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Abstract: Non-small cell lung cancer (NSCLC) is among the leading causes of human mortality
due to a lack of effective treatments. Conventional chemotherapies affect healthy cells and cause
multidrug resistance, while tumors may eventually develop resistance to less-toxic targeted
therapies. Thus, the need to develop novel therapies for NSCLC is urgent. Here, we show that Nile
tilapia-derived Tilapia piscidin (TP) 4 is cytotoxic to a panel of NSCLC cells with different genetic
profiles. We observed that TP4 triggers NSCLC cell death through the necrosis and combining TP4
with potent Epidermal growth factor receptor (EGFR)- tyrosine kinase inhibitors (TKI)s, Erlotinib,
and Gefitinib, improved drug responses in EGFR-mutated NSCLC cells, but not in
EGFR-wild-type NSCLC cells. This work provides novel insights into potential NSCLC
treatments, which may utilize antimicrobial peptide TP4 as monotherapy or in combination with
EGFR-TKIs.

Keywords: Antimicrobial peptide (AMP), Tilapia piscidin 4 (TP4), non-small cell lung cancer
(NSCLC)

1. Introduction

Lung cancer is the leading cause of cancer mortality worldwide [1]. Most lung cancer patients
die within one year of diagnosis, and the five-year-survival rate is around 18.6% [2]. Among these
patients, over 85% are diagnosed with non-small cell lung cancer (NSCLC), while 15% have small
cell lung cancer (SCLC). About 50% of NSCLCs are phenotypically characterized as
adenocarcinomas (ADCs), of which gene expression profiles are consistent with a distal lung cell
origin. Meanwhile, about 40% of NSCLCs are squamous cell carcinomas (SCCs), which are thought
to arise from proximal tracheal basal cells in the lung [3,4]. Chemotherapies are routinely used for
NSCLC treatment; however, chemotherapeutic drugs can cause serious side-effects and multidrug
resistance. Advanced transcriptome analyses unveiled several gene mutations that are associated
with NSCLC, including Epidermal growth factor receptor (EGFR) [5-8]. Constitutively activating
EGFR mutations have been observed in 10% and 35% of NSCLC patients in the U.S. and East Asia,
respectively [9,10]. Due to the tumorigenic nature of these mutations, EGFR-directed tyrosine kinase
inhibitors (TKIs) have become valuable tools for the treatment of NSCLC [6-8,11-14]. The first and
second-generation EGFR-TKIs (e.g., Erlotinib, Gefitinib, and Afatinib) were developed to target
proteins derived from exon 19 deletions or a point mutation in exon 21 (L858R) [9]. These early
EGFR-TKIs have produced remarkable results in the clinic; however, the median progression-free
survival (PES) is still less than 12 months due to the occurrence of drug-resistant cancer cells [15,16].
One critical secondary mutation that confers drug resistance is a gatekeeper point mutation in exon
20 (T790M) of EGFR, which is observed in about 50%-60% of all patients [11,17-19]. The
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third-generation EGFR-TKIs (e.g. Osimertinib) were developed to selectively target mutants
(particularly the T790M mutation) and show low affinity to wild-type EGFR, thereby significantly
reducing toxicity [13,20]. Unfortunately, other novel mutations may still occur in TKI-treated
tumors, leading to drug resistance [21,22]. In order to overcome this resistance, combinations of
EGFR-TKIs with chemotherapy or other targeted agents are recommended [20,23,24]. Thus,
alternative strategies and novel drugs for treatment of NSCLC are urgently needed.

Antimicrobial peptides (AMPs) are evolutionarily conserved peptides that function to combat
microbial infections [25] and have been suggested as potential anti-cancer agents [26-28]. The
defensive utility of cationic AMPs is derived from a structural amphipathic property, which enables
electrostatic interactions with anionic molecules on the plasma membrane of microbes or cancer cells
[26-28]. Unlike chemotherapeutic drugs, which damage healthy cells, AMPs selectively target cancer
cells with lower toxicity to non-cancerous cell types [26-28]. We previously found that the Nile
tilapia (Oreochromis niloticus)-derived cationic AMP, tilapia piscidin (TP4) [29], binds to the
negatively charged membrane of breast cancer cells and subsequently triggers cancer cell death [27].
NSCLC cells are also good candidate targets for TP4 because extensive glycosylation and low
cholesterol levels enhance the negative charge of the membrane [30,31].

In this study, we aimed to investigate the therapeutic potential of TP4 in NSCLC. We show that
TP4 is highly cytotoxic to multiple NSCLC cell lines with different EGFR status. Moreover, NSCLC
cells with wild-type EGFR were equally susceptible to TP4 alone and in combination with
EGFR-TKIs, but combined treatment of TP4 with EGFR-TKIs showed enhanced cytotoxicity over
TKIs or TP4 alone in EGFR-mutated NSCLC cells. Furthermore, TP4 was found to induce necrotic
death in NSCLC cells. Combining TP4 with EGFR-TKIs enhanced necrosis in NSCLC cells with
EGFR mutations. These findings support the notion that TP4 is a promising candidate drug for
treatment of various NSCLC types.

