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Purpose: Anaplastic thyroid cancer (ATC) is a kind of rare thyroid cancer with very poor
prognosis. Doxorubicin has been approved in ATC treatment as a single agent, but mono-
therapy still shows no improvement of the total survival in advanced ATC. Lenvatinib was
investigated with encouraging results in treating patients with radioiodine-refractory differ-
entiated thyroid cancer (DTC). However, antitumor efficacy of combination therapy with
lenvatinib and doxorubicin remains largely unclear.

Materials and Methods: The antitumor efficacy of combination therapy with lenvatinib
and doxorubicin on ATC cell proliferation was assessed by the MTT assay and colony
formation. Flow cytometry was employed to assess ATC cells’ apoptosis and cell cycle
arrest in response to combination therapy. Transwell assay was used to test the migration and
invasion in response to combination therapy. Xenograft models were used to test its in vivo
antitumor activity.

Results: Lenvatinib monotherapy was less effective than doxorubicin in treating ATC cell
lines and xenograft model. The combination therapy of lenvatinib and doxorubicin signifi-
cantly inhibited ATC cell proliferation and tumor growth in nude mice, and induced cell
apoptosis and cell cycle arrest as compared to lenvatinib or doxorubicin monotherapy.
Conclusion: Lenvatinib promotes the antitumor effect of doxorubicin in ATC cell and
xenograft model. The lenvatinib/doxorubicin combination may be a potential candidate
therapeutic approach for anaplastic thyroid cancer.
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Introduction
ATC is the most aggressive type of thyroid cancer and one of the deadliest cancers
in humans."? The incidence of ATC accounts for less than 2% of thyroid cancer,
but the mortality rate accounts for 15-40% of all thyroid cancers.* ATC shows
a rapid growth, easy metastasis and poor treatment outcomes, leading to a less than
10% 5-year survival rate.>> The standard treatment for ATC includes surgery,
debulking, external beam radiation therapy, chemotherapy and multisystemic
therapy.®’ Doxorubicin has been approved by the American Thyroid Association
(ATA) guidelines in ATC, however, monotherapy still shows no improvement in the
total survival in advanced ATC.® Since combined therapy has shown a better
response than monotherapy,™ therefore, there is an urgent need to find new multi-
ple targets combined with therapies against ATC.

Lenvatinib is a multi-target tyrosine kinase inhibitor (MKI) that targets fibro-
blast growth factor receptors 1-4 (FGFR1-4), vascular endothelial growth factor
receptors 1-3 (VEGFR1-3), c-KIT and RET.'® It has been approved by the FDA
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and EMA as the second-line treatment for advanced radio-
iodine-refractory  differentiated  thyroid carcinoma
(DTC).'""'? A recent study indicated lenvatinib could sig-
nificantly reduce cell growth and increase apoptosis of
ATC cells both in vitro and in vivo." However, in
a phase II study, postoperatively used lenvatinib to treat
ATC patients indicated a response rate of only 17.4%.'
Besides, another phase II study mainly assessing the safety
and efficacy of lenvatinib in patient with thyroid cancer,
has reported a manageable safety profile while a modest
effectiveness of lenvatinib in ATC treatment.'> These
results indicated lenvatinib has a relatively low efficacy
when administered as a monotherapy to treat ATC.
Although many studies have verified that doxorubicin
or lenvatinib as a monotherapy have limited effectiveness,
the combination of MKI with doxorubicin has shown

in some cancers.'®!”

increased anti-tumor activities
However, the antitumor activities of combining doxorubi-
cin with lenvatinib in ATC were unknown. Thus, we
performed a series of in vitro and in vivo experiments to
explore the antitumor effectiveness of the combination of

lenvatinib and doxorubicin in ATC.

