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Abstract

Multifunctional proteins nucleolin (NCL, C23) and nucleophosmin (NPM, B23) are the most abundant nucleolar
phosphoproteins with chaperone activities. Nucleolin is over-expressed also on tumor cell surface. The proteins regulate the
most of important cell functions, they are considered now as the cell proliferation markers and potential targets for cancer
treatment Objective is a screening for some cationic peptides as an expected ligands for NCL/NPM and novel agents with
selective cytotoxicity in human cutaneous melanoma cell lines. Three original cell lines mel 1S, mel H and mel Ki obtained
from the lymph node metastasis of the patients with metastatic cutaneous melanoma were used as a models. To evaluate
binding between NCL, NPM and peptides under study molecular docking was used. The data obtained allow to characterize
tested cationic peptides as a ligands for NCL and NPM triggered subsequent tumor cell apoptosis.
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HYKJIEOJIMH U HYKJIEO®O3MHH KAK NPEJAIIOJIAI'AEMBIE
MUIINEHUA JJIAA KATUOHHBIX HEIITU/IOB, UHAYHUPYIOIINUX AITIOIITO3
OITYXOJIEBBIX KJIETOK

Hayunas crates

AHHOTAIHUA

Muorodyukimonansusie 6enku Hykieoiand (NCL, C23) u nykiaeodhosmun (NPM, B23) — makopHbIe SAPBIIIKOBBIC
(dochorpoTenHsl ¢ MAanepoOHHONH aKTHBHOCTHI0. HYKJICOIMH THUIEPIKCIPECCUPYETCS TAKXKE U Ha TOBEPXHOCTH OIYXOJIEBBIX
KJIETOK. OTH O€JKH peryaupyloT BaKHEHIINE KIETOYHble (YHKIIHH, SBISIOTCS MapKepaMu KJIETOYHOW mpommdepannd 1
paccMarpuBarOTCs B KauyecTBE MOTCHIHWAIBHBIX MHUIICHEH s MOJIEKYJSIpHO-HANpaBIeHHOW Tepanuu paka. Llens
UCCIIE/IOBAHUSl — CKPUHHUHT HEKOTOPBIX KATHOHHBIX MenTHA0B — mnpeanonaraembix JurangoB NCL/NPM, ob6nanarongux
M30MpaTeNbHOM TOKCHMYHOCTBIO B OTHOLIEHHM KJIETOK METACTATUYECKOH MENIaHOMBI KOXKHM 4eJoBeKa. Tpu OpHrHHAIBHBIX
auaud mel 1S, mel H u mel Ki 6puti monydeHsl u3 Meracta3oB B JUM(paTHYECKUX JTUM(OY3Iax MALMEeHTOB ¢ METaHOMOW
KOH. [lyist oleHKH MoJekyysipHbIX B3aumojericTeuil Mexy NCL, NPM u kaTHOHHBIMH NENTHIAMHU HCIIOIb30BAIN MapHBIHI
JOKUHT. TlonyuyeHHbIE Pe3yJIbTaThl MO3BOJIIOT OXapaKTEepPHU30BaTh TECTUPOBAHHBIC MENTHIbl KaK JIMTAHIbl HYKICOJMHA H
HyKJ1€0()o3MHHA, HHIYLUPYIOUIME alONTO3 OIMyX0JIEBbIX KIETOK.

KiioueBbie cjioBa: MenaHoMa KOXKH, KIJIETOUHBIC JIMHHM, HYKIJICOJHMH, HYKJICO()O3MHH, KAaTHOHHbBIC MENTHIbI, HHIYKIHs
aromnTo3a.

1. Introduction

Nucleolin (NCL, C23) and nucleophosmin ((NPM, B23) are the most abundant nuclear phosphoproteins with chaperone
activities. Currently, they are considered as markers of the cell proliferation and as potential targets for cancer treatment [1].
These chaperone proteins regulate DNA transcription, RNA translation, chromatin remodeling, cell signaling, angiogenesis,
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and carcinogenesis. Many of the NCL/NPM functions are realized through the interactions with other protein molecules
involved in carcinogenesis, ribosome biogenesis, DNA repair, regulation of genome stability, cell division and survival,
epithelial-mesenchymal transition, invasion, differentiation, and apoptosis. Nucleolin is overexpressed on the surface of cancer
cells, but the NCL level is usually minimal on the surface of normal cells. In addition, NCL and NPM are also expressed in
the cell nucleus and cytoplasm. The differential expression of these proteins in tumor and normal cells allows using them as a
targets for selective inhibition of tumor growth, in particular, in hard-to-treat cancers.

