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Context: Thyroid cancer is the most common form of endocrine cancer, and it is a disease whose
incidence is rapidly rising. Well-differentiated epithelial thyroid cancer can be divided into pap-
illary thyroid cancer (PTC) and follicular thyroid cancer (FTC). Although FTCis lesscommon, patients
with this condition have more frequent metastasis and a poorer prognosis than those with PTC.

Objective: The objective of this study was to characterize the molecular mechanisms contributing
to the development and metastasis of FTC.

Design: We developed and characterized mice carrying thyroid-specific double knockout of the
Prkar1a and Pten tumor suppressor genes and compared signaling alterations observed in the
mouse FTC to the corresponding human tumors.

Setting: The study was conducted at an academic research laboratory. Human samples were ob-
tained from academic hospitals.

Patients: Deidentified, formalin-fixed, paraffin-embedded (FFPE) samples were analyzed from 10
control thyroids, 30 PTC cases, five follicular variant PTC cases, and 10 FTC cases.

Interventions: There were no interventions.

Main outcome measures: Mouse and patient samples were analyzed for expression of activated cAMP
response element binding protein, AKT, ERK, and mammalian target of rapamycin (mTOR). Murine FTCs
were analyzed for differential gene expression to identify genes associated with metastatic progression.

Results: Double Prkar1a-Pten thyroid knockout mice develop FTC and recapitulate the histology and
metastatic phenotype of the human disease. Analysis of signaling pathways in FTC showed that both
human and mouse tumors exhibited strong activation of protein kinase Aand mTOR. The development
of metastatic disease was associated with the overexpression of genes required for cell movement

Conclusions: These data imply that the protein kinase A and mTOR signaling cascades are impor-
tant for the development of follicular thyroid carcinogenesis and may suggest new targets for
therapeutic intervention. Mouse models paralleling the development of the stages of human FTC
should provide important new tools for understanding the mechanisms of FTC development and
progression and for evaluating new therapeutics. (J Clin Endocrinol Metab 99: E804-E812, 2014)
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hyroid cancer is the most common endocrine malig-
T nancy, with most patients exhibiting well-differenti-
ated epithelial thyroid cancer, either papillary thyroid can-
cer (PTC) or follicular thyroid cancer (FTC). Although
most patients with thyroid cancer have excellent long-
term survival, FTC is more likely to produce distant me-
tastases, leading to a poorer prognosis for FTC patients
than those with PTC (1). Thus, identifying the mecha-
nisms leading to the increased aggressiveness of FTC re-
mains an important area for investigation.

Individuals with the inherited tumor predispositions
Carney complex (CNC; Online Mendelian Inheritance in
Man [OMIM] #160980) and Cowden syndrome (CS;
OMIM # 158350) have an increased incidence of thyroid
cancer (2, 3). The cancers in both CNC and CS are a
mixture of FTC and PTC, although there is an overrep-
resentation of FTC in these patients (4, 5). We have pre-
viously shown that mice heterozygous for the CNC gene,
Prkarla, recapitulate many of the features of CNC, in-
cluding thyroid cancer in 10% of aged animals (6).
PRKARI1A, the type 1A regulatory subunit of the cAMP-
dependent protein kinase (protein kinase A, or PKA), is the
most ubiquitous of the PKA regulatory subunits, and in-
activation of PRKAR1A leads to enhanced PKA activity
(7). More recently we have shown that deletion of Prkarla
in the mouse thyroid leads to locally invasive FTC without
distant metastases (8).

Similarly, mice heterozygous for Pten mutations de-
velop a variably penetrant thyroid phenotype, possibly
reflecting strain effects (9). Thyroid-specific deletion of
Pten results mainly in follicular adenomas [(10) and Prin-
gle, D.R., and L.S. Kirschner, unpublished observations],
although analysis of mice up to 2 years of age showed the
development of FTC at advanced ages (11).

