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1  | INTRODUC TION

Anaplastic thyroid cancer (ATC) is an extremely aggressive tumor 
that has a poor prognosis, with a median survival time of approxi-
mately 6 mo. Although the incidence rate of ATC is only 1%-2% of 
all thyroid cancers, it accounts for 30%-50% of all thyroid cancer-
related deaths.1 As ATC is difficult to diagnose in the early stages, 
radical resection of the disease lesion cannot be performed easily in 
most patients with ATC.

Doxorubicin, paclitaxel, cisplatin, and carboplatin are used to 
treat unresectable ATC; however, the treatment efficacy of these 
anticancer agents is limited.1-4 In recent years, molecular targeted 

agents such as dabrafenib, trametinib, larotrectinib, entrectinib, and 
selpercatinib have been approved for ATC with specific genetic mu-
tations,5 whereas lenvatinib is the only molecular targeted agent that 
is available without identifying genetic mutations for ATC. Lenvatinib 
is a multi-targeted tyrosine kinase inhibitor that mainly targets vas-
cular endothelial growth factor receptor (VEGFR), fibroblast growth 
factor receptor (FGFR), and platelet-derived growth factor receptor 
(PDGFR). In a global phase III trial (SELECT trial), lenvatinib significantly 
improved the survival time of patients with radioiodine-refractory dif-
ferentiated thyroid cancer (DTC).6 Furthermore, in a phase II trial in-
volving Japanese patients with unresectable thyroid cancer, including 
radioiodine-refractory DTC, medullary thyroid cancer (MTC), and ATC, 
the efficacy of lenvatinib was found to be poor in ATC compared with 
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Abstract
Anaplastic thyroid cancer (ATC) is an extremely aggressive tumor associated with 
poor prognosis due to a lack of efficient therapies. In Japan, lenvatinib is the only 
drug approved for patients with ATC; however, its efficacy is limited. Therefore, 
novel therapeutic strategies are urgently required for patients with ATC. The present 
study aimed to identify compounds that enhance the antiproliferative effects of len-
vatinib in ATC cells using a compound library. IRAK1/4 Inhibitor I was identified as 
a candidate compound. Combined treatment with lenvatinib and IRAK1/4 Inhibitor 
I showed synergistic antiproliferative effects via the induction of cell cycle arrest at 
G2/M phase in the ATC cell lines 8305C, HTC/C3, ACT-1, and 8505C. Furthermore, 
IRAK1/4 Inhibitor I enhanced the inhibition of ERK phosphorylation by lenvatinib in 
8305C, HTC/C3, and 8505C cells. In an HTC/C3 xenograft mouse model, tumor vol-
ume was lower in the combined IRAK1/4 Inhibitor I and lenvatinib group compared 
with that in the vehicle control, IRAK1/4 Inhibitor I, and lenvatinib groups. IRAK1/4 
Inhibitor I was identified as a promising compound that enhances the antiprolifera-
tive and antitumor effects of lenvatinib in ATC.
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other histological subtypes.7 Therefore, novel strategies to enhance 
the treatment efficacy of lenvatinib are required for patients with ATC. 
The present study aimed to identify compounds that could enhance 
the antitumor effects of lenvatinib in ATC using the screening commit-
tee of anticancer drugs (SCADS) inhibitor kits.

2 | MATERIALS AND METHODS

2.1 | Cell lines

The ATC cell lines, 8305C and 8505C, were purchased from the 
Cell Resource Center for Biomedical Research Cell Bank, Institute of 
Development, Aging and Cancer, Tohoku University (Sendai, Japan). 
The ATC cell line, HTC/C3, was purchased from the RIKEN BioResource 
Research Center (Tsukuba, Japan). The ATC cell line, ACT-1, was kindly 
provided by Dr. Tsuboi at Tokushima University (Tokushima, Japan). 
The DTC cell lines, K1 and RO82-W-1, were purchased from the KAC 
corporation (Kyoto, Japan). The MTC cell line, TT, was purchased from 
the American Type Culture Collection (VA, USA). Cell line authenti-
cation was performed by short tandem repeat (STR) analysis using 
the GenomeLab human STR primer set (Beckman Coulter, CA, USA). 
The results of all cell lines were similar to the STR database provided 
by Expasy (Swiss Institute of Bioinformatics, Lausanne, Switzerland). 
Mycoplasma testing was performed using the VenorGeM OneStep 
Mycoplasma Detection Kit for Endpoint PCR (Minerva Biolabs, Berlin, 
Germany). Mycoplasma infections were not detected in all cell lines. 
8505C, HTC/C3, K1, and RO82-W-1 cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), 
8305C and ACT-1 cells were cultured in RPMI 1640 medium with 10% 
FBS, and TT cells were cultured in Ham's F12 medium with 10% FBS. 
All cells were incubated at 37°C and in a 5% CO2 in air atmosphere. 
The mutational status of RAF and RAS genes in each cell line was ob-
tained from a previous report8 and summarized in Table S1.

