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Abstract

The thyroid hormone, T3, plays important roles in metabolism, growth, and differentiation.
Germline mutations in thyroid hormone receptor beta (TRp) have been identified in many
individuals with resistance to thyroid hormone, a syndrome of reduced sensitivity to T3. A close
association of somatic mutations of TR with several human cancers has become increasingly
apparent, but how TR mutants could be involved in the carcinogenesis in vivo has not been
addressed. The creation of a mouse model (TREPY/PY mouse) that harbors a knockin mutation of
TRP (denoted TRPPV) has facilitated the study of the molecular actions of TR mutants in vivo.
The striking phenotype of thyroid cancer and the development of pituitary tumors exhibited by
TRBPV/PV mice have uncovered novel functions of a TRB mutant in tumorigenesis. It led to the
important findings that the oncogenic action of TRBPV is mediated by both genomic and non-
genomic actions to alter gene expression and signaling pathways activity.
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INTRODUCTION

Thyroid hormone receptors (TRs) belong to the superfamily of ligand-dependent
transcription factors. Two TR genes, THRA and THRB, located on two different
chromosomes encode four T3-binding receptors: TRal, TRB1, TRP2, and TRB3. They bind
the thyroid hormone (T3) that plays critical roles in differentiation, growth, and metabolism
(1). Although abnormal expression and aberrant activity of sex steroid nuclear receptors are
well known to be involved in the development and progression of cancers, much less is
known about the possible involvement of TRs in tumorigenesis. However, increasing
evidence suggests that TRs could also play a role in tumor progression. Indeed, studies using
cancer cell lines show that wild-type TRs can regulate cell proliferation, cell differentiation,
and cell migration (2-9). Besides, abnormal expression and somatic mutations of TRs have
been described in human cancers, such as those of the liver (10), kidney (11,12), pituitary
(13-15), breast (16,17), colon (18), and thyroid (19-21).

The precise contribution of TR mutants to tumorigenesis is not fully understood, but their
high frequency in human cancers suggests that they have a contributory role. The first
evidence to support this hypothesis was the observation that a TRal mutant, initially
identified as the v-erbA oncogene in an avian retrovirus, could cause hepatocellular
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carcinomas when expressed in transgenic mice (22). Altogether, these observations suggest
that partial loss of normal TR function due to reduced expression, or complete loss or
alteration of TR activity, provides an opportunity for cells to proliferate, invade, and
metastasize. In this context, TR could act as a tumor suppressor.

Although a correlation between TR abnormalities and the development of cancers has been
established, the target genes and signaling pathways affected by TR mutants are not well
known. In addition, there is still limited knowledge about the molecular mechanisms by
which the TR mutants alter the activity of the affected genes and signaling pathways to
mediate carcinogenesis.

The creation of a knockin mouse harboring a C-terminal 14 amino acid frameshift mutation
in TRB (TRBPV/PY mice) provides a valuable tool to explore in vivo the molecular
mechanisms that are altered by a TR mutant to drive tumorigenesis (23). The TRBPV
mutation was initially identified in a patient (called PV) who has the syndrome of resistance
to thyroid hormone (RTH). RTH is characterized by a reduced sensitivity of tissues to the
action of thyroid hormones, and it is frequently associated with the mutation of one copy of
THRB. Studies using reporters in cultured cells have shown that the TRBPV mutation has
completely lost T3 binding capacity and displays dominant negative activity (24,25).
Consistent with the phenotype of RTH patients, TRBPY/* and TRBPV/PY mice faithfully
reproduce human RTH. Strikingly, as TRBPY/PY mice but not TREPV/* age, they
spontaneously develop follicular thyroid carcinoma with tumor progression similar to
human cancer (26). In addition, TRBPY/PY mice spontaneously develop thyroid-stimulating
hormone (TSH)-secreting tumors (TSHomas) (27). Thus, the phenotype of the TRpPV/PV
mice indicates that mutations of the TR gene extend beyond RTH and that TR mutants
could act as oncogenes.

Extensive molecular studies were performed to understand the mechanisms behind the
development and progression of tumors mediated by TRBPV. Comprehensive cDNA micro-
array analysis of gene expression in the thyroids of TREPY/PY mice show a dramatic
alteration in the expression of genes involved in different signaling pathways, including
TSH, Wnt-B-catenin, transforming growth factor , tumor necrosis factor a, and nuclear
factor kB peroxisome-proliferator-activated receptor y (PPARY) pathways (28). These
results suggest that complex alterations of multiple signaling pathways induced by TRBPV
contribute to thyroid carcinogenesis. However, the mechanisms by which TRBPV alters
gene profiles to mediate thyroid carcinogenesis in TRBPY/PV mice were unknown. Our initial
studies showed that TRBPV exerts dominant-negative actions and thereby alters gene
transcription to mediate thyroid cancer and pituitary tumor in TRBPY/PY mice (27,29-31).
Most recent studies further indicate that TRBPV mediates its oncogenic actions in the
thyroid via non-genomic mechanisms (32-34). This review will highlight the currently
known mechanisms mediating the oncogenic actions of TR mutants in TRBPV/PY mice.

GENOMIC ACTIONS OF MUTATED TRs IN CARCINOGENESIS

Although significant progress has been made in understanding the mechanisms by which
wild-type TRs act in regulating gene transcription, how TR mutants affect transcription
activity to drive tumorigenesis is far less understood. Typically, wild-type TRs bind to
specific DNA sequences on specific DNA recognition motifs usually located in the
promoters of T3-target genes (denoted thyroid hormone response elements, or TRES) as
monomers, homodimers, or, more frequently, heterodimers with RXR (1). Binding of TRs to
their DNA recognition motif is ligand-independent. The regulation of TR transcriptional
activity is complex, and it depends not only on the presence of T3 but also on the type of
TRESs on the promoter of T3-target genes. Classically, unliganded TRs recruit co-repressors
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such as NCoR and mediate basal transcriptional repression of target genes. Conversely, the
binding of T3 induces conformational changes of TRs and results in the release of co-
repressors, the recruitment of co-activators such as those from the p160/SRC1 family, and
transcriptional activation. TRs can also regulate target genes indirectly through protein-
protein interaction with other transcription factors.

