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Lenvatinib enhances the antitumor effects of paclitaxel 
in anaplastic thyroid cancer 
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Abstract: Anaplastic thyroid cancer (ATC) is a rare malignancy and has a very poor prognosis due to its aggressive 
behavior and resistance to treatment. No effective treatment modalities are currently available. Lenvatinib has 
shown encouraging results in the patients with radioiodine-refractory differentiated thyroid cancer (DTC); however, 
lenvatinib monotherapy has a relatively low efficacy against ATC. In this study, we assessed the antitumor effects 
of a combination of lenvatinib and microtubule inhibitor paclitaxel in ATC cells in vitro and in vivo. Our data showed 
that lenvatinib monotherapy was less effective than paclitaxel monotherapy in ATC cell lines and xenografts. The 
addition of lenvatinib to paclitaxel synergistically inhibited colony formation and tumor growth in nude mice, and 
induced G2/M phase cell cycle arrest and cell apoptosis as compared to lenvatinib or paclitaxel monotherapy. Taken 
together, this is the first study to suggest that lenvatinib/paclitaxel combination may be a promising candidate 
therapeutic strategy for ATC.
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Introduction

Anaplastic thyroid cancer (ATC) accounts for 
1-2% of all thyroid cancers and has an annual 
incidence of 2 million per year [1, 2]. ATC can 
arise de novo or from preexisting well-differen-
tiated thyroid cancer (WDTC). Although ATC is 
relatively rare, it is one of the most aggressive 
and deadly human cancers due to its invasive 
growth behavior and a high propensity for dis-
tant metastasis [2]. ATC has a dismal progno-
sis. Median survival from the time of diagnosis 
is 4 to 12 months; 5-year survival rate is less 
than 10% [2, 3]. In general, treatment modali-
ties for ATC include surgery, chemotherapy, 
radiotherapy and multimodal therapy. Athough 
multimodality approaches have been shown to 
be superior to monotherapy in some patients 
[4, 5], ATC still carries a very poor prognosis. 
Thus, improved therapeutic strategies against 
ATC should be sorely needed.

Lenvatinib, a multi-targeted tyrosine kinase 
inhibitor, selectively inhibits vascular endothe-

lial growth factor receptors 1-3 (VEGFR1-3), 
fibroblast growth factor receptors 1-4 (FGFR1-
4), platelet derived growth factor receptor-alpha 
(PDGFRα), mast/stem cell growth factor recep-
tor (SCFR), RET and c-kit [6]. It was approved by 
the US Food and Drug Administration in 
February 2015 as the second agent for the 
treatment of radioiodine-refractory differentiat-
ed thyroid cancer (DTC) [7]. In a pivotal phase III 
study of 392 patients with radioiodine-refracto-
ry DTC, lenvatinib monotherapy was shown to 
improve progression-free survival and the 
response rate [8]. Although several lenvatinib-
treated ATC patients in a phase II trial conduct-
ed in Japan obtained transient objective re- 
sponse, there were no RECIST (Response 
Evaluation Criteria in Solid Tumors) responses 
[9]. Overall, lenvatinib has shown relatively low 
efficacy in the patients with ATC when adminis-
tered as a monotherapy. 

A combination of kinase inhibitor pazopanib 
(targeting VEGFR) and paclitaxel was demon-
strated to exhibit a synergistic antitumor effects 
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against ATC in vitro and in vivo. Importantly, 
pilot anecdotal data from an ATC patient with 
lung metastasis treated with a combination of 
pazopanib and paclitaxel suggested marked 
and durable regression of metastatic disease 
(confirmed RECIST response) [10]. These data 
support the feasibility of clinical application of a 
combinatorial strategy for ATC treatment. Thus, 
in this study, we first attempted to test the anti-
tumor activity of a combination of lenvatinib 
and paclitaxel against ATC through a series of 
in vitro and in vivo studies.

Materials and methods

ATC cell lines

ATC cell lines C643, 8305C and 8505C were 
provided by Dr. Haixia Guan (The First Affiliated 
Hospital of China Medical University, Shenyang, 
P. R. China) and Dr. Lei Ye (Ruijin Hospital, 
Shanghai, P. R. China), respectively. Cells were 
routinely cultured at 37°C in RPMI 1640 medi-
um with 10% fetal bovine serum (FBS) (Invi- 
trogen Technologies, Inc., CA). In some experi-
ments, cells were treated with lenvatinib or/and 
paclitaxel at the indicated concentrations and 
times. Lenvatinib and paclitaxel were pur-
chased from Selleck Chemicals, LLC (Houston, 
TX) and MedChem Express, LLC (Princeton, NJ), 
respectively. The drugs were dissolved in di- 
methylsulfoxide (DMSO), aliquoted and stored 
at -80°C until further use. The same volume of 
DMSO was used as the vehicle control. 

