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Abstract

:

Simple Summary


Rhabdomyosarcoma accounts for more than 50% of all soft tissue sarcomas in childhood and adolescence. Despite intensified multimodality treatment, prognosis is extremely poor, with an overall survival rate of approximately 20% in the advanced stage. Therefore, there is an urgent need for targeted treatment options to improve overall survival rates, and to limit long-term side effects. Tumor-targeting peptides offer the possibility to deliver drugs selectively to the tumor site. Here, we select F3 as the best rhabdomyosarcoma-targeting peptide among a panel of 20 different tumor-targeting peptides. F3 peptide showed strong and specific binding to rhabdomyosarcoma, but not to normal cells, and efficient internalization with effective cytoplasmic delivery of the toxin Saporin. We show that nucleolin, the target of F3 peptide, is expressed on the surface of rhabdomyosarcoma cells. F3 peptide is a promising candidate for targeted drug delivery to rhabdomyosarcoma, e.g., by targeting drug-loaded nanoparticles.




Abstract


Active drug delivery by tumor-targeting peptides is a promising approach to improve existing therapies for rhabdomyosarcoma (RMS), by increasing the therapeutic effect and decreasing the systemic toxicity, e.g., by drug-loaded peptide-targeted nanoparticles. Here, we tested 20 different tumor-targeting peptides for their ability to bind to two RMS cell lines, Rh30 and RD, using quantum dots Streptavidin and biotin-peptides conjugates as a model for nanoparticles. Four peptides revealed a very strong binding to RMS cells: NCAM-1-targeting NTP peptide, nucleolin-targeting F3 peptide, and two Furin-targeting peptides, TmR and shTmR. F3 peptide showed the strongest binding to all RMS cell lines tested, low binding to normal control myoblasts and fibroblasts, and efficient internalization into RMS cells demonstrated by the cytoplasmic delivery of the Saporin toxin. The expression of the nucleophosphoprotein nucleolin, the target of F3, on the surface of RMS cell lines was validated by competition with the natural ligand lactoferrin, by colocalization with the nucleolin-binding aptamer AS1411, and by the marked sensitivity of RMS cell lines to the growth inhibitory nucleolin-binding N6L pseudopeptide. Taken together, our results indicate that nucleolin-targeting by F3 peptide represents a potential therapeutic approach for RMS.
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1. Introduction


Pediatric soft tissue sarcomas account for about 7% of all malignancies in children and young adults [1]. Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma of childhood [2]. Histology separates two major subtypes: embryonal or fusion-negative (FN-RMS, 60–70%), and alveolar or fusion-positive (FP-ARMS, 20–30%). FN-RMS is associated with a better prognosis than FP-RMS. Most aggressive FP-RMS tumors carry one of the two characteristic chromosomal translocations, the t(2;13)(q35;q14) or the t(1;13)(p36;q14), that result in the expression of a PAX3-FOXO1 and PAX7-FOXO1 fusion transcription factor, respectively [3]. Translation products of these gene fusions lead to increased expression of a number of oncogenes and are responsible for the aggressive phenotype of ARMS. Despite progress and intensified multimodality treatment, prognoses for these pediatric tumors are extremely bad, with an overall survival as low as 20% in the advanced stage [4,5]. Moreover, long-term toxicities of the intense chemotherapy/radiation therapy regimens are now becoming more evident with improving survival [6,7]. Therefore, new therapies are desperately needed for children and young adults with high-risk and recurrent solid tumors.



Nanocarriers loaded with drugs can decrease systemic side effects by passive accumulation in tumors through the enhanced permeation and retention (EPR) effect, a phenomenon first described by Maeda et al. [8,9]. However, the clinical translation of drug delivery by nanocarriers has not yet met the expectations [10,11]. Active targeting of nanocarriers to the tumor site by tumor-specific ligands promises to increase the therapeutic effect, while decreasing the systemic toxicity [12]. Selected peptides showing high affinity for diseased cells or tissue can indeed be conjugated to nanoparticles and bring their cargo to the tumor in a relatively selective fashion [13,14].



We previously selected RMS-targeting peptides by in vitro and in vivo phage display and tested them for their potential to increase vincristine-loaded liposomes’ accumulation in RMS mouse xenografts [15,16]. The peptide TmR was able to increase RMS binding of liposomes in vitro by 5.4-fold but did not increase tumor accumulation in vivo compared to non-targeted liposomes [15]. We hypothesized that a targeting peptide with a stronger binding to RMS might be needed to achieve increased accumulation in RMS tumors in vivo. Here, we selected from the literature peptides binding to receptors known to be expressed in RMS and compared their binding to RMS cell lines with peptides derived from our own screenings, using quantum dots (QD) as a model for nanoparticles with intrinsic fluorescence.




