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Combination BRAFV600E Inhibition with the Multitargeting
Tyrosine Kinase Inhibitor Axitinib Shows Additive Anticancer

Activity in BRAFV600E-Mutant Anaplastic Thyroid Cancer

Viswanath Gunda,1,* Chandrayee Ghosh,1,* Jiangnan Hu,1 Lisa Zhang,2 Ya qin Zhang,3

Min Shen,3 and Electron Kebebew1,4

Background: Anaplastic thyroid cancer (ATC) is uniformly lethal. BRAFV600E mutation is present in 45% of
patients with ATC. Targeted therapy with combined BRAF and MEK inhibition in BRAFV600E-mutant ATC can
be effective, but acquired resistance is common because this combination targets the same pathway. Drug
matrix screening, in BRAFV600E ATC cells, of highly active compounds in combination with BRAF inhibition
showed multitargeting tyrosine kinase inhibitors (MTKIs) had the highest synergistic/additive activity. Thus,
we hypothesized that the combination of BRAFV600E inhibition and an MTKI is more effective than a single
drug or combined BRAF and MEK inhibition in BRAFV600E-mutant ATC. We evaluated the effect of
BRAFV600E inhibitors in combination with the MTKI axitinib and its mechanism(s) of action.
Methods: We evaluated the effects of BRAFV600E inhibitors and axitinib alone and in combination in in vitro
and in vivo models of BRAFV600E-mutant and wild-type ATC.
Results: The combination of axitinib and BRAFV600E inhibitors (dabrafenib and PLX4720) showed an additive
effect on inhibiting cell proliferation based on the Chou–Talalay algorithm in BRAFV600E-mutant ATC cell
lines. This combination also significantly inhibited cell invasion and migration ( p < 0.001) compared with the
control. Dabrafenib and PLX4720 arrested ATC cells in the G0/G1 phase. Axitinib arrested ATC cells in the
G2/M phase by decreasing phosphorylation of aurora kinase B (Thr232) and histone H3 (Ser10) proteins and by
upregulating the c-JUN signaling pathway. The combination of BRAF inhibition and axitinib significantly
inhibited tumor growth and was associated with improved survival in an orthotopic ATC model.
Conclusions: The novel combination of axitinib and BRAFV600E inhibition enhanced anticancer activity in in vitro
and in vivo models of BRAFV600E-mutant ATC. This combination may have clinical utility in BRAFV600E-mutant
ATC that is refractory to current standard therapy, namely combined BRAF and MEK inhibition.
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Introduction

Anaplastic thyroid cancer (ATC) is one of the most
aggressive human malignancies, with a median survival

of 6 months in most patients.1 Although ATC accounts for <2%

of all thyroid cancer cases, it accounts for 40% of thyroid
cancer deaths due to its aggressive nature and limited thera-
peutic options.2 Surgical resection with radiation therapy and
chemotherapy have limited effects on survival.3 The
BRAFV600E mutation in patients with ATC is common (about
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45%)4,5 and is associated with more aggressive disease and a
higher mortality rate when it occurs with a TP53 mutation.6,7

Targeted therapies using combined BRAF and MEK in-
hibition in BRAFV600E-mutant ATC can result in a good re-
sponse, but acquired resistance is common with no effective
alternative treatments.8 One reason for acquired resistance
could be because both drugs act largely on the same signaling
pathway; this approach is not effective when there is acti-
vation of alternate compensatory pathways.9 One mechanism
leading to acquired resistance is through persistently acti-
vating tyrosine kinase (TK) signaling by several alternative
pathways.10 Combined BRAF and MEK inhibition in
BRAFV600E-mutant ATC and other cancers is also commonly
associated with treatment-related toxicity that requires a dose
reduction.11–13 To identify alternative treatments for
BRAFV600E-mutant ATC, we used drug matrix screening in
BRAFV600E ATC cells to select highly active compounds
identified from high-throughput drug screening studies, in
combination with BRAF inhibition.

