transformed rat thyroid cell line (17). Thenceforth,
several studies have demonstrated the involvement of NF-kB in
thyroid autoimmunity, thyroid cancer, and thyroid-specific gene
regulation (7, 21-25). It is worth to remark that the role of NF-kB
in regulating the expression of the thyroid-specific genes has been
demonstrated several years after the discovery of its involvement
in thyroid autoimmunity and cancer.

NF-kB and Thyroid Autoimmunity

NF- kB has a fundamental role in both innate and adaptive
immune responses. Indeed, NF-kB is one of the main
transcription factors that is activated by pattern recognition
receptors (PRRs), cytokines receptors, and lymphocyte
receptors; therefore, it is not surprising that several studies
have demonstrated its involvement in the development of
autoimmune diseases (22). Of note, thyroid cells have functional
PRRs, such as toll-like receptors (TLRs) and RIG-like receptors,
that respond to various pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs),
to induce the production of several cytokines and chemokines
(26). On this basis, it has been hypothesized that several insults
to thyrocytes through the production of PAMPs or DAMPs
can trigger an innate immune response, and eventually make
thyrocytes behave as antigen-presenting cells (APCs), which
can recruit and activate lymphocytes, and hence initiate an
autoimmune response (26-28). An intriguing observation is that
in rat thyroid cells in continuous culture, the FRTL-5 cells, there
is a hormonal regulation of NF-kB activation, and of its binding
to DNA. Indeed, studies on the major histocompatibility complex
(MHC) class I gene in thyrocytes have shown that its expression
is regulated by several hormones and growth factors through the
regulation of NF-kB binding to the MHC class I promoter. Many
studies have demonstrated that the main hormones involved
in the regulation of thyroid growth and function decrease
MHC class I expression, which include thyroid-stimulating
hormone (TSH), insulin/ insulin-like growth factor (IGF)-I and
hydrocortisone, (17, 29-31). MHC class I overexpression, as well
as MHC class II aberrant expression, on non-immune cells is
a feature of autoimmune diseases and thyroid autoimmunity
(27, 32-37). The hormonal regulation of MHC molecules in
thyroid cells is considered important for the suppression of
autoimmunity during hormonally induced changes in cellular
growth and function, which results in enhanced expression of
potential thyroid autoantigens, such as thyroglobulin, thyroid
peroxidase, and the TSH receptor (TSHR). Of note, MHC
class T expression is also decreased by iodide, phorbol esters,
transforming growth factor (TGF)-f, and methimazole, whereas
it is increased by interferon (IFN)-a and IFN-y, thymosin-al,
and high levels of glucose (17, 38-42). It must be emphasized that
the regulation of MHC class I gene expression by these hormones
and growth factors involves the binding of NF-kB dimers to the
enhancer A region of the MHC class I promoter (Figure 2). The
enhancer A region is located in a “hormone-sensitive region”
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FIGURE 2 | Diagrammatic representation of the MHC class | gene promoter.
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of the MHC class I promoter (i.e., —500 to —68 bp), and this
region is responsible for the regulation of MHC class I expression
by hormones, cytokines, chemokines, and drugs (33, 35, 40).
The enhancer A sequence (5-GGGGAGTCCCC-3’) that spans
nucleotides —180 bp to —170 bp is a palindromic variant of the
kB consensus site, and it can bind NF-kB dimers (43). Its core
sequence, GGGGA, is common to kB sites from other genes,
such as that of the immunoglobulin k light chain (38). Using
electrophoretic mobility shift assays, it has been demonstrated
that in thyrocytes, the enhancer A sequence can bind several
NF-kB dimers. The first dimer identified, named Mod-1, is
an unusual heterodimer that comprises the p50 subunit of
NF-kB and fra-2, a transcription factor member of the AP-1
family (17). Modulation of Mod-1 binding affects MHC class
I expression. Indeed, increased Mod-1 binding to enhancer
A results in increased expression of the promoter activity,
whereas the opposite is seen when there is decreased Mod-1
binding. Enhancer A also binds the classic NF-kB heterodimer
p50/p65, which has an opposite effect compared to Mod-1 (38).
In brief, several factors regulate MHC class I expression through
modification of the binding of the heterodimers Mod-1 and
p50/p65 to enhancer A. As an example, iodide, phorbol esters,
and TGF-p decrease MHC class I gene transcription through
inhibition of Mod-1 binding, while they allow p50/p65 binding
(38, 39). Conversely, factors such as glucose and thymosin-al,
which activate MHC class I gene transcription, act through
increasing Mod-1 binding and decreasing p50/p65 binding to
enhancer A (41, 42). Further studies have demonstrated that
NEF-kB also interacts with a dominant regulatory element of the
MHC class I promoter that is located between —800 bp and —700
bp, and which regulates tissue-specific transcription through
overlapping enhancer and silencer elements. The binding of
a complex in this region has been observed, which contains
the p65 subunit of NF-kB and c-jun (31, 39). Of note, the two
primary regions involved in the regulation of MHC class I
transcription in thyroid cells interact with different members
of the same family of transcription factors, NF-kB and AP-1,
and both these factors are involved in the signaling of PPRs and
cytokine receptors.

