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Abstract

The phosphatidylinositol 3-kinase (PI3K) signaling pathway is an important regulator of many
cellular events, including apoptosis, proliferation, and motility. Enhanced activation of this pathway
can occur through several mechanisms, such as inactivation of its negative regulator, phosphatase
and tensin homolog deleted on chromosome ten (PTEN) and activating mutations and gene
amplification of the gene encoding the catalytic subunit of PI3K (PIK3CA). These genetic
abnormalities have been particularly associated with follicular thyroid neoplasia and anaplastic
thyroid cancer, suggesting an important role for PI3K signaling in these disorders. In this review, the
role of PI3K pathway activation in thyroid cancer will be discussed, with a focus on recent advances.

Keywords

thyroid carcinoma; anaplastic thyroid cancer; PIK3CA; AKT; PKB; PTEN; Cowden syndrome

Introduction

Activation of the phosphatidylinositol 3-kinase (PI3K) pathway is a common event in many
cancers, including thyroid neoplasias. Class | PI3Ks are a family of proteins comprised of a
regulatory and a catalytic subunit (p85 and p110 subunits, respectively) that are activated by
receptor tyrosine kinases and other signaling molecules resulting in regulation of a wide variety
of cellular functions 1. Of the subfamilies of Class I PI3Ks, PI3Ka is the best studied in thyroid
cancer. Activation of PI3K results in the formation of phosphatidylinositol 3,4,5, triphosphate
(PIP3) which subsequently recruits proteins with pleckstrin homology (PH) domains to the
cytosolic membrane (Figure 1). Several key PH domain-containing proteins transduce
signaling through multiple downstream signaling cascades, including phosphoinositide-
dependent kinase -1 (PDK1) and AKT 2,3 PDK1 has been shown to phosphorylate a large
number of kinases, including AKT, serum and glucocorticoid-induced kinase (SGK), protein
kinase A, several protein kinase C isoforms, and others that are known to regulate cell growth,
metabolism, and apoptosis. In addition to PH domains, several other phosphoinositide-binding
domains have been described supporting even broader consequences of PI3K signalingz’ 3
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The best studied downstream kinase in the PI13K pathway in thyroid cancer is AKT. After its
recruitment to the membrane, AKT is phosphorylated at two critical sites for activation of the
protein, threonine 308 by PDK1 and serine 473 by PDK2, an activity that has been ascribed to
several kinases, including the rapamycin insensitive companion of target of rapamycin/target
of rapamyC|n§r|ctor/TOR) complex4 DNA-dependent kinase®, PKCBII 6 , intergin-linked
kinase (ILK) /, and AKT 8 (i.e. autophosphorylation). Phosphorylated AKT isoforms
subsequently mteract with effectors in both the cytosol and nucleus to regulate cell
proliferation, apoptosis, metabolism, and motility. A detailed discussion of the frequency and
potential functional role of AKT activation in thyroid cancer, and the potential importance of
specific isoforms and subcellular localization in these effects has been recently published 9
While the importance of AKT as a key mediator of the downstream effects of PI3K has been
demonstrated, other PI3K signaling pathways are also activated and regulate cell behavior 3,

One important negative regulator of this pathway is phosphatase and tensin homolog deleted
on chromosome ten (PTEN). PTEN is a dual function lipid and protein phosphatase. Its lipid
phosphatase function leads to the conversion of PIP3 to PIP2, thereby opposing the activity of
PI3K, reducing membrane localization of PH domaln -containing proteins such as PDK1 and
AKT, and inhibiting subsequent signaling act|V|ty . The importance of the function of the PH
domain in regulating AKT activity is highlighted by a recent report by Carpten et al.l

which a glutamic acid to lysine substitution at amino acid 17 (E17K) in the PH domain of
AKT1 was identified in 8% of breast, 6% of colorectal, and 2% of ovarian cancers that were
analyzed. The AKT1 E17K mutant was shown to display altered subcellular localization to the
plasma membrane, exhibit enhanced levels of activity, and to transform fibroblasts and induce
leukemia in a murine model.

