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Abstract

:

Pancreatic cancer (PCa), one of the most malignant solid tumors, has a high mortality rate. Although there have been many trials of chemotherapeutic drugs such as gemcitabine, the mortality rates remain significantly higher than for other types of cancer. Therefore, more effective ways of improving conventional therapy for PCa are needed. Cancer cells take up large amounts of glutamine to drive their rapid proliferation. Recent studies show that the amino acid transporter SLC6A14 is upregulated in some cancers alongside glutamine metabolism. Alloferon, a peptide isolated from the insect immune system, exerts anti-viral and anti-inflammatory effects via its immunomodulatory function. In addition, it has anti-tumoral effects, although the underlying mechanisms are largely unknown. Therefore, we investigated the effects of alloferon on the PCa cell lines Panc-1 and AsPC-1. Exposure of these cells to alloferon for 3 weeks led to the downregulation of SLC6A14 expression and decreased glutamine uptake. Given that SLC6A14 plays a role in tumor progression and survival by promoting glutamine uptake into cancer cells, alloferon could be a potential adjuvant for the chemotherapeutic drug gemcitabine.
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1. Introduction


Pancreatic cancer (PCa) is an aggressive cancer with a high mortality rate and poor prognosis. Recently, many studies have been conducted on new treatments for PCa, but the mortality rate of PCa patients continues to increase [1]. According to statistics from the American Cancer Society, although it depends on the progression of the tumor, the 5-year overall survival of PCa in general is known to be 11%. However, if it has already progressed to distant metastasis, the 5-year overall survival is only about 3%. This suggests that the early detection and treatment of tumors are very important for the treatment of PCa [1,2,3]. Indeed, the incidence of PCa continues to increase across all regions and populations; however, only 10% of affected patients are eligible for surgery at the time of diagnosis because early diagnosis is challenging [3,4,5,6]. There have been numerous studies conducted to increase the survival rate of patients with cancers; these include cytotoxic chemotherapy, small molecule inhibitors, monoclonal antibodies, and programming of adaptive immunity; however, surgical excision is still the most successful method of treating PCa [4,7,8]. Gemcitabine is the most commonly used and effective chemotherapeutic agent for PCa. Unfortunately, recent developments in treatment and surgical techniques for PCa have not translated into improvements in the 5-year survival rate [6]. Therefore, improved therapeutic strategies based on gemcitabine are urgently needed.



Glutamine is an important amino acid that plays a crucial role in maintenance and promotion on cancer cell function. Glutamine metabolism is crucially important for cell proliferation and protein synthesis because the amino acid is used as a mitochondrial substrate for energy production and biosynthesis. It also provides nitrogen for nucleotide synthesis and activates mTORC1 in cells to regulate signaling pathways and maintain redox homeostasis [9,10,11,12,13,14,15,16,17]. The role of glutamine metabolism has been explored in breast cancer, liver cancer, lung cancer, ovarian cancer, and kidney cancer [18,19,20,21,22,23]. In fact, in some tumors, including PCa, a phenomenon called “glutamine addiction” shows that cancer cannot survive without exogenous glutamine supplementation [24,25]. These aforementioned studies suggest that potential therapeutic approaches should target glutamine metabolism in cancer cells.



Amino acid transporters are plasma membrane-bound proteins that selectively transport certain amino acids into and out of cells and their organelles [26,27]. Among these transporters, SLC6A14 interacts with a wide variety of substrates, including all neutral and cationic amino acids; the exceptions are glutamate and aspartate. The transporters use energy provided by Na+ and Cl− gradients, as well as the membrane potential, to import amino acids into cells. SLC6A14 plays an important role in the uptake of glutamine and, therefore, in cancer cell survival [28,29]. SLC6A14 is upregulated in many different cancer types, including colon cancer, cervical cancer, estrogen receptor-positive breast cancer, PCa, and osteosarcoma [30,31,32,33,34,35,36].



Alloferon is a short peptide that was first extracted from the blood of Calliphora vincina larvae after bacterial challenge. There are two variants of alloferon, alloferon 1 and alloferon 2, and they differ in terms of the number of amino acids in the peptide chain: 13 and 12, respectively [37]. There are several reports regarding the role of alloferon as an anti-viral, anti-inflammatory, and anti-tumoral agent [38,39,40,41,42]. Previous studies show that alloferon has anticancer effects against prostate cancer and colorectal cancer; however, its effects against PCa are unknown.



Therefore, this study aimed to investigate the anticancer effects of alloferon as an adjuvant for gemcitabine. The results show that alloferon regulates the expression of SLC6A14 on PCa, thereby inhibiting glutamine uptake. Thus, alloferon is a promising new therapeutic strategy for PCa.




2. Materials and Methods


2.1. Cell Culture


The human PCa cell lines Panc-1 and AsPC-1 were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Panc-1 was cultured in DMEM (GE Healthcare, Chicago, IL, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; HyClone, Logan, UT, USA) and antibiotics (100 U/mL of penicillin and 100 μg/mL of streptomycin; Welgene, Kyungsan, Korea). AsPC-1 was grown in RPMI1640 (GIBCO, Grand Island, NY, USA); this RPMI formulation has been modified by ATCC to include 10% FBS and 1% penicillin/streptomycin. For the experiments, these cell culture media were supplemented with 4 μg/mL of alloferon and added to cells for 3 weeks. Control cells were not treated with alloferon. The cell lines were incubated at 37 °C in a humidified incubator containing 5% CO2.




