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Context: Traditionally, factors predisposing to diseases are either genetic (“nature”) or environ-
mental, also known as lifestyle-related (“nurture”). Papillary thyroid cancer is an example of a
disease where the respective roles of these factors are surprisingly unclear.

Evidence Acquisition: Original articles and reviews summarizing our current understanding of the
role of microRNA in thyroid tumorigenesis are reviewed and evaluated.

Conclusion: The genetic predisposition to papillary thyroid cancer appears to consist of a variety
of gene mutations that are mostly either of low penetrance and common or of high penetrance
but rare. Moreover, they likely interact with each other and with environmental factors. The
culpable genes may not be of the traditional, protein-coding type. A limited number of non-
coding candidate genes have indeed been described, and we propose here that the failure to
find mutations in traditional protein-coding genes is not coincidental. Instead, a more likely
hypothesis is that changes in the expression of multiple regulatory RNA genes, e.g. microRNAs,
may be a major mechanism. Our review of the literature strongly supports this notion in that
a polymorphism in one microRNAs (miR-146a) predisposes to thyroid carcinoma, whereas nu-
merous other microRNAs are involved in signaling (mainly PTEN/PI3K/AKT and T3/THRB) that
is central to thyroid carcinogenesis. (J Clin Endocrinol Metab 96: 3326 –3336, 2011)

Most thyroid carcinomas originate from thyroid fol-
licular cells and are categorized into well-differ-

entiated papillary thyroid carcinoma (PTC; conventional
or follicular variant) and follicular thyroid carcinoma
(FTC; conventional or oncocytic type). Both PTC and FTC
may progress to poorly differentiated carcinoma or may
completely lose differentiation and proceed to anaplastic
carcinoma. Follicular adenomas are benign thyroid tu-
mors (conventional or oncocytic type). Medullary carci-
noma arises from C cells and accounts for less than 5% of
all thyroid cancers.

Somatic Genetic Changes in Thyroid
Tumors

In the development of PTC, several genetic factors are
involved, including the activation of the MAPK signaling

pathway as a result of point mutations within BRAF (40%
of PTC cases) or RAS (15% of PTC cases, exclusively the
follicular variant) or RET/PTC rearrangement (18% of
PTC cases). These mutually exclusive mutations are asso-
ciated with distinct phenotypic and biological properties
of the tumors (1). Contrary to PTC, FTC is known to
harbor either RAS or phosphatase and tensin homolog
(PTEN) mutations or PAX8/PPAR rearrangements,
which are identified in up to 50 – 80% of FTC tumors
(2). RAS mutations are also found in benign follicular
adenomas, in which progression steps to follicular carci-
noma are poorly understood (2).

Genetic Predisposition

Traditionally, factors predisposing to diseases are either
genetic (“nature”) or environmental, also known as life-
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style-related (“nurture”). Papillary thyroid cancer is an
example of a disease where the respective roles of these
factors are surprisingly unclear. We shall briefly examine
the evidence.

One of the most widely used methods of measuring
genetic predisposition is the case control study. The family
risk ratio is the ratio between the prevalence in the family
members of two cohorts of probands, one with and the
other without the disease phenotype. Case control studies
require large series of well-studied patients and controls
and disease databases such as cancer registries with good
coverage. For cancer, two early studies are summarized in
Table 1. Family risk ratios for first-degree relatives were
calculated for various cancers. Although the ratio for all
cancers was 2.2–3.5, such common cancers as breast,
lung, colorectal, and prostate had ratios mostly in the 2–4
range (3, 4). Only a handful of cancers had values exceed-
ing 4, and thyroid cancer stood out with the highest of all
ratios, 8.5 in Utah and 12.4 in Sweden (5).