2. Results

2.1. Cationic TP4 is Toxic to NSCLC Cells

Cancerous cells with negatively charged membranes might be attacked by AMPs [26-28]. To
investigate whether NSCLC cells are potential targets for TP4, cytotoxicity was evaluated in a panel
of NSCLC cell lines. Control cell lines, BEAS-2B and MRC-5, treated with a range of TP4
concentrations (0.838 to 6.710 pM) showed limited cytotoxicity, with 50% inhibitory concentrations
(ICs0) of over 15.48 and 26.50 puM, respectively (Figure 1A and B, Table 1). Notably, low TP4
concentrations, from 0.830 to 6.710 pM, enhanced cell proliferation in normal BEAS-2B cells, as
evidenced by the gradual increase in relative adenosine triphoshapte (ATP) level of TP4-treated cells
compared to mock-treated controls at 12 and 24 hours post-TP4 treatment (Figure 1B). The ICso
values among NSCLC cells at different time points after TP4 treatment were 1.922-27.62 uM in A549
cells, 3.769-14.17 pM in NCI-H661 cells, 1.241-5.472 yM in NCI-H1975 cells, and 10.61-18.52 uM in
HCC827 cells (Figure 1C-F, and Table 2).
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Figure 1. Broad cytotoxicity of Tilapia piscidin (TP) 4 toward non-small cell lung cancer (NSCLC)
cells. (A-F) Cell viability in BEAS-2B (A), MRC-5 (B), and NSCLC cells (C-F) was determined by an
adenosine triphosphate (ATP) assay, following treatment with varying doses of TP4 (0.83-20.12 uM)
at the indicated time-points (3-24 hours). The x-axis shows the logarithm of the TP4 concentration.
Multiple wells were analyzed for each assay and compiled with other independent assays.
Quantitative results represent the mean + SD (statistical analyses are shown in Supplementary Tables
S1 and S2). (G) The a-helical (left) and three-dimensional structures (right) of TP4. Relative position
of each amino acid residues along the helix are numbered and connected with lines. Diamonds are
presented as the hydrophobic residues; circles are hydrophilic residues. Triangles and pentagons are
presented as residues with negatively charged and positively charged, respectively. Hydrophobicity
is color-coded. The most hydrophobic residue is shown in green and the most hydrophilic residue is
shown in red. Amino acid with zero hydrophobicity is shown in yellow.

Table 1. ICs0 values for TP4 in normal cells at various treatment times. Results are presented as

mean + SD.

Treatment ICso (WM) 95% confidence interval

BEAS-2B
3hours  33.100 £ 1.032 31.11 to 35.22
6hours  32.040 +1.048 29.21 to 35.15
12 hours  29.760 + 1.074 25.88 to 34.22
24 hours  26.500 = 1.086 22.53 to 31.17
MRC-5
3hours  46.440 +1.049 42.32 to 50.96
6hours  28.000 + 1.068 24.65 to 31.80
12 hours  18.220 + 1.079 15.67 to 21.17

24 hours

15.480 + 1.063

13.72 to 17.46

3 of 11
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Table 2. ICso values for TP4 in NSCLC cells at various treatment times. Results are presented as

mean + SD.
Treatment ICso (uM) 95% confidence interval
A549
3h 27.620 + 1.402 14.25 to 53.55
6h 17.080 £ 1.236 11.27 t0 25.89
12h 4.089 £1.130 3.216 t0 5.200
24h 1.922 £1.112 1.560 to 2.367
NCI-H661
3h 14.170 £ 1.169 10.44 to 19.24
6h 11.890 + 1.102 9.824 to 14.38
12h 5276 £1.111 4.289 to 6.489
24 h 3.769 £1.113 3.054 to 4.652
NCI-H1975
3h 5472 £1.112 4.445 t0 6.737
6h 3.262£1.143 2.513t0 4.236
12h 2.755£1.202 1.920 to 3.954
24 h 1.241 £1.174 0.9065 to 1.698
HCC827
3h 18.520 £ 1.304 11.00 to 31.16
6h 18.370 £ 1.153 13.89 to 24.29
12h 16.070 £ 1.154 12.12t0 21.29
24 h 10.610 £ 1.146 8.118 to 13.86