2.2. Immunofluorescence Microscopic Analysis


Panc-1 and AsPC-1 were treated for 3 weeks with or without alloferon (4 μg/mL) and then seeded onto 12 mm cover slips in a 24-well plate. Cells were then incubated overnight before being washed twice with phosphate buffered saline (PBS) and fixed for 15 min at 4 °C with 2% paraformaldehyde (PFA). For immunofluorescence staining, permeabilization solution (0.1% Triton X-100 in PBS) was added to the cells on coverslips and incubated for 15 min at room temperature (RT). To prevent nonspecific staining, washed cells were incubated for 60 min at RT with blocking buffer (0.1% Triton X-100, 0.5% BSA, 5% normal goat serum) and then exposed for 2 h at RT to rabbit anti-human SLC6A14 (MBL, Nagoya, Japan) diluted in blocking buffer. Then, the cells were incubated for 30 min at RT with Alexa Fluor 488-conjugated goat antirabbit IgG (Invitrogen, Carlsbad, CA, USA) diluted in blocking buffer. Cells were then mounted in mounting medium containing DAPI (Immuno Bioscience, Mukilteo, WA, USA). To do this, the coverslips were mounted face down on a slide glass onto which the mounting medium had been placed. Cells were analyzed under a fluorescence microscope (EVOS M5000; Invitrogen, Carlsbad, CA, USA). Mean fluorescence intensity was measured and normalized to the fluorescence signal generated by DAPI.




2.3. Western Blot Analysis


Panc-1 and AsPC-1 were treated (or not) with alloferon (4 μg/mL) and then lysed in RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, and a protease inhibitor cocktail. The protein concentration was measured in a BCA assay (Sigma, St. Louis, MO, USA). An equal amount of protein (30 μg/sample) was loaded into each lane of a 12% polyacrylamide-SDS gel and then separated by electrophoresis (100 V for 4 h). Proteins were then transferred onto a nitrocellulose membrane (400 mA for 1 h), which was then blocked for 1 h at RT with 5% nonfat milk in 0.1% Tween 20 in PBS (PBST). The blocked membrane was then incubated overnight at 4 °C with rabbit anti-human SLC6A14 (MBL) and mouse anti-human β-actin (Santa Cruz Biotechnology, Dallas, TX, USA) antibodies. After washing three times (each for 10 min) with PBST, the membrane was incubated for 1 h at RT with horseradish peroxidase (HRP)-conjugated antirabbit IgG (Cell Signaling Technology, Boston, MA, USA) to detect SLC6A14, or with HRP-conjugated anti-mouse IgG (Cell Signaling Technology) to detect β-actin. The membrane was then washed three times (each for 10 min), and the immunoreactive proteins were visualized with the Lumi Femto (DoGenBio, Seoul, Korea) detection system for SLC6A14 or the Lumi La (DoGenBio) detection system for β-actin. Band density was analyzed using Image J software (NIH, Bethesda, MD, USA). Results were expressed as intensity relative to β-actin.




2.4. CCK-8 Assay


Panc-1 and AsPC-1 cells were treated (or not) with alloferon (4 μg/mL) for 3 weeks and then seeded into a 96-well culture plate. After incubating overnight, cells were treated with 100 µL of gemcitabine (0.001, 0.01, 0.1, 1, 5, 10, 50, 100, 500, or 1000 µM) in complete medium with 10% FBS and then incubated for 72 h. To examine cell viability, the medium was aspirated, and 100 µL of cell proliferation and cytotoxicity assay kit (EZ-Cytox; Dogen) solution (10% EZ-Cytox solution in PBS) was added to each well. Absorbance was measured at 450 nm using a microplate reader and SoftMax Pro software (Molecular Devices). The IC50 of gemcitabine was determined using nonlinear regression analysis in GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA).




2.5. Glutamine Uptake Assay


Panc-1 and AsPC-1 cells were treated for 3 weeks with or without alloferon (4 μg/mL), seeded into a 6-well culture plate, and incubated overnight. Cells were then washed and incubated for 4 h in conventional culture medium without FBS. Then, the medium was changed to glutamine-free RPMI/DMEM to deplete glutamine. After incubation for another 4 h, the glutamine-free medium was replaced with RPMI1640 or DMEM containing 2 mM and 4 mM glutamine, respectively. The concentration of intracellular glutamine was measured in a glutamine assay kit (Promega, Madison, WI, USA). Briefly, cells were removed from plates using trypsin-EDTA and collected in a 15 mL conical tube. Cells were washed with PBS and lysed in 0.3 N HCI/450 mM Tris. The assay was performed according to the manufacturer’s instructions. Luminescence was measured using SoftMax Pro software (Molecular Devices, Sunnyvale, CA, USA).




2.6. Cell Cycle Analysis


Panc-1 and AsPC-1 were treated with or without alloferon (4 μg/mL) for 3 weeks and then seeded in a 100 cm2 culture dish. Cells were washed twice with PBS and then treated with 4 μg/mL of alloferon and gemcitabine. To determine that the maximum dose displayed a substantially lower alternation of cell cycle distribution, we treated gemcitabine within a concentration range from 0 to IC50 in media (Panc-1: 0, 0.25, 0.5, 1, 10 μM; AsPC-1: 0, 0.0625, 0.125, 0.25, 5 μM). After incubation for 72 h, cells were harvested using trypsin-EDTA. Next, cells (5 × 105) were fixed in 75% ethanol (added drop by drop) and incubated overnight at −20 °C. Fixed Panc-1 and AsPC-1 cells were washed with PBS and FACS buffer (PBS containing 0.5% BSA and 0.1% sodium azide). For staining, cells were resuspended for 15 min at RT in 0.5 mL of propidium iodide (PI)/RNase staining buffer (BD Pharmingen, San Diego, CA, USA) and analyzed by flow cytometry using a FACSLyricTM cytometer (BD Biosciences, San Jose, CA, USA). Data were analyzed using FlowJo software (BD Biosciences, Franklin Lakes, NJ, USA).




2.7. Statistical Analysis


Data are presented as the mean ± SD. An unpaired two-tailed t test was used to compare two groups. p-values < 0.05 were considered statistically significant. Statistical analysis was carried out using GraphPad Prism 5 (GraphPad Software).





