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Host-Defense Peptides Caerin 1.1 and 1.9 Stimulate TNF-Alpha-Dependent Apoptotic Signals in Human Cervical Cancer HeLa Cells
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Host defense caerin 1.1 and 1.9 peptides, isolated from the glandular secretion of Australian tree frogs, the genus Litoria, have been previously shown to have multiple biological activities, including the inhibition of human papillomavirus (HPV) 16 early protein E7 transformed murine as well as human cancerous cell proliferation both in vitro and in vivo. However, the mechanism underlying their anti-proliferative activities against HPV18+ cervical cancer HeLa cells remains unknown. This study comparatively investigated the anti-proliferation on HeLa cells by caerin 1.1, 1.9, and their mixture, followed by confocal microscopy examination to assess the cellular intake of the peptides. Tandem mass tag labeling proteomics was employed to reveal the proteins that were significantly regulated by the peptide treatment in cells and cell growth environment, to elucidate the signaling pathways that were modulated. Western blot was performed to confirm the modulation of the pathways. Both caerin 1.1 and 1.9 highly inhibited HeLa cell proliferation with a significant additive effect compared to untreated and control peptide. They entered the cells with different magnitudes. Intensive protein-protein interaction was detected among significantly upregulated proteins. Translation, folding and localization of proteins and RNA processing, apoptosis process was significantly enriched post the treatments. The apoptotic signaling was suggested as a result of tumor necrosis factor-α (TNF-α) pathway activation, indicated by the dose-dependent elevated levels of caspase 3 and caspase 9. The epidermal growth factor receptor and androgen receptor pathways appeared inhibited by the peptides. Moreover, the activation of T-cell receptor derived from the quantitation results further implies the likelihood of recruiting more T cells to the cell growth environment post the treatment and more sensitive to T cell mediated killing of HeLa cells. Our results indicate that caerin 1.1 and 1.9 mediate apoptotic signals of HeLa cells and may subsequently enhances adaptive T cell immune responses.
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INTRODUCTION

Cervical cancer is the second most common cancer in woman worldwide, results from persistent infection of Human papillomavirus (HPV) infection, especially HPV subtype 16, 18 infection, which accounts for more than 70% of cervical cancer (Leo et al., 2017; McGregor et al., 2018). HPV prophylactic vaccine introduced a decade ago effectively prevents HPV infection and may eradicate cervical cancer in countries that the vaccines are well distributed (McGregor et al., 2018). However, the vaccine is ineffective for those already infected with HPV and developing countries that have most cervical cancer patients have limited resources to vaccinate those at risk (Ni et al., 2015). Therefore, development of effective cervical cancer therapies remains as an urgent task.

Cancer immunotherapy is becoming a routine cancer treatment option following the introduction of immune checkpoint antibodies (Diesendruck and Benhar, 2017). Therapeutic vaccines target cancer cells through activation or induction of antigen specific T cells, with minimal affection of normal cells and tissues (Ni et al., 2015). The efficacy of therapeutic vaccines is far from satisfactory in clinical trials, up to now, few vaccines such as synthetic long peptide (SLP) vaccines have shown promising results in clinical trials against premalignant lesions, whereas responses against later stage carcinomas have remained inclusive (Galliverti et al., 2018). An ideal therapeutic vaccine should be able to elicit high quality and enough numbers of effective T cells, which can migrate to the tumor site, and overcome the tumor immunosuppressive microenvironment and kill the tumor cells via the process such as apoptosis (Ni et al., 2015).

Tumor necrosis factor alpha (TNF-α) is an inflammatory cytokine associated with both cell survival and apoptosis. The activation of caspases regulates the apoptotic effects of TNFα. Binding of TNF Receptor I stimulates the formation of a cytoplasmic Tumor necrosis factor receptor type 1-associated DEATH domain complex, leading to the activation of caspase 8 and the initiation of an apoptotic signaling cascade (Chau et al., 2004). TNFα-induced apoptosis requires the activation of JNK-dependent pathway (Deng et al., 2003). The modulation of TNF-α pathway to activate apoptosis in cancer cells toward the development of anti-tumor therapy has been widely investigated (Wang et al., 1999; Petersen et al., 2007; Shen et al., 2018).

Our previous study on a murine cell line TC-1 cells, which is a lung cancer cell transformed with HPV16 E6/E7 and commonly used as a surrogate cell line for cervical cancer research in mouse model, has shown that caerin peptides can alter the abundance of several immune-related proteins and related pathways, such as the Tec kinase and ILK signaling pathways, as well as the levels of pro-inflammatory cytokines and chemokines (Ni et al., 2018). Notably, caerin peptides were able to increase the survival time of TC-1 tumor bearing mice after therapeutic vaccination with a HPV16E7 peptide-based vaccine containing IL-10 inhibitor, via recruiting increased amounts of T cells to the tumor site (Pan et al., 2019). However, TC-1 cell is an artificial cell line that cannot represent the cell toxicity result against cervical cancer cells. We have recently found that caerin peptides can inhibit the growth of HeLa cells (Ma et al., 2020) and Siha cells (Data not shown). In this study, the anti-proliferation activity of caerin 1.1 and 1.9 on human HeLa cells was characterized, and the TMT-labeling quantitative proteomic technique was used to compare for variation in protein abundance. The gene ontology enrichment and protein-protein interactions related to significantly regulated proteins were analyzed. In addition, the modulation of biological signaling pathways was elucidated based on protein quantitation and confirmed by western blot analysis.



MATERIALS AND METHODS


Chemicals

Trifluoroacetic acid (TFA), methanol, acetonitrile (ACN), formic acid (FA), NH4HCO3, urea, dithiothreitol (DTT), iodoacetamide (IAA), RIPA buffer, sodium pyruvate, L-glutamine, G418, lipopolysaccharide and non-essential amino acid solution were obtained from Sigma-Aldrich (St. Louis, MO, United States). Trypsin (V5280) was purchased from Promega (Madison, WI, United States). Ultrapure water was prepared by Milli-Q water purification system (Millipore, Bedford, MA, United States). The TMT6plexTM Mass Tag Isobaric Labeling kit was purchased from Thermo ScientificTM (Madison, WI, United States). Protease inhibitor cocktail was purchased from (GE Healthcare, Little Chalfont, United Kingdom).



Cell Line, Cell Culture, and Peptide Synthesis

Human HeLa cell line was purchased from Shanghai Institutes for Cell Resource Centre, Chinese Academy of Sciences, and cultured following the protocols in the product sheets. Briefly, HeLa cells were maintained in complete DMEM media (Gibco) supplemented with 10% heat inactivated FBS, 100 U of penicillin/ml and 100 μg of streptomycin/ml and were cultured at 37°C with 5% CO2.

Three peptides, free or conjugated with FITC, including caerin 1.1 (GLLSVLGSVAKHVLPHVVPVIAEHL-NH2), caerin 1.9 (GLFGVLGSIAKHVLPHVVPVIAEKL-NH2) and P3 (GTELPSPPSVWFEAEFK-OH) as a negative control, were synthesized by Mimotopes (Melbourne, Australia). The purity of the peptides was >99% as determined by reverse-phase HPLC.



