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Abstract
Anaplastic thyroid cancer (ATC) has perhaps the worst prognosis of any cancer, with a median
survival of only about 5 months regardless of stage. Pazopanib monotherapy has promising
clinical activity in differentiated thyroid cancers (generally attributed to vascular endothelial
growth factor receptor inhibition), yet has less effective single-agent activity in ATC. We now
report that combining pazopanib with microtubule inhibitors such as paclitaxel produced
heightened and synergistic antitumor effects in ATC cells and xenografts that were associated with
potentiated mitotic catastrophe. We hypothesized that combined effects may reflect enhanced
paclitaxel-induced cytotoxicity mediated by cell cycle regulatory kinase inhibition by pazopanib.
Indeed, pazopanib potently inhibited aurora A, with pazopanib/paclitaxel synergy recapitulated by
aurora A short hairpin RNA knockdown or by specific aurora A pharmacological inhibition.
Pazopanib/paclitaxel synergy was reversed by aurora A knockdown. Moreover, aurora A (but not
B or C) message and protein levels were significantly increased in patient ATCs, and durable
benefit resulted from pilot clinical translation of pazopanib/paclitaxel therapy in a patient with
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metastatic ATC. Collectively, these results suggest that the pazopanib/paclitaxel combination is a
promising candidate therapeutic approach in ATC and that aurora A may represent a potentially
viable therapeutic molecular target in ATC.

INTRODUCTION
Despite an overall decline in cancer mortality in the United States, thyroid cancer incidence
has doubled in the past decade and increased by 75% in the past 5 years. Thyroid cancer is
now the eighth most incident cancer overall, the fifth most incident cancer in women, and an
emerging public health concern in the United States (1–5). With more than 56,000 new
cases annually, thyroid cancer is now more frequently diagnosed in the United States than
ovarian, pancreatic, or esophageal cancer or all leukemias combined (1, 5). Moreover,
thyroid cancer is increasing worldwide and is now the second most incident cancer in
women in the Middle East (6).

Although most thyroid cancer patients have excellent prognosis, thyroid cancer leads to
>1700 deaths annually in the United States alone (1). For patients with aggressive disease,
therapeutic options are very limited, with little benefit obtained from the use of cytotoxic
chemotherapy in the most common histological variant, differentiated thyroid cancer (DTC)
(7). The situation for patients afflicted with the most aggressive and deadly form of thyroid
cancer, anaplastic thyroid cancer (ATC), is especially dire, because median survival
regardless of stage is only about 5 months, with only 20% survival 1 year from diagnosis (8,
9). The last agent to be approved by the Food and Drug Administration for use in these
cancers occurred in the 1970s. Improved therapies for both aggressive DTC and ATC are
therefore sorely needed.

We recently reported that the kinase inhibitor pazopanib induced marked and durable
clinical responses in about half of all DTC patients afflicted with otherwise radioactive
iodine-refractory disease [49% RECIST (Response Evaluation Criteria in Solid Tumors)
partial responses] (10). However, although several pazopanib-treated ATC patients in our
recent phase 2 trial incurred transient disease regression, there were no RECIST responses
(11). This stimulated interest in developing combinatorial strategies to better use pazopanib
in treating ATC.

We now report results of investigations focused on identification of promising pazopanib-
containing drug combinations, with primary emphasis on improving pazopanib therapeutic
effects in ATC. These studies led us to identify the pazopanib/paclitaxel combination as
promising and prompted us to investigate in detail the mechanism of aurora A as a
potentially important candidate therapeutic molecular target in ATC. Our results have
implications for future drug development beyond those just related to pazopanib because
more selective aurora kinase inhibitors and/or inhibitors of other cell cycle–critical kinases
appear also to represent additional promising candidate ATC therapeutics especially when
combined with antimicrotubule agents.

RESULTS
Pazopanib monotherapy inhibits colony formation in ATC cells

Having observed encouraging clinical activity of pazopanib in DTC (10), we examined in
parallel its preclinical effects in ATC. Pazopanib (Fig. 1A) inhibited colony formation both
in commonly used validated ATC cell lines (Fig. 1B) and in low-passage patient primary
ATC cells (Fig. 1C, validated to ensure concordance with the patient cancers from which
they originated) (12) at concentrations [median inhibitory concentrations (IC50s), 3 to 18
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µM, Fig. 1D] easily attained in the plasma of DTC patients attaining clinical benefit treated
in conjunction with our pazopanib monotherapy clinical trial (10). Strikingly, pazopanib
inhibited colony formation in ATC lines with similar IC50s to those attained in DTC lines
(Fig. 1D), prompting further studies of the effects of pazopanib in ATC. These results also
indicated that, in addition to potentially affecting vascular endothelial growth factor (VEGF)
signal transduction in tumor vasculature in vivo, pazopanib also has direct antiproliferative
effects on both ATC and DTC cells even in the absence of the tumor microenvironment.

