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Simple Summary: Alterations to human proteins following their production can result in changes to
their function. In cancers specifically, these post-translational modifications (PTMs) have implications
for the way in which tumors develop and progress. While most of the previous research in thyroid
cancer biology has focused on gene expression, several studies have investigated PTMs and their roles
in tumorigenesis, diagnosis, and treatment. Here, we review recent studies related to phosphorylation,
acetylation, methylation, ubiquitination, sumoylation, glycosylation, and succinylation in human
thyroid cancers. Knowledge of these various protein modifications may help to improve current
diagnostics and therapeutics as well as the development of novel treatments for thyroid cancer.

Abstract: There is evidence that posttranslational modifications, including phosphorylation, acetyla-
tion, methylation, ubiquitination, sumoylation, glycosylation, and succinylation, may be involved
in thyroid cancer. We review recent reports supporting a role of posttranslational modifications
in the tumorigenesis of thyroid cancer, sensitivity to radioiodine and other types of treatment, the
identification of molecular treatment targets, and the development of molecular markers that may
become useful as diagnostic tools. An increased understanding of posttranslational modifications
may be an important supplement to the determination of alterations in gene expression that has
gained increasing prominence in recent years.

Keywords: protein; post-translational modifications; thyroid cancer; acetylation; methylation;
ubiquitination; sumoylation; glycosylation; succinylation

1. Introduction

Although altered gene expression in thyroid cancer has been documented in a large
number of studies, less attention has been paid to posttranslational modifications (PTMs).
This may seem surprising because, just as changes in gene expression are important,
modifications of the gene products and the roles they play in the regulation of tumor
biology are equally, or maybe even more, important.

PTMs can alter the function of proteins in a multitude of ways and may be involved
in the development and aggressiveness of many human cancers [1,2]. Recent studies
suggest that PTMs, including phosphorylation, acetylation, methylation, ubiquitination,
sumoylation, glycosylation, and succinylation, may also be involved in thyroid cancer [3,4].
An increased awareness of PTMs in thyroid cancer is important for several reasons. First,
it may provide an increased understanding of the tumorigenesis involved in malignant
thyroid tumors [5]. Second, it can help us understand how some advanced cancers become
resistant to radioiodine and other nonsurgical treatments [6]. Third, identifying proteins
and how they are modified can be helpful in finding new therapeutic targets [7]. Finally,
defining PTMs in thyroid tumors may be useful in the diagnosis of thyroid nodules when
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cytology, imaging, and genetic testing are not sufficient to advise patients about different
therapeutic options [8].

In the present report, we describe some of the PTMs that have been implicated in
thyroid cancer. The review mainly targets physicians involved in the care of patients
with thyroid tumors, including endocrinologists, endocrine surgeons, nuclear medicine
specialists, pathologists, and cytologists. Scientists involved in basic research on PTMs in
cancer will find more in-depth information elsewhere.

2. Ubiquitination

The ubiquitin system for the regulation of protein degradation was discovered more than
40 years ago [9] and has been extensively studied and reviewed in detail elsewhere [10,11]. In
short, the addition of one or several ubiquitin molecules to a protein marks it for degradation
by the 26S proteasome in the cytoplasm. The ubiquitination (also called ubiquitylation or
ubiquitinylation) of a substrate protein is a complex and highly regulated process, in which
ubiquitin is attached to one or several lysine residues of the target protein. The process
is controlled by three sets of enzymes: E1s (ubiquitin activating enzymes), E2s (ubiquitin
conjugating enzymes), and E3s (ubiquitin ligases). The ubiquitinated protein is inserted into
the 26S proteasome and degraded into peptides that are further digested by the lysosome,
ultimately resulting in free amino acids.

In addition to ubiqutination, the removal of ubiquitin from the substrate, deubiquiti-
nation, also influences the levels of ubiquitinated proteins in the cell [12]. Deubiquitination
is also a highly regulated process controlled by a set of deubiquitinating enzymes. More
detailed information about the ubiquitin system is beyond the scope of the present report
but has been published elsewhere [10,11].

Although the regulation of protein degradation was initially believed to be the major
role of the ubiquitin system, subsequent studies have provided evidence that ubiquitination
can alter several protein functions independent of proteolysis, such as protein trafficking,
cellular localization, and protein–protein interactions [13].

The ubiquitination of proteins plays important roles in the biology of virtually all
the cells and tissues in the body. Studies suggest that ubiquitination is involved in the
tumorigenesis of many human cancers [14,15], including thyroid cancer [16]. Here, we
briefly discuss some recent reports supporting the notion of a role of ubiquitination in
thyroid malignant tumors.

2.1. Ubiquitination and Proteasomal Degradation of the Tumor Repressor PCBP1 Are Increased in
Thyroid Cancer

Poly r(C)-binding protein (PCBP) 1 functions as a tumor repressor in many human
cancers [17–19], including thyroid cancer [20]. In recent experiments, Zhang et al. [21] found
evidence that the function of PCBP1 in thyroid cells reflects the abundance of the protein
and that the PCBP1 levels are regulated by ubiquitin-dependent degradation. Supporting
this concept, PCBP1 levels are reduced in cultured cells from thyroid cancers compared
to cells from normal thyroid tissue. Additionally, degradation by the 26S proteasome of
polyubuiquitinated PCBP1 was observed in thyroid cancer cells. When different ubiquitin
ligases were silenced or overexpressed in cultured thyroid cells, the ubiquitination of PCBP1
was regulated by the ubiquitin ligase UBE4A. Taken together, the results reported by
Zhang et al. [21] support a model in which increased UBE4A activity resulted in the
ubiquitination and destruction of the tumor suppressor PCBP1 in thyroid cancer.

Importantly, when in the same report [21] studies were performed on tumor and
normal adjacent thyroid tissue from patients undergoing thyroidectomy for cancer, some
patients had particularly high levels of UBE4A combined with reduced PCBP1 levels in
the cancer; these patients had a less favorable clinical outcome than the patients with less
pronounced changes in UBE4A and PCBP1 levels. From their observations, the authors
concluded that UBE4A-regulated ubiquitination and degradation of PCBP1 may be in-
volved in the tumorigenesis of thyroid cancer. They also proposed that UBE4A may be
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considered a tumor promoter in thyroid cancer, the levels and activity of which may be
used as a prognostic factor for patients with thyroid cancer.

2.2. The Activity of the Ubiquitin Ligase Smurf1 and Ubiquitin-Dependent Degradation of the
Tumor Suppressor Kisspeptin-1 Are Increased in Thyroid Cancer

Further evidence for the role of protein ubiquitination in thyroid cancer was reported
by Yan et al. [22]. In recent experiments, they found that the expression of the ubiquitin
ligase Smad ubiquitination regulatory factor 1 (Smurf1) was increased in tumor tissue
compared with normal adjacent thyroid tissue in patients undergoing thyroidectomy for
cancer. A similar pattern was observed in human thyroid cancer cell lines.

In additional experiments, the overexpression of Smurf1 in cultured thyrocytes stim-
ulated migration, invasion, and proliferation of the cells, suggesting that Smurf1 may be
involved in thyroid cancer aggressiveness. Because previous studies suggested that the ex-
pression of the tumor suppressor Kisspeptin-1 was downregulated in thyroid cancer [23,24]
and that the downregulation or absence of Kisspeptin-1 was involved in thyroid tumori-
genesis, invasion, and metastasis [25], the authors next examined whether the increased
Smurf1 expression may be involved in downregulated Kisspeptin-1 expression.