2. Materials and Methods


2.1. Materials


CdSe/ZnS quantum dots (QDs) Streptavidin nanocrystals with emission maxima at 525 nm (Q10143MP) or 605 nm (Q10101MP) and biotin (29129) were purchased from Thermo Fisher Scientific (Basel, Switzerland). Biotin-4-Fluorescein (AS-60654) was purchased from Eurogentec (Seraing, Belgium). Nonidet P-40 (ab142227) and Phalloidin-iFluor 488 (ab176753) were purchased from Abcam (Cambridge, UK). The 4′,6-diamidino-2-phenylindole (DAPI) and thiazolyl blue tetrazolium bromide (MTT) were purchased from Sigma Aldric (Buchs, Switzerland). All peptides were custom-ordered from GenScript (Leiden, Netherlands) or from GeneCust (Boynes, France) with the following modifications: Biotin-3x[Aminohexanoic acid-] at the N-terminus and amidation at the C-terminus, with HPLC purity over 95%, see Supplementary Table S1 for detailed information on peptides’ purity, scale, and sequences. Aptamer AS1411 [17] was synthesized by GenScript as a biotinylated oligonucleotide (Biotin-5’AminoC6-TTGGTGGTGGTGGTTGTGGTGGTGGTGG-3’), and all G were replaced with C in the negative control oligonucleotide (Neg.1411) [18]. Streptavidin-ZAP conjugates and free Saporin were purchased from Advanced Targeting Systems (San Diego, CA, USA). Human milk lactoferrin was from Sigma Aldrich. N6L pseudopeptide was kindly provided by Prof. Dr. José Courty (Université Paris-Est Créteil, Créteil, France). N6L hexavalently represents the pseudo-tripeptide Lysψ(CH2N)-Pro-Arg coupled to a polypeptide scaffold (Ac-Lys-Aib-Gly-Lys-Aib-Gly-Lys-Aib-Gly-Lys-Aib-Gly-Lys-Aib-Gly-Lys-Aib-Gly-CONH2), where Aib is 2-aminoisobutyric acid and ψ(CH2N) is a reduced peptide bond.




2.2. Cell Lines


Rh30, Rh4 (FP-RMS), RD, TTC-442 (FN-RMS), MRC-5 (human embryonal lung fibroblasts), and MDA-MB-231 (breast adenocarcinoma) were cultivated in Dulbecco’s modified Eagle’s medium (Bioconcept, Allschwil, Switzerland) with 10% fetal bovine serum (10270106, Thermo Fisher Scientific), 2 mM of L-glutamine, 100 U/mL of penicillin, and 100 µg/mL of streptomycin (Bioconcept). Mouse myoblasts C2C12 were cultivated with 20% FBS in DMEM. Cells were kindly provided by Prof. Beat Schäfer (University Children’s Hospital of Zurich). Immortalized human healthy primary myoblasts KM155C25Dist (referred to as myoblasts), kindly provided by the platform for immortalization of human cells MyoLine, from the Institut de Myologie (Sorbonne University, Paris, France), were cultured in Skeletal Muscle Cell Growth Medium (#C-23060, PromoCell, Heidelberg, Germany) with 5% fetal bovine serum, fetuin (bovine) 50 μg/mL, epidermal growth factor 10 ng/mL, basic fibroblast growth factor 1 ng/mL, insulin 10 μg/mL, and dexamethasone 0.4 μg/mL (PromoCell). Cells were fingerprinted by STR analysis (Microsynth, Balgach, Switzerland) and tested negative for mycoplasma.




2.3. Preparation and Quality Controls of Quantum Dots Streptavidin-Biotin Conjugates


CdSe/ZnS quantum dots Streptavidin (QD-SA) nanocrystals were incubated with biotinylated ligands (peptides or oligonucleotide) for at least 1.5 h at 4 °C with gentle agitation. The ratio of 50:1 ligand:QD was chosen as each QD nanocrystal has 5–10 Streptavidin molecules, according to the manufacturer’s description. Briefly, QD-SA were diluted to 100 nM in PBS (pH 7.4)/1% BSA and the biotinylated ligand was diluted to 5 μM in the same solution. After incubation, nonconjugated ligands were removed by size exclusion with PD SpinTrap G-25 with a cutoff < 5 kDa (GE28-9180-04, Sigma Aldrich). The concentration of the conjugates after size exclusion column was adjusted by measuring absorbance at 350 nm to calculate the concentration by the coefficient of extinction according to the Beer–Lambert law. Quality control of conjugation was performed by monitoring Biotin-4-Fluorescein quenching, as described in [19]. Briefly, upon binding of Biotin-4-Fluorescein to QD-Streptavidin nanocrystals, the quenching of the Biotin-4-Fluorescein signal can be measured at 450 nm. Successful conjugation of QD-SA with biotinylated molecules, or with free biotin, will prevent the quenching of the Biotin-4-Fluorescein signal (Supplementary Figure S1).




2.4. QD-Ligands Incubation with Cells


Quantification of QD-peptides conjugates binding to cells was performed by incubation with cells in suspension or with adherent cells. For incubation with cells in suspension, cells were detached with Accutase (Thermo Fisher Scientific) for 10 min at 37 °C, washed with PBS, and counted. Then, 100′000 cells were incubated in 100 μL of PBS/1% BSA with 20 nM QD-Ligand conjugates for 1 h at 37 °C, washed twice in PBS/1% BSA, and analyzed by FACS. For internalization experiments, 10′000 cells were plated in a 96-well plate. After 24 h, the medium was replaced with full growth medium containing 10 nM QD-peptides conjugates premixed by gentle agitation for 30 min. After 12 h of incubation at 37 °C and 5% CO2, cells were detached with Accutase, washed twice in PBS/1% BSA, and analyzed by FACS. QD-aptamer conjugates were incubated with adherent cells at a concentration of 10 nM and analyzed after 12 h of incubation at 37 °C and 5% CO2 by FACS.