Pazopanib potentiates the antineoplastic effects of paclitaxel and other antimicrotubule
inhibitors in ATC in vitro and in vivo

When screening an array of therapeutics in a panel of thyroid cancer cell lines, we
consistently observed synergy when pazopanib and paclitaxel were combined. Paclitaxel is
also of particular interest in ATC because of a previous study indicating single-agent clinical
efficacy in ATC (13). We used two independent experimental approaches to examine
potential synergy between pazopanib and paclitaxel. First, pazopanib consistently
potentiated paclitaxel-induced attenuation of colony formation in all tested ATC cell line
models (Fig. 2, A, E, and F; P < 0.01) at concentrations that had no or modest single-agent
effects (2.5 µM; see Fig. 1B); similar potentiation was also observed in low-passage primary
patient THJ11T ATC cells (Fig. 2C; P < 0.01). In parallel experiments assessing synergy in
an entirely different fashion per the median-effect analysis approach of Chou and Talalay
(14), formal statistical analyses also confirmed pazopanib/paclitaxel synergy in ATC, with
combination indices (CIs) consistently well below 1.0 (indicating synergy) both in ATC cell
lines (for example, KTC2; Fig. 2B) and in primary ATC cells (for example, THJ11T; Fig.
2D). Moreover, pazopanib synergistically combined with all tested additional
antimicrotubule inhibitors including the Vinca alkaloid vincristine (Fig. 2G), the taxane
docetaxel (Fig. 2H), as well as the epothilone ixabepilone (Fig. 2I), suggesting a class effect
across microtubule inhibitors of varying chemical structures.

Enhanced effects were also demonstrated in vivo, whereby combined pazopanib/paclitaxel
reduced tumor volumes by >50% relative to paclitaxel or pazopanib monotherapy at later
time points in KTC2 ATC xenografts (Fig. 3A), bolstering support for the possibility that
the pazopanib/paclitaxel combination might also have promise when translated to patients
afflicted with ATC. Indeed, a single (pilot) ATC patient with lung metastases treated with
pazopanib (400 to 800 mg/day, orally) and paclitaxel (50 to 80 mg/m2 per week,
intravenously) attained marked and durable regression of metastatic disease (confirmed
RECIST response; Fig. 3B). Although this result is anecdotal, it demonstrates feasibility of
clinical translation of the combination; moreover, the occurrence of durable benefit in
metastatic ATC in response to any therapy is remarkable (8).

Subsequent experiments were conducted to attempt to uncover mechanisms underlying the
observed pazopanib/paclitaxel synergy. On the basis of our previous experience indicating
that the adenosine triphosphate (ATP)–mimetic small-molecule cyclin-dependent kinase
(CDK) inhibitor flavopiridol greatly enhances the cytotoxic effects of paclitaxel (15), we
hypothesized that a mechanism underlying the observed pazopanib/paclitaxel synergy might
similarly reflect inhibition of cell cycle regulatory kinases by pazopanib, thereby resulting in
altered cell cycle exit and consequently increased levels of commitment to cell death
(mitotic catastrophe).

Pazopanib potentiates the cell cycle effects of paclitaxel
In examining the possibility that pazopanib might act in part by potentiating the cell cycle
effects of paclitaxel, we first undertook fluorescence-activated cell sorting (FACS) analyses.
Whereas pazopanib alone led to dose-dependent decreases in the fraction of cells in S and
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G2-M phases of the cell cycle (Fig. 4, A to D; P < 0.01, Fig. 4, K and L) and paclitaxel alone
led to slight increases in S and G2-Mphase cells (Fig. 4, E to G; NS, Fig. 4, K and L), the
addition of pazopanib to paclitaxel heightened the proportion of KTC2 cells in S phase and
especially that of G2-M cells in response to paclitaxel monotherapy (P < 0.05; Fig. 4, K and
L). In particular, the addition of 5 µM pazopanib to 10 nM paclitaxel led to a ~50% increase
in the proportion of cells in the G2-M phase of the cell cycle in comparison to that attained
from 10 nM paclitaxel monotherapy, suggesting that pazopanib/paclitaxel synergy might be
in part attributable to the combined cell cycle effects of pazopanib and paclitaxel, prompting
additional more refined studies.