When cultured thyroid cancer cells were transfected with Smurf1, Kisspetin-1 protein
levels declined in a dose-dependent fashion. In the same cells, the ubiquitination of
Kisspeptin-1 increased, and when cells were treated with the proteasome inhibitor MG-
132, the levels of ubiquitinated Kisspeptin-1 increased substantially. Taken together, these
results suggest that Smurf1 ubiquitinates Kisspeptin-1, leading to its proteasome-dependent
degradation. In additional experiments, the results showed that the overexpression of
Kisspeptin-1 inhibited the migration, invasion, and proliferation of cultured thyroid cancer
cells, lending support to the notion of the role of Kisspeptin-1 as a tumor repressor in
thyroid cancer.

Overall, the results reported by Yan et al. [22] support a model in which the develop-
ment of thyroid cancer may at least in part be regulated by Smurf1-induced ubiquitination
and the degradation of the tumor suppressor Kisspeptin-1.

2.3. Ubiquitin-Dependent Degradation of VEGFR2 Decreases Angiogenesis and Aggressiveness of
Poorly Differentiated PTC

Although the studies described above suggest that the ubiquitination and degradation
of some proteins (PCBP1 and Kisspeptin-1) may increase the aggressiveness of thyroid
cancer, the same molecular mechanisms may reduce the aggressive features of thyroid
cancers under certain circumstances. The opposite effects of ubiquitination depend upon
which specific protein(s) are ubiquitinated and degraded. When tumor repressors are
degraded it is, of course, expected to that increased tumor aggressiveness will be observed,
whereas the opposite is expected if a protein acting as a tumor promoter is ubiquitinated
and destructed.

Angiogenesis is increased in many human cancers [26,27], in part reflecting the in-
creased expression of the VEGF receptor 2 (VEGFR2). VEGFR2 is the main receptor trans-
mitting VEGF signals and many cancers, including thyroid cancer, have elevated levels
of VEGF2R [28–30]. VEGFR2 promotes angiogenesis and tumor growth by stimulating
endothelial cell proliferation and migration.

Shaik et al. [31] examined the mechanisms that may regulate VEGFR2 expression
in thyroid cancer. In experiments performed in a human thyroid cancer cell line, the
cellular abundance of VEGFR2 was regulated by its degradation. Additional experiments
showed that the degradation of VEGFR2 was regulated by its ubiquitination and that the
ubiquitination in turn was governed by the E3 ligase Skip1-Cullin1-F-box [SCF(β-TRCP)].

Because the ubiquitination of proteins may be influenced by phosphorylation and
because the multi-tyrosine kinase inhibitor sorafenib has been used in the treatment of
aggressive thyroid cancers [32], experiments were performed to examine whether a ki-
nase may be involved in the ubiquitination of VEGFR2 in thyroid cancer cells [31]. By
using different kinase inhibitors, it was found that the SCF(β-TRCP)–ubiquitin-dependent
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degradation of VEGFR2 was regulated by casein-kinase1 (CSK1). Together, the results
suggested that the expression of VEGFR2 in human thyroid cancer cells is regulated by a
CSK1-SCF(β-TRCP)-ubiquitin-dependent mechanism.

In order to test whether the manipulation of VEGFR2 levels has tumorigenic conse-
quences, Shaik et al. [31] performed additional experiments in which angiogenesis, cell
migration, and invasiveness were assessed in a complex set of in vitro experiments. The
results from these experiments indicated that CSK1-SCF(β-TRCP)-ubiquitin-dependent
degradation of VEGFR2 decreases angiogenesis and endothelial and thyroid cancer cell
migration and invasiveness.

Studies have shown that the tyrosine kinase inhibitor sorafenib may induce only
a partial response in some patients with aggressive and metastatic forms of thyroid
cancer [32,33]. In order to examine whether sensitivity to sorafenib may correlate with
VEGFR2 levels in thyroid cancer cells, Shaik et al. [31] treated cultured human cancer
cells expressing different levels of VEGFR2 with different concentrations of sorafenib. The
results indicated that cells with high VEGFR2 levels had increased sensitivity to sorafenib.
Based on these observations, the authors speculated that thyroid cancer patients with low
tumor levels of β-TRCP (resulting in high levels of VEGFR2) may respond more favorably
to treatment with sorafenib, and perhaps other tyrosine kinase inhibitors as well.

Overall, the results in the study by Shaik et al. [31] suggest that reduced CSK1-SCF
β-TRCP-dependent ubiquitination may lead to high VEGFR2 levels and angiogenesis in
thyroid cancer. In addition, the results suggest that the improved response to sorafenib
treatment seen in some patients may reflect high VEGFR2 expression and that the expres-
sion of VEGFR2 may be used as a biomarker that may help select patients for treatment
with sorafenib.

It should be noted that although the elegant in vitro experiments performed by
Shaik et al. [31] support the concept that ubiquitin-dependent degradation of VEGFR2 de-
creases the aggressiveness of thyroid cancer by suppressing angiogenesis and the migration
of the cancer cells, it will be important in future studies to determine whether the same
molecular and cellular mechanisms are involved in patients with thyroid cancer.

2.4. Ubiquitin Staining May Help Differentiate PTC from NIFTP

In recent years, it has become clear that the noninvasive follicular variant of thy-
roid neoplasm with papillary-like nuclear features (NIFTP) clinically behaves like a non-
malignant tumor and that thyroid lobectomy, rather than total thyroidectomy, is sufficient
in most patients with this diagnosis [34]. Therefore, studies have been performed recently
in attempts to identify methods to diagnose NIFTP preoperatively, which would help coun-
sel patients regarding the extent of surgery, particularly when presenting with a thyroid
nodule and fine-needle aspiration cytology suspicious for malignancy [35,36]. Although
certain cytomorphological and ultrasonographic features, as well as genetic alterations,
may raise the suspicion that a thyroid nodule harbors a NIFTP rather than a cancer [37,38],
none of the characteristics examined so far have been able to discriminate between NIFTP
and PTC with high accuracy.

One of the cytomorphological features that have been used to differentiate NIFTP
from PTC is the presence of nuclear pseudoinclusions [34]. True nuclear pseudoinclusions
represent redundant nuclear membrane present in malignant thyroid cells, similar to the
mechanism of the formation of nuclear grooves in PTC [39]. A true nuclear pseudoinclusion,
therefore, contains cytoplasm that in its composition matches the cytoplasm peripheral
to the nucleus. The pseudoinclusions are typically surrounded by a clear, sharp nuclear
membrane and are usually present only in a few cells in PTC and limited to one per nucleus.
This is different from artifactual pseudo-pseudoinclusions, which are often multiple per
nucleus and poorly demarcated, and frequently occur in a high percentage of cells [40].

The quality and frequency of pseudoinclusions required for a diagnosis of NIFTP are
unclear. Initially, they were described as “few” [34,41], but more recent stringent criteria do
not allow for any [42,43]. The confusion with regards to the presence of pseudoinclusions
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for the diagnosis of NIFTP may also reflect some of the difficulties in differentiating true
pseudoinclusions from pseudo-pseudoinclusions.

In a recent study by Cracolici et al. [44], the interesting observation was made that the
cytoplasm in true nuclear pseudoinclusions is always positive for ubiquitin immunostain-
ing, whereas pseudo-pseudoinclusions do not exhibit ubiquitin immunostaining. From
these observations, the authors proposed that ubiquitin immunostaining may be used to
differentiate true pseudoinclusions from pseudo-pseudoinclusions and that, when using
this criterion for true pseudoinclusions, their presence may be used to exclude NIFTP.