2.2 | Cell viability assay

Cells were seeded at a density of 2500 cells/well and cultured over-
night in 96-well plates. The cells were then incubated with various 
compounds for 48 h. Cell viability was determined using Cell Counting 
Kit-8 (Dojindo, Mashiki, Japan) and SpectraMax M2 (Molecular 
Devices, CA, USA).

2.3 | Screening of candidate compounds

We used SCADS inhibitor kits containing 368 compounds to screen 
for compounds that could enhance the antiproliferative effect of 
lenvatinib in 8305C cells. SCADS inhibitor kits were provided by the 
Molecular Profiling Committee, Grant-in-Aid for Scientific Research 
on Innovative Areas “Advanced Animal Model Support (AdAMS)” from 
The Ministry of Education, Culture, Sports, Science, and Technology, 

Japan. The 8305C cells were seeded and cultured overnight in 96-
well plates, then incubated in 10 μM of each compound in the SCADS 
inhibitor kits with or without lenvatinib for 48 h. We chose a concen-
tration of 10  μM lenvatinib as it resulted in an approximately 20% 
reduction of cell viability in 8305C cells in a preliminary study. We de-
termined cell viability using Cell Counting Kit-8 and the SpectraMax 
M2 reader. The mean cell viability was calculated from the results of 
3 independent experiments. Compounds with less than 10% reduc-
tion of cell viability when treated with each compound alone and more 
than 50% reduction when treated in combination with lenvatinib were 
selected as the candidate compounds.

2.4 | Reagents

IRAK1/4 Inhibitor I was purchased from R&D Systems (MN, USA). 
Lenvatinib was purchased from MedChemExpress (NJ, USA). Pacritinib 
and Pf-06650833 were purchased from Selleck (Shanghai, China).

2.5 | Combination index

The effects of the combination treatment of investigated drugs were 
evaluated by calculating the combination index (CI) using CompuSyn 
software (ComboSyn Inc, NJ, USA). The combination effects were de-
fined as follows, based on previous reports: CI < 0.7, synergistic effect; 
CI 0.7-1.0, slight synergistic/additive effect; and CI > 1.0, antagonistic 
effect.9,10

2.6 | Western blot analysis

Proteins were extracted from cells using RIPA buffer (50 mM Tris, 
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 
1 mM EDTA, and 10 mM NaF) and from tumors resected from the 
xenograft mouse model using the Minute Total Protein Extraction 
Kit (Invent Biotechnologies, MN, USA). Proteins were resuspended 
in Tris-glycine SDS gel and transferred to polyvinylidene difluoride 
membranes. The membrane was blocked using Intercept Blocking 
Buffer (LI-COR Biosciences, NE, USA) for 1 h. Membranes contain-
ing the transferred proteins were incubated with primary antibod-
ies overnight at 4°C. Following the incubation, the membrane was 
incubated with Alexa Fluor 680 secondary antibody (Thermo Fisher 
Scientific, MA, USA) for 1 h. Proteins present on the membrane were 
detected using the Odyssey imaging system (LI-COR Biosciences, NE, 
USA). Antibodies against interleukin-1 receptor-associated kinase 
(IRAK)1, IRAK4, phospho-IRAK1, phospho-IRAK4, p44/42 mitogen-
activated protein kinase (MAPK) (Erk1/2), phospho-p44/42 MAPK 
(Erk1/2), p38 MAPK, and phospho-p38 MAPK were purchased from 
Cell Signaling (MA, USA). Antibodies against GAPDH and α-tubulin 
were purchased from Sigma Aldrich (MO, USA). Detailed informa-
tion on antibodies and their final concentrations are summarized in 
Table S2.
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2.7 | Cell cycle analysis

ATC cells were cultured with compounds for 48  h. Cultured cells 
were harvested using trypsin, washed with phosphate-buffered sa-
line, and fixed in 70% ethanol for more than 12 h at −20°C. The cells 
were then stained with propidium iodide solution. Cell cycle was ana-
lyzed using a flow cytometer FC500 (Beckman Coulter, CA, USA) and 
the MultiCycle for Windows cell cycle analysis software (Beckman 
Coulter, CA, USA).