Cell proliferation assay

Cells (2000/well) were seeded into 96-well 
plates and cultured with various concentrati- 
ons of lenvatinib or paclitaxel for 48 h. Next, 3- 
(4,5-Dimethylthiazolyl-2)-2,5-diphenyltetra- 
zolium bromide (MTT) assay was performed to 
evaluate cell proliferation. IC50 values were cal-
culated using the Reed-Muench method [11]. 
After drug treatment at the indicated time-
points, 10 μL of 5 mg/mL MTT (Sigma, Saint 
Louis, MO) was added to the medium and incu-
bated for 4 h; this was followed by addition of 
150 μL of DMSO and further 15-min incuba-
tion. The plates were then read on a microplate 
reader using a test wavelength of 570 nm and 
a reference wavelength of 670 nm. Three tripli-
cates were performed for each data point.

Colony formation assay

Colony formation assay was performed using 
monolayer culture. Cells (4000/well) were 

seeded into 12-well plates and cultured with 
the indicated concentrations of lenvatinib and 
paclitaxel, individually or in combination. The 
medium was refreshed every 2 days. After 14 
days of culture, surviving colonies (≥50 cells 
per colony) were fixed with methanol and 
stained with 0.5% crystal violet, and the colo-
nies were then counted. Each experiment was 
performed in triplicate.

Cell cycle analysis  

8305C cells in the exponential growth phase 
were serum starved for 12 h. After co-culture 
with 5 µM lenvatinib and 500 nM paclitaxel, 
individually or in combination, for 48 h, cells 
were harvested, washed twice in PBS, and fixed 
in 70% ethanol on ice for at least 30 min. Cells 
were then stained with propidium iodide (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 flow 
cytometer (BD Biosciences, NJ).

Apoptosis assay 

C643 and 8505C cells were treated with the 
indicated concentrations of lenvatinib and 
paclitaxel, individually or in combination, for 72 
h. Cells were then harvested, washed with PBS, 
and subjected to sequential staining with 
Annexin V-FITC/PI Detection Kit (Roche Applied 
Science, Penzberg, Germany) by flow cytometer 
according to the manufacturer’s protocol. Early 
apoptotic cells show Annexin V-FITC+/PI- stain-
ing patterns, whereas late apoptotic cells 
exhibit Annexin V-FITC+/PI+ staining patterns. 
They were collectively called apoptotic cells. 
Each experiment was performed in triplicate.

Xenograft tumor assay in nude mice   

Female athymic nude mice were purchased 
from SLAC laboratory Animal Co., Ltd. (Sh- 
anghai, PR. China) and housed in a specific 
pathogen-free (SPF) environment. C643 cells 
(3×106) were injected subcutaneously into the 
flanks of mice at the age of 5 weeks. When 
tumors grew to ~5 mm in diameter, mice were 
grouped into four groups (six mice per group) 
and administered the following treatments: 
vehicle control, 5 mg/kg paclitaxel via intraperi-
toneal injection (twice per week), 5 mg/kg/day 
lenvatinib via oral route and a combination of 
these two drugs. Tumor volume was measured 
every 2 days during the course of the therapy, 
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and was calculated by the formula (width)2 × 
length/2. After treatment for 12 days, tumors 
were harvested and weighted. 

Tumor tissues were embedded in paraffin, sec-
tioned at 4 μm, and stained with hematoxylin 
and eosin (H&E). Cell proliferation ability was 
assessed by quantification of Ki-67 staining 
(percentage of positive cells). In brief, anti-
human Ki-67 antibody (BD Pharmingen) was 
1:150 diluted and immunostaining was done 
according to a standard protocol using DAB 
Substrate Kit (ZSGB-BIO). At least 1000 Ki-67-
positive cells were scored by visual examina-
tion of 5 randomly selected fields (×200 magni-
fication). In addition, to evaluate the effect of 
different treatments on animal hepatocytes, 
we performed H&E staining of liver sections 
and analyzed the serum levels of aspartate 
transaminase (AST) and alanine transaminase 
(ALT) by spectrophotometry, as previously 
described [12].