Although the study by Cracolici et al. [44] did not define which cytoplasmic proteins
in the pseudoinclusions were ubiquitinated or the function and biological role of the ubiq-
uitinated proteins, the observations may be of clinical importance in helping differentiate
NIFTP from PTC. This would be particularly helpful in patients presenting with a Bethesda
V or VI nodule and in whom the extent of surgery (i.e., lobectomy vs. total thyroidectomy)
may be influenced by the degree of suspicion that the nodule is NIFTP rather than cancer.
It will be important in future studies to determine whether ubiquitin immunostaining can
be used in cytological specimens after the fine needle aspiration of thyroid nodules to make
the diagnosis of NIFTP. The potential to diagnose NIFTP preoperatively may prevent the
overtreatment of some patients who have cytology that is suspicious for cancer (Bethesda
V), a cytology classification that has commonly prompted total upfront thyroidectomy in
many patients [35,36,45].

3. Sumoylation

Small ubiquitin-like modifier (SUMO) proteins resemble ubiquitin. Humans have
four SUMO isoforms, SUMO 1–4. Sumoylation, the enzymatic attachment of a SUMO
molecule to one or several lysine residues of a target protein, results in posttranslational
modification that influences protein stability, cellular localization (protein trafficking),
and the function of transcription factors. In contrast to ubiquitin, SUMO does not mark
proteins for degradation. Protein sumoylation and its role in human disease were reviewed
recently [46].

The sumoylation of proteins is regulated in a similar fashion to ubiquitination by three
distinct sets of enzymes: E1 enzymes activate SUMO; E2 enzymes are SUMO-conjugating
enzymes; and E3 enzymes are SUMO ligases, regulating the actual attachment of SUMO to
the target protein. As with the ubiquitin system, SUMO can be removed from the substrate
by a set of desumoylation enzymes.

There is evidence that sumoylation may be involved in the tumorigenesis of various
cancers [47], including thyroid cancer [48–51]. Here, we review studies providing evidence
for the role of sumoylation in thyroid cancer.

3.1. Decreased Nuclear Levels of Sumoylated PDGF-C in Thyroid Cancer

Platelet-derived growth factor-C (PDGF-C) belongs to a superfamily of growth factors
that are involved in the stimulation of the growth, angiogenesis, and tumorigenesis of vari-
ous cancers [52,53]. In recent studies, it was reported that the nuclear levels of sumoylated
PDGF-C were reduced in thyroid cancer cells as compared with normal thyroid cells [48].
The results were interpreted as being consistent with inhibited sumoylation of the growth
factor in thyroid cancer, although increased desumoylation may have been involved as
well. Regardless, the researchers speculated that the reduced levels of sumoylated PDGF-C
may be involved in the tumorigenesis in thyroid cancer.

3.2. Sumoylation Inhibits the Tumor Suppressor CCDC6 in Thyroid Cancer Cells by Reducing Its
Interaction with the Transcription Factor CREB-1

CREB is a transcription factor involved in many cellular responses, such as prolifera-
tion, survival, and differentiation. After nuclear translocation, the 65 kDa phosphoprotein
CCDC6 interacts with and inhibits the transcription factor CREB-1, resulting in transcrip-
tional repression. CCDC6 may therefore act as a tumor repressor [54].
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In recent studies, evidence was found that the tumor-suppressive (pro-apoptotic)
effects of CCDC6 were influenced by sumoylation [50]. The attachment of SUMO2 to
CCDC6 resulted in the sequestration of CCDC6 in the cytoplasm of cultured thyrocytes and
a downregulation of its interaction with CREB-1. Therefore, the sumoylation of CCDC6
resulted in the reduced inhibition of CREB-1 allowing for increased CREB-1 dependent
transcriptional activity and cellular proliferation. Taken together, the results indicate that
the sumoylation of the tumor repressor CCDC6 may be a factor involved in thyroid cancer,
providing an additional mechanism of sustained neoplastic growth.

3.3. SUMO Inhibitors May Offer a Novel Approach to the Treatment of Anaplastic Thyroid Cancer

Anaplastic thyroid cancer is one of the most aggressive human cancers. Although
it is rare, accounting for only 1–2% of thyroid cancers, it causes 30–50% of all thyroid
cancer-specific deaths [55].

The results from recent experiments in anaplastic thyroid cancer cell lines suggest that
the dedifferentiation of papillary thyroid cancer into anaplastic thyroid cancer is caused
at least in part by the sumoylation of the transcription factor TFAP2A [49]. The sumoyla-
tion of TFAP2A results in altered patterns of gene expression associated with anaplastic
thyroid cancer.

As an extension of their experiments in cultured anaplastic thyroid cancer cells, the
authors also tested the effects of two SUMO inhibitors, PYR-41 and anacardic acid, in
mice harboring a tumor mimicking anaplastic thyroid cancer [49]. Treatment with SUMO
inhibitors reduced tumor size and significantly improved tumor-free survival among the
tumor-bearing mice. Although the results from these experiments need to be interpreted
with caution, since they were generated in cultured cell lines and mice, they point towards
the possibility that the outcome in patients with anaplastic thyroid cancer may be im-
proved by inhibiting the PTM of a transcription factor involved in the pathogenesis of this
dreadful disease.

4. Acetylation

Protein acetylation is regulated by histone acetyltransferase (HAT) and histone deacety-
lase (HDAC) activities. The HAT and HDAC enzymes catalyze the acetylation and deacety-
lation, respectively, of lysine residues in histones as well as other proteins. The acetylation
and deacetylation of histones play important roles in gene transcription and are the most
widely studied aspects of these posttranslational modifications [56,57]. Histones are the
main protein components of chromatin and serve as the “spools” around which DNA is
organized. Histone acetylation transforms the chromatin into a more “relaxed” config-
uration, promoting the increased access of transcription factors to DNA and increased
gene transcription. By contrast, deacetylation results in transcriptional deactivation (gene
silencing) by wrapping DNA more tightly around the histone and decreasing the access of
transcription factors to the DNA.

In addition to histones, the function of many other cellular proteins is also influenced
by acetylation and deacetylation [58]. Acetylation may control the functions of proteins
either directly or indirectly by affecting the stability of the proteins. The acetylation of tran-
scription factors and nuclear cofactors may regulate transcriptional activity independently
of histone acetylation [59].

The regulation of acetylation and deacetylation is complex, with multiple classes of
HATs and HDACs having been described [60]. Members of the different classes of HATs and
HDACs perform specific functions by targeting different histones and other proteins and
by binding to different lysine residues. Previous reports suggest that protein acetylation is
involved in many human diseases, including inflammatory diseases [61], heart diseases [62,63],
muscle wasting [64,65], and neurological disorders [66]. Importantly, there is evidence that
acetylation and deacetylation are involved in multiple human cancers [67,68], including
thyroid cancer [69–71].
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4.1. Histone Acetylation Is Differentially Regulated in Different Types of Thyroid Tumor

In a recent study, Puppin et al. [69] examined the levels of acetylated histones in
different thyroid tumors (follicular adenoma, PTC, follicular thyroid cancer (FTC), and
undifferentiated thyroid cancer) and in normal thyroid tissue from patients undergoing
thyroidectomy. Antibodies specific for acetylated lysine residues in H3 and H4 histones
were used for immunohistochemistry and the levels of acetylated histones were determined
by using a semi-quantitative scoring system. The authors found that the levels of acetylation
were specific for different lysine residues in the different histones and varied between the
tumors. For example, the levels of H3 acetylated at lysine residues 9–14 were increased
in all types of tumor compared with the levels in normal thyroid tissue, whereas the
acetylation of lysine residue 18 in the H3 histone was increased in follicular adenomas,
PTC, and FTC, but not in undifferentiated thyroid cancer. The level of acetylated lysine 12
in the H4 histone was increased in follicular adenomas but was unchanged in PTC, FTC,
and undifferentiated thyroid cancer.

