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Abstract
The Phosphoinositide 3 (OH) kinase (PI3K) signaling cascade is involved in regulating glucose
uptake and metabolism, growth, motility, and other essential functions for cell survival. Unregulated
activation of this pathway commonly occurs in cancer through a variety of mechanisms, including
genetic mutations of kinases and regulatory proteins, epigenetic alterations that alter gene expression
and translation, and posttranslational modifications. In thyroid cancer, constitutive activation of PI3K
signaling has been shown to play a role in the genetic predisposition for thyroid neoplasia in
Cowden’s syndrome, and is recognized to be frequently overactivated in sporadic forms of thyroid
cancer including those with aggressive clinical behaviors. In this review, the key signaling molecules
in the PI3K signaling cascade, the abnormalities known to occur in thyroid cancer, and the potential
for therapeutic targeting of PI3K pathway members will be discussed.

INTRODUCTION
Over the past decade, evidence implicating an important role for phosphoinositide-3 (OH)
kinase (PI3K) – Akt signaling in the formation and progression of a wide variety of tumors,
including thyroid cancer, has accumulated [reviewed in (Testa et al., 2005; Shinohara et al.,
2007; Paes et al., 2008; Chalhoub et al., 2009; Chin et al., 2009)]. The mechanisms by which
aberrant activation of PI3K signaling occur in cancer are diverse, but all lead to similar
downstream signaling events. Constitutive activation of PI3K-regulated intracellular signals
is particularly relevant in thyroid cancer, as evidenced by; 1) the inclusion of thyroid neoplasia
as a major criterion in the diagnosis of Cowden’s syndrome, a disorder caused by inactivating
mutations in the tumor suppressor PTEN (Liaw et al., 1997), 2) the high frequency of activating
mutations and gene rearrangements in upstream signaling molecules such as RAS (Lemoine
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et al., 1988; Suarez et al., 1988) and RET/PTC (Grieco et al., 1990), and 3) the recent
identification of mutations in PIK3CA (Garcia-Rostan et al., 2005; Hou et al., 2007) and
AKT1 (Ricarte-Filho et al., 2009). Because PI3K signaling is frequently overactivated in
cancer, there have been intense efforts to develop compounds that inhibit proteins in this
cascade, including some that are approved for use in the United States; some of which are being
studied in preclinical thyroid cancer systems. In this review, recent findings highlighting PI3K-
Akt-mTOR signaling in thyroid cancer oncogenesis and progression will be summarized.

PI3K-Akt-mTOR SIGNALING
Phosphoinositide-3 (OH)Kinase (PI3K)

PI3Ks represent a family of kinases that phosphorylate the 3 hydroxyl group in
phosphatidylinositol inositides (PtdIns). Class I PI3Ks are comprised of two subunits, a
regulatory subunit (p85α, p85β, and p55γ) and a p110 catalytic subunit (p110α, β, γ, and δ)
[reviewed in (Stokoe, 2005; Vanhaesebroeck et al., 2005; Engelman et al., 2006)]. The most
highly expressed regulatory subunit is p85α and amongst the three catalytic subunits, and β
are ubiquitously expressed, and γ is expressed only in leukocytes. Class II and III PI3Ks are
different from the Class I PI3Ks in structure and in functional substrate specificity. Class I
PI3Ks catalyze the production of phosphatidylinositol 3-phosphate (PtdIns-3,4-P),
phosphatidylinositol (3,4)-bisphosphate (PtdIns-3,4-P2), and phosphatidylinositol (3,4,5)-
triphosphate (PtdIns-3,4,5-P3). Class II PI3Ks are involved in the production of PtdIns-3-P
and PtdIns-3,4-P2, and class III PI3Ks catalyze the production of PtdIns-3,4-P2 (Stokoe,
2005; Vanhaesebroeck et al., 2005; Engelman et al., 2006).

PI3Ks bind to- and are activated by many tyrosine kinase receptors (RTK) either through direct
interactions or indirectly through adaptor molecules, such as insulin receptor substrates (IRS)
(Figure 1). PI3Ks can also be activated by G-protein couple receptors (Murga et al., 2000). For
Class I PI3Ks, once upstream signals are stimulated, the regulatory subunit detaches from the
catalytic subunit leading to activation of the catalytic subunit and consequent increases in
PtdIns production. PtdIns-3,4-P2 and PtdIns-3,4,5-P3 that are produced by PI3K bind to the
pleckstrin homology (PH) domains of a number PH domain-containing proteins, including 3-
phosphoinositide-dependent protein kinase-1 (PDK-1) (Filippa et al., 2000;Storz et al., 2002)
and Akt isoforms, leading to their recruitment to the cytosolic membrane (Andjelkovic et al.,
1996;Kohn et al., 1996;Bellacosa et al., 1998). Co-recruitment of these molecules to the
membrane results in their interaction and leads to a broad cascade of signaling involving many
downstream targets including p21-activating kinase-1 (PAK1), p90 ribosomal S6 kinase
(RSK), serum and glucocorticoid-inducible kinase (SGK), p70 S6 kinase (S6K1), and protein
kinase C (PKC) that lead to cell proliferation, glucose uptake, migration, resistance to
apoptosis, and other downstream events [reviewed in (Cully et al., 2006;Blanco-Aparicio et
al., 2007)].