Materials and Methods

Cell Culture and Drugs Administration
ATC cell lines 8305C, 8505C and human immortalized
thyroid epithelial cell Nthy-ori3-1 were kindly provided
by Dr. Haixia Guan (The First Affiliated Hospital of China
Medical University, Shenyang, P. R. China). C643 were
obtained from Dr. Lei Ye (Ruijin Hospital, Shanghai,
P. R. China). The use of the cell lines was approved by
the Institutional Review Board of Xi’an Jiaotong
University Health Science Center. All the cells were cul-
tured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (Invitrogen Technologies, Inc., CA) at 37 °
C. Cells were treated with lenvatinib (Selleck Chemicals,
LLC) or/and doxorubicin (Selleck Chemicals, LLC) at the
indicated concentrations and time points in some specific
experiment. The lenvatinib and doxorubicin were dis-
solved in dimethylsulfoxide (DMSO), the same volume
of DMSO was used as the vehicle control.

Cell Viability Assay

Cells (3000 to 4000/well) were seeded in 96-well plates.
After a 24-h culture, cells were treated with indicated
doses of doxorubicin or/and lenvatinib for the indicated
period. Then 20 uL of 5 mg/mL 3-(4,5-Dimethylthiazolyl-

2)-2,5-diphenyltetrazolium bromide (MTT) was employed
to assess the cell viability as described.'® IC50 values were
calculated with the Reed-Muench method."”

Colony Formation Assay

Monolayer culture was performed to measure colony forma-
tion. Cells (3000 to 4000/well) were seeded into 12-well
plates, and cultured with various doses of doxorubicin and
lenvatinib, individually or in combination (high doses for
C643 because of its higher cells’ density in one clone). The
medium contains doxorubicin and lenvatinib, individually or
in combination, was refreshed every 72 h. After 7-12 days of
cultivation, colonies were fixed with 4% paraformaldehyde,
and then washed with PBS and stained with a crystal violet
solution. Each assay was carried out in triplicate.

Migration and Invasion Assay

The indicated cells (1 x 10°) were starved overnight and then
seeded in the upper chamber of the transwell (8.0 um pore
size; Millipore, MA) in 200 pL of medium containing 0.5%
FBS and indicated concentration of doxorubicin or/and len-
vatinib. The transwell chambers were pre-coated with
Matrigel (4 x dilution; 15 pL/well; BD Bioscience, NJ) for
invasion assay. Medium with 20% FBS (1 mL) and indicated
concentration of doxorubicin or/and lenvatinib was added to
the lower chamber. After a 16 h (for 8305C and 8505C) to 40
h (for C643) incubation, non-migrating/non-invading cells in
the upper chamber were removed using a cotton swab, and
migrating/invading cells were then fixed in 100% methanol
and stained with crystal violet solution (0.5% crystal violet in
2% ethanol). Photographs were taken randomly for five fields
of each membrane. The number of migrating/invading cells
was expressed as the average number of cells per micro-
scopic field over five fields.

Animal Studies

8505C (5 x 10°) cell lines were injected subcutaneously into
the right armpit region of 5- to 6-week-old female nude mice
purchased from SLAC laboratory Animal Co., Ltd.
(Shanghai, China) to establish xenograft mouse model.
Mice were then randomly divided into four groups (3 mice
each group) when tumor volume grew to 50-80 mm’.
Doxorubicin (3 mg per kg of body weight) was administered
by intraperitoneal injection at a total volume of 0.2 mL
every day, and/or lenvatinib (5 mg per kg of body weight)
was administered via oral route every day. The treatment
was administered for 3 weeks. All mice were sacrificed via

cervical dislocation, and tumors were collected and
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weighted 5 h after the final dose of drugs. Animal experi-
ments were approved by the Institutional Review Board of
Xi’an Jiaotong University Health Science Center and fol-
lowed the “National Institutes of Health Guide for the Care
and Use of Laboratory Animals”.