2.2. Combining TP4 with Potent EGFR Tyrosine Kinase Inhibitors (TKIs) Enhances Toxicity

We next evaluated whether combining TP4 with EGFR-TKIs improves cytotoxicity in NSCLC
cells. Cell lines with different EGFR status (EGFR-wild-type A549, EGFR-mutated NCI-H1975, and
HCC827) were used to test the efficacy of combined treatments. In A549 cells, a combination of 10 uM
Erlotinib (Erlo) or Gefitinib (Gef) with a range of TP4 concentrations (3.35-6.71 uM) showed
enhanced cytotoxicity (Figure 2A). In NCI-H1975 cells, combinations of 10 pM of TKIs with TP4
(3.35-6.71 uM) showed enhanced cytotoxicity compared to TKI or T4 treatments alone (0.11 + 0.04,
0.06 £ 0.01, and 0.02 + 0.01 fold in the Erlo + TP4 group; 0.14 + 0.04, 0.06 + 0.03, and 0.03 + 0.01 fold in
the Gef + TP4 group; and 0.32 + 0.03, 0.07 + 0.01, and 0.05 + 0.02 fold in the TP4 alone group) (Figure 2B).
In the HCC827 cells, a combination of 1 uM of TKIs with TP4 (3.35-6.71 uM) showed enhanced
cytotoxicity compared to TKIs or TP4 treatment alone (0.32 + 0.03, 0.15 + 0.02 and 0.03 + 0.01 fold in
the Erlo + TP4 group; 0.26 + 0.02, 0.14 + 0.02 and 0.04 + 0.01 fold in the Gef + TP4 group; and 0.65 + 0.07,
0.47 + 0.08 and 0.24 + 0.07 fold in the TP4 alone group) (Figure 2C). These results showed that
combination treatment markedly improved cytotoxicity in EGFR-mutated cells. However,
combination treatment did not show better efficacy than TP4 alone in NSCLC cells with wild-type
EGFR.
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Figure 2. Combining TP4 and EGFR-TKIs enhances cytotoxicity. (A-C) Cell viability of A549 (A),
H1975 cells (B), and HCC827 (C) were determined by the ATP assay 24 hours after treatment with
varying doses of EGFR-TKIs, TP4, or combinations thereof. At least six wells were analyzed for each
condition in a single repeat (n = 3). Quantitative results represent the mean + SD (One-way ANOVA:
*p < 0.05; **p < 0.001 versus control, ns: Not significant).

2.3. TP4 Induces Necrotic Death in NSCLC Cells

We next examined the cell death pathway triggered by TP4 in NSCLC cells. Treatment of TP4
for six and 24 hours induced lactate dehydrogenase (LDH) release from NSCLC cells (Figure 3A and B),
suggesting the occurrence of necrotic death. To evaluate whether apoptotic death may also be
induced at early time-points after TP4 treatment (6.71 M), we assayed caspase three activation and
Lamin cleavage at 1.5 and three hours post drug treatment. The results showed no obvious changes
in the levels of cleaved Lamin A/C, Lamin B1 or caspase three upon TP4 treatment (Supplementary
Figure S1A and B). Moreover, treatment of cells with Necrox-2 (10 pM, Necrosis inhibitor) but not
Z-VAD-FMK (50 uM, pan-caspase inhibitor) blocked TP4-induced cell death (Figure 3C). Together,
these results indicate that TP4 robustly induces necrotic cell death in NSCLC cells. Furthermore, we
asked whether combined TP4/TKI treatments also induce necrosis in NSCLC cells. The results
showed that no significant difference in LDH production was observed in A549 cells after combined
treatment (10 uM TKIs + 6.71 uM TP4); while a significant increase of LDH level was measured in
H1975 or HCC827 cells with combined treatment (10 uM or 1 uM TKIs + 6.71 uM TP4) (Figure 4A-C).
These results are consistent with the findings showing improved cellular toxicity of combination
treatments in EGFR-mutated cells but not in EGFR-wild-type cells.



Mar. Drugs 2018, 16, 506 6 of 11
= A549 ~ HI975
=) A549 . HI1975
4, 6h 24h Eg. 6h { 24h ~
=] - sk H g 1.5 Hkk
~64= *k% £ - = o = e
Q4 3 *kk ;6 - - *kk % § 1.0 ‘35? ﬁii_in_‘s'
2z H o - -—4 : ‘ - Lut £ E
£ i = re ¥ 2 05 E '
=2 %; 3 g2 < = 0.0 :
o 3 < 2 = Y O++———O++——— Necrox-2
a0 a . T ()L el € Z--++-Z-—++- Z-VAD-FMK
= Z£¥R259£%425g 27 £1¥%259¢gg2sywY S ¢
SRR RV i VR o SERMrEmESmmun S
£2 - - £ - -
= =

Figure 3. TP4 triggers NSCLC death by necrosis. (A, B) lactate dehydrogenase (LDH) release in A549
(A) and NCI-H1975 (B) cultures was determined 6 h or 24 h after treatment with varying doses of
TP4 (1.68-13.42 pM). t-Octylphenoxypolyethoxyethanol (Triton-X) was used as a positive control.
Each independent replicate was measured at least in triplicate (n = 3). Quantitative results represent
the mean + SD (One-way ANOVA: *p < 0.05; **p < 0.001 versus control, ns: not significant). (C) Cell
viability of A549 and H1975 cells were determined by the ATP assay 24 hours after treatment with
Dimethyl sulfoxide (DMSO), Necrox-2 (10 uM, Necrosis inhibitor), Z-VAD-FMK (50 pM,
pan-caspase inhibitor), TP4 (6.71 uM), or combinations thereof. At least six wells were analyzed for
each condition in a single repeat (n = 3). Quantitative results represent the mean + SD (two-tailed
Student’s t-test: ***p < 0.001 versus control, ns: Not significant).
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Figure 4. Combining TP4 with EGFR-TKIs enhances necrosis in EGFR-mutated NSCLC cells. (A-C)
LDH release in A549 (A), NCI-H1975 (B), and HCC827 (C) cultures was determined 24 hours after
treatment with Triton-X, DMSO, EGFR-TKIs, TP4, or combinations thereof. Triton-X was used as a
positive control. Each independent replicate was measured at least in triplicate (n = 3). Quantitative
results represent the mean + SD (two-tailed Student’s t-test: *p < 0.05; ***p < 0.001 versus control, ns:
Not significant).

