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Abstract 

Tumor metastasis is the major cause of death for prostate cancer (PCa) patients. However, the treatment 
options for metastatic PCa are very limited. Epithelial-mesenchymal transition (EMT) has been reported to be 
an indispensable step for tumor metastasis and is suggested to associate with acquisition of cancer stem cell 
(CSC) attributes. We propose that small-molecule compounds that can reverse EMT or induce 
mesenchymal-epithelial transition (MET) of PCa cells may serve as drug candidates for anti-metastasis therapy. 
Methods: The promoters of CDH1 and VIM genes were sub-cloned to drive the expression of firefly and 
renilla luciferase reporter in a lentiviral vector. Mesenchymal-like PCa cells were infected with the luciferase 
reporter lentivirus and subjected to drug screening from a 1274 approved small-molecule drug library for the 
identification of agents to reverse EMT. The dosage-dependent effect of candidate compounds was confirmed 
by luciferase reporter assay and immunoblotting. Wound-healing assay, sphere formation, transwell migration 
assay, and in vivo intracardiac and orthotopic tumor xenograft experiments were used to evaluate the mobility, 
metastasis and tumor initiating capacity of PCa cells upon treatment. Possible downstream signaling pathways 
affected by the candidate compound treatment were analyzed by RNA sequencing and immunoblotting. 
Results: Drug screening identified Amlexanox, a drug used for recurrent aphthous ulcers, as a strong agent to 
reverse EMT. Amlexanox induced significant suppression of cell mobility, invasion, serial sphere formation and 
in vivo metastasis and tumor initiating capacity of PCa cells. Amlexanox treatment led to downregulation of the 
IKK-ɛ/ TBK1/ NF-κB signaling pathway. The effect of Amlexanox on EMT reversion and cell mobility inhibition 
can be mimicked by other IKK-ɛ/TBK1 inhibitors and rescued by reconstitution of dominant active NF-κB.  
Conclusions: Amlexanox can sufficiently suppress PCa metastasis by reversing EMT through downregulating 
the IKK-ɛ/TBK1/NF-κB signaling axis. 
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Introduction 
According to 2017 cancer statistics, prostate 

cancer (PCa) is one of most common cancers and 
highest causes of cancer-related mortality in men 
worldwide [1]. Tumor metastasis, which remains 
incurable, is the major contributor to PCa-related 
death [2, 3]. Therefore, treatment approaches to target 

prostate tumor metastases are in urgent need. 
Epithelial-mesenchymal transition (EMT), a biological 
process during which cells lose epithelial cell-specific 
characteristics such as cell polarity and cell-cell 
junction, and meanwhile acquire mesenchymal cell 
attributes, is a critical step in the metastasis of various 
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types of tumors including PCa [4]. During the 
initiation of metastasis, tumor cells that undergo EMT 
acquire enhanced mobility and invasiveness to 
disseminate from the primary tumor and enter the 
circulation. Importantly, it has been reported recently 
by other groups and us that EMT endows tumor cells 
with cancer stem cell (CSC)-like traits including the 
ability to regenerate tumor and develop therapeutic 
resistance [5]. Upregulation of master EMT 
transcriptional regulators Zeb1 and Snail has been 
shown to be essential for tumor metastasis and 
enables a transition from non-CSC state to CSC state 
to promote tumorigenicity [6-9]. In addition, we 
demonstrated in a previous study that Zeb1 confers 
castration resistance on PCa cells through induction of 
stem cell-like properties [10]. Therefore, we proposed 
that identification of viable agents to reverse EMT or 
induce MET for the development of targeted therapy 
against tumor metastases and CSC activities is of 
great value and clinical importance.  

The transcriptional factor NF-κB is an important 
regulator of many cellular processes in inflammatory 
immune response, cell proliferation, survival and 
invasion [11]. There are five NF-κB family members in 
mammals: p65 (Rel A), c-Rel, RelB, p50/p105 and 
p52/p100. Nuclear localization and activation of 
NF-κB are blocked by its association with IκB 
proteins. In response to stimuli, IκB kinase (IKK) 
activation results in phosphorylation and subsequent 
degradation of IκB proteins. Released NF-κB subunits 
form heterodimers or homodimers to exert a DNA 
binding effect and transactivate target genes [12, 13]. 
NF-κB is recently reported to play a major role in 
cancer. Constitutive activation of NF-κB has been 
found in a variety of malignancies including PCa, 
pancreatic cancer, glioma, breast cancer, head and 
neck cancer, acute myeloid leukemia, etc [14]. In 
addition to its well-studied role in tumor-related 
inflammation, activation of NF-κB has been 
demonstrated to enhance metastatogenesis via EMT 
[14-17]. The EMT inducer TNFα relies on activation of 
NF-κB and downstream upregulation of Twist1 for its 
tumor metastasis-promoting effect [18, 19]. 
Inactivation of IKKα, an important upstream 
component of the NF-κB signal pathway, inhibits the 
metastatogenesis of PCa in TRAMP mice [20].  

IκB kinase ɛ (IKKɛ) and the IκB kinase-related 
TANK-binding kinase I (TBK1) are non-canonical 
IKKs that activate the NF-κB signal pathway in a way 
distinct from canonical IKKs such as IKKα and IKKβ. 
Several NF-κB effectors including IκBα, IKKβ, p65 
and Crel can be modulated by IKKɛ and TBK1 upon 
stimuli, which facilitates the nuclear translocation of 
NF-κB and transcriptional upregulation of 
downstream genes [21-23]. Recent studies uncovered 

that IKBKE acts as an oncogene, amplification and 
overexpression of which lead to a constitutive 
activation of the NF-κB signaling pathway in breast 
cancer [24]. Deregulated expression of IKKɛ has also 
been reported in various types of cancer [25-30]. In 
addition, IKKɛ is found to promote tumor cell 
invasion and tumor metastasis by elevating EMT [26, 
31]. Therefore, targeting the IKKɛ/TBK1 and NF-κB 
signaling axis may serve as a feasible way to suppress 
tumor metastasis. 