2.8 | Establishment of knockout cell lines

Knockout of IRAK1 or IRAK4 in HTC/C3 cells was performed by 
transfection of CRISPR/Cas9 knockout plasmid. IRAK-1 CRISPR/
Cas9 knockout plasmid (sc-400264), IRAK-4 CRISPR/Cas9 knock-
out plasmid (sc-416405), and control CRISPR/Cas9 plasmid (sc-
418922) were purchased from Santa Cruz Biotechnology (CA, 
USA). CRISPR/Cas9 knockout plasmid and homology-directed 
repair plasmid were co-transfected into HTC/C3 cells using 
the UltraCruz Transfection Reagent (sc-395739; Santa Cruz 
Biotechnology, CA, USA) in accordance with the manufacturer’s 
instructions. Puromycin was used to select cells transfected with 
CRISPR/Cas9 plasmid. After treatment with puromycin, IRAK1 
knockout HTC/C3 cells and IRAK4 knockout HTC/C3 cells were 
harvested monoclonally.

2.9 | Xenograft mouse model

Female nude mice (BALB/c-nu) were purchased from the Charles 
River Laboratories Japan (Yokohama, Japan) and housed in a spe-
cific pathogen-free environment.  HTC/C3 cells were cultured in 
DMEM with 10% FBS. The cells were harvested with trypsin and 
suspended in a mixture of Corning Matrigel (Corning, NY, USA) 
and a culture medium at a density of 1  ×  108 cells/mL. A volume 
of 0.1  mL of cell suspension was inoculated subcutaneously into 
the flank region of each mouse. When the tumor volume reached 
between 100 and 200  mm3, mice were randomly assigned to treat-
ment groups: vehicle control (n  =  5), IRAK1/4 Inhibitor I (n  =  5), 
lenvatinib (n = 6), or combined IRAK1/4 Inhibitor I and lenvatinib 
(n = 6). Lenvatinib was administrated orally at a dose of 10 mg/kg 
daily for 14  d. IRAK1/4 Inhibitor I was administrated intraperito-
neally at a dose of 5 mg/kg daily for 14 d. Each solvent was treated 
as vehicle control. The doses of lenvatinib and IRAK1/4 Inhibitor 
I were determined based on previous reports.11,12 Tumor size was 
measured every 3 d, and the volume was calculated using the for-
mula: tumor volume (mm3) = 1/2 length (mm) × [width (mm)]2. 
After 14  d of treatment, the tumors were resected for immuno-
histochemistry. The animal experiment was conducted in accord-
ance with Tohoku University institutional guidelines and approved 
by the Institutional Animal Care and Use Committee of the Tohoku 
University (2019MdA-073-01).

2.10 | Microvessel density

Immunostaining of vascular endothelial cells with anti-CD31 antibody 
(Cell Signaling, MA, USA) was performed on formalin-fixed, paraffin-
embedded tissue sections of tumors that were resected from mice 
from each group. Five areas with the highest densities of CD31 stain-
ing were selected using an optical microscope and imaged at ×100 
magnification. The number of vessels within an area of 1 mm2 was 
counted using ImageJ software (US National Institutes of Health, MD, 
USA) and defined as the microvessel density (MVD).

2.11 | Statistical analysis

All statistical analyses were performed using JMP Pro 15 software 
(SAS Institute Inc, Cary, NC, USA). Multiple comparisons were per-
formed using Dunnett test after 1-way ANOVA or Steel-Dwass test 
after 1-way ANOVA. Statistical significance was set at P < .05.

3 | RESULTS

3.1 | Primary screening to identify candidate 
compounds that enhance the antiproliferative effects 
of lenvatinib

We used SCADS inhibitor kits to screen for compounds that could 
enhance the antiproliferative effect of lenvatinib in 8305C cells. 
Candidate compounds were selected based on the following criteria: 
(1) the compound alone shows less than 10% reduction of cell viabil-
ity; and (2) the compound enhances reduction of cell viability by more 
than 50% when used in combination with 10  μM lenvatinib, which 
shows a 20% reduction of cell viability. As a result, IRAK1/4 Inhibitor I, 
which inhibited both IRAK1 and IRAK4, was identified from 368 com-
pounds (Figure 1).