To evaluate how the combination of PKA and Akt ac-
tivation interact to affect thyroid growth in vivo, we gen-
erated mice with thyroid-specific knockout of both
Prkarla and Pten. We report that these double Prkarla-
Pten mice (DRP-TpoKO mice) develop aggressive FTC
with 100% penetrance and frequently develop well-dif-
ferentiated lung metastases. Analysis of signaling path-
ways demonstrated consistent activation of the PKA and
mammalian target of rapamycin (mTOR) pathways, a
molecular signature that was also observed in a cohort of
human FTCs. Thus, the DRP-TpoKO mice represent a
new and highly relevant model of metastatic FTC and
indicate that PKA-mTOR crosstalk may be a mechanism
to foment FTC metastatic progression. This potential
PKA-mTOR crosstalk could have significant implications
for developing new targeted therapies for the treatment of
FTC patients.
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Materials and Methods

Animal studies

Mice were maintained in a sterile environment under an In-
stitutional Animal Care and Use Committee-approved protocol.
Prkar1a'*t"oxP | Pten!ox"1oxl and Thyroid Peroxidase-cre
(TPO-cre) mice have been previously described (6, 34, 35). All
mice were of mixed background, with predominant contribu-
tions of 129/Sv126 and FVB/N. Serum hormone levels were an-
alyzed by the National Hormone and Peptide Program (Harbor-
UCLA Medical Center, Torrance, California).

Mouse histology

Immunohistochemistry (IHC)/immunofluorescence (IF) ex-
periments were performed as described previously (36) with the
following antibodies: Cell Signaling Technology, pCREB%*"!33
(9198), pAkt>™73 (3787), and pErkTh202T7204 (9101); Ab-
Cam, pmTORS*2**% (ab51044) and phospho-p70S6K Thr389/412
(ab129230).

Microarray

RNA wasisolated from using the QTAGEN miRNeasy kit and
hybridized to GeneChip Mouse Exon 1.0 ST array (Affymetrix).
The heat map of genes with linear trend effects was generated by
filtering out genes with high variance and subjecting them to
hierarchical clustering using Pearson’s correlation with MeV,
part of the TM4 Microarray Software Suite (37). Functional
annotation was performed using Database for Annotation, Vi-
sualization, and Integrated Discovery (DAVID) (38).

Human samples

Sporadic FTC samples were obtained from the Ukrainian
Center of Endocrine Surgery (Kiev) under an institutional review
board approved protocol at the Uniformed Services University of
the Health Sciences. IHC was performed as previously described
(32), with the following antibodies: Cell Signaling Technologies,
pCREBSer133 (9198), pAktSer473 (9271 ), pErkThrZOZITyr204
(9101), and phospho-p70S6K hr421/5er424 (9904)  Scoring cri-
teria were as follows: 0, no staining; 1, low intensity focal stain-
ing; and 2, intense staining in greater than 50% of the cells.

Statistics

For analysis of repeated measurements of mouse weight over
time, a linear model was used, and adjusted P values were ob-
tained using Holm’s method, values of P < .05 considered sig-
nificant. Microarray signals were subject to background correc-
tion and quantile normalization and gene expression
summarized using Robust Multi-array Average (39). A linear
model was used to detect differentially expressed genes. Esti-
mates of variability and statistical tests for differential expression
were performed as described using moderated # statistics with
variance smoothing (40). Linear trend was assessed for gene ex-
pression among Pten-, R1a-, and DRP-TpoKO genotypes and
was normalized to matched controls. Linear model and # test
were used to obtain linear trend significance.

Results

Ablation of Prkar1a and Pten in the thyroid leads
to hyperthyroidism and metastatic FTC

To study how interactions of PKA and Akt could affect
thyroid cancer development, we generated mice harboring
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heterozygous deletion of both Prkarla and Pten. Al-
though these mice showed reduced survival compared
with single heterozygotes (Supplemental Figure 1A, pub-
lished on The Endocrine Society’s Journals Online web site
at http://jcem.endojournals.org), no increased incidence
of thyroid cancer was observed. To verify specificity of the
Prkarla-Pten interaction, we also crossed Prkarla*’~
mice with mice heterozygous for the endocrine tumor sup-
pressor genes Lkbl or Menl. Neither Prkarla™™;
Lkb1*"~ nor Prkarla™ ;Men1™’~ mice showed altered
survival (Supplemental Figure 1, Band C). To better model
thyroid cancer in the context of Prkarla and Pten muta-
tions, we generated mice with thyroid-specific deletion of
both Prkarla and Pten, referred to as DRP-TpoKO (Dou-
ble R1a-Pten knockout) mice. Although control mice ex-
hibited no significant morbidity up to 12 months, median
age for mortality or euthanasia due to morbidity (labored
breathing and/or weight loss) for DRP-TpoKO animals
was 6 months (n = 97) (Supplemental Figure 2). This
survival was significantly less that mice carrying thyroid-
specific KO of Prkarla or Pten alone (R1a-TpoKO and
Pten-TpoKO, respectively).