MTT Assay and Checkerboard Assay

Cell proliferation was determined by an MTT assay (ATCC, United States) following manufacturer instructions. Briefly, HeLa cells were cultured separately in flat bottomed 96 well plates. Caerin peptides with different concentrations (0, 0.4, 1.9, 3.9, and 5.8 nM), and P3 (0, 0.5, 2.6, 5.2, and 7.8 nM) were added to 1 × 104 of HeLa cells and cultured overnight at 37°C with 5% CO2. The wells treated with Triton X-100 (Anitha et al., 2012) and 31 nM caerin 1.1 were used as positive controls. Each treatment was performed in triplicates. Ten microliters of MTT Reagent were added and cultured for another 2 h, then 100 μl of Detergent Reagent was added, and the plate was left at room temperature in the dark for 2 h. Results were analyzed with a microtiter plate reader (BioTek, United States) at 570 nm according to the manufacturer’s protocol. The IC50 value of each caerin peptide was calculated using the method described elsewhere (Ma et al., 2020).

The additive effect of caerin 1.1/1.9 was evaluated using the checkerboard assay (Hsieh et al., 1993; Orhan et al., 2005). It was set up on a 96 well plate, and a series dilution of caerin 1.1 and 1.9 were used to treat 5 × 103 of HeLa cells in combination overnight. For wells along the x-axis, caerin 1.9 was diluted (0, 0.95, 1.9, 3.9, 7.8, and 15.6 nM), while caerin 1.1 was diluted along the y-axis (0, 0.95, 1.9, 3.9, 7.8, and 15.6 nM). Each well within this 6 × 6 checkerboard contained a combination of caerin 1.1 and 1.9 at different concentrations. The fractional inhibitory concentration index (FICI) for a well was calculated as follows,
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Where, A is the concentration of caerin 1.1 in a given well along the inhibition-no-inhibition interface; IC501.1 is the IC50 of caerin 1.1 alone; FIC1.1 is the fractional inhibitory concentration of caerin 1.1; and B, IC501.9, and FIC1.9 are defined in the same fashion for caerin 1.9. An FICI ≤ 1.0 implies additive effect or synergy.



Cellular Uptake Assay Using Confocal Microscopy and Identification of Unconjugated Caerin 1.1 and 1.9 in Cytoplasm of Treated HeLa Cells Using uHPLC and Mass Spectral Analysis

The cellular uptake process and capability of caerin 1.1 and 1.9 was evaluated and the FITC-labeled peptides were used for better monitoring of the location and distribution of peptides. HeLa cells were seeded on the 8-well tissue culture chambers (SARSTEDT, Germany) at 5 × 104 cells per well, and then the cells were incubated with culture medium containing 3.9 nM caerin 1.1, 1.9, or 5.2 nM P3 (negative control) each well for 5, 30, and 2 h respectively. After that, HeLa cells were rinsed twice with PBS and stained the nuclei by Hoechst 33342 (blue, Invitrogen) for 15 min, and cell plasma membrane was stained by CellMask (Deep red, Invitrogen) for 15 min. The confocal fluorescence images were acquired with a confocal laser scanning microscopy (CLSM, Olympus FV3000) under ambient conditions. 3D reconstruction and 3D Pearson’s Correlation Coefficient (PCC) calculation were performed using the Imaris 9.2 software (Bitplane AG, Zurich, Switzerland).

To investigate the entry of unconjugated caerin peptides into cytoplasm, HeLa cells were cultured and treated with 10 μg/ml of caerin 1.1 and 1.9. Cells were collected at 1 and 2 h post the treatment and centrifuged at 1,000 × g, 4°C for 5 min to separate cells. Cell pellet was washed using 1 mL cold PBS and centrifuged at 1,000 × g, 4°C for 5 min, this was repeated twice. The, cell pellet was lysed with RIPA buffer contain protease inhibitor cocktail. The protein extracts were centrifuged at 12,000 × g at 4°C for 15 min, and the resulted supernatants were then subjected to ultracentrifugation at 100,000 × g at 4°C for 60 min, to remove cell membrane. Since the molecular weights of caerin peptides are below 3 kDa, an ultrafiltration with a cutoff of 10 kDa was used on the supernatants to concentrate the eluates possibly containing these peptides. The eluates were analyzed by using a bioZen Peptide XB-C18 column (2.6 μm, 150 × 2.1 mm) on an Agilent 1290 infinity uHPLC (Agilent, Palo Alto, CA, United States), with the reference to the chromatographs of pure synthetic caerin 1.1 and1.9. In addition, 30 s fraction around the elution time of pure caerin peptides were collected for LC-MS/MS analysis.



Protein Extraction From Cell Growth Environment

To study the change of protein profiles in cell-growing environment in response to peptide treatment, excretory/secretory proteins (ESPs) were collected and analyzed. Approximately 1 ml cell culture mixture (containing both cells and supernatant) with or without the treatments (the concentration of the peptides was 1.9 nM) was collected and centrifuged at 1,000 × g, 4°C for 5 min, to separate cells and supernatant. The supernatant about 0.5 cm above the pellet was collected and centrifuged at 4°C, 12,000 × g for 15 min, while the pellet cells were also collected for following proteomic analysis. After the centrifugation, the supernatant was collected, lyophilized and subjected to in-solution digestion as described elsewhere (Ni et al., 2018). Briefly, 500 μg protein in 100 μl lysis buffer (8M urea, 0.8M NH4HCO3, pH 8.0) were reduced with 100 mM DTT at 37°C, and subsequently alkylated with 100 mM IAA at room temperature (RT) in the dark, followed by the incubation with the addition of 100 mM DTT at RT. The urea concentration was reduced by diluting the mixture with MilliQ water, then the proteins digested with sequencing grade modified trypsin at 1:50 enzyme-to-substrate ratio. After 4 h of digestion at 37°C, samples were diluted 1:4 with 50 mM NH4HCO3, 1 mM CaCl2 and another aliquot of the same amount of trypsin was added to the samples and incubated at 37°C overnight. The digested samples were desalted on Sep-Pak C18 columns (Waters, Milford, MA, United States) and lyophilized for TMT labeling.



Cell Lysis and Sample Preparation

Cells in pellet were washed with 1 mL of cold PBS to remove culture medium and any residual peptides. About 1 × 106 cells were lysed with 300 μl of lysis buffer (8M urea, 0.8M NH4HCO3, pH 8.0) supplemented with 10 μl of protease inhibitor cocktail. The samples were then sonicated for 30 min on ice, and then centrifuged at 12,000 × g at 4°C for 15 min. The supernatants were collected, and protein concentration in the cell lysates was measured using the Pierce BCA protein assay on a NanoDrop 2000 (Thermo Fisher Scientific, Bremen, Germany). Then, 500 μg of protein was used for in-solution digestion as described above. Tryptic peptides were desalted on Sep-Pak C18 columns and lyophilized for TMT labeling.