The observations reported by Puppin et al. [69] are important because they support the
concept that changes in the levels of acetylated histones may be involved in the tumorigen-
esis of thyroid tumors. It will be important in future studies to determine whether similar
specific profiles of acetylated histones in different thyroid tumors may be identifiable in fine
needle aspiration cytology specimens increasing the accuracy of the diagnosis of thyroid
nodules without the need for surgery and histopathology.

4.2. Treatment of Thyroid Cancer with HDAC and HAT Inhibitors

In a recent report by Russo et al. [70], preclinical studies of HDAC inhibitors in cultured
thyroid cancer cells and studies in patients with thyroid cancer were reviewed. In these
reports, drugs that inhibit multiple classes of HDACs, as well as more specific HDAC
inhibitors, were examined. The studies were important in light of other accounts indicating
that HDAC activity is increased in various types of thyroid cancer [72].

Experiments in cultured thyroid cancer cells indicate that the inhibitors of HDACs
can exert anti-proliferative and re-differentiating effects in poorly differentiated cancers,
suggesting that HDACs may be potential molecular targets in the treatment of thyroid
cancer. However, in the review by Russo et al. [70], the authors concluded that HDAC
inhibitors “are emerging as very promising drugs for this purpose,” and that controlled
clinical studies are needed to support a role of HDAC inhibitors in patients with thyroid
cancer and who need more advanced treatment in addition to surgery and radioiodine.

Because the levels of acetylated histones and other proteins are influenced by both
HDACs and HATs, other studies have focused on the effects of HAT inhibitors [73]. Several
drugs can inhibit HAT activity, including curcumin, garcinol, anacardic acid, and bisub-
strate inhibitors. Although preclinical studies of these compounds have provided promising
results, future studies will have to determine the potential value of HAT inhibitors in the
treatment of patients with advanced thyroid cancer.

The fact that both HDAC inhibitors (increasing levels of acetylated proteins) and HAT
inhibitors (decreasing levels of acetylated proteins) are being pursued as potential drugs to
treat thyroid cancer reflects the complexity of the mechanisms involved in the regulation of
the acetylation and deacetylation of histones and other proteins in thyroid cancer. It will
probably take many years to definitively answer the question of whether manipulating
the levels of acetylated histones and other proteins may be useful in the treatment of
thyroid cancer.

5. Phosphorylation

Phosphorylation (attachment of a phosphoryl group to amino acids within a protein) is
one of the most extensively studied posttranslational modifications. It has been calculated
that about a third of all the proteins in eukaryotes are phosphorylated [74], illustrating the
huge impact of this posttranslational modification can have in cell biology.
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Phosphorylation has far-reaching effects on cellular functions, not only because it
can influence the stability and function of the target protein itself, but also because it
can regulate and interact with other posttranslational modifications, allowing multiple
layers of complexity in the regulation of cellular function. Phosphorylation is involved
in the regulation of gene expression, protein stability, and protein–protein interactions.
Recent studies have demonstrated that the perturbed phosphorylation of proteins plays
important roles in cancer development, at least in part reflecting changes in cell growth
and differentiation [75,76].

Protein phosphorylation is regulated by kinases, transcribed by over 500 kinase-
encoding genes, and by nearly 200 phosphatase-encoding genes, which dephosphorylate
phosphoproteins. The cellular levels of phosphorylated proteins thus reflect the balance
between kinase and phosphatase activities [77]. Although nine different amino acids may
be phosphorylated, the most commonly phosphorylated are threonine, serine, and tyrosine.
Among different kinases, tyrosine kinases play the most important role in different types of
cancer, including thyroid cancer [76].

The complexity of protein phosphorylation is illustrated by the fact that multiple sites
in a protein can be phosphorylated by the same kinase or by multiple kinases. In addition,
proteins can undergo multiple posttranslational modifications regulated by the interaction
between different mechanisms, for example phosphorylation and ubiquitination, and
phosphorylation and glycosylation (addition of O-linked N-acetylglucosamine (GlcNAc) to
Ser/Thr residues) [78].

5.1. The MAPK and PI3K-Akt Signaling Pathways in Thyroid Cancer

The role of the mitogen-activated protein kinase (MAPK) signaling pathway in thyroid
tumorigenesis is well established [79]. In addition to mitogens, the pathway can also be
regulated by cytokines and apoptotic signaling. The mechanisms involved in the MAPK
signaling pathway and its influence on thyroid tumorigenesis are summarized in Figure 1.

In short, the activation of BRAF-V600E results in downstream phosphorylation and
activation of ERK (extracellular signal-regulated kinase) which, after nuclear translocation,
upregulates tumor-promoting genes and downregulates tumor-suppressor genes. The
activation of BRAF-V600E also results in phosphorylation of the inhibitor of kappa B (IκB)
leading to its ubiquitin-proteasome-dependent degradation and the release of NF-κB that
can now translocate to the nucleus and upregulate tumor-promoting and anti-apoptotic
genes. Concomitantly, BRAF-V600E inhibits the phosphorylation of the transcription factor
FOXO3, resulting in the reduced pro-apoptotic activity of FOXO3.

Taken together, the mechanisms described in Figure 1 act in concert to stimulate
thyroid cell growth and proliferation, tumorigenesis, and the progression of thyroid cancer.