In this study, using a novel high-throughput 
system for small-molecule drug screening, we identify 
Amlexanox, a commonly used clinical drug to treat 
recurrent aphthous ulcers, as a potent agent to reverse 
EMT. Amlexanox administration effectively represses 
PCa cell migration and tumor metastasis in vitro and 
in vivo by inhibition of the NF-κB signal pathway 
through specifically targeting IKKɛ and TBK1.  

Results 
Establishment of a high-throughput drug 
screening system for the discovery of agents to 
reverse EMT  

To reflect and monitor the epithelial or 
mesenchymal status of cancer cells, we established 
lentiviral reporter systems utilizing mCherry or eGFP 
driven by promoter of CDH1 [32] or VIM [33] (Figure 
S1A). The CDH1 gene encodes E-cadherin, an 
essential component in adherent junctions and a 
frequently used epithelial cell marker. The VIM gene 
encodes vimentin, a type III intermediate filament 
protein specifically expressed in mesenchymal cells. A 
PCa cell line PC3 was infected with either 
E-cadherin-mCherry or vimentin-eGFP reporter 
viruses and selected with puromycin or hygromycin 
for generation of stable transfected cell lines. 
qRT-PCR using flow cytometry-sorted eGFP or 
mCherry positive or negative PC3 cells confirmed that 
the fluorescence intensities were well associated with 
the E-cadherin or vimentin expression levels, 
indicating that the reporter driven by promoter of 
CDH1 or VIM can faithfully reflect the endogenous 
gene expression (Figure S1B).  

In order to perform high-throughput screening 
to identify potential agents to reverse EMT, we 
constructed a lentivirus plasmid containing the CDH1 
promoter-driven firefly luciferase and the VIM 
promoter-driven renilla luciferase (Figure 1A). PC3 
was infected with the dual-luciferase reporter 
lentivirus and selected with puromycin for a stable 
transfectant. The dual-luciferase reporter was 
validated by a significant decrease in the ratio of 
E-cadherin-firefly to vimentin-renilla upon treatment 
with a known EMT inducer, TGF-β (Figure 1B).  
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Figure 1. High-throughput drug screening from the approved drug library identifies Amlexanox as a potent compound to reverse EMT. (A) Map of the 
lentiviral dual-luciferase EMT reporter plasmid in which firefly luciferase expression is driven by the CDH1 gene promoter, while renilla luciferase is driven by the VIM promoter. 
(B) The ratio of E-cadherin-firefly to vimentin-renilla luciferase intensities in dual-luciferase reporter lentivirus-infected PC3 cells significantly decreases in response to the potent 
EMT inducer TGF-β (n=24). (C) Selection of single-cell-derived PC3 clones with higher mesenchymal properties. (D) Compared to parental PC3 cells, PC3-clone 4 expresses 
lower levels of epithelial markers E-cadherin and ZO-1, and higher levels of mesenchymal makers vimentin, and N-cadherin and EMT-inducing transcription factor Zeb1. E-cad: 
E-cadherin; N-cad: N-cadherin; Vim: vimentin. (E) Screening of a small-molecule compound library containing 1274 approved drugs on PC3-clone 4 cells identifies 110 
compounds that are able to induce a higher expression of CDH1 promoter-driven luciferase. The Y axis in (A-C) is calculated by dividing individual normalized luciferase values 
by that of vehicle control. (F) Four compounds with greatest effect on EMT reversion from the first drug screening were selected for a dosage dependence test. Amlexanox 
displays a nice dosage-dependent effect on promoting CDH1-firefly luciferase expression. Compound 1: Betamethasone; Compound 2: Aminacrine; Compound 3: Lansoprazole; 
Compound 4: Amlexanox. (G) PC3-clone 4 cells acquire a more flat and polygonal epithelial shape after Amlexanox treatment. Scale bar = 50 μm. (H) Amlexanox treatment 
leads to dosage-dependent downregulation of EMT-inducing transcriptional factors Zeb1 and N-cadherin, and upregulation of epithelial-specific protein E-cadherin both in PC3 
cells and DU145 cells. Unpaired t-test was used for the statistical analysis. ***, P<0.001. Data are presented as mean ± SEM. 
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 Although our previous study revealed that both 
mesenchymal and epithelial cell markers are 
expressed in PC3 cells [10], great heterogeneity 
existed in the cell line. Using limiting dilution, we 
generated single-cell derived clones of luciferase 
reporter PC3 cells in 96-well plates (Figure 1C). 
Clones containing elongated spindle-shaped 
mesenchymal-like cells were picked up and examined 
for their epithelial or mesenchymal status by 
evaluating the intensity of firefly or renilla luciferase. 
PC3-clone 4 was selected for subsequent screening for 
agents to reverse EMT due to its lower expression of 
epithelial-specific proteins E-cadherin and ZO-1, and 
higher expression levels of mesenchymal markers 
vimentin, N-cadherin and Zeb1 (Figure 1D).  