PI3K mutation and amplification in thyroid cancer
Constitutively activating mutations in the genes encoding the Class I PI3K catalytic subunit
(PIK3CA) have been described in cancers (Samuels et al., 2004). Most of these mutations are
found in p110α in hot spot regions (E542K, E545K, and H1047R) located in helical and kinase
domains of the protein; less commonly, mutations in other regions have been reported (Vogt
et al., 2007). These mutations result in the expression of p110α variants that are active
independent of the regulatory subunit and capable of inducing cell proliferation, invasiveness,
resistance to apoptosis, and malignant transformation in vitro (Vogt et al., 2007). PIK3CA
mutation-induced transformation has been shown to be dependent on several PI3K-regulated
signaling pathways in vitro and in vivo (Gustin et al., 2009). Indeed, Akt activation appears to
be required for some, but not all of the effects initiated by expression of mutant PI3K3CA, as
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emphasized in a recent report demonstrating that PI3K promotes transformation through both
Akt-dependent and Akt-independent pathways (Vasudevan et al., 2009). To date, only
mutations of the gene encoding the PI3K α subunit have been reported. However, recent studies
suggest that mutations of the β, γ, δ and, also can result in constitutive PI3K signaling and
malignant transformation in chicken embryo fibroblasts (Denley et al., 2008). Thus, it is
possible that mutations of other PI3K subunits will be found in cancers in the future.

In thyroid cancers, PIK3CA mutations have been described by several groups (Hou et al.,
2007; Wang et al., 2007; Santarpia et al., 2008; Ricarte-Filho et al., 2009). These occur more
frequently in follicular and anaplastic thyroid cancers (FTC and ATC, respectively) in
comparison to papillary thyroid cancer (PTC) and benign thyroid tumors. Moreover, one recent
study demonstrated that PIK3CA mutations were identified in recurrent or metastatic lesions
only from non-PTC forms of thyroid cancer (Ricarte-Filho et al., 2009). Consistent with the
increased incidence of PIK3CA in poorly differentiated thyroid cancers, Santarpia, et. al.
(Santarpia et al., 2008) demonstrated an increase incidence of PIK3CA mutations in the more
poorly differentiated components of ATCs that had both well and poorly differentiated
components identified in the same tumors. The association between PIK3CA mutations and
more aggressive tumor behavior has also been reported in colon cancer (Ogino et al., 2009),
suggesting this may be a more generalized relationship in solid tumors.

In addition to mutations, amplification of PIK3CA has been described to be a common event
in thyroid tumors. When combining data reported in several recent studies, approximately 13%
of follicular adenomas and 16% of PTCs showed gene amplification of PIK3CA while
approximately 30% of FTC and 50% of ATC exhibited amplification, suggesting an increased
frequency of PIK3CA amplification in more aggressive histological subtypes (Wu et al.,
2005; Hou et al., 2007; Wang et al., 2007; Hou et al., 2008; Santarpia et al., 2008). Liu et. al.
also reported that 25/55 (46%) FTCs and 16/42 (38%) ATCs have amplification of the gene
encoding PI3K’p110 β (Liu et al., 2008). It is not yet known if PIK3CA mutations or
amplification are sufficient to cause thyroid cancer in vivo. The capability is suggested in some
in vivo model systems (Bader et al., 2006), but similar results have not been demonstrated for
all tissues (Liang et al., 2009). Further studies will be required to fully characterize the role of
this oncogene in thyroid cancer development and progression.

Mutations in the gene encoding the PI3K regulatory subunit, p85α that result in deletions
proximal to the highly conserved serine 608 residue leading to constitutive PI3K signaling
have been identified in human ovarian and colon cancer cells (Philp et al., 2001). The
mechanism for this enhanced downstream signaling occurs presumably through reduced
interactions between PI3K regulatory and catalytic subunits. While this mutation has not been
described in thyroid cancer, one murine model of thyroid cancer in which thyroid tumors are
induced by the homozygous genetic “knock-in” of the thyroid hormone β (TRβ) mutant PV
may in part mimic this mechanism (Suzuki et al., 2002). The TRβPV mutant was identified in
a patient with thyroid hormone resistance and has a unique insertion in the T3 receptor β gene.
The altered T3 receptor is not only unable to bind T3, but also has dominant negative activity
(Meier et al., 1993). While using this mutation to model thyroid hormone resistance, these mice
were noted to develop thyroid cancer as they aged (Kaneshige et al., 2000; Suzuki et al.,
2002). The tumors have phenotypic similarities to FTC, including a propensity for distant
metastases, exhibit high degrees of Akt activation, and primary cultured cells from the tumors
demonstrate Akt-dependent cell migration (Kim et al., 2005). Subsequent studies have shown
that the TRβ can bind and sequester the p85 regulatory subunit of PI3K and that the TRβPV
mutant has greater affinity than wild-type receptor for this effect (Furuya et al., 2006). Finally,
inhibition of PI3K systemically using LY294002 inhibits both thyroid cancer development and
metastasis and also reduces the degree of pituitary thyrotroph hyperplasia in these mice (Furuya
et al., 2007). Recent data also demonstrate that crossing TRβPV mice with mice heterozygous
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for Pten loss enhances tumor formation and increases the level of Akt activation in the tumors
(Guigon et al., 2009). Thus, in this model it appears that the tumor induction and progression
is likely dependent on PI3K signaling, although the high levels of TSH may provide additive
or synergistic effects for either tumor formation or progression. Indeed, cooperative
interactions between these pathways have been reported in several thyroid cell systems in
vitro (Coulonval et al., 2000; Saito et al., 2001).