2.5. Fluorescence-Activated Cell Sorting (FACS)


Measurements were performed with a CytoFLEX (Beckman Coulter), and the data were analyzed by doublets discrimination and determination of the geometric mean of the fluorescent intensity (MFI) using FlowJo v10.8 software (BD Life Sciences). The Fold Binding was calculated as the ratio of MFI values of QD-ligand conjugates over the nonconjugated QD-SA control. Statistical analysis was performed with GraphPad Prism software, version 8 (GraphPad Software, San Diego, CA). The statistical significance was assessed by the paired Student’s t-test and the Mann–Whitney test, with a threshold of p < 0.05. To detect cell surface receptors, cells were washed with PBS and detached with Accutase for 10 min at 37 °C. Then, 100′000 cells were incubated with polyclonal rabbit anti-NCL antibodies (20 µg/mL; N2662, Sigma) in 100 µL of PBS/1% BSA on ice for 1 h. After two washes with PBS/1% BSA, cells were stained with goat anti-rabbit IgG (H + L) Alexa488-conjugated (1:200; A11008, Thermo Fisher Scientific) for 30 min on ice. NCAM-1 receptor expression levels were determined with the semi-quantitative kit BD Quantibrite Beads (340495BD, Biosciences), following the manufacturer’s instructions. Cells were stained with mouse PE-conjugated anti-NCAM-1 antibodies (1:200; 318306, Biolegend) for 20 min on ice. Stained cells were processed with CytoFLEX as described above.




2.6. Fluorescence Microscopy


Cells were seeded on 8-well chamber cover-glass slides (80826, Ibidi, Grafelfing, Germany) at a density of 10′000 cells per well and incubated with 10 nM QD conjugates for 12 h at 37 °C and 5% CO2. After incubation, cells were washed with PBS, fixed with 2% PFA (Thermo Fisher Scientific) for 15 min at RT, and permeabilized with 0.1% Triton-X 100 for labeling with Phalloidin-iFluor 488. DAPI (D9542, Sigma Aldrich) in TBS was added for 2 min before mounting with a compatible medium (50001, Ibidi). Fluorescence images were acquired with a Leica 4000D microscope with Cy3 channel at 590 ± 23 nm to detect QD605. Acquired images were further processed by GIMP v2.10.0-RC1 (http://gimp.org).




2.7. ZAP-Conjugates’ Preparation and Cell Viability Assay


For internalization and the cargo delivery test, ZAP-conjugates were prepared for selected peptides. For conjugation, Streptavidin ZAP (Advanced Targeting Systems, Carlsbad, CA, USA) was incubated with biotinylated peptides at a ratio of 1:4. After 30 min of incubation at room temperature (25 °C) with gentle agitation, ZAP-conjugates were added to 2500 fast-growing cells (RD) or 5’000 slower growing (Rh30, Rh4, TTC-442) cells seeded in a 96-well plate. Three-fold dilution of initial stock was performed to obtain the series of decreasing concentrations of ZAP-conjugates (54, 18, 6, 2, 0.67, 0.22, 0.074, 0.0247 nM). ZAP-conjugates were incubated for 48 h. Viability was measured using the MTT assay.




2.8. Lactoferrin Competition


For the competition experiment, dilutions of 2 μM of human lactoferrin (SRP6519, Sigma Aldrich) in PBS/1% BSA were preincubated with 100′000 RMS cells in suspension at room temperature for 15 min, and then 20 nM QD-F3 was added and incubated for 1 h at 4 °C. Binding was quantified by FACS analysis, as described above.




2.9. Treatment with Pseudopeptide N6L


To test the effect of N6L pseudopeptide on RMS cells, cells were plated at a density of 5’000 cells per well in a 96-well plate and incubated with N6L for 72 h at 37 °C and 5% CO2. Concentrations of N6L from 0 to 100 μM were tested. The MDA-MB-231 cell line was used as a positive control sensitive to N6L [20]. The MTT assay was performed after 72 h.




2.10. MTT Cell Viability Assay


Cells in 96-well plates were incubated with 20 μL of MTT (5 mg/mL in PBS). After 4 h of incubation, the media and MTT reagent mixture were discarded and 150 μL of MTT solvent (4 mM HCl, 0.1% Nonidet P-40) in isopropanol was added. The absorbance at 490 nm was measured with a Tecan Sunrise microplate reader (Tecan Schweiz AG, Männedorf, Switzerland). Graphs were plotted with GraphPad Prism Software, version 8 (San Diego, CA, USA), using the nonlinear regression model. R2 was used to evaluate the goodness of fit to the model.





3. Results


3.1. Validation of QD-Peptides Streptavidin-Biotin Conjugates


Successful targeting of different cancer types has been reported with different tumor-targeting peptides (reviewed in [14]). Here, we set out to compare our own RMS-targeting peptides RMS-P3, TmR, RMS-I, and RMS-II with tumor-targeting peptides selected from the literature, to identify the best possible RMS-targeting peptide. We included peptides specific for surface receptors known to be expressed on RMS cells (NCAM-1, EGFR, CB1, TFR1, and uPAR; see Supplementary Table S2 for an overview of the literature), or reported to successfully target other tumors, tumor blood vessels, or tumor lymphatic vessels (Nucleolin, CD13, p32). We also included integrin αvβ3-targeting peptides (CRGDS, cRGDyK) since integrin αvβ3 is one of the most investigated targets [21,22] and we previously showed successful RMS-targeting with RGD-based peptides [23,24] (Table 1). Expression of the targeted receptor was additionally verified by analysis of publicly available expression data (Supplementary Figures S1–S3).