The data obtained on the regulation of the MHC class I gene
are not restricted to this gene, as they can also be applied on
the regulation of all of the thyroid genes where transcription is
modulated by NF-kB (44-47). In this regard, the intercellular
adhesion molecule (ICAM)-1 gene is hormonally regulated in
FRTL-5 cells, and this regulation involves NF-kB, similarly to that
observed for the MHC class I gene (44).

A conclusion that comes from these data is that different
NF-kB dimers can modify the expression of the target
genes. Therefore, an observation that is of significant interest
is that in thyroid cells, stimulation of TSHR by TSH
or stimulating antibodies to TSHR (TSAbs) can modify
the composition of the NF-kB dimers activated by TNF-a.
Indeed, in the absence of TSH, TNF-a treatment activates
only the p50 homodimers, whereas in the presence of
TSH, there is also activation of the p50/p65 heterodimers,
which results in the modification of target gene expression
(48).

Further progress on the understanding of the role of NF-
kB in thyroid autoimmunity was derived from studies on CD40
signaling in thyroid cells. CD40 is a member of the TNF family
that is expressed in immune cells and some non-immune cells,
including thyroid cells. CD40 overexpression on thyroid cells
has been associated with the development of autoimmunity
(49). A recent study has showed that CD40 activation up-
regulates expression of the p65 and p52 subunits of NF-kB in
human primary thyroid cell cultures from Graves’ patients, which
indicates an involvement of both the canonical and noncanonical
NF-kB pathways in CD40 signaling in Graves’ disease (50).

Involvement of NF-kB activation is also seen in the
pathogenesis of Graves orbitopathy. Graves orbitopathy is
characterized by infiltration of the orbit by fibrocytes, which
produce proinflammatory cytokines and induce an inflammatory
reaction. Cytokine production by fibrocytes is stimulated by
TSH and TSAbs, which interact with a receptor complex that is
formed by the TSHR and the IGF-I receptor. Stimulation of this
receptor complex results in activation of both the Akt and NF-
kB pathways (51). As previously reported for thyroid cells, CD40
signaling can activate NF-kB on these orbit fibrocytes (52). At
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present, which NF-kB dimers are activated on orbital fibrocytes
is not known.

