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The hybrid oncolytic peptide NTP-385 potently inhibits
adherent cancer cells by targeting the nucleus

Hao Yin'?, Xi-tong Chen3, Qiao-na Chi* Yan-nan Ma>, Xing-yan Fu3, Shan-shan Du?, Yun-kun Qi*? and Ke-wei Wang1'2

The use of oncolytic peptides with activity against a wide range of cancer entities as a new and promising cancer therapeutic
strategy has drawn increasing attention. The oncolytic peptide LTX-315 derived from bovine lactoferricin (LfcinB) was found to be
highly effective against suspension cancer cells, but not adherent cancer cells. In this study, we tactically fused LTX-315 with
rhodamine B through a hybridization strategy to design and synthesize a series of nucleus-targeting hybrid peptides and evaluated
their activity against adherent cancer cells. Thus, four hybrid peptides, NTP-212, NTP-217, NTP-223 and NTP-385, were synthesized.
These hybrid peptides enhanced the anticancer activity of LTX-315 in a panel of adherent cancer cell lines by 2.4- to 37.5-fold. In
model mice bearing B16-F10 melanoma xenografts, injection of NTP-385 (0.5 mg per mouse for 3 consecutive days) induced almost
complete regression of melanoma, prolonged the median survival time and increased the overall survival. Notably, the
administered dose of NTP-385 was only half the effective dose of LTX-315. We further revealed that unlike LTX-315, which targets

the mitochondria, NTP-385 disrupted the nuclear membrane and accumulated in the nucleus, resulting in the transfer of a
substantial amount of reactive oxygen species (ROS) from the cytoplasm to the nucleus through the fragmented nuclear
membrane. This ultimately led to DNA double-strand break (DSB)-mediated intrinsic apoptosis. In conclusion, this study
demonstrates that hybrid peptides obtained from the fusion of LTX-315 and rhodamine B enhance anti-adherent cancer cell activity
by targeting the nucleus and triggering DNA DSB-mediated intrinsic apoptosis. This study also provides an advantageous reference

for nucleus-targeting peptide modification.
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INTRODUCTION

Cancer is rated as the main cause of death worldwide, and data
from the International Agency for Research on Cancer suggests
that globally, ~19.3 million people were diagnosed with cancer
and that 10.0 million cancer patients died because of ineffective
treatment in 2020 [1]. Chemotherapeutic drugs are conventional
therapies to treat cancer and often experience losses in efficacy
and potency due to drug resistance and toxicity [2, 3]. Therefore, it
is necessary to identify novel effective anticancer agents with less
toxicity. The host defense peptide lactoferricin (LfcinB) has been
shown to have broad-spectrum antitumor activity [4], and based
on its structure-activity relationship analysis, LTX-315 with more
potent anticancer activity was designed [5-7]. LTX-315 provokes
cancer cell death in two ways: the membranolytic effect [8] and
the subsequent immune response [9, 10]. Unlike traditional
peptides that block the PD-1/PD-L1 interaction [11, 12], LTX-315
induces immune responses in a cytosolic component-dependent
manner [13, 14]. Specifically, this peptide causes rapid cell
membrane lysis and subsequent leakage of the cytosolic
components into the extracellular environment. Among cytosolic
components, danger-associated molecular patterns (DAMPs) and

high mobility group box protein 1 are able to induce specific
immune reactions against cancer cells [15, 16]. LTX-315 inhibits
xenograft growth in mice [17] and protects treated mice from
the same sorts of tumor cells [18], demonstrating the generation
of a specific immune response [10]. Although suspension
cancer cells, such as lymphoma cells, are highly sensitive to
LTX-315 [5], we found that most adherent cancer cells were
resistant to this peptide with ICsq values >50 uM after 24 h, making
it necessary to improve the anti-adherent cancer cell activity
of LTX-315.

Hybridization of different bioactive compounds is one of the
most promising methods to discover novel and effective drugs in
the field of medicinal chemistry [19]. The hybrid molecule, also
called a conjugate, is a synthetic compound composed of two or
more bioactive molecular fragments linked by at least one
covalent bond. The hybridization strategy originated in nature,
and in most cases, the hybrid molecule has been shown to
possess stronger activity than the parent compounds [20]. For
example, vincristine, a natural heterogeneous dimer, comprises
vinblastine and catharanthine. Neither of its monomers shows
anticancer activity, but their hybrid molecule has potent
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anti-leukemia effects [21]. Rhodamine B, which is famous for its
redshifted fluorescence, is a classic fluorescent dye with positive
charges [22]. Studies have demonstrated that the cationic region
of LTX-315 is imperative for its interaction with the cancer cell
membrane, which has negative charges [15]. Hence, to increase
the number of positive charges, we designed a series of hybrid
peptides by tactically fusing LTX-315 with rhodamine B through
distinct linkers.