RET/PTC
RET/PTC oncogenes induce activation of a variety of signaling cascades, including MAPK-
ERK (Santoro et al., 2006; Nikiforov, 2008) and PI3K-Akt (Miyagi et al., 2004). Primary
cultured human thyroid epithelial cells infected with a retrovirus containing RET/PTC1 develop
an irregular nuclear contour and a euchromatic appearance that is reminiscent of human PTC
(Fischer et al., 1998). The development of thyroid cancer in transgenic mice with thyroid-
specific RET/PTC1 and RET/PTC3 overexpression confirm the thyroid oncogenic potential
of RET/PTC in vivo (Jhiang et al., 1996; Santoro et al., 1996; Powell et al., 1998). Interestingly,
conditional expression of RET/PTC1 and RET/PTC3 in rat PCCL3 cells leads to induction of
DNA synthesis, and apoptosis, but not cell proliferation (Wang et al., 2003). The authors
proposed that acute activation of RET/PTC may not be strongly oncogenic, but instead
increases susceptibility to secondary genetic or epigenetic changes that may disable growth
inhibitory or antiapoptotic signaling effectors. Studies performed to assess the association
between RET oncogene expression and tumor aggressiveness suggest that while RET/PTC
induces cancer, it does not appear to enhance tumor progression or be particularly associated
with tumor recurrence, although each RET/PTC may not be identical in this regard (Basolo et
al., 2001; Santoro et al., 2002; Nikiforov, 2008). Thus, the current model is that that RET/
PTC rearrangements and consequent constitutive PI3K and MAPK signaling are early events
in radiation-related thyroid tumorigenesis.

Phosphatase and Tensin Homolog Deleted on Chromosome Ten (PTEN)
PTEN is a dual function lipid and protein phosphatase that plays a central role as a negative
regulator of PI3K-mediated signaling events (Li et al., 1997; Liaw et al., 1997; Steck et al.,
1997). While PTEN has diverse functions in multiple subcellular locations (Gimm et al.,
2000; Planchon et al., 2008), its best defined signaling activity is the phosphatase activity that
leads to the removal of phosphates from the 3 position on phosphoinstides, thereby negatively
regulating PI3K signaling. PTEN has been shown to function as a tumor suppressor through
this activity (Di Cristofano et al., 2000). Clinically, the loss of PTEN expression in the germ
line is the cause of the majority of cases of Cowden’s syndrome, a multiple hamartomas
syndrome that includes thyroid neoplasias (benign and malignant) as part of the phenotype
(Liaw et al., 1997). In addition, the loss of Pten in mice has been shown to result in thyroid
cancer and/or nodule development in both generalized and tissue-specific knock out models
(Di Cristofano et al., 1998; Podsypanina et al., 1999; Yeager et al., 2007). Tumors from patients
with PTEN loss have been shown to have enhanced Akt activation (Bruni et al., 2000) and the
induction of tumors in mice heterozygous for Pten loss has been shown to be attenuated by
loss of Akt 1 expression (Chen et al., 2006). Moreover, enhanced proliferation in the thyroid
glands of Pten deficient mice is dependent on mTOR activity (Yeager et al., 2008). Thus, it
appears that much of the tumor suppressor function of PTEN rests in its phosphatase activity
which inhibits PI3K signaling. It is important to note that reduced levels of PTEN can occur
through several mechanisms in human tumors, including gene mutations, promoter
hypermethylation, and more recently reduced translation via micoRNA (miR21)
overexpression (Meng et al., 2007).

Interest in PTEN as a tumor suppressor involved in thyroid neoplasia derived initially from the
high frequency of follicular thyroid neoplasia in Cowden’s syndrome (Liaw et al., 1997). In
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more common sporadic thyroid cancers, PTEN mutations are relatively uncommon (Dahia et
al., 1997; Halachmi et al., 1998), but PTEN gene methylation and reduced expression levels
occur more commonly; particularly in follicular tumors (Bruni et al., 2000; Frisk et al., 2002;
Alvarez-Nunez et al., 2006; Hou et al., 2008). Estrogen receptors may also be an important
downstream modulator of Pten loss-related tumor formation, as suggested by studies that have
identified a cooperative relationship between of estrogen receptor activation and Pten loss-
related in endometrial and thyroid cancer models (Vilgelm et al., 2006; Yeager et al., 2007).
These data may be important clinically considering the female preponderance of patients with
thyroid cancer.