Several studies showed that TR mutations identified in cancer cell lines frequently lead to
the loss of T3 binding, confer TR dominant negative activity, and impair the binding to
DNA recognition motifs, thereby leading to abnormal transcriptional activity
(12,14,15,21,35). In addition, some TR mutations lead to alterations in TR affinity for co-
repressors, even in the absence of T3 (35). Although these studies provided further insights
into the mode of actions of TR mutants in cancer cells, the TRBPY/PY mouse offers the
unique opportunity to study in vivo the mechanisms underlying the molecular action of a
TRP mutant that spontaneously leads to thyroid and pituitary tumors.

1. Decreased activity of PPARy signaling pathway mediated by TRBPV in thyroid cancer

We made the interesting finding that the thyroid tumors of TREPY/PY mice display a
significant decrease in PPARy mRNA levels (29). Our in vivo studies using
TRBPV/PVPPARy*" mice further show that thyroid carcinogenesis progresses significantly
faster from increased cell proliferation and reduced apoptosis (30). In addition, biochemical
and cell-based studies show that TRBPV acts to abolish the ligand (troglitazone)-mediated
transcriptional activity of PPARy (29). Identification of the repressed PPARYy signaling
pathway during thyroid carcinogenesis in TREPY/PY mice is particularly relevant in view of
the work of Kroll et al. (36) that reported the identification of a chromosomal rearrangement
yielding a PAX8-PPARy1 fusion gene in human follicular carcinomas. When fused to PAX8,
PPARy1 not only loses its capability to stimulate PPARy-ligand (thiazolidinedione)-induced
transcription but also acts to inhibit PPARy1 transcriptional activity (36), raising the
possibility that PPARy could act as a tumor suppressor in thyroid carcinoma.

Our studies aimed at deciphering the molecular mechanisms underlying the inhibition of
PPARYy ligand-mediated activity transcriptional activity by TRBPV provided further insights
into how the TRBPV mutation could interfere with the PPARYy signaling pathway (31).
Similar to TRB1, TRBPV competes with PPARYy for binding to the peroxisome proliferator
responsive element (PPRE) as homodimers or heterodimers with PPARy or RXR, thereby
competing with PPARy for PPRE binding and for sequestering RXR (29,31) (Figure 1).
Unliganded TRB1 and TRBPV recruit the nuclear co-repressor NCoR to the promoter of
PPARy-target genes in vivo. However, although T3 can relieve the repression effect of
unliganded TRB1/PPARYy on troglitazone-dependent transcriptional activity of PPARy by
releasing NCoR, it cannot relieve the repression effect of TRBPV/PPARY because TRBPV
cannot bind T3. Further analyses indicate that the constitutive association of TRBPV with
co-repressors prevents the recruitment of the steroid hormone coactivator -1 (SRC-1) to the
PPARY/TRBPV complexes in the presence of troglitazone. In the TRRPV/PV thyroid, reduced
PPARy expression and decreased PPARYy transcriptional activity could lead to a reduction in
the expression of PPARy-downstream tumor suppressor genes and/or an increase in the
expression of tumor promoter genes, thereby promoting the progression and development of
thyroid cancer. Importantly, these findings highlight a dominant negative action of TREPV
that can mediate thyroid carcinogenesis by altering PPARYy signaling.

2. Up-regulation of cyclin D1 mRNA levels by TRBPV in pituitary tumors

Somatic mutations of THRB were identified in several patients with TSHomas (13,15). This
disease represents about 2% of all pituitary adenomas in humans. Patients with TSHomas
have high serum TSH despite elevated thyroid hormone levels, indicating that TSHomas
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exhibit a defect in the negative regulation of TSH by thyroid hormone. The TR mutants
identified in TSHomas show impaired T3 binding and exhibit dominant negative activity
(13,15,37). Some TRP mutants were found to interfere with the normal regulation of the
glycoprotein hormone a-subunit and TSHp genes, which encode the subunits of TSH
(14,15).

The TRBPY/PY mice spontaneously develop TSHomas, indicating that the mutation of TR is
one of the genetic events that can mediate the development of this tumor. We therefore
explored the mechanisms underlying the development of TSHomas using the TRpPV/PV
mouse as a model.

Similar to the patients with TSHomas, TREPY/PY mice exhibit severe dysregulation of the
pituitary-thyroid axis with highly elevated TSH associated with increased T3 (23,27). Mice
deficient in both TRo and TR (TRa/"TRB" mice) have similarly elevated serum TSH and
thyroid hormone levels as those of TRBPV/PY mice. However, TRa”"TRB”" mice do not
develop TSHomas. These findings indicate that the dysregulation of the pituitary-thyroid
axis alone is not sufficient to mediate the pathogenesis of TSHomas (27). That these two
mutant mice have a similar degree of resistance to thyroid hormone in the pituitary, but have
contrasting phenotypes in displaying TSHomas has facilitated the comparison of gene
expression profiles. cDNA microarray studies show the up-regulation of growth and
proliferation-related genes in the pituitary of TRBPY/PY mice but not in that of TRa”/"TRp
mice (27). Among the proliferation-related genes, Ccdnl encoding cyclin D1 is up-regulated
in the pituitary of TRBPY/PY mice (27). Additional studies confirmed the up-regulation of
Ccdnl at the mRNA levels and further showed that cyclin D1 protein is overexpressed. The
over-expression is accompanied by concurrent activation of the cyclin-dependent kinase
(cdk)/retinoblastoma (Rb) protein/E2F pathway and increased cellular proliferation in the
pituitary (27,38).

The molecular mechanism by which TRBPV activates the expression of Ccdnl was studied.
Multiple factors are known to regulate the activity of the cyclin D1 promoter, including
cAMP-response element-binding protein (CREB) (38,39). We found that liganded TR
represses Ccdnl expression via tethering to the Ccdnl promoter through binding to CREB.
This repression effect is lost in TRPPV, thereby resulting in constitutive activation of Ccdnl
in TRBPV/PV mice (27) (Figure 1). Thus the TRBPV mutation, by altering Ccdn1 expression,
induces aberrant cellular proliferation in the pituitary that contributes to TSHomas.