Combining BRAF inhibition and multitargeting tyrosine
kinase inhibitors (MTKIs) had the highest synergistic/addi-
tive activity.14 We tested ponatinib, one of the MTKIs
identified to be synergistic with BRAF inhibition in
BRAFV600E-mutant ATC cells in our drug matrix screening
studies. It synergistically and significantly inhibited cell
proliferation, colony formation, invasion, and migration by
downregulating the phospho-ERK/MEK and the c-JUN sig-
naling pathways.14 Axitinib is another MTKI which also
showed a synergistic activity in our initial drug matrix
screening with PLX4720 (a BRAF inhibitor).

Axitinib potently inhibits vascular endothelial growth
factor receptor (VEGFR) and has been shown to have anti-
tumor activity in advanced thyroid cancer.15 It has also been
reported that combination of axitinib with chemotherapeutic
agents (carboplatin and paclitaxel) is well tolerated and ef-
fective in BRAF wild-type (BRAFWT) metastatic melano-
ma.16 VEGF is overexpressed in cancer including ATC and
plays an important role in angiogenesis and immune sup-
pression in the tumor microenvironment.17,18 In addition, a
recent study reported that VEGF was strongly expressed in
malignant thyroid lesions,19 and upregulation of VEGF in
human thyroid carcinoma is associated with a poor progno-
sis.17,18,20 As mentioned above axitinib is one of the MTKIs
that had synergistic/additive activity with BRAF inhibition
based on our drug matrix screening in BRAFV600E-mutant
ATC cells.

The effects of combining axitinib and BRAF inhibition
have not been investigated in BRAFV600E-mutant ATC. Based
on these reports and our findings, we hypothesized that MTKIs
in combination with BRAF inhibition may have synergistic/
additive activity in BRAFV600E-mutant ATC by targeting ad-
ditional activated kinase signaling pathways, and thus inves-
tigated the novel combination of axitinib and BRAF inhibition
in in vitro and in vivo models of BRAFV600E-mutant ATC.

Materials and Methods

Cell lines and culture conditions

ATC cell lines 8505C and SW1736 harboring the
BRAFV600E mutation were purchased from the European
Collection of Cell Culture (Salisbury, United Kingdom) and

Cell Lines Service GmbH (Eppelheim, Germany), respec-
tively. The BRAFWT cell line THJ16T derived from a patient
with ATC was kindly gifted by Dr. John A. Copland (Mayo
Clinic, Jacksonville, FL) (Supplementary Method).

Cell proliferation assay

Cell proliferation assays were performed in triplicate to
evaluate the effect of the drugs on cell viability using the
CyQUANT kit according to manufacturer’s instructions (Cat.
No. C7026; Thermo Fisher Scientific, Waltham, MA) (Sup-
plementary Method).

Clonogenic assay

Clonogenic assay with both short-term and long-term drug
treatment was performed using standardized protocol (Sup-
plementary Method).

Migration assay

A scratch plate or wound healing assay was performed to
assess the effect of the drugs on cell migration (Supple-
mentary Method).

Invasion assay

Invasion assay was performed according to the manufac-
turer’s instructions (QCM ECMatrix Cell Invasion Assay,
Cat. No. ECM550; Millipore Sigma, Burlington, MA)
(Supplementary Method).

Cell cycle analysis

Cells were treated for 24–72 hours, fixed, then stained and
analyzed by Flow cytometry FxCycle� PI/RNase Staining
solution (Cat. No. F10797; Thermo Fisher Scientific) (Sup-
plementary Method).

Phosphoprotein kinase array

We used the Proteome Profiler Human-Phospho-Kinase
Array Kit (Cat. No. ARY003B; R&D Systems, Minneapolis,
MN) to detect changes in phosphoprotein levels in the
SW1736 cell line according to the manufacturer’s instruc-
tions (Supplementary Method).

Western blot analysis

Total cell lysates from all groups were prepared and re-
solved by electrophoresis followed by Western blot analysis
using standardized method (Supplementary Method).

Orthotopic xenograft ATC models

All animal studies were performed according to the insti-
tutional animal care and use committee (IACUC) and Stan-
ford Medicine guidelines. The animal protocol was reviewed
and approved by the Administrative Panel on Laboratory
Animal Care (APLAC) and the APLAC protocol number is
APLAC-34003. For the orthotopic ATC model, 1 · 106

8505C-Luc2 cells (Luc2 denotes cells with stable expression
of a luciferase reporter) were injected into the thyroid gland
of NOD Cg-Prkdcscid Il2rgtm1WjI/SzJ mice. Two weeks after
orthotopic implantation, mice were randomized into five
treatment groups (n = 8 per group). Each group was treated for
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2 weeks, and at the end of the treatment, all mice were sac-
rificed using CO2 inhalation. Tumor volumes were measured
using electronic calipers. Tumor, lung, and liver tissues were
collected both by snap freezing (for RNA and protein isola-
tions) as well as in 4% paraformaldehyde (for immunohisto-
chemistry). Please see Supplementary Method for details.