This does not automatically mean that the genetic com-
ponent of the predisposition is exceptionally high in thy-
roid cancer. A main reason is that the method does not
correct for the shared environment of family members.
First-degree relatives in particular usually share not only
the environment but also lifestyle. An independent method
to correct for shared environment is the twin study. Here
the co-occurrence of the phenotype in twins is considered
separately for monozygotic and dizygotic twins. The basic
assumption is that twins usually have the same environ-
ment, but monozygotic twins share all their genes whereas
dizygotic twins share only 50%. Thus, the difference in
concordance rates between mono- and dizygotic twins is
a measure of the genetic predisposition. Twin studies re-

quire many twin pairs in which at least one member is
affected. The largest twin study known to us that ad-
dresses cancer is by Lichtenstein et al. (6) from Scandi-
navia (Table 1). Sufficient numbers of twins to ensure
strong results were only available for the most common
cancers, resulting in proportions of variance between 0.42
and 0.26. For thyroid cancer, none of 39 monozygotic
pairs and none of 63 dizygotic pairs were concordant for
thyroid cancer. Although these numbers do not allow any
statistical test, they do not support the notion of an over-
whelming role of genes in the predisposition.

In the studies referred to above, all subtypes of thyroid
cancer were considered. Although PTC accounts for 80–
85% of all thyroid cancer, the medullary form constitutes
some 5% of all, and about one third of medullary thyroid
cancers are caused by germline mutations in the RET gene
that are regularly inherited in a Mendelian fashion. Three
studies address this question (7–9). The results suggest
that the family risk ratio for well-differentiated thyroid
cancer remains high even if medullary carcinoma is ex-
cluded. Further studies in a Swedish series showed the
familiality of thyroid cancer to be by far the highest of all
cancers (10). Finally, large series of cases and controls
were studied in Iceland, where population records allowed
the analysis of up to fifth-degree relatives. Again, thyroid
cancer had one of the highest family risk ratios (11).

Combining the evidence from case control and twin
studies, the conclusion is one of high familiality where
both genes and environmental factors have a major
impact.

Environmental Predisposing Factors

Ionizing radiation from fallout or ingestion of material con-
taminated by radioactive iodine isotopes is highly carcino-
genic to the thyroid. For example, individuals exposed in the
nuclear bombings in Hiroshima and Nagasaki showed
clearly higher thyroid cancer incidence than controls. Like-
wise, the Chernobyl disaster led to an increased incidence of
PTC, mainly or exclusively when the radiation occurred
in infancy or childhood (12, 13). More pertinent to this
discussion is lower level, chronic, or intermittent expo-
sure. There is some evidence that the increased use of
diagnostic methods such as computed tomography scans
is in part responsible for the rising incidence of thyroid
cancer (14).

Although exposure to radioactive irradiation can usually
bemeasuredandmonitored,otherenvironmental factorsare
less well understood. Among these are iodine deficiency,
benign thyroid disease such as Hashimoto’s thyroiditis,
and perhaps a diet low in fiber (15).

TABLE 1. Familiality of selected cancers defined as
family risk ratio derived from studies in Utah (3) and
Sweden (4)

Site

Family risk
ratio Twin study

(proportion of variance)Utah Sweden
Thyroid 8.48 12.42
Testis 8.57 8.50
Multiple

myeloma
4.29 5.62

Prostate 2.21 9.41 0.42
Colorectum 2.54 4.41 0.35
Breast 1.83 2.01 0.27
Lung 2.55 3.16 0.26
All cancers 2.15 3.53

Heritability is defined as proportion of variance from a twin study (6).
�Presentation of the data was adapted and modified from N. Risch,
The genetic epidemiology of cancer: interpreting family and twin
studies and their implications for molecular genetic approaches.
Cancer Epidemiol Biomarkers Prev 10:733–741, 2001 (5), with
permission. © American Association for Cancer Research.�
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Occurrence in Families; Linkage, and
Association Studies

Of all patients with PTC, up to 10% have a family history
of PTC in a first- or second-degree relative. Given that PTC
is not a common cancer [ninth most common cancer in the
United States with 44,670 new patients estimated in 2010
(16)], 10% familiality is relatively high. Of note, in the
great majority of cases, the “familial occurrence” is based
on just one or two cases in addition to the proband.
Pedigrees displaying Mendelian-type inheritance are
conspicuously rare, and large pedigrees with more than
five affected individuals are exceptional. Even in fam-
ilies involving typical Mendelian inheritance, skipping
of generations (nonpenetrance) is common. In terms of
the genetic predisposition to PTC, these facts predict
that more than just a few genes are involved, that their
penetrance is low, and that interaction with environ-
mental factors plays a role.