NON-GENOMIC ACTIONS OF TRs IN CARCINOGENESIS

More recently, several reports showed that thyroid hormones exert rapid actions on cell
functions through non-genomic mechanisms. The non-genomic effects may occur through
signal transduction mechanisms initiated by binding of hormones to TRs located in the
plasma membrane, in the cytoplasm, or in the mitochondria (for review, ref. 40). These non-
genomic actions were reported to regulate ion channels, glucose transporters, protein kinase
(PI3K, PKC, PKA, ERK/MAPK), and phospholipid metabolism by activation of
phospholipase C and D (41). Whether TR mutations could impair cell signaling via non-
genomic mechanisms was not known. We therefore took advantage of the TRBPY/PY mouse
model to study the possibility that a TR mutation could mediate thyroid carcinogenesis via
non-genomic mechanisms. We made the remarkable discovery that the phosphatidylinositol
3-kinase (PI3K)-AKT pathway, the p-catenin signaling pathway, and PTTG activity are
altered by TRBPV in thyroid cancer through novel mechanisms involving protein-protein
interaction (32-34,42).
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P13Ks consist of a catalytic subunit of about 110 kD (p110) and a regulatory subunit (p85a,
p85p or p55y) that is encoded by at least three mammalian genes. PI3K phosphorylates
phosphatidylinositol-4,5 biphosphate [PIP2] to produce phosphatidylinositol-3,4,5-
triphosphate [PIP3]. The major effector of PI3K is the AKT kinase, which is activated upon
PIP3-mediated membrane recruitment and in turn phosphorylates target proteins regulating
cell proliferation, cell survival, cell size, and mMRNA translation.

The abnormal activation of PI3K-AKT signaling contributes to abnormal cell growth and
cellular transformation in a variety of neoplasms, including thyroid cancer (43,44). As in
human thyroid cancer, the PI3K-AKT signaling pathway is overactivated in the thyroid
tumors of TRBPV/PY mice (32). Consistent with a major role of PI3K signaling in thyroid
cancer, the treatment of TRBPY/PY mice with the potent PI3K inhibitorL Y294002
significantly delays thyroid tumor progression and metastatic spread (42,45).

We investigated the mechanisms by which TRBPV alters the PI3K signaling pathway to
mediate thyroid carcinogenesis in TRBPY/PY mice. Previous reports showed the interaction of
wild-type TRs with p85a to activate PI13K signaling pathway in human fibroblasts and
vascular endothelial cells (46,47). We found that TRB1 and the TRBPV mutant can
physically interact with the C-terminal SH2 (Src homology 2) domain of p85a in vitro and
in thyroid extracts (32) (Figure 1). Importantly, the binding of p85a with TRBPV is two to
three times stronger than that with TRB1, resulting in a greater increase of PI3K activity.
Consistent with a higher activity of AKT, the downstream phosphorylation cascade of
effectors, mTOR and p7056K, is also concurrently increased. Interestingly, the interaction of
TRBPV with p85a occurs in both the nuclear and the cytoplasmic compartments of thyroid
extracts to activate AKT and downstream signaling pathways in both compartments (32).
That the regulation of PI3K signaling by TRBPV also occurs in the nuclear compartment is
consistent with previous studies showing the presence of components of the PI3K signaling
pathway in the nucleus (48,49).

Further insights into the mechanism underlying the activation of PI3K in the thyroid of
TRBPV/PV mice led to the remarkable finding that the nuclear co-repressor NCoR is involved
in the modulation of TRBPV-induced PI3K activation (42). In addition to its action in
regulating the genomic actions of unliganded TRs (50), NCoR has been reported to be
involved in transcription-independent mechanisms; NCoR is found not only in the nucleus,
but also in the cytoplasm (51,52). Notably, we found that NCoR physically interacts with
p85a and that NCoR and TR or TRBPV interact with the same region in the C-terminal
SH2 domain of p85a, thereby competing with each other for binding to p85a. Additional in
vitro studies showed that TRBPV interacts with p85a with a relatively higher affinity than
does TRB or NCoR (42). That led us to test the possibility that alterations in NCoR protein
abundance could modulate the activation of PI3K by TRBPV. Indeed, overexpression of
cellular NCoR protein levels leads to a consistent reduction in PI3K signaling. Conversely,
knocking down cellular NCoR with small interfering RNA (siRNA) increases PI3K activity.
In thyroid tumors of TRBPY/PY mice, NCoR protein abundance is markedly decreased as
compared with wild-type thyroids. Altogether, our results indicate that the reduction in
NCoR protein abundance in the thyroids of TRBPY/PV mice favors the interaction between
p85a and TRPPV to activate PI3K signaling (42). Therefore, NCoR, via protein-protein
interaction, is a novel regulator of PI3K signaling that could modulate thyroid tumor
progression.
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2. Increased activity of pituitary tumor-transforming gene (PTTG) by TRBPV in thyroid

cancer

The search for genes underlying the chromosomal aberrations in TREPY/PY mice using
cDNA microarray led to the finding that Pttg mRNA levels are significantly increased in
thyroid cancer of TRBPY/PV mice (28). In addition, cellular PTTG protein levels are
markedly increased in the primary lesions of thyroid as well as lung metastases of TRPV/PY
mice (33). PTTG functions as a securin during cell cycle progression and inhibits premature
sister chromatid separation. PTTG is involved in multiple cellular pathways, including cell
proliferation, DNA repair, cell transformation, angiogenesis induction, invasion, and the
induction of genetic instability. Consistent with its functions, aberrant PTTG overexpression
is found in a wide variety of endocrine and non-endocrine tumors [for review, (53)].

The finding that PTTG abundance is increased in the thyroids of TREPY/PY mice prompted
us to test whether it could play a role in the thyroid carcinogenesis mediated by TRBPV.
Indeed, our cell-based studies showed that aberrant accumulation of PTTG induced by
TRPBPV inhibits mitotic progression (33). Besides, although PTTG loss does not prevent the
initiation of thyroid cancer in TRBPV/PVPttg”- mice, their thyroid glands are smaller with
decreased thyrocyte proliferation and reduced thyroid cancer aggressiveness as compared
with TRBPV/PVPttg** mice (54).