Peptides-conjugated quantum dots (QD) represent a powerful fluorescent probe allowing the estimation of ligand-mediated binding and internalization of nanoparticles [48]. We took advantage of commercially available QD Streptavidin (QD-SA) complexes, which are especially useful for stable conjugation with biotinylated ligands. First, to verify QD-SA surface coating with biotin conjugation, Biotin-4-Fluorescein was chosen as a fluorescent labeling molecule. Biotin-4-Fluorescein is quenched in proximity to Streptavidin (avidin) molecules [19], and therefore titration of Biotin-4-Fluorescein with QD-peptides conjugates could reveal the remaining vacant biotin sites (Supplementary Figure S4).




3.2. Screening of Peptide-Ligands Using QD Fluorescent Probe


We included the biotinylated TAT peptide (YGRKKRRQRRR) as a positive control for successful conjugation of QD-SA and binding to RMS cells, and non-conjugated QD-SA and QD-CmR (non-binding peptide derived from TmR) as negative controls. Biotinylated peptides were conjugated to QD-SA by incubation peptides with QD-SA at a ratio of 50:1 (Figure 1). Unconjugated peptides were removed by size exclusion chromatography. The binding of QD-peptides conjugates to RMS cells was investigated on Rh30 cells (FP-RMS) and RD cells (FN-RMS) in suspension. We initially compared the binding of 20 nM QD-TAT conjugates incubated with adherent RMS cells for 2 h or with RMS cells in suspension. We did not observe a significant difference between incubation with adherent cells and cells in suspension. Therefore, all experiments for quantitative evaluation of QD-peptides’ binding by FACS were performed on RMS in suspension, as this allowed us to use less QD-peptides conjugates. QD-TAT always showed the highest fluorescence, between 100- and 450-fold over QD-SA.



QD-NTP and QD-F3 conjugates, targeting NCAM-1 and nucleolin, respectively, consistently showed the strongest binding to Rh30 cells (49.4- and 35.4-fold) and RD cells (165.0- and 98.5-fold). Our RMS-targeting peptides shTmR and TmR, modified versions of RMS-P3, also bound surprisingly strongly to Rh30 (27.8- and 30.4-fold, respectively) and to RD (40.0- and 36.9-fold, respectively). RMS-II, tLyp1, and RMS-P3-3G showed a weaker but significant binding to Rh30 and RD cells between 2.2- and 6.6-fold. All other peptides did not show any significant binding at the conditions chosen for these experiments, with a 20 nM concentration of QD-peptides conjugates.



To further assess binding and internalization in a qualitative manner, we performed fluorescent microscopy. All peptides with the binding fold change higher than 2 were tested in at least two RMS cell lines, the FP-RMS Rh30 and the FN-RMS RD. QD-peptides conjugates were incubated at 20 nM for 12 h with the cells, and after washing and fixation, cells were analyzed by fluorescence microscopy. NTP and F3 QD-peptides conjugates showed the strongest signals and displayed a clear internalization of QD into RMS cells (Figure 2). RMS-P3-derived peptides shTmR and TmR, and the peptide RMS-II, were also able to mediate QD internalization, however, to a much lower extent. Internalized QS were not or barely detectable for peptides tLyp1 and RMS-P3-3G. These data confirm the quantitative binding data obtained with FACS and indicate that NTP and F3 are the best candidates for targeting of RMS cells.



Next, we evaluated the binding of the best peptides to control normal cells: human embryonal fibroblasts (MRC5), primary human myoblasts (KM155C25Dist), and mouse myoblast C2C12, as well as to additional RMS cell lines (FP-RMS Rh4 and FN-RMS TTC-442). The peptide NTP revealed a very strong binding to MRC-5 (Figure 3), which is negative for surface expression of its target NCAM-1 (Supplementary Figure S5). This result questions the specificity of the NTP peptide. Therefore, the NTP peptide was omitted from the following experiments. The F3 peptide showed moderate binding to MRC-5 and primary myoblasts, but strong binding to the RMS cell lines Rh4 and TTC-442. TmR and shTmR peptides showed a moderate biding to control cells, and to RMS cells. In conclusion, these results confirm the strong targeting potential of F3 peptides and indicate that TmR and shTmR are specific for RMS but are less strong than F3.




3.3. Peptide-Mediated Internalization and Cytoplasmic Payload Delivery


To assess the ability of the selected peptides to bind, internalize, and deliver a payload in the cytoplasm in RMS cells, we conjugated biotinylated peptides to the commercially available Streptavidin-ZAP, consisting of Saporin chemically conjugated to Streptavidin (Figure 4a). Saporin is a ribosome-inactivating protein first isolated from Sapinaria officinalis [49], which is useful to evaluate immunotoxin strategies and to delete specific cells in vivo [50]. Saporin depurinates a specific nucleotide in the ribosomal RNA 28S (A4324), thus irreversibly blocking protein synthesis. Without a targeting moiety, Saporin cannot efficiently internalize and has a relatively high IC50 (Figure 4c). A decrease in the IC50 of targeted Saporin indicates successful intracellular uptake and enhanced lysosome escape into the cytoplasm. The most promising peptides, F3, TmR, and shTmR, were tested. NTP was not included due to its potential lack of specificity observed on control cells (Figure 3). FP-RMS cells Rh30 and Rh4, as well as FN-RMS cells RD and TTC-442, were incubated with increasing concentrations of peptides-ZAP conjugates. Most of them (F3-ZAP, shTmR-ZAP, TmR-ZAP) led to an IC50 decrease of around 100-fold compared to free Saporin in the RMS cells tested (Figure 4b,c). The negative control peptide CmR displayed a weak toxicity, insufficient to calculate IC50 in the same range of concentrations as the other peptide-ZAP conjugates. None of the tested free peptides were toxic even at the highest tested concentrations.