Are there no high-penetrance Mendelian genes predis-
posing to PTC? One cannot exclude the existence of such
genes, but the facts suggest that if they exist, they are rare.
They might belong to the class termed “common disease,
rare allele” by Bodmer and Bonilla (17). Such genes would
not be detectable by present-day association studies
[which so far are restricted to single nucleotide polymor-
phisms (SNP) that have a greater than 1% frequency of
carriers in the population] and would only be detectable
by linkage in large single families. Linkage analyses in PTC
have resulted in numerous candidate loci (18), but al-
though these have been carefully studied by positional
cloning strategies, no convincing culpable gene has been
found in this way.

Association studies might provide an answer but have
so far not led to definitive results. Gudmundsson et al. (19)
screened a small cohort of nonmedullary thyroid cancer
cases from Iceland and validated the results in a small
series from Spain and a larger series from Ohio. As a result,
alleles at two loci (at 9q22 and 14q13) showed association
with thyroid cancer. Both SNP were located far from
known genes, and further studies into these have not been
published. Because the odds ratios are modest (1.6 and
1.3, respectively) but the statistical evidence is strong, it is
likely that the loci contain genes predisposing to thyroid
cancer with low or ultra-low penetrance.

Conclusions

Taking all the above together, the genetic predisposition to
PTC appears to consist of a variety of gene mutations that
are mostly either of low penetrance and common or of
high penetrance but rare. Moreover, they likely interact

with each other and with environmental factors. The cul-
pable genes may not be of the traditional, protein-coding
type. A limited number of noncoding candidate genes have
indeed been described, such as a large noncoding RNA
gene in chromosome 8q24 (18) and microRNA gene miR-
146a as described below in MicroRNA-associated genetic
predisposition to PTC. Here we propose that the failure to
find mutations in traditional protein coding genes is not
coincidental. Instead, a more likely hypothesis is that
changes in the expression of multiple noncoding RNA
genes, e.g. miR, may be a major mechanism. Misexpres-
sion of miR (in both germline and tumor) probably pri-
marily occurs as a result of a sequence change, as shown
for miR-146a in PTC (20), but also as a result of DNA
copy number alterations and epigenetic changes (21, 22).
The sequence variation of miR-146a affects the processing
and expression of mature microRNA and was linked to the
risk of PTC (20). We describe some of the evidence point-
ing in this direction. In addition, microRNA expression
might be induced by several other mechanisms, includ-
ing BRAF mutation (miR-21) and immune stimulation
(miR-155). It was shown that miR-146a is induced by
nuclear factor �B upon ligation of toll-like receptors
(TLR2, TLR4, or TLR5) as well as stimulation by
TNF-� or IL-1� (23). A possible stimulus for an induc-
tion of the nuclear factor �B pathway in thyroid might
be ionizing radiation, the strongest environmental risk
factor for thyroid cancer.

MicroRNA

MicroRNA (miR) are small (19–25 nucleotides), noncod-
ing RNA molecules that typically function as negative reg-
ulators of the expression of protein-encoding genes (24).
It is speculated that miRs altogether regulate around 30%
of the human genome, which highlights their potential
importance as global regulators of gene expression. miRs
regulate such major processes as development, apoptosis,
cell proliferation, immune response, and hematopoiesis
(25); they also may act as tumor suppressor genes and
oncogenes (26, 27). Mature miRs target and inhibit trans-
lation or promote mRNA degradation by annealing to
complementary sequences in mRNA 3� untranslated re-
gions. Watson-Crick complementarity between the target
and the “seed” region comprising two to eight nucleotides
of the mature miR is both necessary and sufficient for
targeting and regulation of mRNA by miR. The sequence
of this “seed” region is the basis of most genome-wide
predictions of miR binding sites within miR-regulated
genes (28). A SNP located in the crucial “seed” sequence
affects its complementarity to potential target genes de-
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termining the functionality of a miR (29). Individual miR
typically target dozens of mRNA, often encoding proteins
with related functions (30). Therefore, although their in-
hibitory effects on individual mRNA are generally modest,
their combined effects on multiple mRNA can induce
strong biological responses (21, 31, 32).