The mechanism involved in the increased abundance of PTTG in the thyroids of TRBPV/PV
mice was not known. It might reflect, at least partially, the increased Pttg mRNA levels.
However, TRs and PTTG are known to be involved in proteasome-mediated degradation
pathways, and therefore we tested the possibility that TRB and TRBPV could regulate PTTG
protein levels through such mechanisms (33).

A series of cell-based and molecular studies showed that the DNA binding domain of TRB1
or TRBPV interacts with the amino-terminal region (amino acid 1-119) of PTTG (33).
Moreover, T3 induces the degradation of TRB1 concomitantly with that of PTTG via a
mechanism involving the proteasomal machinery (33). T3 does not, however, induce
TRBPV degradation, a finding consistent with the fact that this TRp mutant has lost T3
binding capacity. In TRBPV-expressing cells, PTTG protein levels are not altered by T3
treatment and remain high (33). Our results thus support the idea that TRB1 regulates PTTG
degradation through T3 binding. This regulatory function is completely lost by TRBPV that
fails to bind T3.

We next sought to understand how TRBPV fails to regulate the stability of PTTG as the
liganded TRB1 does. We considered the possibility that the protein complexes TRBL/PTTG
and TRBPV/PTTG recruit proteasome activators differently. Steroid receptor co-activator-3
(SRC-3) is degraded via 19S proteasome through its physical interaction with proteasome
activator 28y (PA28y), an activator of the trypsin-like activity of the proteasome (55).
Similar to other steroid receptors (56), the liganded TRpB1 recruits SRC-3, but the unliganded
TRp1 does not (33). In contrast, TRBPV does not bind SRC-3 whether T3 is present or not.
We therefore tested the possibility of the existence of a differential recruitment of TRp/
PTTG and TRBPV/PTTG complexes by SRC-3/PA28y. We found that the liganded TRB1/
PTTG complex recruits SRC-3/PA28y through the direct interaction of TRB1 with SRC-3,
whereas the unliganded TRB1 and TRBPV fail to recruit SRC-3/PA28y (33). This study
indicates that the regulation of PTTG degradation by the proteasome pathway is impaired by
TRPBPV via protein-protein interaction and thereby results in mitotic abnormalities,
contributing to thyroid carcinogenesis (Figure 1).
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3. Stabilization of B-catenin by TRBPV in thyroid cancer

The aberrant cellular abundance of B-catenin in thyroid tumors of TRBPY/PV mice provided
us with the opportunity to understand how TR and the TRBPV mutant regulate the cellular
levels of B-catena in vivo (34). B-catenin is the central mediator of the Wnt signaling
pathway, which is critical for various cellular processes, including oncogenesis (57).
Stabilized p-catenin protein accumulates in the nucleus and complexes with the T cell factor/
lymphoid enhancer factor (TCF/LEF) family of DNA-binding transcription factors to
enhance the expression of a variety of genes, including critical regulators of cell cycle
progression (cyclin D1, c-myc) and invasion (matrix metalloprotease-1, MT1-MMP).
Aberrant accumulation of B-catenin has been reported in a number of human cancers,
including thyroid (58).

We sought to determine the molecular mechanisms involved in the increased stability of B-
catenin as well as the consequences of such an accumulation on thyroid cancer development
and progression in TRBPY/PY mice. The cellular levels of p-catenin are controlled by two
distinct adenomatous polyposis coli (APC)-dependent proteasomal pathways. One includes
the glycogen synthase kinase 3p (GSK3p)-regulated pathway involving the APC-axin
complex (59) and the other is a p53-inducible pathway involving APC-Siah-1 (60). An
additional mode of B-catenin cellular level regulation is mediated by nuclear receptors,
namely the retinoid X receptor a (RXRa) and peroxisome proliferators-activated receptor y
(PPARY) that belong to the same nuclear receptor superfamily as TRs. RXR and PPARy
regulate B-catenin protein abundance via APC/GSK3p/p53-independent mechanisms
(61,62).

We found that, similar to RXRa and PPARy2, TRB and TRBPV physically interact with 3-
catenin in vitro and in cells. The regulation of the B-catenin protein level by TR and
TRBPV also occurs via APC/GSK3p/p53-independent mechanisms. The complexing of TRB
with B-catenin is weakened, however, by the binding of T3 to TR, thereby allowing more
uncomplexed B-catenin to be degraded by the proteasomal pathway. In contrast, since
TRBPV does not bind T3, the association of TRBPV with B-catenin is independent of T3.
Our results indicate that the constitutive association of TRBPV with (-catenin prevents the
degradation of B-catenin, and hence leads to its accumulation in the thyroids of TRpPV/PV
mice (Figure 1).

The consequence of the aberrant stabilization of p-catenin in the development and
progression of thyroid cancer was investigated in TRBPY/PY mice. We first studied the
cellular abundance of p-catenin phosphorylated on serine 552 (P552-B-catenin), as it reflects
B-catenin nuclear translocation and transcriptional activity (63). We found that the increased
B-catenin cellular levels in the thyroids of TREPY/PY mice are associated with an increased
cellular abundance of P552-B-catenin. Consistently, the B-catenin transcriptional
downstream targets (c-myc, cyclin D1, and MT1-MMP) display elevated mRNA and/or
protein levels. Our data indicate that TRBPV prevents -catenin degradation by physical
interaction with B-catenin, thereby leading to constitutive p-catenin signaling in the thyroids
of TREPV/PY mice.

SUMMARY AND FUTURE DIRECTIONS

The creation of a knockin mutant mouse harboring a mutated TR has revealed new insights
into the molecular mechanisms by which TR mutants contribute to tumorigenesis. We found
that the deleterious effects of TRB mutants in causing thyroid cancer and pituitary tumor are
mediated, at least in part, by interfering with the transcriptional activity of wild-type TRs
(Figure 2) (27,29,31,63). TRBPV interferes with the normal regulation of transcription
activity, thereby leading to abnormal repression of tumor suppressors (PPARY) in thyroid
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cancers and to the constitutive activation of tumor promoters (cyclin D1) in pituitary tumors
(Figure 2).