3.2 | IRAK1/4 Inhibitor I enhanced the 
antiproliferative effect of lenvatinib in ATC cells

The antiproliferative effects of the combined use of IRAK1/4 Inhibitor 
I and lenvatinib at various concentrations were evaluated using a cell 
viability assay in 4 ATC cell lines. IRAK1/4 Inhibitor I enhanced the 
antiproliferative effect of lenvatinib in 4 ATC cell lines (Figure  2A). 
The synergistic effects of IRAK1/4 Inhibitor I and lenvatinib were 
evaluated by calculating the CI. The CIs of 10  μM IRAK1/4 inhibi-
tor I and 30  μM lenvatinib treatment in 8305C, HTC/C3, ACT-1, 
and 8505C cells were 0.58, 0.43, 0.15, and 0.47, respectively. These 
results revealed synergistic antiproliferative effects using a combina-
tion of IRAK1/4 Inhibitor I and lenvatinib (Table 1). We evaluated the 
antiproliferative effect of other IRAK1/4 inhibitors, pacritinib or Pf-
06650833 in combination with lenvatinib. Combined use of pacritinib 
or Pf-06650833 with lenvatinib increased the antiproliferative effect 
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in ATC cells compared with lenvatinib alone (Figure S2A,B). This result 
suggested that other IRAK1/4 inhibitors could also enhance the anti-
proliferative effects of lenvatinib.

3.3 | IRAK1/4 Inhibitor I enhanced the inhibitory 
effect on ERK phosphorylation by lenvatinib in 
ATC cells

Western blot analysis was performed in 4 ATC cell lines to 
evaluate whether inhibition of cell proliferation signaling path-
ways was enhanced by the combined use of IRAK1/4 Inhibitor 
I and lenvatinib compared with that seen using lenvatinib alone 
(Figure 2B). MAPK plays an important role in ATC initiation and 
progression, sometimes through BRAF mutations.13 Lenvatinib 
has been reported to inhibit phosphorylation of ERK and p38, 
which are members of the MAPK family, in DTC, MTC, and hepa-
tocellular carcinoma cells.11,14 Therefore, we evaluated the effect 
of lenvatinib, IRAK1/4 Inhibitor I, and the combined use of len-
vatinib and IRAK1/4 Inhibitor I on ERK and p38 phosphorylation 
in the 4 ATC cell lines. Lenvatinib inhibited p38 phosphorylation 

in 4 ATC cell lines; however, this was not enhanced by the addi-
tion of IRAK1/4 Inhibitor I. Lenvatinib slightly inhibited ERK phos-
phorylation in 8305C, HTC/C3, and 8505C cells, and IRAK1/4 
Inhibitor I enhanced the inhibition of ERK phosphorylation by len-
vatinib. Conversely, lenvatinib enhanced ERK phosphorylation in 
ACT-1 cells. IRAK1/4 Inhibitor I did not affect the enhancement of 
ERK phosphorylation by lenvatinib. These findings revealed that 
IRAK1/4 Inhibitor I enhanced the inhibitory effect on ERK phos-
phorylation by lenvatinib in ATC cells.

3.4 | Combined use of lenvatinib and IRAK1/4 
Inhibitor I induced G2/M arrest in ATC cells

The effects of the combined use of lenvatinib and IRAK1/4 Inhibitor I 
on cell cycle were assessed. IRAK1/4 Inhibitor I showed little effect on 
cell cycle in 4 ATC cell lines. Lenvatinib induced G2/M arrest in 8305C, 
HTC/C3, and ACT-1 cells, but not in 8505C cells. Combined use of 
IRAK1/4 Inhibitor I and lenvatinib increased the percentage of cells in 
G2/M phase compared with use of lenvatinib alone in 4 ATC cell lines 
(Figure 2C, D).

F I G U R E  1   Screening of candidate compounds. 8305C cells were treated with either 10 μM each compound alone from SCADS* inhibitor 
kit or a combination of 10 μM lenvatinib and 10 μM compound. Cell viability was calculated using a cell viability assay after 48 h and shown 
as a scatter plot. The horizontal axis shows the cell viability following treatment with the compound alone, and the vertical axis shows the 
cell viability following treatment with the combined use of lenvatinib and a compound. The vertical dotted line represents 90% cell viability 
of the compound alone, and the horizontal dotted line represents the 50% cell viability of the combination of lenvatinib and a compound. 
The large dot represents a compound with less than 10% reduction in cell viability when treated alone and more than 50% reduction when 
treated in combination with lenvatinib. *Screening committee of anticancer drugs