The phosphorylation and activation of protein kinase B (Akt) is an additional im-
portant mechanism of thyroid tumorigenesis [3,79,80]. The most common mechanism of
Akt phosphorylation is the one regulated by phosphatidylinositol 3-kinase (PI3K). The
mechanisms of the PI3K-Akt signaling pathway in thyroid tumorigenesis are summa-
rized in Figure 2. Phosphorylated Akt translocates to the nucleus and activates tumor-
promoting genes. While still in the cytoplasm, phosphorylated Akt can also increase the
phosphorylation of GSK-3β, which allows β-catenin to enter the nucleus and upregulate
tumor-promoting genes. Finally, nuclear phosphorylated Akt can phosphorylate FOXO3,
resulting in its export out of the nucleus and a decrease in its downregulation of proapop-
totic genes. Thus, the activation of the PI3K-Akt signaling pathway stimulates thyroid
tumorigenesis through at least three pathways, i.e., the nuclear translocation of β-catenin
and phosphorylated Akt and the expulsion of phosphorylated FOXO3 from the nucleus.
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Figure 1. The MAPK and related pathways in thyroid cancer. Shown in the (middle) of the figure
is the classical MAPK pathway leading from an extracellular mitogenic stimulus that activates a
receptor tyrosine kinase (RTK) in the cell membrane, to RAS, RAF (shown as BRAF-V600E), MEK and
ERK. ERK enters the nucleus where it upregulates tumor-promoting genes and downregulates tumor
suppressor genes and thyroid iodide-handling genes. On the (left) side of the figure is the nuclear
factor-κB (NF-κB) pathway, in which extracellular stimuli activate the pathway, leading to activation
of the inhibitor of κB (IκB) kinase (IKK), resulting in the phosphorylation of IκB. IκB becomes dissoci-
ated from NF-κB and then enters the nucleus to promote the expression of tumor-promoting genes.
Through an undefined mechanism, BRAF-V600E promotes the phosphorylation of IκB and the release
of NF-κB, thus activating the NF-κB pathway. Shown on the (right) side of the figure is the RASSF1–
mammalian STE20-like protein kinase 1 (MST1)–forkhead box O3 (FOXO3) pathway. Activated by
extracellular pro-apoptotic stimuli, RASSF1A activates MST1which phosphorylates FOXO3. The
resulting phosphorylated FOXO3 becomes dissociated from 14-3-3 proteins and enters the nucleus to
promote the expression of pro-apoptotic genes in the FOXO pathway. BRAF-V600E directly inhibits
MST1 and prevents its activation by RASSF1A, thereby suppressing the pro-apoptotic signaling of
the FOXO3 pathway. The downward arrow for the FOXO activities shown in the nucleus indicates
this negative effect of BRAF-V600E on pro-apoptotic genes. DAPK1, death-associated protein kinase
1; HIF1A, hypoxia-inducible factor 1α; MMP, matrix metalloproteinase; NIS, sodium–iodide sym-
porter; TGFB1, transforming growth factor β1; TIMP3, tissue inhibitor of metalloproteinases 3; TPO,
thyroid peroxidase; TSHR, thyroid-stimulating hormone receptor; TSP1, thrombospondin 1; UPA,
urokinase plasminogen activator; UPAR, urokinase plasminogen activator receptor; VEGFA, vascular
endothelial growth factor A. Figure reprinted from Ref. [79], by permission.
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Figure 2. The PI3K-AKT and related pathways in thyroid cancer. Extracellular signals activate
receptor tyrosine kinases (RTKs), leading to the activation of RAS and PI3K. Activated PI3K catalyzes
the conversion of phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-
trisphosphate (PIP3). PIP3 activates 3-phosphoinositide-dependent protein kinase 1 (PDK1; also
known as PDPK1), which consequently associates with AKT and leads to phosphorylation (P)
and the activation of AKT by PDK1. Phosphorylated AKT enters the nucleus, where it induces
tumor-promoting genes. In the cytoplasm, phospho-AKT also activates other signaling molecules or
pathways, including the mTOR pathway, which has an important role in tumorigenesis. Phospho-
AKT can also directly phosphorylate glycogen synthase kinase 3β (GSK3β), relieving the GSK3β-
mediated suppression of β-catenin. Consequently, β-catenin can enter the nucleus, where it promotes
the expression of tumor-promoting genes. In the nucleus, phospho-AKT can phosphorylate forkhead
box O3 (FOXO3) on its AKT-specific motif. This phosphorylated FOXO3 is translocated out of the
nucleus to the cytoplasm, where it binds 14-3-3 proteins to be sequestered in the cytoplasm, thus
terminating the pro-apoptotic activities of the FOXO3 pathway. The downward arrow for the FOXO
activities in the nucleus in the figure indicates this negative effect of AKT on pro-apoptotic genes
in the FOXO pathway, which would otherwise be upregulated by the FOXO3 pathway. The major
negative regulatory mechanism of the PI3K–AKT pathway is PTEN, which is a phosphatase that
converts PIP3 to PIP2, thus terminating the activation of the pathway. The inset shows the self-
enhancement mechanism of PI3K–AKT signaling, resulting in a loss of termination of the signaling.
Figure reprinted from Ref. [79], by permission.



Cancers 2022, 14, 1610 11 of 24

An awareness of phosphorylation in thyroid cancer is important not only because it
may help us better understand the tumorigenesis of these tumors, but also because it may
help define targets for small molecule inhibitors that may be useful in the treatment of
certain types of thyroid cancer. For example, the use of kinase inhibitors in the treatment of
aggressive thyroid cancers has attracted great interest in recent years [81].

Given the complexity of the mechanisms involved in the phosphorylation in thyroid
cancer and the large number of publications in the field, only a few examples of studies
providing evidence for a role of phosphorylation in thyroid cancer are discussed here. Some
of the reports illustrate the role of phosphorylation in the tumorigenesis, whereas other
studies reflect therapeutic applications involving the use of kinase inhibitors. Although
the size of the research area covering the role of protein phosphorylation in thyroid cancer
prevents a more complete review, the examples provided here support the overall argument
of the current review that PTMs play important roles in the biology of thyroid tumors and
may offer targets for treatment.

5.2. Phosphorylation and Activation of Akt by Downregulated Expression of the Transcription
Factor ZNF677 Is Involved in Thyroid Tumorigenesis

Although increased Akt phosphorylation and activity in thyroid cancer most often
reflects stimulated PI3K-Akt signaling, other mechanisms may also be involved. For
example, in a recent study by Li et al. [82], evidence was found that Akt phosphorylation in
human thyroid cancer was caused by the decreased expression of the transcription factor
zinc finger protein ZNF677. Previous studies had revealed that reduced levels of zinc
finger proteins were associated with cancer progression [83]. In the report by Li et al. [82],
the expression of ZNF677 was reduced in thyroid cancer tissue from patients undergoing
surgery for papillary thyroid cancer compared with nonmalignant thyroid tissue from the
same patients. Similar observations were made in cultured human thyroid cancer cells.
Additional results suggested that the reduced abundance of ZNF677 in thyroid cancer was
caused by methylation-induced inhibition of the promoter in the ZNF677 gene.

Further support for a role of ZNF677 in Akt phosphorylation was generated in ex-
periments in which ZNF677 was overexpressed in cultured thyroid cancer cells. In these
experiments, high levels of ZNF677 reduced the phosphorylation of Akt and, importantly,
inhibited cell proliferation. The results indicate that the transcription factor ZNF677 acts
as a tumor suppressor secondary to its inhibitory effect on Akt phosphorylation. The
findings therefore add to the “treasure trove” of small molecules that may be targeted for
the treatment of thyroid cancer [84].

5.3. Glycosylation and Phosphorylation of AkT Promote Thyroid Malignancy

In addition to phosphorylation, Akt1 activity is also partly regulated by the addition
of O-GlcNAc to its Ser/Thr residues. The addition of O-GlcNAc occurs in the cytoplasm
and nucleus, and occurs through the action of O-GlcNActransferase (OGT), whereas
the removal of O-GlcNAc, akin to dephosphorylation, takes place through the action
of O-GlcNAcase (OGA) [78]. Remarkably, these O-GlcNAcylated glycoproteins include
all known phosphorylated proteins and are thus a wide-spread form of PTM among
cytoplasmic and nuclear proteins.