NF-kB and Thyroid Cancer

A large number of studies on the role of NF-kB in the
pathogenesis of cancer followed the observations that NF-kB
transcription factors have homology with the avian oncogene
v-REL, which causes reticuloendotheliosis and lymphoma in
poultry (53), and that human ¢-REL can induce transformation
of primary chicken spleen cells (54). Abnormal activation of NF-
kB has been associated not only with lymphoid malignancies
(55), but also with tumors of epithelial origin, including
thyroid cancer (23, 56). This is not surprising given the
well-recognized connection between inflammation and tumor
development (57-59). NF-kB promotes the production of
cytokines, chemokines, growth factors, and other molecules that
constitute the tumor microenvironment. Furthermore, NF-kB
increases the expression of anti-apoptotic genes, such as BCL2,
and mitogenic genes, such as ¢c-MYC and cyclin D1 (23, 56).
Therefore, NF-kB activation makes tumor cells resistant to pro-
apoptotic stimuli, as observed for TGF-p apoptotic effects in
thyroid cancer cells (60). Activation of NF-kB in tumors can
arise from both a response to classical inflammatory stimuli,
such as infectious and physical or chemical agents (Figure 3A),
and the result of oncogene activation (Figure3B) (58). A
typical example of the latter is the RET oncogene, which is
involved in several cancer types, including thyroid cancer (61).
Indeed, activating mutations of the RET gene are responsible
for medullary thyroid carcinomas, and RET/PTC rearrangements
are associated with some 5 to 25% of thyroid papillary carcinomas
(62). Of interest, activating mutations of the RET proto-oncogene
cause constitutive activity of NF-kB, and this process is important
for RET-mediated carcinogenesis (63, 64). Indeed, abnormal
expression of the RET/PTC1 oncogene in primary cultures of
normal human thyrocytes is sufficient to induce the expression
of a large panel of genes that can be activated by NF-«kB and are
involved in inflammation, among which there are the colony-
stimulating factors, interleukin-1f, and cyclooxygenase 2 (65).
For thyroid cancers, constitutive increased DNA-binding
activity of NF-kB was reported for the first time about 20 years
ago, in a series of seven human thyroid carcinoma cell lines
that included papillary, follicular, and anaplastic carcinomas (66).
In particular, the increased binding activity was associated with
overexpression of the p65 subunit, whereas the p50 subunit was
not overexpressed in the anaplastic carcinoma cell lines, and was
increased only in cell lines derived from papillary or follicular
carcinoma, and to a lesser extent than for p65. The role of the
p65 subunit was confirmed by the observation that inhibition of
p65 expression using a specific antisense oligonucleotide reduced
the growth of cell lines and their colony formation in agar.
Successively, several studies showed that activation of NF-kB
is a key merging point of distinct transforming signals that
are involved in thyroid carcinogenesis, which besides the RET
oncogene, included others such as BRAFV?E mutation, PPARy
insufficiency, and PTEN inactivation (67-69). Indeed, induction
of a mutated form of the BRAF gene (e.g., the BRAFY60'E
mutation) in models of follicular and papillary thyroid cancer
cell lines resulted in NF-kB activation, with involvement of the

p65/p50 heterodimer (67). This NF-kB activation resulted in
apoptotic resistance and increased invasiveness of these cells, as a
consequence of increased expression of anti-apoptotic molecules
and matrix metalloproteinases. Furthermore, in a mouse model
of thyroid cancer, inactivation of the PTEN or PPARy genes
gave rise in both cases to a more aggressive form of cancer,
which was associated with NF-kB overactivation (68, 69). As
well as the experimental data, NF-kB activation has also been
shown in human thyroid cancer tissues (23, 70-72). A first
study that was performed on 10 specimens of thyroid follicular
carcinoma investigated the p65 subunit selectively and showed
its constitutive activation and translocation to the nucleus (70). A
following study showed increased nuclear expression of the p65
subunit in about 75% of a larger sample of papillary carcinomas.
Interestingly, these tumors were associated with a significantly
higher frequencies of aggressive features, such as extrathyroidal
extension and lymph node metastasis (71). The important role of
NF-kB in the pathogenesis of thyroid cancer was also confirmed
by the efficacy of several inhibitors of NF-kB activation in
the counteracting of its effects on growth and invasiveness in
experimental models (23, 73-76).