Serum was collected from 28 DRP-TpoKO animals
and 10 WT littermates for measurement of thyroid func-
tion (Supplemental Figure 3, A and B). Free T, levels were
markedly increased (28.75 ng/dL in DRP-TpoKO, 3.2
ng/dL in WT, P < .0001). TSH was measured from the
cohort, although the poor low-end sensitivity of the assay
(similar to first generation human TSH assays) did not
enable detection of the expected TSH suppression in DRP-
TpoKO animals. To assess for physiological hyperthy-
roidism, male WT and DRP-TpoKO animals were
weighed monthly until 6 months or euthanasia. DRP-
TpoKO animals had lower body weight beginning at 1
month of age, which became statistically significant at 5
months (Supplemental Figure 3C). This reduced weight
was associated with reduced sc and visceral adipose tissue.
These data confirm that DRP-TpoKO animals are phys-
iologically hyperthyroid.

Grossly, DRP-TpoKO thyroids were enlarged com-
pared with wild type (WT) and showed obvious nodular
growths (Figure 1, A and C). Histological examination
demonstrated that 100% of these mice (n = 56) developed
FTC by 6 months of age, based on the presence of capsular
and/or vascular invasion (Figure 1, E and F). Notably,
analysis of mice (n = 9) at 8 weeks of age also demon-
strated 100% penetrance of FTC, making this model both
rapid and highly reproducible.

Metastatic FTC was detected in the lungs of 27% of
these animals (15 of 56). The metastases were well differ-
entiated, including maintaining follicular structure with
colloid (Figure 1G), and staining for thyroglobulin (Figure
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Figure 1. DRP-TpoKO tumors show consistent features of aggressive
FTC and develop FTC-derived lung metastases. Macroscopic images of
representative WT (A) and DRP-TpoKO (C) thyroids. Representative
hematoxylin and eosin staining of high-magnification images of WT (B)
and DRP-TpoKO (D) thyroids. Evidence of capsular (E, arrow) and
vascular (F, arrow) invasion in DRP-TpoKO tumors. Representative
photomicrographs of DRP-TpoKO follicular thyroid carcinoma lung
metastases (arrows) stained with hematoxylin and eosin (F) and
thyroglobulin (H). Scale bar (B, applies to D), 125 um, (E, applies to F,
G, and H), 500 um.

1H). Focused examination of the liver and long bones of
mice with metastatic disease as well as survey necropsy of
other organs did not detect the presence of other
metastases.

Multiple oncogenic pathways are activated in
DRP-TpoKO cancers

The effects of deletion of Prkarla and Pten on thyroid
oncogenesis were first studied by analyzing thyrocyte pro-
liferation in DRP-TpoKO thyroids, along with Pten-
TpoKO (benign neoplasia only) and R1a-TpoKO thy-
roids (locally invasive FTC) (Supplemental Figure 4).
Surprisingly, R1a-TpoKO tumors exhibited the highest
proliferation rate, with Pten-TpoKO and DRP-TpoKO
showing only mild increases (Supplemental Figure 5).
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To evaluate oncogenic signaling pathways, thyroids
were assessed by immunohistochemistry. WT thyroids ex-
hibited little to no phosphorylation (activation) of cAMP
response element binding protein (CREB), Akt, ERK (p42/
44), p70S6K, and mTOR (Figure 2, A-E). In contrast,
Pten-, Rla-, and DRP-TpoKO tumors exhibited in-
creased activation of at least two of these pathways. In
Pten-TpoKO thyroids (Figure 2, F-]), there was wide-
spread phospho-Akt staining as expected as well as in-
creases in phosphorylated (p) mTOR and phospho-
p70S6K, consistent with their roles as pathways
downstream from Akt activation in the thyroid, as previ-
ously demonstrated (12). In R1a-TpoKO mice (Figure 2,
K-0), there was strong nuclear staining for pPCREB as well
as an unexpected increase in pmTOR/pp70S6K. Lastly,
DRP-TpoKO tumors (Figure 2, P-T) also demonstrated
strong nuclear pCREB and diffuse pmTOR and pp70S6K.
Patchy pERK staining was observed, although there was
no localization to tumor leading edges, as has been ob-
served in human PTC (13). Intriguingly, pAkt staining in
DRP-TpoKO tumors exhibited membranous localization
(Figure 2Q, inset), in contrast to the diffuse nuclear-cyto-
plasmic staining seen in Pten-TpoKO thyroids (Figure 2G,
inset). Localization to the membrane is a required step in
Akt activation (14), but sustained membranous pAkt is
uncommon. Membranous localization of pAkt has been
described in a prostate cancer model and is increased in
castrated animals (15). However, membranous pAkt was
observed, regardless of sex in our tumors, suggesting sex
hormones are likely not involved in this observation. Be-