Screening from an approved drug library 
identifies Amlexanox as a potent compound to 
reverse EMT 

We next performed high-throughput screening 
for agents to reverse EMT from an approved drug 
library containing 1274 small molecules on the 
PC3-clone 4 reporter cells. After a 7-day drug 
treatment at a concentration of 10 μM, PC3-clone 4 
cells were collected and tested for firefly luciferase 
activity. To rule out the effect of drug treatment on 
cell viability and proliferation, we normalized the 
luciferase intensity to the cell number determined by 
the cell counting kit-8 assay. We found that 110 out of 
1274 small molecules were able to induce a higher 
expression of CDH1 promoter-driven luciferase 
compared to the vehicle control (Figure 1E). In the 
secondary screening, we used five drug 
concentrations at 10 μM, 5 μM, 1 μM, 100 nM and 20 
nM of the top 4 potent candidates for further 
validation (Figure 1F and Table S2). Amlexanox, a 
drug used for recurrent aphthous ulcers, displayed a 
nice dosage-dependent effect on promoting firefly 
luciferase expression (compound 4 in Figure 1F). We 
then focused on whether Amlexanox can be used as 
an agent to reverse EMT in preventing cancer 
metastasis. 

 Interestingly, we observed that PC3-clone 4 cells 
acquired a more flat, polygonal epithelial-like shape 
after a 7-day treatment of Amlexanox at 5 μM 
compared to the mesenchymal phenotype of the 
vehicle-treated group (Figure 1G). We conducted 
real-time quantitative PCR to evaluate the mRNA 
levels of mesenchymal markers, adhesion molecules 
and integrins upon Amlexanox treatment. As shown 
in Figure S2A, Amlexanox treatment of PC3 cells lead 
to upregulated transcription of adhesion molecules 
(EpCAM, DSP, Claudin1, ZO1 and E-cadherin) and 
suppression of mesenchymal genes and integrin α5. 
Immunoblotting experiments further demonstrated a 

dose-dependent effect of Amlexanox on induction of 
epithelial markers E-cadherin and Claudin1 
expression and on suppression of mesenchymal 
marker N-cadherin as well as the core transcriptional 
factor Zeb1 and Snail for EMT (Figure 1H). 
Suppression of vimentin expression by Amlexanox 
was more obviously detected in DU145 than in PC3. 
Taken together, these observations suggested that 
Amlexanox was a promising agent to reverse EMT. 

Amlexanox suppresses mobility and migration 
of PCa cells 

It has been demonstrated previously by different 
research groups that EMT is an essential step in tumor 
cell invasion and migration [34]. We next determined 
whether Amlexanox would exhibit an inhibitory role 
on cancer cell mobility and migration. As shown in 
Figure 2A-B, Amlexanox treatment led to a marked 
reduction in mobility of PC3 and DU145 cells, as 
characterized by a wound-healing assay. Transwell 
migration experiments further indicated an inhibitory 
effect of Amlexanox on PC3 and DU145 cell migration 
in a dose-dependent manner (Figure 2C-D). We 
further assessed the impact of Amlexanox treatment 
on cell proliferation utilizing the cell counting kit-8 
assay. As shown in Figure 2E, Amlexanox did not 
affect the doubling time of PC3 cells, but exhibited a 
moderate but significant inhibition on DU145 cell 
proliferation. EMT was reported to associate with 
acquisition of tumor-initiating cell (TIC) or CSC 
characteristics [4, 5, 35]. Thus, reversal of EMT may 
compromise the TIC traits of cancer cells. We found 
that treatment of PC3-clone 4 with Amlexanox 
resulted in a striking loss of sphere-forming capacity, 
as determined by a serial sphere assay, a frequently 
used method to evaluate TIC capacity in vitro. Similar 
effects were observed in DU145 and VCaP cells 
(Figure 2F-G and Figure S3A-C).  

Amlexanox significantly inhibits the metastasis 
and tumor-initiating capacity of PCa cells in 
vivo 

To establish a metastatic xenograft tumor model, 
PC3 cells were labeled by infection with a lentivirus 
constitutively expressing a firefly luciferase gene and 
a tomato-Red gene. Stable transfected cells were 
intracardially injected into nude mice and subjected to 
serial in vivo selection of a metastatic subpopulation. 
PC3 cells isolated from the bone marrow of recipient 
mice by FACS sorting were termed PC3-M. We then 
tested whether the reversion of EMT by Amlexanox 
represses tumor cell metastasis in vivo. The PC3-M 
cells were first treated with Amlexanox at 5 μM or 
vehicle for 7 days to inhibit EMT and induce a more 
epithelial state.  
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Figure 2. Amlexanox suppresses mobility and migration of PCa cells in vitro.(A-B) Amlexanox represses the mobility of PC3 and DU145 cells, as characterized by 
a wound healing assay (n=18). Scale bar = 100 μm. (C-D) Amlexanox treatment causes dose-dependent suppression of PC3 and DU145 cell transwell migration in the Boyden 
chamber assay (n=3). Scale bar = 50 μm. (E) Moderate effect of Amlexanox on PC3 and DU145 cell proliferation via cell counting kit-8 (n=6). (F-G) The serial sphere generation 
capacities of PC3 and the sphere formation ability of DU145 cells were markedly inhibited by Amlexanox treatment (n=3). Scale bar = 100 μm. Unpaired t-test was used for the 
statistical analysis. *, P<0.05; **, P<0.01; ***, P<0.001. Data are presented as mean ± SEM. 
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Figure 3. Amlexanox represses the metastasis of PCa cells in vivo. (A-C) Pretreatment with Amlexanox significantly suppresses the metastases formation of PC3-m 
cells (Amlexanox group: n=6; DMSO group: n=5). Quantitative analysis of the total photon flux is shown in Figure 3C (mean of each metastasis). (D) Immunochemical staining 
of human nuclei in sections of mouse femurs. Human nuclei were stained by the anti-nuclei antibody (Merck MAB1281, clone 235-1) that only recognizes the human-specific 
nucleus to identify the human prostate cancer cells in the mouse xenograft models. Positively stained cells are indicated by arrowheads. Scale bar = 20 μm. (E) Amlexanox does 
not exert toxicity when administered systemically to mice even at a high dosage of 30 mg/kg. Different doses of Amlexanox were injected intra-peritoneally to nude mice twice 
a week for 2 weeks to see toxicity. Alterations in body weight was not detected upon Amlexanox treatment. (F) Amlexanox treatment resulted in a decrease of the in vivo 
tumor-initiating ability of PC3 cells by the limited dilution assay. Unpaired t-test was used for the statistical analysis. *, P<0.05. Data are presented as mean ± SEM. 

