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The in vitro anticancer effects of FS48 from salivary glands 
of Xenopsylla cheopis on NCI-H460 cells via its blockage of 

voltage-gated K+ channels

ABSTRACT

Voltage-gated K+ (Kv) channels play a role in the cellular 
processes of various cancer cells, including lung cancer 
cells. We previously identified and reported a salivary pro-
tein from the Xenopsylla cheopis, FS48, which exhibited inhi-
bitory activity against Kv1.1-1.3 channels when assayed in 
HEK 293T cells. However, whether FS48 has an inhibitory 
effect on cancer cells expressing Kv channels is unclear. The 
present study aims to reveal the effects of FS48 on the Kv 
channels and the NCI-H460 human lung cancer cells 
through patch clamp, MTT, wound healing, transwell, gela-
tinase zymography, qRT-PCR and WB assays. The results 
demonstrated that FS48 can be effective in suppressing the 
Kv currents, migration, and invasion of NCI-H460 cells in a 
dose-dependent manner, despite the failure to inhibit the 
proliferation. Moreover, the expression of Kv1.1 and Kv1.3 
mRNA and protein were found to be significantly reduced. 
Finally, FS48 decreases the mRNA level of MMP-9 while 
increasing TIMP-1 mRNA level. The present study high-
lights for the first time that blood-sucking arthropod saliva- 
-derived protein can inhibit the physiological activities of 
tumour cells via the Kv channels. Furthermore, FS48 can be 
taken as a hit compound against the tumour cells express-
ing Kv channels.

Keywords: lung cancer; Kv channels; FS48; NCI-H460 cells; 
anticancer

As a type of ion channel commonly expressed in cells, voltage-gated K+ (Kv) channels 
play a critical role in the process of cellular signal transmission for both excited cells and 
non-excited cells, like Ca2+ signal transmission, action potential repolarization, hormone 
secretion, and cell volume regulation (1–3). Due to their significance to the above-men-
tioned physiological processes, Kv channels provide an ideal target for the development of 
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some new therapeutic drugs related to anticancer, autoimmune, neurological, metabolic, 
and cardiovascular diseases.

Lung cancer is currently the malignant tumour with the highest morbidity and mor-
tality around the world, non-small cell lung cancer (NSCLC) in particular has been the 
main cancer kind globally and caused the death of more than 1.7 million annually (4, 5). 
Lung carcinoma metastasizes to important organs, such as bone, brain, lung, and liver 
greatly contributes to the high cancer mortality and its crucial steps include cell migration 
and invasion (6–9). Thus, their suppression is a matter of importance for the treatment of 
NSCLC. Despite significant progress made in recent years regarding the targeted drugs 
intended for the treatment of lung cancer, there are still no effective treatment drugs 
 available for most patients with advanced lung cancer, especially those with metastatic 
 advanced lung cancer (10–13). More and more studies have shown that ion channels are 
closely related to the proliferation, migration and metastasis of cancer and have key roles 
in multiple signalling pathways (14). For example, voltage-gated sodium channels (VGSCs) 
can enhance extracellular matrix (ECM) degradation and facilitate the metastasis of vari-
ous carcinomas (15–18). Meanwhile, the role of Kv channels in tumour proliferation and 
growth has been demonstrated as applicable to a variety of cancer, including prostate 
cancer, colon cancer, lung cancer, and breast cancer (19–23). Therefore, regulating the 
 activity of ion channels is one of the viable solutions for the anticancer treatment.

To overcome the host’s defence response and feed, blood-sucking arthropods usually 
secret a rich mixture of pharmacologically active proteins from their glands. So far, there 
have been hundreds of different peptides and proteins responsible for regulating the 
hemo static, immune, and inflammatory response of host animals that have been identified 
and extracted from the salivary glands of blood-sucking arthropods (24, 25). Some of them 
can produce significant anticancer effects, such as suppressing the proliferation of tumour 
cells, inducing cell apoptosis, inhibiting angiogenesis, and reducing the proliferation of 
endothelial cells (26). Especially, FS50, a Nav1.5 channel blocking peptide from salivary 
glands of Xenopsylla cheopis has been reported to inhibit the motility of MDA-MB-231 
 human breast cancer cells via suppressing the Nav1.5 channel (27). In previous studies, we 
identified a potassium channel inhibitor, FS48, from the salivary gland of X. cheopis, which 
contains an atypical dyad motif and can dose-dependently inhibit the Kv1.1-1.3 channels 
expressed in Raw 264.7, Jurkat T and HEK 293T cells (28,29). Kv1.1 and Kv1.3 have been 
 reported to be detected in HCI-H460 cells and are considered potential therapeutic targets 
(23, 30). In this study, we confirm that FS48 can inhibit the motility of NCI-H460 human 
lung cancer cells through the suppression of Kv currents and regulation of MMP-9 and 
TIMP-1 expression.

