Research article

Small-molecule MAPK inhibitors restore
radioiodine incorporation in mouse thyroid
cancers with conditional BRAF activation

Debyani Chakravarty,' EImer Santos,? Mabel Ryder,':3 Jeffrey A. Knauf,!
Xiao-Hui Liao,4 Brian L. West,5 Gideon Bollag,5 Richard Kolesnick,3.¢ Tin Htwe Thin,®
Neal Rosen,3¢ Pat Zanzonico,27 Steven M. Larson,2.¢ Samuel Refetoff,4.8.2
Ronald Ghossein,’© and James A. Fagin'.3

"Human Oncology and Pathogenesis Program, 2Department of Radiology, and ®Department of Medicine, Memorial Sloan-Kettering Cancer Center,
New York, New York, USA. “Department of Medicine, University of Chicago, Chicago, Illinois, USA. 5Plexxikon Inc., Berkeley, California, USA.
6Department of Molecular Pharmacology and Chemistry and “Department of Medical Physics, Memorial Sloan-Kettering Cancer Center, New York,
New York, USA. 8Department of Pediatrics and °Committee on Genetics, University of Chicago, Chicago, Illinois, USA.
10Department of Pathology, Memorial Sloan-Kettering Cancer Center, New York, New York, USA.

Advanced human thyroid cancers, particularly those that are refractory to treatment with radioiodine (RAI),
have a high prevalence of BRAF (v-raf murine sarcoma viral oncogene homolog B1) mutations. However, the
degree to which these cancers are dependent on BRAF expression is still unclear. To address this question, we
generated mice expressing one of the most commonly detected BRAF mutations in human papillary thyroid
carcinomas (BRAFV6%F) in thyroid follicular cells in a doxycycline-inducible (dox-inducible) manner. Upon
dox induction of BRAFV60E, the mice developed highly penetrant and poorly differentiated thyroid tumors.
Discontinuation of dox extinguished BRAFV6'E expression and reestablished thyroid follicular architecture
and normal thyroid histology. Switching on BRAFV%F rapidly induced hypothyroidism and virtually abol-
ished thyroid-specific gene expression and RAI incorporation, all of which were restored to near basal levels
upon discontinuation of dox. Treatment of mice with these cancers with small molecule inhibitors of either
MEK or mutant BRAF reduced their proliferative index and partially restored thyroid-specific gene expression.
Strikingly, treatment with the MAPK pathway inhibitors rendered the tumor cells susceptible to a therapeutic
dose of RAIL Our data show that thyroid tumors carrying BRAFV6t mutations are exquisitely dependent on
the oncoprotein for viability and that genetic or pharmacological inhibition of'its expression or activity is asso-
ciated with tumor regression and restoration of RAI uptake in vivo in mice. These findings have potentially

significant clinical ramifications.

Introduction
The gain-of-function BRAFT7%4 mutation accounts for 70% of
melanomas (1) and 40% of thyroid cancers (2). In the latter, BRAF
mutations are associated with poor prognosis (3-5), and are over-
represented in advanced ['8F]-fluorodeoxyglucose-PET-positive
metastatic thyroid tumors (6). Conventional treatment, including
adjuvant therapy with 13!I-iodide, is of marginal benefit for these
cancers, as they no longer have the ability to trap iodide efficiently.
BRAF mutations are found in approximately 25% of micropapil-
lary carcinomas, which has been taken as evidence that activation
of this oncogene may be a tumor-initiating event (3-7). Oncopro-
teins involved in tumor initiation are often drivers of the disease.
The concept of “oncogene addiction” refers to the reprogramming
of tumor cells by which a driver oncoprotein hijacks the control
of cell growth, such that the cancer cells become dependent on
its continued activity for their viability (8). Although oncogene
addiction has been extensively studied in vitro (9-15), arguably the
most persuasive evidence for its significance has come from mouse
models with conditional oncogene activation. In the first in vivo
example, doxycycline (dox) activation of MYC (v-myc myelocyto-
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matosis viral related oncogene) in hematopoietic cells resulted in
T cell and myeloid leukemias, and its deinduction was followed by
apoptosis and/or cellular senescence (16). A number of other tetra-
cycline-inducible mouse models have supported this initial obser-
vation in different lineages and with a variety of oncoproteins, i.e.,
Hras in melanoma (17), Kras in lung adenocarcinoma (18), Ber-Abl
in B cell lymphoma/leukemia (19), and Erbb2 in breast cancer (20).
Conditional activation of a latent endogenous Braf allele in mouse
melanocytes results in hyperpigmentation and development of
nevi that have features consistent with oncogene-induced senes-
cence, which after a longer latency, progress to amelanotic malig-
nant melanomas that do not spontaneously metastasize (21).
Here we describe the development of transgenic mice with dox-
inducible expression of BRAFV0E in thyroid follicular cells. Upon
dox administration, murine thyroid tumors induced by BRAFV600E
phenotypically resembled high-grade papillary thyroid cancers
(PTC) found in humans, which were exquisitely dependent upon
the presence of the oncoprotein for viability. The canonical signal-
ing pathway triggered by BRAF is thought to result in the near-
exclusive activation of MEK and ERK. Thus, BRAF-positive thy-
roid cancer cell lines are sensitive to the growth-suppressive effects
of MAPK pathway inhibitors (22-25), consistent with findings in
other lineages (26, 27). We therefore determined whether selective
antagonists of mutant BRAF (PLX4720) or MEK (PD0325901)
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Inducible BRAFV690E expression in thyroid cells reversibly activates MAPK signaling and thyroid growth. Eight-week-old Tg-rtTA/tetO-BRAFV600E
mice were fed dox-chow (on) for 1 week and then regular chow (off) for the indicated times. (A—C) gRT-PCR was performed to measure gene
expression levels of mutant BRAF (A), DUSP5 (B), or PLAT (C) after normalization to -actin. Bars represent mean + SEM (n = 8 animals/group).
(D) Western blots of protein lysates from thyroid tissue probed with antibodies to BRAF, p-MEK, p-ERK1/2, total ERK1/2, or tubulin. (E) Repre-
sentative gross appearance of thyroid glands of Tg-rtTA/tetO-BRAFV69°F at the indicated times. The boundaries of the thyroid are demarcated

by dashed lines. Scale bar: 1 mm.

phenocopied the dramatic regression of these tumors and the
effects on thyroid function that occurred after genetic withdrawal
of BRAFV0E, Our findings are consistent with a reversal of some,
but notall, of the properties of BRAF-induced PTC by these agents.
Most prominent was the clear restoration of iodine incorporation
in these tumors, which rendered them susceptible to therapeutic
doses of radioiodine (RAI), an approach that could be used to
advantage as a therapeutic strategy for this disease.