Zhang et al. [85] found that Akt1 activity was stimulated by elevated O-GlcNAcylation
by enhanced Akt1 phosphorylation at Ser473, indicating that O-GlcNAcylation can directly
influence phosphorylation. As O-GlcNAcylation is reversible, the inhibition of the OGA
through the drug Thiamet-G, which results in elevated steady-state O-GlcNAcylation,
enhanced the invasion in vitro of human thyroid anaplastic cancer 8305C cells. These
results are consistent with prior studies showing that the downregulation of OGA re-
sults in the activation of Akt1 in thyroid anaplastic cells [86] and that O-GlcNAcylation
enhances anaplastic thyroid carcinoma malignancy [87]. Thus, phosphorylation and O-
GlcNAcylation together may regulate PI3K/Akt signaling, and drugs targeted to affect this
pathway may be useful for the treatment of thyroid anaplastic cancer.
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In relation to the O-GlcNAcylation regulation of Akt1, another key pathway of thyroid
tumor growth is regulated by Yes-associated protein (YAP), which is a core component of
the Hippo pathway, and is a tumor suppressor. The activity of YAP is also regulated by
O-GlcNAcylation and phosphorylation [88]. When the Hippo pathway is upregulated, the
phosphorylation of macrophage-stimulating 1/2 (MST1/2) is triggered, thereby inactivat-
ing YAP, whereas the downregulation of Hippo leads to YAP shuttling into the nucleus
and acting as a transcriptional co-activator of the TEAD family of transcription factors,
which stimulates growth and cellular proliferation. Li et al. [88] demonstrated that the
O-GlcNAcylation of Ser109 on YAP induced YAP Ser127 dephosphorylation. The factors
regulating O-GlcNAcylation in this pathway are poorly understood, but understanding
this pathway and the roles of YAP in thyroid cancer could offer further insight.

5.4. Deacetylation and Phosphorylation of Akt Promotes Thyroid Tumorigenesis, Illustrating the
Role of Interactions between Different Posttranslational Modifications

Based on previous observations that the histone deacetylase SIRT7 is upregulated in
thyroid cancer [89,90], and given the established role of Akt in thyroid tumorigenesis [79,80,91],
Li et al. [5] recently investigated whether SIRT7 stimulates thyroid cancer proliferation and
invasiveness by activating Akt. Through a series of experiments utilizing tissue from patients
undergoing thyroidectomy for PTC, cultured human thyroid cancer cell lines, and thyroid
cancer xenografts in nude mice, the authors confirmed previous reports of increased expression
of SIRT7 in thyroid cancer. Additional experiments provided evidence that high levels of
SIRT7 exerted stimulated cellular proliferation, invasiveness, and tumor growth in mice
carrying implanted human thyroid cancer secondary to the deacetylation of Akt followed
by the phosphorylation of the kinase. In addition to Akt, the ribosomal protein S kinase
beta-1 (p70S6K1) was also phosphorylated by the action of SIRT7, albeit through a slightly
different mechanism.

The results reported by Li et al. [5] are important because they illustrate the complexity
of the mechanisms involved in thyroid tumorigenesis, with different types of posttrans-
lational modifications interacting with each other. The study suggests that SIRT7 may be
targeted in the treatment of aggressive thyroid cancers.

5.5. Phosphorylation of the Tumor Suppressor RB (Retinoblastoma Protein) Is Involved in
Anaplastic Thyroid Cancer

Although certain novel therapeutic advances have shown promise, the outcome in
patients with anaplastic thyroid cancer remains dismal [92,93]. Much current research is
focused on a better understanding of the mechanisms involved in the tumorigenesis of
anaplastic thyroid cancer, with the ultimate goal of finding molecular targets for treatment.

Recent studies suggest that the increased phosphorylation of the tumor suppressor
RB (retinoblastoma protein) may be involved in the development of anaplastic thyroid
cancer [94]. The phosphorylation of RB results in its inactivation, promoting cellular
proliferation and malignant transformation [95]. The phosphorylation of RB is regulated
by the cyclin-dependent kinases, CDK4 and CDK6 [95]. Given these observations, studies
have examined whether the inhibition of the CDK-dependent phosphorylation of RB may
have beneficial therapeutic effects in anaplastic thyroid cancer. Indeed, recent reports in
which selective inhibitors of cyclin-dependent kinases inhibited cell proliferation and the
growth of experimental anaplastic thyroid cancer in rodents supported the notion that
these drugs may become useful in the treatment of this aggressive tumor [94,96].

Wong et al. [94] tested the effects of the CDK4/6 inhibitor palbociclib in cell lines
from anaplastic thyroid cancers and in mice carrying a xenograft of human anaplastic
thyroid cancer. When cultured anaplastic thyroid cancer cells were treated with the ki-
nase inhibitor, RB phosphorylation and cellular proliferation were inhibited. When mice
carrying the anaplastic thyroid xenograft were treated with the drug, a dramatic inhi-
bition of tumor growth was noticed. One problem, however, was that the cells in vitro
and the tumors in vivo became resistant to treatment with palbociclib, similar to previous
observations during treatment for breast cancer [97]. Additional experiments reported by
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Wong et al. [95] provided evidence that the development of resistance in anaplastic thyroid
cancer was at least in part caused by the increased expression of cyclin D3 and upregulated
CDK4/6 activity.

Because the increase in cyclin D3 expression and CDK4/6 activity was prevented by
the PI3K/mTOR inhibitor omipalisib, the investigators then tested the effects of combined
treatment with both inhibitors. The treatment of mice carrying a xenograft of human
anaplastic thyroid cancer with a combination of palbociclib and omipalisib resulted in
a long-lasting and complete inhibition of tumor growth. In addition, the combination
treatment arrested further growth if the tumor was allowed to develop to a more advanced
stage before the treatment was started. This was an important observation considering that
patients with anaplastic thyroid cancer often present when the tumor has already reached
an advanced stage, with local invasion of surrounding structures.

Taken together, the results reported by Wong et al. [94] support an important role of
CDK4/6-dependent phosphorylation of the tumor suppressor RB in anaplastic thyroid
cancer and that the inhibition of this phosphorylation can block the growth of this chal-
lenging tumor. Because the results were observed in cultured anaplastic thyroid cancer
cells and in mice carrying anaplastic thyroid cancer xenografts, the observations need to
be interpreted with caution. The effects of CDK4/6 inhibitors in patients with anaplastic
thyroid cancer will have to await the outcome of clinical trials. The observations, however,
are important because they support the role of phosphorylation as an important factor in
the development of anaplastic thyroid cancer.

6. Methylation

Protein methylation (conjugation of a methyl group to a protein residue) is catalyzed
by enzymes referred to as methyltransferases. The removal of the methyl group from the
protein is regulated by demethylases. The most important role of methylation in cancer
biology is to participate in epigenetic changes. Epigenetics, a phrase coined 80 years
ago [98], are defined as genetic modifications that result in changes in the function and
expression of genes without altering the DNA sequence. Epigenetic changes result in the
altered structure of chromatin from an open configuration (euchromatin), permitting gene
transcription, to a closed configuration (heterochromatin), representing tightly packed
protein (histone)–DNA complexes that block gene transcription. The role of methylation
in epigenetic changes is illustrated in Figure 3. The influence of these changes on thyroid
tumorigenesis was reviewed recently by Russo et al. [99] and Rodriguez-Rodero et al. [100].

Methylation is involved in at least two steps of the epigenetic changes in tumor
cells [99,100]. First, the methylation of one of the DNA bases (cytosine) is an important
factor in the conversion of euchromatin to heterochromatin. Because cytosine-demethylases
have not been identified, the cytosine methylation is a more stable epigenetic alteration than
other epigenetic modifications. In cancer biology, DNA methylation in the promoter region
of tumor-suppressor genes (silencing these genes) is particularly important [101,102].