Metastatic cutaneous melanoma is one of the most common types of skin cancer, the progression of which does not allow
specific long-term treatment. Therefore, the study of diagnostic biomarkers, as well as predictive and prognostic markers of
melanoma is a global challenge [2]. An important fundamental and application problem is the analysis of mechanisms of
metastasis and inhibition of this process [2]. Objective is to study cationic peptides as novel agents with selective cytotoxicity
for melanoma, as well as possible ligands for nucleolin and nucleophosmin.

2. System and methods

Three original cell lines - mel IS, mel H and mel Ki — were obtained from the lymph nodes of the patients with
disseminated cutaneous melanoma. Using PCR, BRAF-V600E mutations were found in mel IS and mel H cell lines, while in
mel Ki cell line, wild-type BRAF kinase was found. Normal human fibroblast H1036 and Wi38 lines were used as a control.
All the cells were cultured in the standard RPMI 1640 medium supplemented with 10% fetal bovine serum.
Immunohistochemical detection and western blot analysis with monoclonal antibodies (Abcam) were used to assess the
expression levels of NCL/NPM.

Using MTT assay (test of survival), seven cationic peptides (CP), enriched with arginine and lysine (R/K), with molecular
weights from 1090 to 2338 Da and charges from 4+ to 16+ were analyzed, (Table 1). These peptides were synthesized by
solid-phase method by the strategy based on using of Fmoc protective groups. Then they were diluted in sterile distilled water
at a concentration of 4-0.25 pg/ml and added to the culture flasks for 2-3 days. The cytotoxicity of peptides was also assessed
in mini-chambers with melanoma cell culture (Eppendorf, Germany) in presence Cy5- labeled peptide NC811, followed by
visualization of the cells under fluorescence microscopy. To assess the binding between NCL and NPM and the peptides under
investigation, molecular docking was used [3]. The data obtained allow characterizing the tested cationic peptides as NCL and
NPM ligands inducing apoptosis of tumor cells.

2.1. Algorithm

First, using the MTT assay and visualization of apoptosis under fluorescence microscopy, we identified a group of cationic
peptides with a high selective cytotoxicity to human cutaneous melanoma cells. The next step was to characterize the
expression of NCL and NPM in melanoma cells, co-localization of these proteins and tested peptides, and to analyze the
mechanisms of cell death induced by these peptides. Finally, using bioinformation resources, including molecular docking, the
cytotoxic cationic peptides were investigated as true ligands for overexpressed NCL and NPM proteins.

2.2. Application

An integrated approach using original cell models and a collections of cationic peptides followed by bioinformatic analysis
of molecular interactions between NCL / NPM chaperone proteins and pre-tested peptides can be the basis for selective
antitumor therapy with cationic peptides targeting nucleolin.

3. Results

The use of cationic peptides with a specific molecular structure to induce selective cell death would solve the problem of
melanoma resistance to standard therapy. The tested cationic peptides have a number of advantages: (1) much lower toxicity to
normal cells compared with chemotherapeutic agents; (2) a rapid cell membrane permeability; (3) interaction with surface and
intracellular targets of tumor cells, mainly with overexpressed nucleolin molecules on the surface of cell membranes. Seven
cationic peptides enriched with Arg (R) and Lys (K) were selected for their antiproliferative activity after 2-3 days of incubation
with the above-mentioned melanoma cell cultures. Main physical and chemical properties of peptides are given in Table 1.

Table 1 — Cationic peptides having antiproliferative activity against melanoma cells in vitro

N Peptide formulae Molecular Effective % surviving cells, MTT

weight concentration assay (C=1(ug/ml) vs.
(Da)/charge (ug/ml) Control (100%)