In this study, we designed and synthesized a series of rhodamine
B-modified LTX-315 peptides (hybrid peptides), and their effects on
adherent cancer cell viability were evaluated. Moreover, rhodamine
B endows hybrid peptides with red fluorescence, and we utilized
this property to accurately detect the localization of the hybrid
peptide within cells. Furthermore, there have been reports that
LTX-315 could generate reactive oxygen species (ROS) in
melanoma cells [23], and ROS would inflict oxidative injury to
DNA [24]. Therefore, the effects of hybrid peptides on the ROS
levels, DNA damage, and intrinsic apoptosis were also investigated
in adherent cancer cells.

MATERIALS AND METHODS

Synthesis of hybrid peptides

The hybrid peptides were prepared using 9-fluorenylmethoxyc-
arbonyl (Fmoc)-based solid-phase peptide synthesis in a normal
air-bath thermostatic oscillator [25]. In particular, DIC/Oxyma-
based coupling reactions at 50 °C were applied to improve the
synthetic efficiency [25-27]. Briefly, 160 mg of Rink Amide AM
resin (0.05 mmol, 1 eq, Tianjin Nankai Hecheng Technology) was
swelled in a DMF/DCM = 1:1 (v/v) solution for 1 h. The Fmoc group
of the resin was removed by two treatments with 20% piperidine
in DMF (5 min and 10 min) at 50 °C, followed by thorough washing
with DMF and DCM. Subsequently, after the Fmoc-amino acid
(4 eq, GL Biochem) was preactivated with DIC (8 eq, Titan
Scientific) and Oxyma (4 eq, Titan Scientific) for 5 min at room
temperature, the mixture was added to the resin. After 15 min of
reaction at 50 °C, the resin was washed with DMF and DCM. The
Kaiser test was conducted to monitor the completeness of amino
acid coupling. A double coupling reaction was performed for
15-25 min if necessary.

After the coupling reaction, the resin was thoroughly washed
with DMF and DCM. The Fmoc group was removed by two
treatments with 20% piperidine in DMF at 50 °C (3 min and then
6 min). Subsequently, the resin was thoroughly washed, and then
the next coupling procedure was conducted.

After coupling the amino acid residues and the linker, a mixed
solution of rhodamine B (6 eq), HATU (2.8 eq), HOAt (3 eq), and
DIPEA (6 eq) in DMF was added to the resin. The coupling of
rhodamine B to the N-terminus was carried out three times
(30 min, 40 min, and then 50 min) at 28°C. After coupling
rhodamine B, the peptide-bound resin was treated with the
cleavage cocktail (TFA/phenol/water/thioanisole/EDT, 82.5:5:5:5:2.5,
v/v/v/viv) for 2.5-3.0 h at room temperature. After completion of
the cleavage reaction, the TFA solution was concentrated with
pure argon. The crude peptides were obtained by precipitation
with cold Et,0 followed by centrifugation (three times). Then, the
crude peptide was dissolved in H,O/CH3;CN and purified by
semipreparative RP-HPLC (Shimadzu). After lyophilization, the solid
target peptides were obtained with a purity above 96%.

Fluorescence spectroscopy

NTP-385 was dissolved in tri-distilled water before recording the
spectra using a FlexStation 3 multimode microplate reader
(Molecular Devices, San Francisco, USA). The excitation and
emission spectra of NTP-385 (100 uM, 300 uL/well) were acquired
in 96-well black microplates. Different concentrations of NTP-385
(300 uL/well) were used to obtain the relationship between
concentration and fluorescence intensity.

SPRINGERNATURE

Cell culture

Human cervical cancer cells (HelLa, National Infrastructure of Cell
Line Resource (NICR)), human liver cancer cells (Huh-7, NICR),
human lung cancer cells (A549, NICR), and murine melanoma cells
(B16-F10, National Collection of Authenticated Cell Culture) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
with 10% fetal bovine serum (FBS; PAN-Biotech). Human liver
cancer cells (HepG, and Hep3B, NICR) and human cervical cancer
cells (C-33A, NICR) were cultured in minimum essential medium
(MEM; Gibco) supplemented with 10% FBS. Human ovarian cancer
cells (ES-2 and SK-OV-3, NICR) were cultured in McCoy's 5A
medium (Boster) with 10% FBS. The human cervical cancer cell
line Ca Ski (NICR) was cultured in RPMI-1640 medium (Gibco) with
10% FBS. All cells were cultured at 37 °C in 5% CO..