Results

Inducible expression of oncogenic BRAF in thyroid cells reversibly activates
MAPK signaling. To express inducible human oncogenic BRAF in
mouse thyroid follicular cells, we generated Tg-rtTA/tetO-BRAF"60%E
mice (Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI46382DS1). Expression of
BRAFV"F mRNA was already induced by 24 hours (not shown),
continuously sustained in the presence of dox, and switched off
when dox was withdrawn (Figure 1A). Accordingly, total BRAF pro-
tein, p-MEK, and p-ERK levels were induced by dox and reversed
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by its withdrawal (Figure 1C). Expression of DUSP-5 and PLAT,
which are measures of MAPK transcriptional output, was induced
10- and 4-fold, respectively, 1 week after dox treatment, returning
to near-basal levels after dox removal (Figure 1, B and C).
Induction of oncogenic BRAF in 1g-rtTA/tetO-BRAF"*"F mice results
in papillary thyroid cancers with poorly differentiated features. None of
the Tg-rtTA/tetO-BRAFVSE mice developed thyroid abnormalities
through at least 18 weeks in the absence of dox. In contrast, 1-week
exposure to dox induced an approximately 8-fold increase in thy-
roid mass, which regressed significantly by 72 hours, reaching
normal size by 7 weeks after withdrawal (Figure 1E). As shown in
Figure 2A, uninduced mice had normal thyroid histology. After 1 week
on dox, all 8 mice we characterized developed clear histological
features of thyroid cancer (Figure 2, B-D). The low-magnifica-
tion image shown in Figure 2B shows replacement of the thyroid
lobe by tumor cells with a predominantly solid growth pattern.
Higher magnification reveals solid nests of tumor cells without
follicular architecture or colloid formation (Figure 2C). Mitotic
rate was increased, and atypical mitoses were noted (Figure 2D).
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Additionally, the tumor cells had characteristic nuclear features
suggestive of human PTC, including nuclear enlargement, crowd-
ing and overlapping, irregularity of nuclear contours, and occa-
sional nuclear grooves. Three of eight mice with poorly differenti-
ated thyroid cancers also showed extrathyroidal extension of the
tumor (Figure 2, E and F). There were no lymph node or distant
metastases observed in these animals.

These changes regressed dramatically upon withdrawal of dox.
Thus, 2 weeks after transgene deinduction, the thyroid glands
were either histologically normal or had hyperplastic features
(Figure 2G), and by 7 weeks. all mice had normal thyroid histol-
ogy (Figure 2H). Table 1 summarizes the detailed histopathologi-
cal features of thyroid tissues in groups of mice at the
indicated times on or off dox.

Thyroid cancer cell growth suppression and apoptosis

>

Figure 2

Tg-rtTA/tetO-BRAFV69E mice develop thyroid cancer
that regresses upon dox withdrawal. Representative
H&E-stained sections of thyroid tissue from Tg-rtTA/
tetO-BRAFV69E fed dox chow (on) for 1 week and then
regular chow (off) for the indicated times. (A) Uninduced
Tg-rtTA/tetO-BRAFV6%F mice show normal thyroid histol-
ogy with intact colloid-containing follicles. (B) Represen-
tative low-magnification image of a poorly differentiated
thyroid cancer in a 1-week dox-treated mouse, showing
predominantly a solid pattern of tumor growth and replac-
ing the thyroid. (C) Higher magnification shows evidence
of solid nests of tumor cells (arrow) with (D) atypical mito-
ses (arrow). (E and F) Representative images depicting
extrathyroidal extension in the poorly differentiated thy-
roid tumors. M, muscle; C, cartilage; T, tumor; G, gan-
glion. (G) Thyroid hyperplasia without malignant features
2 weeks off dox. (H) Histologically normal thyroid 7 weeks
after dox withdrawal. Original magnification, x100 (A, H);
x20 (B, E, G); x200 (C, F); x400 (D).

with a marked increase in mitotic index, as determined by Ki-67
staining, which reversed upon withdrawal of dox (Figure 3, A and
B). Given the magnitude and short time frame of the decrease
in thyroid tumor burden after withdrawal of oncogenic BRAF,
we next determined whether the tumor cells were eliminated by
apoptosis. As shown in Figure 4, A-C, this was indeed the case,
as cells within the center of the thyroid tumor clusters were posi-
tive on TUNEL assays and for cleaved caspase-3 immunostaining.
Increased apoptosis was observed within 72 hours of dox with-
drawal and was no longer detectable by 2 weeks. This is consistent
with a spatially restricted wave of apoptosis, ultimately resulting
in the restoration of follicular structure.

after BRAFVSOOF expression is switched off. One week after
dox induction of oncogenic BRAF there were nested
clusters of phospho-ERK-positive-stained (p-ERK-
positive-stained thyroid cells, with no identifiable
follicular structures, which were surrounded by
dense stroma. Two weeks after dox removal, follicular

phospho-ERK

structures reappeared, and cells no longer stained for
p-ERK (Figure 3A). BRAF activation was associated

Figure 3
Reversible MAPK activation and cell proliferation in dox-

Ki67 proliferative
index

treated Tg-rtTA/tetO-BRAFV600F mice. Representative

FFPE (formalin fixed paraffin embedded) sections of B
thyroid tissue of Tg-rtTA/tetO-BRAFV60%E mice that were
untreated (uninduced), fed with dox for 1 week (1 week s
on), or fed with dox for 1 week followed by regular chow & 2 % 3
for 2 weeks (2 weeks off). (A) IHC staining for p-ERK and § 'E: ‘g 9
Ki67. Original magnification, x100 (p-ERK, top panels); 5 aa
x200 (Ki67, bottom panels). (B) Ki67 index at the indicat- & E %
(%]

ed time points. Data represent manual counts of 3 high-
power fields per mouse (n = 6 mice). (C) Thyroid weight of
age-matched male Tg-rtTA/tetO-BRAFV69%F mice on or off
dox for the indicated times. Bars represent mean + SEM
of n > 8 per time point.
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Table 1
Summary of histological features of BRAFY600E-induced thyroid
tumors