Statistical analyses

The data are presented as the mean – standard error of the
mean or mean – standard deviation and GraphPad Prism
version 8 (GraphPad Software, Inc., San Diego, CA) was used
to perform all statistical analyses (Supplementary Method).

Results

Combination of BRAF inhibitors (PLX4720
and dabrafenib) and axitinib decreases cell
proliferation in BRAFV600E-mutant ATC cells

As expected, dabrafenib treatment inhibited cellular pro-
liferation, colony formation (both short term and long term),
and migration of 8505C and SW1736 ATC cell lines that was
mostly dose-dependent (Supplementary Fig. S1A–E). We
selected 10 lM of dabrafenib in combination with 1.89 lM
axitinib for the follow-up studies as the combination had the
highest inhibitory effect on cellular proliferation compared to
single agents in both the cell lines (Supplementary Fig. S2A).
Both dabrafenib and PLX4720 are BRAFV600E inhibitors that
can block the ERK pathway in BRAFV600E-mutant ATC cells
and both inhibitors downregulated p42/44 ERK in the 8505c
and SW1736 cell lines after treatment for 24 hours. Axitinib
alone did not affect the ERK pathway in 8505c and SW1736
cells at that time point.

The combination of PLX4720 or dabrafenib with axitinib
also led to the downregulation of phospho-ERK in 8505C and
SW1736 cells compared to control and axitinib treatment
alone (Supplementary Fig. S3A, B). The inhibitory effect of
axitinib on VEGFR signaling has been shown to be mediate
through STAT321–23 and/or AKT24–26 pathways in previous
studies. Thus, we analyzed phospho-STAT3 and AKT levels
with axitinib treatment to confirm its target effect and found
decreased phospho-STAT3 and AKT levels with axitinib
treatment in 8505C (Supplementary Fig. S3C, D).

The proliferation assay showed that the combination of
PLX4720 and axitinib inhibited cell proliferation signifi-
cantly more compared with single agents in all three ATC cell
lines: two BRAFV600E-mutant ATC cell lines (8505C and
SW1736) and one BRAFWT ATC cell line THJ16T
( p < 0.0001, p < 0.001, and p < 0.01, respectively) (Fig. 1A).
The combination of dabrafenib and axitinib also significantly
inhibited cell proliferation compared with either compound
alone in 8505C cells ( p < 0.0001 and p < 0.001, respectively)
and compared with dabrafenib alone in SW1736 and THJ16T
cells ( p < 0.05 and p < 0.0001, respectively) (Fig. 1A). We
used the Chou–Talaley algorithm to check the nature of the
drug combination interaction. PLX4720 or dabrafenib with
axitinib had a mainly synergistic or additive effect on
BRAFV600E-mutant ATC 8505C and SW1736 cells, whereas
the drug interaction was mainly antagonistic in BRAFWT

THJ16T cells (Fig. 1B, C).
Based on the cellular proliferation assays, we selected a

combination dose which had the highest effect as compared

to single agents (Supplementary Fig. S2A) to conduct the
additional experiments using the BRAFV600E-mutant ATC
8505C and SW1736 cell lines.

Combination of BRAF inhibitors (PLX4720
and dabrafenib) and axitinib inhibits colony formation
and cell migration and invasion in BRAFV600E-mutant
ATC cells