MTT assay

To evaluate the anticancer activities of the hybrid peptides, an
MTT assay was conducted on adherent cancer cells. Peptides were
dissolved in DMSO to generate 30 mM stock solutions. Cancer cells
were seeded at a density of 15,000-20,000 cells/well in 96-well
plates and incubated with 0, 3.125, 6.25, 12.5, 25, 50, or 100 pM
oncolytic peptides for 24 h. Then, 15 pL of MTT (5 mg/mL, Aladdin)
was added to each well before incubation for 4h at 37°C. The
culture medium was removed from the wells, and 150 uL of DMSO
was added to each well for 60 min. Then, the optical density (OD)
was measured at 490 nm using a microplate reader (Tecon). The
inhibition rate (%) was calculated as (OD controOD experimental)/
(OD control"OD piank)*100%. The half-maximal inhibitory concentra-
tion (IC50) of each peptide was calculated by IBM SPSS Statistics
22 software from three independent experiments.

Antitumor efficacy in vivo

Tumor xenografts were established by subcutaneous transplanta-
tion of 10° B16-F10 cells into the right flanks of 6-week-old CB6F1
mice (Charles River, male). The animals were housed under
pathogen-free conditions. The research protocol was in accor-
dance with the institutional guidelines of the Animal Care and Use
Committee. Using the calipers for measurements, tumor volumes
were defined as 0.5*(length*width?). Once the xenografts in the
transplanted mice were larger than 100 mm?3, the mice were
randomized into three groups. The control group (n=7) was
injected intralesionally with 50 pL of normal saline only for 3 days.
The two experimental groups were administered 50 uL of LTX-315
(10 mg/mL, only half of the usual LTX-315 dose) (n = 10) or NTP-
385 (n=10) intralesionally for 3 days. Injection solutions were
prepared by dissolving the peptides in normal saline before the
experiments. Animals were euthanized when the maximum
diameter of the xenograft exceeded 2 cm or the tumor presented
ulcerations, after which the tumor was resected and weighed.

Immunohistochemistry

Mice carrying B16-F10 xenografts were intralesionally adminis-
tered normal saline, 0.5 mg of LTX-315 (50 uL*10 mg/mL) or 0.5
mg of NTP-385 for 3 continuous days. Injection solutions were
prepared by dissolving the peptides in normal saline before
the experiments. One day later, the mice were sacrificed, and the
tumors were carefully harvested and fixed in 4% PFA.
Immunohistochemical examinations were analyzed as previously
described [28]. Briefly, samples were embedded in paraffin and
cut into 6 um thick slices. Slices were dewaxed and rehydrated
and then underwent heat-induced epitope retrieval before
immunostaining. To avoid interference from endogenous
peroxidase, the sections were pretreated using 3% H,O, for
25 min. After blocking with BSA, the sections were incubated
with anti-CD8 (1:400, GB13429, Servicebio), anti-Ki67 (1:500,
GB111141, Servicebio), or anti-CD31 (1:100, GB13063, Servicebio)
antibodies overnight at 4°C, followed by several washes and
incubation with secondary antibodies (1:200, GB23303 or
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GB23204, Servicebio). DAB (Servicebio) was used as a substrate,
and hematoxylin was used as a counterstain. Subsequently,
images were acquired using a microscope and analyzed by
Image-Pro Plus 6.0 software.

Cancer cell uptake and fluorescence imaging assay

HepG, cells were cultured in 24-well plates and allowed to adhere
overnight. Thereafter, the medium was removed and replaced with
500 pL of MEM without phenol red containing 10 pg/mL Hoechst
33258 (Invitrogen) and 200 nM MitoTracker Green (Beyotime). After
30 min of incubation, the medium was discarded again, and the
cells were incubated separately with DMSO, 50 pM NTP-385, 50 uM
NTP-221 or 50 pM LTX-315 plus 50 uM rhodamine B for different
lengths of time. Following three washes, the cells were observed
under a fluorescence microscope (Nikon). Because NTP-221 emits
blue fluorescence, the mitochondria were labeled with MitoTracker
Red (Beyotime), and the nuclei were labeled with SYBR Green |
(Solarbio). Manders’ colocalization (MC) coefficients obtained from
ImageJ were used to evaluate the degree of colocalization.

Membranolytic activity assay

Propidium iodide (PI) was utilized to evaluate the cell membrane
integrity, as it interacts with the DNA from the cells whose
membranes were destroyed and emits red fluorescence. HepG,
cells were seeded in 24-well plates overnight for incubation. Cells
were stained with Hoechst 33258 for 30 min, after which the
medium was discarded and replaced with 500 pL of phenol red-
free MEM containing 2 pg/mL Pl (Aladdin) plus DMSO, 25 pM NTP-
385, or 25 uM LTX-315 for different lengths of time as indicated.
Then, the supernatants were discarded, and the cells were washed
three times before immediate observation by fluorescence
microscopy (Nikon).