EXPERIMENTAL

Chemicals

Fetal bovine serum (FBS), RPMI-1640 medium, phosphate-buffered saline (PBS), 
streptomycin/penicillin, and 0.25 % trypsin-EDTA were purchased from Gibco (USA). 
 Human lung cancer cell line NCI-H460 was purchased from CTCC (China) and cultured 
at 37 °C in a humidified 5 % CO2 atmosphere in RPMI-1640 medium containing 10 % FBS 
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and 1 % streptomycin/penicillin. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 
bromide (MTT) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich 
(USA). Primary antibodies against Kv1.1 and Kv1.3 were purchased from Alomone Labs 
(Israel), and β-actin was purchased from Abcam (USA). TRIzol was purchased from Life 
Technologies (USA).

Expression and purification FS48

FS48 was expressed and purified as described in our previous studies and finally dis-
solved in water and stored at –80 °C until use (28). SDS-PAGE analysis showed a protein 
purity greater than 95 %.

Cell viability assay

The effect of FS48 on NCI-H460 cell viability was determined by the MTT assay as 
reported in our previous paper (31). Briefly, NCI-H460 cells (5 × 103 cells/well) were seeded 
into 96-well plates and treated with 0, 2, 4, 8, or 16 μM of FS48 and incubated for 24, 48, and 
72 h, respectively. Following incubation, the cells were incubated with 10 μL MTT solution 
(5 mg mL–1 in PBS) for another 4 h to form formazan crystals in live cells. The formed 
formazan crystals were dissolved in DMSO, and then the absorbance was read at 570 nm 
by a microplate reader (Tecan, Switzerland). All experiments were repeated three times.

Cell migration assay

The in vitro wound healing assay was performed to investigate the effect of FS48 on 
cell migration activity. NCI-H460 cells were seeded at 5 × 105 cells per well into a 6-well 
plate and grown in a serum-free medium at 37 °C. The next day cell cultures were scratched 
using a P200 pipette tip. The supernatant was removed, and the cells were washed with 
serum-free medium three times before being incubated with 16 μmol L–1 FS48 for 24 and 
48 h. Representative photographs were taken at 0, 24, and 48 h at the same position of each 
cell well by an inverted microscope (Zeiss, Germany), and the migration index (MI) was 
calculated as MI = 1 – (Wt/W0) × 100 %, where Wt is the width of the wounds at 24 or 48 h, 
W0 is the width of the wounds at 0 h.

Cell invasion assay

Cell invasion was performed with a transwell chamber (Corning, USA) as described 
previously (27). Briefly, 1 × 105 NCI-H460 cells were loaded into the upper chamber after 
incubation with 0, 2, 4, 8, and 16 μmol L–1 FS48 in RPMI-1640 medium without FBS for 1 h. 
And the lower chamber was filled with RPMI-1640 medium containing 10 % FBS. Cells 
were allowed to migrate for 24 or 48 h at 37 °C before fixation. The top of the transwell was 
cleared of cells using a cotton swab. The cells that moved to the lower chamber were 
stained with crystal violet and photographed by an inverted microscope. The dye was 
solubilized from the cells using 10 % (V/V) acetic acid, and the relative absorbance was 
quantified using a multifunction microporous plate reader reading at 570 nm. The fraction 
of cell invasion inhibition was calculated by normalizing it to control cells. All experi-
ments were repeated three times.
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Electrophysiological measurement

Whole-cell Kv currents of NCI-H460 cells were measured using Sutter Patch Amplifier 
model IPA (Sutter Instrument, USA) controlled by Igor 7 software (WaveMetrics, USA) (28). 
The external solution contains (in mmol L–1): 5.9 KCl, 2.2 CaCl2, 137 NaCl, 10 HEPES, 1.2 
MgCl2, and 14 d-glucose (adjusted to pH 7.3 with KOH) and the pipette solution contains (in 
mmol L–1): 140 KF, 4 MgCl2, 1 EGTA, 2 Na2ATP, and 10 HEPES (adjusted to pH 7.3 with KOH). 
Kv currents were elicited by a 100 ms depolarization to +25 mV from a holding potential of 
−70 mV. FS48 was dissolved in the external solution for the electrophysiological experiments 
and was applied with an ALA VC3 perfusion system (ALA, USA). 20 mmol L–1 TEA was used 
as a positive control. The data points were fitted to the Boltzmann equation: I/Imax = 1/[1 + 
exp(V − V1/2)/k] where k is the slope factor and V1/2 is the voltage for half-maximum activation.