 
Nude mice transplanted with pretreated PC3-M 

cells continued to receive 30 mg/kg Amlexanox or 
vehicle treatment via intraperitoneal injection twice a 
week for 2 weeks. As indicated in Figure 3A-B, the 
incidence of metastatic tumor formation in 
Amlexanox-treated mice (1/6) was far lower than in 

the control group (4/5). Quantitative analysis of in 
vivo bioluminescence imaging data also showed a 
marked reduction of metastatic activity in the 
Amlexanox-treated group (Figure 3C). 
Immunochemical staining of the human nucleus 
further substantiated that metastasis of PC3 cells 
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could be readily detected in femurs with specific 
human nucleus staining from vehicle-treated mice but 
not in xenograft recipients receiving Amlexanox 
(Figure 3D). Of note, this anti-metastatic effect of 
Amlexanox is not due to toxicity, as we did not 
observe body weight loss or major organ weight 
change in mice treated with 30 mg/kg Amlexanox 
(Figure 3E and Table 1). We next asked whether 
Amlexanox may exert a similar inhibitory impact on 
PC3-M cell metastasis in vivo without pretreatment in 
vitro. For that purpose, untreated PC3-M cells were 
implanted into nude mice via intracardiac injection. 
Amlexanox was given to recipient mice at 30 mg/kg 
via i.p. injection twice a week for 2 weeks starting 
from one week after the inoculation. As shown in 
Figure S4B-C, the incidence of tumor metastasis 
development was lower in mice that received 
Amlexanox (1/5) compared to the control group 
(3/5).  

 

Table 1. Tissue weight of major organs upon Amlexanox 
treatment. 

Tissue Weight (g) Control Amlexanox (30 mg/kg) P-Value 
Liver 1.6510 ± 0.0649 1.5990 ± 0.0915 0.6630 
Lung 0.1563 ± 0.0099 0.1850 ± 0.0053 0.0634 
Heart 0.1695 ± 0.0049 0.1732 ± 0.0285 0.9045 
Spleen 0.1890 ± 0.0487 0.1315 ± 0.0193 0.3343 
Kidney 0.5067 ± 0.0472 0.4608 ± 0.0064 0.3903 
Testis 0.1801 ± 0.0136 0.1784 ± 0.0025 0.9064 
Prostate & Seminal Vesical 0.1875 ± 0.0705 0.1173 ± 0.0215 0.3946 

 
The intracardiac injection of PC3-M cells allowed 

efficient and quick generation of tumor metastasis in 
vivo. However, in this model, two major steps of 
metastasis, which include invasion of the cancer cells 
into the stroma and penetration into circulation, were 
skipped. We therefore determined to assess the effect 
of Amlexanox on tumor metastasis utilizing an 
orthotopic xenograft model. Tomato-Red 
reporter-expressing PC3-M cells were injected into the 
left anterior lobe of nude mouse prostates. Amlexanox 
or vehicle treatment was given to recipients twice a 
week for 3 weeks from one week after the inoculation. 
Examination of the tomato-Red signal from the right 
anterior lobe of prostates enabled detection of 
metastatic PCa cells. As shown in Figure S4D, the 
mice receiving Amlexanox treatment displayed a 
lower frequency in metastasis formation (1/5) 
compared to the control groups (4/5). Taken together, 
these data suggested that Amlexanox achieved great 
anti-metastatic efficacy in PCa xenograft mouse 
models. 

To further test the postulation that Amlexanox 
may negatively regulate the tumor-initiating capacity 
of PCa cells in vivo, we utilized a limiting dilution 
xenograft assay in which 1×103, 1×104 or 1×106 PC3 
cells were implanted subcutaneously into nude mice. 

As shown in Figure 3F and Table 2, Amlexanox 
treatment led to a significant suppression on tumor 
formation incidence with the most striking effect 
observed in the 1000 cell xenograft group. 
Considering that we did not detect a significant effect 
of Amlexanox on PC3 cell proliferation in vitro, we 
proposed that the different tumor-forming incidence 
and tumor size of vehicle- and Amlexanox-treated 
groups were caused by suppression of 
tumor-initiating cells upon Amlexanox treatment. 
However, we could not exclude the possibility that 
Amlexanox may affect tumor microenvironment and 
inhibit PC3 cell growth in vivo indirectly. 

 

Table 2. Tumor initiating frequency in the limited dilution assay. 