Time-lapse video microscopy was next used to more specifically interrogate combined
effects via continuously monitoring individual KTC2 ATC cells over 48-hour periods of
exposure to pazopanib, paclitaxel, or the combination (Fig. 5A, screen capture images at the
beginning and end of treatments, to illustrate net effects of various treatments on
proliferation; Fig. 5B, tabulated data indicating fates of cells followed continuously over 48-
hour treatment periods). Although 2.5 µM pazopanib monotherapy neither affected the
fractions of morphologically normal, multinucleated, or dead cells subject to death
attributable to dysfunctional cell division (“mitotic catastrophe”; see Fig. 5B, all panels, NS)
nor altered the frequency of paclitaxel-induced multinucleation (Fig. 5B, middle panel, NS),
remarkably, the same pazopanib concentration, when added to paclitaxel, doubled cell death
associated with mitotic catastrophe in comparison to paclitaxel monotherapy (Fig. 5B, right
panel; P < 0.05), thereby providing a potential phenomenological explanation for the
observed cytotoxic synergy.

Pazopanib inhibits the activity of aurora kinases in cell-free assays and in intact ATC cells,
and aurora A, but not aurora B or C, is overexpressed in ATC

Collectively, FACS and video microscopy results led us to postulate that the cell cycle
effects of pazopanib might be responsible for its observed ability to synergize with and
augment paclitaxel-induced mitotic catastrophe. Because we had previously observed
marked cytotoxic synergy when combining the CDK inhibitor flavopiridol with paclitaxel
(14), we were leaning toward the possibility that inhibition of the function of cell cycle–
critical kinases such as cyclin-dependent, Pololike, and/or aurora kinases by an ATP-
mimetic kinase inhibitor like pazopanib might account for the observed pazopanib/paclitaxel
synergy. Indeed, aurora kinase inhibition has also been reported by others to synergize with
paclitaxel (16, 17). We therefore investigated whether pazopanib might inhibit an array of
cell cycle regulatory kinases with potential to contribute to observed synergy. Although the
cell-free IC50 for the inhibition of cyclin-dependent kinases (CDKs) 1 and 2 and also for
Polo-like kinase 1 (PLK-1) were >1000-fold higher than that of VEGF receptors (VEGF-Rs)
(18), we found that the IC50 values with respect to the inhibition of aurora kinases A and B
by pazopanib were 167 ± 15.5 nM and 254 ± 29.8 nM, respectively (mean ± SD, Fig. 6A)—
within 10-fold of analogous IC50s (10 to 50 nM) with respect to VEGF-R1– 3, concentrations
achieved both experimentally and clinically (10). These data led us to conduct further
studies of the roles of aurora kinases in ATC.

We reasoned that aurora A might be overexpressed in ATC as a potential explanation for
observed impressive single-agent and combined effects of pazopanib in ATC models,
wondering whether aurora kinases might specifically represent potentially important ATC
therapeutic molecular targets. We focused on ATC in this context in part because paclitaxel
monotherapy has proven clinical efficacy in ATC (13), yet not in DTC (7), reasoning that
clinical translation of the pazopanib/paclitaxel combination might therefore be expected to
have greatest potential in ATC (as illustrated in the case of an ATC patient treated with the
combination as depicted in Fig. 3B). Furthermore, given the demonstrated strong clinical
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activity of pazopanib monotherapy in DTC, it was unclear whether the pazopanib/paclitaxel
combination would have sufficiently greater incremental activity to merit translation into
DTC.

In examining aurora A mRNA levels using transcriptional profiling in 12 nonneoplastic
patient thyroid tissue samples versus 13 ATC patient tumors, we found that aurora A
message was 5.0-fold higher in ATC samples (1433 ± 830 versus 286 ± 154, mean ± SD, P
< 0.05), indicating that aurora A message is relatively overexpressed in ATC. In
comparison, neither aurora B nor aurora C messages were significantly altered. Hence,
although pazopanib inhibited both aurora A and B (Fig. 6A), ATC expression data pointed
to aurora A as of greater potential clinical relevance in ATC.

We next examined aurora kinase protein levels in patient samples using
immunohistochemistry (Fig. 6B shows representative staining results; Fig. 6C shows
tabulated data). Whereas aurora B protein expression did not differ significantly between
normal thyroid and ATC, the proportion of those with aurora A protein expression was
significantly higher in ATC (12.78 ± 13.78% versus 1.29 ± 1.55% grade 3 staining, mean ±
SD, P < 0.05; Fig. 6C); aurora C was undetectable via immunohistochemistry. On the basis
of these results and the rationale articulated above, our further studies focused primarily on
aurora A because it appeared to be more relevant to ATC pathogenesis in comparison to
other aurora kinases and, consequently, a potentially more viable candidate ATC therapeutic
molecular target.