3. Discussion

In this work, we show that the antimicrobial peptide, TP4, shows excellent cytotoxicity toward
NSCLC cells with different EGFR status, and combining TP4 with potent EGFR-TKIs enhanced
cytotoxicity in EGFR-mutated cells. The ratio of surviving EGFR-mutated H1975 cells and HCC827
cells was decreased from 17.6-25.6% (10 uM TKIs) to 1.7%—-13.6% (10 uM TKIs + 3.35-6.71 uM of TP4)
and 47.1-50.7% (1 uM TKIs) to 3%—-25.5% (1 pM TKIs + 3.35-6.71 uM of TP4) (Figure 1E and F),
suggesting that these combinations may be considered as a potential therapeutic strategy for
EGFR-mutated NSCLC. Similar responses were not observed in EGFR-wild-type A549 cells, where
TP4 alone was sufficient to cause maximal cell death (Figure 1C). Furthermore, enhanced necrosis
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was observed in EGFR-mutated NSCLC cells after combination treatment (Figure 4B and C). While
TKIs are known to induce apoptosis in cultured NSCLC cells, it has been reported that combined
SU11274 (c-Met inhibitor) with Erlotinib resulted in tumor necrosis [22]. Dual effects induced by
AMP in cancer cells have been reported [32]. High concentrations of AMPs may directly lyse
membranes, while low concentrations of AMPs can induce controlled cell death (i.e., apoptosis,
necroptosis, or others). Here, we found that TP4 mainly induced necrosis in NSCLC cells and not
apoptosis (Figure 3A,B, and Supplementary Figure 51), since TP4-induced death was blocked by
Necrorex-2 but not Z-VAD-FMK (Figure 3C). This result is similar to our earlier findings showing
that TP4 induces necrotic death in triple-negative-breast-cancer (TNBC) cells [27]. Interestingly,
combining EGFR-TKIs with TP4 enhanced cytotoxicity to EGFR-activated NSCLC cells (Figure 1E
and F), suggesting that blockage of EGFR signaling contributes to TP4-mediated cytotoxicity.
However, it remains unclear whether TP4 can modulate EGFR signaling in NSCLC cells. The
neutrophil antimicrobial peptide LL37/hCAP-18 was shown to induce DNA breaks in A549 cells [33],
with low concentrations (1 pg/mL) inducing EGFR transactivation to promote keratinocyte
migration [34]. Thus, our study suggests a link between AMP action and EGFR activity.

The mechanism of TP4-mediated cytotoxicity may differ depending on the cancer cell type,
transcriptome, or regulation of specific genes. For example, TP4 was found to induce FBJ murine
osteosarcoma viral oncogene homolog B (FOSB) activation in all tested TNBC cells. Interestingly, in
MDA-MB-231 and MCF7 cells, full-length FOSB is induced by TP4, while the alternatively spliced
form (truncated) of FOSB (FOSAB) is not; conversely, TP4 mainly induces FOSAB in MB453 cells [27].
Moreover, either FOSB or FOSAB overexpression triggered cell death in all tested breast cancer
cells, and FOSB knockdown attenuated TP4-mediated cytotoxicity [27]. TP4 induction of FOSB (or
FOS4B) requires Ca?" signaling and mitochondrial dysfunction to trigger necrotic death [27],
suggesting that Ca?-dependent FOSB signaling is involved in TP4-induced cytotoxicity. In
addition, TP4 was shown to induce apoptosis in an osteosarcoma cell-line, MG63, through
activation of extrinsic Fas/FasL- and intrinsic mitochondria-mediated pathways [35]. Pretreating
these cells with Z-IETD-FMK (caspase-8 inhibitor) or Z-LEHD-FMK (caspase-9 inhibitor)
significantly attenuated caspase-3 activation and prevented apoptosis [35]. These findings indicated
that TP4 stimulates distinctive cytotoxic pathways among different cancer types. In NSCLC, we
observed TP4-induced necrotic but not apoptotic death (Figure 3, Figure 4, and Figure S1), which is
similar to what was previously found in TNBC cells. Whether FOSB signaling and Ca?" homeostasis
are also involved in TP4-mediated cytotoxicity in NSCLC cells remains to be further addressed.

The therapeutic efficacy of some AMPs, such as Xenopus skin-derived hymenochirin-1B and
magainin, has been studied in lung cancer [36,37]. Hymenochirin-1B shows potent cytotoxicity in
A549 cells with a lethal concentration (LC)so of 2.5 uM. Meanwhile, magainin analogs (magainin A
and G) were shown to exhibit antitumor activity in SCLC cell lines but were less-toxic to normal
human fibroblast cell lines [38]. The average ICs0 of MAG A and G in the SCLC cell lines were 8.64
and 8.82 uM, respectively, while the average ICso of MAG A and G against normal human fibroblast
cell lines were 21.1 and 29.2 uM, respectively. In addition, two sequence-modified magainin
analogues (MSI-136 and MSI-238), which were designed to enhance the amphiphilic structure,
showed more toxicity to A549 cells compared to magainin 2 [39]. The hymenochirin-1B and
magainin analogues harbor seven positively charged amino acid residues, while TP4 contains ten
positive charged residues. The positively charged residues of cationic AMPs electrostatically
interact with anionic molecules on the cell membrane [40]. In addition, the number of positively
charged residues has been correlated with amphipathicity and antimicrobial activity [40]. The in
vitro cytotoxicity (ICso) of all L-form MSI-136 and all b-form MSI-238 to the A549 cells are 6 pg/mL
(2.44 pM) and 10 pg/mL (4.06 nM), respectively. The all .-form of TP4 has an ICs value about 1.922 uM
(Table 2), indicating that TP4 is a more potent peptide drug than the magainin analogues and
hymenochirin-1B. Intratumoral injection of TP4 in TNBC cell-xenotransplanted mice showed no
adverse side-effects [27], however, strong hemolytic activity has been described for the molecule [29].
p-form amino acid-modified MSI-238 has been used to enhance proteolytic stability and to extend
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the survival of P388 tumor-bearing mice in vivo [40], providing a feasible approach for the
development of modified TP4 isoforms for NSCLC therapy.