We used PLX4720 (15 lM) and dabrafenib (10 lM) alone
or in combination with two different concentrations of ax-
itinib (1.89 and 0.47 lM). A high axitinib concentration
(1.89 lM) used alone was very effective in inhibiting colony
formation in both 8505C and SW1736C cells compared with
a low concentration (0.47 lM). The combination of PLX4720
(15 lM) and the higher (1.89 lM) and lower (0.47 lM) ax-
itinib concentrations was significantly more effective in in-
hibiting colony formation in 8505c and SW1736 cells
compared with vehicle ( p < 0.0001) and PLX4720 alone
( p < 0.0001) (Fig. 1D, E). Similarly, the combination of
dabrafenib (10 lM) and both axitinib concentrations signifi-
cantly inhibited colony formation in 8505C and SW1736 cells
compared with vehicle and dabrafenib alone ( p < 0.0001 and
p < 0.0001, respectively) (Fig. 1D, E). Both the drug combi-
nations were significantly more effective than 0.47 lM ax-
itinib alone and the BRAF inhibitors alone ( p < 0.0001,
p < 0.001, p < 0.01, p < 0.05) (Supplementary Fig. S4A, B).
Long-term treatment also showed similar effects in the colony
formation assay (Supplementary Fig. S4C).

Treatment with both PLX4720 (15 lM) and axitinib
(1.89 lM) significantly inhibited cell migration compared
with vehicle ( p < 0.0001), PLX4720 ( p < 0.01 and p < 0.05),
and axitinib ( p < 0.0001) in both BRAFV600E-mutant ATC
cell lines (Fig. 2A, B). Similarly, the combination of dab-
rafenib and axitinib significantly reduced cell migration com-
pared with vehicle ( p < 0.0001) and axitinib alone ( p < 0.0001)
in 8505C and SW1736 cells. However, compared with dabra-
fenib alone, the combination of dabrafenib and axitinib was
effective in inhibiting cell migration in 8505C cells, while it
showed less of an effect in SW1736 cells.

In both 8505C and SW1736 cells, the combination of
PLX4720 and axitinib significantly inhibited cell invasion
compared with vehicle ( p < 0.0001), PLX4720 ( p < 0.01),
and axitinib ( p < 0.01) (Fig. 2C, D). The combination of
dabrafenib and axitinib significantly inhibited cell invasion
compared with vehicle ( p < 0.001) and dabrafenib ( p < 0.01)
in SW1736 cells but only compared with vehicle in 8505C
cells ( p < 0.0001).

Combination of BRAF inhibitors (PLX4720
and dabrafenib) and axitinib causes cell cycle arrest
in BRAFV600E-mutant ATC cells

Overall, the combination of BRAF inhibitors and axitinib
showed additive anticancer activity in ATC cells, so we next
investigated the mechanism(s) of action for this additive
effect. BRAF inhibitors have been reported to arrest the cell
cycle, so we evaluated how each agent alone and in combination
affected the cell cycle.27,28 When used alone, the BRAF in-
hibitors PLX4720 and dabrafenib arrested 8505c and SW1736
cells in the G1/G0 phase within 24 hours of treatment (Fig. 3A).
Screening for the effect of these drugs on the expression and
function of critical cell cycle checkpoint proteins showed that
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FIG. 1. Combination BRAF inhibition (PLX4720 and dabrafenib) and axitinib treatment decreases cell proliferation
and colony formation in BRAFV600E-mutant ATC cells. (A) The effect of axitinib, dabrafenib, and PLX4720 alone
and in combination on cell proliferation. Cell viability was analyzed for treatment with PLX4720 (5 and 15 lM),
dabrafenib (5 and 10 lM), axitinib (1.87 and 3.75 lM), or the combination of each BRAF inhibitor and axitinib for up
to 72 hours. The x-axis represents the elapsed time in hours and the y-axis represents RFU. The combination of
PLX4720 and axitinib and the combination of dabrafenib and axitinib inhibited cell proliferation significantly more
in all cell lines (8505C, SW1736, and THJ16T) compared with vehicle and each BRAF inhibitor alone ( p < 0.0001)
after 72 hours of treatment. The data are presented as the mean – SD. (B, C) The combination index indicating the
type of association for PLX4720 and axitinib (top panel) and dabrafenib and axitinib treatment (bottom panel) in
BRAFV600E-mutant ATC cell lines is depicted as an isobologram of drug combinations. The x-axis represents the drug
concentration, and the y-axis represents their combination effect at fraction affected (Fa) of 0.5 (50% reduction in
cell growth). The red and blue plots are the response to single agents; the combination plots (green) indicate a mostly
additive effect when cell growth inhibition was greater than *50% (Fa = 0.50–0.90). (D) The combination of a
BRAF inhibitor and axitinib inhibited colony formation. PLX4720 (15 lM) and axitinib (1.89 and 0.47 lM) reduced
colony formation significantly more than vehicle and PLX4720 alone in 8505C and SW1736 cells ( p < 0.0001).
Dabrafenib (10 lM) and axitinib (1.89 and 0.47 lM) also reduced colony formation significantly more compared with
vehicle ( p < 0.0001) and dabrafenib alone ( p < 0.01). (E) The histogram represents the mean colony counts of 8505C
and SW1736 cells. The data are shown as the mean – SD. For all panels, the black stars denote combination versus
vehicle, the blue stars denote combination versus BRAF inhibitor (PLX4720 and dabrafenib), and the red stars denote
combination versus axitinib. ATC, anaplastic thyroid cancer; Axi, axitinib; Dab, dabrafenib; PLX, PLX4720; RFU,
relative fluorescence units; SD, standard deviation.
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treatment with PLX4720 and dabrafenib alone and in combi-
nation with axitinib significantly reduced the expression of
cyclin A2, cyclin D1, and cyclin E2 while increasing the ex-
pression of p21 Waf1 and p27 kip in 8505C and SW1736 cells
(Fig. 3B). Moreover, treatment with axitinib alone resulted in a
significant number of 8505c and SW1736 cells arrested in the
G2/M phase of the cell cycle (Fig. 3A). Axitinib increased cy-
clin B1 expression but had no effect on the expression of the
other cell cycle checkpoint proteins studied (Fig. 3B).