Cells transplanted Treatment Tumors  
1×106 Vehicle i.p. 7/7 

Amlexanox i.p. 7/7 
1×104 Vehicle i.p. 6/7 

Amlexanox i.p. 5/7 
1×103 Vehicle i.p. 5/7 

Amlexanox i.p. 1/7 
 

The anti-metastasis effect of Amlexanox is 
dependent on the IKKɛ/TBK1/ NF-κB signaling 
axis 

To uncover the mechanism underlying the 
inhibitory effect of Amlexanox on metastasis, we 
performed RNA sequencing to compare the 
transcriptional difference between Amlexanox- and 
vehicle-treated PCa cells. Consistent with our 
observations, gene set enrichment analysis (GSEA) of 
the RNA-seq data indicated a suppression of CDH1 
targets and metastasis-related gene expression upon 
Amlexanox treatment (Figure 4A). Amlexanox was 
previously reported to act as a specific inhibitor of 
IKKɛ and TBK1, two non-canonical IKKs in the NF-κB 
pathway, by competitively binding to their ATP 
binding domain [36]. Meta-analysis of sequencing or 
microarray data sets from the cBioportal and 
Oncomine databases showed amplification and 
transcriptional upregulation of IKBKE and TBK1 in 
human prostate cancer samples (Figure S5A-B). In 
addition, components of NF-κB pathway including 
NFKB1, NFKB2, Rel A and Rel B were found to be 
significantly co-expressed with IKBKE and TBK1 in 
PCa patient samples (Figure S5C). Kyoto 
Encyclopedia of Genes and Genomes (KEGG) and 
GSEA analysis of our RNA-seq data revealed that the 
NF-κB pathway was the most significantly affected 
signaling pathway by Amlexanox treatment (Figure 
4B-C). We therefore hypothesized that Amlexanox 
may reverse EMT through inhibition of the 
IKKɛ/TBK1/NF-κB signaling axis.  
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Figure 4. The anti-metastasis effect of Amlexanox acts through the IKKɛ/TBK1/NF-κB signaling axis. (A-B) GSEA analysis of RNA-seq data indicates 
downregulation of metastasis-associated signature genes and increased expression of genes in the NF-κB signaling pathway in Amlexanox-treated PC3 cells. (C) KEGG analysis 
of RNA-seq data from PC3 cells treated with Amlexanox or vehicle. (D) PC3-clone 4 displays a higher activation of IKKɛ/TBK1/NF-κB pathway. (E) Amlexanox treatment 
inhibits activation of the NF-κB pathway and induces MET. 
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We first assessed the expression and activation 
of components of the IKKɛ/TBK1/NF-κB signaling 
pathway and other IKKs in the mesenchymal-like 
PC3-clone 4 and its parental cells. Interestingly, we 
found that TBK1 and the phosphorylated levels of 
IKKɛ and TBK1 were notably higher in PC3-clone 4 
compared to its parental cell line (Figure 4D). Two 
previously reported targets of IKKɛ/TBK1 activation 
[37], phosphorylated-IRF3 and ISG54, were 
comparable between PC3-clone 4 cell line and its 
parental cell line, while the total IRF3 level was 
downregulated in PC3-clone 4 cells (Figure 4D). 
Instead, we detected a marked increase of 
phosphorylated-NF-κB p65 subunit, which can be 
activated downstream of IKKɛ and TBK1, in 
PC3-clone 4 cells (Figure 4D). IKKα and IKKβ, two 
canonical regulators of NF-κB signaling pathway, 
however, were expressed and phosphorylated at 
similar levels between PC3-clone 4 cell line and its 
parental cell line, suggesting the upregulation of 
NF-κB activation was caused by IKKɛ/TBK1 but not 
IKKα and IKKβ (Figure 4D). Taken together, these 
data indicated a constitutive upregulation of 
IKKɛ/TBK1/NF-κB signaling in the PCa cells that 
underwent EMT.  

We then investigated the impact of Amlexanox 
treatment on IKKɛ/TBK1/NF-κB signaling. As shown 
in (Figure 4E), Amlexanox downregulated the 
phosphorylation levels of IRF and p65, two common 
IKKɛ/TBK1 targets in PC3-clone 4 cells. In contrast, 
the phosphorylation of IKKα and IKKβ were not 
affected. To determine whether inhibition of 
IKKɛ/TBK1 was responsible for the metastasis- 
suppressing effect of Amlexanox, we tested the 
impact of IKKɛ and/or TBK1 knockdown on EMT and 
cell migration. PC3-clone 4 cells stably transfected 
with shIKKɛ and/or shTBK1 displayed decreased p65 
phosphorylation and expression of N-cadherin and 
Zeb1 and increased expression of epithelial markers 
E-cadherin and ZO1. A synergistic effect of the 
combination of shIKKe/shTBK1 was detected on 
N-cadherin and ZO-1 expressions, but not so 
obviously on E-cadherin (Figure 5A). Furthermore, 
similar to Amlexanox, IKKɛ and/or TBK1 knockdown 
or treatment with two other IKKɛ/TBK1 antagonists, 
In-1 or 67307, displayed strong reversion of EMT, cell 
mobility, transwell migration and sphere forming of 
PC3-clone 4 (Figure 5B-E and Figure S6). Collectively, 
these observations indicated that Amlexanox can 
inhibit IKKɛ/TBK1/NF-κB signaling pathway, which 
plays an essential role in promoting EMT and prostate 
tumor cell mobility.  

 We next performed additional rescue 
experiments. As shown in Figure 6A, introducing 
ectopic expression of a dominant active form of p65 

(phosphorylation mimic mutation at Ser536 of p65 
[38]) abrogated the EMT-reversing effects of 
Amlexanox. The inhibition of cell migration, wound 
healing and sphere formation by Amlexanox could 
also be overridden by p65S536D expression (Figure 
6B-D). These data further substantiated our 
conclusion that Amlexanox reversed EMT by 
targeting the NF-κB signaling axis. 