Gelatinase activity assay

The modified gelatinase zymography assay was performed to analyze the activity of 
MMP-9 according to our previous study (27). NCI-H460 cells were treated with 16 μmol L–1 
FS48 for 24 h. The supernatant was collected and electrophoresed in a 10 % SDS-PAGE gel 
containing 0.1 % gelatin at 100 mV for 2 h in a non-reducing environment at 4 °C. MMP-9 
was activated in the gel for 16 h at 37 °C after renatured with 2.5 % Triton X-100. Gels were 
then fixed, stained with 0.25 % Coomassie blue G-250 and destained. Gelatinase activity 
was quantified using Image Quant TL software (GE Healthcare, USA). All experiments 
were repeated three times.

Quantitative real-time PCR (qRT-PCR)

NCI-H460 cells were seeded into the six-well plates and treated with 16 μmol L–1 FS48 
for 24 h. Total RNA was isolated from the cultured cells with the TRIzol reagent, quantified 
using a Nanodrop 2000 instrument (Thermo Scientific, USA), and transcribed into cDNA 
using the iScript cDNA Synthesis kit (Bio-Rad, USA) according to the manufacturer’s 
 instructions. qPCR was carried out with ABI 7500 Sequencing Detection System (Applied 
Biosystems, USA) and SYBR premix Ex Taq (Takara, Japan) according to the manufacturer’s 
instruction. The primer sequences used for qPCR were listed as follow: GAPDH (forward: 
5′-CGGAGTCAACGGATTTGGTCGTAT-3′; reverse: 5′-AGCCTTCTCCATGGTGGT-
GAAGAC-3′); MMP-9 (forward: 5′-GACGAGGGCCTGGAGTGT-3′; reverse: 5′-TGTGCTG-
TAGGAAGCTCATCTC-3′); TIMP-1 (forward: 5′-ACCCCTGGAGCACGGCT-3′; reverse: 
5′-CCCACCTTCCAAGTTAGTGACA-3′); Kv1.1 (forward: 5′-TGCAGTGTACTTTGCCGAG-
GCG-3′; reverse: 5′-GACACCACCGCCCACCAGAAAG-3′); Kv1.3 (forward: 5′-TGCG-
GTTCTTCGCTTGTC-3′; reverse: 5′-GTCCATTGCCCTGTCGTT-3′). Forty amplification 
 cycles were necessary to achieve exponential amplification. All experiments were repeated 
three times. Products were quantified using the 2-ΔΔCT method and Kv1.1, Kv1.3, MMP-9, and 
TIMP-1 gene expression was normalized to the fold change of GAPDH mRNA.

Western blot analysis

5 × 105 NCI-H460 cells were maintained in a 6-well plate overnight and treated with 
16 μmol L–1 FS48 for 24 h. The cells treated with PBS were considered a negative control. 
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Cells were harvested and lysed with RIPA lysis buffer containing phosphatase and prote-
ase inhibitors (FDbio, China) on ice for 8 min and then centrifuged at 14,000 rpm at 4 °C 
for 15 min. The supernatant was prepared for Western blot analysis. Then, the denatured 
proteins were loaded and separated using 10 % SDS-PAGE and transferred onto PVDF 
membranes (Millipore, USA). Membranes were blocked with 5 % skim milk for 1 h at room 
temperature. Primary antibodies against Kv1.1 and β-Actin (4 °C, 16 h, 1:1000), and horse-
radish peroxidase (HRP) conjugated secondary antibodies (26 °C, 2 h 1:1000) were used 
according to the manufacturer’s instructions, respectively. Finally, fluorescent signals 
were visualized and captured with Kodak XAR film. All experiments were repeated three 
times.

Statistical analysis

All data are presented as mean ± SEM. Data analysis used a two-way analysis of vari-
ance (ANOVA) followed by Tukey’s multiple comparison tests. p < 0.05, p < 0.01, or p < 0.001 
represented statistically significant difference.