Overall, this study suggests that the tilapia-derived AMP, TP4, as a highly potent peptide drug
that may be useful for NSCLC treatment. TP4 monotherapies can be used in NSCLC with wild-type
EGFR, and combination therapies of TP4 with EGFR-TKIs may be applicable in EGFR-mutated
NSCLC.

4. Material and methods

4.1. Reagents and Peptide Sequence Analysis

TP4 (FIHHIIGGLFSAGKAIHRLIRRRRR) were synthesized and purified by GL Biochem Ltd.
(Shanghai, China) as previously described [27]. Necrosis inhibitor, Necrox-2, and pan-Caspase
inhibitor, Z-VAD(OMe)-FMK, were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX,
USA) N-(3-Chloro-4-fluoro-phenyl)-7-methoxy-6-(3-morpholin-4-ylpropoxy)quinazolin-4-amine
(Gefitinib) and N-(3-ethynylphenyl)-6,7-bis(2-methoxyethoxy)-4-quinazolinamine hydrochloride
(Erlotinib) were purchased from Sigma-Aldrich (St.Louis, MO, USA). Primary antibodies were
purchased from the Cell Signaling (Danvers, MA, USA) (Lamin A/C, clone 4C11; Lamin B1, clone
D4Q4Z; Caspase 3; cleaved Caspase 3) and EMD Millipore (GAPDH, clone 6C5) (Temecula, CA,
USA). The Structural model and the helical projection of TP4 were generated, as previously
described [41].

4.2. Cell Culture and Cell Viability Assay

Cell-lines (A549 (BCRC 60074), NCI-H661 (BCRC 60125), NCI-H209 (BCRC 60123), NCI-H1975
(ATCC CRL-5908), BEAS-2B (ATCC CRL-9609), and MRC-5 (BCRC 60023)) were purchased from the
Bioresource Collection and Research Center (BCRC) (Taipei, Taiwan) and the American Type
Culture Collection (ATCC) (Manassas, VA, USA) and cultured as suggested by BCRC and ATCC.
For the cell viability assay, 4-5 x 10° cells were seeded into the wells of a 96-well plate and cultured
overnight. During the drug treatment assay, inhibitors were added 30 minutes prior to TP4, and cell
viability was determined at indicated time-points. LDH release was quantified with a Cytotoxicity
Detection Kit"'Vs (LDH) (Roche Applied Science, Basel, Switzerland), as previously described [27].

4.3. Western Blotting

For Western blots, sample preparations were performed, as previously described [28], and were
electrophoresed and transferred onto polyvinylidene fluoride (PVDF) membrane. The membranes
were incubated in blocking buffer (0.1 M PBS, 5% non-fat milk, 0.2% Tween-20) for 1 hour at room
temperature and then incubated in the same solution with primary or secondary antibodies (GE
Healthcare Life Science, Buckinghamshire, UK). Signals were detected by enhanced
chemiluminescence (Immobilon Western Chemiluminescent HRP substrate, Merck Millipore,
Billerica, MA, USA) on an imaging system (UVP, BioSpectrumTM 500 (Upland, CA, USA)).

4.4. Statistical Analysis

Cells were plated at least in quadruplicate for the multi-well based assay. Data were collected
from repeated experiments (n > 3) and were analyzed by Prism5 software (GraphPad Inc., (La Jolla,
CA, USA)). Statistical significance was determined by two-tailed Student’s t-test or one-way analysis
of variance (ANOVA) with Bonferroni post hoc test. Differences were considered statistically
significant at p < 0.05.

Supplementary Materials: Supplementary Figure S1, Table S1, and Table S2 are published online alongside
the manuscript. Figure S1: TP4 does not induce caspase 3 activation and Lamin cleavage. (A, B) Total lysates
from A549 (A) and NCI-H1975 (B) without (M) or with TP4 treatment (T) for 1.5 and 3 hours were analyzed by
Western blot using antibodies against GAPDH, caspase 3, and cleaved-caspase 3. Red dotted lines demarcate
samples collected from three independent assays. Table S1: TP4 toxicity in normal BEAS-2B and MRC-5 cells
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was evaluated by the ATP assay. Statistical test results related to Figure 1A and B are shown. Eight wells were
analyzed for each experiment (n = 24 per dose). Results represent the mean + SD from independent
experiments. Statistical comparisons between mock and each dose of TP4 were performed using one-way
ANOVA analysis with Bonferroni post hoc test: ns, not significant; *p < 0.05; **p < 0.01; **p < 0.001. Table S2:
TP4 toxicity in lung cancer cells was evaluated by the ATP assay. Statistical test results related to Figure 1C-F
are shown. Multiple wells were analyzed for each experiment (n = 24 per dose in A549, H661, H1975 cells and
n 217 per dose in HCC827 cells, respectively). Results represent the mean + SD from independent experiments.
Statistical comparisons between mock and each dose of TP4 were performed using one-way ANOVA analysis
with Bonferroni post hoc test: ns, not significant; *p < 0.05; **p < 0.01; **p < 0.001.