Discovery of microRNA
Since microRNA were first identified in Caenorhabdi-

tis elegans (33), more than 1048 miR genes have been
described in the human genome (34). The majority of cur-
rently known miR was identified by using traditional mo-
lecular methods, i.e. cloning and sequencing individual
small RNA (35). Sequencing-based applications for iden-
tifying new miRs have been hindered by laborious cloning
techniques and the expense of capillary DNA sequencing
(36, 37). In contrast to capillary sequencing, recently
available next-generation deep sequencing technologies
offer inexpensive increases in throughput in addition to
providing quantitative expression data (38). Novel miRs
aredeposited inmiRBase,whichacts as apublic repository
for microRNAs (39).

MicroRNA expression profiling in thyroid cancer
MicroRNAs were found to be involved in the devel-

opment of several types of human cancers mainly by
abnormal levels of expression of mature miR transcripts
in tumors compared with the corresponding unaffected
tissues (40). MicroRNA expression profiling of human
tumors has identified signatures associated with diagno-
sis, staging, prognosis, and response to treatment (41, 42).
The up-regulation of prooncogenic miRs (e.g. miR-155,
miR-21) or down-regulation of miRs functioning as tu-
mor suppressors (e.g. miR-15a, miR-16) have been
shown to contribute to cancer development (43– 45).

To profile global miR expression, a robust method for
detection of the expression level of each miR in a single
sample is required. The oligo DNA microarray was one of
the first high-throughput platforms that allowed concur-
rent profiling of many miRs (46). Most profiling studies in
thyroid cancers were performed by employing this method
(45, 47–49). He et al. (45) detected preliminary evidence
of a potential role for miRs in PTC. The authors noticed
an overexpression of several miRs in tumor tissue com-
pared with unaffected thyroid tissue. The list of up-regu-
lated miRs (up to 19.3-fold) included miR-146, miR-221/
222, miR-155, miR-34, and miR-181 and was soon
confirmed (47). Tumors in which the up-regulation (11- to
19-fold) of miR-221, -222, and -146 was strong showed
dramatic loss of KIT transcript and Kit protein (target
shared by all three miRs). This down expression was as-
sociated with a SNP in each of the two recognition se-

quences in KIT mRNA for these miRs. The authors con-
cluded that up-regulation of several miRs and altered
inhibition of their targets are involved in PTC pathogen-
esis and that sequence changes in genes targeted by miRs
can contribute to their regulation (45, 47). Different mi-
croRNAs are deregulated in FTC and anaplastic thyroid
carcinoma (48, 49), proving that each type of thyroid can-
cer harbors specific signatures of microRNA expression.
For useful tables summarizing the microRNA expression
profiling in various thyroid samples, see Refs. 50–52.

Diagnostic utility of microRNA
MiRs as a diagnostic tool might be used: 1) to detect an

increased risk of acquiring cancer by studying disease-
associated variations of miR sequences (like miR-146a in
thyroid cancer); 2) to diagnose early-stage cancer by de-
termining miR expression profiles in the blood [like miR-
141 in prostate cancer (53)]; 3) to distinguish tumor from
normal tissue in fine-biopsy specimens by miR expression
profiling (54); and 4) to predict clinical outcome [like in
leukemia (42)].

In the thyroid field, one of the main diagnostic prob-
lems is the assessment of thyroid nodules, which are pal-
pable in 5–7% of adults. Thyroid fine-needle aspiration
biopsy is a widespread method for preoperative evalua-
tion of thyroid nodules, although in up to 20% of cases a
precise diagnosis cannot be obtained by cytological meth-
ods. Most of these patients undergo surgery, and less than
20% of surgically removed nodules are found to be ma-
lignant. Whether determining the expression profiles of
selected miRs might improve the diagnostic accuracy of
fine-needle aspiration biopsy is presently an open ques-
tion. Both promising (55–57) and negative (52) studies
have been published. Larger prospective clinical studies
are still awaited. In a retrospective study, it was shown that
some miRs (miR-221/222 and miR-146b) were associated
with clinically aggressive PTC tumors (58).

Variations in microRNA sequences
Several SNP have been detected within the precursors

of canonical miRs deposited in miRBase (59, 60). At first,
most of them seemed to be examples of “innocent” vari-
ation; however, some soon proved to be of fundamental
functional importance contributing to cancer susceptibil-
ity. That SNP might affect miR maturation was first
shown for a viral miR (61) and for human miR-125a (62).
To what extent sequence variation in miR genes is asso-
ciated with tumorigenesis is a matter of intensive investi-
gation (63, 64).