We therefore next examined whether pazopanib might inhibit aurora A autophosphorylation
in intact ATC cells. Consistent with inhibition of aurora A activity not only in cell-free
conditions (Fig. 6A) but also in intact ATC cells, decreases in levels of phospho–aurora A
were observed in response to exposure of mitotic/synchronized KTC2 or THJ11T ATC cells
to pazopanib; these effects were of similar magnitudes to those observed in response to
parallel (positive control) treatment with the specific pharmacological aurora A inhibitor
MLN8237 and were observed at pazopanib concentrations producing synergistic effects
with paclitaxel (Fig. 6D, multiple replicate KTC2 experimental results summarized in Fig.
6E). Although we also undertook detailed multi– time point immunofluorescence studies
examining the cellular localization of centrin, aurora A, and phospho–aurora A in intact cells
treated with pazopanib, paclitaxel, and the combination (analogous to the light microscopy
studies depicted in Fig. 5), these additional studies failed to add further mechanistic clarity,
leading us to specifically examine the potential roles of aurora kinases in ATC using other
approaches. In particular, to further evaluate the possibility that aurora A inhibition by
pazopanib might be of therapeutic relevance, we next specifically examined (i) the effects of
aurora A knockdown or pharmacological aurora A inhibition in ATC, and (ii) whether the
effects of pazopanib on aurora A might specifically contribute to pazopanib/paclitaxel
synergy in ATC.

Inhibition of aurora A by pazopanib appears to contribute to pazopanib/paclitaxel synergy
To examine whether inhibition of the cell cycle–critical kinase aurora A by pazopanib might
specifically contribute to pazopanib/paclitaxel synergy, we assessed the effects of short
hairpin RNA (shRNA) aurora A knockdown in KTC2 ATC cells, hypothesizing that shRNA
aurora A knockdown alone might prove synergistic with paclitaxel. We further hypothesized
that aurora A knockdown might blunt paclitaxel/pazopanib synergy, provided that the
underlying mechanism of pazopanib/paclitaxel synergy depends on aurora A inhibition by
pazopanib; we reasoned that maximal aurora A shRNA knockdown would render further
attenuation of aurora A activity by pazopanib impossible. However, complete knockdown of
aurora A results in cytotoxicity (aurora A is critical to cell cycle traverse). We consequently
sought to achieve only partial shRNA aurora A down-regulation. When achieved (see
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immunoblotting results for clones sh2 to sh4; Fig. 7A, inset), increased sensitivity to
paclitaxel in shRNA aurora A knockdown clones relative to nontarget control clones was
observed (Fig. 7A), consistent with our hypothesis that aurora A inhibition heightens
paclitaxel sensitivity in ATC. Moreover, pazopanib/paclitaxel synergy was also consistently
attenuated in shRNA aurora A knockdown clones (Fig. 7B), confirming involvement of
aurora A inhibition by pazopanib in the observed pazopanib/paclitaxel synergy.

To assess in parallel whether more selective pharmacological inhibition of aurora A might
also synergize with paclitaxel to produce heightened antineoplastic effects, we next
examined the effects of inhibition of aurora A using MLN8237. Indeed, marked synergy was
observed when combining MLN8237 and paclitaxel (KTC2 ATC cells, median-effect
analysis CI plot shown in Fig. 7C), again consistent with the hypothesis that aurora A
inhibition potentiates paclitaxel-induced anticancer effects in ATC, mirroring the findings of
shRNA aurora A knockdown experiments (Fig. 7A), and when combining paclitaxel and
pazopanib (Fig. 2). Comparison of the effects of pazopanib (2.5 µM) and the aurora A
inhibitor MLN8237 (25 nM) on the inhibition of KTC2 ATC colony formation by paclitaxel
is shown in Fig. 6D, indicating that both agents similarly boost the anticancer effects of
paclitaxel. Hence, obtained results indicate that either pharmacologic or molecular aurora A
inhibition/knockdown potentiates the antineoplastic effects of paclitaxel in ATC and,
moreover, that the observed pazopanib/paclitaxel synergy appears to arise at least in part
from the unexpected inhibition of aurora A by pazopanib.

DISCUSSION
Here, we attempt to better define opportunities for optimizing pazopanib as a candidate
therapeutic in ATC. We had previously found pazopanib monotherapy to have disappointing
clinical activity in ATC (11); therefore, we investigated combinatorial therapeutic
approaches that led to the discovery of enhanced antineoplastic effects when combining
pazopanib and antimicrotubule inhibitors in ATC model systems. Enhanced combined
effects were attributable to inhibition of aurora A by pazopanib, and inhibitors of aurora
kinases (and perhaps inhibitors of cell cycle–critical kinases in general) may represent
attractive candidate therapeutics in ATC, especially when combined with microtubule
inhibition.

Pazopanib/paclitaxel synergy was observed not only in vitro but also in vivo: Pilot anecdotal
data from an ATC patient treated with the combination suggested marked and durable
regression of metastatic disease. On this basis, a Radiation Therapy Oncology Group
(RTOG) randomized clinical trial has been developed and activated, comparing paclitaxel
monotherapy to the pazopanib/paclitaxel doublet when administered in parallel with
intensity-modulated neck radiation therapy in ATC (ClinicalTrials.gov identifier
NCT01236547).