Experimental Histopathology

group Normal Benign/ PTC PDTC ETE
hyperplasia
Uninduced 8/8 - - - -
1 week on - - 1/8 7/8 3/8
72 hours off - 4/8 1/8 3/8 -
1 week off - 2/9 4/9 3/9 -
2 weeks off 712 5/12 - - -
7 weeks off 4/8 4/8 - - -

PTC, papillary thyroid cancer; PDTC, poorly differentiated thyroid can-
cer; ETE, extrathyroid extension.

dox induction of BRAFVSE yeversibly impairs thyroid gene expres-
sion and function. As shown in Figure SA, 1 week of dox resulted
in near complete loss of sodium-iodide symporter (Nis), thyro-
globulin (Tg), thyroid peroxidase (Tpo), and thyroid-stimulat-
ing hormone receptor (TshR) expression. The global downregu-
lation of thyroid-specific genes suggested that oncogenic BRAF
was likely interfering with expression of key regulatory factors
required for their transcription. Indeed, Pax-8, Ttf-2, and, to a
lesser extent, Ttf-I mRNA were profoundly downregulated after
1 week of dox (Figure SA). Accordingly, serum T4 and thyrotro-
pin (TSH) levels showed that these mice became hypothyroid
within 48 hours of dox administration. When dox was discon-
tinued, the expression of thyroid-specific genes was gradually
restored, with consequent normalization of

thyroid function (Figure 5, A and B). A

Uninduced
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tumors (22, 23). We determined whether treatment of dox-induced
thyroid cancers with PD0325901 recapitulated the effects of dox
withdrawal on thyroid growth, histology, and gene expression. As
shown in Supplemental Figure 2, treatment of BRAFV¢°°E-induced
thyroid cancers with 25 mg/kg/d PD0325901 failed to induce
tumor regression or restore thyrocyte gene expression and did not
return mice to a euthyroid state.

We next examined the pharmacodynamics of PD0325901 on
MAPK signaling in thyroid tissues of mice exposed to dox for 1 week.
As shown in Figure 6, administration of a single 25 mg/kg dose
resulted in a greater than 90% inhibition of p-ERK at 6 hours,
which was followed by a rebound at 24 hours, perhaps explain-
ing the lack of effect on tumor phenotype and on thyroid gene
expression of prolonged treatment with this dose schedule. We
then explored the pharmacodynamic effects of administering the
compound at 12.5 mg/kg every 12 hours. Although we observed
only an approximately 60% inhibition of MAPK signaling as deter-
mined by p-ERK, this was more sustained throughout the 24-hour
time course. We therefore did further efficacy studies with the new
PD0325901 schedule; however, due to toxicity, these experiments
had to be terminated after 6 days.

Besides MEK inhibitors, we also tested the effects of the BRAFV600E-
selective inhibitor PLX4720, which has potent inhibitory effects on
BRAF-positive melanoma cell lines and animal models (28) and in
human thyroid cancer cell line xenografts (24, 25). The PLX4720
analog PLX4032 (vemurafenib) has induced remarkable responses
in patients with aggressive BRAF-positive melanomas (29). After
testing multiple doses of PLX4720 by oral gavage (data not shown),
we used a PLX4720-impregnated chow (417 mg/kg PLX4720), which
delivered a high serum concentration of the compound (>70 ug/ml)

1 wk on

Effects of small-molecule MAPK pathway inhibi-
tors in Tg-rtTA/tetO-BRAFV*%F mice. This model
of reversible, BRAF-dependent thyroid cancer ]
provides a powerful system for investigating
the therapeutic properties of small-molecule
kinase inhibitors. MEK inhibitors, such as the
allosteric antagonist PD0325901, have been
shown to be potent suppressors of growth of
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human cancer cell lines with BRAF mutations
(26), including those derived from thyroid

Figure 4

Withdrawal of BRAFV600E expression leads to
thyroid cancer cell apoptosis. (A) Representative
FFPE sections of thyroid tissues from Tg-rtTA/
tetO-BRAFV600E fed dox for 1 week (on) and then

Caspase-3

regular chow (off) for the indicated times, assayed
by TUNEL (top) and cleaved caspase-3 (bottom).
There was a modest increase in apoptotic cells
at 1 week on dox, which were scattered through-
out the thyroid tumor specimen. In contrast, the
brown-red staining cells were localized within the
center of the cancer cell clusters 72 hours after
dox withdrawal. Original magnification, x400 (top
panels); x400 (bottom panels). (B and C) Quan-
tification of TUNEL and cleaved caspase-3 (+)
cells at the indicated times. Data are shown as
mean + SEM and correspond to manual counting
of 3 high-power fields/mouse (n = 6).
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throughout the course of treatment. The effects of PLX4720 on
MAPK signaling were evaluated by immunohistochemistry (IHC)
instead of Western blotting, because RAF inhibitors can evoke
reciprocal changes on tumor (BRAF-positive) versus stromal (BRAF-
negative) cells (30). As shown in Supplemental Figure 3C, PLX4720
inhibited p-ERK robustly in the tumor cells.

We verified that the expression of the BRAF transgene was
not affected by either drug as determined by quantitative PCR
(qQPCR) (not shown). These treatments did not reduce the size
of the thyroid glands or attenuate the histological appearance
of the PTC induced by dox (Supplemental Figure 3, A and B).
However, both drugs markedly inhibited the proliferative index,
with a more profound effect seen in the PLX4720-treated animals
(Figure 7A). Combination studies using once-a-day 25 mg/kg
PD0325901 with PLX4720 chow resulted in unacceptable toxic-
ity and could not be pursued.