Western blot assay

Immunoblotting was conducted as described previously [29].
HepG, cells treated with NTP-385 for 12 h were lysed with RIPA
lysis buffer (Solarbio) containing phosphatase inhibitor cocktail |
(C0002, TargetMol, USA) and protease inhibitor cocktail (C0001,
TargetMol, USA). A BCA Protein Assay Reagent Kit (Thermo Fisher)
was used to determine the protein concentration. Total proteins
were separated by 12% SDS-PAGE and electrotransferred to
polyvinylidene fluoride membranes (Millipore). The membranes
were blocked with QuickBlock™ Blocking Buffer for Western Blot
(Beyotime) and then incubated with primary antibodies against
GAPDH (1:10,000, ab181602, Abcam), cleaved caspase-9 (1:1000,
9505, CST), cleaved caspase-3 (1:1000, 9661, CST), y-H2AX (1:1000,
9718, CST), Bax (1:5000, 50599, Proteintech) and Bcl-2 (1:1000,
12789, Proteintech) and a secondary antibody. The proteins in the
blots were visualized with an ECL Western blotting detection
system (Bio-Rad). Image Lab software (Bio-Rad) was used for
protein quantification.

ROS measurement

Cellular ROS levels were detected with the ROS Assay Kit
(Beyotime) using the fluorescent probe DCFH-DA. DCFH-DA is
not fluorescent, and after entering the cell, it is hydrolyzed by
intracellular esterase to produce nonfluorescent DCFH. The ROS in
the cell can oxidize DCFH to produce fluorescent DCF, and the
fluorescence intensity of DCF reflects the ROS level. HepG, cells
cultured in six-well plates were harvested using trypsin-EDTA
(Thermo Fisher) and incubated with NTP-385 at a series of
concentrations for 2 h. Subsequently, the cells were stained with
10 uM DCFH-DA. After 20 min, the treated cells were washed three
times with MEM without phenol red and transferred to 96-well
black microplates in triplicate. All fluorescent intensities were
measured with FlexStation (excitation at 488 nm and emission at
525 nm). To visualize the distribution of ROS in cells, cells treated
with 25 yM NTP-385 for different lengths of time were stained
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with 10 uyM DCFH-DA and observed by fluorescence microscopy
(Nikon).

Cell apoptosis assay

Cell apoptosis was analyzed using Hoechst 33258 and GreenNuc™
caspase-3 assay kits (a green fluorescent dye that indicates
apoptotic cells, Beyotime). Adherent cancer cells seeded in 24-well
plates were incubated with the indicated agents for 12 h, after
which the cells were washed with PBS and stained with the
caspase-3 assay kit and Hoechst 33258. The simultaneous use of
these two dyes allows normal and apoptotic cells to be
distinguished by fluorescence microscopy.

RESULTS

Synthesis and characterization of the hybrid peptides

Four hybrid peptides, NTP-212, NTP-217, NTP-223, and NTP-385,
were synthesized by conjugating rhodamine B to LTX-315 (Fig. 1a,
Extended Data Fig. 1). The analytical RP-HPLC chromatograms and
ESI-MS spectra confirmed the purities and molecular weights of the
synthetic peptides (Extended Data Fig. 2). Oncolytic peptides with
positive charges made the solution basic, and under this condition,
rhodamine B was nonfluorescent [30], so the red fluorescence
from the hybrid peptides was extremely weak (Fig. 1b, c). The
fluorescence assay showed that NTP-385 had maximum excitation
at 560 nm and maximum emission at 590 nm (Fig. 1b), displaying a
bathochromic shift compared to rhodamine B (excitation: 554 nm
and emission: 578 nm). NTP-385 exhibited the most intense
fluorescence among the four hybrid peptides at the same
concentration (Extended Data Fig. 3), so NTP-385 was used to
carry out further mechanistic research.

Inhibition of adherent cancer cell proliferation by hybrid peptides
LTX-315, intermediates or hybrid peptides (3.125, 6.25, 12.5, 25, 50,
and 100 uM) were used to treat 10 adherent cancer cell lines for
24 h. The hybrid peptides inhibited the proliferation of a series of
adherent cancer cell lines in a dose-dependent manner and
enhanced the anticancer activity of LTX-315 by ~2.4- to 37.5-fold
in the different cell lines (Fig. 2a, Table 1). Interestingly, we found a
super oncolytic peptide-resistant cell line, Hep3B, whose viability
showed little change even after treatment with 100 uM LTX-315
for 24 h (Fig. 2a, Table 1, Extended Data Fig. 4), but the hybrid
peptides still had potent anticancer activity toward this cell line
(Fig. 2a, Table 1, Extended Data Fig. 4).