1 NC811/(R)s(K)4(K),KAC-NH, 2338/16+ >0.75 8-10

2 NC810/ Palm-CKRRRRRRRRRRR 2307/12+ >0.25 12-23

3 NC803/(RRRKK),KKKAC- NH, 2026/14+ > 0.50 18-20

4 NC780/(K)4(K),KAC-NH, 1090/8+ >1.0 15-25

5 NC798 KgK,K,KAC-NH, 2114/16+ >0.50 8-12

6 NC783 KRRGGGKLLKLLLKLLLKLLKC 2505/9+ >0.25 8-12

7 AM2/Mir-KRPARPAR-NH, 1391/4+ >0.50 6-9
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Melanoma cell lines with different mutant status of BRAF tyrosine kinase were used as models for studying the expression
of NCL/NPM and cytotoxicity of peptides (Figure 1).
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Figure 1 — Fragments of sequences coding wild type and mutant V600E BRAF:
(a) sequence of exon 15 of the BRAF gene in cell lines of fibroblasts H1036 and melanoma mel Ki (wt) obtained by Sanger
sequencing, position ¢.1799T is indicated;
(b) Sequencing of exon 15 of the BRAF gene in cells of line mel IS (mutation), nucleotide substitution ¢.1799T>A
(p-V600E) is indicated
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Figure 2 — Levels of NCL (a) and NPM (b) differential expression in cutaneous melanoma mel IS lines,
immunohistochemical staining of cells, x200; (c) western-blotting using monoclonal antibodies against NCL/NPM and actin

It was found that all the studied cell lines were sensitive to the tested peptides at concentrations of 0.5-4 ug/ml, (Table 1).
The survival rate observed in the control lines of fibroblast Wi-38 and H1036 was about 100%. To study the mechanisms of
selective cell death of melanoma cells in vitro, we used Cy-5 fluorescently labeled peptide NC811, its molecular structure is
shown in Fig. 3.
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Figure 3 — Molecular structure of NC811-Cy5, A — alanine, K — lysine, R — arginine, C — cysteine, Cy5 — cyanine 5

Cationic peptides enriched with Arg (R) and Lys (K) have low toxicity, penetrate the membranes of melanoma cells, and
reach the nucleolus due to the interaction with molecules of membrane nucleolin and then with nucleophosmin. After 2-4 hours
of the cell incubation with aqueous solution of Cy5-NC811 (C = 1 ug/ml), it was localized in the nucleus together with labeled
proteins NCL/NPM and p53. Apoptosis, inhibiting the proliferation of melanoma cells, was detected by Hochst and DAPI (4",
6-Diamino-2'-phenylindole dihydrochloride) cell staining, (Figure 4).
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Figure 4 — Apoptosis in melanoma cells confirmed by Hochst 33342 or DAPI staining after 2 hours of incubation of cells
with NC811-Cy5; (a)
co-localization of fluorescently labeled cationic peptide NC811-Cy5 and NCL in the nuclei of mel IS cells, scale = 7 um; (b);
co- localization of labeled p53 and NC811-Cy5 in the nuclei of mel H cells, scale =25 um (c);
co- localization of NC811-Cy5 and labeled NPM in the nuclei of mel IS cells; x400; apoptosis of tumor cells,
phase contrast (d); staining of mel IS cells with Hochst-33342, x200 (e);
and DAPI, x1000 (g)

However, apoptosis was not observed in normal fibroblasts in H1036 or Wi-38 cell lines.

Flow cytometry with fluorescently labeled caspases was used to assess the mechanisms of selective melanoma cell death.
Tumor cells of mel IS line were incubated with cationic peptide AM-2 during 24 hours followed by flow cytometry. The
results show a significant activation of caspases 3, 8, 9 labeled with FITC, which is induced by the peptide: 5.6 times for
caspase 3, 13.3 times for caspase 8, and 4 times for caspase 9 (Figure 5).
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Figure 5 — Activation of caspases due to the incubation with cationic peptide AM-2 (1 pg/ml)
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The activation of caspases leads to reorganization of the cytoskeleton and cell disintegration stimulating apoptosis. We
assume that cationic peptides (ligands) bind to their target (receptor) — membrane NCL and activate initiatory caspases 8, 9, 10,
then caspases 3, 6 with subsequent inactivation of cellular functions. The destruction of cell structures during apoptosis and
fragmentation of chromosomal DNA result in inactivation of the CAD enzyme complex (carbamoyl-phosphate synthetase 2,
aspartate transcarbamoylase, and dihydroorotase) combined with inhibitor of CAD — ICAD, in blockage of CAD release by
caspase 3, DNA fragmentation and degradation of nucleosomes. The inactivation of enzymes involved in DNA repair includes
poly(ADP-ribose)- polymerases, or PARP, which were first described as caspase substrates. The PARP family is involved in the
repair of DNA damage and chromatin remodeling due to poly-ADP-ribosylation of histones. During apoptosis, caspase-3
inactivates PARP-1 and inactivate DNA repair. The destruction of DNA is also enhanced by the inactivation of topoisomerase Il
by caspases. The nucleolus functions as a compartment that is sensitive to cellular stress and isolates p53, which is released into
nucleoplasm upon DNA damage. The mechanisms of protein sequestration into the nucleolus includes interaction of proteins
with resident nucleolar proteins NCL and NPM nucleolar localization signal (NoLS) enriched with R/K amino acid residues.