Effects of dox withdrawal, PD0325901, and PLX4720 on thyroid-specific
gene expression and ?*I-iodine uptake in oncogenic BRAF-induced thyroid
cancers. Withdrawal of dox for 2 weeks partially restored thyroid

Figure 6

Pharmacodynamic effects of the MEK inhibitor PD0325901 in thyroid
cancers of Tg-rtTA/tetO-BRAFV69F mice. (A) Western blot of thyroid
tissue lysates for p-ERK and total ERK from mice treated either with
PD0325901 as a single dose of 25 mg/kg (upper panel) or with 12.5 mg/kg
every 12 hours (lower panel). The number of replicates is specified
under each time point. (B) Quantification of the p-ERK/total ERK ratio
at the indicated time points shown as fold change of 1-week dox-
treated animals: dashed line, 25 mg/kg PD0325901 given at time O;
solid line, 12.5 mg/kg PD0325901 given at 0 and 12 hours. Data are
presented as mean + SEM.
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Figure 5

Effect of oncogenic BRAF on thyroid-specific gene expression and thy-
roid function. (A) Tg-rtTA/tetO-BRAFV69E mice were fed dox chow (on)
for 1 week and then regular chow (off) for the indicated times. Bars show
results of qRT-PCR of Pax8, Ttf1, Ttf2, Nis, Tg, Tpo, and Tshr mMRNA
after normalization to p-actin. Data are expressed as mean + SEM
compared with uninduced controls. (B) Serum TSH and total T4 levels
in mice on and off dox for the indicated periods. Left y axis, dashed
line, serum TSH mUJ/I; right y axis, solid line, serum T4 ug/dl. Data are
presented as the mean + SEM.

function in Tg-rtTA/tetO-BRAF"*%E mice (Figure 5B). A similar,
but more attenuated, recovery trend was observed in mice treated
with either PD0325901 or PLX4720 (Figure 7B). Expression of thy-
roid-specific genes was also partially restored by treatment with
the compounds, although only to a moderate extent (Figure 7C).
Nis mRNA expression, in particular, was only increased modestly
(PLX4720 > PD0325901). We also examined Nis protein expres-
sion and localization by IHC. As shown in Figure 8, normal thy-
roid follicular cells of uninduced mice showed basolateral plasma
membrane Nis immunoreactivity, which was completely lost upon
1 week induction of oncogenic BRAF. Stopping dox for 1 week
fully restored Nis plasma membrane immunoreactivity, which
appeared greater in intensity than at baseline, consistent with the
Nis mRNA data (Figure SA). Nis protein expression and appropri-
ate localization also recovered upon treatment with PLX4720 and,
to a lesser extent, PD0325901.

Indeed, there was a marked recovery of thyroidal incorporation
of 124]-iodide in vivo in response to the MAPK pathway inhibitors.
Representative microPET images (Figure 9A) and quantitative
dosimetry calculations (Figure 9B) both demonstrated a dramatic
increase in !?I-iodide uptake by both compounds to levels that
approximated those seen after dox withdrawal and corresponding
to approximately 40% of iodine incorporation of normal thyroid
tissue. However, analysis of the time-activity curves showed a bio-
logical half-life of 43.4 + 8 hours in mice 1 week after dox with-

A No 1wk 25 mg/kg PD0325901
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1 21 212312341 2 3

p-ERK1/2 E LR

ERE T e

12.5 mg/kg PD0325901

No 1 wk 1st dose 2nd dose
dox on 6h 12h 18 h 24 h
121 21 21 2 3 2 31 2

B
—e— 12.5 mpk PD901 BID
-0~ 25 mpk PD901 QD

0 6 12 18 24
Time (h)
Volume 121

Number 12 December 2011



research article

A B Figure 7
dokek Activity of small-molecule inhibitors of the
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drawal, compared with 26.7 + 9.5 hours after PLX4720 treatment
(P < 0.01) (Tables 2 and 3, and Figure 9C). Of note, in the latter
experiment, PLX4720 was given by oral gavage, which resulted in
alower uptake at 24 hours compared with that of mice given drug-
impregnated chow (Figure 9B), likely because of the differential
bioavailability and pharmacokinetics of the drug between the 2
routes of administration.

BRAF switch-off or PLX4720 treatment venders thyroid cancer cells sus-
ceptible to RAI-induced DNA damage and apoptosis. We next investigat-
ed whether genetic or pharmacological inhibition of mutant BRAF
sensitized cells to radiation delivered through a therapeutic dose
of 131I-iodide. Since restoration of thyroid-specific gene expression,
including of Nis, was greater in mice treated with PLX4720 than
PD0325901 (Figures 7 and 8), we focused on mice treated with this
compound. After treatment of mice with 3 mCi *I-iodide, there
was a marked increase in YH2AX staining, peaking at 24 hours,
which was greater after dox withdrawal compared with that in
drug-treated mice. Accordingly, there was an increased frequency
of apoptosis in both conditions, as determined by caspase staining
and TUNEL assays, with drug-treated animals showing a signifi-
cant, but weaker, effect (Figure 10).

Discussion

Tetracycline-inducible transgenic models of oncogenes such as
MYC, RAS, and EGFR in different cell types helped establish the
concept of oncogene addiction in vivo by showing that deinduc-
tion of the initiating oncoprotein causes tumor regression (16-19,
31). Our objective in this study was to demonstrate that condition-
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al BRAF expression in thyroid cells of adult mice was sufficient
to induce tumorigenesis and that the cancer cells required the
continued presence of the oncoprotein for tumor maintenance. In
addition, we wanted this information to serve as the gold standard
to evaluate the therapeutic effects of selective inhibitors of BRAF
signaling, particularly focusing on their effects on iodine trans-
port and retention, since treatment with RAI is a key therapeutic
modality in this disease.