The activities of the hybrid peptides with different linkers were
basically the same (Fig. 2a, Table 1), indicating that the type of
linker is not important for activity. Next, to determine whether
covalent linkage is necessary for hybrid peptide activity, we
examined the effect of LTX-315 plus rhodamine B on cell viability.
The results showed that regardless of the mixed proportions of
LTX-315 and rhodamine B, their combination did not significantly
improve activity (Fig. 2b, Extended Data Table 1), demonstrating
that covalent linkage plays an important role in hybrid peptide
activity. Subsequently, to validate the importance of the two
parent compounds, rhodamine B-modified aurein 1.2 (@ non-
cationic oncolytic peptide, NTP-242) and another fluorophore,
coumarin-modified  LTX-315 (NTP-221), were synthesized
(Extended Data Fig. 2). We found that there was no significant
difference between the activities of the two modified peptides
and those of the corresponding parent peptides (Fig. 2¢, Extended
Data Table 2). Overall, the combination of rhodamine B and LTX-
315 and covalent linkage between these two parts are vital for the
improvement in anticancer activity, and none of these compo-
nents is dispensable.

The time-response curve illustrated that the hybrid peptides
needed 24h to exert their maximum effects (Fig. 2d), which
demonstrated that the rapid necrosis reported by previous
research [5] was not the full mechanism of action. Compared
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Fig. 1

Structures and fluorescence spectroscopic properties. a Structures of LTX-315, the intermediates, and the hybrid peptides.

b Fluorescence spectra of 30 pM rhodamine B (left) and 100 pM NTP-385 (right) in tri-distilled water. Insets, photographs of 30 pM rhodamine B
(left) and 100 pM NTP-385 (right) in tri-distilled water. ¢ Fluorescence intensities of NTP-385 at various concentrations.

with LTX-315 activity peaking at 12 h, the hybrid peptides peaked
at 24 h and remained active for 72 h, which may be because
hybridization not only increased activity but also improved
peptide stability.

Inhibition of melanoma growth by NTP-385 in mice

We assessed the in vivo tumoricidal efficacy of the hybrid
peptides in CB6F1 mice bearing B16-F10 xenografts (Fig. 3a).
Among the four hybrid peptides tested in vitro (Table 1), NTP-
385 was the most potent inhibitor of B16-F10 cancer cells and
was subsequently chosen to test its in vivo tumoricidal efficacy.
Compared with the control group, the administration of 0.5 mg
of NTP-385 per mouse for 3 consecutive days resulted in notable
tumor growth inhibition (~86.2% by tumor weight), prolonged
median survival time, and increased overall survival (Fig. 3b—e).
At the end of this experiment (28 days), complete cancer
remission was observed in the majority of mice treated with
NTP-385 (overall survival =80%) and in nearly half of the mice
treated with LTX-315 (median survival time = 26.5 days; overall
survival = 50%) (Fig. 3d, e). In contrast, cancer growth in the
control group mice was uninhibited, and all animals were
sacrificed within 9 days (median survival time =8 days). Inter-
estingly, LTX-315 at half of the usual dose did not lead to
necrotic skin injury or scabbing (data not shown), but the
anticancer activity of LTX-315 dropped, while that of NTP-385
remained significant.

Within the injected area, we found a dramatic accumulation of
CD8" T cells in the NTP-385-treated mice (Fig. 3f, g), which
significantly permeated from the injected area to the noninjected
area, suggesting that the hybrid peptide promoted antineoplastic
immunity. In addition, CD31 is expressed primarily in endothelial cells
and can be used to determine the degree of cancer angiogenesis in
histological tissue sections. The IHC assay revealed a decreased level
of CD31 in the NTP-385-treated group compared to the control
group (Fig. 3f, g), suggesting that angiogenesis and the rapid tumor
growth were inhibited. Ki67 is a nuclear protein that is normally
considered a marker for cell proliferation. A marked reduction in the
expression of Ki67 was observed in the tumors of mice treated with
NTP-385 (Fig. 3f, g), demonstrating that NTP-385 inhibited cancer cell
proliferation in xenografts.

SPRINGERNATURE

Induction of cell membranolysis by NTP-385

Based on a previous study showing that LTX-315 can cause loss of
cell membrane integrity [15], we postulated that the hybrid
peptides could also exert a membranolytic effect to permeate into
cells. To test this hypothesis, we carried out time-lapse fluores-
cence imaging of Pl, a fluorescent probe that only penetrates
damaged cell membranes to intercalate into DNA and emit red
fluorescence. As depicted in Fig. 4a and Extended Data Fig. 5, it
took only 15min for 25uM NTP-385 to alter the plasma
membrane integrity of the slim majority of cells (~40%). Cells
incubated for 45 min with the hybrid peptide showed a great deal
of Pl incorporation into the nuclei (>80%) (Fig. 4b), which was
compatible with quick membranolysis. Regarding the speed and
extent of the membranolytic effect, there was no significant
difference between NTP-385 and LTX-315 treatment (Fig. 4a, b).
LTX-315 (25 uM) was sufficient to devastate the plasma mem-
brane, but the MTT assay suggested that 25 uM was ineffective
(Fig. 2a), which may be because adherent cells are resistant to
membranolysis to a certain extent. Furthermore, the anticancer
activity of the hybrid peptides involves other mechanisms besides
membranolysis.