However, very few studies have evaluated the binding of the
distinct NF-kB dimers to DNA in thyroid cancers. Most of the
studies performed both in vitro and in vivo have investigated NF-
kB activation using only antibodies against the p65 subunit. A
few studies have also investigated the p50 subunit, which showed
that the p50/p65 heterodimer is the main complex involved in
DNA binding (66, 74, 77). However, no data is available so far
concerning the involvement of other NF-kB dimers. There is also
no information available on the binding of distinct dimers to the
promoters of specific genes involved in thyroid carcinogenesis.
Therefore, a working hypothesis would investigate the distinct
dimer combinations involved in binding to the promoter region
of genes activated in thyroid carcinogenesis, as described above
for the MHC class I gene in FRTL-5 cells. Moreover, more
data are needed on the interactions between NF-kB and other
transcription factors, as some studies have suggested that this is
an important step in thyroid carcinogenesis and it can be used
as a molecular target for therapy (75, 76). On this point, an
experimental study has shown that the efficacy of triptolide in
inhibition of the growth and invasiveness of an anaplastic thyroid
cancer cell line is due to its blocking of the association between
the p65 subunit of NF-kB and CBP/P300 (75). Similarly, the
retinoid X receptor agonist bexarotene that has been used to treat
metastatic differentiated thyroid cancer in clinical trials, represses
NEF-kB activation in follicular cancer cells through inhibition of
the interaction between p300 and the p65 subunit (76).

NF-kB and Thyroid-Specific Gene

Regulation

The findings that NF-kB is involved in the regulation of thyroid-
specific genes is of particular interest (45-47). In a study of the
effects of lipopolysaccharide on NIS gene expression in FRTL-5
cells, Nicola et al. (45) defined a kB binding site in the upstream
enhancer region of the NIS promoter (NUE). They also observed
that this site binds the p65 subunit of NF-kB, and that this subunit
acts in synergy with transcription factor Pax8 for the promotion
of gene transcription. Indeed, a physical interaction between p65
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Inflammatory enviroment

FIGURE 3 | Schematic representations of the two main mechanisms that activate NF-kB in thyroid cells. (A) Activation of the NF-kB pathway in an inflammatory
environment, such as Hashimoto’s thyroiditis. Some of the main factors that act throughout transmembrane and cytosolic receptors are indicated. (B) Activation of the
NF-«kB pathway by thyroid oncogenes, such as the cytosolic RET/PTC rearranged protein and the cytosolic BRAFVB00E mytated kinase.

RET/PTC

and Pax8 was reported. These data confirm the involvement of
heterodimers between NF-kB subunits and other transcription
factors in the regulation of gene expression in thyroid cells, as
discussed above regarding the expression of the MHC class I
gene in FRTL-5 cells. Subsequently, the same group showed that
the p65 subunit is also involved in the regulation of TPO gene
expression by lipopolysaccharide (46). A recent study further
highlighted the role of NF-kB in thyroid physiology (25). Indeed,
a mouse model bearing a thyroid-specific knock-out of the NF-
kB essential modulator (NEMO) gene, which is fundamental
for IxB phosphorylation, developed hypothyroidism and thyroid
hypoplasia due to massive apoptosis. Of further interest, in this
model there was a reduced expression of the thyroid specific
genes NIS, TPO, TG, Pax8, and TTF-1 (NKX2-1). These data
are very important, as they demonstrate that as well as its
involvement in thyroid autoimmunity and cancer, NF-kB is also
fundamental for the regulation of genes related to normal thyroid
function (25, 78).

CONCLUSIONS

Since its discovery more than 30 years ago, NF-kB has become
a pillar of cellular biology. A large number of studies have
shown its fundamental roles in regulating cellular functions. The
importance of this can be perceived by considering the great
number of genes that can be regulated by NF-kB. For the thyroid,
after the first studies that showed the role of NF-kB in the
regulation of MHC genes, several observations underlined its
further role as a common target of the distinct PRRs pathways,
which confirmed its involvement in the pathogenesis of thyroid
autoimmunity. Not surprisingly, given the relationship between
thyroid autoimmunity and cancer, NF-kB is also involved
in thyroid carcinogenesis, and it is considered a potential
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