Combined fluorescence-activated cell sorting (FACS) and
Western blot analysis of the cell cycle regulatory proteins in
8505c and SW1736 cells treated with axitinib and BRAF
inhibitors suggested that the cells are arrested in either the
G0/G1 or G2/M phase (Fig. 3C).

Axitinib decreases phosphorylation of aurora kinase B
and histone H3A levels in BRAFV600E-mutant
ATC cells

Although axitinib did not affect most of the analyzed cell
cycle checkpoint proteins, it arrested the cells in the G2/M

phase. This finding led us to investigate the effect of axitinib
on other critical steps involved in mitosis. Thus, we examined
the role of axitinib on regulatory proteins that have a role in
chromosomal organization. One of the proteins of interest is
aurora kinase B (AURKB), which gets phosphorylated dur-
ing the cell cycle and is involved in chromosomal organiza-
tion.29 Treatment with axitinib alone and in combination with
PLX4720 or dabrafenib decreased phosphorylation of
AURKB Thr232 and histone 3A (H3A) Ser10 in the ATC cell
lines (Fig. 4A). These results suggest that axitinib’s inhibition
of AURKB phosphorylation decreases the phosphorylation
of H3A Ser10, resulting in blockade of the metaphase-to-
anaphase transition. This causes the cells to accumulate in the
G2/M phase during the cell cycle (Fig. 4B).

Axitinib increases c-JUN levels in BRAFV600E-mutant
ATC cells

To understand the regulatory signaling pathways that are
affected with axitinib treatment in BRAFV600E-mutant ATC
cells, we used the Proteome Profiler Human-Phospho-Kinase

FIG. 1. (Continued).

‰

FIG. 2. The combination of BRAF inhibition and axitinib treatment inhibits cell migration and invasion in BRAFV600E-
mutant ATC cells. (A) The combination of PLX4720 (15 lM) and axitinib (1.89 lM) significantly inhibited cell migration
compared with vehicle ( p < 0.0001), PLX4720 ( p < 0.01 and p < 0.05), and axitinib ( p < 0.0001) in both cell lines. The
combination of dabrafenib and axitinib significantly reduced cell migration compared with vehicle ( p < 0.0001) and axitinib
( p < 0.0001) in both cell lines 24 hours after scratching. (B) The histogram represents the mean wound area remaining 24
hours after scratching 8505C and SW1736 cells. The data are shown as the mean – SD. (C) PLX4720 and axitinib treatment
significantly reduced cell invasion after 24 hours compared with vehicle ( p < 0.0001 and p < 0.001), PLX4720 ( p < 0.001),
and axitinib ( p < 0.001) in 8505C and SW1736 cells. The combination of dabrafenib and axitinib inhibited cell invasion
significantly more compared with vehicle ( p < 0.0001 and p < 0.001) in both cell lines. (D) The histogram represents the
mean number of cells that invaded the membrane/field of image. The data are shown as the mean – SD. For all panels, the
black stars denote combination versus vehicle, the blue stars denote combination versus BRAF inhibitor (PLX4720 and
dabrafenib), and the red stars denote combination versus axitinib.
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Array. As expected, treatment with the BRAF inhibitor
dabrafenib alone and in combination with axitinib reduced
ERK phosphorylation, confirming the accuracy of the assay
(Fig. 4C). Axitinib increased the phosphorylation of c-JUN
(Ser63) in SW1736 cells (Fig. 4C). We validated the in-
crease in c-JUN phosphorylation after axitinib treatment by
Western blot analysis (Fig. 4D). c-JUN phosphorylation
plays a role in G2/M arrest by increasing cyclin B1.30,31