TMT-6plex Labeling for LC-MS/MS

TMT-labeling was carried out using the TMT 6plex labeling kit according to the manufacturer’s protocol. In brief, tryptic peptides resulting from 100 μg of protein per channel were used in the labeling. The TMT labeling reagents were dissolved in 41 μL acetonitrile per vial and added to the samples. For cell protein extracts, TMT-126, 127, 128, and 129 were used to label untreated, caerin 1.1, 1.9, and 1.1/1.9 treatments, respectively. For ESPs in cell environment, TMT-127, 128, 129, 130 were used to label untreated, caerin 1.1, 1.9, and 1.1/1.9 treatments, respectively. The reaction was incubated for 1 h at RT and quenched by 5% hydroxylamine. The labeled samples from the same biological replicate were mixed and desalted using Sep-Pak C18 columns and dried using a SpeedVac.



uHPLC Tandem QTof MS/MS Analyses

TMT labeled peptides from cells or cell growth environment were resuspended in 25 μL of 0.1% formic acid in MilliQ water and analyzed by a QTOF X500R mass spectrometer (AB SCIEX, Concord, Canada) equipped with an electrospray ion source attached to an ExionLC liquid chromatography system (AB SCIEX, Concord, Canada). A 20 μL sample of each sample was injected into a 150 mm × 2.1 μm Agilent AdvanceBio Peptide Mapping column (Agilent Technologies, Mulgrave, VIC, Australia) equipped with a Fast Guard column for mass spectrometry analysis. Linear gradients of 5–60% solvent B over a 50 min period at a flow rate of 400 μL/min, followed by a gradient from 60 to 80% solvent B over 10 min and 80–95% solvent B in 5 min were used for peptide elution. Solvent B remained at 95% for a 1 min period for washing the column after which it was decreased to 5% for equilibration prior to the injection of the subsequent sample. Solvent A consisted of 0.1% formic acid in MilliQ water while solvent B contained 0.1% formic acid in 100% acetonitrile. The ion spray voltage was set to 5500 V, the declustering potential was set to 100 V, the curtain gas flow was set at 30, ion source gas 1 was set at 40, the ion source gas 2 was set at 50 and spray temperature was set at 450°C. The mass spectrometer acquired the mass spectral data in an Information Dependant Acquisition mode. Full scan TOFMS data was acquired over the mass range 350–1400 and for product ion ms/ms 50–1800. Ions observed in the TOF-MS scan exceeding a threshold of 100 cps and a charge state of +2 to +5 were set to trigger the acquisition of product ion. The data was acquired using SCIEX OS software (AB SCIEX, Concord, Canada).



Protein Identification and Quantification

The LC-MS/MS data were converted using msconvert (Chambers et al., 2012) and imported to the PEAKS studio (Bioinformatics Solutions Inc., Waterloo, ON, Canada, version 7.0). The database of human proteome used was downloaded from Uniprot1 containing 70,613 entries. De novo sequencing of peptides, database search and characterizing specific PTMs were used to analyze the raw data; false discovery rate (FDR) was set to ≤1%, and [−10∗log(P)] was calculated accordingly where P is the probability that an observed match is a random event. The PEAKS used the following parameters: (i) precursor ion mass tolerance, 0.1 Da; (ii) fragment ion mass tolerance, 0.1 Da (the error tolerance); (iii) tryptic enzyme specificity with two missed cleavages allowed; (iv) monoisotopic precursor mass and fragment ion mass; (v) a fixed modification of cysteine carbamidomethylation; and (vi) variable modifications including TMT, lysine acetylation, deamidation on asparagine and glutamine, oxidation of methionine and conversion of glutamic acid and glutamine to pyroglutamate.

For the validation of quantification results, peptides with confidence ≥ 99% were used in PEAKS Q module. The mass error tolerance was set to 20 ppm, and the peptide score threshold (−10lgP) was 20. The results of differentially expressed proteins were validated sequentially by the following criteria, the proteins must contain at least one unique high confident peptide, the proteins have a p-values <0.05 and FDR ≤ 1%, and the fold change of proteins ≥ 1.5. A protein was included in the analysis when it was confidently identified in at least two biological replicates. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD015975.



Western Blot

Caerin 1.1 and 1.9 mixture (molar ratio, 1:1) treated HeLa cells were diluted in SDS–PAGE sample buffer before mixed with loading buffer, electrophoresed through an 8% SDS–PAGE gel and then transferred to a PVDF membrane. The membrane was blocked with 5% skim milk in PBS and probed with different monoclonal antibodies (Abcam, ab202068 for caspase 9; Abcam, ab13847 for caspase 3; Abcam, #4249 for PI3K) at a dilution of 1:1000 respectively. Bound antibody was detected by incubation of the membrane with horseradish-peroxidase conjugated goat anti-rabbit/mouse antibody (PTG) at a dilution of 1:1000 and visualized using enhanced chemiluminescence (Fdbio science, Hangzhou, China) and visualized by an image scanner ProteinSimple (Santa Clara, CA, United States).



Gene Ontology Analysis

The significantly up- or down- regulated proteins were subjected to gene ontology and pathway analysis using the online tool ToppFunc (Kaimal et al., 2010). ToppFunc adopts a hypergeometric model to evaluate the annotation frequency of an input gene list with respect to the one that randomly occurs. In the enrichment analyses of gene ontology, all the human genes in ToppFunc were used as background to calculate statistical significance. In addition, the Benjamini–Hochberg method implemented in ToppFunc was used to further exclude false negative results. A Bonferroni-corrected P-value < 0.05 was adopted as the cutoff for enriched biological processes.



Protein–Protein Interaction (PPI) Analysis

Interactions among significantly regulated proteins were predicted using STRING (Szklarczyk et al., 2015). STRING provides a critical assessment and integration of protein-protein interactions from multiple resources, including direct (physical) as well as indirect (functional) associations. All resources were selected to generate the network and ‘confidence’ was used as the meaning of network edges and the required interaction score of 0.400 was selected for all PPI, except for the PPI of the treatment with caerin 1.1/1.9 (molar ratio 1:1), where a high confidence of 0.700 was used to highlight the most confident interactions. Neither the 1st nor 2nd shell of the PPI was included in this study. Protein without any interaction with other proteins was excluded from the network of this study.



Pathway Analysis

The proteins determined to be differentially expressed with significance were analyzed by the online tool Innate DB2. The up-/down-regulation of key regulators identified, and their PPIs were used to predict the activation/inhibition of pathways. Significance of the activation or inhibition of pathways predicted by the analysis was tested by the Fisher Exact Test P-value, considering only the predictions with significant P-value of <0.05. Immune response and cancer signaling relevant pathways were focused in this study.