RESULTS AND DISCUSSION

FS48 suppresses the motility but not the proliferation of NCI-H460 cells

The MTT assay showed that 2, 4, 8, and 16 μmol L–1 of FS48 did not inhibit the proli-
feration of NCI-H460 cells after incubation for 24, 48, and 72 h (Fig. 1a-c). In the wound 
healing assay, compared with the control group, FS48 suppressed the migration of NCI- 
-H460 cells at 16 μmol L–1 after 24 and 48 h of treatment. In detail, untreated NCI-H460 cells 
accounted for about 37.3 and 52.2 % of the original wound area after 24 and 48 h, respec-
tively (Fig. 1d,e). However, after treatment with 16 μmol L–1 FS48 for 24 and 48 h, the cells 
only accounted for 9.86 and 18.20 % of the original wound area (Fig. 1e). We further used 
the transwell invasion experiment to verify the inhibition of FS48 on NCI-H460 cells 
 migration. Consistent with the wound healing assay, all concentrations of FS48 (2, 4, 8, and 
16 μmol L–1) significantly inhibited the number of NCI-H460 cells invading through the 
membrane pores, and the inhibition was concentration-dependent (Fig. 1f,g).

FS48 reduces Kv currents of NCI-H460 cells

Kv1.1 and Kv1.3 channels are expressed in NCI-H460 cells (23). In addition, the Kv1.1 
channel has been reported to play an important role in the motility of NCI-H460 cells (30). 
It has been proven that FS48 can inhibit the Kv1.3 protein expression and activity in acti-
vated Raw 264.7 and Jurkat T cells after 24 h incubation (28, 29). Therefore, the whole-cell 
patch clamp technique was performed to analyze the effect of FS48 on Kv currents of NCI- 
-H460 cells. Kv currents were elicited by applying 100 ms depolarization to +25 mV from a 
holding potential of −70 mV. After the addition of 10 μmol L–1 FS48, the peak Kv currents in 
the NCI-H460 cells were reduced by about 49.56 % (Fig. 2a). A potent Kv blocker, TEA,  reduced 
the Kv currents of NCI-H460 cells by 94.3 % at the concentration of 20 mmol L–1 (Fig. 2a). 
The current-voltage relationships are presented in Fig. 2b. A significant decrease in current 
at all tested voltages was observed in NCI-H460 cells by incubation with 10 μmol L–1 FS48 
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Fig. 1. Effects of FS48 on the proliferation and mobility of NCI-H460 cells. a-c) Effects of FS48 on the 
proliferation of NCI-H460 cells. NCI-H460 cells were treated with indicated concentrations of FS48 and 
incubated for 24, 48, and 72 h before their proliferations were assessed by MTT; d) wound healing assay; 
e) statistical analysis for wound healing assay; f) transwell invasion assay; g) statistical analysis for 
transwell invasion assay. Data are represented as mean ± SEM (n = 3). *** p < 0.001 compared with control.

Fig. 2. Effects of FS48 on Kv currents in NCI-H460 cells. a) Representative K+ currents recorded in NCI-
H460 cells before and after perfusion with 10 μmol L–1 FS48 or 20 mmol L–1 TEA. Currents were 
evoked by 100 ms voltage steps from a holding potential of −70 mV to +25 mV; b) current-voltage rela-
tionships (−70 to +25 mV at 5 mV intervals). Data are represented as mean ± SEM (n = 3).
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or 20 mmol L–1 TEA. Given the involvement of Kv channels in the modulation of several 
cells’ migration, blocking the Kv channels can suppress cell migration, rather than cell 
proliferation, consistent with the results that FS48 inhibited NCI-H460 cells migration 
without affecting proliferation (32–35).

FS48 inhibits the Kv1.1 and Kv1.3 expression in NCI-H460 cells

A Western blot experiment was performed to evaluate the effect of FS48 on Kv1.1 
protein expression in NCI-H460 cells. The Kv1.1 and Kv1.3 protein expression in NCI-H460 
cells was reduced by 21.6 and 37.4 %, respectively after treatment with 16 μmol L–1 FS48 
for 24 h in comparison with untreated cells (Fig. 3a,b). The qRT-PCR experiment was fur-
ther used to determine the effect of FS48 on the Kv1.1 and Kv1.3 mRNA levels. Consis-
tently, the Kv1.1 and Kv1.3 mRNA content in NCI-H460 cells decreased by 72 and 66 % after 
treatment with FS48 for 24 h when compared with the control group (Fig. 3c). Together, 
these results indicated that FS48 can play a significant role in suppressing Kv-dependent 
migration and invasion for NCI-H460 cells by reducing the Kv current and Kv1.1 and Kv1.3 
protein expression.