Author contributions: CH.T. designed the study, performed experiments, and wrote the manuscript; J.Y.C.
supervised the study and finalized the manuscript.

Acknowledgments: We would like to thank Marcus J. Calkins for language editing. This work was supported
by a PI quota to Jyh-Yih Chen from the Marine Research Station, Institute of Cellular and Organismic Biology.

Funding: The funding sources played no part in study design, data collection and analysis, decision to publish,
or preparation of the manuscript. This work was financially supported by the iEGG and Animal Biotechnology
Center from The Feature Areas Research Center Program within the framework of the Higher Education Sprout
Project by the Ministry of Education (MOE-107-5-0023-A) in Taiwan.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  McGuire, S. World Cancer Report 2014. Geneva, Switzerland: World Health Organization, International
Agency for Research on Cancer, WHO Press, 2015. Adv Nutr 2016, 7, 418-419.

2. Noone, AM.; Howlader, N.; Krapcho, M.; Miller, D.; Brest, A.; Yu, M.; Ruhl, J.; Tatalovich, Z.; Mariotto,
A.; Lewis, D.R.; et al. SEER Cancer Statistics Review, 1975-2015, National Cancer Institute. Bethesda, MD.
Available online: https://seer.cancer.gov/csr/1975_2015/ (10 September, 2018.)

3. Langer, CJ.; Besse, B.; Gualberto, A.; Brambilla, E.; Soria, ]J.C. The evolving role of histology in the
management of advanced non-small-cell lung cancer. J. Clin. Oncol. 2010, 28, 5311-520.

4. Davidson, M.R,; Gazdar, A.F.; Clarke, B.E. The pivotal role of pathology in the management of lung
cancer. . Thorac. Dis. 2013, 5 (Suppl. 5), S463-5478.

5. Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett,
M.].; Bottomley, W.; et al. Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949-954.

6. Lynch, T.J; Bell, D.W.; Sordella, R.; Gurubhagavatula, S.; Okimoto, R.A.; Brannigan, B.W.; Harris, P.L.;
Haserlat, S M.; Supko, ].G.; Haluska, F.G.; et al. Activating mutations in the epidermal growth factor
receptor underlying responsiveness of non-small-cell lung cancer to gefitinib. N. Engl. ]. Med. 2004, 350,
2129-2139.

7. Paez ].G,;Janne, P.A,; Lee, ].C; Tracy, S.; Greulich, H.; Gabriel, S.; Herman, P.; Kaye, F.J.; Lindeman, N.;
Boggon, T.J.; et al. EGFR mutations in lung cancer: correlation with clinical response to gefitinib therapy.
Science 2004, 304, 1497-1500.

8. Pao, W.; Miller, V.; Zakowski, M.; Doherty, J.; Politi, K.; Sarkaria, I; Singh, B.; Heelan, R.; Rusch, V.;
Fulton, L.; et al. EGF receptor gene mutations are common in lung cancers from "never smokers" and are
associated with sensitivity of tumors to gefitinib and erlotinib. Proc. Natl. Acad. Sci. USA 2004, 101,
13306-13311.

9.  Shigematsu, H.; Lin, L.; Takahashi, T., Nomura, M.; Suzuki, M.; Wistuba, LI; Fong, KM.; Lee, H.;
Toyooka, S.; Shimizu, N.; et al. Clinical and biological features associated with epidermal growth factor
receptor gene mutations in lung cancers. J. Natl. Cancer Inst. 2005, 97, 339-346.

10. Shigematsu, H.; Takahashi, T.; Nomura, M.; Majmudar, K.; Suzuki, M.; Lee, H.; Wistuba, LI; Fong, KM;
Toyooka, S.; Shimizu, N.; et al. Somatic mutations of the HER2 kinase domain in lung adenocarcinomas.
Cancer Res. 2005, 65, 1642-1646.

11. Pao, W.,; Miller, V.A,; Politi, K.A,; Riely, G.J.; Somwar, R.; Zakowski, M.F.; Kris, M.G.; Varmus, H.
Acquired resistance of lung adenocarcinomas to gefitinib or erlotinib is associated with a second
mutation in the EGFR kinase domain. PLoS Med. 2005, 2, €73.

12. Pao, W.; Wang, T.Y,; Riely, GJ.; Miller, V.A; Pan, Q.; Ladanyi, M.; Zakowski, M.F.; Heelan, R.T.; Kris,
M.G.; Varmus, H.E. KRAS mutations and primary resistance of lung adenocarcinomas to gefitinib or
erlotinib. PLoS Med. 2005, 2, e17.