The striking phenotype of thyroid cancer manifested by TREPY/PY mice led to the recent
identification of new modes of action of TR mutants that are beyond nucleus-initiated
transcription (Figure 1B and Figure 2). TRBPV interacts with the PI3K regulatory subunit
p85a, leading to the overactivation of PI3BK-AKT signaling and increased PI3K-AKT
downstream signaling to affect cell proliferation, apoptosis, migration, and metastasis (32).
The direct protein-protein interaction of TRBPV with PTTG or B-catenin affects their
degradation by the proteasomal pathways, thus leading to PTTG and B-catenin aberrant
accumulation (33,34). Increased PTTG abundance contributes to chromosomal aberration
and genomic instability. Constitutively active B-catenin signaling, by altering downstream
gene expression, affects cell proliferation and migration. Therefore, the development and
progression of thyroid tumors in TRBPY/PY mice not only involve aberrant transcriptional
activity but also derailed post-transcriptional mechanisms. As suggested by our earlier
studies (28), these findings support the hypothesis that tumorigenesis mediated by TRBPV in
TRBPV/PV mice involves the complex alterations of multiple signaling pathways.

While much has been learned about the oncogenic actions of a TR mutant by using
TRBPV/PV mice, the question remains as to whether the oncogenic actions of TR mutants
are limited only to TRBPV or could be extended to other TRB mutants with different
mutation sites. Studies in several human cancers have identified somatic mutations at
various sites in the TRp gene (10-12), suggesting that the oncogenic actions of TR mutants
most likely are not limited to the C-terminal frameshifted mutation as in TRBPV. At present,
there is another reported TRB knockin mouse that harbors a A337T dominantly negative
mutation (64). However, whether the TRBA337T homozygous knockin mouse develops
cancer is currently unknown. To address the question of whether other TR mutations are
also oncogenic, it would be necessary to develop other knockin mutant mice harboring
different mutation sites. Developing these knockin mutant mice would certainly advance our
understanding of the role of TRB mutations in human cancers.

It has long been established that nuclear receptors play a significant role in the development
and progression of endocrine tumors. For instance, aberrant activation of estrogen receptor
(ER) and androgen receptor (AR) signaling has been reported to favor the development and
progression of breast and prostate tumors, respectively [for review, (65,66)]. The finding
that both nuclear receptors act as tumor promoters in their target tissues led to the
development and use of anti-estrogen and anti-androgen strategies for breast and prostate
cancer prevention and treatment.

Although our studies as well as several others provide lines of evidence to indicate that wild-
type TRs act as tumor suppressors in the thyroid and pituitary, several studies reported that
thyroid hormone stimulates breast and prostate cancer cell proliferation, suggesting that TRs
could act as tumor promoters (2-6). These contrasting findings suggest that TRs may have
opposite effects on cell functions depending on the target tissues. On the other hand, it is
also possible that exposure of cells to supraphysiological doses of thyroid hormones favors
induction of proliferation, as is the case with androgens and estrogens. In this regard, a
future challenge would be to clarify the role of TRs on tumor development and progression
in target tissues by development of pertinent in vivo models. These efforts will provide
opportunities to develop better strategies for prevention and treatment of endocrine cancers.
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Abbreviations

NCoR nuclear receptor co-repressor

PI3K phosphatidylinositol 3-kinase

PPARYy peroxisome proliferator-activated y

RTH

resistance to thyroid hormone

RXRa retinoid X receptor o

SRC-1 steroid receptor co-activator-1

SRC-3 steroid receptor co-activator-3

TRs
T3
TSH

thyroid hormone nuclear receptors
thyroid hormoney
thyroid-stimulating hormone

REFERENCES

1.

10

Yen PM. Physiological and molecular basis of thyroid hormone action. Physiol Rev. 2001;
81:1097-142. [PubMed: 11427693]

. Hall LC, Salazar EP, Kane SR, Liu N. Effects of thyroid hormones on human breast cancer cell

proliferation. J Steroid Biochem Mol Biol. 2008; 109:57-66. [PubMed: 18328691]

. Tsui KH, Hsieh WC, Lin MH, Chang PL, Juang HH. Triiodothyronine modulates cell proliferation

of human prostatic carcinoma cells by downregulation of the B-cell translocation gene 2. Prostate.
2008; 68:610-9. [PubMed: 18196550]

. Esquenet M, Swinnen JV, Heyns W, Verhoeven G. Triiodothyronine modulates growth, secretory

function and androgen receptor concentration in the prostatic carcinoma cell line LNCaP. Mol Cell
Endocrinol. 1995; 109:105-11. [PubMed: 7540569]

. Ramberg H, Eide T, Krobert KA, Levy FO, Dizeyi N, Bjartell AS, Abrahamsson PA, Tasken KA.

Hormonal regulation of beta2-adrenergic receptor level in prostate cancer. Prostate. 2008; 68:1133—
42. [PubMed: 18454446]

. Zhang S, Hsieh ML, Zhu W, Klee GG, Tindall DJ, Young CY. Interactive effects of

triiodothyronine and androgens on prostate cell growth and gene expression. Endocrinology. 1999;
140:1665-71. [PubMed: 10098501]

. Sedliarou I, Matsuse M, Saenko V, Rogounovitch T, Nakazawa Y, Mitsutake N, Namba H,

Nagayama Y, Yamashita S. Overexpression of wild-type THRbetal suppresses the growth and
invasiveness of human papillary thyroid cancer cells. Anticancer Res. 2007; 27:3999-4009.
[PubMed: 18225562]

. Chen RN, Huang YH, Lin YC, Yeh CT, Liang Y, Chen SL, Lin KH. Thyroid hormone promotes

cell invasion through activation of furin expression in human hepatoma cell lines. Endocrinology.
2008; 149:3817-31. [PubMed: 18467449]

. Chen RN, Huang YH, Yeh CT, Liao CH, Lin KH. Thyroid hormone receptors suppress pituitary

tumor transforming gene 1 activity in hepatoma. Cancer Res. 2008; 68:1697—-706. [PubMed:
18339849]

. Lin KH, Shieh HY, Chen SL, Hsu HC. Expression of mutant thyroid hormone nuclear receptors in
human hepatocellular carcinoma cells. Mol Carcinog. 1999; 26:53-61. [PubMed: 10487522]