4. Molecular docking for assessment of interactions between cationic peptides, nucleolin/NLC dimers and
nucleophosmin/NPM pentamers

Binding between some cationic peptides and their suspected targets — NCL and NPM — was analyzed by molecular
docking using Maestro 11 software [4], [5].

In spite of the prevailing localization of nucleolin in the nucleoli, it is known that the phosphorylated and/or glycosylated
forms of NCL are also expressed on the cell surface. Cell surface, or receptor, nucleolin is an important regulator of
carcinogenesis processes, mainly by binding to ligands. Previously, we identified a number of cationic peptides enriched with
Arg/Lys that serve as potential ligands of the receptor NCL and form clusters in the active center of the NCL dimer, followed
by its inactivation and degradation of tumor cells by the apoptosis mechanism. [2], [3]. Molecular docking confirms a
possibility of binding between NCL and peptide molecules , since stable hydrogen bonds with NH2-groups of amino acid
residues in the peptide molecule were revealed (Fig 6).

Figure 6 — AM-2 peptide binding to NCL involves Asp 87, Lys 90, Phe 56, Asp 60, 87, Lys 90 in the NCL dimer (a);
cluster AM-2 is positioned in the binding domain of the active center of the NCL dimer receptor (b); AM-2 ligand interaction
with NCL surface in the coordinate grid (c)
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The results of docking showed that key amino acids important for the interaction of NLC with the ligand are Asp, Glu (g-,
pH7.0), Arg, Lys, (q+, pH7.0), Thr (g 0, pH7.0), localized in the active center of NCL. They bind to different peptide domains
forming stable hydrogen bonds with NH2-groups of amino acid residues in the peptide molecule (Figure 6, for example).

Nucleophosmin acts mainly in the form of pentamer and hydrogen bonds are more often formed between amino acids Glu
(9-, pH7.0), Arg (g+, pH7.0), Gly (q0, pH7.0) localized in the active center and some NH,-groups in the peptide molecule
(Figure 7, a-c).
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Figure 7 — Cationic peptide NC783 binding with NPM active center. Glu93 forms the maximum number of hydrogen bonds
with the best score between NPM and ligand (a, b). Interaction between the ligand -NC783 - and NPM, spatial arrangement of
the ligand on the surface of NPM pentamer with the maximum score is shown (c)
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5. Discussion

Molecules of NCL and NPM contain a nucleolar localization signal domain (NoLS) enriched with lysine and arginine
containing repeats, or motifs, that interact with noncoding RNAs transcribed from intergenic rDNA sequences. It is known that
the N-terminal domain of the nucleolin molecule similar to high-mobility groups (HMG), interacts with 4 motifs containing
residues of glutamate and aspartate, which alternate with the residues of lysine. These amino acid sequences with pH<7.0 also
interact with histone H1, and basic amino acid residues (pH>7.0) within DNA molecule. Nucleolin molecule contains 4 central
RNA-binding domains (RBD1-4) and C-terminal domain enriched with arginine/R and glycine/G — GAR (Glycine Arginine
Rich). RNA-binding domains of nucleolin specifically interact with the 5' external transcribed spacer (ETS) of processed rRNA
and specifically bind to RNA, and GAR-domain specifically binds to DNA and non-specifically — to RNA [6]. The interaction
between NCL and cationic peptides is the most likely starting point for inducing selective antiproliferative action of cationic
peptides. The binding of peptide molecules to nucleolin that is overexpressed on the surface of tumor cells and further release of
suppressor protein p53 associated with NCL induces apoptosis causing the previously found melanoma cell death [7, 8].
Apoptosis was detected in all the three model melanoma lines using Hochst or DAPI cell staining. However, apoptosis did not
affect normal skin fibroblast in H 1036 and Wi-38 lines. This is due to a low level of expression of membrane NCL in normal
cells, so the inactivation of the receptor and the release of p53 followed by apoptosis do not occur. According to the results of the
MTT assay, cationic peptides with dendritic structure have the highest inhibitory activity. The molecular docking confirms this
pattern, but a detailed analysis of the apoptosis induction process in melanoma cells has not yet been completed.

The paper analyzes the inhibition of melanoma cell proliferation by tested cationic peptides. These results, as well as
earlier ones, regarding the induction of apoptosis in other tumor lines confirm the role of peptides as ligands of cell surfase
nucleolin and nucleophosmin. The tested cationic peptides represent promising antitumor agents that require further study.
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