Although not yet studied in thyroid cancer, intriguing recent data have suggested a potential
role for PTEN expression in the tumor-associated stroma in breast cancer behavior [ (Trimboli
et al., 2009) and reviewed in (Eng et al., 2009)]. While controversial, the clincal studies have
indentified unique PTEN mutations in the microdissected stromal tissue that were not identified
in the primary tumor tissue (Kurose et al., 2002). It is also possible that the cells in these clinical
samples that harbor the PTEN mutations represent a subgroup of cancer cells that have
undergone an epithelial-to-mesenchymal transition [ EMT (Mani et al., 2008)], a feature
identified frequently in locally invasive papillary thyroid cancers (Vasko et al., 2007). Recent
functional data in which the selective loss of Pten in stromal fibroblasts of mice enhanced
initiation, growth, and progression of breast cancers strongly supports a role for stromal cell
PI3K activity in breast cancer progression (Trimboli et al., 2009). Whether the identified cells
in human cancers are primary stromal cells or derived from cancer cells via EMT, these data
demonstrate that signals from tumor-associated non-epithelial cells influence breast cancer
progression and are regulated by PI3K/Akt signaling. In thyroid cancer, the derivation of
cancer-associated stromal cells and the relationships between these cells and the epithelial
thyroid cancer cells are incompletely defined.

PDK-1
PDK-1 is a PH domain-containing protein that is activated following PI3K activity that in turn
phosphorylates Akt at threonine 308 along with a large variety of other AGC kinase substrates.
Although this kinase has an important role in PI3K-Akt-mTOR signaling, activating mutations
of the gene encoding PDK-1 have not been described. A recent study identified PDK-1 gene
amplification in 14/58 (24%) FTC and 8/40 (20%) ATC, (Liu et al., 2008) suggesting that
PDK-1 expression levels may regulate downstream signaling in thyroid cancer, but this has
not been fully tested. Based on data demonstrating constitutive activation of PI3K signaling
through mutations in PIK3CA or PTEN, it does not appear that PDK-1 is a site of major
signaling down-regulation in thyroid cancers. PDK-1 activation is dependent on primarily on
cytoplasmic membrane localization, and it is considered to be constitutively active. Thus, while
it is unlikely that activating mutations in the kinase domain occur, it is possible that membrane-
targeting PDK-1 mutations could result in pathway activation (Storz et al., 2002).

Akt
Akt, also known as protein kinase B (PKB), is a family of serine/threonine kinases comprised
of three unique, but closely related isoforms, Akt 1, 2, and 3 (Staal, 1987; Jones et al., 1991;
Masure et al., 1999; Nakatani et al., 1999). All Akt isoforms share structural homology,
including PH domain, ATP binding site, and two phosphorylation sites. Similar to PDK-1, the
PH domain of Akt binds with PtdIns-3,4-P2 and PtdIns-3,4,5-P3 leading to cytoplamic
membrane recruitment (Kohn et al., 1996; Andjelkovic et al., 1997). Threonine 308 on Akt1
is phosphorylated by PDK-1 while the second critical phosphorylation site, Serine 473 on Akt1,
can be phosphorylated by other kinases with so-called PDK-2 activity, such as Integrin-linked
kinase, DNA-dependent kinase, protein kinase C, and the TORC2 complex (see below), and/
or be autophosphorylated, resulting in maximum kinase activation (Alessi et al., 1996; Lynch
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et al., 1999; Toker et al., 2000; Feng et al., 2004; Kawakami et al., 2004; Jacinto et al., 2006).
Akt then phosphorylates a variety of downstream targets in the cytoplasm including glycogen
systhesis kinase (GSK), Bad, forkhead family of transcription factor (FoxO), PAK1, cAMP
response element-binding protein (CREB), p27, and Mdm2 (Brazil et al., 2004).
Phosphorylation of downstream targets by Akt has been shown to increase cell proliferation,
motility, protein synthesis, and gluconeogenesis as well as inhibit apoptosis. Akt has also been
shown to target nuclear proteins directly, including transcription factors and nuclear receptors
leading to a unique signaling network (Trotman et al., 2006). Akt signaling is extinguished by
phosphatases, including PHLPP1 (Gao et al., 2005) and PP2A that may have isoform and
localization specificity (Trotman et al., 2006). There are several possible determinants of Akt
downstream effects, including the degree of activation, the subcellular localization of activated
Akt, preferential activation of specific Akt isoforms, and levels of Akt expression. These will
be discussed below.