3. Results


3.1. Alloferon Suppresses the Expression of SLC6A14 in PCa Cell Lines


Based on two of previous reports showing the upregulation of SLC6A14 in PCa cells [34,35] and our previous report regarding the anti-tumor activity of alloferon against tumor cells through the activation of NK cells [41], we examined whether alloferon affects its direct anti-tumor activity through SLC6A14 expression on Panc-1 and AsPC-1. After cells were treated with 4 μg/mL of alloferon, changes in SLC6A14 expression were assessed at weeks 1, 2, and 3 by immunofluorescence microscopy. As shown in Figure 1A, SLC6A14 expression on Panc-1 fell after 2 weeks, with the decrease being even more pronounced at 3 weeks. Similarly, SLC6A14 expression on AsPC-1 fell markedly at 2 weeks (Figure 1B). The immunofluorescence data were confirmed by Western blot analysis. SLC6A14 expression decreased after alloferon treatment (Figure 2). In addition, we found that the basal expression of SLC6A14 was higher in Panc-1 than in AsPC-1 (Supplementary Figure S1). Taken together, the data suggest that alloferon inhibits the expression of SLC6A14 in PCa cells. Also, based on these data, we treated cells with 4 μg/mL alloferon for 3 weeks prior to all future experiments.




3.2. Alloferon Increases the Chemosensitivity of Panc-1 and AsPC-1


Next, we investigated changes in the chemosensitivity of Panc-1 and AsPC-1 cells by measuring the IC50 against gemcitabine in the presence/absence of alloferon. A previous study suggests that blockade of SLC6A14 triggers alternative metabolic pathways involving tryptophan, branched-chain amino acids, ketone bodies, and membrane phospholipids, and that dysfunction of SLC6A14 plays an important role in increased chemosensitivity [43]. After culture for 3 weeks in the presence or absence of alloferon (4 μg/mL), cells were exposed to gemcitabine (from 0.001 nM to 1000 μM) for 72 h. The average IC50 value in Panc-1 decreased in the presence of alloferon (without alloferon: 11.83 ± 1.47 μM; with alloferon: 9.22 ± 1.01 μM). The same was true for AsPC-1 (without alloferon: 4.04 ± 1.54 μM; with alloferon: 3.12 ± 0.39 μM) (Figure 3). Thus, alloferon-treated PCa cell lines tended to be more chemosensitive than untreated control cells. However, these results suggest that alloferon does increase the chemosensitivity of PCa cells to gemcitabine.




3.3. Alloferon Inhibits Glutamine Uptake in PCa Cells


As we observed that the expression of SLC6A14 falls after treatment with alloferon, we performed a glutamine uptake assay to examine whether glutamine uptake of Panc-1 and AsPC-1 also decreased. The assay scheme is shown in Figure 4A. First, we found that the absolute intracellular glutamine concentration in Panc-1 cells (5.54 ± 0.48 μM, Figure 4B) was higher than that in AsPC-1 cells (1.12 ± 0.08 μM, Figure 4C) in the absence of alloferon. After culture of Panc-1 and AsPC-1 cells for 3 weeks in the presence of 4 μg/mL alloferon, we observed a decrease in the intracellular glutamine concentration in Panc-1 (3.72 ± 0.34 μM after treatment, Figure 4B) cells. However, there was no difference in intracellular glutamine concentration in AsPC-1 cells in the presence of alloferon (1.05 ± 0.14 after treatment, Figure 4C). Therefore, we next examined changes in the glutamine uptake ability of cells after exposure to alloferon after 4 h of incubation in glutamine-free culture medium, followed by another 4 h of incubation in culture medium containing glutamine.



When cells were incubated for 4 h in glutamine-free culture medium, the intracellular glutamine concentration in Panc-1 cells in the presence of alloferon fell to 0.84 ± 0.48 μM (compared with 1.68 ± 0.07 μM in the absence of alloferon) (Figure 4B). Interestingly, although the intracellular glutamine concentration in Panc-1 in the absence of alloferon recovered rapidly (4.75 ± 0.26 μM) when the cells were exposed to glutamine-containing medium, recovery was much lower in cells cultured with 4 μg/mL of alloferon for 3 weeks (Figure 4B). By contrast, there was no significant difference in intracellular glutamine concentration in AsPC-1 cells in the presence/absence of alloferon; indeed, we found extremely low intracellular glutamine concentrations in AsPC-1 even in the absence of alloferon (Figure 4C). Therefore, the data suggest that alloferon alters glutamine uptake in some PCa cells.




3.4. Co-Treatment of PCa Cells with Alloferon and Gemcitabine Alters Cell Cycle Distribution


Because the sensitivity of Panc-1 and AsPC-1 cells to gemcitabine increased after exposure to alloferon, we performed cell cycle analysis to investigate the effects of alloferon on the cell cycle distribution in the presence of gemcitabine. First, experiments were conducted to determine the highest concentration of gemcitabine that did not show cytotoxic effects. No cytotoxic effects of gemcitabine against Panc-1 and AsPC-1 cells were observed at 0.0625 μM and 0.5 μM, respectively (Supplementary Figures S2 and S3). Combined treatment with gemcitabine and alloferon increased the percentage of apoptotic Panc-1 cells in the sub-G1 phase (2.1 ± 0.3% in the absence of alloferon vs. 3.5 ± 0.3% in the presence of alloferon, p = 0.02; Figure 5A). However, alloferon had no synergistic effect on the sub-G1 population of AsPC-1 cells (Figure 5B). Thus, alloferon increases the percentage of Panc-1 cells in the sub-G1 phase.





4. Discussion


The cause of PCa is still largely unknown, and there are still no effective treatments (other than early resection) that extend survival [2]. Currently, many studies aim to maximize the effects of gemcitabine as a PCa treatment by combining it with other anti-cancer drugs. However, increased drug toxicity and the induction of cancer cell resistance are the biggest barriers [44,45,46,47]. Therefore, this study aimed to examine the adjuvant effects of alloferon, a peptide drug originating from the insect immune system and which is known to have potential anticancer effects [40,41].