From the mechanistic standpoint, the observed synergy was found to be associated with
heightened paclitaxel-induced mitotic catastrophe, with the underlying mechanism defined
here being relate to the inhibition of aurora A kinase by pazopanib. These data indicate that
previously unanticipated “off-target” effects of pazopanib on aurora A may affect its clinical
application and use, especially when combined with antimicrotubule inhibitors.

Our investigations into the mechanisms underlying the synergy between pazopanib and
antimicrotubule agents in ATC have heightened our awareness of the potential significance
of aurora kinases as candidate therapeutic molecular targets in thyroid cancers, especially in
ATC, where we found a high degree of aurora A overexpressed at the mRNA level (and
correspondingly increased at the protein level). The plausibility of aurora A as a candidate
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ATC therapeutic molecular target is further supported by data indicating that the
augmentation of antimicrotubule agent–induced cytotoxicity by pazopanib can be
recapitulated either by shRNA knockdown of aurora A or by the specific aurora A inhibitor
MLN8237. Consequently, opportunities for combining antimicrotubule inhibitors with
aurora A inhibitors more specific than pazopanib also appear to hold translational promise in
ATC. Indeed, other groups have previously reported single-agent effects of pharmacological
inhibition of aurora kinases in ATC (19, 20). Pazopanib/paclitaxel synergy has also been
described in nonthyroid cancer models (17, 21–23), albeit apparently not previously in ATC,
indicating that the finding may be generalizable across multiple tumor types and have
application beyond ATC.

The relative extents to which aurora A and B may be important in cancer pathogenesis in
general—or in thyroid cancer pathogenesis in particular—remain in dispute in the literature.
Although our data indicate a role of aurora A in ATC, other studies point instead to a
potential role of aurora B. In particular, Sorrentino et al. reported aurora B overexpression in
ATC relative to DTC and additionally found in vivo antitumor effects resulting from
antisense aurora B treatment (24). However, the ARO cell line used in some experiments
was recently found not to represent thyroid cancer (25) and the comparison group was DTC
and not normal thyroid tissue, thereby drawing into question the voracity of reported results.
Much akin to our present report, however, Wiseman et al. instead found that aurora A was
overexpressed in 41% of examined ATC patient samples, but that aurora B was not (26).
Hence, although aurora A collectively seems of greater importance in ATC pathogenesis,
the precise relative contributions to which aurora A and B may be important in thyroid and
other cancers of differing histotypes remain to be better defined.

It is also unclear why pazopanib monotherapy might lead to a decrease in the fraction of
ATC cells in the G2-M phase of the cell cycle, as opposed to the expected increase in G2-M
fraction in response to therapy with a specific inhibitor of aurora A (20). We hypothesize
that the decreased G2-M fraction consequent to pazopanib treatment likely reflects the
combined effects of pazopanib on multiple competing targets affecting cell cycle
progression.

Recently, Gizatullin et al. reported that cancers lacking intact DNA damage response
checkpoints attributable to dysfunctional p53 pathways are more susceptible to apoptosis
induction when treated with the aurora kinase inhibitor VX-680 (27), raising the question of
whether ATC, which frequently has mutated p53,may be especially sensitive to aurora
kinase inhibitors. In our experiments, however, pazopanib produced overall qualitatively
similar in vitro results in p53 wild-type (KTC2) and mutant (KTC3) cell lines, leaving this
important question in need of further investigation.

In summary, our studies indicate that pazopanib and antimicrotubule inhibitors including
paclitaxel combine synergistically in ATC models observed in association with heightened
induction of mitotic catastrophe apparently attributable to the inhibition of aurora A by
pazopanib. Further, aurora A (but not aurora B or C) is up-regulated in ATC, and specific
aurora A inhibitors (such as MLN8237) or aurora A knockdown similarly combines
synergistically with antimicrotubule inhibition in ATC. Moreover, we have also shown that
pazopanib/paclitaxel synergy is observed not only in vitro but also in vivo, with pilot
translation of these data producing encouraging preliminary results in human ATC.
Collectively, we believe that the presented data provide compelling rationale not only for
further evaluation of the paclitaxel/pazopanib combination in ATC but also for further study
of the specific roles and therapeutic relevance of inhibition of aurora and other cell cycle–
critical kinases in ATC, especially when combined with inhibition of microtubule function.
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MATERIALS AND METHODS
Tissue culture

Thyroid cell lines (from J.A.C., validated by genotyping) were cultured in RPMI 1640 with
L-glutamine containing nonessential amino acids, sodium pyruvate, Hepes, sodium
bicarbonate, penicillin G (100 U/ml), and streptomycin (100 µg/ml) also containing 10%
fetal bovine serum and were passaged twice weekly.