Accumulation of NTP-385 in the cell nuclei

To interpret the different action patterns of hybrid peptides and
LTX-315, live-cell imaging was performed using DMSO, NTP-385,
LTX-315 plus rhodamine B, or coumarin-modified LTX-315 (NTP-
221). First, the MTT assay validated that NTP-221 did not change
the anticancer activity of LTX-315 (ICso: 103.9 uM for NTP-221
versus 109.8 uM for LTX-315) (Fig. 2c). NTP-221 rapidly penetrated
the cell membrane and accumulated in the mitochondria without
being detected in the cell nucleus (Fig. 4c, d), which echoes a
previous study [23]. However, NTP-385 had only a short stay in the
cytoplasm and finally accumulated in the cell nuclei (Fig. 4c, d),
which subverts the previously suggested mechanism underlying
LTX-315.

Elevation of the ROS level and the induction of DNA double-strand
break (DSB) by NTP-385

As previous research indicated that LTX-315 increased the ROS
level in melanoma cells [23], we measured ROS levels before and
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Fig. 2 Anticancer activity of oncolytic peptides against adherent cancer cells. a Adherent cancer cells were incubated with oncolytic
peptides for 24 h and then subjected to the MTT assay. b HepG, cells were exposed to a series of concentrations of rhodamine B in the
presence of LTX-315 (left panel) or a series of concentrations of LTX-315 in the presence of rhodamine B (right panel) for 24 h and then
subjected to the MTT assay. ¢ HepG; cells were exposed to LTX-315, NTP-221 (coumarin-modified LTX-315), aurein 1.2 (a noncationic oncolytic
peptide), NTP-242 (rhodamine B-modified aurein 1.2), or NTP-385 for 24 h and then subjected to the MTT assay. d HepG, cells were exposed to
25 uM oncolytic peptides for the indicated lengths of time and then subjected to the MTT assay. Error bars indicate the SD, and the results are
representative of three independent experiments.

Table 1. Activity against adherent cancer cell lines as determined by MTT assay (ICso + SEM in pM, 24 h).

Peptide  Hela HepG, B16-F10 C-33A Huh-7 Hep3B CaSki A549 SK-OV-3 ES-2
LTX-315 127.8+134 1098+16.0 1043+£285 100.5%+18.7 139.5+34.8 >500 35713 547+07 582+23 583+16.0
NTP-212 252+43 389+1.1 44.0+28 18.3+0.8 293+x14 23.0+40 108+x16 188+42 21.2+09 154+22
NTP-217 20.2+2.0 23.0+36 246+0.2 13.5+£0.1 168+ 1.1 235+29 73+£09 188+42 182+06 8.9+3.1
NTP-223 193+£19 220+3.0 274+48 19.7+34 359+2.1 133+£08 11504 195+19 158=%1.8 6.4+1.0
NTP-385 209+1.6 21.0+3.0 234+59 19.0+£1.0 30.5+25 13315 115+£01 185+19 148+18 74+1.0
NTP-211 98.0+17.7 126.7+23.2 80.1+£9.2 87.1+£50 166.6 +131.9 >500 355+2.1 507+£1.1 445+£12 336%55
NTP-216 91.3+16.1 86.9+9.9 968+ 1.3 753+39 96.1+£25 >500 325+26 366+47 367+t43 415+£30
NTP-222  1359+22.1 159.0+29.5 108.8+4.4 704 +2.1 91.7+£49 >500 35705 357+05 447+85 50.1+134
NTP-375 161.5+29.3 96.1+£0.8 93.1+£2.1 71.1+£6.1 121.0+20.9 >500 41.0+06 41.0+06 45141 344+48
Data from three independent experiments are presented as the mean + SEM.

after treatment with NTP-385. NTP-385 dose-dependently
increased the ROS levels in HepG, cells (Fig. 5a), and at the same
concentration, the ROS-generating ability of NTP-385 was more
potent than that of LTX-315 (Fig. 5b).