Results

Lenvatinib potentiates colony formation-inhibi-
tory effect of paclitaxel in ATC cells 

Given the encouraging clinical activity of lenva-
tinib in DTC, we tested its antitumor effects in 
ATC. We also evaluated the antitumor effects of 
paclitaxel in ATC cells. MTT assay was per-

formed to test the dose-course of the effect of 
lenvatinib and paclitaxel on the proliferation in 
ATC cell lines C643, 8305C and 8505C. As 
shown in Figure 1A and 1B, lenvatinib and 
paclitaxel significantly inhibited the prolifera-
tion of ATC cells in a dose-dependent manner; 
the IC50 values ranged from 4.60 to 10.97 μM 
and from 1.99 to 9.97 nM, respectively. Next, 
we tested the effect of lenvatinib and paclitax-
el, individually or in combination, on colony for-
mation in these cells. As shown in Figure 2, 
paclitaxel at the indicated concentrations sig-
nificantly inhibited colony forming ability in 
monolayer culture as compared to the control, 
whereas lenvatinib at the indicated concentra-
tions had less effect on colony formation of ATC 
cells as compared to paclitaxel. As expected, a 
combination of these two drugs caused a syn-
ergistic inhibitory effect on colony formation in 
ATC cells as compared to lenvatinib or paclitax-
el monotherapy. 

Lenvatinib potentiates the cell cycle arrest and 
apoptotic effects of paclitaxel in ATC cells

To examine the possibility that lenvatinib may 
act in part by potentiating the cell cycle effects 
of paclitaxel, we performed fluorescence-acti-
vated cell sorting (FACS) analysis to evaluate 
the effect of lenvatinib and paclitaxel, individu-
ally or in combination, on cell cycle. As shown in 

Figure 1. Inhibitory effect of lenvatinib and paclitaxel on the proliferation of ATC cells. Cells were treated with the 
indicated concentrations of lenvatinib (A) and paclitaxel (B) for 48 h, followed by MTT assay to evaluate cell prolifera-
tion. IC50 values of these two drugs for each cell line were calculated using the Reed-Muench method [11].
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Figure 3, both lenvatinib and paclitaxel mono-
therapies increased the proportion of 8305C 
cells in the G2/M phase of cell cycle; the addi-
tion of lenvatinib to paclitaxel synergistically 
increased the percentage of 8305C cells in 
G2/M phase as compared to lenvatinib or pacli-
taxel monotherapy. These findings suggest that 
lenvatinib/paclitaxel synergy may in part be 
attributable to the combined cell cycle effect of 
lenvatinib and paclitaxel.

Next, we also evaluated the effect of lenvatinib 
and paclitaxel, individually or in combination, 
on the apoptosis in ATC cells. As shown in 
Figure 4, C643 and 8505C cells treated with 
lenvatinib and paclitaxel, individually or in com-
bination, at the indicated concentrations sh- 
owed a dramatic increase in both early and late 
apoptosis in comparison with the control. 
Similar to the findings in Figure 3, a synergistic 
effect was expectedly found when these two 

Figure 2. Synergistic inhibition of colony formation of ATC cells by lenvatinib and paclitaxel. Representative images 
of colony formation in C643 (A), 8305C (B) and 8505C (C) cells treated with vehicle control (DMSO) or lenvatinib 
and paclitaxel at the indicated concentrations, individually or in combination, are shown in left panel. Quantitative 
analysis of colony numbers is shown in right panel. Data are presented as mean ± SD of values from three different 
assays. Statistically significant differences are indicated: *, P < 0.05; ***, P < 0.001 for comparison with control; 
▲▲, P < 0.01; ▲▲▲, P < 0.001 for comparison with paclitaxel monotherapy; ###, P < 0.001 for comparison with len-
vatinib monotherapy.
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cell lines were treated with a combination of 
lenvatinib and paclitaxel as compared to lenva-
tinib or paclitaxel monotherapy (Figure 4).

Lenvatinib potentiates the antitumor effects of 
paclitaxel in ATC in vivo

To determine whether the observed antitumor 
effects of lenvatinib and paclitaxel in vitro can 
be seen in vivo, we established C643 tumor 
xenografts in nude mice and treated these 
mice with lenvatinib and paclitaxel, individually 
or in combination, at the indicated concentra-
tions and time points. As shown in Figure 5A, 
the growth of C643 cell-derived xenograft 
tumors in the lenvatinib-treated and paclitaxel-
treated groups was slower than that in control 
group. A synergistic effect was observed in the 
combined treatment group as compared to 
monotherapy group. Notably, body weight, an 
indicator of the health of the animals, did not 
show a significant difference among different 
treatment groups (data not shown). At the end 
of the experiment, the tumors were isolated 
and weighted. As shown in Figure 5B, the mean 
tumor weight in paclitaxel-treated mice was sig-

nificantly lower than that in control mice. Tumor 
weights of lenvatinib-treated mice were also 
lower than those of control-treated mice; how-
ever, the difference was not statistically signifi-
cant. Similarly, we also found a synergistic 
effect in mice treated with combined lenvatinib 
and paclitaxel as compared to mice treated 
with each drug alone (Figure 5B).