Immunohistochemical (IHC) Staining
Tumor tissues were embedded in paraffin, sectioned at 4 pm,
then cell proliferation ability was assessed by quantification
of Ki-67 staining (percentage of positive cells). In brief,
antihuman Ki-67 antibody (BD Pharmingen, CAT 550609)
and p-ERK (Cell Signaling Technology, CAT#4370) were
1:300 diluted, and immunostaining was done according to
a standard protocol using DAB Substrate Kit (ZSGB-BIO).
To ensure the comparability of immunohistochemical stain-
ing, a common reference standard was included as an internal
or intra-assay control in each batch. Ki-67 protein expression
was scored with 0, 1, 2, and 3, which represent negative,
weak positive, positive, and strong positive, respectively. Ki-
67 protein expression scored with 1, 2, and 3 were calculated
as positive, the percent of positive staining cells were then
calculated. ERK phosphorylation was quantitated by integral
optical density (IOD) using Image-pro plus 6.0 (Media
Cybernetics, USA). Each stained section was evaluated
under the same magnification, light brightness, and exposure
intensity. To evaluate the effect of different treatments on
different organs, we performed hematoxylin and eosin
(H&E) staining of liver, kidney, and heart sections.

Statistical Analysis

All the statistical analyses were performed with the SPSS
statistical package (16.0, SPSS Chicago, IL).
Unpaired Student’s #-test was used to compare the means

Inc.

of two groups of data. One-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison
test was used to compare differences between three or
more groups. All values were expressed as the mean +
standard deviation (SD). P<0.05 was considered as
a statistically significant difference. Each experiment was
carried out and calculated in triplicate.

Results

Lenvatinib Potentiates
Proliferation-Inhibitory Effects of
Doxorubicin in ATC Cells

Doxorubicin has shown encouraging clinical activity in
systematic therapy of ATC.® Thus, we first confirmed the

proliferation inhibitory effects of doxorubicin in three
ATC cell lines: 8305C, C643 and 8505C. As shown in
Figure 1A, doxorubicin significantly inhibited the prolif-
eration of ATC cells in a dose-dependent manner, with the
IC50 values ranged from 5.84 to 13.31 nM. And immor-
talized thyroid epithelial cell Nthy-ori3-1 cells was not
sensitive with doxorubicin (Figure 1A). Since we have
proved the antitumor activities of lenvatinib towards
ATC cells,® we next tested the effect of a combination of
lenvatinib and doxorubicin on the proliferation of ATC
cells. As it showed in Figure 1B, the combination of
lenvatinib (1pM) and doxorubicin (10 nM) indicated
a synergistic inhibitory effect on proliferation in ATC
cells as compared to either monotherapy. Moreover, the
viability of Nthy-ori3-1 cells was almost unaffected
(Figure 1B).

The Combination of Lenvatinib and
Doxorubicin Synergistically Inhibits
Colony Formation in Thyroid Cancer
Cells

Next, the growth-inhibitory effect of the combination of
lenvatinib and doxorubicin was further explored with colony
formation assay. As expected, lenvatinib as well as doxoru-
bicin applied alone at the indicated concentrations showed
the colony forming inhibitory effect in monolayer cultured
ATC cell lines—8305C, C643 and 8505C (Figure 2A—C).
Moreover, a combination of lenvatinib and doxorubicin
caused a strongly enhanced inhibition of ATC cells’ colony
formation as compared to doxorubicin monotherapy
(Figure 2A—C). Collectively, these data suggested that the
combination of doxorubicin with lenvatinib may greatly
enhance the tumor suppression function of doxorubicin.

Lenvatinib Potentiates Migration and

Invasion-Inhibitory Effects of Doxorubicin
in ATC Cells

Migration and invasion are the main features of cancer cells
and the major cause of ATC related death.”>** Thus, we
performed a transwell assay to investigate the contribution
of lenvatinib and doxorubicin, individually or in combina-
tion, on ATC cell migration and invasion. Compared with
the vehicle control, both lenvatinib and doxorubicin inhib-
ited the migration of 8305C and 8505C cells at the indicated
concentrations, while lenvatinib monotherapy shows no
significance for C643 cells (Figure 3A—C). Moreover,
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Figure | The combination of lenvatinib and doxorubicin inhibited the proliferation of different ATC cells. (A) Cells were treated with different concentrations of
doxorubicin for 48 h. MTT assay was employed to evaluate cell viability. (B) MTT assay was used to evaluate the proliferation inhibitory effect of combining therapy. Data

were presented as mean + SD. ***P < 0.001.
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addition of lenvatinib to doxorubicin synergistically
decreased the migrated cells in comparison to either lenva-
tinib or doxorubicin monotherapy (Figure 3A—C). Besides,