IUBMB Life. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guigon and Cheng

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Page 10

. Puzianowska-Kuznicka M, Nauman A, Madej A, Tanski Z, Cheng S, Nauman J. Expression of

thyroid hormone receptors is disturbed in human renal clear cell carcinoma. Cancer Lett. 2000;
155:145-52. [PubMed: 10822129]

Kamiya Y, Puzianowska-Kuznicka M, McPhie P, Nauman J, Cheng SY, Nauman A. Expression of
mutant thyroid hormone nuclear receptors is associated with human renal clear cell carcinoma.
Carcinogenesis. 2002; 23:25-33. [PubMed: 11756220]

Safer JD, Colan SD, Fraser LM, Wondisford FE. A pituitary tumor in a patient with thyroid
hormone resistance: a diagnostic dilemma. Thyroid. 2001; 11:281-91. [PubMed: 11327621]
Ando S, Sarlis NJ, Krishnan J, Feng X, Refetoff S, Zhang MQ, Oldfield EH, Yen PM. Aberrant
alternative splicing of thyroid hormone receptor in a TSH-secreting pituitary tumor is a
mechanism for hormone resistance. Mol Endocrinol. 2001; 15:1529-38. [PubMed: 11518802]
Ando S, Sarlis NJ, Oldfield EH, Yen PM. Somatic mutation of TRbeta can cause a defect in
negative regulation of TSH in a TSH-secreting pituitary tumor. J Clin Endocrinol Metab. 2001;
86:5572—-6. [PubMed: 11701737]

Li Z, Meng ZH, Chandrasekaran R, Kuo WL, Collins CC, Gray JW, Dairkee SH. Biallelic
inactivation of the thyroid hormone receptor betal gene in early stage breast cancer. Cancer Res.
2002; 62:1939-43. [PubMed: 11929806]

Silva JM, Dominguez G, Gonzalez-Sancho JM, Garcia JM, Silva J, Garcia-Andrade C, Navarro A,
Munoz A, Bonilla F. Expression of thyroid hormone receptor/erbA genes is altered in human
breast cancer. Oncogene. 2002; 21:4307-16. [PubMed: 12082618]

Horkko TT, Tuppurainen K, George SM, Jernvall P, Karttunen TJ, Makinen MJ. Thyroid hormone
receptor betal in normal colon and colorectal cancer-association with differentiation, polypoid
growth type and K-ras mutations. Int J Cancer. 2006; 118:1653-9. [PubMed: 16231318]

Wallin G, Bronnegard M, Grimelius L, McGuire J, Torring O. Expression of the thyroid hormone
receptor, the oncogenes c-myc and H-ras, and the 90 kD heat shock protein in normal,
hyperplastic, and neoplastic human thyroid tissue. Thyroid. 1992; 2:307-13. [PubMed: 1493372]
Bronnegard M, Torring O, Boos J, Sylven C, Marcus C, Wallin G. Expression of thyrotropin
receptor and thyroid hormone receptor messenger ribonucleic acid in normal, hyperplastic, and
neoplastic human thyroid tissue. J Clin Endocrinol Metab. 1994; 79:384-9. [PubMed: 8045952]
Puzianowska-Kuznicka M, Krystyniak A, Madej A, Cheng SY, Nauman J. Functionally impaired
TR mutants are present in thyroid papillary cancer. J Clin Endocrinol Metab. 2002; 87:1120-8.
[PubMed: 11889175]

Barlow C, Meister B, Lardelli M, Lendahl U, Vennstrom B. Thyroid abnormalities and
hepatocellular carcinoma in mice transgenic for v-erbA. EMBO J. 1994; 13:4241-50. [PubMed:
7925269]

Kaneshige M, Kaneshige K, Zhu X, Dace A, Garrett L, Carter TA, Kazlauskaite R, Pankratz DG,
Wynshaw-Boris A, Refetoff S, Weintraub B, Willingham MC, Barlow C, Cheng S. Mice with a
targeted mutation in the thyroid hormone beta receptor gene exhibit impaired growth and
resistance to thyroid hormone. Proc Natl Acad Sci U S A. 2000; 97:13209-14. [PubMed:
11069286]

Meier CA, Dickstein BM, Ashizawa K, McClaskey JH, Muchmore P, Ransom SC, Menke JB, Hao
EH, Usala SJ, Bercu BB, et al. Variable transcriptional activity and ligand binding of mutant beta
1 3,5,3"-triiodothyronine receptors from four families with generalized resistance to thyroid
hormone. Mol Endocrinol. 1992; 6:248-58. [PubMed: 1569968]

Parrilla R, Mixson AJ, McPherson JA, McClaskey JH, Weintraub BD. Characterization of seven
novel mutations of the c-erbA beta gene in unrelated kindreds with generalized thyroid hormone
resistance. Evidence for two “hot spot” regions of the ligand binding domain. J Clin Invest. 1991;
88:2123-30. [PubMed: 1661299]

Suzuki H, Willingham MC, Cheng SY. Mice with a mutation in the thyroid hormone receptor beta
gene spontaneously develop thyroid carcinoma: a mouse model of thyroid carcinogenesis.
Thyroid. 2002; 12:963-9. [PubMed: 12490073]

Furumoto H, Ying H, Chandramouli GV, Zhao L, Walker RL, Meltzer PS, Willingham MC,
Cheng SY. An unliganded thyroid hormone beta receptor activates the cyclin D1/cyclin-dependent

IUBMB Life. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guigon and Cheng

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Page 11

kinase/retinoblastoma/E2F pathway and induces pituitary tumorigenesis. Mol Cell Biol. 2005;
25:124-35. [PubMed: 15601836]

Ying H, Suzuki H, Furumoto H, Walker R, Meltzer P, Willingham MC, Cheng SY. Alterations in
genomic profiles during tumor progression in a mouse model of follicular thyroid carcinoma.
Carcinogenesis. 2003; 24:1467-79. [PubMed: 12869418]