Discussion 
In the current study, we designed and 

established a luciferase reporter system utilizing the 
cis-regulatory elements of CDH1 and VIM genes to 
drive the expression of firefly or renilla luciferase 
reporter to successfully monitor the epithelial or 
mesenchymal status of PCa cells. Based on this 
system, high-throughput screening from an approved 
small-molecule drug library lead to the discovery of 
Amlexanox as a strong agent to reverse EMT. We find 
that Amlexanox exerts a profound inhibitory effect on 
serial sphere formation, invasion and migration of 
PCa cells. Systemic administration of Amlexanox 
markedly suppressed the metastasis and tumor 
initiating capacity of PCa in vivo. Mechanistically, we 
further demonstrate that the EMT-reversing and 
tumor metastasis-suppressing effect of Amlexanox 
relies on inhibition of the IKKɛ/TBK1/NF-κB 
signaling axis.  

Due to the significance of EMT in tumor 
metastasis and cancer stem cells, other research 
groups have also made efforts in search of EMT 
inhibitors or MET inducers. However, small-molecule 
drug candidates with favorable in vivo tolerance and 
good pharmacodynamics are still lacking. Dr. Robert 
A. Weinberg’s group recently used a luciferase-based 
system to screen possible small molecules to induce 
endogenous expression of CDH1 from a 400 
compound library. They found two candidate 
compounds, forskolin and cholera toxin, that acted to 
increase the levels of adenosine 3′,5′-monophosphate 
(cAMP) and subsequently to activate protein kinase A 
(PKA), and can induce MET in mesenchymal-like 
mammary epithelial cells [39]. Despite the good in 
vitro effects of forskolin and cholera toxin on 
suppression of mesenchymal characteristics, cell 
mobility and on regain of epithelial cell traits, in vivo 
usage of those compounds was infeasible because of 
their toxicity or poor pharmacodynamics. On the 
other hand, in medicinal chemistry, repositioning of 
current clinical drugs or those chemical compounds 
that are used in clinical trials may serve as an 
attractive approach for anti-EMT drug discovery 
owing to their good in vivo safety and known 
pharmacokinetics and pharmacodynamics [40].  
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Figure 5. IKKɛ/TBK1 axis plays a positive role in inducing EMT. (A) IKKɛ, TBK1 or IKKɛ/TBK1 knock-down leads to downregulation of the NF-κB signaling pathway, 
mesenchymal marker N-cadherin and EMT transcriptional factor ZEB1 and to upregulation of epithelial markers E-cadherin and ZO-1 in PC3 cells. (B) Amlexanox represses the 
mobility of PC3 cells characterized by the wound healing assay (n=9). Scale bar = 100 μm. (C) IKKɛ, TBK1 or IKKɛ/TBK1 knock-down suppresses PC3 cell transwell migration 
in the Boyden chamber assay (n=3). Scale bar = 50 μm. (D-E) Sphere generation capacities were inhibited by IKKɛ, TBK1 or IKKɛ/TBK1 knock-down (n=3). Scale bar = 50 μm. 
Unpaired t-test was used for the statistical analysis. *, P<0.05; **, P<0.01; ***, P<0.001. Data are presented as mean ± SEM. 
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Figure 6. The dominant active form of p65 abrogates the reversion of EMT and inhibition of cell mobility of PCa cells by Amlexanox. (A) Ectopic expression 
of dominant active p65 on PC3 cells abrogates the EMT-suppressing effects of Amlexanox. (B) p65S536D expression overrides the inhibitory impact of Amlexanox on PCa cell 
migration in the Boyden chamber assay (n=3). (C) p65S536D expression abrogates the suppression of Amlexanox on PCa cell mobility by the wound healing assay (n=9). Scale 
bar = 100 μm. (D) The inhibitory effect of Amlexanox on the sphere forming ability of PCa cells is overridden by the ectopic expression of dominant active p65 (n=3). Scale bar 
= 50 μm. Unpaired t-test was used for the statistical analysis. *, P<0.05; **, P<0.01; ***, P<0.001. Data are presented as mean ± SEM. 

 
In the present study, we screened an existing 

drug library and identified Amlexanox, which is used 
for recurrent aphthous ulcers treatment, as a potent 
agent to reverse EMT in PCa cells. Amlexanox 
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treatment achieves great anti-metastasis and 
anti-tumor initiating effect without obvious toxicity in 
mouse xenograft models. These results suggest a 
promising repositioning of Amlexanox for the 
treatment of metastatic PCa. However, although work 
in our lab and other groups demonstrated that EMT 
promotes tumor-initiating cell activities, tumor 
metastasis and development of castration resistance 
[10, 41-43], other studies also suggested that EMT may 
not be required for tumor metastasis but is essential 
for tumor chemoresistance in lung and pancreatic 
cancers [44, 45]. Therefore, the potential clinical 
application of Amlexanox on tumor metastasis in 
broader tumor types in addition to prostate cancer 
needs to be further evaluated. 