F I G U R E  2   IRAK1/4 inhibition enhanced the antiproliferative effects of lenvatinib in ATC cell lines. A, Antiproliferative effects of the 
combined use of lenvatinib and IRAK1/4 Inhibitor I. 8305C, HTC/C3, ACT-1, and 8505C cells were treated with lenvatinib and IRAK1/4 
Inhibitor I at indicated concentrations. Cell viability was calculated using a cell viability assay after 48 h. The vertical axis shows the cell 
viability. Data are presented as mean ± SD. B, Effect of the combined use of lenvatinib and IRAK1/4 Inhibitor I on phosphorylation status of 
IRAK1, IRAK4, p38, and ERK. 8305C, HTC/C3, ACT-1, and 8505C cells were treated for 24 h with either DMSO, 30 μM lenvatinib, 10 μM 
IRAK1/4 Inhibitor I, or a combination of lenvatinib and IRAK1/4 Inhibitor I. The protein expression levels of IRAK1, IRAK4, p38, and ERK 
were evaluated by western blot analysis. C, Effect of the combined use of lenvatinib and IRAK1/4 Inhibitor I on cell cycle. DNA histogram 
was measured by cell cycle analysis. 8305C, HTC/C3, ACT-1, and 8505C cells were treated with either DMSO, 30 μM lenvatinib, 10 μM 
IRAK1/4 Inhibitor I, or combined use of lenvatinib and IRAK1/4 Inhibitor I. Cell cycle analysis was performed after 48 h. D, Cell cycle 
fractions of the G1, S, and G2/M phases were calculated based on DNA histograms. Data are presented as mean ± SD
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TA B L E  1   Combination indexes of antiproliferative effect of IRAK1/4 Inhibitor I and lenvatinib in anaplastic thyroid cancer cells

Dose IRAK1/4 Inhibitor I (μM) Dose lenvatinib (μM) Effect
Combination 
index

8305C

1 3 0.06 0.62

10 0.11 0.86

30 0.45 0.92

3 3 0.08 1.01

10 0.14 0.88

30 0.6 0.71

10 3 0.22 0.42

10 0.4 0.39

30 0.7 0.58

HTC/C3

3 3 0.16 2.18

10 0.3 0.62

30 0.64 0.52

10 3 0.23 0.78

10 0.39 0.44

30 0.68 0.43

ACT-1

3 3 0.16 0.97

10 0.26 0.43

30 0.39 0.23

10 3 0.22 0.56

10 0.3 0.39

30 0.45 0.15

8505C

3 3 0.06 3.34

10 0.1 1.24

30 0.67 0.54

10 3 0.09 2.9

10 0.18 0.79

30 0.73 0.47

Combination index > 1 Antagonistic effect

1 ≧ Combination index ≧ 0.7 Slight synergistic effect/Additive effect

0.7 > Combination index Synergistic effect

F I G U R E  3   Knockout of IRAK1/4 enhanced the antiproliferative effect of lenvatinib in HTC/C3 cells. A, IRAK1 or IRAK4 was knocked 
out using IRAK1 or IRAK4 CRISPR/Cas9 knockout plasmid in HTC/C3 cells (IRAK1KO-HTC/C3 or IRAK4KO-HTC/C3). Deletion of IRAK1 
and IRAK4 were validated by western blot analysis. B, Control plasmid-treated HTC/C3, IRAK1KO-HTC/C3, and IRAK4KO-HTC/C3 cells 
were treated with lenvatinib for 48 h. Cell viability was calculated by cell viability assay. The vertical axis shows the cell viability. The 
horizontal axis shows the concentration of lenvatinib. The difference in viability between control and knockout cells at each concentration 
was evaluated using Dunnet test after 1-way ANOVA. *P < .05; **P < .01; ***P < .001 compared with the control. Data are presented as 
mean ± SD. C, Effect of lenvatinib on phosphorylation status of p38 and ERK in IRAK1KO-HTC/C3 and IRAK4KO-HTC/C3 cells. Control 
plasmid-treated HTC/C3, IRAK1KO-HTC/C3, and IRAK4KO-HTC/C3 cells were treated for 24 h with DMSO, 10 μM, or 30 μM lenvatinib. 
Protein expression levels of p38 and ERK were evaluated by western blot analysis. D, Effect of lenvatinib on cell cycle in IRAK1KO-HTC/
C3 and IRAK4KO-HTC/C3 cells. DNA histogram was measured by cell cycle analysis. Control plasmid-treated HTC/C3, IRAK1KO-HTC/C3, 
and IRAK4KO-HTC/C3 cells were treated with DMSO or 30 μM lenvatinib. Cell cycle analysis was performed after 48 h. E, The cell cycle 
fractions of the G1, S, and G2/M phases were calculated based on DNA histograms. Data are presented as mean ± SD
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3.5 | IRAK1/4 knockout enhanced the 
antiproliferative effect of lenvatinib in HTC/C3 cells

IRAK1 knockout and IRAK4 knockout were performed in HTC/C3 cells 
using CRISPR-Cas9 to evaluate whether IRAK1 or IRAK4 affected the 
antiproliferative effects of lenvatinib. The established cell lines were 
named “IRAK1KO-HTC/C3” and “IRAK4KO-HTC/C3” (Figure 3A). The 
cell growth rates of parental HTC/C3, control plasmid-treated HTC/
C3, IRAK1KO-HTC/C3, and IRAK4KO-HTC/C3 cells were all similar 
(Figure S1). The antiproliferative effect of lenvatinib was significantly 
enhanced in IRAK1KO-HTC/C3 and IRAK4KO-HTC/C3 cells com-
pared with that in the control cells (Figure 3B). This finding demon-
strated that IRAK1/4 knockout enhanced the antiproliferative effect 
of lenvatinib in HTC/C3 cells.