In addition to upstream inhibition of the pathway by PTEN, downstream inhibition can also
occur through complex crosstalk mechanisms, by the effects of protein phosphatases, or by
disruption of protein stabilization. For example, AKT is stabilized by chaperone proteins, such
as adaptor protein containing pleckstrin homology domain, phosphotyrosine-binding domain,
leucine zipper region (APPL), Cdc37, and heat shock protein 90 (HSP90) 11,12 \while not
specific for AKT inhibition, compounds that disrupt Hsp90 binding to client proteins have
been developed for potential therapeutic benefit and exhibit anti-proliferative effects in thyroid
cells 13. Inactivation of AKT activity also occurs via the activities of protein phosphatase 2A
at Thr 308 and PHD leucine-rich repeat protein phosphatase (PHLPP) at Ser 473 4-16 A
second isoform of PHLPP was recently defined by Brognard et, al., that not only inactivates
AKT, but also inhibits cell-cycle progression, and promotes apoptosis through distinct AKT
isoforms 17

PTEN in Thyroid Cancer

PTEN in Cowden Syndrome—Perhaps the strongest evidence supporting a role for PI3K
signaling in the development of thyroid neoplasia is Cowden syndrome (MIM 15830). Cowden
syndrome is an autosomal dominant syndrome characterized by the development of benign
hamartomas in multiple organ systems, such as the skin and gastrointestinal tract, as well as
an increased risk of developing breast and thyroid cancer. Inactivating mutations of PTEN have
been defined as the cause of Cowden syndrome 18 and can be identified in the majority of
individuals meeting established diagnostic criteria 19 Thyroid neoplasia can be identified in
approximately two-thirds of affected individuals. Thyroid cancer, most frequently follicular
thyroid cancer (FTC), is identified in approximately 10% of individuals with Cowden’s
syndrome. Thus, thyroid neoplasia is included as one of the major diagnostic criteria supporting
a clinical diagnosis of Cowden syndrome 19 These genetic data provide strong evidence for
a role of PI3K signaling in the development of FTC. Subsequently, several groups created
murine models of generalized loss of Pten 20-22 | these models, homozygous deletion of the
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Pten gene resulted in embryonic lethality, while Pten*/~ mice developed neoplasias in multiple
organ systems resembling Cowden syndrome, including the thyroid tumors. In these tumors,
loss of the remaining Pten allele was frequently identified, consistent with the role of Pten as
a tumor suppressor gene that requires loss of expression of both alleles to result in tumor
formation. Evidence of increased activation of PI13K signaling was also shown in the tumors
and it was shown that the deficiency of Akt1 reduced the formation of tumors in the Pten */~
mice in additional cross-breeding experiments 23 These data confirm that loss of Pten
expression can result in neoplastic transformation in vivo.

To analyze more specifically the ability of Pten loss to cause thyroid neoplasia, Yeager et al.
developed a mouse strain (Pten/L: TPO-Cre) using Cre-mediated recombination to delete
Pten specifically in the thyroid 24 In these interesting studies, mice with complete loss of
Pten expression in the thyroid gland developed hyperplastic euthyroid goiters in association
with increased PI3K signaling. Over time, a number of mice developed nodular hyperplasia
and benign follicular tumors, although cancers were not identified. It was particularly
interesting that there were phenotypic differences between the female and male mice. The
female mice were reported to have a higher proliferative index in the follicular cells at younger
ages than the males and were more likely to develop follicular adenomas at 8-10 months of
age. The authors subsequently identified an increase in expression and phosphorylation of
estrogen receptor o, a downstream target of AKT, in the Pten null thyroid glands of the female
mice. In addition to these experiments, the authors also compared the findings in the

Pten/L: TPO-Cre to their Pten */~ mice that developed hyperplastic nodules at a lower
frequency. They identified loss of expression of the remaining wild type allele in the nodular
tissue, further supporting the ability of increased PI3K signaling to induce thyroid nodules.
Taken together, these data suggest that genetic loss of Pten is sufficient to induce thyroid
neoplasia in vivo.