RESULTS


Caerin 1.1 and 1.9 Inhibit Proliferation of HeLa Cells With Additive Effect

For the MTT assays, cells without treatment and a peptide (P3) known to have no anti-proliferative effect (Ni et al., 2018) were used as negative controls (Figure 1). Triton X-100 (Anitha et al., 2012) and 31 nM caerin 1.1 were used as positive controls, both of which caused significant cell cytotoxicity (data not shown). None of the peptides showed any significant activity at 1 μg/ml (Figure 1A). With a concentration of 1.9 nM, both caerin 1.1 and 1.9 remarkably inhibited the proliferation of the cells. There appeared additive effect introduced by the treatment of caerin 1.1/1.9 (molar ratio 1:1) though it was insignificant (P-value = 0.0533) (Figure 1B). At the concentrations of 3.9 and 5.8 nM, not only did caerin 1.1 and 1.9 significantly inhibit the proliferation of cells, but also their mixture showed high additive effects compared to individual peptide (Figures 1C,D). Caerin 1.9 showed a higher activity at 3.9 and 5.8 nM with reference to caerin 1.1. Furthermore, their anti-proliferative activities were clearly dose dependent as shown in Figure 1E. The checkerboard assay found that most FICI values of the wells along the inhibition-no-inhibition boundary were less than 0.5, except one well with an FICI of 0.5900, and the average FICI was 0.4047 (one of triplicate assays showing consistent results was displayed in Supplementary Table 1). This suggested that caerin 1.1 and 1.9 have relatively high synergistic effect against HeLa cells. Our previous study indicated that neither caerin 1.1 nor 1.9, or their mixture inhibited the proliferation of non-cancer cells (incl. NP69 and HMC cells) at the similar concentrations that inhibited the growth of TC-1 cells (Ni et al., 2018).
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FIGURE 1. Caerin 1.1 and 1.9 inhibited the proliferation of HeLa cells by MTT assay. 1 × 104 of HeLa cells were cultured in media only, or also with different concentrations of caerin 1.1, 1.9, P3 or the mixture of caerin 1.1/1.9 (molar ratio 1:1) for 24 h before MTT assay was performed. (A) 0.4 nM (0.5 nM for P3), (B) 1.9 nM (2.5 nM for P3), (C) 3.9 nM (5.2 nM for P3), (D) 5.8 nM (7.8 nM for P3), and (E) the dose dependency of activities. Each bar represents the statistical mean from three biological replicates (performed in triplicate) and the error bars represent the standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-tailed Student T-test.




Caerin 1.1 and 1.9 Enter HeLa Cells With Different Magnitudes

To reveal the process of caerin 1.1 and 1.9 interacting with cells, the cellular uptake of the peptides was assessed by confocal microscopy. Figure 2A shows weak fluorescence of P3 associated with cells at 5 and 30 min, implying a low level of uptake. Although relatively brighter green fluorescence of P3 can be observed at 2 h, it mainly distributed outside of the cells. There was bright green florescence present inside the cells and close to the nuclei (blue) treated by caerin 1.1 (Figure 2B) or 1.9 (Figure 2C) at 5 min, this was a sign of their internalization into the cells. This internalization increased with incubation time, as reflected by the increasing florescence intensity at 30 min and 2 h. Moreover, a clear overlap between the cell membrane and green florescence can be determined in the cells treated by caerin 1.1 for 2 h (Figure 2B), yet a similar consistency appeared at 30 min in the case of caerin 1.9 treatment (Figure 2C), which implies a stronger membrane/peptide interaction in the latter. At 2 h, there was a clear overlap between the distribution of caerin 1.9 and cell nuclei, compared to a lower extent in the treatment of caerin 1.1.
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FIGURE 2. The co-localization of caerin 1.1, 1.9 and P3 in HeLa cells. HeLa cells were treated with FITC conjugated P3 (2.6 nM), caerin 1.1 and 1.9 (1.9 nM) for 5 min, 30 min, and 2 h. Then, cells were fixed by 4% paraformaldehyde and stained with Hoechst (Nucleus Marker, Blue) and CellMask (Cell membrane marker, Red). HeLa cells were treated with (A) P3, (B) caerin 1.1 and (C) caerin 1.9 for 5 min, 30 min, and 2 h. (D) The histogram shows the percentage of col-localization of P3, caerin 1.1, and 1.9 with HeLa cells. Data are shown as mean ± SEM. ***P < 0.001, two-way ANOVA, Tukey’s multiple comparisons test. Scale bar, 25 μm. The CellProfiler software was used to detect the co-localization of P3, caerin 1.1 and 1.9 with HeLa cells.


The quantitative analysis of cellular uptake based on the localization and intensity of fluorescence revealed that the locations of P3 on cell membrane were negligible at 5 and 30 min (Figure 2D) and cells with P3 increased to around 18% at 2 h. Approximately, 22 and 16% peptide-associated cells can be determined amongst the cells treated by caerin 1.1, or 1.9 respectively at 5 min, which largely increased to nearly 40 and 52% at 30 min. At 2 h post the treatment, there were about 60% of caerin 1.1 associated cells, compared to 70% in the case of caerin 1.9 treatment. The difference in the populations of peptide-associated cells with respect to caerin 1.1 and 1.9 were significant (P-value < 0.001) at each time point.

The distance between conjugated fluorescent signals of peptides and cell center points at 5 and 30 min were compared (Figure 3). P3 was basically distributed outside of cells (with an average distance of ∼20 μm) (Figure 3A) and the difference between two time points (i.e., 5 and 30 min) was insignificant (Figure 3B). Caerin 1.1 aggregated on the cell membrane at 5 min (distance, ∼14 μm), and moved closer (∼13 μm) to the center after 30 min (P-value < 0.01). The distances were much shorter in the case of caerin 1.9 that average signal already moved within 10 μm to the center at 5 min and decreased to 7.5 μm at 30 min (P-value < 0.001), indicating the potential distribution on the nucleus membrane. This also suggested that caerin 1.1 and 1.9 entered HeLa cells at different velocities.
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FIGURE 3. The distance between fluorescent signals and cell center points. The distance between P3, caerin 1.1 and 1.9 conjugated fluorescent signals with the cell center points was measured. (A) The distance between conjugated fluorescent signals with cell center points after treated by P3, caerin 1.1 and 1.9 for 5 min and 30 min. (B) The histogram shows the distance between the conjugated fluorescent signals with cell center points. Data are shown as mean ± SEM. ***P < 0.001, **P < 0.01, one-way ANOVA, Sidak’s multiple comparisons test. Scale bar, 10 μm. The images were captured by Confocal Laser Scanning Microscope (Olympus FLUOVIEW). The data three-dimensional reconstruction was generated by Imaris 7.


We then explored the presence of unconjugated caerin 1.1 and 1.9 in cytoplasm of HeLa cells post the treatment, to further confirm the entry of caerin peptides into the cells and thus exclude the effect of FITC labeling toward the cellular uptake. The chromatograms of protein extract with a molecular weight below 10 kDa of caerin 1.1/1.9 treated HeLa cells at 1 and 2 h were compared to those of synthetic caerin peptides, where two chromatographic peaks emerging around the similar elution times of pure peptides were identified (Supplementary Figures 1A,D). Moreover, the MS/MS analysis of the 30s fraction including the peaks clearly identified the identities of caerin 1.1 and 1.9, respectively (Supplementary Figures 1E,F).