First, we investigated whether alloferon alters the expression of SLC6A14, which is highly expressed in PCa cells and is closely related to metastasis, proliferation, and resistance to chemotherapeutic drugs [34]. As expected, the expression of SLC6A14 on PCa cell lines Panc-1 and AsPC-1 was downregulated markedly by treatment with alloferon for 3 weeks, even though the expression did not change within the first week (Figure 1 and Figure 2). Interestingly, we found that the expression of SLC6A14 was higher in Panc-1 than in AsPC-1, and that changes in glutamine uptake and cell cycle status in response to alloferon were more significant for Panc-1 than for AsPC-1. Based on the role of SLC6A14 in cancer cell metabolism and growth, and the finding that Panc-1 is more malignant than AsPC-1 [48,49], the data suggest that alloferon could be used as a chemo-adjuvant drug to regulate metastasis and the proliferation of more aggressive cancers. Glutamine is essential for proliferation, protein synthesis, and chemoresistance in cancer cells; thus, cancer cells are said to suffer “glutamine addiction” [9,17,24,25]. Glutamine, taken up by SLC6A14, is used as a mitochondrial substrate for energy production and biosynthesis. Moreover, glutamine metabolism fuels the tricarboxylic acid cycle, nucleotide and fatty acid biosynthesis, and redox balance in cancer cells. In addition, glutamine activates mTOR signaling, thereby reducing stress on the endoplasmic reticulum and promoting protein synthesis [50,51,52,53]. Therefore, the suppression of glutamine uptake via the downregulation of SLC6A14 expression may increase the efficacy of cancer chemotherapy [32,33,35,54,55,56].



As shown in Figure 4, alloferon decreased glutamine uptake in Panc-1 cells, as well as reducing the intracellular concentration. This suggests that alloferon might be an effective suppressor of “glutamine addiction”. The main reason for comparing the change of SLC6A14 expression with the change in glutamine uptake by the treatment of alloferon in both Panc-1 and AsPC-1 is that Panc-1 is highly resistant to gemcitabine, while AsPC-1 is more susceptible to gemcitabine. In other words, the degree of expression of SLC6A14 in PCa against gemcitabine was thought to be a factor for chemosensitivity to gemcitabine. The high expression of SLC6A14 in Panc-1 and the resulting increase in glutamine uptake are thought to be the cause of high resistance to gemcitabine. As shown in Figure 2A,B, it can be confirmed that the relative expression of SLC6A14 is significantly lower in AsPC-1 than in Panc-1. It implies a direct correlation with a lower amount of glutamine uptake in AsPC-1 compared to Panc-1 (Figure 4). Since the expression amount of SLC6A14 is basically significantly lower in AsPC-1 than in Panc-1, although SLC6A14 was reduced in AsPC-1 by alloferon (Figure 1B, Figure 2B, and Supplemental Figure S1), it is considered that there would be no significant difference in the amount of glutamine taken.



Next, we examined whether the chemosensitivity of PCa cell lines to gemcitabine increases after exposure to alloferon for 3 weeks. In the absence of alloferon, the IC50 of gemcitabine in Panc-1 was higher than that in AsPC-1 (11.83 ± 1.47 μM vs. 4.04 ± 1.54 μM, respectively; Figure 3). Moreover, the IC50 decreased after treatment with alloferon (Panc-1: 9.22 ± 1.01 μM; AsPC-1: 3.12 ± 0.39 μM). The difference in the IC50 for the two cell lines is again thought to be due to differences in SLC6A14 expression. Nevertheless, the results suggest that alloferon may increase the chemosensitivity of PCa to gemcitabine, particularly PCa cells expressing high levels of SLC6A14.



Since gemcitabine exerts cytotoxic effects by blocking DNA synthesis, we examined changes in cell cycle distribution after treatment with gemcitabine in the presence or absence of alloferon. PCa cell lines were exposed to noncytotoxic concentrations of gemcitabine after pre-treatment with alloferon for 3 weeks. The population of Panc-1 cells in sub-G1 increased slightly but significantly (2.1 ± 0.3% before vs. 3.5 ± 0.3% after, p = 0.02; Figure 5). Even though we have found a minor increase in dead cells in the sub-G1 stage from 2.1–3.5 percent and no significant change in AsPC-1 cells, we additionally performed a TUNEL assay to confirm this change. As shown in Supplementary Figures S4 and S5, TUNEL positive cells have been found in both “Gemcitabine” and “Alloferon + Gemcitabine”, but there was no statistical significance. It is consistent with the results for glutamine uptake and the IC50 of gemcitabine; we found no meaningful changes in the cell cycle distribution of AsPC-1 cells. Again, this is likely due to the fact that the expression of SLC6A14 in AsPC-1 cells is markedly lower than that in Panc-1 cells. Therefore, it should be further clarified through experiments about the in vivo effect of alloferon and gemcitabine using the xenograft model.



Taken together, the results presented herein suggest that alloferon might be a useful adjuvant for gemcitabine-based chemotherapy for PCa, particularly PCa that expresses high levels of SLC6A14 and is highly resistant to gemcitabine. However, further investigations using other gemcitabine-resistant PCa cells are needed to confirm these data. The limitation of the study is that the combination effect on alloferon and gemcitabine was confirmed only through the cell cycle.



Although SLC6A14 is a powerful glutamine transporter, other amino acid transporters such as SLC1A5, SLC38A1, SLC38A3, SLC48A5, and SLC7A5 play important roles [28,29]. Indeed, downregulation of SLC6A14 inhibits the function of SLC7A11 and SLC7A5 [29]. Thus, the effects of alloferon on the expression of other amino acid transporters should be investigated to clarify whether it blocks the uptake of other essential amino acids required by cancer cells.