One of the striking aspects of the tumor phenotype was the
very short latency required for transformation, which occurred
nonfocally throughout the entire thyroid gland. Mice expressing
endogenous levels of BrafVe0%E as of E14.5 develop histological fea-
tures of PTC beginning at approximately 3 weeks postnatally (32),
whereas adult-onset activation of a latent knockin Braf allele gen-
erates PTCs after approximately 6 months (33). The more rapid
onset seen in the current study may be due to overexpression of
the oncogene. Braf-induced thyroid tumor initiation requires TSH
action (32), but once established, further growth and viability are
largely independent of TSH. This is also likely the case after dox
induction of oncogenic BRAF, because the TSH receptor is rapidly
and profoundly downregulated by BRAF in this model, thereby
rendering the thyroid cells unresponsive to the ligand. Oncogenic
BRAF also impairs responses to TSH at steps distal to the TSH
receptor within 48 hours, including the ability of its intracellular
signaling effector cAMP to induce Nis mRNA (14). In contrast,
conditional activation of an endogenous mutant Braf allele in
melanocytes primarily induces benign nevi, which express markers
of senescence and have a low mitotic rate. Malignant melanomas
Number 12 4705
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Figure 8

P

Nis protein expression and localization are
restored upon dox withdrawal or treatment with
MAPK pathway inhibitors. Nis IHC in represen-
tative sections of thyroid tissue of mice in the
indicated conditions. Original magnification,
x200; x400 (insets).

do ultimately arise, but only after a prolonged latency, suggest-
ing a requirement for cooperating genetic events (21). This is not
likely the case for the malignant phenotype observed in our model,
because it manifests ubiquitously throughout the entire thyroid
gland after a short latency. However, we did not observe nodal or
distant metastases here or in mice with thyroid-specific expression
of alatent Braf allele (32), suggesting that other oncogenic hits are
needed for metastatic spread.

The BRAFV6E-induced PTCs closely recapitulate the histol-
ogy of BRAF-positive advanced human thyroid cancer, with clas-
sic PTC architecture, presence of tall cell features, and evidence
of extrathyroidal extension, consistent with their proclivity
for invasion (3, 15). Upon dox withdrawal, thyrocyte apopto-
sis occurs in an organized pattern, beginning within the cen-
ter of the tumor micronodules and radiating outward, leaving
behind thyroid cells in the periphery of the nodule that appear
to secrete Tg into the apical lumen. The restoration of gland
architecture after oncogenic withdrawal is remarkable, but not
unprecedented. Similar observations have been reported in
MYC- and K-RAS-induced murine breast acinar 3D primary
cultures following deinduction of oncoprotein expression. This
was associated with clearance by caspase-3-mediated apoptosis
of cells within the center of the disorganized mammospheres,
leaving behind repolarized acinar structures (34).

Approximately 70% of human PTCs are associated with mutually
exclusive mutations of RET or TRK, RAS (NRAS > HRAS > KRAS) or
BRAF (2, 35, 36). The oncoproteins encoded by these genes share
the common property of constitutively activating MAPK signal-
ing, which has been taken as evidence supporting a critical role of
this pathway in the pathogenesis of the disease. The expression of
many of the genes required for thyroid hormone biosynthesis (e.g.,
NIS, TG, TPO) is particularly sensitive to the activity of the MAPK
pathway. This has been demonstrated in PCCL3 cells, a rat thyroid
cell line that retains most of the differentiated properties of nor-
mal thyrocytes, in which conditional activation of RET/PTC1 or
RET/PTC3 downregulates expression of Nis, Tg, and Tpo (37, 38).
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This effect was abolished upon deletion of RET-Y1062, which is
required to couple to Shc-Sos-Ras. The inhibitory effect was reca-
pitulated by conditional expression of oncogenic RAS or of con-
stitutively active MEK and restored by treatment with MEK inhibi-
tors (39). Accordingly, conditional expression of oncogenic BRAF
has a similar effect on these cells (14).

The mechanism or mechanisms by which constitutive MAPK
pathway activation inhibits NIS expression have recently been
clarified. BRAF activation has been proposed to induce a TGF-f3
autocrine loop (40), which downregulates Pax8 and evokes a
Smad3-dependent inhibition of Pax8 binding to the Nis promoter
(41). Interestingly, short-term pretreatment of PCCL3 cells prior
to induction of BRAFV60E with MEK inhibitors did not restore Nis
activity, whereas treatment with a TGF-f-R1 inhibitor was more
effective. These results contrast with our data in mice, in which
PD0325901 treatment for 6 days resulted in a clear reactivation
of iodine uptake. It is possible that a longer treatment time is
required to switch off both the direct and indirect consequences
of MEK overactivity on Nis expression.

In this study, we used 2 compounds working at different levels of
the MAPK signaling pathway to attempt to reverse the biological
consequences of oncogenic BRAF activation. The exquisite revers-
ibility of the entire phenotype by switching off the oncoprotein set
the scene for establishing the comparative efficacy of drugs target-
ing BRAF itself or its downstream effector MEK. Neither PLX4720
nor PD0325901 resulted in regression of the papillary thyroid can-
cers after 2 weeks of therapy. Recent data show that in order to
achieve full therapeutic benefit with RAF inhibitors, it is not suf-
ficient merely to inhibit the MAPK pathway, but that it needs to
be almost completely suppressed (42). Indeed, as opposed to the
dramatic reversibility of the phenotype after dox withdrawal, treat-
ment of thyroid cancers with 25 mg/kg/d PD0325901 failed to
decrease mitotic activity or to induce tumor regression. This is like-
ly explained by the fact that inhibition of MAPK signaling was tran-
sient with this dosing schedule. Although p-ERK inhibition was not
as profoundly inhibited when mice were treated with 12.5 mg/kg of
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Recovery of thyroidal incorporation of '24l-iodide in vivo in response to the MAPK pathway inhibitors. (A) Biodistribution of 24l-iodide in thyroid
tissues of Tg-rtTA/tetO-BRAFV69F mice (coronal images parameterized in terms of %ID/g).Top panels: representative images of uninduced mice,
1 week on dox, and 1 week on followed by 1 week off dox. Middle panels: images of mice treated with dox for 1 week, followed by 1 week of
vehicle chow (second panel) or PLX4720 chow (fourth panel) in the continued presence of dox. Bottom panels: PD0325901 12.5 mg/kg every
12 hours for 6 days. (B) Quantification of '24l-iodide uptake in mice treated with the indicated conditions. *P < 0.02; **P < 0.01; ***P < 0.001. (C) Thy-
roid time-activity data of 24l-iodide incorporation in mice after 1 week off dox or 1 week on treatment with PLX4720 given by gavage at 100 mg/kg.