We demonstrated via biochemical analysis that 
IKKε/TBK1/NF-κB signaling is upregulated in PC3 
cells that have undergone EMT. Constitutive 
activation of NF-κB signaling was reported to be 
required for EMT and metastatogenesis [46-48]. We 
show here that the EMT reversion and anti-metastasis 
effects of Amlexanox are exerted through targeting 
IKKε/TBK1, which subsequently leads to repression 
of NF-κB signaling. Interestingly, IKKε has been 
identified as an oncogene in breast cancer [24]. Gene 
amplification or overexpression of IKKε and 
deregulation of downstream NF-κB has been detected 
in human breast cancers. IKKε knockdown resulted in 
severe suppression of breast cancer cell survival and 
proliferation. Consistently, we observe a moderate 
but significant increase of DU145 cell doubling time 
upon treatment with Amlexanox. In addition, the 
positive role of NF-κB in tumor-related inflammation 
has been shown [12, 17]. Both tumor-promoting and 
suppressive roles of inflammation were reported in 
various tumor types [49-51]. The impact of 
Amlexanox on inflammatory tumor 
microenvironment and on tumor progression in 
immunocompetent mouse models awaits further 
investigation.  

In conclusion, we demonstrate in this study that 
the TBK1/IKKε inhibitor Amlexanox can be used as a 
potent agent to reverse EMT. The reversion of 
mesenchymal-like PCa cells back to the epithelial state 
by Amlexanox is accompanied by a loss of in vivo 
metastatic and tumor-initiating ability. These results 
highlight the great potential of Amlexanox as an 
anti-metastatic agent or in combinational therapies 
with other interventional approaches for the 
treatment of advanced PCa.  

Methods 
Cell culture and treatment 

PC3 and DU145 cell lines were purchased from 
ATCC. VCaP cells were kindly provided as a gift by 

Dr. Dong Gao at Shanghai Institute of Biochemistry 
and Cell Biology, Chinese Academy of Sciences. The 
cell lines have been recently authenticated by short 
Tandem Repeat (STR) profiling at the Shanghai 
Biowing Applied Biotechnology Company. Both cell 
lines were cultured in Dulbecco’s modified Eagle’s 
medium (Gibco) containing 10% fetal bovine serum 
and 80 U/mL penicillin and streptomycin. TGFβ 
(PeproTech, 100-21c) was used to induce EMT at 100 
ng/mL. In the drug screening or confirmation 
experiments, cells were treated with indicated 
concentrations of Amlexanox (TargetMol, T1639), 
DMSO or IKKɛ/TBK1 inhibitors MRT67307 (termed 
67307, Medchemexpress, HY-13018) or IKK-IN-1 
(termed In-1, Medchemexpress, HY-13873) for 7 days. 
Drug-containing medium was refreshed every 3 days.  

Construction of lentiviral plasmids 
For the construction of the dual-luciferase 

reporter lentiviral plasmids, we first synthesized a 
scaffold DNA fragment that contained elements of 
XhoI-HindIII-XbaI-SV40 late polyA-Spacer-ClaI- 
NheI-AvrII-SV40 late polyA-XhoI via 
chemosynthesis. The scaffold DNA fragment was 
then cloned into the pBlunt-Zero Vector (Transgene) 
according to the manufacturer’s instruction to 
generate a vector plasmid. The coding sequences of 
luciferase and renilla, flanked with restriction sites 
HindIII/XbaI and NheI/AvrII respectively, were 
obtained by PCR amplification using the high-fidelity 
DNA polymerase Q5TM (NEB). Vectors pGL3-basic 
and pRL-CMV were used as templates to clone 
Luciferase and Renilla. The human VIM promoter and 
CDH1 promoter were amplified by genomic PCR and 
cloned into the pBlunt-Zero vector flanked with 
restriction sites of ClaI/NheI and XhoI/HindIII 
respectively. The dual-fluorescence reporter lentiviral 
plasmid was re-constructed from the dual-luciferase 
reporter lentiviral plasmid by replacing the luciferase 
and renilla with mCherry- and eGFP-coding 
sequences respectively. 

The sequences of IKKɛ and TBK1 shRNA (IKKɛ: 
GAGCTATCTCACCAGCTCC; TBK1: GACAGAAGT 
TGTGATCACA) were cloned to the pSUPER vector, 
which was a gift from Dr. Tom Maniatis (# 26210, 
Addgene plasmid) to knock down the expression of 
IKKɛ or TBK1 or IKKɛ/TBK1. P65 wt and p65S536D 
were constructed following previously reported 
methods [38]. 

Validation of the EMT-indicator system 
To evaluate whether the EMT fluorescent or 

luciferase reporter can reflect the endogenous 
E-cadherin or vimentin gene expression level, PC3 
cells were infected with the EMT fluorescent or 
luciferase reporter lentiviruses and were subjected to 
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selection for a stably transfected cell line. mCherry+ or 
GFP+ cells from PC3 transfected with the EMT 
fluorescent reporter virus were FACS sorted for RNA 
extraction. Real-time quantitative PCR was used to 
evaluate the correlation of E-cadherin or vimentin 
expression levels with mCherry or GFP levels in 
sorted cells. To validate the EMT luciferase reporter, 
TGFβ (PeproTech, 100-21c) was used to induce EMT 
of the EMT luciferase reporter virus-transfected PC3 
cells at 100 ng/mL for 7 days. Cells were lysed and 
subjected to luciferase activity measurement 
according to the manufacturer’s instruction 
(Dual-Glo, Promega, E2920). Ratiometric 
measurement was calculated by dividing the intensity 
of firefly luciferase by the intensity of renilla 
luciferase. 

Drug screening 
For the high-throughput drug screening, 1000 

PC3-clone 4 cells were seeded into 96-well plates. 
Twenty-four hours later, cells were treated with 
individual compounds at a concentration of 10 μM. 
Drug-containing medium was refreshed every 3 days. 
Seven days later, cell number in each well was 
quantified by the cell proliferation assay as described 
in detail below. Cell proliferation assay was carried 
out using the cell counting kit-8 according to the 
manufacturer’s instruction (Dojindo, CK04). The 
plates were then washed with phosphate buffered 
saline (PBS) twice, and subsequently subjected to the 
luciferase activity test following the manufacturer’s 
instructions (ONE-Glo, Promega, E6110). The 
approved drug library (L1000) was purchased from 
TargetMol. All cell proliferation and luciferase assays 
were performed in triplicate. Luciferase intensity was 
measured using the GloMax Discover System 
(Promega). 