MicroRNA-associated genetic predisposition to PTC
Endocrinologists were among the first to demonstrate

a role for a miR polymorphism in the predisposition to
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cancer (20). In an effort to elucidate the putative effects of
overexpressed miRs in PTC, the authors sequenced the
genomic DNA of 15 PTC patients and noted a common
G/C polymorphism in miR-146a. The SNP resides at po-
sition �60 relative to the first nucleotide of pre-miR-146a,
placing it in the passenger strand. The rarer C allele causes
mispairing within the hairpin and a lowering of the pre-
dicted minimum free energy (65). The expression of the
pre-miR and mature miR was 2-fold lower in the C allele
compared with the G allele, indicating that this single nu-
cleotide difference significantly alters the amount of ma-
ture miR produced in an allele-specific way (20). It was
also shown that the G/C polymorphism affects both the
efficiency of pri-miR processing and protein binding to the
pre-miR product. This likely affects the stability and/or
efficiency of pre-miR export to the cytoplasm. The reduc-
tion in miR expression led to less efficient inhibition of its
target genes, attesting to the importance of the SNP to the
miR function potentially leading to tumorigenesis (20).

In an association study of 608 PTC patients and 901
controls, a marked difference in genotype distribution
of the miR-146a SNP was found (P � 2.2 � 10�6), the
heterozygous state being associated with risk of PTC
(GC vs. GG � CC, odds ratio � 1.62; P � 7.2 � 10�6).
Moreover, 14 of 300 (4.7%) tumors had undergone
somatic mutations of the SNP sequence from GG or CC
toward heterozygosity, underscoring the role of se-
quence variations in shaping the miR function in thy-
roid cancer (20).

SNP-dependent novel miRs
A fascinating role of miR genetic variations is that they

can create new functional mature miRs by changing the
structure of precursors and/or modifying the sequence of
the “seed regions” responsible for targeting mRNA (66).
The study of miR-146a showed not only that novel mature
miR (marked with an asterisk) are produced from the pas-
senger strand but also that the presence of the SNP gen-
erates two isoforms of the alternative miR: miR-146a*G
from the allele carrying G, and miR-146a*C from the al-
lele carrying C, each with its distinct set of target genes
(29). The SNP located in the crucial seed sequence of miR-
146a* determines its complementarity to potential target
genes affecting the functionality of both isoforms (28). In
a microarray expression study, the transcriptomes of in-
dividual genotypes differed profoundly, with the modu-
lated genes mainly involved in regulation of apoptosis.
This can lead to exaggerated DNA-damage response in
heterozygotes, potentially explaining the predisposition
to thyroid cancer (29, 67). The impact of the passenger
strand microRNAs on regulatory networks is now exten-
sively studied (68, 69).

Subsequent results implicating inherited SNP were re-
ported in breast cancer (70, 71), hepatocellular carcinoma
(72), and chronic lymphocytic leukemia (64). Polymor-
phisms in microRNA and their target sites became a
“gold mine” for molecular pathology and pharmacog-
enomics (63, 73–75).

Next-generation sequencing of the microRNA
transcriptome

The oligo DNA microarray presently used for miR ex-
pression profiling relies on probes designed to detect each
of the currently known reference miR sequences listed in
miRBase (39). The main weakness of this method is that
it does not allow unknown miRs and their expression to be
detected. Next-generation deep sequencing platforms
detect new miRs and at the same time measure their
expression (76). Based on next-generation deep sequenc-
ing data, it was recently reported that for many miRs the
most abundant transcript differs from the canonical se-
quence in miRBase (77, 78). Notably, the data showed that
choosing a different isomiR sequence for measuring miR ex-
pression level could affect the ability to detect differential
miR expression. The read count for the most abundant
isomiR, rather than the miRBase reference sequence, pro-
vides the most robust approach to compare miR expression
between libraries (79). For thyroid carcinomas, the most
abundant isoforms have yet to be reliably determined
for all miRs.