Biological half-life in the 2 conditions is shown in Tables 2 and 3. Data

the compound every 12 hours, the effect was more sustained, which
was associated with improved responses, i.e., decreased prolifera-
tion and partial reduction of TSH levels. The fact that oncogenic
BRAF was overexpressed in this model may also have contributed to
the attenuated responses to small molecule MAPK pathway inhibi-
tors as compared with dox withdrawal. Notably, the 2 drugs had a
robust effect on '?*I-iodide incorporation, yet the recovery of Nis
mRNA expression was modest when compared with switching off
BRAF expression. This could be due in part to the continued pres-
ence of stroma in drug-treated animals, resulting in dilution of the
Nis mRNA signal. Indeed, evaluation of NIS by IHC showed clear
restoration of the symporter, which was appropriately targeted to
the plasma membrane. Besides restoring iodine uptake, the strik-
ing increase in '?*I-iodide incorporation after drug treatment could
also be due to greater iodine organification, since these compounds
increased Tg and Tpo levels.

Withdrawal of dox was associated with a marked response to RAI
treatment, as determined by the induction of DNA damage and
cell death. Treatment with PLX4720 elicited similar, albeit weaker
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are presented as mean + SEM.

responses. This is likely due to lower uptake as well as a shorter
half-life of the isotope in drug-treated versus BRAF deinduced ani-
mals. The retention of inorganic iodide in thyroid cells required
the activity of Tpo for its incorporation into tyrosine residues and
subsequently into iodoproteins. Overall, the kinase inhibitors had
a more attenuated effect on restoration of Nis expression levels, as
well as those of Tpo and Tg, compared with those in dox-withdrawn
mice. This likely explains not only the weaker uptake, but also the
shorter 1*I-iodide residence time after PLX4720. Indeed, after dox
withdrawal, there was a 2.9-fold higher uptake as well as 1.6-fold
longer biological half-life, which together predict a 4.7-fold higher
radiation dose compared with that of drug-treated animals.

A clinical trial of the RAF inhibitor PLX4032 in patients with
metastatic melanomas elicited spectacular clinical regressions of
the disease in the large majority of cases, which were only observed
in patients harboring BRAF mutations (29). Interestingly, 3
patients with BRAF-positive PTC included in the dose-escalation
phase of the study also showed tumor control, including 1 patient
with a partial response. The RAF inhibitor PLX4720 had a profile
Volume 121 ~ Number 12
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Table 2
124] thyroid uptake in Tg-rtTA/tetO-BRAFV600E mice

for the indicated times. Mice were euthanized according
to institutional guidelines; thyroid lobes were extracted

and either snap-frozen for RNA and protein analysis

Uptake (%ID/g) or fixed in 4% paraformaldehyde for histological and
Time after Fitted values Measured values immunohistochemical analyses.
injection 1 week off PLX4720 1 week off PLX4720 Real-time RT-PCR. Thyroid lobes were surgically removed,
(h) Mean SEM Mean SEM weighed, and immediately snap-frozen in liquid N;. RNA
24 19.5 5.3 2198 623 493 013 was isolated using RNA PrepEase Kit (USB Corporation),
48 13.3 28 1242 1.92 270 0.44 and 0.3 ug was reverse transcribed with SuperScript IIT
72 9.1 15 9.58 221 135 038 (Invitrogen) in the presence of random hexamers to gen-

of activity similar to that of PLX4032 and showed the most prom-
ising effects on RAI incorporation in this mouse model. Togeth-
er, these data show that the BRAF-induced inhibition of iodine
incorporation is a reversible process and that optimal inhibition of
MAPK signaling represents a promising strategy to achieve this.

BRAF mutations are overrepresented in RAI-refractory thyroid
cancers (6), and these have lower expression of TG, TPO, and NIS
compared with PTCs harboring either RAS or RET/PTC (43).
Accordingly, they are more refractory to 3!I-iodide therapy (4).
Hence, patients with BRAF (+) PTCs would be ideally suited for
therapeutic trials with MAPK pathway inhibitors to restore RAI
treatment efficacy, in particular with relatively selective BRAF
inhibitors. However, it should be noted that tumors with RET/PTC
rearrangements or RAS mutations also have comparatively lower
RAI uptake than normal thyrocytes. As these oncoproteins inhibit
NIS, TG, and TPO expression in a MEK-ERK-dependent manner
(39), it is likely that MAPK pathway inhibitors may also have a
beneficial effect on iodine transport and organification in thyroid
cancers harboring these defects.

Methods

Generation of Tg-rtTA and tetO-BRAF'*"F mice. The reverse tetracycline trans-
activator rtTA2s-M2 cDNA (a gift from Hermann Bujard, Heidelberg
University, Heidelberg, Germany) was cloned into the EcoRI/BamHI site
of pSGS, downstream of the -globin intron and upstream of a polyadenyl-
ation sequence (Supplemental Figure 1A). This construct was then cloned
downstream of the bovine Tg promoter into the Clal/Sall site of pSKbTg
to generate the Tg-rtTA vector. The tetO-BRAF"*" vector was previously
described and consists of 7 repeats of a tetracycline operator sequence and
a minimal cytomegalovirus promoter cloned upstream of a myc-tagged
human BRAFV6%E cDNA (Supplemental Figure 1A).

The Notl/Sall fragment containing rtTA2s-M2 cDNA or the Apall frag-
ment containing the myc-tagged tetO-BRAF"*"F cDNA was injected sepa-
rately into fertilized FVB/N mouse eggs, which were then implanted into
pseudopregnant female mice. Integration of the transgene in the pups was
confirmed by PCR and Southern blotting. Individual Tg-tTA founder lines
were assessed for rtTA expression by qRT-PCR of thyroid tissue. The found-
er line with the highest thyroid-specific expression of rtTA (line 30) was
crossed with 3 individual tetO-BRAFV6%F founders (lines 3, 26, and 27). The
Tg-rtTA (line 30) cross with tetO-BRAFVSYE (line 26) was found to have the
highest dox inducibility and least leaky expression of the transgene and was
therefore selected for all further studies (Supplemental Figure 1, B-D).