3.6 | IRAK1/4 knockout enhanced the inhibition of 
ERK phosphorylation by lenvatinib in HTC/C3 cells

The phosphorylation status of p38 and ERK following treatment 
with lenvatinib was evaluated in IRAK1KO-HTC/C3 and IRAK4KO-
HTC/C3 cells (Figure 3C). p38 phosphorylation was not affected by 
IRAK1/4 knockout. Treatment with lenvatinib inhibited p38 phos-
phorylation to a similar extent in the control, IRAK1KO-HTC/C3, and 
IRAK4KO-HTC/C3 cells. ERK phosphorylation was slightly inhibited 
by IRAK1/4 knockout and was more strongly inhibited by lenvatinib in 
IRAK1KO-HTC/C3 and IRAK4KO-HTC/C3 cells compared with con-
trol cells. These findings indicated that IRAK1/4 knockout enhanced 
the inhibition of ERK phosphorylation by lenvatinib in HTC/C3 cells.

3.7 | IRAK1/4 knockout enhanced lenvatinib-
induced G2/M arrest in HTC/C3 cells

The effect of treatment with lenvatinib on cell cycle was evaluated in 
IRAK1KO-HTC/C3 and IRAK4KO-HTC/C3 cells. IRAK1/4 knockout 
did not affect the DNA histogram (Figure 3D, E). Lenvatinib treat-
ment induced G2/M arrest in the control, IRAK1KO-HTC/C3, and 

IRAK4KO-HTC/C3 cells. IRAK1/4 knockout enhanced lenvatinib-
induced G2/M arrest in HTC/C3 cells.

3.8 | IRAK1/4 Inhibitor I enhanced the antitumor 
effects of lenvatinib in the HTC/C3 xenograft 
mouse model

An HTC/C3 xenograft mouse model was established to evaluate 
the effect of the combined treatment of IRAK1/4 Inhibitor I and 
lenvatinib in vivo. After subcutaneous tumors had become estab-
lished, mice were assigned to each treatment group. The tumor 
volume was significantly lower in the lenvatinib group compared 
with that in the control and IRAK1/4 Inhibitor I alone groups. 
Moreover, the tumor volume was significantly lower in the com-
bined IRAK1/4 Inhibitor I and lenvatinib group compared with 
that in the control, IRAK1/4 Inhibitor I alone, and lenvatinib alone 
groups (Figure  4A). The body weights of the mice were meas-
ured to evaluate toxicity and were not reduced in the combined 
IRAK1/4 Inhibitor I and lenvatinib group compared with those in 
the control, IRAK1/4 Inhibitor I alone, and lenvatinib alone groups 
(Figure 4B). This result showed that IRAK1/4 Inhibitor I enhanced 
the antitumor effects of lenvatinib in the HTC/C3 xenograft 
mouse model, and that combined use of IRAK1/4 Inhibitor I and 
lenvatinib was tolerable.

3.9 | Combined use of lenvatinib and IRAK1/4 
Inhibitor I inhibited ERK phosphorylation in the HTC/
C3 xenograft mouse model

Western blot analysis was performed to evaluate the effect on ERK 
phosphorylation by lenvatinib, IRAK1/4 Inhibitor I, and the combined 
use of lenvatinib and IRAK1/4 Inhibitor I in vivo (Figure 4C). IRAK1 
phosphorylation was slightly inhibited in the IRAK1/4 Inhibitor I alone 
and in the lenvatinib alone groups. The combined use of lenvatinib and 
IRAK1/4 Inhibitor I enhanced the inhibition of IRAK1 phosphoryla-
tion. IRAK4 phosphorylation was inhibited in the IRAK1/4 Inhibitor I 