P < 0.001. *Compared with DMSO group; “Compared with DOX group; "Compared with Lenvatinib group.

the addition of lenvatinib to doxorubicin induced less
invaded cells among three ATC cell lines compared with
the vehicle control or monotherapy (Figure 4A—C).
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Figure 3 The combination of lenvatinib and doxorubicin synergistically inhibited the migration of ATC cells. 8305C (A), C643 (B) and 8505C (C) were treated with
lenvatinib or/and doxorubicin with the indicated concentration for 48-72 h. Representative figures showed the migrated cells in the chamber (left panel, 200 times).

Quantitative illustration of migrated cells was shown in right panel. Data were presented as mean * SD. “#"p < 0.05;

#Compared with DOX group; "Compared with Lenvatinib group.
Abbreviation: ns, no statistical significance.

Lenvatinib Potentiates Antitumor Effect

of Doxorubicin in vivo

To determine whether the enhanced antitumor effect of
doxorubicin by the addition of lenvatinib can also be
observed in vivo, we established 8505C cell derived xeno-
graft tumor in nude mice. These mice were treated with
lenvatinib and doxorubicin, individually or in combination
at the indicated concentrations and time points. As shown
in Figure 5A, the tumor weight of 8505C cell-derived
xenograft tumors in the monotherapy groups were lighter
than that in vehicle group; and the combination group was
much lighter than that in monotherapy groups. Moreover,
we assessed the cell proliferation in tumor tissues by IHC
staining Ki-67. The number of Ki-67 positive cells in
tumors from combination group was lower than that in

o AR

P < 0.01. *Compared with DMSO group;

monotherapy groups; while the monotherapy groups
showed lower Ki-67 staining as compared to the vehicle
control (Figure 5B). Besides, histopathological evidences
also showed that the combination therapy did not cause
more significant organ injury than that of monotherapy in
mice (Figure 5C). To further identify the mechanism
underlying the combination therapy, we examine the phos-
phorylation of ERK, which is the downstream of VEGFR
inhibiting by lenvatinib,'® through THC. The phosphoryla-
tion of ERK in the combination group was weaker than
that in the monotherapy groups, indicating the synergistic
effect enhanced the function of both drugs (Figure 6). As
a result, our data demonstrated the efficacy and safety of
the combination of lenvatinib and doxorubicin for ATC
treatment.
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Figure 4 The combination of lenvatinib and doxorubicin synergistically inhibited the invasion of ATC cells. 8305C (A), C643 (B) and 8505C (C) were treated with lenvatinib
or/and doxorubicin with the indicated concentration for 48-72 h. Representative figures showed the invaded cells (left panel, 200 times). Quantitative analysis of invaded

cells was shown in right panel. Data were presented as mean * SD. “#"p < 0,05;
"Compared with Lenvatinib group.
Abbreviation: ns, no statistical significance.

Discussion

ATC belongs to the undifferentiated thyroid cancer type
and its incidence accounts for less than 2% among the
thyroid cancers. However, the mortality rate of ATC
remains high due to its easy metastasis and therapy
resistance.” Surgical resection of the solid tumor,
assisted with systemic adjuvant therapy, is the main
therapy for ATC. However, the mainstay approaches
were met with limited effectiveness in some patients.?
Indeed, with the development of molecular characteriza-
tion exploring in ATC, researchers have gained a better
understanding of its molecular pathogenesis in recent
years.”* These drive more novel treatments for anaplastic
thyroid carcinoma.'? Some of the new biological agents
have shown potential in ATC treatment. For example,
ATC was found to markedly express PD-L1 than DTC.