Peptide Treatments Resulted Differential Protein Expressions in HeLa Cells and Cell Environment

The workflow for TMT-labeling proteomic analysis is shown in Figure 4A, where cells were cultured with three treatments or untreated for 24 h in triplicates. The comparison of the proteins from the triplicates of the cells post the treatments resulted in a total of 953 proteins belonging to 234 protein groups were mutually identified with an FDR < 1% (Supplementary Table 2). There were 260, 246, and 221 proteins uniquely identified in each replicate. In addition, caerin 1.9 was present in all cell samples supported by high confidence MS/MS spectra of peptide segments, implying its potential association with cytoplasm or cell membrane (Supplementary Figures 2A–C); caerin 1.1 or P3 was not detected in these samples. In terms of proteins identified in cell environment, there were 159 proteins (50 protein groups) identified mutually from three replicates (Supplementary Table 3); only peptide segments of caerin 1.1 were detected (Supplementary Figures 2D–F).
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FIGURE 4. Quantitative proteomic analysis of the anti-proliferative activities caerin 1.1, 1.9 and their mixture (molar ratio 1:1) against breast cancer HeLa cells using quantitative proteomics. (A) Overall workflow for TMT labeling and uHPLC QTOF MS/MS analysis of cell and supernatant proteins/peptides extracted from untreated and peptide treated cells. The Venn diagram shows the comparison of proteins identified in biological triplicates of cell and cell supernatant samples (see Supplementary Tables 1, 2 for accessions of identified proteins, supporting peptides and protein annotations). (B) The hierarchy clusters of differentially expressed proteins (shown in Log2FC values) identified from cell samples (n = 3) post the peptide treatment (see Supplementary Figure 1–3 for proteins quantified in each replicate and Supplementary Table 3 for corresponding feature peptides). (C) The hierarchy clusters of differentially expressed proteins (shown in Log2FC values) identified from cell environment (supernatant) samples (n = 3) post the peptide treatment (see Supplementary Figures 4–6 for proteins quantified in each replicate and Supplementary Table 4 for corresponding feature peptides).


The results of protein quantification and the feature peptides identified for each replicate of cell samples were recorded in Supplementary Table 4, with hierarchy clusters of differentially expressed proteins with significance were shown in Supplementary Figures 3–5. After the validation to include those showed consistent quantity variations in at least two replicates, a total of 267 protein groups were quantifiable out of proteins identified in cells (Figure 4A). In terms of the proteins identified in the cell environment, there were 112 protein groups taken into quantitation (Figure 4A and Supplementary Table 5). There were four protein groups mutually identified as quantifiable for cell and cell environment proteins, including glyceraldehyde-3-phosphate dehydrogenase, hemoglobin subunit alpha, neuroblast differentiation-associated protein and apolipoprotein A-I. The annotations of all quantifiable proteins were shown in Supplementary Table 6.

The quantitation results of cell proteins following treatments with caerin 1.1, 1.9 and 1.1/1.9 showed high level of similarity, yet differences can be observed (Figure 4B). With the treatment of caerin 1.1, the expressions of 100 protein groups showing significant upregulation (with fold change ≥ 1.5). These included nine proteins that were not identified in untreated cells, such as alpha-enolase, cyclin-dependent kinase inhibitor 2A, heterogeneous nuclear ribonucleoprotein L and calmodulin 3, which were also present with the treatments of caerin 1.9 and 1.1/1.9 except alpha-enolase (Supplementary Table 4). Several stress response related proteins were significantly upregulated, for instance, heat shock protein 90 (HSP90) beta family member 1, heat shock protein family B (small) member 1 and HSP60. Besides, a few enzymes, including enolase 1, prolyl 4-hydroxylase, cyclin dependent kinase 1, seryl-tRNA synthetase, glyoxalase I, aldolase, pyruvate kinase M1/2, creatine kinase, malate dehydrogenase 2, and so forth, showed remarkably higher expression levels (Supplementary Table 6). The treatments seemed to significantly reduce the abundance of structural proteins, such as actinin alpha 4, keratin 8, tubulin beta class I and actinin alpha 1.

With caerin 1.9 treatment, proteins such as poly(rC) binding protein 2, AHNAK nucleoprotein, peroxiredoxin 1, solute carrier family 25 member 5, peptidylprolyl isomerase A and calreticulin were significantly upregulated, while proteins differentially down-regulated included small nuclear ribonucleoprotein 200 kDa helicase, l-lactate dehydrogenase A chain, multifunctional protein ADE2, ribosomal protein L23 and so forth. In terms of caerin 1.1/1.9 treatment, upregulations of poly(rC) binding protein 3, ribosomal protein L19, serine/arginine rich splicing factor 2, protein disulfide isomerase family A member 3, solute carrier family 3 member 2 and CKB creatine kinase B showed upregulation (Supplementary Table 4).

In terms of proteins in cell growth environment shown in Figure 4C (the hierarchy clusters of differentially expressed proteins in each replicate were shown in Supplementary Figure 6–8), the NF-kappa-B signaling related protein, caspase recruitment domain family member 10 (CARD10) (Wang et al., 2001), was upregulated significantly post the caerin 1.1 treatment. Stress response related proteins showing elevated levels of expression included hemopexin, metallothioneins, tripartite motif containing 74 and sacsin. Three enzymes, plasmin, lysine demethylase and glyceraldehyde-3-phosphate dehydrogenase, were highly present. Complement C3, C4A and 4B were downregulated significantly by the treatment of caerin 1.1/1.9. The expressions of cytoskeletal proteins, including vinculin, fibulin 1, gelsolin and pleckstrin homology domain containing A5 were suppressed consistently by three treatments. A-kinase anchoring protein 9 and plasminogen were significantly elevated only by caerin 1.9.



Enriched Biological Processes and Interactions of Significantly Upregulated Proteins

The gene ontology enrichment of the significantly upregulated proteins was filtered by a Bonferroni-corrected P-value below 0.05. Most of the enriched biological process terms were similar with respect to caerin 1.1 or 1.9, such as organonitrogen compound biosynthesis, cellular protein localization, translation, protein transport, regulation of cell death and programmed cell death (Figures 5A,B). In cells treated by caerin 1.1, regulation of mRNA stability (corrected P-value = 8.25E-04), positive regulation of apoptotic process (3.34E-03), regulation of apoptotic signaling pathway (6.53E-03) and response to unfolded protein (4.03E-02) were enriched (Figure 5A). This contrasted caerin 1.9 treatment (Figure 5B), which shows enrichments in regulation of protein localization to Cajal body (9.50E-05), regulation of telomere maintenance via telomerase (2.04E-04), positive regulation of protein localization to nucleus (9.31E-04), positive regulation of cellular amide metabolic process (6.60E-03), and so forth (Supplementary Table 6). When treating the cells with caerin 1.1/1.9, the enrichments in the processes related to unfolded/incorrectly folded proteins were detected, such as response to topologically incorrect protein (3.50E-05), cellular protein-containing complex assembly (8.12E-04) and chaperone-mediated protein folding (4.26E-02) (Supplementary Figure 9). In addition, the cellular response to interleukin-4 became enriched (2.17E-03), so were responses to reactive oxygen species (7.40E-03) and oxidative stress (3.28E-02) (Supplementary Table 6).