F I G U R E  4   IRAK1/4 Inhibitor I enhanced the antitumor effects of lenvatinib in HTC/C3 xenograft mouse model. A, HTC/C3 cells (1 × 107) 
were inoculated into the flank region of 7-wk-old female nude mice (BALB/c-nu) subcutaneously. After tumor formation, the mice were 
assigned to each group (vehicle control, IRAK1/4 Inhibitor I, lenvatinib, and combined IRAK1/4 Inhibitor I and lenvatinib). Lenvatinib was 
administrated orally at a dose of 10 mg/kg daily for 14 d and IRAK1/4 Inhibitor I was administrated intraperitoneally at a dose of 5 mg/kg 
daily for 14 d. Differences between groups were evaluated using the Steel-Dwass test after 1-way ANOVA. Data are presented as mean 
± SD. B, Effect of the combined use of lenvatinib and IRAK1/4 Inhibitor I on body weight in the HTC/C3 xenograft mouse model. Time 
course of the body weights of the vehicle control, IRAK1/4 Inhibitor I, lenvatinib, and combination groups are shown. Data are presented 
as mean ±SD. C, Effect of the combined use of lenvatinib and IRAK1/4 Inhibitor I on phosphorylation status of IRAK1, IRAK4, and ERK 
in resected tumors from HTC/C3 xenograft mouse model. Tumors were resected after 14 d of treatment with vehicle control, IRAK1/4 
Inhibitor I alone, lenvatinib alone, and combination groups. Protein expression levels of IRAK1, IRAK4, and ERK were evaluated by western 
blot analysis. D, Antiangiogenic effects of the combined use of lenvatinib and IRAK1/4 Inhibitor I in the HTC/C3 xenograft mouse model. 
Immunohistochemical staining of vascular endothelial cells of resected tumor tissue was performed using anti-CD31 antibody (×100 
magnification). High microvessel density (MVD) sites in the vehicle control, IRAK1/4 Inhibitor I, lenvatinib, and combination groups were 
imaged at ×100 magnification. CD31 positive areas are shown by a red color. E, The number of vessels per mm2 in high-MVD sites was 
counted using ImageJ software and shown graphically. Differences between groups were evaluated using Steel-Dwass test after 1-way 
ANOVA. Data are presented as mean ± SD
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alone and in the combined IRAK1/4 Inhibitor I and lenvatinib groups. 
ERK phosphorylation was inhibited in the combined IRAK1/4 inhibi-
tor I and lenvatinib group compared with that in the control, IRAK1/4 
inhibitor I alone, and lenvatinib alone groups.

3.10 | IRAK1/4 Inhibitor I enhanced antiangiogenic 
effects of lenvatinib in the HTC/C3 xenograft 
mouse model

The antitumor effects of lenvatinib in ATC cell lines are mainly caused 
by its antiangiogenic effects.11 Therefore, we evaluated the MVD of 
resected tumors in each group to evaluate whether IRAK1/4 Inhibitor 
I affects the antiangiogenic effects of lenvatinib (Figure 4D, E). MVD 
was significantly decreased in the lenvatinib alone and combined 
IRAK1/4 Inhibitor I and lenvatinib groups compared with that in the 
vehicle control group. Moreover, MVD was significantly decreased 
in the combined IRAK1/4 Inhibitor I and lenvatinib group compared 
with that in the IRAK1/4 Inhibitor I alone and lenvatinib alone groups. 
This finding indicated that IRAK1/4 Inhibitor I enhanced the antian-
giogenic effects of lenvatinib in the HTC/C3 xenograft mouse model.

4  | DISCUSSION

IRAK1/4 Inhibitor I was identified as a potent inhibitor of IRAK1 and 
IRAK4.15 IRAK1 and IRAK4 are serine-threonine kinases that me-
diate Toll-like receptor and interleukin-1 (IL-1) signaling pathways, 
which regulate innate immunity and inflammation. As dysregulation 
of these pathways is involved in many diseases, including malignant 
tumors,16 IRAK could be a therapeutic target for cancer therapy. 
Some preclinical and clinical studies have reported the efficacy of 
IRAK inhibitors in hematologic cancers and melanoma17-20; however, 
there have been no reports on the efficacy of IRAK inhibitors for 
ATC. The present study identified the concomitant use of IRAK1/4 
Inhibitor I with lenvatinib as a novel treatment for ATC.

Combined use of IRAK1/4 Inhibitor I and lenvatinib showed syn-
ergistic inhibition of cell proliferation and enhancement of G2/M ar-
rest in ATC cell lines. These findings suggested that the enhanced cell 
cycle arrest induced by the combined use of IRAK1/4 Inhibitor I and 
lenvatinib contributed to the antiproliferative effects. Furthermore, 
combined use of IRAK1/4 Inhibitor I and lenvatinib inhibited ERK 
phosphorylation to a greater extent than treatment with lenvatinib 
alone. Enhanced inhibition of ERK phosphorylation by the combined 
use of IRAK1/4 Inhibitor I and lenvatinib was also shown in resected 
tumor tissue in vivo. The involvement of IRAK1 and IRAK4 in the ef-
ficacy of lenvatinib was confirmed by knockout of IRAK1 or IRAK4. 
IRAK1/4 knockout led to a similar enhancement of the antiprolifera-
tive effects and G2/M arrest induced by lenvatinib.