The second mechanism through which methylation contributes to epigenetic changes
is the posttranslational methylation of histones. The methylation of the N-terminal tail
of histones occur at lysine and arginine residues and can result in mono-, di-, or tri-
methylation of the histone protein [103,104]. The functional outcome of histone methylation
depends on which residue is methylated and how many methyl groups are added to the
protein; histone methylation can result in transcriptional activation (activating histone
methylation) or transcriptional inactivation (repressive histone methylation). The activating
histone methylation acts in parallel with histone acetylation, whereas the repressive histone
methylation is accompanied by histone deacetylation. Adding to the complexity of histone
modifications in epigenetic changes, histones can undergo posttranslational modifications
through additional mechanisms, including phosphorylation, ubiquitination, sumoylation,
O-GlcNAcylation, and ADP-ribosylation.
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Figure 3. The (upper) panel illustrates euchromatin (activating transcription) and the (lower) panel
heterochromatin (inhibiting transcription). The round green symbol illustrates histone acetylation;
the blue triangle illustrates active histone methylation; the red triangle illustrates repressive histone
methylation; the blue round symbol illustrates DNA methylation. Figure reprinted from Ref. [99],
by permission.

Epigenetics and Thyroid Cancer

Epigenetic alterations have several important implications in thyroid tumorigene-
sis [105]. The silencing of several tumor suppressor genes by promoter hypermethylation
and histone posttranslational methylation and deacetylation have been identified in thyroid
cancer [106–109]. One of the tumor-suppressor genes silenced by promoter methylation is
the phosphatase and tensin homologue (PTEN) gene [110]. Interestingly, the PTEN gene
encodes a phosphatase that dephosphorylates PI3K and blocks the PI3K/Akt signaling
pathway, providing a mechanism through which PTEN gene-promoter methylation induces
a tumorigenic effect in the thyroid.

Epigenetic dysregulations also play a role in the insensitivity to radioiodine seen in
poorly differentiated and anaplastic thyroid cancer [111]. Based on these and similar obser-
vations, demethylating agents have been proposed to restore the sensitivity to radioiodine
treatment for certain aggressive thyroid cancers [111–113].

Understanding the role of methylation and other mechanisms involved in epigenetic
changes in thyroid cancer is important not only because it provides an insight into thyroid
tumorigenesis, but also because it can help develop diagnostic tools as well as novel
treatments targeting the specific molecular mechanisms of thyroid malignancies.

7. Glycosylation

Glycosylation is a post-translational process that involves the covalent assembly
of monosaccharides to generate oligo- and polysaccharides (glycans) linked to proteins,
resulting in the formation of glycoproteins (Figure 4). Glycoproteins arise through the
secretory pathway involving the endoplasmic and Golgi apparatus, and then transit to the
plasma membrane and other intracellular organelles. A common modification of secreted
and membrane glycoproteins is the linkage of glycans to asparagine (N-glycosylation),
which involves relatively large (>2 kDa) N-glycans that are typically branched, and rich
in mannose, GlcNAc, galactose, fucose, and sialic acid. Another common modification
is the addition of glycans to serine, threonine, and tyrosine (S/T/Y) O-glycosylation,
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and these O-glycans are generally smaller in size than the N-glycans. Glycosylation
is regulated by specific enzymes in the endoplasmic reticulum/Golgi apparatus; these
include glycosyltransferases that transfer monosaccharides, and glycohydrolases that
remove monosaccharides.. For example, fucosyltransferases catalyze the addition of the
monosaccharide fucose from the donor GDP-fucose to an acceptor polysaccharide chain,
while sialyltransferases are responsible for the addition of sialic acid, using the donor CMP-
sialic acid. Glycosylation is important to many cellular functions, as revealed by genetically
heritable alterations in protein glycosylation. These alterations, termed congenital disorders
of glycosylation (CDGs), of which there are >140 such disorders described to date, are
associated with many development defects in humans, thus demonstrating the importance
of protein glycosylation to normal homeostasis [114].

Figure 4. Glycoproteins are depicted containing Asn-linked (N-glycans) and Ser/Thr/Tyr-linked
(S/T/Y) O-glycans. A membrane-bound glycoprotein is shown on the (left) and a soluble glycopro-
tein is on the (right). The monosaccharide residues (see the key) are added enzymatically to proteins
in the endoplasmic reticulum (ER) and the Golgi apparatus by distinct enzymes.

Evidence suggests that protein glycosylation is altered in many human cancers, includ-
ing thyroid cancer. These alterations influence cell proliferation, migration, and differentia-
tion, as well as the propensity for metastasis [115–117]. Significantly, altered glycosylation
has led to the identification of sensitive biomarkers for cancer detection and surveillance.
For example, fucosylated alpha-fetoprotein has proven to be a valuable marker for hep-
atocellular carcinoma, and CA 19-9, a fucosylated and sialylated carbohydrate antigen
(Sialyl Lewis a/SLea) expressed on glycans in glycoproteins and glycolipids, is elevated in
patients with colon and pancreatic cancer [118,119].

Glycomic profiling, the study of the entire population of glycans expressed in tissues
or cells, allows for an understanding of the diverse nature of protein glycosylation in both
normal and pathologic states, including malignancy [120]. The complexity of the human
glycome and the characteristics of glycan expression, as well as the functional roles of
glycoconjugates, have resulted in promising, yet challenging, opportunities for determining
how these structures are involved in tumorigenesis and cancer progression. In the case of
thyroid cancer, this complexity is further increased by different patterns of glycosylation
in benign vs. malignant thyroid tumors and the involvement of specific enzymes in the
tumorigenesis of different cancer subtypes.
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7.1. Immunohistochemical Analysis Demonstrates Different Patterns of Sialylation and
Fucosylation in Different Types of Thyroid Cancer

Previous immunohistochemical studies have demonstrated changes in glycosylation
and implicated them in tumorigenesis of thyroid cancer. Nozawa et al. [121] utilized a
monoclonal antibody to a sialic acid-dependent epitope, previously found to be correlated
with invasion and metastasis of human tumors, on paraffin-embedded thyroid tissue
samples. The results of these experiments demonstrated positive staining in nearly all
FTCs (93%) and smaller proportions of PTCs (45%) and follicular adenomas (17%). By
contrast, staining by FB21 was negative in adenomatous goiters, medullary carcinoma, and
anaplastic carcinomas. It would be important in future studies to define the structure of the
sialylated epitope recognized by FB21.

Another immunohistochemistry-based study by Ito et al. [122] characterized the
expression of fucosyltransferase 8 (FUT8) in PTC. FUT8 catalyzes the addition of a fucose
molecule to the GlcNAc linked to an asparagine residue, and in other studies, has been
demonstrated to be highly expressed in hepatocellular and ovarian carcinomas [123,124].
The experiments by Ito et al. [122] demonstrated FUT8 expression in 33% of PTCs, but only
13% of FTCs.

Taken together, the studies by Nozawa et al. [121] and Ito et al. [122] suggest that
different patterns of glycosylation may be helpful in the diagnosis of different types of
thyroid tumors. The functional role of these patterns in the tumorigenesis and cancer
progression in thyroid neoplasms, however, has not yet been well elucidated.