Mar. Drugs 2018, 16, 506 10 of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Janne, P.A.; Yang, J.C.; Kim, D.W.; Planchard, D.; Ohe, Y.; Ramalingam, S.S.; Ahn, M.].; Kim, S.W.; Su,
W.C,; Horn, L.; Haggstrom, D.; Felip, E.; Kim, J.H.; Frewer, P.; Cantarini, M.; Brown, K.H.; Dickinson,
P.A.; Ghiorghiu, S.; Ranson, M. AZD9291 in EGFR inhibitor-resistant non-small-cell lung cancer. N. Engl.
J. Med. 2015, 372, 1689-1699.

Sequist, L.V.; Soria, J.C.; Goldman, ].W.; Wakelee, H.A.; Gadgeel, S.M.; Varga, A.; Papadimitrakopoulou,
V.; Solomon, B.J.; Oxnard, G.R.; Dziadziuszko, R.; et al. Rociletinib in EGFR-mutated non-small-cell lung
cancer. N. Engl. ]. Med. 2015, 372, 1700-1709.

Jackman, D.; Pao, W.; Riely, G.J.; Engelman, J.A.; Kris, M.G.; Janne, P.A_; Lynch, T.; Johnson, B.E.; Miller,
V.A. Clinical definition of acquired resistance to epidermal growth factor receptor tyrosine kinase
inhibitors in non-small-cell lung cancer. J. Clin. Oncol. 2010, 28, 357-360.

Romanidou, O.; Landi, L.; Cappuzzo, F.; Califano, R. Overcoming resistance to first/second generation
epidermal growth factor receptor tyrosine kinase inhibitors and ALK inhibitors in oncogene-addicted
advanced non-small cell lung cancer. Ther. Adv. Med. Oncol. 2016, 8, 176-187.

Kobayashi, S.; Boggon, T.J.; Dayaram, T.; Janne, P.A.; Kocher, O.; Meyerson, M.; Johnson, B.E.; Eck, M.].;
Tenen, D.G.; Halmos, B. EGFR mutation and resistance of non-small-cell lung cancer to gefitinib. N. Engl.
J. Med. 2005, 352, 786-792.

Shih, J.Y.; Gow, CH. Yang, P.C. EGFR mutation conferring primary resistance to gefitinib in
non-small-cell lung cancer. N. Engl. ]. Med. 2005, 353, 207-208.

Balak, M.N.; Gong, Y.; Riely, G.J.; Somwar, R.; Li, A.R.; Zakowski, M.F.; Chiang, A.; Yang, G.; Ouerfelli,
O.; Kris, M.G.; Ladanyi, M.; Miller, V.A.; Pao, W. Novel D761Y and common secondary T790M mutations
in epidermal growth factor receptor-mutant lung adenocarcinomas with acquired resistance to kinase
inhibitors. Clin. Cancer Res. 2006, 12, 6494-6501.

Mok, T.S.; Wu, Y.L.; Ahn, M]J,; Garassino, M.C.; Kim, H.R.; Ramalingam, S.S.; Shepherd, F.A.; He, Y.;
Akamatsu, H.; Theelen, W.S,; et al. Osimertinib or Platinum-Pemetrexed in EGFR T790M-Positive Lung
Cancer. N. Engl. ]. Med. 2017, 376, 629-640.

Thress, K.S.; Paweletz, C.P.; Felip, E.; Cho, B.C.; Stetson, D.; Dougherty, B.; Lai, Z.; Markovets, A.;
Vivancos, A.; Kuang, Y.; et al. Acquired EGFR C797S mutation mediates resistance to AZD9291 in
non-small cell lung cancer harboring EGFR T790M. Nat. Med. 2015, 21, 560-562.

Tang, Z.; Du, R; Jiang, S.; Wu, C.; Barkauskas, D.S.; Richey, J.; Molter, J.; Lam, M.; Flask, C.; Gerson, S.; et
al. Dual MET-EGFR combinatorial inhibition against T790M-EGFR-mediated erlotinib-resistant lung
cancer. Br. ]. Cancer 2008, 99, 911-922.

Janjigian, Y.Y.; Smit, E.F.; Groen, H.].; Horn, L.; Gettinger, S.; Camidge, D.R.; Riely, G.J.; Wang, B.; Fu, Y.;
Chand, V.K,; et al. Dual inhibition of EGFR with afatinib and cetuximab in kinase inhibitor-resistant
EGFR-mutant lung cancer with and without T790M mutations. Cancer Discov. 2014, 4, 1036-1045.

Soria, ].C.; Wu, Y.L.; Nakagawa, K; Kim, S.W.; Yang, ].].; Ahn, M.].; Wang, J.; Yang, ].C.; Lu, Y.; Atagi, S.;
et al. Gefitinib plus chemotherapy versus placebo plus chemotherapy in EGFR-mutation-positive
non-small-cell lung cancer after progression on first-line gefitinib (IMPRESS): a phase 3 randomised trial.
Lancet Oncol. 2015, 16, 990-998.

Zasloff, M. Antimicrobial peptides of multicellular organisms. Nature 2002, 415, 389-395.