This suggests that the effect of axitinib treatment in in-
ducing G2/M cell cycle arrest is also due to its effect on
c-JUN phosphorylation.

Combination of BRAF inhibitors and axitinib reduces
tumor growth in vivo

We orthotopically implanted 8505c-Luc2 cells into the
thyroid gland of NOD Cg-Prkdcscid Il2rgtm1WjI/SzJ mice.
Two weeks after implanting 1 · 106 cells, when the tumor
volume was *50–60 mm3, we randomized the mice to
the following treatment groups: vehicle; axitinib,
PLX4720, or dabrafenib alone; or the combination of
axitinib with PLX4720 or dabrafenib. Four weeks after
implantation, we sacrificed the mice and compared their
tumor volumes.

Mice in the axitinib, PLX4720, and dabrafenib groups
showed significantly decreased tumor volumes compared
with mice in the vehicle group ( p < 0.0001). The com-
bination treatments were even more effective in reducing
tumor volumes than the single treatments (Fig. 5A–C).
Mice receiving combination treatment showed a signifi-
cant reduction in the tumor volume compared with mice

in the vehicle group: PLX4720+axitinib (15.43 – 6.6 mm3

vs. 96.92 – 20.8 mm3, p < 0.0001) and dabrafenib+axitinib
(12.63 – 4.5 mm3 vs. 96.92 – 20.8 mm3, p < 0.0001) (Fig. 5A–C;
Supplementary Fig. S5). Mice in the vehicle group (13 – 1 g),
the PLX4720 group (15.625 – 1.5 g), the dabrafenib group
(16.5 – 2.1 g), and the axitinib group (14.75 – 2.52 g) had
much lower body weights than mice in the PLX4720+
axitinib group (18 – 2 g) and the dabrafenib+axitinib group
(17.75 – 1.98 g), who not only maintained better body weight
but also showed no signs of illness or decreased mobility
(Fig. 5D).

Discussion

BRAFV600E is one of the most common driver mutations
found in ATC and has been effectively targeted in patients
with ATC by using BRAF and MEK inhibitors.32 Un-
fortunately, most patients with ATC and BRAFV600E mu-
tation develop resistance to targeted therapy with BRAF
and MEK inhibitors.33,34 Although the exact mechanisms
of resistance toward BRAF inhibitors are still under in-
vestigation, researchers have reported feedback activation
of the RAS pathway and rewiring of the entire MAPK
pathway upon long-term use of BRAF inhibitors.34 Com-
bination treatment with the BRAF inhibitor dabrafenib and
the MEK inhibitor trametinib is a clinically approved
treatment in BRAFV600E-mutant ATC as well as melanoma
and squamous cell carcinoma of the lung.12,35 However,
studies have shown a novel mechanism of developing re-
sistance toward BRAF and MEK inhibitors after a good
response rate in different types of cancers because both of

FIG. 2. (Continued).