Colony formation assays
Briefly, 400 subconfluent cells were plated on triplicate sets of 35-mm dishes, allowed to
adhere overnight, and then treated with diluent or drugs as specified. In synergy
experiments, pazopanib was added 1 to 2 hours before other drugs (paclitaxel, vincristine,
docetaxel, and ixabepilone); plates were washed after 24-hour drug exposures, with
pazopanib added back after washing. After 6 to 10 days, plates were stained with Coomassie
blue, with colonies counted on an imager using GeneTools software (Syngene). CalcuSyn
software (BioSoft) was used to assess synergy; data were plotted as dose-effect curves with
the Chou and Talalay median-effect method (14).

Flow cytometry (FACS)
KTC2 cells treated as indicated were harvested, washed twice in cold phosphate-buffered
saline (PBS), fixed by dropwise addition of cold 95% ethanol, incubated at 0°C for >1 hour,
rehydrated and washed twice with PBS, and incubated with ribonuclease A (1 mg/ml) (15
min, 37°C) and subsequently with propidium iodide (100 µg/ml) (Sigma), both in 0.1%
aqueous sodium citrate. Samples were evaluated on a FACSCalibur (Becton Dickinson;
488-nm excitation, 585/42-nm filter) by the Mayo Flow Cytometry Core Facility. Data for
cell cycle were analyzed with ModFit LT software (Verity Software House), with subdiploid
debris specifically excluded from analysis (to assess cell cycle distribution of live/surviving
cells).

Cell video microscopy
Low-confluence KTC2 cells in 12-well plates treated with pazopanib 1 hour before
paclitaxel addition were video-imaged (every 15 min for 48 hours) while incubated in a
temperature- and humidity-controlled environment, with the data collected by an ApoTome
microscope (Carl Zeiss, 10× objective in bright field) using AxioVision LE software (Carl
Zeiss). Cell fates (continuously observed) at 48 hours were critically analyzed visually/
morphologically and plotted as percent time = 0 cells (cells not continuously visualized were
excluded from analyses). Only cells that were observed to undergo mitosis followed by
apoptotic disintegration were tabulated as cells dead from mitotic events.

Aurora kinase assays
Aurora A(2–403) and aurora B(2–344) full-length constructs were expressed and purified in-
house at GlaxoSmithKline (by K.E.F. and R.K.). TPX2(1–43) peptide was synthesized by
California Peptide Research Inc., whereas INCENP(826–919) was expressed and purified by
the University of Dundee (Scotland). Peptide substrates [5FAM-GRTGRRNSI-NH2 for
IMAP (immobilized metal ion affinity-based fluorescence polarization) assays] were
custom-synthesized by 21st Century Biochemicals. IMAP Progressive Binding Reagent
(nanoparticles/beads) and Buffers were obtained from Molecular Devices Inc. All other
reagents were obtained from Sigma. IMAP assays were used to assess aurora A or B kinase
inhibition and were conducted according to previously reported methods (16), with results
expressed as percentages of control (uninhibited) values.
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Lentiviral shRNA aurora A knockdown
A Sigma MISSION shRNA vector clone set against Aurora A (Sigma) was obtained via
Mayo RISR (RNA Interference Shared Resource, Mayo Clinic). Vector DNA was amplified
from bacterial stocks and purified with Qiagen EndoFree Maxiprep kit. Viral particles were
produced in human embryonic kidney (HEK) 293T by transfection of each clone along with
packaging vectors vsvg and gag pol (received as a gift from V. Shridhar’s laboratory, Mayo
Clinic) with ExpressFect Transfection Reagent (Denville Scientific). Viral supernatant was
collected at 48 hours and used for transduction of KTC2 cells. A double transduction was
done with 3 ml of viral supernatant per 100-mm dish, with polybrene (8 µg/ml) (Sigma)
added on 2 consecutive days. Selection with puromycin (1 µg/ml) was performed for 10 to
12 days before Western blot and colony-forming assays. Viable stable lines with best
knockdown were achieved from clone 3 (NM_003600.x-985s1c1) and clone 4
(NM_003600.x-1252s1c1) with the following target sequences:
CCTGTCTTACTGTCATTCGAA and CACATACCAAGAGACCTACAA.

Immunoblotting
KTC2 cells in log-phase growth were synchronized [nocodazole (0.5 µg/ml) overnight],
shaken to release mitotic cells that were washed twice with media, plated, and then treated
for 30 min with diluent, pazopanib, or MLN8237 as indicated. Thereafter, cells were lysed
[10 mM tris (pH 7.4) + 1% SDS with protease inhibitor cocktail (Roche) and 1 mM sodium
orthovanadate (Sigma)], sonicated, loaded on triplicate gels for SDS–polyacrylamide gel
electrophoresis (based on equal protein), transferred onto nitrocellulose membranes, and
blotted for phospho–aurora A (Cell Signaling Technology), aurora A (AbD Serotec), centrin
(a gift from J. Salisbury’s laboratory, Mayo Clinic), and actin (Santa Cruz Biotechnology).