F3 peptide and TmR peptide consistently showed the most efficient internalization of Saporin on the RMS cell lines tested. Since F3 peptide showed the most efficient and specific binding to RMS cells, as measured by FACS, we selected F3 peptide as our lead candidate and proceeded with the validation of the expression of its target, nucleolin, on RMS cells.




3.4. Validation of Nucleolin as a Specific Target for RMS


Nucleolin was identified as a ligand for F3 peptide by affinity purification from MDA-MB-435 lysates, and the localization of nucleolin on the cell surface was demonstrated with a polyclonal rabbit antibody (NCL3) raised against amino acids 221–232 of human nucleolin, and with a mouse monoclonal antibody (MS-3) [25]. The polyclonal antibody which gave the strongest signal is not available anymore, but we tested the MC-3 mAb on RMS cells. From FACS, we did not observe any significant binding of the anti-nucleolin MC-3 antibody to surface nucleolin on RMS cells. We could observe a shift in the FACS signal when using a polyclonal rabbit antibody only in RD cells (Supplementary Figure S6). Considering the weak shifts in FACS signals observed by us and by others [25,51,52,53,54], we decided to take another approach to validate the presence of nucleolin on the surface of RMS cells.



We took advantage of two well-characterized anti-nucleolin synthetic ligands, namely the pseudopeptide NucAnt 6L (N6L [55]) and the aptamer AS1411 [56]. Both promote cell death in tumor cells and N6L has reached clinical trials in solid tumors (NCT01711398) and AS1411 in renal cell carcinoma (NCT00740441). Pseudopeptide N6L was developed as a modification of the pseudopeptide HB-19 [57,58], where a LysΨ(CH2N)-Pro-Arg pseudo-tripeptide was conjugated to the ε-NH2 of Lys, a part of the helical matrix composed of six repeats of Lys-Aib-Gly. The reduced peptides bond (Ψ(CH2N)) in the pseudo-tripeptide promotes stability against endogenous proteases in serum. N6L is cytotoxic at low micromolar concentrations (IC50) for a wide range of tumors [20]. Therefore, we tested the effect of N6L on RMS cells. Increasing concentrations of N6L were added to RMS cells RD and Rh30, as well as to the breast adenocarcinoma cell line MDA-MB-231, for which a growth inhibition 50% (GI50) of 20 µM is reported [20]. After 72 h, the number of viable cells was quantified by the MTT assay. These experiments revealed a strong toxicity of N6L on RMS cells, comparable to MDA-MB-231. N6L displayed an IC50 of 12.3 and 10.2 μM for RD and Rh30 cells, respectively. For MDA-MB-231, used as a positive control, the IC50 was 11.5 µM (Figure 5a). Therefore, RMS cell lines have an IC50 in a low micromolar range as the N6L-susceptible cell line MDA-MB-231, suggesting nucleolin expression also on the surface of RMS cells.



G-quadruplex oligonucleotide AS1411, previously known as AGRO100, has been discovered as a first aptamer with an antiproliferative effect on cancer cells (reviewed in [56]). The mechanism of the cytotoxic effect of the aptamer AS1411 was identified in the blocking of nuclear factor-κB essential modulator (NEMO) at the protein level [59]. In addition to NF-κB signaling abrogation, blocking of Bcl-2 mRNA at the protein-mRNA level was discovered independently in human breast cancer cell lines [60]. The mechanism of cellular internalization proposed is a multi-step process with macropinocytosis of AS1411 and consequent activation of nucleolin on the cell surface [61]. AS1411 has been used for targeted drug delivery with PEGylated liposomes [62], or on DNA nanorobots [63]. QD conjugated with AS1411 have been successfully used for imaging and ligand-binding analysis in vitro [18,64,65,66]. Here, we used QD-SA conjugates and labeled them with biotinylated AS1411. As a negative control, we used an oligonucleotide sequence with all G mutated to C [18]. After overnight incubation, cell binding was quantified by FACS (Figure 5b). QD-AS1411 bound to RD cells 8.8-fold more, and to Rh30 cells 2.2-fold more than the control QD-NC-AS1411. In addition, we generated QD-AS1411 and QD-F3 with different emission maxima (QD525, green and QD605, red, respectively) and co-incubated them with RD cells at 10 nM each overnight. A clear colocalization of QD-F3 and QD-AS1411 was visible by fluorescence microscopy (Figure 5c), but not between QD-F3 and QD-NC-AS1411.



Several natural ligands of cell surface nucleolin have been identified, such as midkine [67] and human lactoferrin [64]. Nucleolin-derived peptides were tested for their interaction with lactoferrin by SPR [64]. The nature of the interaction suggests that nucleolin is a high-affinity receptor for naturally occurring lactoferrin. Therefore, we used lactoferrin to compete with the binding of QD-F3 to nucleolin and to test if some level of QD-F3 binding decrease can be achieved by competition and consumption of surface nucleolin by excess of lactoferrin in the media. After a short pretreatment of RMS cells RD or Rh30 with 2 μM of lactoferrin for 20 min, 20 nM QD-F3 and 2 μM of lactoferrin were co-incubated for 1 h on ice with RMS cells. After washing, QD-F3 binding was quantified by FACS. A clear decrease of QD-F3 binding could be observed for both RMS cell lines RD and Rh30 upon co-incubation with excess lactoferrin, suggesting a competition for receptor-specific binding and internalization (Figure 5d).



