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Abstract

Background
Anaplastic thyroid cancer (ATC) is a kind of rare thyroid cancer with very poor prognosis. It is one of the
deadliest cancers in human due to the aggressive behavior and resistance to treatment. Doxorubicin has
been approved in ATC treatment as a single agent, but monotherapy still shows no improvement of the
total survival in advanced ATC. Lenvatinib was investigated with encouraging results in treating the
patients with radioiodine-refractory differentiated thyroid cancer (DTC). However, antitumor e�cacy of
combination therapy with lenvatinib and doxorubicin remains largely unclear.

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

Result
Lenvatinib monotherapy was less effective than doxorubicin in treating ATC cell lines and xenografts
model. The combination therapy of lenvatinib and doxorubicin signi�cantly inhibited ATC cell
proliferation and tumor growth in nude mice, and induced cell apoptosis and cell cycle arrest in compared
to lenvatinib or doxorubicin monotherapy.

Conclusion
Lenvatinib promotes the antitumor effects of doxorubicin in ATC cell and xenografts model.
Lenvatinib/doxorubicin combination may be a potential candidate therapeutic approach for ATC.

Background
ATC is the most aggressive type of thyroid cancer and one of the deadliest cancer in human [1, 2]. The
incidence of ATC accounts for only less than 2% of thyroid cancer, but the mortality rate accounts for 15–
40% of thyroid cancer [3, 4]. ATC shows a rapid growth, easy metastasis and poor treatment outcomes,
leading to a less than 10% 5-year survival rate [2, 5]. The standard treatment for ATC includes surgery,
debulking, external beam radiation therapy, chemotherapy and multisystemic therapy [6, 7]. Doxorubicin
have been approved by American Thyroid Association (ATA) guidelines in ATC, however, monotherapy
still shows no improvement of the total survival in advanced ATC [6]. Since combined therapy has shown
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better response than monotherapy [8, 9]. Therefore, there is an urgent need to �nd new multiple targets
combined with therapies against ATC.

Lenvatinib is a multi-target tyrosine kinase inhibitor (MKI) that targets �broblast growth factor receptors
1–4 (FGFR1-4), vascular endothelial growth factor receptors 1–3 (VEGFR1-3), c-KIT and RET[10]. It has
been approved by FDA and EMA as the second-line treatment for advanced radioiodine–refractory
differentiated thyroid carcinoma (DTC) [11, 12]. A recent study indicated lenvatinib could signi�cantly
reduce cell growth and increase apoptosis of ATC cells both in vitro and in vivo [13]. However, in a phase
II study, postoperatively used lenvatinib to treat ATC patients indicated a response rate of only 17.4% [14].
Besides, another phase II study mainly assessing the safety and e�cacy of lenvatinib in patient with
thyroid cancer, have reported a manageable safety pro�le while a modest effectiveness of lenvatinib in
ATC treatment [15]. These results indicated lenvatinib has a relative low e�cacy when administered as a
monotherapy to treat ATC.

Although it was veri�ed in many studies that doxorubicin or lenvatinib as a monotherapy has limiting
effectiveness, the combination of MKI with doxorubicin has shown increased anti-tumor activities in
some cancers [16, 17]. However, the antitumor activities of combining doxorubicin 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.

Methods
Cell culture and drugs administration

ATC cell lines 8305C and 8505C were kindly provided by Dr. Haixia Guan (The First A�liated Hospital of
China Medical University, Shenyang, P. R. China). C643 were obtained from Dr. Lei Ye (Ruijin Hospital,
Shanghai, P. R. China). All the cells were cultured 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 speci�c experiment. The lenvatinib and doxorubicin were dissolved 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’s culture, cells were treated with
indicated doses of doxorubicin or/and lenvatinib for the indicated period time. Then 20 μL of 5 mg/mL 3-
(4,5-Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) was employed to assess the cell viability
as described [18]. IC50 values were calculated with the Reed-Muench method [19].

Colony formation assay

Monolayer culture was performed to measure colony formation. Cells (3000 to 4000/well) were seeded
into 12-well plate, and cultured with various doses of doxorubicin and lenvatinib, individually or in
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combination. The medium was refreshed every 72 h. After 7-12 days of cultivation, colonies were �xed
with 4 % paraformaldehyde, and then washed with PBS and stained with a crystal violet solution. Each
assay was carried out in triplicate.

Cell apoptosis assay

Cells were cultured with indicated doses of doxorubicin and lenvatinib, individually or in combination, for
48-72 h. Then cells were stained with Annexin V-FITC/PI Apoptosis Detection Kit (Roche Applied Science,
Penzberg, Germany) according to the manufacturer’s protocol. Apoptotic cells were measured by �ow
cytometer (BD Biosciences, NJ). Each experiment was carried out in triplicate.

Cell cycle analysis

Cells in the exponential growth phase were serum starved for 12 h. After individually or in combination
co-culture with doxorubicin and lenvatinib for 48-72 h, cells were harvested, washed twice in PBS, and
�xed in 70 % ethanol on ice for 30 min. Cells were then stained with PI solution (50 μg/mL PI, 50 μg/mL
RNase A, 0.1% Triton-X, 0.1 mM EDTA). Cell cycles were analyzed based on DNA content using a �ow
cytometer (BD Biosciences, NJ).