To quantitatively evaluate the proliferation 
index of tumors treated with lenvatinib and 
paclitaxel, individually or in combination, tumor 
sections were stained with the Ki-67 antibody. 
As shown in Figure 5C, the number of Ki-67-
positive cells in paclitaxel-treated tumors was 
lower than that in control tumors, while lenva-
tinib monotherapy did not significantly affect 
the Ki-67 staining index as compared to the 
control. As expected, combined treatment 
caused a synergistic effect on tumor prolifera-
tion as compared to lenvatinib or paclitaxel 
monotherapy. Importantly, there was no signifi-
cant difference with respect to serum levels of 
AST and ALT among three treatment groups 
(Figure 5D). In addition, histopathological evi-
dences also showed that hepatic tissues exhib-

Figure 3. Synergistic induction of G2/M phase cell cycle arrest of 8305C cells by lenvatinib and paclitaxel. Cells 
were treated with vehicle control or lenvatinib and paclitaxel at the indicated concentrations, individually or in 
combination, for 48 h. DNA content was then measured by flow cytometry to determine cell cycle fractions. Repre-
sentative flow cytometric histograms are shown in the left panel. The percentage of 8305C cells in the G2/M phase 
is indicated in the right panel. Statistically significant differences are indicated: **, P < 0.01; ***, P < 0.001 for 
comparison with control; ▲, P < 0.05 for comparison with paclitaxel monotherapy; ##, P < 0.01 for comparison with 
lenvatinib monotherapy.
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ited normal large polygonal cells with promi-
nent round nuclei and eosinophilic cytoplasm, 
and few spaced hepatic sinusoids arranged in-
between the hepatic cords with fine arrange-
ment of Kupffer cells in all experimental ani-
mals (Figure 5E). Although mild edema of liver 

cells was found in a few drug-treated mice, cur-
rent treatment modalities did not cause any 
significant liver injury in mice. Collectively, our 
data suggest the safety and efficacy of a com-
bination of lenvatinib and paclitaxel for ATC 
treatment.

Figure 4. Synergistic induction of the apoptosis of ATC cells by lenvatinib and paclitaxel. C643 (A) and 8505C (B) 
cells were treated with vehicle control or lenvatinib and paclitaxel at the indicated concentrations, individually or in 
combination, for 72 h. The percentage of early apoptotic (bottom right quarter) and late apoptotic (top right) cells 
is presented in the figures (left panel). The data are presented as mean ± SD of values from three independent 
experiments in the right panel. Statistically significant differences are indicated: ***, P < 0.001 for comparison with 
control; ▲▲▲, P < 0.001 for comparison with paclitaxel monotherapy; ##, P < 0.01; ###, P < 0.001 for comparison with 
lenvatinib monotherapy.
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Discussion

ATC is a rare form of undifferentiated cancer 
with a high mortality rate [2]. Complete surgical 
resection of the central compartment, com-

bined with adjuvant therapy, is the main treat-
ment option for ATC [13]. However, these cov-
entional therapies have been shown not to be 
very effective in such patients. Fortunately, 
molecular characterization of ATC tumors in 

Figure 5. Synergistic inhibition of the growth of C643-derived xenograft tumors by lenvatinib and paclitaxel. Time 
course of tumor growth (A) and animal weight (B) was measured in each group at the indicated time points of vari-
ous treatments. Data are presented as mean ± SD (n=6/group). Representative images of tumors from mice treated 
with vehicle control, lenvatinib and paclitaxel, individually or in combination are shown in the left panel. Bar graphs 
represents mean tumor weight from mice with the indicated treatments (right panel). Data are presented as mean 
± SD (n=6/group). (C) Representative Ki-67 stained sections of xenograft tumors from different groups are shown 
in the left panel. Bar graphs represent mean ± SD of the numbers of Ki-67-positive cells from 5 microscopic fields 
in each group (right panel). (D) Serum levels of aspartate transaminase (AST) and alanine transaminase (ALT) were 
measured in the indicated mice by spectrophotometric methods. Data are presented as mean ± SD (n=6/group). (E) 
Representative H&E stained liver sections from the indicated mice. Statistically significant differences are indicated: 
*, P < 0.05; **, P < 0.01; ***, P < 0.001 for comparison with control; ▲▲, P < 0.01 for comparison with paclitaxel 
monotherapy; ##, P < 0.01; ###, P < 0.001 for comparison with lenvatinib monotherapy.
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recent years has facilitated a better under-
standing of its molecular pathogenesis and 
exploration of new potential treatments for this 
disease [14]. 