pCREB

Wild-type

Pten-TpoKO

R1a-TpoKO

DRP-TpoKO
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cause the function and localization of Akt may be affected
by binding to multiple other proteins (16), it is conceivable
that PKA may affect Akt localization indirectly in this
manner; efforts to understand this phenomenon and its
implications are currently underway.

Human sporadic FTCs show a molecular signature
similar to DRP-TpoKO tumors

To determine if signaling alterations in DRP-TpoKO
tumors correlated to those observed in human FTC, a
panel of thyroid cancer subtypes was stained for pCREB,
pAKT, pERK, and pp70S6K (Figure 3). Included in this
panel were normal thyroid, PTC, follicular variant of PTC
(FVPTC), and FTC. Similar to the mouse cancers, human
FTC exhibited strong staining for nuclear pCREB as well
as diffuse staining of pp70S6K as a marker of mTOR ac-
tivation. As shown in Table 1, 70% and 80% of the FTC
cancers stained strongly for pPCREB and pp70S6K, respec-
tively, whereas strong staining for pAKT and pERK were
seenin only 30%—-40%. As expected, PTCs tend to exhibit
activation of ERK and AKT. We conclude that signaling in
the DRP-TpoKO model closely mimics the signaling
changes associated with human FTC.

Thyroid cancers from CNC and CS patients show
activation of both PKA and phosphatidylinositol
3-kinase

CNC and CS are rare syndromes with thyroid cancer
rates of 2.5% and approximately 35 %, respectively (2, 3).
We were able to obtain one CNC-associated PTC and one
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Figure 2. Activation of FTC-related pathways in DRP-TpoKO, R1a-TpoKO, and Pten-TpoKO tumors. Immunohistochemical staining of WT thyroids
(A-E), Pten-TpoKO tumors (F-J), R1a-TpoKO tumors (K-0), and DRP-TpoKO tumors (P-T) for pCREB (A, F, K, and P), pAkt (B, G, L, and Q), pErk (C,
H, M, and R), phospho-p70S6ék (D, I, N, and S), and pmTOR (E, J, O, and T). Scale bar (A, applies to all), 500 wm.
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Normal
Thyroid

PTC
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Figure 3. Activation of cancer pathways in human FTC. Immunohistochemical staining of
human normal thyroid (A-D), PTC (E-H), FVPTC (I-L), and FTC (M-P) for pCREB (A, E, I, and M),
PERK (B, F, J, and N), pAKT (C, G, K, and O), and phospho-p70S6K (D, H, L, and P). Scale bar (A,

applies to all), 500 um.

CS-associated FTC for testing. Despite the differing ge-
netic backgrounds, both cancers exhibited activation of
both CREB and AKT (Supplemental Figure 6), similar to
the observations in the DRP-TpoKO thyroids. Unfortu-
nately, due to limited amounts of sample, further analysis
on these samples was not possible.

PKA and mTOR are active in the same cells in DRP-
TpoKO tumors

To verify that PKA and mTOR crosstalk was related to
FTC, we sought to determine whether these proteins were
activated in the same cells. IHC analysis (Figure 4, A-C)
demonstrated that pmTOR and pCREB were observed in
the same tumor regions. To verify this observation at the
cellular level, we used IF to stain DRP-TpoKO tumors for
pmTOR and pCREB (Figure 4, D and E). Colocalization
of the fluorescent signals confirmed that these molecules
were activated in the same cells.