Immunohistochemistry
Use of deidentified human tissues was approved by the Mayo Institutional Review Board.
Thyroid tissues mounted on slides from paraffin-embedded blocks and blocked with diluent
containing Background Reducing Components (Dakocytomation, 30 min) were probed for
aurora A (AbD Serotec) or aurora B (Santa Cruz Biotechnology). Negative control sections
were prepared by incubation in the absence of primary antibody. Images were obtained at
20× (ScanScope XT and ImageScope software; Aperio Technologies) with staining scored
using an algorithm based on signal intensity (0 to 3+).

Assessment of aurora kinase mRNA levels
Aurora kinase A, B, and C mRNA levels in patient ATC tissues were assessed in replicate
with transcriptional profiling (Affymetrix U133 2.0 platform).

Xenograft studies
All mouse experiments followed institutional guidelines and were approved by the Mayo
Clinic Institutional Animal Care and Use Committee (IACUC). Briefly, KTC2 cells washed
twice and resuspended in PBS/Matrigel (1:1; 7.5 million cells/100 µl) were injected
subcutaneously (100 µl of KTC2 inoculum per animal) in the flanks of female athymic nu/
nu mice (6 weeks old; Harlan Laboratories Inc.) anesthetized with isoflurane. After 4- to 5-
mm tumors formed, mice randomly assigned to groups (of 10 animals each) were fed
OpenStandard diet (Research Diets Inc.) with or without pazopanib (287.5 mg/kg).
Paclitaxel reconstituted in saline was administered intraperitoneally. Tumors were measured
twice weekly, with tumor volumes calculated as follows: A × B × B/2, where A is the longest
dimension and B, the smallest. In parallel, animal weights were monitored to ensure
tolerance of administered therapies. Animals showing distress of tumor ulceration were
euthanized according to the IACUC guidelines.
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Patient data
Examination of the combined effects of pazopanib (800 mg/day, orally) and paclitaxel (80
mg/m2 per week, intravenously) therapy in a pilot ATC patient was approved by the
involved local Institutional Review Board, with written informed consent in parallel
provided by the patient. Because this patient was subjected, in parallel, to neck radiotherapy,
for the purposes of this article, only the effects on metastatic tumor deposits in the lung were
shown to ensure that displayed results were indicative of those resulting from systemic
therapy alone.