PTEN in Sporadic Thyroid Cancer—Several groups have assessed sporadic benign and
malignant thyroid cancers for mutations, deletions, and changes in expression levels of
PTEN. Nearly all of these studies demonstrate that mutations or deletions in PTEN are rare
events in sporadic thyroid cancer, occurring at a low frequency in most of the studies,
particularly in differentiated thyroid cancers [Table 1 and 25~ 8]. In addition to gene
mutations, loss of heterozygosity (LOH) at one of the PTEN alleles also occurs in thyroid
cancer 26, 29, 30, However, it has not been reported to occur in tumors with a mutation in the
other allele; thus, this LOH would not be predicted to result in complete loss of PTEN gene
expression as seems to be required for tumor formation (see above) unless other mechanisms
were involved in loss of allelic expression. Indeed, it has been reported that reduced expression
of PTEN protein occurs in a fairly high percentage of anaplastic thyroid cancers, and less
frequently in FTC and PTC samples when analyzing tumors at the protein level by
immunohistochemistry 30, 31 This has been correlated with LOH and with the identification
of PTEN promoter hypermethylation. For example, Gimm, et a130 reported the common
reduction of PTEN protein expression as well as differences in PTEN subcellular localization
compared with normal tissue in sporadic thyroid cancers associated with PTEN LOH in one
allele, suggesting that both epigenetic and post-translational regulation of PTEN might be
involved in thyroid cancers.

As discussed in detail below, several recent studies in follicular thyroid neoplasias
demonstrated that PTEN mutations rarely occur in tumors with other PI3K-activating genetic
changes, such as mutations or amplification of PIK3CA 28, 32, providing important genetic
evidence forarole for PI3K signaling in sporadic follicular tumor formation. It is also of interest
that activation of RAS and loss of PPARy function, which mag be involved in the activity of
PPARY/PAXS, have been reported to activate PI3K signaling 3-35 and are associated with
follicular thyroid tumor development and with AKT activation in human tumors 36, Thus,

Endocrinol Metab Clin North Am. Author manuscript; available in PMC 2009 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Paes and Ringel

Page 4

while PTEN mutations appear to be relatively uncommon in sporadic FTC, LOH, promoter
methylation, and loss of protein expression may be more commonly identified. These data, in
combination with the lack of genetic overlap between PTEN mutations and other FTC-related
genetic alterations support a role for PI3K signaling in follicular tumorigenesis.

The frequency of PTEN mutations has also been reported in papillary and anaplastic thyroid
cancers (PTC and ATC, res ectivelgl% In general, the mutation rate of PTEN in PTC is lower
than FTC (see Table 1) 25-28,32, 37 and while the frequency of PTCs with reduced PTEN
MRNA expression appears to be higher than the number with mutations, it seems unlikely that
PTEN loss itself plays a central role early in PTC tumorigenesis based on the well-defined role
for BRAF and ERK signaling in these tumors. When taken together, mutations in PTEN or
other genetic abnormalities predicted to increase AKT activity in PTC are also reported to
occur at a less frequent rate than in FTC in general (Table 1) and they do not appear to be
mutually exclusive of known PTC-inducing mutations such as activating mutations of BRAF
28 This is distinct from mutations that results in enhanced activation of the RAS/RAF/ERK
pathway that appear to be mutually exclusive in PTCs 38, These data suggest that genetic
changes leading to increased PI3K pathway signaling may represent a later-stage event in PTC
in general. Consistent with this hypothesis is the observation that enhanced activation of AKT
appears to occur most notably in the invasive fronts of PTCs 36 and the higher frequency of
P13K-related genetic changes in ATCs in comparison to well differentiated PTCs (Table 1 and
see below). In addition, based on signaling data from human tumors, the degree of PI3K
signaling may differ depending on the initiating oncogene in PTC 36,

In comparison to differentiated FTCs and PTCs, loss of PTEN expression and mutations of the
PTEN gene are reported to occur at a higher frequency in ATCs 25,28, 29,39 This may not
be surprising as these tumors harbor many genetic changes, suggesting overall genomic
instability. The functional role for the loss of PTEN function and subsequent increased PI3K
signaling in the development of ATC is uncertain, although in vitro data supports a role for
this pathway in proliferation, survival, and motility in thyroid cancer cell lines, especially those
with loss of PTEN39. Thus, it appears that loss of PTEN expression and function may be
important both in the development of FTCs and more broadly in the progression and
dedifferentiation of thyroid cancers.