Microarray analyses confirm activation of
networks related to mTOR function

To further characterize the molecular changes associ-
ated with cancer development in DRP-TpoKO mice, we
performed expression microarray analyses comparing

Table 1. Percentage of Cases With a Score of 2.
pPCREB pAkt pPERK pp70S6K
Normal thyroid 0 0 0 0
(n=10)
PTC (n = 30) 16.6 56.6 36.6 33.3
FVPTC (n = 5) 60 0 0 40
FTC (n = 10) 70 30 40 80

J Clin Endocrinol Metab, May 2014, 99(5):E804-E812

DRP-TpoKO tumors to WT thy-
roids. The resulting gene list (Supple-
mental Table 1) was analyzed using
Ingenuity pathways analysis (IPA;
www.ingenuity.com), which re-
vealed that two of the top five net-
works were related to known func-
tions of mMTOR (Supplemental Table
2), including protein degradation,
protein synthesis, and metabolic dis-
eases (Supplemental Figure 7, A and
B). Although we do not observe al-
terations in mTOR expression, we
hypothesize that aberrant mTOR ac-
tivation is responsible for the altera-
tion of these gene sets. Additionally,
IPA analysis identified a network re-
lated to proliferation as well as en-
docrine system function and devel-
opment (network 3, Supplemental
Table 2). This network (Supplemen-
tal Figure 7C) includes genes associated with altered PKA
signaling, including Creb and CyclinD1 (Ccnd1), previously
shown to be responsive to PKA activity (17). Comparison of
the mouse microarray data with a three-gene signature
(PLAB/GDF15, PCSK2, and CCDN?2) proposed to differ-
entiate human FTA from FTC (18) demonstrated excellent
correlation with alterations in Plab (up-regulated 5.04-fold,
P = 6.38E-11) and Pcsk2 (down-regulated 28.4-fold, P =
1.18E-12). Although alterations in Ccnd2 were not ob-
served, we observed up-regulation of Cend1, suggesting an
up-regulation of the same process through a different cyclin
D family member. It is unclear whether the use of Ccnd1 (in
mouse) vs CCND2 (in human) reflects a difference between
our model and human FTC or reflects a more general dif-
ference between cyclin usage in mouse and humans. These
data may also indicate that genes other than CCND2 may be
more appropriate targets in the human data.

In addition to data from R1a- (8) and DRP-TpoKO
mice, we also generated microarray data from our own
colony of Pten-TpoKO mice, which exhibit benign follic-
ular thyroid hyperplasia (Supplemental Table 3). These
three mouse data sets were used to perform principal com-
ponent (PC) analysis to compress and then identify trends
in the data. After discarding age (PC1), a plot of PC2 vs
PC3 revealed an excellent discrimination between WT and
neoplastic thyroids (Figure 5A). Furthermore, the Pten-,
R1a-, and DRP-TpoKO tumors segregate from left to
right, indicating a progression of gene expression changes
as the tumors become more aggressive.

We next performed a linear-trend analysis on the data
to identify the most relevant mRNA changes (Supplemen-
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pCR}EB pmTOR

Figure 4. Activation of PKA and mTOR occurs in the same cells in DRP-TpoKO tumors.
Immunohistochemical staining of pCREB (A), pmTOR (B), and phospho-p70S6K (C) in DRP-TpoKO
tumors is shown. IF staining of 4’,6'-diamino-2-phenylindole (DAPI; D), pCREB (E, red), pmTOR
(F, green) in DRP-TpoKO tumors (G is the merged image of D-F). T, FTC; C, capsule. Arrow indicates
capsular invasion. Scale bar (A, applies to B and C), 125 um; (D, applies to E=G), 250 um.

tal Table 4). A heat map of these genes (Figure 5B) iden-
tified four clusters that showed differential regulation be-
tween benign and malignant tumors as well as between
locally invasive and metastatic cancers. Given our interest
in the metastatic phenotype, we focused on the set of genes
up-regulated only in the DRP-TpoKO thyroids (Figure
5B, green bar). These 67 genes were analyzed by IPA,
which revealed that the top predicted function of these
genes was cellular movement, with 22 of the 67 genes
associated with this function. Examples of genes in this
cluster include Icaml, Mmp9, and Mmp13, genes that
control cell adhesion. DAVID functional annotation of
the altered transcripts also detected alterations related to
cell surface functionality, including transmembrane pro-
teins/domains and glycoproteins/domains. Thus, genes as-

pPp70S6K
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sociated with cellular movement and
cell surface regulation are altered in
the DRP-TpoKO tumors suggesting
mechanisms of metastasis which
lessen cell-cell adhesion to promote
invasion.