[image: image]

FIGURE 5. The enrichment of biological processes, protein-protein interactions and KEGG pathways predicted from significantly upregulated proteins identified in HeLa cells with the treatments of caerin 1.1 or 1.9. The enriched biological processes (Bonferroni-corrected P-values < 0.05) in HeLa cells with caerin 1.1 (A) and 1.9 (B) treatments; the PPI network predicted based on significantly regulated proteins induced by caerin 1.1 (C) and 1.9 (D) treatments; the KEGG pathways enriched by caerin 1.9 treatment (E) (see Supplementary Table 5 for all enriched processes, functions and cellular components).


The PPIs between significantly upregulated proteins due to the treatments of caerin 1.1 and 1.9 were shown in Figures 5C,D. Intensive interactions (enrichment P-value < 1.0E-16) involving 44 nodes with 173 edges were uncovered for the cell proteins post caerin 1.1 treatment. ENO1 and CCT2 showed the highest number of connections with other proteins, while RPLP0, EEF1G, ACTB, CCT3, KPNB1 and TPI1were also numerously connected (Figure 5C). The enrichment analysis of this PPI identified regulations of cell death and apoptotic processes as the two most enriched biological processes. In Figure 5D, there are 49 nodes connected by 263 edges, also presenting a highly enriched PPI (P-value < 1.0E-16). Similar nodes can be observed compared to those of caerin 1.1 treatment, such as ENO1, EEF1G, CCT2, RPLP0 and CCT5. Chaperone-mediated protein folding, translation and several biosynthetic and metabolic processes became highly enriched in Figure 5D. In terms of the PPIs of the dual treatment, there were additional highly connected protein families RPS and RPL (Supplementary Figure 9). Since more interactions were predicted among the proteins upregulated by caerin 1.9, the enrichment of KEGG pathways of these proteins were evaluated (Figure 5E). A few enriched pathways were disease-related, such as HTLV-I infection, central carbon metabolism in cancer, pertussis and Parkinson’s disease. The two most enriched pathways were calcium and cGMP-PKG signaling pathways.

For the proteins identified in the cell growth environment post the treatment of caerin 1.1, a few enzyme-related biological processes were significantly enriched, including negative regulations of endopeptidase activity (corrected P-value = 1.93E-04), peptidase activity (2.67E-04), proteolysis (2.86E-03) and response to wounding (1.80E-02) (Supplementary Table 7). In terms of caerin 1.9 treatment, the enrichment analysis found blood coagulation and fibrin clot formation as the most significant term (4.06E-03) for upregulated proteins. Significantly less complex PPIs were identified compared to those of cells (Supplementary Figure 10). HPX and PLG were the nodes highly interacting with other proteins due to the caerin 1.1 treatment, while KNG1, ITIH2 and SERPINC1 were exceedingly connected in the treatment of caerin 1.9, indicating APOB could be its potential target (Supplementary Figures 10B,C).



Caerin 1.1 and 1.9 Treatment Stimulated TNF-α Dependent Apoptotic Signaling in HeLa Cells

The significantly regulated proteins were further assessed to characterize potential signaling pathways that were enhanced or suppressed in response to the treatments. With the cell proteins identified following caerin 1.1 treatment, there were four pathways showing significance (with a corrected P-value < 0.05), including EGFR1 (corrected P-value < 1E-5), androgen receptor (0.00002), TNF-α (0.00015) and TCR (0.00038) pathways, among which EGFR1 pathway was also identified as significantly modulated in cell growth environment. Based on the quantitation of cell proteins (Supplementary Table 4) and PPIs, it was indicative that apoptosis section of TNF-α pathway was activated due to the treatments of caerin 1.1 and 1.9 (Supplementary Figure 11), which was confirmed by the dose-dependent elevated levels of CASP9 and CASP3 (Figures 6A,B). The inactivation of EGFR was displayed in Supplementary Figure 12, which suggested the downregulation of AKT1, a sign that PI3K/AKT signaling could be potentially inhibited, confirmed by decreasing expression level of PI3K as shown in Figure 6C (the original membrane images of western blot results were displayed in Supplementary Figure 13). In addition to the pathways modulated by caerin 1.1, TSLP and α6β4 signaling pathways were also detected with significance in the treatments of caerin 1.9 and 1.1/1.9.
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FIGURE 6. Western blot analysis of CASP9, CASP3 and PI3K of HeLa cells after treated by caerin 1.1/1.9. 5 × 105 cells were either untreated or treated with different concentrations (5, 10, 15, 20, and 25 μg/ml) of caerin 1.1/1.9 mixture (mass ratio 50:50) for 24 h. The gel lane areas corresponding to the molecular weights of target proteins and β-actin/GAPDH were cropped and subjected to the first antibody treatment, respectively. Bound antibody was detected by incubation of the membrane with horseradish-peroxidase conjugated goat anti-rabbit/mouse antibody (PTG) at a dilution of 1:1000 and visualized using enhanced chemiluminescence and visualized by an image scanner ProteinSimple. The experiment was performed in triplicate and one representative blot was quantified, (A) CASP9, (B) CASP3, and (C) PI3K, with the original gel images shown in Supplementary Figure 13. A two-tailed Student t-test was used to calculate P-values: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




DISCUSSION

Frog skin peptides as promising agents to treat infections produced by drug-resistant microorganisms have been suggested by many reports, and the mechanism appeared relevant to the modulation of inflammatory signaling pathways (Conlon et al., 2019). Our previous study has shown that caerin 1.1 and 1.9 significantly inhibited the proliferation of TC-1 cells with dose-dependent additive effect in vitro but had no observable effects on a few normal human cell lines (8). They seemed to cause the release of acute inflammatory response cytokines and chemokines, suggesting the potential to improve the immune suppressive environment (8). In this study, the downregulation of structural/cytoskeletal proteins was observed, implying the integrity of the cells was impacted by the peptide treatments, which could limit the migration and metastasis tumor cells (Fife et al., 2014). A previous study showed that caerin peptides were able to access HIV captured by dendritic cells either on the cell surface or intracellularly, thus effectively in inhibiting HIV infection by disrupting the viral membrane and preventing the entry the transfer of HIV to T cells (VanCompernolle et al., 2005). This was indicative by the co-localization between caerin 1.1 or 1.9 and HeLa cell membrane and the consequent internalization of these peptides within about 5 min into the treatment (Figure 2), which was confirmed by the identification of these peptides in cytoplasm of treated HeLa cells (Supplementary Figure 1). In contrast to the presence of caerin 1.1 in the cell growth environment, the absence of caerin 1.9 might be related to its higher magnitude of cellular uptake; this agreed with the observation that conjugated fluorescence signal of caerin 1.9 increased within cells more rapidly compared to caerin 1.1 and P3.