PI3K in Thyroid Cancer

PIK3CA Mutations and Amplification in Sporadic Thyroid Cancer—The PIK3CA
gene encodes the catalytic subunit of class 1A PI3K (p110a). As described above, PI3K is
comprised of a regulatory subunit (p85) which forms a heterodimer with the catalytic subunit
Spllo), leading to generation of PIP3 and initiation of its signaling cascade. Samuels, et al

0 and other groups identified cancer-related mutations in PIK3CA that largely reside in hot-
spot regions of the gene that encode the helical and kinase domains of the protein 1 These
mutations have been shown to be cause expression of constitutively active PI3Ka proteins that
are capable of inducing malignant transformation in vitro and in vivo41=43 1 addition to
activating mutations, PIK3CA gene amplification has also been implicated in cancer and has
been associated with increased PI3K signaling 44-46_Over the past several years, the
frequency of PIK3CA mutations and gene amplification has been analyzed in sporadic thyroid
carcinomas.

In follicular thyroid cancer, the frequency of mutations in the “hot spot” domains of PIK3CA
has ranged from 6 to 13% depending on the population 28,32,47,48 By contrast, 24-28%
of FTCs reported are described to have gene amplification of PIK3CA (defined as 4 or more
copies) 28,32,48, Intriguingly, in studies where mutations and amplification of PIK3CA were
studied in conjunction with PTEN and RAS mutations, the presence of these changes appeared
to be mutually exclusive; however PPARy/PAX8 analysis was not included in these studies.
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Overall, these studies support a potential genetic role for genetic abnormalities involving
PIK3CA in follicular thyroid cancer.

In PTC, the frequency of mutations in PIK3CA appears to be lower than FTC in several studies,
with occurrence rates ranging from 0-3% (see Table 1). Similarly, while gene amplification
of PIK3CA is more common than mutations in PTC, its frequency is lower than in FTCs with
occurrence rates ranging from 5-14% 28,32, 41,48 |1 addition, while these changes were
rare and relatively exclusive from PTEN or RAS gene mutations, they were not found to be
independent of activating mutations of BRAF, the most common pathogenic mutation in PTC.

Of significant interest has been the recent finding that anaplastic thyroid cancers frequently
harbor mutations and gene amplification in PIK3CA. Garcia-Rosten, et al identified PIK3CA
hot-spot gene mutations in 23% of seventy ATCs 47 Levels of phospho-AKT were scored as
moderate or high in the majority of ATCs whether or not a PIK3CA mutation was present,
suggesting multiple mechanisms for enhanced AKT signaling in these tumors. It was noted
that tumors with moderate or high levels of pAKT statistically had higher levels of markers of
proliferation. Immunoactive pAKT was detected in both the cytosol and nucleus in the majority
of cases with higher levels of AKT overactivation. PIK3CA gene amplification and PTEN
mutations and expression levels were not assessed in this study. A second study that included
samples from fifty patients with ATC was recently published by Hou, et al28.In this study,
PIK3CA mutations were identified in 12% of cases, gene amplification was noted in 42% of
cases, and PTEN mutations were identified in 16% of cases. Different from the well-
differentiated thyroid cancers, these were not mutually exclusive in this group of ATCs. When
considered as a group, 58% of ATCs harbored one of these three genetic abnormalities
predicted to increase PI3K signaling. In comparison, 31% of benign follicular adenomas, 55%
of FTCs and 24% of PTCs in this study had one of these abnormalities. The authors thus
concluded that the data supported a role for PI3K signaling in thyroid tumorigenesis,
particularly for follicular neoplasias, and in thyroid cancer progression toward ATC. Table 1
includes a summary of the mutation and published expression level data for PTEN and
PIK3CA in human thyroid neoplasias.