In recent years, several biological agents have 
showed promise and may become potential 
therapies for ATC, despite the limited number of 
ATC patients in these studies. For example, in a 
phase I trial of combretastatin A-4 phosphate, 
one of three patients with ATC achieved com-
plete remission and was alive at 30 months 
[15]. In another phase I study, intermittent 
high-dose gefitinib and docetaxel achieved a 
4-month partial remission in one patient with 
ATC [16]. In addition, one of two ATC patients in 
a phase II trial of axitinib achieved a partial 
remission, while another patient had progres-
sive disease [17]. These observations suggest 
that antitumor activity of new potential agents 
against ATC should be further investigated. 

It is the fact that some small molecule inhibi-
tors targeting tyrosine kinases, including pazo-
panib, vandetanib, cabozantinib, sorafenib and 
lenvatinib, have shown clinical benefit in 
advanced thyroid cancer, and some of them 
have been approved by the US FDA for treat-
ment of thyroid cancer [18-22]. In a previous 
study, durable clinical responses were observed 
in about half of the patients with radioiodine-
refractory DTC who received pazopanib, a multi-
kinase inhibitor against VEGFR [23]. However, 
in a multiinstitutional phase II trial, although 
transient disease regression was observed in 
several ATC patients, there were no confirmed 
RECIST responses [24]. These results suggest 
that pazopanib monotherapy has minimal sin-
gle-agent clinical activity in ATC. Of note, pazo-
panib was demonstrated to potentiate the anti-
tumor effects of paclitaxel or other antimi- 
crotubule inhibitors against ATC in vitro and in 
vivo [10]. Importantly, an ATC patient with lung 
metastases receiving a combined treatment of 
pazopanib and paclitaxel attained marked and 
durable regression of metastatic disease [10]. 
These encouraging findings suggest that the 
combination of small molecule tyrosine kinase 
inhibitors and antimicrotubule inhibitors such 
as paclitaxel may be a promising therapeutic 
strategy for ATC.

Lenvatinib, an oral multikinase inhibitor, was 
approved by the US FDA in February 2015 as 
the second agent for the treatment of radioio-

dine-refractory DTC [7]. Its antitumor activity 
has been demonstrated in variety of solid 
tumors including thyroid cancer [6]. Statistically 
significant improvement in progression free 
survival (PFS) has been reported from several 
phase I or II trials of lenvatinib in the patients 
with advanced radioiodine-refractory DTC [6, 
25]. In a phase II study conducted in Japan, 3 of 
11 (27%) ATC patients receiving lenvatinib 
attained transient disease regression; howev-
er, there were no confirmed RECIST responses 
[9], suggesting that lenvatinib has relatively low 
effectiveness of single agent for ATC treatment. 
Given the largely disappointing outcomes of 
lenvatinib monotherapy in ATC, we thus 
attempted to investigate the feasibility of a 
combinatorial strategy for ATC treatment. In the 
present study, we combined lenvatinib with 
paclitaxel and determined their antitumor 
effects in ATC in vitro and in vivo. Our data 
showed that lenvatinib monotherapy was less 
effective than paclitaxel monotherapy in ATC 
cell lines and xenografts. More importantly, we 
found that lenvatinib potentiated the effect of 
paclitaxel against ATC in vitro and in vivo. The 
combined therapy synergistically inhibited colo-
ny formation and tumor growth in nude mice, 
and induced G2/M phase cell cycle arrest and 
cell apoptosis in ATC as compared to lenvatinib 
or paclitaxel monotherapy. These findings sug-
gest that combinatorial therapies may be effec-
tive in the context of ATC. This is also supported 
by the latest clinical trials that the FDA has 
approved lenvatinib in combination with evero-
limus for second-line treatment of renal cell 
carcinoma following treatment with anti-angio-
genic agent [7]. Moreover, several clinical trials 
are currently underway to investigate the anti-
tumor activities of lenvatinib monotherapy or in 
combination with other agents in various 
human cancers [26]. 

In summary, our data demonstrate that lenva-
tinib enhances the antitumor effects of pacli-
taxel in ATC. Lenvatinib/paclitaxel synergy was 
observed not only in vitro but also in vivo. 
Collectively, these encouraging preliminary 
results suggest that the lenvatinib/paclitaxel 
combination may be a promising therapeutic 
approach for ATC.
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