It was found that keratin 8 depleted cells exhibited high level of apoptosis (Fortier et al., 2013); the suppression of karatin 8 by caerin 1.1 and 1.9 could contribute to the apoptosis of HeLa cells (Supplementary Table 5), as reflected by the enrichments of positive regulation of apoptotic process (corrected P-value = 3.34E-03) and regulation of apoptotic signaling pathway (corrected P-value = 6.53E-03). This was verified by the western blot, where both CASP3 and 9 showed a higher expression levels with the presence of the caerin 1.1/1.9 mixture (Figure 6). Moreover, a few serpin subfamilies showed significant upregulations post the peptide treatments, which potentially activate hormone transport (SERPINA7), coagulation and angiogenesis (SERPINC1 and F1) (Heit et al., 2013). Chaperonin containing TCP1 (CCT) was previously identified as the target of a cancer-specific cytotoxic peptide, and increased level of CCT was observed in cancer cells susceptible to the peptide (Bassiouni et al., 2016). In our study, CCT was highly present in caerin 1.1 and caerin 1.1/1.9 treatments, suggesting its potential relevance with caerin 1.1.

The peptide treatments remarkably suppressed the expressions of a few enzymes appeared to be more active in cancers, for example, triosephosphate isomerase (TPI), argininosuccinate synthase 1 (ASS1), carbamoyl-phosphate synthase 1 (CPS1), aldo-keto reductase family 1 member B10 (AKR1B10), lactate dehydrogenase B (LDHB) and phosphoglycerate kinase 1 (PGK1). TPI plays roles in migration and invasion of cancer cells (Altenberg and Greulich, 2004) and is correlated with the anti-drug resistance in human gastric cancer cells (Wang et al., 2008). ASS1 has been suggested as an upregulated target for primary human colorectal tumors, whose inhibition or genetic ablation potentially allows colorectal cancer pathogenicity (Bateman et al., 2017). CPS1, regulated by MAP kinase (Graves et al., 2000), exhibits increased activities in liver cancer (Aoki and Weber, 1981). Significant correlation has been identified between overexpression of AKR1B10 and the proliferation of different types of cancer cells (Fukumoto et al., 2005; Jin et al., 2006, 2016; Wang et al., 2009). LDHB is largely used by cancer cells to bypass oxidative phosphorylation process to produce lactate directly from pyruvate to promote the cell proliferation (Vander Heiden et al., 2009; Dennison et al., 2013), while transactivated by the key tumorigenic driver, signal transducer and activator of transcription 3 (STAT3) (Zha et al., 2011). The overexpression of PGK1 has been found to not only promote the proliferation of cancer cells (Wang et al., 2010; Zieker et al., 2010; Ahmad et al., 2013), but also relate to multidrug resistance phenotype (Duan et al., 2002; Sun et al., 2015). Meanwhile, these enzymes have key functions in glycolytic metabolism or urea cycle, the significant suppression of them, due to caerin 1.1/1.9 treatment, strongly suggest negative impacts on the proliferation of HeLa cells. The elevation of creatine kinase (Yan, 2016) and a few heat shock protein subfamilies (Wettstein et al., 2012) also indicated the cells retained a stressed state post the treatment. In addition, the treatments also consistently increased the levels of a few ribosomal proteins, which suggested impacts on biological processes of translation, RNA processing, protein localization and ribosome biogenesis, as reflected in Figure 5.

Accelerated receptor recycling and increased excretion/secretion of matrix components, adhesion molecules and growth factors usually accompany the rapid proliferation of cancer cells (Hu and Polyak, 2008), which was reflected in our observation that intracellular and membrane-associated proteins were identified with high abundance in cell growth environment, such as MRPL15, PPARD, MAP4 and OR5A2. The upregulation of MAP3K12 binding inhibitory protein 1 (MBIP) induced by caerin 1.1 and 1.1/1.9 treatments could consequently activate the SAPK/JNK signaling pathway to consequently trig apoptosis (Nishina et al., 2004). The nucleation-promoting protein gelsolin was suppressed in all treatments, indicating the assembly filaments were deactivated (Sun et al., 1999) and an potential enhancement of apoptosis since cells express an increased level of gelsolin to counteract apoptosis (Koya et al., 2000).

Many studies have reported that TNF-α pathway plays important roles in regulating tumor proliferation, migration, invasion and angiogenesis (Balkwill, 2009), its aberrantly expression poses consequential impact on the TME (Landskron et al., 2014). Thus, the possible activation of apoptosis in TNF-α signaling might further alter the TME (Supplementary Figure 11). It has been found that EGFR pathway, working collaboratively with the PI3K/PTEN/AKT/mTORC1 pathway, play prominent roles in the development of breast cancer (Davis et al., 2014), prognosis and survival of breast cancer patients (Witton et al., 2003), which means the inhibition of EGFR signaling by the peptides could suppress malignant transformation and build up apoptosis. The upregulation of ANXA1 detected due to the peptide treatments could potentially cause the inhibition (Supplementary Figure 12), since ANXA1 negatively correlates with the activation of EGFR signaling via the EGF stimulated EGFR tyrosin 1068 phosphorylation and its downstream AKT activity (Raulf et al., 2018).

The signaling of androgen receptor is related to the progression of prostate cancer (Attard et al., 2011) and considered as a therapeutical target for estrogen receptor-negative breast cancer (Ni et al., 2011). It was inhibited by the treatment of caerin 1.1 or 1.9 via the regulators on the pathway, such as CALR, CDK1, FLNA, GAPDH, GNB2L1, HSP90AA1, HSP90B1, and HSPA5. Signal transduction through the TCR pathway is essentially required for T cells to enter the cell cycle and proliferate (Foell et al., 2007), possibly via costimulation of TCR and CD28 pathways (Hanley et al., 2008). This means that the activation of TCR pathway induced by caerin 1.1 or 1.9 might result in T cells stimulation, which well accords with our recent investigation that caerin peptides can recruit significant more T cells to the tumor site using a mouse model (Pan et al., 2019). TSLP pathway has been found to relate to the progression of several human cancers, including breast, pancreatic, gastric and cervical cancer, as well as B cell lymphoma and myeloma (De Monte et al., 2011; Xie et al., 2013; Nakajima et al., 2014; Barooei et al., 2015), via generating type 2–biased inflammation in the tumor microenvironment (Pedroza-Gonzalez et al., 2011). However, one investigation claimed that no meaningful correlation has been identified between TSLP pathway activity and breast cancer (Ghirelli et al., 2016). The signal transduction of α6β4 pathway works together with EGFR clustering to promote tumor cell motility and invasion of breast cancer (Gilcrease et al., 2009). The activation α6β4 pathway might be the response of cells tackling the apoptotic stress induced by the peptides. Our study suggested here that caerin 1.1 and 1.9 were able to stimulate TNFα-dependent apoptosis in HeLa cells, as well as module several important innate immune signaling via altering the expressions of protein regulators on the pathways. Thus, the applications of these peptides together with therapeutic vaccine could potentially improve the TME to provide a higher anti-tumor efficacy.