In addition to single nucleotide substitution/insertion/
deletions, the next-generation deep sequencing offers the
potential to detect other variations such as RNA editing
(80) and 3� nucleotide additions (79). In the few hitherto
published studies of deep miR sequencing, miRs fre-
quently exhibited variation from their “reference” se-
quences, producing multiple mature variants, as well as
miR* from the passenger strand. Although it is possible
that isomiR share a common set of targets with the ca-
nonical miR, it is likely that some of them target totally
differentsetsofgenessimilar tothetwoisomiRsderivedfrom
thepassenger strandofpre-miR-146a.Those isomiRs result-
ing from variation at the 5� end may be of particular interest
when they have a seed sequence different from the reference
miR indicating their potential to target different transcripts.
The functional implications of the more widespread 3� mod-
ifications and RNA editing are unclear so far (66).

To further clarify the role of miRs in thyroid tumor-
igenesis, it is crucial to generate a complete dataset of
variations in miRs sequences and to profile the expression
of miR isoforms in thyroid cancer tissues. The introduction
of the next-generation deep sequencing technology facili-
tates the study of the RNA transcriptome of thyroid
cancer on the genome-wide level. Both sequence varia-
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tion and expression levels of small RNA, including
microRNAs, can be analyzed simultaneously. This ap-
proach will lead to the creation of strong comprehensive
datasets that will be important assets when miRs are
developed to serve as diagnostic, preventive, and ther-
apeutic tools.

MicroRNA and PTEN/PI3K/AKT signaling
AKT (protein kinase B) is a central signaling molecule

in the phosphatidyl inositol 3-kinase (PI3K) pathway that
is frequently activated in thyroid cancer, especially in the
follicular subtype (Fig. 1). AKT activation regulates apo-
ptosis, proliferation, and migration in many cell systems
and appears to play an important role in tumor formation
and progression of thyroid carcinomas (81). Enhanced AKT
activity results from increased PI3K activity or reduced ac-
tivity of the PTEN. These events are associated with ad-
vanced tumor size and invasion of both PTC and FTC (81).

It was demonstrated that sporadic FTC are character-
ized by reduced expression of PTEN mRNA and protein

and increased levels of total AKT activity in comparison
with normal thyroid tissue (82, 83). The AKT pathway is
also activated in PTC cases with RET/PTC rearrange-
ments or RAS mutations, but not in BRAF-mutation-pos-
itive cases. Enhanced AKT activation is also present in all
thyroid tumors of Cowden syndrome, an autosomal-dom-
inant multiple hamartoma syndrome in which more than
50% of patients develop thyroid neoplasia.

PTEN expression is repressed by activator protein-1
(AP-1), a known regulator of cell proliferation, apoptosis,
tumor invasiveness, and angiogenesis, and that process is
proposed tobemediatedbymiR-21 (84,85).MicroRNA-21
is a highly relevant tumor-associated microRNA that is
overexpressed in almost all tumors analyzed so far, in-
cluding PTC (45, 47, 86). It was recently shown that
miR-21 is induced by AP-1 (85, 87). In a rat thyroid cell
system, inhibition of miR-21 increased the expression of
PTEN, which led to decreased tumor cell proliferation,
migration, and invasion. The opposite effect was observed

FIG. 1. Regulation of PTEN/PI3K/AKT pathway by microRNAs. Arrows represent positive (green) or negative (red) regulation of the genes.
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when miR-21 expression was enhanced by transfection
with the precursor of miR-21; expression of PTEN and
PTEN-dependent genes like matrix metalloproteases 2
and 9 was diminished, and tumor cell proliferation, migra-
tion, and invasion was enhanced (84, 85). Interestingly,
miR-21 is significantly overexpressed in PTEN mutation-
positive patients with Cowden syndrome (88).

It is reported that in addition, miR-486 is involved in
enhancing PI3K/Akt signaling by repressing the expres-
sion of PTEN and Foxo1a, both negative components of
the pathway (89). In PTC tumors, miR-486 is 5.1-fold
down-regulated compared with unaffected tissue (our un-
published data), which suggests that miR-486 may have a
dual, positive and negative impact on the Akt-signaling
pathway. Indeed, miR-486 is predicted to target positive
regulators of the Akt-signaling pathway, including IGF-I
and p85�. Negative regulation of IGF-I and p85� by miR-
486 would be predicted to counteract the positive influ-
ence on the PI3K/Akt-signaling pathway via inhibition of
PTEN and Foxo1a (89).