In thyroid cancer, increased Akt activation has been reported, with greater degrees of activation
in follicular and poorly differentiated thyroid cancers in comparison to papillary cancers;
although activity has been reported in all subtypes (Bruni et al., 2000; Ringel et al., 2001;
Miyakawa et al., 2003; Shin et al., 2004; Motti et al., 2005; Larson et al., 2007; Santarpia et
al., 2008). It has also been demonstrated that higher levels of phosphorylated Akt (pAkt) occur
in the invasive fronts of locally aggressive primary thyroid cancers (Vasko et al., 2004).
Because of the tendency of immunoactive pAkt to be found in the nucleus in these invasive
fronts, and those of other cancers, there has been an interest in identifying nuclear Akt
downstream pathways (Trotman et al., 2006). Experimentally, it has been shown that nuclear-
predominant Akt 1 activity is capable of regulating cell migration in vitro (Saji et al., 2005),
suggesting a role for nuclear Akt 1 signaling in cancer invasion. Moreover, in T-cell lymphoma,
the TCL-1 oncogene has been shown to enhance nuclear Akt1 important resulting in tumor
formation (Pekarsky et al., 2000; Pekarsky et al., 2001). Despite these data, the precise
mechanisms that regulate the nuclear transport of Akt is uncertain. Several Akt binding proteins
involved in Akt nuclear import have been described, including heat shock protein 90 (HSP90)
(Sato et al., 2000), T-cell lymphoma oncogene (Tcl)-1 (Pekarsky et al., 2000), adaptor protein
containing PH domain, PTB domain and leucin-zipper motif (APPL) (Mitsuuchi et al.,
1999), protein kinase C-related kinase (PRK) 2 (Koh et al., 2000), carboxyl-terminal modulator
protein (CTMP) (Maira et al., 2001), mammalian homolog of Drosophila tribbles 3 (TRB3)
(Du et al., 2003), and most recently p21 activated kinase 1 (PAK1) (Higuchi et al., 2008). Akt
is exported from the nucleus by binding with chromosome region maintenance protein-1
(CRM-1), similar to many other proteins. Akt1 binds with CRM-1 at a nuclear export sequence
(NES) located within its kinase domain (Saji et al., 2005). Pharmacological inhibition of
CRM-1 binding and molecular disruption of binding between Akt1 and CRM-1 by mutation
of the NES sequence lead to nuclear Akt 1 accumulation, supporting the functional role of this
interaction in Akt subcellular shuttling. Finally, although the roles of Akt isoforms in cell
growth and motility appear to be cell-type specific, in fibroblasts and mesenchymal cancer
cells, overexpression of nuclear export deficient Akt1 results in increased cell motility in vitro
(Saji et al., 2005).

In addition to nuclear Akt, activated Akt in the cytoplasmic membrane has also been shown to
play an important role in enhancing cell motility (Higuchi et al., 2001; Kim et al., 2001).
Transforming mutations of Akt1 in the pleckstrin homolog (PH) domain (Carpten et al.,
2007) and replacement of the PH domain with a membrane-targeting myristoylated sequence
both increase the association of Akt isoforms with the cytosolic membrane leading to
constitutive activation and cellular proliferation, transformation, and motility, thereby
confirming that important Akt cancer-promoting signaling events clearly occur in the cytosol
(Mirza et al., 2000; Mende et al., 2001; Saji et al., 2005). Thus, Akt activity plays a role in cell
migration through interactions with targets in both the nucleus and cytosol. These results
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together demonstrate that subcellular localization of Akt activity may play an important role
in defining its downstream biological consequences.

In addition to subcellular localization, there has been a strong interest in identifying Akt
isoform-specific functions. This is particularly relevant in a translational manner due to efforts
to develop Akt isoform-specific inhibitors for clinical trials. The lack of complete overlap in
Akt isoforms function is highlighted by the selective knock out models of Akt 1 and 2. Akt 1
is expressed in almost all cells and generalized Akt 1 knock-out mice demonstrated a small
size (Cho et al., 2001). Akt 2, while expressed in many cells, is preferentially expressed in
insulin-responsive tissues and its knock-out mice develop type 2 diabetes without evidence of
a rescue effect of compensatory Akt 1 overexpession (Cho et al., 2001; Garofalo et al., 2003).
In the normal human thyroid, Akt 1 and 2 are the predominate isoforms expressed (Ringel et
al., 2001), while Akt 3 expression is primarily detected in the brain, heart, and kidneys. Estrogen
receptor-deficient breast cancers and androgen-independent prostate cancer lines also
expressed Akt 3, suggesting that Akt 3 may have an important role in the malignant phenotype
in these cancer lines (Nakatani et al., 1999). It is important to recognize that some Akt
interacting proteins, such as PAK1 and TCl1, display isoform-specificity in Akt interactions,
a feature that might be functionally important in defining isoform-specific roles for Akt in
cancer (Pekarsky et al., 2000).

Interestingly, strikingly distinct cell context-specific differences in the roles of Akt isoforms
in tumorigenesis, progression, and cell motility have recently been reported. For example, in
certain breast cancer cells and in breast cancer in vivo models, Akt 1 appears to promote cell
proliferation and tumor formation and inhibit cell motility and metastasis; while Akt 2 is
primarily involved as a positive regulator of cell motility and metastases (Hutchinson et al.,
2004; Irie et al., 2005; Yoeli-Lerner et al., 2005; Heron-Milhavet et al., 2006; Liu et al.,
2006; Cheng et al., 2007; Dillon et al., 2009). By contrast, in poorly differentiated cancer cells
and fibroblasts, Akt 1 functions as a positive regulator of motility, and its expression is both
necessary and sufficient for cell motility (Saji et al., 2005; Zhou et al., 2006). These data may
be of critical importance when considering Akt isoform inhibition as a modality for cancer
therapy and suggests that isoform-specific inhibitors may need to be considered indepently.
Finally, as noted above, Akt pathway activation in the tumor-related stroma may also modulate
the aggressiveness of cancer behavior. Whether specific Akt isoforms are particularly relevant
to these data is uncertain.