Ying H, Suzuki H, Zhao L, Willingham MC, Meltzer P, Cheng SY. Mutant thyroid hormone
receptor beta represses the expression and transcriptional activity of peroxisome proliferator-
activated receptor gamma during thyroid carcinogenesis. Cancer Res. 2003; 63:5274-80.
[PubMed: 14500358]

Kato VY, Ying H, Zhao L, Furuya F, Araki O, Willingham MC, Cheng SY. PPARgamma
insufficiency promotes follicular thyroid carcinogenesis via activation of the nuclear factor-
kappaB signaling pathway. Oncogene. 2006; 25:2736-47. [PubMed: 16314832]

Araki O, Ying H, Furuya F, Zhu X, Cheng SY. Thyroid hormone receptor beta mutants: Dominant
negative regulators of peroxisome proliferator-activated receptor gamma action. Proc Natl Acad
Sci U S A. 2005; 102:16251-6. [PubMed: 16260719]

Furuya F, Hanover JA, Cheng SY. Activation of phosphatidylinositol 3-kinase signaling by a
mutant thyroid hormone beta receptor. Proc Natl Acad Sci U S A. 2006; 103:1780-5. [PubMed:
16446424]

Ying H, Furuya F, Zhao L, Araki O, West BL, Hanover JA, Willingham MC, Cheng SY. Aberrant
accumulation of PTTG1 induced by a mutated thyroid hormone beta receptor inhibits mitotic
progression. J Clin Invest. 2006; 116:2972—84. [PubMed: 17039256]

Guigon CJ, Zhao L, Lu C, Willingham MC, Cheng SY. Regulation of beta-catenin by a novel
nongenomic action of thyroid hormone beta receptor. Mol Cell Biol. 2008; 28:4598-608.
[PubMed: 18474620]

Chan IH, Privalsky ML. Thyroid hormone receptors mutated in liver cancer function as distorted
antimorphs. Oncogene. 2006; 25:3576-88. [PubMed: 16434963]

Kroll TG, Sarraf P, Pecciarini L, Chen CJ, Mueller E, Spiegelman BM, Fletcher JA. PAX8-
PPARgammal fusion oncogene in human thyroid carcinoma [corrected]. Science. 2000;
289:1357-60. [PubMed: 10958784]

Collingwood TN, Adams M, Tone Y, Chatterjee VK. Spectrum of transcriptional, dimerization,
and dominant negative properties of twenty different mutant thyroid hormone beta-receptors in
thyroid hormone resistance syndrome. Mol Endocrinol. 1994; 8:1262—-77. [PubMed: 7838159]

Herber B, Truss M, Beato M, Muller R. Inducible regulatory elements in the human cyclin D1
promoter. Oncogene. 1994; 9:2105-7. [PubMed: 8208558]

Tetsu O, McCormick F. Beta-catenin regulates expression of cyclin D1 in colon carcinoma cells.
Nature. 1999; 398:422—6. [PubMed: 10201372]

Bassett JH, Harvey CB, Williams GR. Mechanisms of thyroid hormone receptor-specific nuclear
and extra nuclear actions. Mol Cell Endocrinol. 2003; 213:1-11. [PubMed: 15062569]

Kavok NS, Krasilnikova OA, Babenko NA. Thyroxine signal transduction in liver cells involves
phospholipase C and phospholipase D activation. Genomic independent action of thyroid
hormone. BMC Cell Biol. 2001; 2:5. [PubMed: 11312999]

Furuya F, Guigon CJ, Zhao L, Lu C, Hanover JA, Cheng SY. Nuclear receptor corepressor is a
novel regulator of phosphatidylinositol 3-kinase signaling. Mol Cell Biol. 2007; 27:6116-26.
[PubMed: 17606624]

Ringel MD, Hayre N, Saito J, Saunier B, Schuppert F, Burch H, Bernet VV, Burman KD, Kohn LD,
Saji M. Overexpression and overactivation of Akt in thyroid carcinoma. Cancer Res. 2001;
61:6105-11. [PubMed: 11507060]

Miyakawa M, Tsushima T, Murakami H, Wakai K, Isozaki O, Takano K. Increased expression of
phosphorylated p70S6 kinase and Akt in papillary thyroid cancer tissues. Endocr J. 2003; 50:77-
83. [PubMed: 12733712]

Furuya F, Lu C, Willingham MC, Cheng SY. Inhibition of phosphatidylinositol 3-kinase delays
tumor progression and blocks metastatic spread in a mouse model of thyroid cancer.
Carcinogenesis. 2007; 28:2451-8. [PubMed: 17660507]

IUBMB Life. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guigon and Cheng

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63

64.

65.

Page 12

Cao X, Kambe F, Moeller LC, Refetoff S, Seo H. Thyroid hormone induces rapid activation of
Akt/protein kinase B-mammalian target of rapamycin-p70S6K cascade through
phosphatidylinositol 3-kinase in human fibroblasts. Mol Endocrinol. 2005; 19:102-12. [PubMed:
15388791]

Hiroi Y, Kim HH, Ying H, Furuya F, Huang Z, Simoncini T, Noma K, Ueki K, Nguyen NH,
Scanlan TS, Moskowitz MA, Cheng SY, Liao JK. Rapid nongenomic actions of thyroid hormone.
Proc Natl Acad Sci U S A. 2006; 103:14104-9. [PubMed: 16966610]

Neri LM, Borgatti P, Capitani S, Martelli AM. The nuclear phosphoinositide 3-kinase/AKT
pathway: a new second messenger system. Biochim Biophys Acta. 2002; 1584:73-80. [PubMed:
12385889]

Irvine RF. Nuclear lipid signalling. Nat Rev Mol Cell Biol. 2003; 4:349-60. [PubMed: 12728269]
Yoh SM, Privalsky ML. Resistance to thyroid hormone (RTH) syndrome reveals novel

determinants regulating interaction of T3 receptor with corepressor. Mol Cell Endocrinol. 2000;
159:109-24. [PubMed: 10687857]

Hermanson O, Glass CK, Rosenfeld MG. Nuclear receptor coregulators: multiple modes of
modification. Trends Endocrinol Metab. 2002; 13:55-60. [PubMed: 11854019]