Discussion

Although patients with PTC typi-
cally exhibit activation of the Ras-
Raf-Mek-ERK pathway (eg, the ac-
tivating BRAFV®?°F mutation), the
signaling pathways that contribute
to FTC are less well defined. A num-
ber of genetic lesions have been iden-
tified in human FTC, including mutations in RAS, PTEN,
and the PPARG-PAXS fusion gene, but the connection
between these mutations and carcinogenesis is less clear,
especially because mouse models carrying these mutations
singly either do not generate FTC (Ras and Pparg-Pax8) or
generate it only unreliably (Pten deletion). In contrast, we
recently demonstrated that thyroid-specific KO of
Prkarlaleads to FTC in more than 40% of mice by 1 year
of age (8). However, these tumors did not exhibit hema-
togenous metastasis, a key feature of human FTC.
Although phosphatidylinositol 3-kinase signaling is a
key pathway leading to thyroid carcinogenesis, the inter-
action of this pathway with the TSH/cAMP/PKA pathway
is somewhat controversial, with data in Wistar rat thyroid
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Figure 5. Microarray data comparing Pten-, R1a-, and DRP-TpoKO tumors. Principal Component Analysis plot of all tumor microarray data (A) is
shown. Circles group each of the tumor genotypes. Heat map of genes identified as having significant linear trend effect between the three data
sets (B) is shown. Red bar denotes linear trend genes down-regulated in DRP-TpoKO tumors, yellow bar denotes those down-regulated in
malignant tumors, green bar denotes those up-regulated in DRP-TpoKO tumors, and the blue bar denotes those up-regulated in malignant
tumors. DRP WT, R1a WT, and Pten WT denote the WT littermates used for comparison for each model.
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cells showing that TSH stimulates Akt activation (19),
whereas similar studies in PCCL3 rat thyroid cells show-
ing the opposite (20). To study the effects of activation of
both pathways on thyroid carcinogenesis, we introduced
into our R1a-TpoKO model conditional Pten alleles to
generate DRP-TpoKO mice. These mice exhibited aggres-
sive FTC, with 100% penetrance by 8 weeks of age. Fur-
thermore, these mice exhibited well-differentiated lung
metastases in a good analogy to human FTC. Given the
size and volume of lung metastases in this model, it was
disappointing that we were not able to detect metastases
in other tissues. However, it is worthwhile to note that the
thyroid tumors in the DRP-TpoKO mice are locally ag-
gressive, leading to compressive symptoms necessitating
the killing of the mice. Because metastatic disease to other
sites tend to be a later complication of human FTC, it
seems possible that the incidence of metastasis might be
increased if the primary tumors could be ablated and the
mice kept alive longer.

The most striking observation in this study is that both
mouse and human FTC exhibit high levels of both nuclear
pCREB and activation of mTOR. This observation was
made in the absence of mutation data for the human tu-
mors, suggesting that these may be common downstream
endpoints regardless of the initiating mutation.

In our model, we believe that nuclear pCREB is a direct
effect of excess PKA activity (due to Prkarla KO), although
CREB can also be phosphorylated by non-PKA-dependent
mechanisms (21). We have previously demonstrated that
other pathways leading to CREB phosphorylation (eg, ERK,
p38) are not active in our tumors. Likewise, analysis of hu-
man FTC has detected activation of ERK only rarely (Table
1), suggesting that CREB phosphorylation is likely mediated
by PKA. This concept is consistent with the epidemiological
observation of Haymart et al (22) that elevated TSH (with
presumed downstream activation of PKA) predisposes to the
development of thyroid cancer, and with the mouse data of
the Fagin group showing a role for TSH in enhancing B-raf-
mediated thyroid carcinogenesis (23).