Akt activity levels in cancers may also be controlled by other factors. Gene amplification of
Akt 1 and Akt 2 has recently been described to occur in a variety of tumors. In thyroid cancer,
Liu et. al. recently reported that 5/61 (8%) FTC and 9/48 (19%) ATC had gene amplification
of Akt 1, and that 13/58 (22%) FTC had gene amplification of Akt 2 (Liu et al., 2008). However,
whether the amplification was associated with activated downstream signaling was not
reported. Recently, gain-of function mutations of Akt isoforms have been reported in cancer.
Carpten et. al. (Carpten et al., 2007) sequenced all Akt family genes in total over 150 of breast,
colon, and ovarian cancers, and found a unique mutation at nucleotide 49 of Akt1 that results
in a lysine substitution for glutamic acid at amino acid 17 (AKT1E17K) within PH domain in
5/61 (8%) breast, 3/51 (6%) colorectal and 1/50 (2%) ovarian cancers. The E17K substitution
was shown to alter Akt1 PH domain conformation, allowing membrane recruitment of Akt1
independent of PtdIns binding, resulting in constitutive Akt kinase activity and signaling.
AKT1E17K is a relatively uncommon gene mutation in many other cancers that have been
studied, including lung, B-cell-derived lymphoid leukemias (0/87), and 1/26 urothelial
carcinoma (Mahmoud et al., 2008; Malanga et al., 2008; Zilberman et al., 2009). In primary
thyroid cancers, AKTE17K mutations appear to be uncommon as no Akt 1 or 2 PH-domain
mutations were identified in 64 FTC, and 47 ATC samples (Liu et al., 2008). However, in a
second study, Ricarte-Filho et. al. (Ricarte-Filho et al., 2009) reported recurrent or metastatic
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lesions from 2/12 (17%) tall cell variant PTC, 1/3 (33%) Hürthle cell carcinoma, and 6/32
(19%) poorly differentiated PTC cases had AKT1K17E mutations, suggesting that Akt 1
mutations may have an important role as a “later” genetic alteration in tumor progression. In
addition to Akt 1 mutations, similar mutations in the PH domain have recently been identified
in the Akt 3 gene in malingnant melanoma (Davies et al., 2008). Akt 3 mutations have not been
reported in thyroid cancer.

TSC1/2 (hamartin and tuberin)
TSC1 and 2 are important signaling molecules in PI3K-Akt-mTOR and MAP kinase signaling
as described in detail above [Figure 2 and reviewed in (Guertin et al., 2007)]. Inactivating
mutations in TSC1 and TSC2 result in constitutive mTOR activation and are the cause of types
1 and 2 tuberous sclerosis, a heritable disorder characterized by skin lesions, renal cysts,
angiomyolipomas in multiple locations, astryctomas, and neuroendocrine tumors
(Dworakowska et al., 2009). While thyroid cancer is not classically considered to be a
component of tuberous sclerosis, inhibition of mTOR is one approach being evaluated with
therapeutic intent (see below).

Mammalian target of rapamycin (mTOR)
mTOR, also known as FK506 binding protein 12-rapamycin associated protein (FRAP) 1, is
a serine/threonine protein kinase in the PI3K cascade (Wullschleger et al., 2006; Abraham et
al., 2007; Guertin et al., 2007). mTOR phosphorylates and activates S6K, and also inhibits
eukaryotic translation initiation factor 4E binding protein (4E-BP), resulting in enhanced
protein synthesis and cell proliferation. Although Akt activity enhances mTOR activity, the
dynamic interplay between these two molecules is complex (Figure 2). Akt phosphorylates
and inhibits tuberin sclerosis protein complexes (TSC1 and 2, also known as harmartin and
tuberin, respectively) leading to an increase in Ras homolog enriched in brain (Rheb) activity
and mTOR activation through interactions with the mTOR protein complexes (Astrinidis et
al., 2005; Au et al., 2008), mTORC1 and mTORC2. mTORC1 is comprised of mTOR, Raptor,
mLST8, and PRAS40, a mTOR inhibitor. Increased activity of Rheb and inhibition of PRAS40
by phosphorylation occurs once Akt inhbits TSC2, resulting in mTOR activation and
subsequent downstream signaling. The activated mTORC1 complex has been shown to exert
negative-feedback inhibition on PI3K signaling by downregulating more proximal signaling
regulators such as IRS 1 (Takano et al., 2001). The mTORC2 protein complex contains mTOR,
Rictor, mLST8, and mSIN1. mTORC2, when activated, has been convincingly shown to have
PDK2 activity leading to serine 473 phosphorylation and activation of Akt (Sarbassov et al.,
2005), thereby serving as a positive feedback loop. Other signaling pathways regulated by the
mTORC2 complex are less well delineated.