FS48 decreases the mRNA levels of MMP-9 but increases TIMP-1 mRNA levels

The migration and invasion of NSCLC are very important for its metastasis from the 
origin of tumorigenesis to other body regions such as bone, brain, and spleen, which are 
greatly affected by matrix metalloproteinases (MMPs) and their inhibitors which are  essential 
in tissue remodelling and ECM degradation. Thus, their suppression is indispensable for 
the treatment of NSCLC (4, 6). In the gelatinase zymography assay, the activity of MMP-9 
was significantly reduced by about 46.0 % in NCI-H460 cells after treatment with 16 μmol L–1 
FS48 for 24 h when compared to the control group (Fig. 4a,b). Consistently, 16 μmol L–1 FS48 
significantly decreased the mRNA expression of MMP-9 but upregulated TIMP-1, a natural 
inhibitor of MMPs, when compared with the control group in NCI-H460 cells (Fig. 4c). 
Thus, the reduced motility of NCI-H460 cells resulted from the decrease of MMP-9 and the 
increase of TIPM-1 in FS48-treated cells. It is well known that the modulation of MAPK/NF-κB 

Fig. 3. Effects of FS48 on Kv1.1 and Kv1.3 expression. a) Expression of Kv1.1 and Kv1.3 in NCI-H460 cells 
after 24 h incubation with FS48 was analyzed with Western blot; b) quantitative analysis of Western 
blot; c) effect of FS48 on relative Kv1.1 and Kv1.3 mRNA levels in NCI-H460 cells. Data are represented 
as mean ± SEM (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with control.
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signalling pathways is involved in the expression regulation of MMPs in NSCLC cells (36, 
37). Our previous study showed that FS48 can block Kv channels and subsequently inacti-
vate the MAPK/NF-κB pathways in activated Raw 264.7 and Jurkat T cells (28, 29). Since 
FS48 can inhibit the Kv currents in NCI-H460 cells, it is reasonable to assume that FS48 
inhibits the mobility of NCI-H460 cells via its blockage of Kv channels and the subsequent 
inactivation of the MAPK/NF-κB pathways which finally regulate the expression of MMP-
9 and TIMP-1.

As one of the most effective treatment solutions to lung cancer currently, chemotherapy 
is frequently combined with other drugs targeting different pathways in order to over-
come their severe side effects and drug resistance. Kv1.1 channel has been proven to be a 
potential target against various cancer and address the resistance of tyrosine kinase 
 inhibitors in NSCLC. FS48 has no impact on the proliferation of NCI-H460 cells but inhibits 
the invasion and metastasis of the cells to a significant extent. Expasy shows that as a 
 protein with only 56 amino acids, FS48 has a small molecular weight (6 kD), a theoretical 
isoelectric point of 8.83 and a grand average of hydropathicity (GRAVY) of –0.566, indicating 
that it is well soluble in water. The plasma half-life time of FS48 was about 353.1 min, which 
was significantly better than that of MgTx, which is also a Kv channel inhibitor (29). The 
above results suggest that FS48 can be combined with other drugs such as small molecule 
antimetabolites, immunotherapy, endocrine therapy, alkylating agents, and anti-mitotic 
inhibitors (38). Since these inhibitors have displayed cytotoxic effects on lung cancer cells, 
it is theoretically viable for the combined treatment with FS48 to produce better synergistic 
and therapeutic effects. Therefore, it is necessary to conduct further studies on the combined 
effect of FS48 and other anticancer drugs to fully understand the role of FS48 in combina-
tion therapy.

CONCLUSIONS

Our study shows that FS48 blocks the functional Kv channel activity in the NCI-H460 
cell model of lung cancer by inhibiting the expression and activity of Kv1.1 and Kv1.3 chan-
nels and reducing cell migration and invasion by reducing MMP-9 activity. Therefore, it is 

Fig. 4. The expression changes of MMP-9 and TIMP-1 in NCI-H460 cells. a) Gelatinase activities for 
band densities of MMP-9 from HCI-H460 cells treated with FS48 for 24 h; b) quantitation of gelatinase 
zymogram; c) effect of FS48 on relative MMP-9 and TIMP-1 mRNA levels in NCI-H460 cells. Data are 
represented as mean ± SEM (n = 3). *** p < 0.001 compared with control.
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demonstrated in this study for the first time that blood-sucking arthropod saliva-derived 
protein can play a role in inhibiting lung cancer cell motility by blocking the Kv currents 
and channel protein expression. In addition, a new hit molecule is identified in this study 
for the development of lung cancer metastasis drugs.
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