Taken together, these results show that synthetic ligands of nucleolin (pseudopeptide N6L and aptamer AS1411), as well as the natural ligand of nucleolin lactoferrin, can compete with QD-F3 for binding to RMS cells, supporting the notion that F3-binding to RMS cells is mainly mediated by the interaction with nucleolin.





4. Discussion


In this study, we screened 20 peptides targeting 12 different receptors for their binding to two RMS cell lines. We identified the nucleolin-targeting peptide F3 as the most effective ligand to mediate binding and internalization of QD nanoparticles and for delivery of the toxin Saporin to RMS cells. We validated surface expression of nucleolin on RMS cells by competition of F3-binding to RMS cells with the nucleolin ligands aptamer AS1411 and lactoferrin, colocalization of QD-F3 and QD-AS1411 in RMS cells, and by the high sensitivity of RMS cells to the cytotoxic nucleolin-binding pseudopeptide N6L.



The Furin-targeting peptide TmR, described previously by our group, and its shorter version shTmR missing a GGG spacer, were also very specific and efficient in delivering QD and Saporin to RMS cells, but bound about 2- to 5-fold less strongly to RMS cells than F3 peptide. The RMS-II peptide, with sequence homology to Lyp-1, previously selected by phage display on RMS cell lines, also performed well, but bound 5- to 10-fold less than F3 peptide. The NCAM-1-targeting peptide NTP bound to RMS cells extremely well, probably also owing to the high expression of NCAM-1 in RMS cells, but unfortunately also significantly bound to the NCAM-1-negative cells MRC-5, suggesting that the NTP peptide might not be completely specific for NCAM-1. For this reason, the NTP peptide was not further pursued.



QD-Streptavidin conjugates together with biotinylated ligands represent a versatile platform for quantitative and qualitative screening of tumor-targeting peptides in a robust and reproducible way. The biotin–Streptavidin interaction is very stable and has a dissociation constant (Kd) of 10–14. Incubation of an excess of biotinylated peptides with QD-Streptavidin, followed by size exclusion purification, allowed to have QD-peptide conjugates with all biotin-binding sites saturated, as verified by Biotin-4-Fluorescein quenching. The only limitation is the price of QD conjugates, that allows to use them only at concentrations around 20 nM with reasonable costs. A 20 nM concentration is quite low, but it favors the stringent selection of peptides with a very high affinity, or with a very high number of target receptors on the surface, both ideal qualities for targeting peptides. This might in part explain why so many of the tested peptides—several of which were already shown to be able to deliver nanoparticles to tumors in mouse models—performed so poorly in our screening. A negative result does not exclude that these peptides can achieve efficient targeting at higher concentrations. The CendR peptides iRGD, iNGR, and tLyp-1 targeting Neuropilin-1, as well as peptides binding preferentially to angiogenic blood vessels (NGR, Lyp-1), are expected to be very efficient in vivo, and a lack of binding in vitro does not imply they will not be able to target RMS tumors in vivo.



In the present study, we used QD-peptides conjugates in 2D cell culture to evaluate binding to the cell-specific receptor. With the growing availability of 3D culture and organoid models as potential replacements for animal tumor models, QD-conjugates could be used for imaging and detection of cell populations overexpressing specific molecules on the surface, as recently shown for two different populations in spheroids formed from two cell lines [68]. Presumably, a similar approach could be utilized in clinically relevant models of tumor spheroids or patient-derived organoids. Exosomes play an important role for tumor development and could be used as biomarkers detected by QD-conjugates together with anti-exosome magnetic beads (e.g., anti-CD81), as shown for HER2-positive patient-derived exosomes [69]. Another source of biomarkers relevant for metastasis characterization are circulating tumor cells. Several reports exploited the fluorescent advantages of QD-conjugates for detection of low numbers of circulating tumor cells [70,71,72].



Nucleolin was identified as a ligand for F3 peptide by affinity purification from MDA-MB-435 lysates [31]. Transient silencing of nucleolin expression by siRNA decreased binding saturation of F3 on MDA-231-MB cells [73], and confirmed the specificity of other ligands for nucleolin [74,75]. We tried to knockout nucleolin by CRISPR/Cas9 in RD and Rh4 cells, but we did not succeed in selecting viable clones, suggesting that complete nucleolin knock-down is lethal (Dzhangar Dzhumashev, unpublished results).



Nucleolin is abundantly expressed in exponentially growing cells, such as cancer cells, and is mainly located in the nucleus, where it controls various important cellular functions. Nucleolin is transported to the cell surface as a part of the shuttling mechanism [76,77]. Surface expression of nucleolin has been reported in many different cancer types, and its involvement in cancer has been extensively studied (reviewed in [78,79,80,81,82]). At the cell surface, nucleolin can act as a receptor for various viruses [83]. The detailed mechanism of internalization and subcellular fate of F3-functionalized nanoparticles has been intensively studied using polyacrylamide nanocarriers (NC) and comparing targeted NC, non-targeted NC, and F3 peptide alone. Clathrin-dependent endocytosis was shown to be the prevalent mechanism of internalization [84].