Animal studies

8505C (5 × 106) 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 when tumor volume grew to 50-80 mm3.
Doxorubicin (3 mg per kg of body weight) was administered by intraperitoneal injection at a total volume
of 0.2 mL, and/or lenvatinib (5 mg per kg of body weight) was administered via oral route. The treatment
was daily administered for 3 weeks. All mice were sacri�ced, and tumors were collected and weighted 5 h
after the �nal dose of drugs. Animal experiments were was approved by the Institutional Review Board of
Xi’an Jiaotong University Health Science Center.

Immunohistochemical (IHC) staining     

Tumor tissues were embedded in para�n, sectioned at 4 μm, then cell proliferation ability was assessed
by quanti�cation of Ki-67 staining (percentage of positive cells). In brief, antihuman Ki-67 antibody (BD
Pharmingen, CAT 550609) was 1:300 diluted, and immunostaining was done according to a standard
protocol using DAB Substrate Kit (ZSGB-BIO). To evaluate the effect of different treatments on animal
hepatocytes, 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 Inc. Chicago,
IL). Unpaired student’s t test was used to compare the means of two groups of data. One-way analysis of
variance (ANOVA) followed by Bonferroni’s multiple comparison test was used to compare differences
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between three or more groups. All values were expressed as the mean ± standard deviation (SD). P<0.05
was considering statistically signi�cant differences.

Results

Lenvatinib potentiates proliferation-inhibitory effects of
doxorubicin in ATC cells
Doxorubicin have shown encouraging clinical activity in systematic therapy of ATC [6]. Thus, we �rst
con�rmed the proliferation inhibitory effects of doxorubicin in three ATC cell lines: 8305C, C643 and
8505C. As shown in Fig. 1a, doxorubicin signi�cantly inhibited the proliferation of ATC cells in a dose-
dependent manner, with the IC50 values ranged from 5.84 to 13.31 nM. Since we have proved the
antitumor activities of lenvatinib towards ATC cells [18], we next tested the effect of combination of
lenvatinib and doxorubicin on the proliferation of ATC cells. As it showed in Fig. 1b, the combination of
lenvatinib (1 µM) and doxorubicin (10 nM) indicated a synergistic inhibitory effect on proliferation in ATC
cells as compared to either monotherapy.

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 doxorubicin applied alone at the indicated
concentrations showed the colony forming inhibitory effect in monolayer cultured ATC cell lines–8305C,
C643 and 8505C (Fig. 2a-c).. Moreover, a combination of lenvatinib and doxorubicin caused a strongly
enhanced inhibition of ATC cells’ colony formation as compared to doxorubicin monotherapy (Fig. 2a-c).
Collectively, these data suggested that the combination of doxorubicin with lenvatinib may largely
enhance the tumor suppression function of doxorubicin.

Lenvatinib enhances doxorubicin induced cell cycle arrest and apoptosis in ATC cells.

Inhibition of cancer cell proliferation is usually connected with cell cycle arrest and cell apoptosis [20, 21].
Then we performed �uorescence-activated cell sorting analysis to investigate the contribution of
lenvatinib and doxorubicin, individually or in combination, on ATC cell apoptosis and cell cycle arrest.
Compared with the vehicle control, both lenvatinib and doxorubicin induced the apoptosis of ATC cells at
the indicated concentrations (Fig. 3a-c). The addition of lenvatinib to doxorubicin synergistically
increased the apoptotic cells in comparison to either lenvatinib or doxorubicin monotherapy (Fig. 3a-c).
Besides, the addition of lenvatinib to doxorubicin induced more G2/M phase cell cycle arrest among three
ATC cell lines compared with vehicle control or monotherapy (Fig. 4a-c).

Lenvatinib potentiates antitumor effects of doxorubicin in vivo.
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To determine whether the enhanced antitumor effects of doxorubicin by the addition of lenvatinib can
also be observed in vivo, we established 8505C cell derived xenograft 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 Fig. 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 monotherapy groups; while the monotherapy groups showed lower Ki-67 staining as
compared to the vehicle control (Fig. 5b). Besides, histopathological evidences also showed that the
combination therapy did not cause more signi�cant organ’s injury than that of monotherapy in mice
(Fig. 5c). As a result, our data demonstrated the e�cacy and safety of the combination of lenvatinib and
doxorubicin for ATC treatment.