‰

FIG. 3. Effect of combination BRAF inhibition and axitinib treatment on cell cycle in BRAFV600E-mutant ATC cells.
(A) The combination of BRAF inhibition and axitinib causes cell cycle arrest. The BRAF inhibitors PLX4720 and
dabrafenib caused G1/G0 arrest in 8505C and SW1736 cells 24 hours after treatment. Axitinib caused G2/M arrest after 24
hours in both cell lines. The combination of PLX4720 and axitinib and the combination of dabrafenib and axitinib caused
either G1/G0 or G2/M arrest in 8505C and SW1736 cells, thus inhibiting their proliferation. The x-axis indicates the cell
count, and the y-axis indicates propidium iodide staining. (B) Western blot of the cell cycle checkpoint proteins cyclin B1,
cyclin A2, cyclin D1, cyclin E2, p21, and p27 kip in 8505C and SW1736 cells after treatment for 24 hours with BRAF
inhibitors (PLX4720, dabrafenib) and axitinib alone and in combination. (C) Graphical representation of the mechanism of
a BRAF inhibitor on the cell cycle as identified from FACS and Western blot analysis. The BRAF inhibitors PLX4720 and
dabrafenib increase the expression of p21 and p27, causing G1/G0 cell cycle arrest. FACS, fluorescence activated cell
sorting.
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FIG. 4. Mechanism of action of axitinib treatment and in combination with BRAF inhibition in BRAFV600E-mutant ATC
cells. (A) Western blot analysis showing that axitinib inhibited the expression of phosphorylated aurora kinase B and
phosphorylated histone H3A in 8505C and SW1736 cells after 24 hours of treatment. (B) Graphical representation of the
mechanism of action of axitinib. It inhibits phosphorylation of aurora kinase B, which inhibits the phosphorylation of
histone 3A, a protein that is required for the metaphase-to-anaphase transition. The overall effect is G2/M cell cycle arrest.
(C) The Proteome Profiler Human-Phospho-Kinase Array for SW1736 cells using one BRAF inhibitor (dabrafenib) and
axitinib treatment alone and in combination for 24 hours showed increased phospho-c-JUN after axitinib and combination
treatment. (D) Western blot analysis to validate the Proteome Profiler Human-Phospho-Kinase Array data for both cell lines
using both BRAF inhibitors. Axitinib reduced the expression of phospho-c-JUN and total c-JUN in 8505C and SW1736
cells after treatment for 24 hours. H3A, histone 3A.
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these drugs target the MAPK pathway, and thus various
feedback mechanisms are activated.36–40

Thus, preclinical studies exploring other novel combi-
nation treatments that target different pathways are needed
in BRAFV600E-mutant ATC and could lower the rate of
treatment resistance.41–43 We previously performed a drug
matrix screening of compounds with high anticancer
activity in combination with BRAF inhibition in
BRAFV600E-mutant ATC cells; MTKIs had some of the
highest synergistic and additive activity.14 In this study, we
have reported for the first time that the combination of a
BRAF inhibitor (PLX4720 and dabrafenib) and axitinib has
additive anticancer activity in BRAFV600E-mutant ATC
based on in vitro and in vivo studies.

Axitinib is in clinical use with other agents (e.g., ave-
lumab, pembrolizumab) as a first-line treatment for ad-
vanced renal cell carcinoma (RCC),44,45 or as a second-line
treatment for RCC.46,47 Axitinib is also being evaluated in
clinical trials in other cancers such as head and neck can-
cers,48 and advance stage thyroid cancer.49 These clinical
trials showed axitinib has anti-cancer activity and is asso-
ciated with improved overall survival as well as having an
acceptable safety profile with manageable side effects.
Lenvatinib is a currently approved MTKI for differentiated
thyroid cancer that fails standard therapy but has a high rate
of serious treatment-related adverse effects and is not ef-
fective in ATC.50 Thus, alternative MTKI treatment op-
tions are needed.

In our initial drug matrix screening, we identified that
PLX4720 and axitinib have higher combination activity (based
on the mean highest single agent model [HSA] and mean bliss
independence model [BLISS] scores) as compared to vemur-
afenib and axitinib. PLX4720 also has increased inhibition of
BRAF at a lower concentration in cell-free assays compared to
vemurafenib. Vemurafenib treatment can result in resis-
tance.51–54 Thus, in this study, we evaluated PLX4720
and dabrafenib as the BRAF inhibitors in combination with
axitinib.