In addition to the activation of CREB, mouse FTC ex-
hibited significant activation of mTOR with strong stain-
ing for both activated mTOR and its downstream target
p70S6K. It has previously been suggested that mTOR may
be activated by deletion of Prkarla and may directly in-
teract with Prkarla (24), although these data are some-
what controversial (25). Additionally, mTOR activation
by TSH has been suggested to be, at least partly, due to
PKA phosphorylation of the target of rapamycin complex
1 complex member PRAS40 (26). In the DRP-TpoKO
tumors, activation of mMTOR may be partly a consequence
of Akt activation, although the fact that mTOR is acti-
vated in R1a-TpoKO tumors indicates that PKA indepen-
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dently plays a role in this process. It has previously been
demonstrated that Prkarla silencing enhances ribosomal
protein S6 kinase 1 activation (27), which may also mod-
ulate mTOR activation.

It is also worth noting that mice made hypothyroid by
methimazole treatment exhibited marked elevation of TSH
and mTOR activation in the absence of Akt, indicating that
mTOR was the driver of thyrocyte proliferation (28). In con-
trast to our findings, this manuscript reported reduced phos-
phorylation of CREB and suggested that PKA may not con-
tribute to the proliferation phenotype. However, it has been
shown in vivo that chronic cAMP stimulation can reduce
PKA activity and CREB phosphorylation (29), indicating
that the correlation of cAAMP/PKA activation with pCREB is
not straightforward.

Although we considered the possibility that PKA-me-
diated mTOR activation might occur through intercellu-
lar crosstalk (eg, via the tumor microenvironment), our
data clearly indicate that dual PKA-mTOR activation oc-
curs within the same cells. Even in tumors with a predis-
posing activation of PKA (ie, CNC) or AKT (ie, CS), we
observe activation of both pathways. Finally, it is worth
noting that PKA is not known to directly phosphorylate
mTOR, and the mechanism by which this interaction oc-
curs remains under study.

One issue we have not yet addressed in this model is the
role of hyperthyroidism in promoting and/or modulating
the tumor phenotype. It is worth noting that single R1a-
TpoKO mice are hyperthyroid and develop thyroid can-
cer, although it is not metastatic (8). In contrast, as just
mentioned, elevation of TSH by methimazole causes en-
hanced proliferation in the hypothyroid state, suggesting
that elevation of T,/T5 is not necessary for thyrocyte pro-
liferation (28).

Analysis of microarray data from the three mouse mod-
els suggests an overlapping genetic signature, which is a
good recapitulation of the cancer progression seen in vivo
(Figure SA). Linear trend effects across the three models
suggest that metastasis in the DRP-TpoKO animals is
achieved via up-regulation of genes associated with cellu-
lar movement and alteration of cell-cell adhesions. Among
the transcripts identified in this manner were a number of
members of the matrix metalloproteinase (MMP) gene
family. These proteins, which are also up-regulated in hu-
man FTC (18), are known to play multiple roles in carci-
nogenesis and metastasis (30).

Another interesting finding in the mouse model is the
membranous localization of pAkt (Figure 2R, inset). The
mechanisms and consequences of this membranous local-
ization of pAkt are unclear. However, with previous data
showing Akt’s importance in FTC invasion and metastasis
in vivo in the TRBPYPY model (31) and its activation of
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p21-activated kinases, which have been shown to be im-
portant for PTC cell migration in vitro (32), we hypoth-
esize that this pattern of localization may be important for
cell motility and invasion, but this remains to be proven.

Over the past few years, we have developed mouse
models that recapitulate the progression of human FTC
from benign follicular adenoma (at one year of age) in the
Pten-TpoKO (10) to locally invasive FTC as in the R1a-
TpoKO (8) and finally to widely invasive and distantly
metastatic FTC seen in the mice described here. Using
these model systems, we identified activation of PKA and
mTOR as key signaling nodes and showed that mTOR
activation can occur independently of Akt. Although un-
expected, this coactivation of PKA and mTOR and was
observed in human FTC and suggests that activation of
PKA (including or through pCREB) leads to the activation
of mMTOR/p70S6K, resulting in thyroid cancer. It is inter-
esting to note that opposite effects have been reported in
mouse embryonic fibroblasts and HEK293T cells (33),
highlighting the highly cell type-specific nature of PKA
signaling.

Together our data from the R1a- and DRP-TpoKO
animals indicates that dysregulation of PKA is a key reg-
ulator of FTC development in both mice and humans.
Additionally, these data could lead to insight, not only into
the context of how PKA and mTOR may interact in FTC
progression but also as to how to exploit the interaction of
these signaling pathways to better treat patients with ag-
gressive FTC.
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