5. Conclusions


In summary, this study demonstrated that (1) alloferon effectively decreases the expression of the glutamine transporter SLC6A14 in pancreatic cancer cells, (2) thereby reducing the uptake of glutamine into the cells, and (3) decreased intracellular glutamine concentration might increase sensitivity to gemcitabine and increase apoptotic cells. This is the first study regarding the treatment of pancreatic cancer using alloferon as an adjuvant of conventional chemotherapeutic drugs. Therefore, the present study provides evidence for a new potential use of alloferon and gemcitabine for the treatment of pancreatic cancer by the regulation of SLC6A14 expression.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomedicines10051113/s1, Figure S1: Difference of SLC6A14 expression between Panc-1 and AsPC-1, Figure S2: Determination of the optimal concentration of gemcitabine used for cell cycle analysis of Panc-1 cells, Figure S3: Determination of the optimal concentration of gemcitabine used for cell cycle analysis of AsPC-1 cells, Figure S4: TUNEL positive cells of Panc-1 after exposure to alloferon and gemcitabine, Figure S5: TUNEL positive cells of AsPC-1 after exposure to alloferon and gemcitabine.





Author Contributions


Conceptualization, J.S.K.; methodology, Y.K. and J.S.K.; formal analysis, H.J. and Y.K.; investigation, H.J., D.L., C.G., Y.J., S.B., T.A. and J.H.; resources, Y.K. and J.S.K.; data curation, Y.K. and J.S.K.; writing—original draft preparation, H.J., Y.K. and J.S.K.; writing—review and editing, H.J., D.K., Y.K. and J.S.K.; visualization, H.J.; project administration, J.S.K.; funding acquisition, Y.K. and J.S.K. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the NRF of Korea (No.: 2017R1A2B2010948, 2017R1A6A3A11032576, 2020R1C1C1009334).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All datasets generated for this study are included in the article or Supplementary File.




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



American Cancer Society. Available online: www.cancer.org/cancer/pancreatic-cancer/detection-diagnosis-staging/survival-rates.html (accessed on 2 March 2022).

	



Park, W.; Chawla, A.; O’Reilly, E.M. Pancreatic Cancer: A Review. JAMA 2021, 326, 851–862. [Google Scholar] [CrossRef] [PubMed]

	



Lambert, A.; Schwarz, L.; Borbath, I.; Henry, A.; Van Laethem, J.-L.; Malka, D.; Ducreux, M.; Conroy, T. An update on treatment options for pancreatic adenocarcinoma. Ther. Adv. Med. Oncol. 2019, 11, 1758835919875568. [Google Scholar] [CrossRef] [PubMed]

	



Amanam, I.; Chung, V. Targeted therapies for pancreatic cancer. Cancers 2018, 10, 36. [Google Scholar] [CrossRef] [PubMed]

	



Barros, A.G.; Pulido, C.F.; Machado, M.; Brito, M.J.; Couto, N.; Sousa, O.; Melo, S.A.; Mansinho, H. Treatment optimization of locally advanced and metastatic pancreatic cancer. Int. J. Oncol. 2021, 59, 110. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Z.; Liu, W. Pancreatic cancer: A review of risk factors, diagnosis, and treatment. Technol. Cancer Res. Treat. 2020, 19, 1533033820962117. [Google Scholar] [CrossRef]

	



Wang, H.; Liu, J.; Xia, G.; Lei, S.; Huang, X.; Huang, X. Survival of pancreatic cancer patients is negatively correlated with age at diagnosis: A population-based retrospective study. Sci. Rep. 2020, 10, 7048. [Google Scholar] [CrossRef]

	



Rawla, P.; Sunkara, T.; Gaduputi, V. Epidemiology of Pancreatic Cancer: Global Trends, Etiology and Risk Factors. World J. Oncol. 2019, 10, 10–27. [Google Scholar] [CrossRef]

	



Phan, L.M.; Yeung, S.-C.J.; Lee, M.-H. Cancer metabolic reprogramming: Importance, main features, and potentials for precise targeted anti-cancer therapies. Cancer Biol. Med. 2014, 11, 1. [Google Scholar]

	



Newsholme, P.; Lima, M.; Procopio, J.; Pithon-Curi, T.; Bazotte, R.; Curi, R. Glutamine and glutamate as vital metabolites. Braz. J. Med. Biol. Res. 2003, 36, 153–163. [Google Scholar] [CrossRef]

	



Csibi, A.; Fendt, S.-M.; Li, C.; Poulogiannis, G.; Choo, A.Y.; Chapski, D.J.; Jeong, S.M.; Dempsey, J.M.; Parkhitko, A.; Morrison, T.; et al. The mTORC1 pathway stimulates glutamine metabolism and cell proliferation by repressing SIRT4. Cell 2013, 153, 840–854. [Google Scholar] [CrossRef]

	



Khan, M.W.; Layden, B.T.; Chakrabarti, P. Inhibition of mTOR complexes protects cancer cells from glutamine starvation induced cell death by restoring Akt stability. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2018, 1864, 2040–2052. [Google Scholar] [CrossRef] [PubMed]

	



Nicklin, P.; Bergman, P.; Zhang, B.; Triantafellow, E.; Wang, H.; Nyfeler, B.; Yang, H.; Hild, M.; Kung, C.; Wilson, C.; et al. Bidirectional transport of amino acids regulates mTOR and autophagy. Cell 2009, 136, 521–534. [Google Scholar] [CrossRef] [PubMed]

	



Jewell, J.L.; Guan, K.-L. Nutrient signaling to mTOR and cell growth. Trends Biochem. Sci. 2013, 38, 233–242. [Google Scholar] [CrossRef] [PubMed]

	