Activated AKT is exported from the nucleus via inter-
actions with chromosome region maintenance protein-1;
the process is inhibited by AKT coactivating protein T-cell
leukemia/lymphoma 1 (Tcl1) (90). Subcellular localiza-
tion of AKT isoforms is a potentially important determi-
nant of biological effects, as noted in the case of T-cell
leukemias caused by TCL1 gene rearrangements leading
to nuclear AKT accumulation and malignant transforma-
tion (90). Interestingly, the expression of Tcl1 is regulated
by miR-29 and miR-181, the latter being 2-fold overex-
pressed in papillary thyroid tumors (45, 91). Cytoplasmic
relocalization is also crucial for p27(Kip1), a key regulator
of the cell cycle, that is inhibited by an activated AKT
pathway (92–94). As shown recently p27(Kip1) is also
inhibited by miR-221/222. These two miR are up-reg-
ulated (5-fold) in PTC, which leads to reduction in the
protein level of p27(Kip1) in PTC tumors (95). Rapid
activation of PI3K/AKT signaling by thyroid hormones
creates a link between PTEN/PI3K/AKT signaling and
the thyroid hormone receptor � (96).

MicroRNA and the thyroid hormone receptor �

(THRB) tumor suppressor gene
The role of the THRB in tumorigenesis has been studied

extensively. A mutant knock-in mouse (TR�PV) with a
truncated THRB receptor has been generated (97). As
TR�PV/PV mice age, they spontaneously develop thyroid
carcinomas with a pathological progression similar to hu-
man follicular thyroid cancer (98). Growth stimulated by
TSH, elevated in TR�PV mice, is a prerequisite but not
sufficient factor for cancer to occur (99). Enhanced AKT
activation was shown in primary and metastatic tumor

tissue of TR�PV/PV animals (100). Hemizygous mice with
one mutated THRB allele in the absence of the wild-type
allele (TR�PV/� mouse) also develop thyroid carcinoma.
Thus, a mutation of one THRB allele in the absence of the
wild-type allele is sufficient to induce thyroid carcinoma.
Loss of function of THRB alleles might occur as a result of
somatic mutation or hypermethylation, as reported in
liver cancer (101), kidney cancer (102), breast cancer
(103), and thyroid cancer (104). A recent study showed
that up-regulation of miR might well be an important
mechanism of silencing of THRB (105). Interestingly, the
3� untranslated region of THRB contains 14 binding sites
for the top seven miR up-regulated in PTC (Fig. 2). Four
of them (miR-221, miR-146a, miR-21, and miR-181a)
were experimentally tested and proved to inhibit THRB
mRNA and protein leading to the inhibition of T3-THRB-
dependent genes (105). The THRB gene also is inhibited
by miR-204 (106), which is highly deregulated in PTC
(4-fold down-regulation). Down-regulation of miR-204
as opposed to up-regulation of other THRB-regulating
miR suggests a highly complex T3-THRB-microRNA reg-
ulatory circuit in PTC.

Summary

We outline in the introductory section why the strong ge-
netic predisposition displayed by thyroid cancer may be

Target genes

miR-31
192 genes

let7i
616 genes

miR-181
217 genes

miR-650
217 genes

miR-21
186 genes

miR-34
248 genes

miR-146
116 genes

miR-221
252 genes

THRB

FIG. 2. Target genes of microRNA deregulated in PTC tumors. The top
seven microRNA up-regulated in PTC contain binding sites for the
same one gene, namely THRB, as predicted by TargetScan software
(P � 0.0000002). The size of every sector of the circle graph reflects
the number of genes predicted to be regulated by a given microRNA.
[Reproduced from K. Jazdzewski et al.: Thyroid hormone receptor �
(THRB) is a major target gene for microRNAs deregulated in papillary
thyroid carcinoma (PTC). J Clin Endocrinol Metab 96:E546–E553, 2011
(105), with permission. © The Endocrine Society.]
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due to low- or medium-penetrance gene mutations and
predict that RNA genes such as miR may play a major role.
Our review of the literature strongly supports this notion
in that a polymorphism in one miR (miR-146a) predis-
poses to thyroid carcinoma, whereas numerous other miR
are involved in signaling (mainly PTEN, PI3K, AKT) that
is central to thyroid carcinogenesis. For thyroid carcino-
mas, the most abundant sequence variants have yet to be
determined for all miR, and next-generation deep se-
quencing platforms seem to be a reliable method for that
purpose.
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