Immunoblotting and immunofluorescent 
staining  

Immunoblotting and immunofluorescent 
staining were performed using conventional methods 
as previously reported [52]. The primary and 
secondary antibodies used in the study are list in 
Table S1. 

Wound healing assay and Transwell migration 
experiment 

For the wound healing assay, cells (pretreated 
with Amlexanox or DMSO for 7 days) were seeded 
into 6-well culture plates (Corning). When the cells 
reached confluence, the culture medium was replaced 
with DMEM medium without serum to minimize cell 
proliferation. A pipette tip was used to make a 
straight scratch. The cell scratch was examined and 

photographed under a light microscope at 0 h, 12 h 
and 24 h. Cell-free area were quantified by ImageJ 
software. For the transwell migration experiment, 
cells (pretreated with Amlexanox or DMSO for 7 
days) were seeded into the upper chamber of 24-well 
transwell plates (6.5 mm insert, 8.0 μm pores, costar 
3422) with 100 μL serum-free medium. 500 μL 10% 
FBS-supplemented medium was added to the lower 
chamber. Amlexanox or DMSO were added to the 
culture medium at indicated concentrations. Cells 
were removed from the upper surface of the chamber 
using a cotton swab after 24 to 48 h. The migrated cells 
on the chamber bottom were fixed with 4% PFA and 
stained with crystal violent for visualization. Three 
fields per chamber were photographed for migrated 
cell quantification. 

Sphere formation assay 
Single PCa cells were resuspended in sphere 

culture medium (DMEM/F12 medium supplemented 
with 2% B27 (Gibco, 17504044), 1% N2 (Gibco, 
17502001), 20 ng/mL fibroblast growth factor 
(PeproTech, 100-18B) and 20 ng/mL epidermal 
growth factor (PeproTech, AF-100-15-100), mixed at a 
1:1 ratio with Matrigel (BD, 356234), and then seeded 
in 24-well culture dishes (Costar) at 1000 cells/well in 
a volume of 200 μL. Spheres formed were examined 
and photographed under a light microscope after 10 
days. For serial sphere formation assay, spheres were 
harvested by centrifugation and digested with 
TrypLE for 5 min to obtain single cell suspensions. 
Secondary spheres were generated as described 
above.  

Animal studies 
Animal experiments were conducted following 

protocols approved by Ren Ji Hospital’s committee on 
animal care. For the limited dilution assay, PCa cells 
were implanted subcutaneously at indicated cell 
numbers. Amlexanox (30 mg/kg) or vehicle was 
administered by intraperitoneal injection twice a 
week starting from 1 week after implantation. Tumors 
were harvested and imaged one month later. For 
intracardiac injection of PCa cells, cells were washed 
twice with DMEM, re-suspended in 100 μL PBS at 
1×107/mL and injected into the left ventricle of 
8-week-old male nude mice (Shanghai SLAC 
Laboratory Animal) anesthetized by tribromoethyl 
alcohol (Sigma, T48402). In orthotopic tumor 
xenograft models, 1×106 cells were suspended in 20 μL 
50% Matrigel and injected into the left anterior lobe of 
anesthetized 8-week-old male nude mice. Mice 
received Amlexanox (30 mg/kg) or vehicle by 
intraperitoneal injection twice a week starting from 1 
week after tumor implantation. Three weeks later, the 
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mice were administrated 150 mg/kg D-luciferin 
(ThermoFisher, L2916) via intraperitoneal injection, 
then anesthetized and imaged using a Caliper IVIS 
bioluminescence system (Caliper LifeScience. USA).  

RNA sequencing and analysis 
Total RNA were extracted from PC3 cells treated 

with Amlexanox or vehicle using the Quick RNA 
MicroPrep kit (Zymo research, USA). Libraries were 
prepared using the NEBNext Ultra RNA Library Prep 
Kit for Illumina (NEB, USA) according to the 
manufacturer's instructions. The sequencing of 
libraries was performed using the Illumina HiSeq 
platform to generate 150 bp paired-end reads. After 
removal of adaptor sequences and poor quality 
sequences, clean reads were analyzed utilizing the 
TopHat-Cufflinks-Cuffmerge-Cuffdiff pipeline with 
default parameters. TopHat v2.0.13 was used to map 
the reads to the homo sapiens GRCh38 reference 
genome. Significance of differential gene expressions 
were defined by fold change between two groups of 
more than 1 and p-values less than 0.05. We further 
used the GO functional enrichment and KEGG 
analysis to annotate data with the Database for 
Annotation, Visualization and Integrated Discovery 
(DAVID) v6.8 (https://david.ncifcrf.gov/). 
Significance was calculated using a modified Fisher's 
exact test. The RNA-seq dataset was deposited to the 
GEO database with the accession number GSE110206. 

Statistical analysis 
The statistical analyses in this manuscript were 

performed between two groups of independently 
selected and identically distributed samples; 
therefore, we used unpaired Student’s t-test and 
considered p-values <0.05 as statistically significant. 
All statistical analyses were performed using the 
Graphpad Prism 5 software. Data are presented as 
mean ± SEM (n≥3) 

Data and materials availability 
The RNA-seq dataset can be found in the GEO 

database with the accession number GSE110206. 
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