The presence of nucleolin on the surface of the FN-RMS cell line RD, also used in our study, is supported by the nucleolin-dependent infection by the Enterovirus 71 of RD [85]. Further evidence comes from the pulldown of surface nucleolin from the RD cell line with the HB-19 pseudopeptide, the precursor of N6L, and detection by immunoblotting [86]. Moreover, the anti-nucleolin aptamers AS1411 and iSN04 showed a potent growth inhibitory effect on RD cells [87]. The role of nucleolin in RMS remained unexplored until it was recently shown that nucleolin acts as a cofactor for the oncogenic transcription factor TBX3, also in the RD cell line [88]. Correlation between high nucleolin and TBX3 co-expression and poor survival was observed in sarcomas [88]. Importantly, the signaling axis c-Myc/AKT1/TBX3 has been identified as an important interventional target for embryonal RMS [89]. Finally, nucleolin was among the 80 most enriched proteins detected by proteomics analysis in extracellular vesicles from five RMS cell lines [90].



N6L is cytotoxic at low micromolar concentrations (IC50) for a wide range of cancer cell lines, such as renal carcinoma, glioblastoma, melanoma, acute lymphoblastic leukemia, and mammary gland adenocarcinoma. In vivo, N6L leads not only to the inhibition of tumor progression, but also affects vascular development [20,91,92]. Based on our results, we propose a high and dynamic presence of nucleolin on the cell surface that makes it an attractive target for RMS treatment with proapoptotic ligands such as AS1411 and N6L, or with antibody-drug conjugates (ADC) based on high-affinity monoclonal antibodies, scFv, or single-domain antibodies against nucleolin.



We previously tested the peptide TmR for its potential to increase vincristine-loaded liposomes’ accumulation in RMS mouse xenografts [15,16]. TmR was able to increase the binding of liposomes to RMS cells in vitro by 5-fold but did not further increase tumor accumulation in vivo compared to non-targeted liposomes, which accumulated 5-fold more (460-fold AUC0-24h) compared to free vincristine [15]. Here, we aimed at selecting a peptide with stronger binding to RMS cells than TmR, and F3 peptide bound to the four RMS cell lines tested 3- to 5-fold more than TmR peptide. Importantly, F3 peptide has been successfully used to target doxorubicin-loaded pH-sensitive liposomes to breast and mesothelioma tumors [93] and neuroblastoma [94] in mice. Taken together, these results support the use of F3 peptide to target vincristine-loaded liposomes to RMS.




5. Conclusions


In summary, we have identified F3 as an effective binding peptide to RMS cells, superior to the previously tested RMS-targeting peptides, and with high specificity that can be further developed into nanoparticles for targeted drug delivery to RMS.
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Figure 1. Scheme of QD-peptides conjugates’ preparation and binding to RMS cells. (a) Biotinylated peptides are incubated with QD-SA (605 nm) at a molar ratio of 50:1. After incubation, unbound peptides are removed by size exclusion chromatography with a 5 kDa cutoff. QD are expected to carry 5–10 Streptavidin (SA) molecules and can therefore incorporate up to 15–30 peptides. The estimated size of labeled QD-peptides conjugates is around 10 nm. (b) Binding of the selected QD-peptides conjugates to RMS cell lines RD (FN-RMS) and Rh30 (FP-RMS) was measured by FACS. 100′000 RMS cells were detached with Accutase and incubated in suspension with 20 nM QD-peptides conjugates, or nonconjugated QD-SA as a control, for 1 h at 37 °C with Rh30 cells (left panel) and RD cells (right panel). The fold-binding was calculated as the ratio between the geometric fluorescent mean intensity (FMI) of cells incubated with QD-peptides conjugates and the FMI of non-conjugated QD-SA from three independent experiments. 
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Figure 2. Internalization of QD-peptides conjugates into RMS cell lines. The QD-peptides conjugates that showed a strong biding to RMS cells by FACS were tested by fluorescent microscopy for internalization. (a) Rh30 cells and (b) RD cells were incubated for 12 h at 37 °C with 20 nM QD-peptides, fixed, and analyzed. CmR peptide was used as a negative control. Scale bars are 50 μm. Blue shows labeling of nuclei with DAPI, red shows QD605. White arrows point to internalized QD aggregates. Scale bar 50 μm. 
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Figure 3. Binding of QD-NTP, QD-F3, QD-TmR, and QD-shTmR to RMS cells and normal fibroblasts and myoblasts. 100′000 cells were detached with Accutase and incubated in suspension with 20 nM QD-peptides conjugates, or nonconjugated QD-SA as a control, for 1 h at 37 °C, with lung embryonal fibroblasts MRC-5, human myoblasts, and mouse myoblasts C2C12, FP-RMS Rh4, and FN-RMS TTC-442. The fold-binding was calculated as the ratio between the geometric fluorescent mean intensity (FMI) of cells incubated with QD-peptides conjugates and the FMI of non-conjugated QD-SA from three independent experiments. QD-NTP bound efficiently to MRC-5, which are negative for NCAM-1, the target of NCR-peptide; therefore, QD-NTP were not tested on the other cells. n.d.: Not done. 
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Figure 4. Efficient cytoplasmic delivery of Saporin by selected RMS-targeting peptides. (a) Structure and mechanism of action of peptides-Saporin conjugates. Ribosomes’ inhibition results in cell death. (b) RMS cells were treated with increasing concentrations of peptides-Saporin conjugates for 48 h, and cell viability was measured by the MTT assay. (c) Summary of IC50 values calculated for Saporin alone and the different peptides-Saporin conjugates. 1: Rh30, 2: Rh4, 3: RD, 4: TTC-442. n.d.: Not determined, i.e., the fit of the nonlinear regression model’s curve R2 was <0.9 and IC50 could not be determined. Experiments were performed once in triplicates. 
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Figure 5. Validation of nucleolin presence on the surface of RMS cells by alternative nucleolin ligands. (a) The nucleolin antagonist N6L reduces RMS cells’ viability in culture. RMS cells (RD, Rh30) as well as MDA-MB-231 were incubated with increasing concentrations of N6L for 72 h. Cell viability was determined by the MTT assay, and the IC50 of N6L was calculated. (b) The biotinylated aptamer AS1411, or its negative control NC-AS1411, were conjugated to QD-SA, and incubated overnight at 20 nM with RMS cells. QD-AS1411 shows increased binding to RMS cells compared to the mutated oligonucleotide QD-NC-AS1411. (c) 10 nM QD(525)-AS1411 and QD(605)-F3 were co-incubated with RD cells overnight. After washing and fixation, cells were analyzed with fluorescence microscopy. The image shows colocalization of QD-F3 (red) and QD-AS1411 (green) after binding and internalization on RD cells. (d) Co-incubation with human lactoferrin, a high-affinity natural ligand of nucleolin, leads to decreased binding of QD-F3 to the RMS cells RD and Rh30. Cells were detached, pre-incubated with 2 μM lactoferrin for 20 min, and then co-incubated with 20 nM QD-F3 on ice for 1 h. 