Role of PI3K signaling in RAS Oncogene Activity
While Ras is known to signal through MAPK, this signaling molecule also has the ability to
directly activated PI3K signaling (Cass et al., 2000). Gupta et. al. showed that expression of
PI3K p110 mutants which are genetically modified to lose selectively binding with Ras resulted
in reduced Ras-induced Akt activation and tumorigenesis (Gupta et al., 2007), suggesting that
Ras-induced PI3K signaling is necessary for Ras-induced tumorigeneis. The relative
contribution of these two pathways in RAS effects may be tissue or cell-type specific.

RAS mutations are most common in follicular thyroid tumors and in follicular variant of PTC
(Nikiforov, 2008). In thyroid cells, RAS mutants have been shown to activate both the PI3K
and MAPK signaling cascades. Recent in vivo data confirms that oncogenic transformation by
mutant KRAS requires activation of both signaling cascades (Miller et al., 2009). Consistent
with this observation is the relative resistance of thyroid cancer cells with RAS mutations to
MEK inhibition in comparison to cell lines harboring BRAF V600E mutations (Ball et al.,
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2007; Leboeuf et al., 2008). These data suggest that combined inhibition of MEK and PI3K
signaling may be optimal for in vitro sensitivity of these cells.

Peroxisome Proliferators-activated receptor (PPAR) /Paired Box 8 (PAX8) Rearrangements
PPARγ/PAX8 rearrangements are reported to be found in a subset of benign and malignant
follicular thyroid tumors (Kroll et al., 2000). The function of this rearranged protein is not
entirely elucidated, but its protein functions appear to include a dominant-negative effect on
PPAR activity (Reddi et al., 2007). Recent in vivo studies demonstrate that thyroid-specific
expression of the protein results in thyroid hyperplasia (Diallo-Krou et al., 2009). Since PPAR
has been shown to positively regulate PTEN gene expression, inhibition of PPAR would be
predicted to suppress PTEN expression thereby increasing PI3k-Akt signaling (Farrow et al.,
2003). Consistent with this mechanism, Vasko, et. al. identified a correlation between
expression of PPARγ/PAX8 and higher levels of immunoactive pAkt in human thyroid cancers
(Vasko et al., 2004). Similarly, increased levels of immunoactive phosphorylated Akt were
identified in the hyperplastic thyroid glands in the thyroid-specific PPARγ/PAX8 mice and in
PPARγ/PAX8 -expressing human tumors were recently reported by Diallow-Krou, et al (Diallo-
Krou et al., 2009). In addition, they also reported that the thyroid hyperplasia was more
pronounced when the thyroid-specific PPARγ/PAX8 mice were crossed with Pten+/− mice;
although cancers were not identified.

Other Mechanisms for Enhanced PI3K Signaling in Thyroid Cancer
Other gain-of-function mutations and overexpression of tyrosine kinase receptors that
potentially simulate PI3K-Akt-mTOR signaling can occur in thyroid cancer. Gene
rearrangements involving the neurotrophic recoptor-tyrosine kinase (NTRK1) and
overexpression of the hepatocyte growth factor receptor, c-MET, have been described in
papillary thyroid cancer (Greco et al., 1992; Di Renzo et al., 1995). In addition, overexpression
of EGF, VEGF, IGF-1, FGF receptors and others known to signal in part through PI3K are
also common in thyroid cancer [reviewed in (Kondo et al., 2006)]. In addition to signaling in
cancer cells, PI3K signaling may play a critical role in regulating the response of non-cancer
cells in the associated stromal tissue to circulating factors, extracellular ligands, and tumor-
derived factors. This cancer-related signaling may also play an important role in regulating
cancer growth and progression.

PI3 KINASE AS A TARGET FOR TREATMENT OF PROGRESSIVE/POORLY
DIFFERENTIATED THYROID CANCERS

Most patients with thyroid cancer are successfully treated with thyroidectomy, levothyroxine,
and radioiodine in selected cases (Cooper et al., 2006). External beam radiation therapy may
also be used to control local disease recurrence or to protect patients from local complications
of metastatic lesions. Cytotoxic chemotherapy has been largely ineffective for patients with
widespread progressive metastatic or poorly differentiated thyroid cancers. There has therefore
been a major interest in developing and testing compounds for the treatment of patients with
aggressive thyroid cancers. Due in part to the efficacy of targeted therapy with imatinib in
BCR/Abl-positive chronic myelogeous leukemia and C-Kit positive gastrointestinal stromal
tumor therapy, a plethora of compounds have been developed to target specific kinases or other
signaling molecules known to be involved in cancer formation and progression. Because of
the extent of knowledge of genetic and signaling abnormalities in thyroid cancer, it serves as
an excellent model tumor for testing the efficacy of these “targeted” therapies.

To date, most of the compounds tested in treating thyroid cancer are competitive inhibitors of
kinase activity that have some degree of specificity for tyrosine and serine/threonine kinases
that share similar structures in their ATP binding pockets [reviewed in (Sherman, 2009)]. More
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specific inhibitors that are being studied include allosteric inhibitors and specific agents
designed to inhibit the extracellular activation of individual receptor kinases. In thyroid cancer,
a group of compounds have been or are being studied that target, among other kinases, Ret,
BRAF, VEGF receptors, cMet, and PDGF Receptors and are thus classified as multikinase
inhibitors with varying degrees of activity and specificity for specific targets [reviewed in
(Sherman, 2009)]. These include compounds, such as motesanib, sorafenib, and axitinib that
have been shown to induce stable disease or partial remission in a high percentage of patients
with aggressive thyroid cancers (Cohen et al., 2008; Gupta-Abramson et al., 2008; Sherman
et al., 2008; Kloos et al., 2009). Others are currently being evaluated in Phase 2 and 3 studies.
One common target of the active compounds proposed to be relevant for thyroid cancer
treatment is the VEGF receptor.