Other Potential Mechanisms for PI3K Activation in Thyroid Cancer

Activation by Thyroid Oncogenes and Tyrosine Kinase Receptors—A variety of
other mechanisms might also be responsible for activation of PI3K signaling in thyroid cancer,
including signaling through oncogenes, such as RET/PTC or RAS, and signaling through other
receptor tyrosine kinases known to be commonly overexpressed in thyroid cancers. An
association between expression of both RET/PTC and constitutively active N-RAS and
enhanced PI3K si:gnaling has been reported in human thyroid cancers at the level of cell
signaling studies 6 and gene expression 49, While the activation of downstream targets in the
classical P13K signaling cascade is known to be initiated by RET/PTC and other receptor
tyrosine kinases, recent evidence suggests that RET/PTC3 may also be capable of activating
PDK1 and AKT through tyrosine phosphorylation in a PI3K-independent manner 50,51 |
addition to RET/PTC, activated RAS is known to interact with and activate PI3K directly 33.
In human tumors, RAS gene mutations have been associated with follicular neoplasias 52 and
with the follicular variant of papillary cancer 53, RAS mutations have been shown to be
associated with AKT activation 36 and to be largely mutually exclusive of PIK3CA and
PTEN genetic abnormalities in well-differentiated thyroid cancers 28, 32, 47 \while the focus
of this manuscript is on PI3K signaling, it is important to recognize that the relative importance
P13K signaling versus other pathways in the action of the RET/PTC and activated RAS in
thyroid cancer is not fully elucidated. The imﬁ)ortance of RAF/ERK signaling in RET/PTC
downstream effects has been demonstrated 94, and while there are distinct genetic signatures
for thyroid cancer harboring specific oncogenes, there is overlap between the expression
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profiles for tumors with BRAF V600E mutations and RET/PTC rearrangements 49 Thus, it
seems likely that both (and other) pathways are important in the oncogenic action of RET/PTC
and activated RAS in thyroid cancer.

In addition to oncogenes, PI3K signaling may also be activated by other events that occur in
thyroid cancer, such as overexpression of a variety of receptor tyrosine kinases, such as cMET,
the FGF, IGF-1, and VEGF receptors, and others 55, Many of these receptors are known to
regulate angiogenesis and/or cell proliferation and invasion through activation of PI3K and
other pathways, including the RAS/RAF cascade, suggesting their potential suitability as
therapeutic targets.

Activation of the PI3K regulatory domain—In addition to mutations or gene
amplifications of PIK3CA, PI13K signaling can be increased through cell signaling at the level
of the regulatory domain of PI3K (p85). Potentially relevant for thyroid cancer are in vitro
studies that have demonstrated the ability of thyroid hormone to activate P13 kinase through
interactions between thyroid hormone receptors and p85 in the cytosol in several cell types
56,57 |n addition, a particular thyroid hormone receptor p mutant (TRBPY/PY) that is capable
of inducing invasive and eventually dedifferentiated FTC in vivo in a knock-in model in
association with PI3K activation in the setting of high TSH levels 58, 59, also appears to
activate PI3K signaling via interactions with the p85 subunit 601t has recently been reported
that treating these thyroid cancer-prone mice with the PI3K inhibitor LYY 294002 retards growth
of the primary tumors and inhibits tumor invasion and metastases 61 While the clinical
relevance of this thyroid hormone receptor f mutant is uncertain, the data provide evidence
that disruption of PI3K signaling is capable of reducing thyroid cancer progression in an
endogenous model system of thyroid cancer characterized by enhanced PI13K signaling. Further
studies in additional model systems are needed to determine if this is a more generalized
finding.