Mouse genotyping was performed on tail DNA, isolated with the
DNeasy 96 Blood and Tissue Kit (QIAGEN) according to the manufac-
turer’s instructions. The dox was administered to Tg-rtTA/tetO-BRAFV*"F
mice via dox-impregnated food pellets (2500 ppm; Harlan-Teklad).
Mice were placed on dox at 6 to 13 weeks of age (median of 8 weeks)
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erate cDNA. qRT-PCR was done using QuantiTect SYBR

Green PCR Kit (QIAGEN) using the primer pairs specified

in Supplemental Table 1. The cycle threshold values for
B-actin and the target gene product were determined using Mastercycler
ep realplex (Eppendorf) and used to calculate the normalized relative
expression using the QGENE program (44).

Western blotting. Fresh frozen thyroid tissues were homogenized in RIPA lysis
buffer (20 mM Tris [pH 7.4], 135 mM NaCl, 2 mM EDTA, 1% Triton X-100,
25 mM B-glycerophosphate, 1 mM sodium orthovanadate, 1 mM NaF,
1 mM phenylmethylsulfonyl fluoride, 10 ug/ml pepstatin, and 10 ug/ml
aprotinin) and incubated for 30 minutes at 4°C. Cell debris were removed
by centrifugation at 14,000 g for 20 minutes at 4°C, and the supernatant
protein concentration was determined by BCA assay (Pierce). Equal amounts
of total protein were resolved by SDS-PAGE, transferred to PVDF mem-
branes, and immunoblotted with the indicated primary antibodies. Mem-
branes were hybridized with the following primary antibodies: Raf-B (C-19,
sc-166), 1:1000; ERK1 (K-23, sc-94), 1:2000 (Santa Cruz Biotechnology Inc.);
p-MEK1/2 serine 217/221 (#9121), 1:500; p-p44/42 MAPK threonine 202/
tyrosine 204) (Erk1/2) (#9101), 1:1000; MEK1 (#9124), 1:1000; and o--tubu-
lin (#2144), 1:2000 (Cell Signaling Technology). Membranes were hybridized
with species-specific HRP-conjugated antibodies, goat anti-mouse IgG-HRP
(sc-2031), 1:2000, and goat anti-rabbit IgG-HRP (sc-2030), 1:2000 (Santa
Cruz Biotechnology Inc.). Bands were visualized with enhanced chemilumi-
nescence (GE Healthcare Biosciences) as directed by the manufacturer.

Histology and IHC. Thyroid tissues were immediately placed in 4%
paraformaldehyde and incubated overnight at 4°C. The next day, tissue
was washed twice with PBS for 30 minutes followed by a single 30-minute
50% ethanol wash. The fixed tissue was then placed in 70% ethanol, par-
affin embedded, and sectioned into 4-um paraffin sections. H&E-stained
slides were evaluated by a board-certified pathologist (R. Ghossein). Mouse
thyroid sections were deparaffinized and immunostained with antibod-
ies to Ki67 (VP-K451; Vector Laboratories), p-ERK (#9101; Cell Signaling
Technology), cleaved caspase-3 (Asp175) (#9661; Cell Signaling Technol-
ogy), and human NIS (a gift from Nancy Carrasco, Albert Einstein College
of Medicine, New York, New York, USA) at the Memorial Sloan-Kettering

Table 3
Monoexponential fits of microPET-derived thyroid time-activ-
ity data

Zero-time Biological
intercept (%ID/g) half-time (h)

1 week off

Mean 28.6 43.4

SD 7.9 8.0
PLX4720

Mean 9.9 26.7

SD 2.0 9.5

Volume 121 ~ Number 12 December 2011



>

24 h after "*'| radiotherapy

research article

(9]

PLX4720

Vehicle

Caspase-3

72 h after '*'| radiotherapy

(=] w
(=] (=]

yH2AX score

(no. positive

cells per field)
s

Vehicle PLX4720

Caspase-3

Figure 10

20
0
£ 85 38 %
[&] Q
R EL 1L
= ¥ &= L
f a b a !
24 h 72 h
[ I 20+
W
0w E g
@ — 15
oo 2
0 Q=
8 10
g £ 8
L)
>$E5
Tc o
N & ]
1 wk off o @ 0
o o =]
g { N
s = =
-~ i
} L P — i
24 h 72h
= 80
q"ﬂ)%“ﬁ[}
b
o X
322
72 .
_IOEJ4D
wea
Zcw
:EEQD
=0
0
'BNEEEE:
[} [%]
$§ S 58 5 3
> A &3S
b ﬂ' 1k n‘ i
24 h 72 h

Radioiodine therapy after dox withdrawal or PLX4720 treatment in BRAFV6%E-induced thyroid tumors. Tg-rtTA/tetO-BRAFV69%°F mice were pre-
treated for 1 week with dox, then either fed with regular chow alone (1 week off) or continued on dox for an additional week in the presence of
either vehicle or PLX4720 chow. After 2 weeks, all mice were injected with 3 mCi '3l-iodide, and mice were sacrificed 24 and 72 hours after
injection. Representative FFPE sections of thyroid tissues from Tg-rtTA/tetO-BRAFV6%F at (A) 24 hours and (B) 72 hours after '3'l-iodide injection
stained as follows: top panels, YH2Ax (green) and DAPI (blue); middle panels, cleaved caspase-3; or bottom panels, TUNEL. Original magnifica-
tion, x1000 (top panels); x400 (middle panels); x400 (bottom panels). (C—E) Quantification of yH2Ax, cleaved caspase-3, and TUNEL(+) cells at
the indicated times. Data are mean + SEM, and correspond to manual counting of = 3 high-power fields/mouse (n = 3).

Cancer Center Molecular Cytology Core Facility. For YH2AX stains, tis-
sue sections were incubated with a mouse monoclonal antibody against
YH2AX (Millipore) and Alexa Fluor 488-conjugated antibody to mouse
immunoglobulin (Invitrogen). The fluorochromes were visualized with
Mirax Scan (Zeiss). Images were exported as tif files using Panoramic
Viewer (3D Histech), and YH2AX-positive cells were manually counted at
x1000 magnification.