We further investigated the localization of DCFH-DA-derived
fluorescence in HepG, cells by fluorescence microscopy. Initially,
intense green fluorescence was detected in the cytoplasm after

Acta Pharmacologica Sinica (2023) 44:201-210

treatment with 25 uM NTP-385, and over time, this fluorescence
transferred gradually from the cytoplasm into the nucleus (Fig. 5c,
Extended Data Fig. 6). Eventually, the cell nuclei showed the most
intense green fluorescence accompanied by diminished cytoplas-
mic fluorescence (Fig. 5d), which echoes the distribution of the
hybrid peptides within cells. These results showed that membrane-
impermeable DCFH derived from DCFH-DA could enter the
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Fig. 3 Hybrid peptides inhibited tumor growth. a Schematic illustration of the timeline for the therapeutic experiments. b Images of the
excised B16-F10 tumors. ¢ Weights of the B16-F10 tumors. d Tumor growth kinetics of the different groups. e Survival analysis of the B16-F10
tumor-bearing mice. f Immunohistochemistry for CD8, Ki67, and CD31 in B16-F10 melanoma sections (10x for CD8 and Ki67 and 4x for CD31).
g Quantification of CD8, Ki67, and CD31 expression in melanoma sections. n =6, mean = SD. All P values were determined by multiple
comparisons after one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns not significant.

nucleus and rapidly accumulate ROS from the cytoplasm into the
nucleus. Therefore, it is plausible to suppose that the hybrid
peptides destroyed the nuclear membrane, allowing substances
within the cytoplasm to have free access to the nucleus.

ROS are especially prone to inflict oxidative damage on DNA, so
we also examined the level of the DNA DSB marker y-H2AX.
Exposure of HepG, cells to NTP-385 resulted in a dose-dependent
increase in the expression of y-H2AX (Fig. 5e). Moreover, in the
MTT assay, adding the antioxidant N-acetyl-L-cysteine (NAC)
significantly reduced the cytotoxicity induced by NTP-385 in
HepG, cells (Fig. 5b, f). NAC also ameliorated NTP-385-induced
DNA DSB, which indicated that this DNA damage effect was
dependent on ROS (Fig. 5g). By comparison, a relatively small DNA
damage effect was observed in cells treated with LTX-315 (Fig. 59),
which may be because LTX-315 could not disrupt the nuclear
membrane and produce enough ROS.

Induction of intrinsic apoptosis in adherent cancer cells by NTP-
385

Unrepairable DNA DSB induces apoptosis [31], so apoptosis-
related experiments were performed. The caspase-3/7 activity
assay showed that the levels of active caspase-3/7 increased in a
concentration-dependent manner in HepG, cells treated with
different concentrations of NTP-385 for 12h (Fig. 6a, b). In
comparison with LTX-315 at 25 uM, which increased the caspase-
3/7 activity by only 3.03%, NTP-385 at 12.5uM resulted in a
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significant increase in active caspase-3/7 by 40.6% (Fig. 6b). In
contrast, preincubation with the pan-caspase inhibitor z-VAD-fmk
(20 uM) caused a significant rightward shift in the NTP-385-
mediated concentration-dependent cytotoxicity (Fig. 6c), which
further confirmed the generation of active caspase in HepG, cells
after treatment with NTP-385. Western blot analysis showed that
the expression levels of Bax together with cleaved caspase-3 and
cleaved caspase-9 dose-dependently increased in response to
different concentrations of NTP-385 (Fig. 6d), whereas that of Bcl-2
decreased in the presence of different concentrations of NTP-385
(Fig. 6d, e). These results demonstrate that intrinsic apoptosis was
induced by NTP-385 in adherent cancer cells.

DISCUSSION

In this study, by applying a hybridization strategy, we fused LTX-
315 and rhodamine B through distinct linkers to obtain a series of
nucleus-targeting hybrid peptides with potent cytotoxicity against
adherent cancer cells. Adherent cancer cells are resistant to LTX-
315 (ICso > 50 uM for 24 h), but applying this strategy increased its
activity against adherent tumor cells by approximately 2.4- to
37.5-fold in comparison with the LTX-315 prototype. Moreover,
the therapeutic potential of the representative hybrid peptide
NTP-385 was determined in a well-established murine B16-F10
melanoma model. At a dose of 0.5 mg per mouse (usual dose of
LTX-315: 1 mg per mouse), LTX-315 did not lead to skin necrosis

Acta Pharmacologica Sinica (2023) 44:201-210
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Fig. 4 Hybrid peptides caused membranolysis and accumulated in the nucleus of HepG, cells. a HepG; cells treated with 25 uM NTP-385 or
LTX-315 were labeled with Pl (10x). b Quantification of Pl-positive cells. n = 3, mean + SD. ¢ Fluorescence images of HepG, cells treated with
50 pM NTP-385, 50 uM NTP-221, 50 pM LTX-315 plus 50 pM rhodamine B or DMSO (20x). d Manders' colocalization (MC) coefficients were
obtained by Imagel. MC coefficients are proportional to the fluorescence intensity of the colocalizing pixels or voxels in each color channel.
One-way ANOVA, multiple comparisons. ****P < 0.0001; ns: not significant.

but showed relatively weak anticancer activity. In contrast, at a
dose of 0.5 mg, NTP-385 exhibited satisfactory tumoricidal activity,
and complete tumor regression was obtained in an overwhelming
majority of the treated mice. However, the xenograft tumor model
in this study uses homogeneous cells that lack tumor hetero-
geneity and unique tumor cell interactions, which may have
limitations for drug efficacy evaluation [32]. Hence, the anticancer
activity of hybrid peptides may need to be further tested in
different tumor models, such as patient-derived xenografts,
transgenic tumor models and heterogeneous tumor models [33].