Activation of Downstream Signaling Molecules in the PI3K Pathway—TFinally, the
role of non-AKT downstream effectors of PI3K in thyroid cancer is only now being elucidated.
Important roles for mTOR activation in thyroid neoplasia that may be independent of AKT,
for example, are being studied 62 Recent data also suggest an important role for p21 activated
kinases, a family of proteins activated by PDK1, in thyroid cancer cell motility 63, Activation
of additional effectors of PDK1 such as protein kinase A, have also been shown to be associated
with the development of thyroid cancer 64 pkC signaling, which also can be activated through
the activity of PDK1 65, has also been shown to be upregulated in some thyroid tumors as well
66, 67, Thus, it is likely that new information regarding the key upstream regulators and
downstream targets of PI3K involved in thyroid tumorigenesis and progression will help define
important potential therapeutic targets for thyroid cancer.

PI3K as a Target for Thyroid Cancer Therapy

PI3K itself has been suggested to be a target for novel cancer therapy, although it has not yet
been studied in clinical trials in thyroid cancer 68, The recent development of PI3K isoform-
specific inhibitors, particularly PI3Ka inhibitors, have further raised the possibility of targeting
this pathway for treatment of patients with cancers harboring PIK3CA mutations or that disglay
increased PI3K signaling through other mechanisms, including those detailed above 1,69,
70, Because PI3K signaling has important metabolic and neurological effects, side effects such
as insulin resistance or other off-target effects will need to be cIoseI£/ monitored and might
impact the dosing strategies or the ultimately utility of this approach < 68 1t may be reasonable
to consider inhibition of PI3K as part of a combinatorial therapeutic strategy. Indeed, Berns,
etal’l recently reported that the PI3K pathway was crucial in predicting resistance to
trastuzumab in breast cancer. Whether or not PI3K inhibition plays a similar role in the
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therapeutic resistance of poorly differentiated thyroid cancer remains to be determined. In
addition to inhibiting P13K directly, inhibitors of several downstream effectors, such as
mammalian target of rapamycin (MTOR) 72 are also being developed and will be interesting
to test in preclinical thyroid cancer systems.

Dysregulated PI3K signaling isacommon event in thyroid cancer. Genetic evidence supporting
the ability of constitutive PI3K signaling to cause follicular neoplasias derives from
observations studying Cowden syndrome, a genetic syndrome caused by inactivation of
PTEN, and by the mutually exclusive nature of loss of PTEN expression and activating
mutations and amplifications of the PIK3CA gene in sporadic follicular thyroid cancers.
Genetic alterations that result in activated PI3K signaling have also been identified in sporadic
well differentiated papillary and anaplastic thyroid cancers, particularly in the latter, suggesting
arole for PI3K signaling in dedifferentiated thyroid cancers. Finally, PI3K activation can also
occur through the action of receptor tyrosine kinases and through cross-talk from signaling
molecules known to be activated in thyroid cancer. Taken together, these data suggest that
dysregulated PI3K signaling plays an important role in thyroid neoplasia.
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Figure 1. PI3K Signaling Cascade

Upon activation by receptor tyrosine kinases (RTK), P13 Kinase which is comprised of a p85
regulatory and p110 catalytic domain converts PIP2 to PIP3. PIP3 subsequently interacts with
proteins containing PH domains, such as PDK1 and AKT, allowing for membrane recruitment
(dark arrows). PDK1 phosphorylates AKT and other downstream targets including PKA, PKC
isoforms, PAK, SGK, and other targets to regulate cell behavior. In the case of AKT, an
additional phosphorylation by a PDK2 activity mediated by one of several kinases (see text)
is required for full activation. PI3K signaling is inhibited by the lipid phosphatase activity of
PTEN which converts PIP3 to PIP2. RTKs also activate the RAS/RAF/MEK signaling cascade
which has important biological effects as well. RAS is also a site of cross-talk between these
pathways through its ability to activate PI3K. Genetic alterations that result in constitutive
signaling occur in thyroid cancer; the location of these alterations in these pathways are
underlined and notified with an asterisk.
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