Figure 5. Validation of nucleolin presence on the surface of RMS cells by alternative nucleolin ligands. (a) The nucleolin antagonist N6L reduces RMS cells’ viability in culture. RMS cells (RD, Rh30) as well as MDA-MB-231 were incubated with increasing concentrations of N6L for 72 h. Cell viability was determined by the MTT assay, and the IC50 of N6L was calculated. (b) The biotinylated aptamer AS1411, or its negative control NC-AS1411, were conjugated to QD-SA, and incubated overnight at 20 nM with RMS cells. QD-AS1411 shows increased binding to RMS cells compared to the mutated oligonucleotide QD-NC-AS1411. (c) 10 nM QD(525)-AS1411 and QD(605)-F3 were co-incubated with RD cells overnight. After washing and fixation, cells were analyzed with fluorescence microscopy. The image shows colocalization of QD-F3 (red) and QD-AS1411 (green) after binding and internalization on RD cells. (d) Co-incubation with human lactoferrin, a high-affinity natural ligand of nucleolin, leads to decreased binding of QD-F3 to the RMS cells RD and Rh30. Cells were detached, pre-incubated with 2 μM lactoferrin for 20 min, and then co-incubated with 20 nM QD-F3 on ice for 1 h.



[image: Cancers 14 05048 g005]







[image: Table] 





Table 1. Rhabdomyosarcoma cell surface proteins as potential peptide-ligands targets.
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Targets Expressed on Tumor Blood and/or Lymphatic Vessels as Well as on Tumors




	
Target

	
Peptide

	
Sequence

	
Ref.






	
Nucleolin

	
F3 (29 aa)

	
EPQRRSARLSAKPAPPKPEPKPKKAPAKK

	
[25,26,27]




	
CD13

	
NGR-5

	
CNGRC *

	
[28]




	
NGR-18

	
CNGRCGVRSSSRTPSDKY

	
[29]




	
p32

	
Lyp-1

	
CGNKRTRGC

	
[30]




	
CD13, Neuropilin-1

	
iNGR

	
CRNGRGPDC

	
[31]




	
p32, Neuropilin-1,

	
tLyp-1

	
CGNKRTR

	
[32]




	
Integrin αvβ3, Neuropilin-1

	
iRGD

	
CRGDKGPDC

	
[33]




	
Targets Expressed on Rhabdomyosarcoma




	
Target

	
Peptide

	
Sequence

	
Ref.




	
Integrin αvβ3

	
Linear RGD

	
CRGDS

	
[34]




	
Cyclic RGD

	
cRGDyK

	
[35,36,37]




	
RMS-I

	
CQQSNRGDRKRC *

	
[38]




	
Furin

	
TmR

	
KRDRGGGCMGTINTRTRRC *

	
[15]




	
shTmR

	
KRDRCMGTINTRTRRC *

	
This work




	
RMS-P3-3G

	
GGGCMGTINTRTRRC *

	
[16]




	
CmR (neg. ctr.)

	
KRDRGGGCMGTINTATAAC *

	
[15]




	
Neural Cell Adhesion Molecule 1 (NCAM-1)

	
NTP

	
ASKKPKRNIKA

	
[39,40,41]




	
Cannabinoid Receptor 1 (CB1)

	
Hemopressin

	
PVNFKFLSH

	
[42]




	
Epidermal Growth Factor Receptor (EGFR)/ErbB1

	
GE11

	
YHWYGYTPQNVI

	
[43]




	
Transferrin Receptor 1 (TFR1)

	
T7

	
HAIYPRH

	
[44,45]




	
iso-d-T7

	
d-(HRPYIAH)

	
[46]




	
Urokinase Plasminogen Activator Receptor (uPAR)

	
uPA

	
VSNKYFSNIHWGC

	
[47]




	
Target undetermined

	
RMS-II

	
CMGNKRSAKRPC *

	
[38]








* Cyclization via disulfide bridge between underlined cysteines.
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