7.2. Fucosylation of Epidermal Growth Factor Receptor (EGFR) by Fucosyltransferase 7 Is Involved
in Cellular Proliferation and Migration in FTC

A recent study by Qin et al. [125] examined the expression of fucosyltransferase
7 (FUT7) in follicular thyroid cancers. In other studies, this enzyme, which catalyzes
the addition of an α1,3-fucose molecule to a terminal GlcNAc residue to generate the
sialyl Lewis x antigen (SLex), was implicated in tumor-cell proliferation, migration, and
invasion in a number of human cancers [126,127]. The studies reported by Qin et al. [125]
demonstrated increased FUT7 expression in follicular thyroid cancers compared to adjacent
tissue by immunohistochemistry. The authors further examined these findings in different
FTC cell lines, demonstrating the increased relative expression of FUT7 in a metastatic
FTC cell line compared to a cell line derived from a primary FTC. In gain-of-function
experiments, after the transfection of the primary FTC cell line with FUT7, the authors
then demonstrated the upregulation of FUT7 expression, cell-cycle promotors, and in vitro
proliferation and migration [125]. Furthermore, the authors demonstrated the increased
α1,3-fucosylation of EGFR in FUT7-overexpressed cells, providing a potential mechanism
of FUT7-mediated cellular proliferation and migration in FTC.

7.3. β1,6 GlcNAc Side Chain Branching of Matriptase N-Glycans by GNT-V Is Implicated in Early
Malignant Transformation of PTC

Ito et al. [128] found that PTCs express N-acetylglucosaminyltransferase V (GNT-
V), an enzyme responsible for the branching of complex N-glycans with β1,6 GlcNAc
(N-acetylglucosamine). They proposed a role of GNT-V in malignant transformation.
Further, the authors correlated GNT-V expression with the expression of matriptase, a
serine protease that has been implicated in carcinoma metastasis, by immunohistochemistry,
Western blotting, and polymerase chain-reaction techniques. Based on their observations,
the authors concluded that the stabilization of matriptase via glycosylation by GNT-V may
be involved in the early tumorigenesis of PTC.

7.4. Thyroglobulin as a Biomarker

Thyroglobulin (Tg) is a large glycoprotein (660 kD) produced by thyroid follicular
cells and is involved in thyroid hormone production [129]. Tg contains 20 sites for N-
glycosylation, of which 16 are known to be glycosylated under basal conditions [130].
Because serum concentrations of Tg may be elevated in both benign thyroid diseases
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and malignancy, its clinical utility in thyroid cancer has been under surveillance for
the recurrence of malignancy after total thyroidectomy. After a total thyroidectomy, Tg
falls to zero or very low levels; rising levels on follow-up may therefore be a sign of
recurrent cancer.

Previous work has sought to characterize differences in the glycosylation of Tg in
serum between patients with and without thyroid cancer. Shimizu et al. [131] utilized a
lectin-based approach to characterize differences in the glycosylation of Tg in the sera of
healthy patients and patients with benign or malignant thyroid tumors. Lectins are natu-
rally occurring carbohydrate-binding proteins that have binding specificity to carbohydrate
epitopes of glycans. For their study, the authors utilized Lens culinaris agglutinin (LCA),
which is a lectin purified from the common lentil that binds to core fucosylated N-glycans,
to quantify the ratio of LCA-reactive Tg to total Tg in patient sera. Among patients with
high serum concentrations of thyroglobulin (>200 ng/mL), the ratios were significantly
lower in those with cancer compared to those with benign nodules.

Kanai et al. [132] similarly analyzed the ratios of LCA-reactive Tg to total Tg from the
sera of healthy individuals and patients with thyroid cancers utilizing an enzyme-linked
immunofluorescence assay (ELISA) for the detection of Tg, which has a much higher
sensitivity for the detection of Tg at low serum concentrations. This study demonstrated
a reduction in the LCA-reactive-to-total-Tg ratio in patients with thyroid malignancies
compared to healthy controls, regardless of total Tg serum concentration.

8. Succinylation

Succinylation is a recently identified PTM, involving the addition of a succinyl group to
the lysine residue of a protein [133]. This PTM has been shown to be involved in alterations
in cellular metabolism, suggesting that it plays a role in the coordination of metabolic
pathways [134]. Additionally, histones are succinylated, adding to the complexity of ways
in which PTMs may be involved in the regulation of gene expression [135]. While the
mechanisms of succinylation are incompletely understood, recent evidence suggests it may
occur by non-enzymatic mechanisms using succinyl-CoA as a cofactor [136,137], but there
is also evidence of histone succinylation by KAT2A (GCN5) and histone acetyltransferase 1
(HAT1), acting as succinyltransferases [138,139].

Few studies have evaluated the role of succinylation in the promotion or inhibition of
various human cancers [140]. Many previous studies of succinylation in the thyroid gland
have evaluated the effect of succinylation on regulation of thyroid hormone synthesis and
signaling [141,142]. The evaluation of succinylation in thyroid cancer to date is limited;
however, it has been suggested that succinyl-CoA ligase subunit beta may be a useful
protein biomarker for thyroid follicular carcinoma [143]. Additionally, mutations in the
genes encoding succinate dehydrogenase (SDH), an enzyme involved in the electron
transport chain and tricarboxylic acid cycle, have been shown to result in accumulation of
succinate and succinyl-CoA [144]. Mutations in SDH have been identified in individuals
with Cowden Syndrome; thus, it has been suggested that a role of succinylation in thyroid
cancer may exist [140].

9. Summary and Conclusions

PTMs in thyroid cancer represent complex and diverse alterations with implications in
cellular transformation and proliferation, tumorigenesis, invasion, and the development of
metastases. Some of the PTMs, and their potential involvement in thyroid cancer, discussed
in this review are briefly summarized in Table 1. These alterations and their downstream ef-
fects vary, depending on the enzymes involved, which proteins are being modified, and the
cancer subtype. A better understanding of PTMs and their patterns in thyroid cancer will
allow for an increased knowledge of tumor biology, the identification of novel biomarkers,
and the improvement of treatment, with the development of individualized management
of patients based on the determination of post-translationally modified proteins.
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Table 1. Summary of the proposed roles of posttranslational modifications in thyroid cancer.

Posttranslational
Modification Proposed Role in Thyroid Cancer

Ubiquitination

UBE4A-regulated ubiquitination and degradation of PCBP1 may be involved in the
tumorigenesis of thyroid cancer.

Thyroid cancer may be regulated by Smurf1-induced ubiquitination
and the degradation of the tumor suppressor Kisspeptin-1.

Sumoylation

Reduced levels of sumoylated PDGF-C may be involved in tumorigenesis in thyroid cancer.
Sumoylation of the tumor repressor CCDC6 may be a factor involved in thyroid cancer, providing

an additional mechanism of sustained neoplastic growth.
Sumoylation of TFAP2A results in altered patterns of gene expression associated with anaplastic

thyroid cancer.

Acetylation
Histone acetylation varies by thyroid cancer subtype.

Both histone acetyltransferase inhibitors and histone deacetylase inhibitors may have a role in the
treatment of thyroid cancer.

Phosphorylation

Increased Akt phosphorylation and activity in thyroid cancer most often reflects stimulated
PI3K-Akt signaling.

CDK4/6-dependent phosphorylation of tumor suppressor RB may be important in the
progression of anaplastic thyroid cancer.

Methylation
The PTEN tumor-suppressor gene is silenced by promotor methylation.

PTEN gene promoter methylation induces a tumorigenic effect in the thyroid via
dephosphorylation of PI3K.

Glycosylation

Sialic acid epitopes on glycoproteins are found in most follicular thyroid cancers (93%), but less
than half (45%) of papillary thyroid cancers

The stabilization of matriptase via glycosylation by GNT-V may be involved in the early
tumorigenesis of PTC.

Succinylation

Succinyl-CoA ligase subunit beta may be a useful biomarker for
follicular thyroid cancer.

Mutations in succinate dehydrogenase in Cowden Syndrome may represent a role of
succinylation in thyroid cancer.
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