#5 AR

P < 0.01; *¥*P < 0.001. *Compared with DMSO group; “Compared with DOX group;

Therefore, combining PD-L1 antibody with BRAF inhi-
bitor PLX4720 or other kinase inhibitors could be used
in ATC treatment.”>® In a Phase I trial, three patients
with ATC achieved complete remission and survived for
more than 30 months with the administration of combre-
tastatin A-4 phosphate.”” Another clinical study showed
the complete response in a 49 year old women ATC
patient by chemoradiation with dabrafenib.®® These
observations suggested that antitumor activity of the
new potential agents against ATC were promising.
Nowadays, small molecule inhibitors targeting multiple
tyrosine kinases have attracted great attention because of
their clinical benefits in ATC treatment.'? Therefore, some
of them have been approved by the US FDA for manage-
ment of different cancers including thyroid cancer such as
vandetanib and lenvatinib, and some of them are in the
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process of clinical trials.'> The oral MKI lenvatinib was
approved by the FDA in treating radioiodine refractory
DTC, and some studies also indicated its modest antitumor
effect in ATC patients. However, the usage dose should be
reduced owing to the grade 3 or higher adverse
event.'>'*!> These results suggested that lenvatinib mono-
therapy has limited clinical activity in ATC. Doxorubicin
was approved by ATA guidelines as a conventional single-
agent in ATC treatment,’ and some kind of MKIs was
proved to enhance the anti-tumor effect of doxorubicin in
different cancers.””** We thus investigated the feasibility
of the combination of lenvatinib and doxorubicin for ATC
treatment.

Our data indicated that lenvatinib did show some effec-
tiveness but less than that of doxorubicin in ATC cell lines
Notably,
enhanced the effects of doxorubicin in ATC treatment

and xenografts. we found that lenvatinib
both in vitro and in vivo. The combination of lenvatinib
and doxorubicin synergistically inhibited ATC cells’ pro-
liferation and colony formation. Moreover, combining len-
vatinib with doxorubicin potentiated the migration and
invasion inhibition compared with its monotherapy.
Importantly, the dose of both lenvatinib and doxorubicin
in combinatorial therapies did not show additional side
effects such as cardiotoxicity compared to either mono-
therapy. These findings suggested a potential combination
therapy in the management of ATC.

Actually, combining lenvatinib with conventional or
newly developed anti-cancer drugs has been investigated

5 AR

P<0.01; “"#*p < 0.001. *Compared with DMSO group; *Compared with DOX

for potential therapies.®*' Our data demonstrated that
lenvatinib enhanced the antitumor effects of conven-
tional anti-cancer drug doxorubicin in ATC not only
in vitro but also in vivo. Combining with our previous
study,® we supposed that lenvatinib may be able to
enhance the antitumor ability of a panel of anti-tumor
drugs, which mainly targeted mitosis. These may be
due to the inhibition of angiogenesis by lenvatinib,
which will enhance the energy deficiency in mitosis.*
The mitogen-activated protein kinase (MAPK) pathway
has been proved to play an important role in DNA repair
in response to DNA damage.”** Consistent with our
the
(RTKs) and its downstream by lenvatinib impaired the

result, inhibition of receptor tyrosine kinases
ability of DNA repair, and combined with lenvatinib will
enhance the DNA damaging by doxorubicin. However,
further the
mechanisms are still needed. In summary, these preli-

investigations into detailed molecular
minary results indicated that the lenvatinib/doxorubicin
combination therapy may be an encouraging treatment

for ATC.

Conclusion

Our data demonstrate that lenvatinib enhances the antitu-
mor effect of doxorubicin in ATC. Lenvatinib/doxorubicin
synergy was confirmed not only in vitro but also in vivo.
These encouraging preliminary results suggest that lenva-
tinib/doxorubicin combination may be a potential thera-
peutic approach for ATC.
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