Both the combinations showed more effective inhibition of
cell growth by inducing cell cycle arrest mediated through
known regulators of the cell cycle; decreased expression of
cyclins; and decreased phosphorylation of AURKB (Thr232)
and histone H3 (Ser10). Both BRAF inhibitors induced G1/
G0 arrest and axitinib induced G2/M arrest, which is con-
sistent with previous studies.27,28,55 Interestingly, we ob-
served G2/M arrest when we used BRAF inhibitors alongside

axitinib. Our data suggest that BRAF inhibitors alone and in
combination with axitinib induce the cyclin inhibitors p21
Waf1 and p27 kip, changes that ultimately inhibit the
checkpoint cyclins resulting in cell cycle arrest and senes-
cence. However, axitinib treatment alone increased cyclin B1
expression, mainly at higher dose, and had no effect on the
other analyzed proteins. We observed increased expression
of phospho-c-JUN in ATC cells treated with axitinib. c-JUN
phosphorylation has been reported to play a role in G2/M
arrest by increasing cyclin B1.31

AURKB is another important cell cycle regulator that
plays an essential role in cancer cell proliferation and has
been targeted to reduce cancer cell survival by induction of
G2/M arrest and apoptosis. c-JUN is an upstream regulator of
the AURKB pathway.29,56 Axitinib in combination with
BRAF inhibitors also showed minimal to no significant re-
activation of pERK, indicating this combination attenuates
the rebound effect of pERK inhibition which is also reflected
by the higher cell death observed in the combination treat-
ment groups.57–59

In the current study, treatment with axitinib alone signifi-
cantly inhibited tumor growth in vivo. However, the combi-
nation of BRAF inhibitors and axitinib inhibited tumor
growth the most and improved the weight and overall health
of mice, confirming its enhanced anticancer activity in
BRAFV600E-mutant ATC. Previous studies have shown that
BRAFV600E-mutant tumors treated with PLX4720 show a
good initial response but it’s only for limited duration as most
of the patients develop resistance. In this study, we showed
similar results as PLX4720-treated mice showed a good re-
sponse after 2 weeks of treatment regarding tumor volume
reduction, but the health of the mice started to deteriorate and
they reached a humane endpoint for euthanasia before the end
of our survival study. However, mice treated with both
PLX4720 and axitinib showed significant improvement in
survival compared with treatment with either drug alone,
demonstrating that the combination of PLX4720 and axitinib
can result in more durable responses and less toxicity.

In summary, combination of BRAF inhibition (PLX4720
and dabrafenib) and axitinib has enhanced anticancer activity
in BRAFV600E-mutant ATC in vitro and in vivo. This enhanced
additive effect is mediated by inducing G1/G0 and G2/M cell
cycle arrest. Hence, the combination of BRAF inhibitors and
axitinib represents a promising new targeted therapy for
BRAFV600E-mutant ATC. Our preclinical results suggest that
this combination should be tested in clinical trials.

‰

FIG. 5. Effect of combination BRAF inhibition and axitinib treatment in vivo. (A, B) The combination of BRAF
inhibitors and axitinib reduces tumor growth in vivo. The combination of PLX4720 and axitinib significantly reduced
tumor growth compared with vehicle group (84%, p < 0.0001) and the PLX4720 group ( p < 0.01). In the groups treated
with each agent alone (PLX4720, 62%; axitinib, 70%), there was significant difference compared with the vehicle group
( p < 0.0001). The combination of dabrafenib and axitinib significantly reduced tumor growth compared with the vehicle
group (86%, p < 0.0001) and the dabrafenib group ( p < 0.01). In the dabrafenib group (Dab, 61%), there was a significant
difference compared with the vehicle group ( p < 0.0001). (C) Pathological representative images of H and E staining of
thyroid tumor from each group (original · 4 size). (D) The mice in the dabrafenib, PLX720+axitinib, and dabrafeni-
b+axitinib groups weighed significantly more than the mice in the vehicle group ( p < 0.0001) and the axitinib group
( p < 0.01) on the last day of treatment (day 14). The mice in the vehicle, PLX4720, and axitinib groups had significantly
lower body weights compared with the combination treatment group (29.4 – 3.2 g; p < 0.05), who maintained their body
weight and showed no signs of illness or cachexia. For all panels, the black stars denote vehicle versus other groups, the
blue stars denote BRAF inhibitor (PLX4720 and dabrafenib) vs combination groups, and the red stars denote axitinib vs
combination groups.
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