Discussion
ATC belongs to the undifferentiated thyroid cancer type and its incidence accounts for less than 2%
among the thyroid cancer. However, the mortality rate of ATC remains high due to its easily metastasis
and therapy resistance [5]. Surgical resection of the solid tumor, assisted with systemic adjuvant therapy,
is the main therapy for ATC. However, the mainstay approaches were proved with limited effectiveness in
some patients [22]. Indeed, with the development of molecular characterization exploring in ATC,
researchers have gain better understanding of its molecular pathogenesis in recent years [23]. These drive
more novel treatments for anaplastic thyroid carcinoma [12]. Some of the new biological agents have
showed potential in the ATC treatment. For example, ATC was found markedly expressed PD-L1 than
DTC. Therefore, combining PD-L1 antibody with BRAF inhibitor PLX4720 or other kinase inhibitors could
be used in ATC treatment [24, 25]. In a phase I trial, three patients with ATC achieved complete remission
and survived for more than 30 months with the administrated of combretastatin A-4 phosphate [26].
Another clinical study showed the complete response in a 49 year old women ATC patient by
chemoradiation with dabrafenib [27]. 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 its clinical bene�ts in ATC treatment [12]. Therefore, some of them have been approved by the
US FDA for management of different cancers including thyroid cancer such as vandetanib and lenvatinib,
and some of them are in the processing of clinical trial [12]. 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 using dose should be reduced owing to the grade 3 or higher adverse event
[12, 14, 15]. These results suggested the lenvatinib monotherapy has limited clinical activity in ATC.
Doxorubicin was approved by ATA guidelines as a conventional single-agent in ATC treatment [6], and
some kind of MKIs was proved to enhance the anti-tumor effect of doxorubicin in different cancers [28,
29]. We thus investigated the feasibility of the combination of lenvatinib and doxorubicin for ATC
treatment.
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Our data indicated that lenvatinib did show some effectiveness but less than that of doxorubicin in ATC
cell lines and xenografts. Notably, we found that lenvatinib enhanced the effects of doxorubicin in ATC
treatment both in vitro and in vivo. The combination of lenvatinib and doxorubicin synergistically
inhibited ATC cells’ proliferation and colony formation. Moreover, combining lenvatinib with potentiated
doxorubicin induced apoptosis and cell cycle arrest compared with its monotherapy. Importantly, the dose
of both lenvatinib and doxorubicin in combinatorial therapies didn’t show additional side effects
comparing to either monotherapy. These �ndings suggested a potential combination therapy in the
management of ATC.

Actually, combining lenvatinib with conventional or newly developed anti-cancer drugs have been
investigated as potential therapies [8, 30]. Our data demonstrated that lenvatinib enhanced the antitumor
effects of conventional anti-cancer drug doxorubicin in ATC not only in vitro but also in vivo. Mitogen-
activated protein kinase (MAPK) pathway has been proved to play an important role in DNA repair in
response to DNA damage [31, 32]. We therefore supposed that the inhibition of receptor tyrosine kinases
(RTKs) by lenvatinib impaired the ability of DNA repair. And combined with lenvatinib will enhanced the
DNA damage caused by doxorubicin. However, further investigations into the detail molecular
mechanisms are still needed. In summary, these preliminary results indicated that the
lenvatinib/doxorubicin combination therapy may be an encouraging treatment for ATC.

Conclusion
Our data demonstrate that lenvatinib enhances the antitumor effects of doxorubicin in ATC.
Lenvatinib/doxorubicin synergy was con�rmed not only in vitro but also in vivo. These encouraging
preliminary results suggest that lenvatinib/doxorubicin combination may be a potential therapeutic
approach for ATC.
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Figure 1

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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Figure 2

The combination of lenvatinib and doxorubicin inhibited the colony formation of different ATC cells.
Representative �gures of colony formation in 8305C a, C643 b and 8505C c cells were shown in the left
panel. The number of colonies was calculated and presented in right panel. Data were presented as mean
± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. *, compared with DMSO group; #, compared with DOX group;
^, compared with Lenvatinib group.
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Figure 3

The combination of lenvatinib and doxorubicin synergistic induced apoptosis 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. Apoptosis was measured by �ow cytometry. Representative �gures showed the percentage of
apoptotic cells (left panel). Quantitative illustration of apoptotic cells was shown in right panel. Data were
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presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. *, compared with DMSO group; #,
compared with DOX group; ^, compared with Lenvatinib group.

Figure 4

The combination of lenvatinib and doxorubicin synergistic induced G2/M phase cell cycle arrest ATC
cells. 8305C a, C643 b and 8505C c were treated with lenvatinib or/and doxorubicin with the indicated
concentration for 48-72 h. DNA content was measured by �ow cytometry. Representative �gures showed
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the �ow cytometric histograms (left panel). Quantitative analysis of G2/M phase cells was shown in right
panel. Data were presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. *, compared with DMSO
group; #, compared with DOX group; ^, compared with Lenvatinib group.

Figure 5

Validation of combining lenvatinib and doxorubicin as a functional therapy in vivo. a Representative
images showed the isolated tumors from mice in different groups (left panel), and the bar chart
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illustrated the tumor weight. b The levels of Ki-67 proteins in the indicated xenograft tumors were
measured by IHC assay (upper panels). Statistical analysis of the percentage of Ki-67 positive cells was
shown in lower panels. Scale bars, 200 µm. c Representative H&E stained heart, kidney and liver sections
from the indicated mice. Scale bars, 200 µm. Data were presented as mean ± SD. *, P < 0.05; **, P < 0.01;
***, P < 0.001. *, compared with DMSO group; #, compared with DOX group; ^, compared with Lenvatinib
group.