In human thyroid cancer cells, inhibition of ERK phosphoryla-
tion and G2/M arrest were reported to be induced by knockdown 
of GRB7.21 GRB7 mediates signaling from various tyrosine kinase 
receptors such as PDGFR and FGFR which are targets of lenvatinib. 

GRB7 might be involved in the inhibition of ERK phosphorylation 
and G2/M arrest observed in the present study.

In the xenograft mouse model, tumor volume was significantly 
lower in the combined IRAK1/4 Inhibitor I and lenvatinib group 
compared with the lenvatinib alone group. As VEGFR is a major 
target molecule of lenvatinib,11 we evaluated whether IRAK1/4 
Inhibitor I affected the antiangiogenic effects of lenvatinib. In re-
sected tumor tissue, MVD was decreased in the combined IRAK1/4 
Inhibitor I and lenvatinib group compared with that in the lenvatinib 
alone group. This result revealed that IRAK1/4 Inhibitor I enhanced 
the antiangiogenic effects of lenvatinib in vivo, in addition to cell 
cycle arrest and signal transduction inhibition. Several studies have 
reported the involvement of the IL-1 signaling pathway in angio-
genesis. Overexpression of IRAK1 increases vascular endothelial 
growth factor (VEGF) expression and IRAK1/4 Inhibitor I reduces 
VEGF expression in melanoma cell lines.18 Angiogenesis of B16 mel-
anoma is reduced in IL-1β knockout mice compared with that in wild-
type mice.22,23 These findings supported the finding that IRAK1/4 
Inhibitor I enhanced the antiangiogenic effect of lenvatinib.

In the present study, ERK phosphorylation was enhanced by len-
vatinib in ACT-1 cells. Furthermore, treatment with IRAK1/4 Inhibitor 
I was unable to inhibit the enhancement of ERK phosphorylation. 
ACT-1 is a wild-type BRAF ATC cell line that carries the NRAS Q61K 
mutation (Table S1). Dabrafenib has been reported to enhance ERK 
phosphorylation in ACT-1 cells.24 In wild-type BRAF cells carrying the 
NRAS-activating mutation, treatment with a BRAF inhibitor promoted 
the formation of dimeric RAF complexes that activate the MAPK-ERK 
signaling pathway.25 In the present study, lenvatinib may have also 
promoted the formation of the dimeric RAF complex and enhanced 
ERK phosphorylation in ACT-1 cells. In addition, the antiproliferative 
effects of the combined use of lenvatinib and IRAK1/4 Inhibitor I 
in ACT-1 cells were weaker than that seen in 8305C, HTC/C3, and 
8505C cells. The paradoxical enhancement of ERK phosphorylation 
may have contributed to the relatively weaker antiproliferative effect.

Another interesting point is whether the enhanced effect of this 
combination therapy occurs specifically in ATC cells. We evaluated 
the effect of combined treatment with IRAK1/4 Inhibitor I and len-
vatinib in DTC and MTC cells. As a result, IRAK1/4 Inhibitor I did not 
enhance the antiproliferative effect of lenvatinib in DTC and MTC cells 
(Figure S3A). In western blot analysis, IRAK1/4 Inhibitor I did not en-
hance the inhibitory effect on ERK phosphorylation by lenvatinib in 
DTC and MTC cells (Figure S3B). These results suggested that the en-
hanced effect of lenvatinib by the addition of IRAK1/4 Inhibitor I may 
be unique in ATC cells.

In recent years, the widespread use of gene panel testing has 
led to personalized medicine based on genetic mutations in patients 
with ATC. For example, dabrafenib plus trametinib combination 
therapy is used for patients with BRAFV600E-mutated ATC, larotrec-
tinib or entrectinib is used for patients with NTRK fusion gene-
positive ATC, and selpercatinib is used for patients with RET fusion 
gene-positive ATC.5 However, ATC progresses so rapidly that some 
patients may not have enough time to undergo gene panel testing. 
Furthermore, lenvatinib is an important drug for patients with ATC 
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who are not able to investigate these genetic mutations. The pres-
ent study showed that IRAK1/4 Inhibitor I enhanced the effects of 
lenvatinib, regardless of BRAF mutation status (Table S1). The com-
bined use of IRAK1/4 Inhibitor I and lenvatinib may be a promising 
treatment for patients with aggressive ATC.

In conclusion, IRAK1/4 Inhibitor I was identified as a promising 
therapy that enhances the antitumor effects of lenvatinib in ATC.
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