Due to the high frequency of activation of PI3K and its downstream effectors in progressive,
recurrent, and poorly differentiated thyroid cancers, this kinase represents particularly relevant
and potentially important therapeutic target. One target in this pathway that has been exploited
for treating other cancers is mTOR. Everolimus, a compound that targets mTOR, has recently
been approved in the Unites States for clinical use in advanced treatment-resistant renal cell
cancer. In addition rapamycin has been approved for use as an inhibitor of transplant rejection
for a number of years. Rapamycin has been shown to inhibit Pten loss-related thyroid cell
growth in vivo and (Yeager et al., 2008) and to inhibit thyroid cancer cell growth in vitro
(Papewalis et al., 2009). In addition to inhibiting mTOR, PI3K itself also represents a
therapeutic target for cancer. Indeed, in the laboratory, inhibition of PI3K is attained using
several compounds including LY294002 and Wortmanin. Recently, oral PI3K inhibitors have
been developed, including both generalized and isoform-specific compounds (Garcia-
Echeverria et al., 2008; Jia et al., 2009). Similarly, Akt inhibitors are also being developed that
inhibit all Akt isoforms. Several compounds inhibiting these targets are now in phase 1 clinical
trials [reviewed in (Garcia-Echeverria et al., 2008)]. As noted above, care must be taken when
considering isoform-specific Akt inhibitors due to the cell type-specific effects of Akt 1 as
either an inhibitor or inducer of cell migration and metastases. Other non-specific approaches
that inhibit PI3K signaling include using compounds that reduce protein stability either by
disrupting protein-protein interactions with chaperones, such as HSP90 or by enhancing
proteasomal degradation.

Because PI3K activation can occur in combination with constitutive activation of the MAPK
pathway in progressive thyroid cancer and it has been described that mTOR inhibition may
paradoxically increase Akt phosphorylation through feedback mechanisms (Sun et al., 2005),
there has been an interest in combinatorial strategies to treat aggressive thyroid cancers, similar
to lung cancer (Engelman et al., 2008). This approach may be particularly relevant for tumors
with genetic alterations of both pathways, although recent data suggest that combined
inhibition of mTOR and MEK may be effective in a broad array of thyroid cancer cell lines
with different genetic abnormalities (Jin et al., 2009). Despite the potential for dose reductions
of both agents through synergistic interactions, great care must be taken to carefully analyze
for potential side effects of such combinatorial approaches.

PI3K signaling plays a critical role in a number of non-tumor tissues, and the benefits and
concerns about globally inhibiting this pathway must be considered in clinical trials. For
example, one can hypothesize that the effects of inhibiting PI3K on the tumor
microenvironment and on recruiting cells to tumors, as recently highlighted in breast cancer
models, may play an important role in the anti-tumor effects of these compounds (Trimboli et
al., 2009). However, PI3K signaling is also crucial for essential cellular processes such as
insulin signaling, neuron function, and endothelial function and inhibiting signaling in these
cells may lead to toxicities. The relative specificity for tumor cells may be dose-related;
however, careful scrutiny of safety parameters in clinical trials will be important, particularly
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in combination studies. This may be particularly relevant for thyroid cancer patients, many of
whom maintain an excellent quality of life even in the setting of metastatic disease.

CONCLUSIONS
Overactivation of PI3K signaling plays an important role in the development and progression
of thyroid cancer. Clinical and functional data support a particularly important role for this
cascade in follicular tumorigenesis. Clinical correlation data and in vitro studies support a role
for PI3K signaling in tumor dedifferentiation and progression. Like all signaling cascades, the
complexity of interactions between signaling molecules within this pathway and with other
signaling cascades is now being elucidated. While the role of aberrant PI3K signaling as a
mediator of thyroid cancer dedifferentiation and progression requires further experimental
confirmation, this potential function suggests that critical signaling nodes in this pathway may
be a particularly relevant therapeutic targets for patients with aggressive forms of the disease.
Further studies to determine if anti-tumor activity can be predicted by the degree of pathway
activation or by the presence of specific genetic abnormalities are needed to determine if this
cascade represent an appropriate clinical therapeutic target.
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Figure 1.
Schematic presentation of PI3K-Akt signaling. PI3K is activated by RTK and GPCR
stimulation, and subsequently phosphorylates and activates PDK-1 and Akt. [Adapted with
permission from (Paes et al., 2008)].
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Figure 2.
Schematic presentation of Akt-mTOR signaling. Akt stimulates mTORC1 and 2 complex
activities which leads to downstream signaling as well as both negative (mTORC1) and positive
(mTORC2) feedback loops.
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