CONCLUSION

The host-defense natural peptides caerin 1.1, 1.9 and their mixture (molar ratio 1:1) inhibited the proliferation of HeLa cells in vitro with dose-dependent activity. The interaction between the peptides and nucleus membrane was suggested. The TMT-labeling proteomics revealed significantly different protein profiles of cells and cell growth environment 24 h post the treatment. Biological processes including translation, apoptosis, glycolytic metabolism, protein folding, and localization were enriched in cells, while downregulations of endopeptidase and peptidase activities were highly representative in cell growth environment. The activation of apoptotic signaling was supported by differentially expressed proteins of both cells and the environment, which might be executed via TNF-α signaling pathway as confirmed by western blot. Meanwhile, the recruitment of T cells to the cell growth environment was indicative since the TCR pathway appeared significantly more activated. Thus, the applications of these peptides together with therapeutic vaccine might potentially improve the TME to provide a higher anti-tumor efficacy.
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FIGURE S1 | Identification of caerin 1.1 and 1.9 in the cytoplasm of HeLa cells. The chromatograms of synthetic caerin 1.1 (A), caerin 1.9 (B), cytoplasmic protein extracts (MW <10kDa) of HeLa cells treated by 3.9 nM caerin 1.1/1.9 (1:1 molar ration) at 1 hr (C) and 2 hr (D). Arrows indicate the peaks potentially corresponding to caerin 1.1 or 1.9, respectively. The selected MS/MS spectra of caerin 1.1 (E) and 1.9 (F) identified in the 30s fraction collected around the potential peaks in cytoplasm of HeLa cells.

FIGURE S2 | Identification of caerin 1.9 in HeLa cells and caerin 1.1 in cell environment post TMT labelling. The coverage of caerin 1.9 sequence and MS/MS spectra of supporting peptides in cell samples, (A) replicate 1, (B) replicate 2 and (C) replicate 3. The coverage of caerin 1.1 sequence and MS/MS spectra of supporting peptides in cell growth environment, (D) replicate 1, (E) replicate 2 and (F) replicate 3.

FIGURE S3 | Hierarchy cluster of differentially expressed proteins with significance (fold change = 1.5) in HeLa cells, identified from TMT labelling analysis of biological replicate 1 treated with caerin 1.1, 1.9 and 1.1/1.9 with reference to untreated cells at 24 h. The magnitudes of up-/down- regulation (Log2FC values) are indicated by color change. The fold change data was listed in Supplementary Table 4.

FIGURE S4 | Hierarchy cluster of differentially expressed proteins with significance (fold change = 1.5) in HeLa cells, identified from TMT labelling analysis of biological replicate 2 treated with caerin 1.1, 1.9 and 1.1/1.9 with reference to untreated cells at 24 h. The magnitudes of up-/down- regulation (Log2FC values) are indicated by color change. The fold change data was listed in Supplementary Table 4.

FIGURE S5 | Hierarchy cluster of differentially expressed proteins with significance (fold change = 1.5) in HeLa cells, identified from TMT labelling analysis of biological replicate 3 treated with caerin 1.1, 1.9 and 1.1/1.9 with reference to untreated cells at 24 h. The magnitudes of up-/down- regulation (Log2FC values) are indicated by color change. The fold change data was listed in Supplementary Table 4.

FIGURE S6 | Hierarchy cluster of differentially expressed proteins with significance (fold change = 1.5) in the growth environment of HeLa cells, identified from TMT labelling analysis of biological replicate 1 treated with caerin 1.1, 1.9 and 1.1/1.9 with reference to those of untreated cells at 24 h. The magnitudes of up-/down- regulation (Log2FC values) are indicated by color change. The fold change data was listed in Supplementary Table 5.

FIGURE S7 | Hierarchy cluster of differentially expressed proteins with significance (fold change = 1.5) in the growth environment of HeLa cells, identified from TMT labelling analysis of biological replicate 2 treated with caerin 1.1, 1.9 and 1.1/1.9 with reference to those of untreated cells at 24 h. The magnitudes of up-/down- regulation (Log2FC values) are indicated by color change. The fold change data was listed in Supplementary Table 5.

FIGURE S8 | Hierarchy cluster of differentially expressed proteins with significance (fold change = 1.5) in the growth environment of HeLa cells, identified from TMT labelling analysis of biological replicate 3 treated with caerin 1.1, 1.9 and 1.1/1.9 with reference to those of untreated cells at 24 h. The magnitudes of up-/down- regulation (Log2FC values) are indicated by color change. The fold change data was listed in Supplementary Table 5.

FIGURE S9 | Enriched biological processes and PPIs of significantly upregulated proteins in cells treated with the mixture of caerin 1.1 and 1.9 (mass ratio 50:50).

FIGURE S10 | The enriched PPIs of proteins identified in the growth environment of HeLa cells with the peptide treatments.

FIGURE S11 | Caerin 1.1/1.9 treatment modulated TNFα signalling pathway. TNFα signalling pathway was identified as the canonical pathway in Hela cells significantly affected by the treatment of caerin 1.1/1.9, based on TMT-labelling data. Lines connecting the proteins represent known interactions, and arrows indicate the directions of up-/down-stream regulations. The pathway was downloaded and modified from WikiPathways (https://www.wikipathways.org/index.php/Pathway:WP231).

FIGURE S12 | Caerin 1.1/1.9 treatment modulated EGFR signalling pathway. EGFR signalling pathway was identified as the canonical pathway in Hela cells significantly affected by the treatment of caerin 1.1/1.9, based on TMT-labelling data. Lines connecting the proteins represent known interactions, and arrows indicate the directions of up-/down-stream regulations. The pathway was downloaded and modified from WikiPathways (https://www.wikipathways.org/index.php/Pathway:WP437).

FIGURE S13 | The original membrane images of western blot results shown in Figure 6, visualised by the image scanner ProteinSimple. From left to right, the blots corresponded to NC, 5, 10, 15, 20, and 25 μg/ml of peptide treatments, respectively.

TABLE S1 | The calculation of IC50 values of caerin 1.1, 1.9 and 1.1/1.9 (1:1 molar ratio) and their synergistic effect evaluated by the checkerboard assay.

TABLE S2 | Protein identification results of three biological replicates of HeLa cells treated by caerin 1.1., 1.9 and 1.1/1.9. For each replicate, there are protein identified and supporting peptides.

TABLE S3 | Protein identification results of three biological replicates of HeLa cell growth environment treated by caerin 1.1., 1.9 and 1.1/1.9. For each replicate, there are protein identified and supporting peptides.

TABLE S4 | Protein quantitation results of three biological replicates of HeLa cells treated by caerin 1.1., 1.9 and 1.1/1.9. For each replicate, there are protein identified and supporting peptides. For each replicate, there are all TMT labelled proteins and significantly regulated proteins.

TABLE S5 | Protein quantitation results of three biological replicates of HeLa cell growth envrionment treated by caerin 1.1., 1.9 and 1.1/1.9. For each replicate, there are protein identified and supporting peptides. For each replicate, there are all TMT labelled proteins and significantly regulated proteins.

TABLE S6 | The enrichments of biological processes and pathways of significantly regulated proteins identified in HeLa cells post the treatments.

TABLE S7 | The enrichments of biological processes and pathways of significantly regulated proteins identified in HeLa cell environment post the treatments.


FOOTNOTES

1http://www.uniprot.org/proteomes/UP000005640

2https://www.innatedb.ca/index.jsp
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