Statistical analyses
Two-sided t tests were used to assess differences in mean (i) percentages of colonies formed
in vitro, (ii) tumor volumes in vivo, or (iii) percentages of cells with 3+ staining of aurora A
or aurora B. One-sided t tests were used to examine differences in fractions of
morphologically normal, multinucleated, or dead cells in video microscopy experiments or
in fractions of cells in S and G2-M phases of the cell cycle.
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Fig. 1.
Pazopanib has single-agent in vitro antineoplastic activity in ATC. (A) Chemical structure of
pazopanib. (B and C) Growth-inhibitory effects of pazopanib (continuous drug exposures)
in three ATC cell lines (B) and in four patient primary low-passage ATC cell culture models
(C). In (B) and (C), results of representative colony-forming assays are shown (each data
point indicates the mean of triplicate results; error bars indicate 1 sample SD). (D) Summary
data indicating IC50 mean and SD values for each cell line/culture compared to three DTC
cell lines [all results reflect more than three replicate experiments as shown in (B) and (C)].
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Fig. 2.
Pazopanib enhances the effects of paclitaxel (as well as of other antimicrotubule inhibitors
including vincristine, docetaxel, and ixabepilone) in ATC in vitro model systems. (A to F)
Pazopanib potentiates the antineoplastic effects of paclitaxel in KTC2 (A and B), THJ11T
(C and D), FRO (E), and KTC3 (F) ATC cells. (A), (C), (E), and (F) show results of
representative colony-forming assays (each data point indicates the mean ± SD of triplicate
results, with each experiment replicated more than three times); dose-responsive synergistic
effect is also shown in (C). (B and D) Results assessing pazopanib/paclitaxel synergy using
a distinct approach, median-effect analyses, in KTC2 and THJ11T models, respectively. (G
to I) Analogous results for KTC2 ATC cells treated alternatively with pazopanib +
vincristine, pazopanib + docetaxel, or pazopanib + ixabepilone, respectively. In CI plots [per
the method of Chou and Talalay (14)], CI < 1 indicates synergy, CI = 1 indicates additivity,
and CI > 1 indicates antagonism. Error bars indicate 1 sample SD; red asterisks indicate
differences between paclitaxel and pazopanib/paclitaxel (P < 0.01); all CI plots are
representative of three or more distinct experiments, with all data points in all experiments
done in triplicate.
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Fig. 3.
Pazopanib and paclitaxel combine to yield enhanced cytotoxic effects in vivo and a durable
clinical response in a patient. (A) In vivo anti-tumor effects of single-agent or combined
pazopanib and paclitaxel KTC2 ATC xenograft model. Error bars indicate 1 sample SD; *P
< 0.001 for differences between combination therapy effects relative to the respective single-
agent effects at various time points (differences between diluent- and paclitaxel- or
pazopanib-treated animals also achieved statistical significance in each instance); 10 animals
per treatment group. Absent tumor measurements at later time points in diluent and
pazopanib treatment arms (indicated by ϕ) reflect the need to euthanize animals because of
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excessive tumor burden. IP, intraperitoneally. (B) Effects of combined pazopanib (800 mg/
day, orally) and paclitaxel (80 mg/m2 per week, intravenously) therapy in a pilot ATC
patient; representative computed tomography images depicting effects on lung metastases
are shown before therapy and after ~6 months of therapy.
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Fig. 4.
Pazopanib alters the effects of paclitaxel on cell cycle distribution in KTC2 ATC cells. (A to
D) Effects of pazopanib alone. (E to G) Effects of paclitaxel alone. (H to J) Combined
effects of paclitaxel and pazopanib. (K and L) Summary data related to effects on G2-M
phase of the cell cycle are shown in (K) for this experiment, with results across three
replicate analogous experiments (dose level 2) summarized in (L). All depicted experiments
were gaited to specifically exclude subdiploid debris. DMSO, dimethyl sulfoxide.
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Fig. 5.
Pazopanib and paclitaxel combine to affect cell fate in KTC2 ATC cells. (A) Images
(captured from real-time video microscopy) showing morphological effects of single-agent
and combined pazopanib (Paz) and paclitaxel (Tax) relative to diluent control. (B) Summary
data indicating effects of single-agent and combined pazopanib and paclitaxel relative to
diluent control on KTC2 cell fate after 48-hour exposures across three replicate experiments.
Left panel, morphologically normal cells; middle panel, multinucleated cells; right panel,
cells dying after dysfunctional mitosis [all expressed as % total time = 0 cells; data shown in
(A) are representative of three independent experiments]. Error bars in (B) represent 1
sample SD, triplicate experiments; NS, not statistically significant; significance levels
shown for one-sided t tests.
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Fig. 6.
Pazopanib alters aurora A or B kinase activity in cell-free assays and aurora A
phosphorylation in intact KTC2 or THJ11T ATC cells; aurora A levels are higher in patient
ATC tumors in comparison to normal thyroid tissue. (A) Results of cell-free aurora A or B
kinase activity assays as a function of pazopanib concentration. (B and C) Representative
results of immunohistochemical staining for aurora A and B in patient ATC samples relative
to nonneoplastic control thyroid tissue (B), with tabulated patient data shown in (C),
indicating aurora A, but not aurora B, overexpression in primary human ATC specimens
(black bars, nonneoplastic; gray bars, ATC; error bars represent 1 sample SD; NS, not
statistically significant, significance levels shown for two-sided t test). (D) Effects of
pazopanib on total and phospho–aurora A as a function of pazopanib concentration in
synchronized mitotic KTC2 or THJ11T primary ATC cells, respectively; results for
unsynchronized cells are shown on the left as controls, with the effects of diluent (DMSO)
or the specific aurora kinase A inhibitor MLN8237 (25 nM) on synchronized/mitotic cells
also shown as negative and positive controls, respectively. Results are representative of
three independent experiments. (E) Summary results of three independent KTC2
experiments including that shown in (D), indicating effects of varying pazopanib
concentrations on phospho–aurora A immunoblotting across replicate experiments.
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Fig. 7.
Aurora A shRNA knockdown and treatment with the specific aurora A inhibitor MLN8237
similarly alter the effects of paclitaxel monotherapy as well as the combined effects of
paclitaxel and pazopanib. (A) Impact of aurora A shRNA knockdown on the effects of
paclitaxel alone (KTC2 cells). Inset, results of immunoblotting for aurora A compared to
actin loading control in parental/(nontargeted) cells compared to three shRNA aurora A
knockdown clones (sh2 to sh4). (B) Effects of aurora A shRNA knockdown on combined
paclitaxel/pazopanib synergy. (C) Aurora A inhibition by MLN8237 results in synergy with
paclitaxel in KTC2 ATC cells as assessed by median-effect analysis. (D) Impact of aurora A
inhibition by MLN8237 (25 nM) compared to that of pazopanib (2.5 µM) on the effects of
paclitaxel in KTC2 ATC cells. In (B) and (C), median-effect analysis results per Chou and
Talalay (13) are shown: CI values of 1, <1, or >1 indicate additivity, synergy, or
antagonism, respectively. In (A) and (D), error bars indicate 1 sample SD; +P < 0.05, *P <
0.01 relative to controls. All panels show representative results of more than three replicate
assays.
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