Acta Pharmacologica Sinica (2023) 44:201-210

In addition to intralesional injection, different delivery routes of
hybrid peptides are also worth exploring.

LTX-315 fights against cancer cells by membranolysis and
induced tumor-specific immune response [9]. In terms of
membranolysis, Pl staining analysis suggested that there was no
significant difference in the speed or degree of membranolysis
between LTX-315 and the hybrid peptides. This observation was
similar for the induced immune response, where the CD8
immunohistochemical assay demonstrated that the percentage
of CD8™ T cells in the injection area after treatment with NTP-385
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Fig. 5 Hybrid peptides induced ROS accumulation in the nucleus and DNA DSB in HepG; cells. a ROS levels were detected in HepG, cells
treated with a series of concentrations of NTP-385 for 2 h using fluorometric analysis. n = 3, mean + SD. b ROS levels were detected in HepG,
cells treated with DMSO, 25 uM NTP-385, DMSO plus 10 mM N-acetyl-L-cysteine (NAC; antioxidant), 25 pM NTP-385 plus 10 mM NAC, or 25 pM
LTX-315 for 2 h. n =3, mean * SD. ¢ Fluorescence images of the ROS in HepG, cells were obtained at different times after treatment with
25 uM NTP-385 using DCFH-DA (20x). d Fluorescence intensities of the cell cross-sections (red line shown in c). The arrow indicates the cell
nucleus. e y-H2AX expression was measured using Western blot analysis (left panel) in HepG, cells treated with NTP-385 for 12 h. The right
panel represents the quantification of y-H2AX expression. n=5, mean +SEM. f HepG, cells were treated with NTP-385 alone or in
combination with 10 mM NAC for 24 h and then subjected to the MTT assay. Blue: NAC treatment groups, Red: vehicle treatment groups. Error
bars indicate the SD, and the results are representative of three independent experiments. t-test. g The expression of y-H2AX in HepG, cells
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and the quantification of y-H2AX. n =5, mean £ SEM. Unless otherwise indicated, all P values were determined by multiple comparisons after
one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

was equal to that of LTX-315. Therefore, what leads to the increase previous research [23]. Nonetheless, the hybrid peptides eventually
in activity? accumulated in the nucleus, which is very different from the parent

First, the high number of positive charges on LTX-315 enables it peptide LTX-315. Correspondingly, after treatment with the hybrid
to bind in a nonspecific manner to the abundant negatively peptides, a large amount of ROS was detected in the nucleus, and a
charged phospholipids on the surface of cancer cells, indicating relatively small amount was detected in the cytoplasm, whereas in
that a positive charge plays an important role in cytotoxicity the LTX-315 group, ROS was found in the cytoplasm and not in the
toward cancer cells [15]. The introduction of the cationic nucleus. We presume that because hybrid peptides destroy the
fluorophore rhodamine B increased the net positive charge on nuclear membrane, the ROS in the cytoplasm can readily enter the
the peptides to augment the interaction between the hybrid cell nucleus. However, why and how the hybrid peptides destroy

peptide and the cancer cell plasma membrane. the nuclear membrane need further study.

Second, unlike LTX-315, which targets the mitochondria [23], the Third, ROS within the nucleus induced DNA DSB and intrinsic
current data demonstrated that the hybrid peptides finally apoptosis. ROS can cause oxidative damage to DNA [34], which is
accumulated in the cell nucleus. In search of the distinct modes in line with the result that after NTP-385 treatment, the level of y-

of action of the hybrid peptides and LTX-315, non-rhodamine B H2AX increased dramatically. Moreover, what exactly happens
fluorophore-modified LTX-315 was synthesized. There was no after the loss of nuclear membrane integrity is an interesting

significant difference in anticancer activity between the coumarin- question that deserves to be investigated. Unrepairable DNA DSB
modified LTX-315 (NTP-221) and LTX-315, demonstrating that the triggers intrinsic apoptosis [35] via a pathway that has been well
coumarin group did not affect the mode of action of LTX-315. established. DNA DSB events can activate the tumor suppressor

Interestingly, by observing the distribution of the hybrid peptides in p53, resulting in the upregulation of some pro-apoptotic proteins,
the cells, we obtained unexpected findings. The cell imaging assay such as Bax, leading to the initiation of intrinsic apoptosis [31].
suggested that NTP-221 accumulated in only the mitochondria and When severe loss of cell membrane integrity occurs, digestion by
could not be detected in the cell nuclei, which is in accordance with trypsin is fatal for cells. Additionally, Annexin-V can cross the
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