DeBerardinis, R.J.; Cheng, T. Q’s next: The diverse functions of glutamine in metabolism, cell biology and cancer. Oncogene 2010, 29, 313–324. [Google Scholar] [CrossRef]

	



Kovačević, Z.; Morris, H. The role of glutamine in the oxidative metabolism of malignant cells. Cancer Res. 1972, 32, 326–333. [Google Scholar]

	



Nguyen, T.-L.; Durán, R.V. Glutamine metabolism in cancer therapy. Cancer Drug Resist. 2018, 1, 126–138. [Google Scholar] [CrossRef]

	



El Ansari, R.; McIntyre, A.; Craze, M.L.; Ellis, I.O.; Rakha, E.A.; Green, A.R. Altered glutamine metabolism in breast cancer; subtype dependencies and alternative adaptations. Histopathology 2018, 72, 183–190. [Google Scholar] [CrossRef]

	



Demas, D.M.; Demo, S.; Fallah, Y.; Clarke, R.; Nephew, K.P.; Althouse, S.; Sandusky, G.; He, W.; Shajahan-Haq, A.N. Glutamine metabolism drives growth in advanced hormone receptor positive breast cancer. Front. Oncol. 2019, 9, 686. [Google Scholar] [CrossRef]

	



Nilsson, A.; Haanstra, J.R.; Engqvist, M.; Gerding, A.; Bakker, B.M.; Klingmüller, U.; Teusink, B.; Nielsen, J. Quantitative analysis of amino acid metabolism in liver cancer links glutamate excretion to nucleotide synthesis. Proc. Natl. Acad. Sci. USA 2020, 117, 10294–10304. [Google Scholar] [CrossRef]

	



Vanhove, K.; Derveaux, E.; Graulus, G.-J.; Mesotten, L.; Thomeer, M.; Noben, J.-P.; Guedens, W.; Adriaensens, P. Glutamine addiction and therapeutic strategies in lung cancer. Int. J. Mol. Sci. 2019, 20, 252. [Google Scholar] [CrossRef]

	



Yuan, L.; Sheng, X.; Willson, A.K.; Roque, D.R.; Stine, J.E.; Guo, H.; Jones, H.M.; Zhou, C.; Bae-Jump, V.L. Glutamine promotes ovarian cancer cell proliferation through the mTOR/S6 pathway. Endocr.-Relat. Cancer 2015, 22, 577–591. [Google Scholar] [CrossRef] [PubMed]

	



Hampton, T. Blocking Glutamine Metabolism Shrinks Kidney Cancers in Mice. JAMA 2015, 314, 16. [Google Scholar] [CrossRef]

	



Wise, D.R.; Thompson, C.B. Glutamine addiction: A new therapeutic target in cancer. Trends Biochem. Sci. 2010, 35, 427–433. [Google Scholar] [CrossRef] [PubMed]

	



Cluntun, A.A.; Lukey, M.J.; Cerione, R.A.; Locasale, J.W. Glutamine metabolism in cancer: Understanding the heterogeneity. Trends Cancer 2017, 3, 169–180. [Google Scholar] [CrossRef] [PubMed]

	



Hyde, R.; Taylor, P.M.; Hundal, H.S. Amino acid transporters: Roles in amino acid sensing and signalling in animal cells. Biochem. J. 2003, 373, 1–18. [Google Scholar] [CrossRef]

	



Pochini, L.; Scalise, M.; Galluccio, M.; Indiveri, C. Membrane transporters for the special amino acid glutamine: Structure/function relationships and relevance to human health. Front. Chem. 2014, 2, 61. [Google Scholar] [CrossRef]

	



Bhutia, Y.D.; Ganapathy, V. Glutamine transporters in mammalian cells and their functions in physiology and cancer. Biochim. Biophys. Acta (BBA) Mol. Cell Res. 2016, 1863, 2531–2539. [Google Scholar] [CrossRef]

	



Bhutia, Y.D.; Babu, E.; Prasad, P.D.; Ganapathy, V. The amino acid transporter SLC6A14 in cancer and its potential use in chemotherapy. Asian J. Pharm. Sci. 2014, 9, 293–303. [Google Scholar] [CrossRef]

	



Gupta, N.; Miyauchi, S.; Martindale, R.G.; Herdman, A.V.; Podolsky, R.; Miyake, K.; Mager, S.; Prasad, P.D.; Ganapathy, M.E.; Ganapathy, V. Upregulation of the amino acid transporter ATB0,+(SLC6A14) in colorectal cancer and metastasis in humans. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2005, 1741, 215–223. [Google Scholar] [CrossRef]

	



Gupta, N.; Prasad, P.D.; Ghamande, S.; Moore-Martin, P.; Herdman, A.V.; Martindale, R.G.; Podolsky, R.; Mager, S.; Ganapathy, M.E.; Ganapathy, V. Up-regulation of the amino acid transporter ATB0,+(SLC6A14) in carcinoma of the cervix. Gynecol. Oncol. 2006, 100, 8–13. [Google Scholar] [CrossRef]

	



Karunakaran, S.; Umapathy, N.S.; Thangaraju, M.; Hatanaka, T.; Itagaki, S.; Munn, D.H.; Prasad, P.D.; Ganapathy, V. Interaction of tryptophan derivatives with SLC6A14 (ATB0,+) reveals the potential of the transporter as a drug target for cancer chemotherapy. Biochem. J. 2008, 414, 343–355. [Google Scholar] [CrossRef] [PubMed]

	



Karunakaran, S.; Ramachandran, S.; Coothankandaswamy, V.; Elangovan, S.; Babu, E.; Periyasamy-Thandavan, S.; Gurav, A.; Gnanaprakasam, J.P.; Singh, N.; Schoenlein, P.V.; et al. SLC6A14 (ATB0,+) protein, a highly concentrative and broad specific amino acid transporter, is a novel and effective drug target for treatment of estrogen receptor-positive breast cancer. J. Biol. Chem. 2011, 286, 31830–31838. [Google Scholar] [CrossRef] [PubMed]