TUNEL assay. DNA fragmentation was detected by labeling free 3'-OH
termini with FITC-labeled dUTP. Paraffin-embedded thyroid sections
were de-waxed, rehydrated, and incubated with 20 ug/ml proteinase K
for 15 minutes at 37°C. Slides were subsequently washed with PBS and
refixed with 4% paraformaldehyde. Endogenous peroxidase activity
was quenched by treatment with 1% hydrogen peroxidase and blocking
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with avidin and biotin. After equilibration with terminal deoxynucleo-
tidyl transferase (TdT) buffer (30 mM Tris-HCI, pH 7.2, 140 mM sodium
cacodylate/1 mM cobalt chloride) for 5 minutes at room temperature,
the slides were incubated in 70 ul of TdT buffer with 100 units of TdT
(#3333574; Roche Applied Sciences) and 5 uM biotin-dUTP (#1093070;
Roche Applied Sciences) at 37°C for 1 hour. The reactions were terminat-
ed with 2x SSC buffer (0.3 M NaCl/0.03 M sodium citrate) for 15 minutes
at room temperature. Apoptotic sites were revealed by immunoperoxidase
using the Vectastain ABC Kit (Vector Laboratories Inc.), with 3,3'-diami-
nobenzidine as the substrate.

Radioimmunoassay for serum TSH and levothyroxine. Blood from mice
was collected immediately after euthanasia with CO; and centrifuged at
maximum speed at 4°C for 15 minutes. Serum was removed and stored
Volume 121~ Number 12
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at -70°C until assayed. Serum TSH levels were determined as previous-
ly described (45). The lower limit of detection for TSH in this assay was
10 mU/1. Samples with high TSH levels were diluted with TSH-deficient
mouse serum so that all measurements were within the linear part of the
standard curve. The serum levels of total thyroxine were measured using
an antibody-coated tube radioimmunoassay (RIA) (Siemens Medical Solu-
tions Diagnostics) adapted for mouse serum. The lower limit of detection
for levothyroxine (L-T4) in this assay was 0.25 ug/dl.

RAI ("?*I-iodide) thyroid uptake and PET imaging. PET imaging was per-
formed using an R4 microPET scanner (Concorde Microsystems) with
Na!?*I produced on the MSKCC EBCO TR 19-9 (Advanced Cyclotron Sys-
tems Inc.) using 16-MeV protons on a tellurium-124 target (46). Mice were
injected via tail vein with 1.7-2.0 MBq (45-55 uCi) of Na!?*]. Mice were
imaged 24,48, and 72 hours later under inhalational isoflurane anesthesia
(Forane; Baxter Healthcare) at 1 1/min. List-mode data were acquired for
5 minutes using an energy window of 250-750 keV and a coincidence tim-
ing window of 6 nsec, histogrammed into 2D projected data by Fourier
rebinning, and reconstructed by filter back-projection using a cut-off fre-
quency equal to the Nyquist frequency. The image data were normalized to
correct for nonuniformity of response of the PET, dead-time count losses,
1241 positron branching ratio, and physical decay to the time of injection,
but no attenuation, scatter, or partial-volume averaging correction was
applied. An empirically determined system calibration factor (in units of
[uCi/ml] / [cps/voxel]) was used to convert reconstructed voxel count rates
to activity concentrations. The resulting image data were then normalized
to the administered activity to parameterize images in terms of the percent-
age of the injected dose per gram of tissues (%ID/g). Manually drawn 2D
regions of interest (ROIs) or 3D volumes of interest (VOIs) were used to
determined the %ID/g (decay corrected to the time of injection) in various
tissues. Image visualization and analysis were performed using ASIPro VM
software (Concorde Microsystems).

RAI therapy. Preparation, dilution, and injection of 3!I-Nal were per-
formed in a designated Comecer (Castelle Bolognese) radioisotope fume
hood. Approximately 111 MBq (3 mCi) of USP-grade '3'I-Nal (Nuclear
Diagnostic Products) in 200-300 pl isotonic saline was administered to
each mouse via tail-vein injection. Mice were placed in a designated radio-
active animal holding facility. Ex vivo measurements of '3!I-Nal activity
within the thyroid gland (in %ID/g) were performed by harvesting the
thyroid at necropsy, weighing the tissue specimen, and assaying it in a
scintillation well counter calibrated for '*!I-iodide (Wizard 3 Gamma
Counter; PerkinElmer).

Treatment of mice with MEK or RAF inhibitors. The indicated concentration
of the allosteric MEK inhibitor PD0325901 was administered by oral gavage
as a suspension in 0.5% HPMT (hydroxypropyl methyl cellulose) contain-
ing 0.2% (v/v) Tween 80. Tg-rtTA/tetO-BRAFVSE mice were fed 2500 ppm
dox for 1 week. Thereafter, mice were randomized to receive either HPMT
vehicle or PD0325901. PD0325901 was administered at 25 mg/kg once a
day or 12.5 mg/kg every 12 hours by oral gavage in a volume of 100 ul using
a sterile animal feeding needle for the indicated times.

PLX4720 (Plexxikon) was administered as a drug-admixed chow with
a nominal drug load of 417 mg/kg. For this experiment, Tg-rtTA/tetO-
BRAFVSYE mice were fed with chow containing 2500-ppm dox for 1 week
and then randomized to receive either PLX4720 or vehicle chow for
2 weeks. During the 2-week drug-treatment period, dox was administered
via the drinking water at S mg/ml. The **I-iodide PET uptake was mea-
sured 1 week after PLX4720 or vehicle treatment, whereas the qPCR and
histological analyses were done at the completion of the 2-week study.

Statistics. All statistical analyses were performed using GraphPad Prism
version 5.00 for Mac OS X (GraphPad Software). All data are presented as
the mean + SEM. Statistical significance of differences observed between
mouse cohorts was determined using 2-tailed unpaired ¢ test with a sig-
nificance criterion of P < 0.05. The microPET-derived decay-corrected
124]-jodide time-activity data (%ID/g) for the thyroid/thyroid tumor were
fitted to a monoexponential function using the NUMWIN module of the
SAAM II computer program, deriving the best-fit uptake (%ID/g at time 0
after injection) and biological half-time (h) for each mouse and the stan-
dard deviations of the respective best-fit parameters. The respective f sta-
tistics for the uptakes and the biological half-times in the 1-week-off and
the PLX4720-treated groups of mice were then calculated.

Study approvals. Animal care and all procedures were approved by the
Memorial Sloan-Kettering Cancer Center Institutional Animal Care and
Use Committee. All studies involving the use of radioactivity were approved
by the Memorial Sloan-Kettering Cancer Center Committee on Radiation.
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