Hilchie, A.L.; Doucette, C.D.; Pinto, D.M.; Patrzykat, A.; Douglas, S.; Hoskin, D.W. Pleurocidin-family
cationic antimicrobial peptides are cytolytic for breast carcinoma cells and prevent growth of tumor
xenografts. Breast Cancer Res. 2011, 13, R102.

Ting, C.H.; Chen, Y.C,; Wu, CJ.; Chen, J.Y. Targeting FOSB with a cationic antimicrobial peptide, TP4, for
treatment of triple-negative breast cancer. Oncotarget 2016, 7, 40329-40347.

Ting, C.H.; Huang, H.N.; Huang, T.C.; Wu, C.J.; Chen, ].Y. The mechanisms by which pardaxin, a,natural
cationic antimicrobial peptide, targets the endoplasmic reticulum and induces c-FOS. Biomaterials 2014, 35,
3627-3640.

Peng, K.C.; Lee, S.H.; Hour, A.L; Pan, C.Y.; Lee, L.H.; Chen, ].Y. Five Different Piscidins from Nile Tilapia,
Oreochromis niloticus: Analysis of Their Expressions and Biological Functions. Plos One 2012, 7, €50263.
Ayyub, A.; Saleem, M.; Fatima, I.; Tariq, A.; Hashmi, N.; Musharraf, S.G. Glycosylated Alpha-1-acid
glycoprotein 1 as a potential lung cancer serum biomarker. Int. J. Biochem. Cell Biol. 2016, 70, 68-75.
Kucharska-Newton, A.M.; Rosamond, W.D.; Schroeder, J.C.; McNeill, A.M.; Coresh, J.; Folsom, A.R.
HDL-cholesterol and the incidence of lung cancer in the Atherosclerosis Risk in Communities (ARIC)
study. Lung Cancer 2008, 61, 292-300.



Mar. Drugs 2018, 16, 506 11 of 11

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Paredes-Gamero, E.J.; Martins, M.N.; Cappabianco, F.A,; Ide, ].S.; Miranda, A. Characterization of dual
effects induced by antimicrobial peptides: regulated cell death or membrane disruption. Biochim. Biophys.
Acta 2012, 1820, 1062-1072.

Aarbiou, J.; Tjabringa, G.S.; Verhoosel, R.M.; Ninaber, D.K.; White, S.R.; Peltenburg, L.T.; Rabe, K.F.;
Hiemstra, P.S. Mechanisms of cell death induced by the neutrophil antimicrobial peptides
alpha-defensins and LL-37. Inflamm. Res. 2006, 55, 119-127.

Tokumaru, S.; Sayama, K.; Shirakata, Y.; Komatsuzawa, H.; Ouhara, K.; Hanakawa, Y.; Yahata, Y.; Dai, X,;
Tohyama, M.; Nagai, H.; et al. Induction of keratinocyte migration via transactivation of the epidermal
growth factor receptor by the antimicrobial peptide LL-37. J. Immunol. 2005, 175, 4662—4668.

Kuo, H.M,; Tseng, C.C.; Chen, N.F,; Tai, M.H.; Hung, H.C.; Feng, CW.; Cheng, S.Y.; Huang, S.Y.; Jean,
Y.H.; Wen, ZH. MSP-4, an Antimicrobial Peptide, Induces Apoptosis via Activation of Extrinsic
Fas/FasL- and Intrinsic Mitochondria-Mediated Pathways in One Osteosarcoma Cell Line. Mar. Drugs
2018, 16, 8.

Attoub, S.; Arafat, H.; Mechkarska, M.; Conlon, J.M. Anti-tumor activities of the host-defense peptide
hymenochirin-1B. Regul. Pept. 2013, 187, 51-56.

Mechkarska, M.; Attoub, S.; Sulaiman, S.; Pantic, J., Lukic, M.L., Conlon, J.M. Anti-cancer,
immunoregulatory, and antimicrobial activities of the frog skin host-defense peptides
pseudhymenochirin-1Pb and pseudhymenochirin-2Pa. Regul. Pept. 2014, 194-195, 69-76.

Liu, S; Yang, H.; Wan, L.; Cai, HW.,; Li, S.F.; Li, Y.P.; Cheng, ].Q.; Lu, X.F. Enhancement of cytotoxicity of
antimicrobial peptide magainin II in tumor cells by bombesin-targeted delivery. Acta Pharmacol. Sin. 2011,
32, 79-88.

Baker, M.A.; Maloy, W.L.; Zasloff, M.; Jacob, L.S. Anticancer Efficacy of Magainin2 and Analog Peptides.
Cancer Res 1993, 53, 3052-3057.

Jiang, Z.Q.; Vasil, A.L; Hale, ].D.; Hancock, R.E.W.; Vasil, M.L.; Hodges, R.S. Effects of net charge and the
number of positively charged residues on the biological activity of amphipathic alpha-helical cationic
antimicrobial peptides. Biopolymers 2008, 90, 369-383.

Ting, C.H,; Liu, Y.C,; Lyu, P.C; Chen, ].Y. Nile Tilapia Derived Antimicrobial Peptide TP4 Exerts
Antineoplastic Activity Through Microtubule Disruption. Mar. Drugs 2018, 16, (12).

access article distributed under the terms and conditions of the Creative Commons

@ @ © 2018 by the authors. Licensee MDP], Basel, Switzerland. This article is an open

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