	



Penheiter, A.R.; Erdogan, S.; Murphy, S.J.; Hart, S.N.; Felipe Lima, J.; Rakhshan Rohakhtar, F.; O’Brien, D.R.; Bamlet, W.; Wuertz, R.E.; Smyrk, T.C.; et al. Transcriptomic and immunohistochemical profiling of SLC6A14 in pancreatic ductal adenocarcinoma. BioMed Res. Int. 2015, 2015, 593572. [Google Scholar] [CrossRef] [PubMed]

	



Coothankandaswamy, V.; Cao, S.; Xu, Y.; Prasad, P.; Singh, P.; Reynolds, C.; Yang, S.; Ogura, J.; Ganapathy, V.; Bhutia, Y.D. Amino acid transporter SLC6A14 is a novel and effective drug target for pancreatic cancer. Br. J. Pharmacol. 2016, 173, 3292–3306. [Google Scholar] [CrossRef]

	



Zhu, B.; Cheng, D.; Hou, L.; Zhou, S.; Ying, T.; Yang, Q. SLC3A2 is upregulated in human osteosarcoma and promotes tumor growth through the PI3K/Akt signaling pathway. Oncol. Rep. 2017, 37, 2575–2582. [Google Scholar] [CrossRef]

	



Chernysh, S.; Kim, S.; Bekker, G.; Pleskach, V.; Filatova, N.; Anikin, V.; Platonov, V.G.; Bulet, P. Antiviral and antitumor peptides from insects. Proc. Natl. Acad. Sci. USA 2002, 99, 12628–12632. [Google Scholar] [CrossRef]

	



Kuczer, M.; Dziubasik, K.; Midak-Siewirska, A.; Zahorska, R.; Łuczak, M.; Konopińska, D. Studies of insect peptides alloferon, Any-GS and their analogues. Synthesis and antiherpes activity. J. Pept. Sci. Off. Publ. Eur. Pept. Soc. 2010, 16, 186–189. [Google Scholar] [CrossRef]

	



Kim, Y.; Lee, S.K.; Bae, S.; Kim, H.; Park, Y.; Chu, N.K.; Kim, S.G.; Kim, H.-R.; Hwang, Y.-I.; Kang, J.S.; et al. The anti-inflammatory effect of alloferon on UVB-induced skin inflammation through the down-regulation of pro-inflammatory cytokines. Immunol. Lett. 2013, 149, 110–118. [Google Scholar] [CrossRef]

	



Chernysh, S.; Irina, K.; Irina, A. Anti-tumor activity of immunomodulatory peptide alloferon-1 in mouse tumor transplantation model. Int. Immunopharmacol. 2012, 12, 312–314. [Google Scholar] [CrossRef]

	



Bae, S.; Oh, K.; Kim, H.; Kim, Y.; Kim, H.-R.; Hwang, Y.-i.; Lee, D.-S.; Kang, J.S.; Lee, W.J. The effect of alloferon on the enhancement of NK cell cytotoxicity against cancer via the up-regulation of perforin/granzyme B secretion. Immunobiology 2013, 218, 1026–1033. [Google Scholar] [CrossRef]

	



Jeon, J.; Kim, Y.; Kim, H.; Kang, J.S.; Lee, W.J. Anti-inflammatory effect of alloferon on ovalbumin-induced asthma. Immune Netw. 2015, 15, 304–312. [Google Scholar] [CrossRef] [PubMed]

	



Cai, A.; Zheng, H.; Chen, Z.; Lin, X.; Li, C.; Yao, Q.; Bhutia, Y.D.; Ganapathy, V.; Chen, R.; Kou, L. Synergism between SLC6A14 blockade and gemcitabine in pancreactic cancer: A 1H-NMR-based metabolomic study in pancreatic cancer cells. Biochem. J. 2020, 477, 1923–1937. [Google Scholar] [CrossRef] [PubMed]

	



Blomstrand, H.; Scheibling, U.; Bratthäll, C.; Green, H.; Elander, N.O. Real world evidence on gemcitabine and nab-paclitaxel combination chemotherapy in advanced pancreatic cancer. BMC Cancer 2019, 19, 40. [Google Scholar] [CrossRef] [PubMed]

	



Jin, J.; Teng, C.; Li, T. Combination therapy versus gemcitabine monotherapy in the treatment of elderly pancreatic cancer: A meta-analysis of randomized controlled trials. Drug Des. Dev. Ther. 2018, 12, 475. [Google Scholar] [CrossRef] [PubMed]

	



Huang, D.; Fang, J.; Luo, G. Meta-analysis of gemcitabine and cisplatin combination chemotherapy versus gemcitabine alone for pancreatic cancer. J. Cancer Res. Ther. 2016, 12, 104. [Google Scholar]

	



Palacio, S.; Hosein, P.J.; Reis, I.; Akunyili, I.I.; Ernani, V.; Pollack, T.; Macintyre, J.; Restrepo, M.H.; Merchan, J.R.; Lima, C.M.R. The nab-paclitaxel/gemcitabine regimen for patients with refractory advanced pancreatic adenocarcinoma. J. Gastrointest. Oncol. 2018, 9, 135. [Google Scholar] [CrossRef]

	



Huanwen, W.; Zhiyong, L.; Xiaohua, S.; Xinyu, R.; Kai, W.; Tonghua, L. Intrinsic chemoresistance to gemcitabine is associated with constitutive and laminin-induced phosphorylation of FAK in pancreatic cancer cell lines. Mol. Cancer 2009, 8, 125. [Google Scholar] [CrossRef]

	