Sardi SP, Murtie J, Koirala S, Patten BA, Corfas G. Presenilin-dependent ErbB4 nuclear signaling
regulates the timing of astrogenesis in the developing brain. Cell. 2006; 127:185-97. [PubMed:
17018285]

Salehi F, Kovacs K, Scheithauer BW, Lloyd RV, Cusimano M. Pituitary tumor-transforming gene
in endocrine and other neoplasms: a review and update. Endocr Relat Cancer. 2008; 15:721-43.
[PubMed: 18753362]

Kim CS, Ying H, Willingham MC, Cheng SY. The pituitary tumor-transforming gene promotes
angiogenesis in a mouse model of follicular thyroid cancer. Carcinogenesis. 2007; 28:932-9.
[PubMed: 17127711]

Li X, Lonard DM, Jung SY, Malovannaya A, Feng Q, Qin J, Tsai SY, Tsai MJ, O'Malley BW. The
SRC-3/AIB1 coactivator is degraded in a ubiquitin- and ATP-independent manner by the
REGgamma proteasome. Cell. 2006; 124:381-92. [PubMed: 16439211]

Lonard DM, O'Malley B,W. Nuclear receptor coregulators: judges, juries, and executioners of
cellular regulation. Mol Cell. 2007; 27:691-700. [PubMed: 17803935]

Polakis P. The many ways of Wnt in cancer. Curr Opin Genet Dev. 2007; 17:45-51. [PubMed:
17208432]

Garcia-Rostan G, Tallini G, Herrero A, D'Aquila TG, Carcangiu ML, Rimm DL. Frequent
mutation and nuclear localization of beta-catenin in anaplastic thyroid carcinoma. Cancer Res.
1999; 59:1811-5. [PubMed: 10213482]

Polakis P. Casein kinase 1: a Wnt'er of disconnect. Curr Biol. 2002; 12:R499-R501. [PubMed:
12176352]

Liu J, Stevens J, Rote CA, Yost HJ, Hu Y, Neufeld KL, White RL, Matsunami N. Siah-1 mediates
a novel beta-catenin degradation pathway linking p53 to the adenomatous polyposis coli protein.
Mol Cell. 2001; 7:927-36. [PubMed: 11389840]

Sharma C, Pradeep A, Wong L, Rana A, Rana B. Peroxisome proliferator-activated receptor
gamma activation can regulate beta-catenin levels via a proteasome-mediated and adenomatous
polyposis coli-independent pathway. J Biol Chem. 2004; 279:35583-94. [PubMed: 15190077]
Xiao JH, Ghosn C, Hinchman C, Forbes C, Wang J, Snider N, Cordrey A, Zhao Y, Chandraratna
RA. Adenomatous polyposis coli (APC)-independent regulation of beta-catenin degradation via a
retinoid X receptor-mediated pathway. J Biol Chem. 2003; 278:29954-62. [PubMed: 12771132]

. Fang D, Hawke D, Zheng Y, Xia Y, Meisenhelder J, Nika H, Mills GB, Kobayashi R, Hunter T,

Lu Z. Phosphorylation of beta-catenin by AKT promotes beta-catenin transcriptional activity. J
Biol Chem. 2007; 282:11221-9. [PubMed: 17287208]

Hashimoto K, Curty FH, Borges PP, Lee CE, Abel ED, Elmquist JK, Cohen RN, Wondisford FE.
An unliganded thyroid hormone receptor causes severe neurological dysfunction. Proc Natl Acad
Sci U S A. 2001; 98:3998-4003. [PubMed: 11274423]

Herynk MH, Fugua SA. Estrogen receptor mutations in human disease. Endocr Rev. 2004;
25:869-98. [PubMed: 15583021]

IUBMB Life. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guigon and Cheng

Page 13

66. Heinlein CA, Chang C. Androgen receptor in prostate cancer. Endocr Rev. 2004; 25:276-308.
[PubMed: 15082523]

IUBMB Life. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guigon and Cheng

Page 14

Figure 1. Proposed molecular mechanisms by which TRPPV mediates its oncogenic actions

A- Genomic actions of TRBPV contributing to thyroid (a) and pituitary tumors (b) in
TRBPV/PY mice. (a) TRPPV competes with PPARYy for the binding to PPARY responsive
elements (PPRE) as homodimers or heterodimers with PPARy or RXR, thereby decreasing
PPARYy transcriptional activity to increase cell proliferation and to decrease cell apoptosis in
the thyroid of TRBPV/PY mice. (b) TRBPV interacts with CREB in the promoter of the Cyclin
D1 gene (Ccdnl), leading to the constitutive activation of Cyclin D1 and increased cell
proliferation in the pituitary of TRBPY/PY mice. B- Non genomic actions of TRBPV
contributing to thyroid tumor in TREPY/PY mice. TRBPV physically interacts with other
cellular proteins , thereby altering their activity or abundance. (a) TRBPV physically
interacts with the regulatory subunit of PI3K, p85a, to activate PI3K signaling, thereby
affecting cell proliferation, motility, migration, and apoptosis. TRBPV competes with NCoR
to interact with p85a, but NCoR protein abundance is lower in thyroid cancer of TRpPV/PV
mice than in normal thyroid, thus favoring the physical interaction of TRBPV with p85a,
resulting in overactivation of PI3K signaling. (b) TRBPV physically interacts with PTTG
and inhibits PTTG degradation by protesome pathways, leading to increased PTTG
abundance and inhibition of mitotic progression. (c) TRBPV strongly interacts with p-
catenin, and thereby prevents its degradation by protesome pathways. That leads to p-
catenin accumulation and to increased cell proliferation, cell motility and migration (see text
for detailed explanations).
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Figure 2. Scheme summarizing the genomic and non-genomic actions of a TR mutant in
tumorigenesis

The TRBPV mutant interferes with the transcriptional activity of wild-type TRs, thereby
altering the transcriptional activity of the tumor suppressor PPARY in the thyroid (29,31)
and activating cyclin D1 expression in the pituitary (27). TRBPV also exerts its oncogenic
actions in the thyroid by acting through non-genomic mechanisms involving protein-protein
interaction, thereby leading to PI3K-AKT overactivation (32) and accumulation of PTTG
(33) and B-catenin proteins (34) (see text for detailed explanations).
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