Moon, S.-U.; Kim, J.W.; Sung, J.H.; Kang, M.H.; Kim, S.-H.; Chang, H.; Lee, J.-O.; Kim, Y.J.; Lee, K.-W.; Kim, J.H.; et al. p21-activated kinase 4 (PAK4) as a predictive marker of gemcitabine sensitivity in pancreatic cancer cell lines. Cancer Res. Treat. Off. J. Korean Cancer Assoc. 2015, 47, 501. [Google Scholar] [CrossRef]

	



Bott, A.J.; Maimouni, S.; Zong, W.-X. The pleiotropic effects of glutamine metabolism in cancer. Cancers 2019, 11, 770. [Google Scholar] [CrossRef]

	



Altman, B.J.; Stine, Z.E.; Dang, C.V. From Krebs to clinic: Glutamine metabolism to cancer therapy. Nat. Rev. Cancer 2016, 16, 619. [Google Scholar] [CrossRef]

	



Yang, L.; Venneti, S.; Nagrath, D. Glutaminolysis: A hallmark of cancer metabolism. Annu. Rev. Biomed. Eng. 2017, 19, 163–194. [Google Scholar] [CrossRef] [PubMed]

	



Michalak, K.P.; Maćkowska-Kędziora, A.; Sobolewski, B.; Woźniak, P. Key roles of glutamine pathways in reprogramming the cancer metabolism. Oxidative Med. Cell. Longev. 2015, 2015, 964321. [Google Scholar] [CrossRef] [PubMed]

	



Sikder, M.O.; Sivaprakasam, S.; Brown, T.P.; Thangaraju, M.; Bhutia, Y.D.; Ganapathy, V. SLC6A14, a Na+/Cl−-coupled amino acid transporter, functions as a tumor promoter in colon and is a target for Wnt signaling. Biochem. J. 2020, 477, 1409–1425. [Google Scholar] [CrossRef] [PubMed]

	



Sikder, M.O.F.; Yang, S.; Ganapathy, V.; Bhutia, Y.D. The Na+/Cl−-coupled, broad-specific, amino acid transporter SLC6A14 (ATB 0,+): Emerging roles in multiple diseases and therapeutic potential for treatment and diagnosis. AAPS J. 2018, 20, 12. [Google Scholar] [CrossRef] [PubMed]

	



Babu, E.; Bhutia, Y.D.; Ramachandran, S.; Gnanaprakasam, J.P.; Prasad, P.D.; Thangaraju, M.; Ganapathy, V. Deletion of the amino acid transporter Slc6a14 suppresses tumour growth in spontaneous mouse models of breast cancer. Biochem. J. 2015, 469, 17–23. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 10 01113 g001 550] 





Figure 1. Immunofluorescence microscopic analysis of changes in expression of SLC6A14 by pancreatic cancer cell lines Panc-1 and AsPC-1 upon exposure to alloferon. Panc-1 and AsPC-1 were cultured for 3 weeks in the presence or absence of alloferon (4 μg/mL). Changes of SLC6A14 expression in control (untreated) and alloferon-treated cells were examined after 1, 2, and 3 weeks. SLC6A14 protein was quantified by measuring GFP fluorescence (green), and nuclei were stained with DAPI (blue): (A) Panc-1 and (B) AsPC-1. 2’Ab control means that it is stained only with secondary antibody. Images are shown at 400× magnification (scale bar, 125 μm). Expression of SLC6A14 at different times was normalized to that of SLC6A14 expression in control Panc-1 and AsPC-1 during the first week (set as 1). Data are presented as the mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant. 
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Figure 2. Western blot analysis of changes in SLC6A14 expression by pancreatic cancer cell lines Panc-1 and AsPC-1. Cells were cultured for 3 weeks in the presence or absence of alloferon. Western blot analysis was performed to examine SLC6A14. β-actin was used as a loading control: (A) Panc-1, (B) AsPC-1. Relative changes in SLC6A14 expression are shown in the bar graph. Results are representative of five independent experiments. Data are presented as the mean ± SD. * p < 0.05; ns = not significant. 
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Figure 3. Alloferon reduces the IC50 of gemcitabine against pancreatic cancer cells. Cells were cultured for 3 weeks in the presence or absence of 4 μg/mL of alloferon and then seeded in a 96-well culture plate. Cells were treated with gemcitabine (0.001 nM to 1000 μM) and then incubated for 72 h. Cell proliferation was normalized to that of cells treated with 0.001 nM gemcitabine: (A) Panc-1 and (B) AsPC-1. Results are representative of four independent experiments. Data are presented as the mean ± SD. * p < 0.05 for Panc-1 (A); † p = 0.12 for AsPC-1 (B). 
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Figure 4. Changes in intracellular glutamine levels in pancreatic cancer cell lines exposed to alloferon. Panc-1 and AsPC-1 cells were grown overnight in complete medium containing 2 or 4 mM of glutamine, respectively. Cells were then cultured for another 4 h in glutamine-free medium. Intracellular glutamine concentration before and after the addition of exogenous glutamine was then measured. (A) Schematic showing the glutamine uptake assay. The intracellular glutamine concentration was measured using a glutamine assay kit. (B) Panc-1 cells and (C) AsPC-1 cells. Each sample was tested in triplicate, and data are presented as the mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant. 
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Figure 5. Changes in the cell cycle distribution of Panc-1 and AsPC-1 cells exposed to alloferon or gemcitabine. After treatment with or without alloferon for 3 weeks, Panc-1 and AsPC-1 cells were seeded into a 100 cm2 culture dish. Cells were then treated with 4 μg/mL alloferon, gemcitabine (Panc-1: 0.5 μM; AsPC-1: 0.0625 μM), or a combination of both for 72 h, followed by PI/RNase staining and flow cytometry analysis: (A) Panc-1 and (B) AsPC-1. The percentage of cells in each phase of the cell cycle is shown in the bar graph. Results are representative of three independent experiments, and the data are presented as the mean ± SD. * p < 0.05 (sub-G1 Gemcitabine vs. sub-G1 Alloferon + Gemcitabine). 
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