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Abstract

:

The survival rate of pancreatic ductal adenocarcinoma (PDAC) patients is short, and PDAC is a cancer type that ranks fourth in the statistics regarding death due to cancer. Mutation in the KRAS gene, which plays a role in pancreatic cancer development, activates the PI3K/AKT/mTOR signaling pathway. The activity of the AMPK as a cellular energy sensor is one of the fundamental mechanisms that can induce effective therapeutic responses against CDK4/6 inhibitors via adjusting the cellular and tumor microenvironment stress management. The phosphorylation of AMPKα at the different phosphorylation residues such as Thr172 and Ser 377 causes metabolic differentiation in the cells following CDK4/6 inhibitor treatment in accordance with an increased cell cycle arrest and senescence under the control of different cellular players. In this study, we examined the competencies of the CDK4/6 inhibitors LY2835219 and PD-0332991 on the mechanism of cell survival and death based on AMPK signaling. Both CDK4/6 inhibitors LY2835219 and PD-0332991 modulated different molecular players on the PI3K/AKT/mTOR and AMPK signaling axis in different ways to reduce cell survival in a cell type dependent manner. These drugs are potential inducers of apoptosis and senescence that can alter the therapeutic efficacy cells.






Keywords:


pancreatic ductal adenocarcinoma; PD-0332991; LY2835219; PI3K/AKT/mTOR and AMPK signaling axis; cell cycle












1. Introduction


Pancreatic ductal adenocarcinoma (PDAC) is the most prevalent type of pancreatic cancer that accounts for about 85% of pancreatic tumors. PDAC is the ninth most common cancer in women and the tenth most common cancer in men. It is also the fourth leading cause of cancer death [1]. In pancreatic cancer patients, 70% of whom are between the ages of 55 and84 and mostly men [2,3], the mutation in the oncogene KRAS (proto-oncogene, GTPase) gene, which plays a role in the development of PDAC, activates the Cyclin-Dependent Kinases (CDK) and the mTOR signaling pathway associated with increased cell survival [4,5]. Molecular profiling studies have shown that KRAS mutations and the CDK inhibitor 2A (CDKN2A or INK 4A/ARF), a tumor suppressor gene, is inactivated in PDAC. The CDKN2A gene encodes the p16INK4a protein, a potent inhibitor of CDK4 and CDK6 [6,7]. The loss of CDK2NA (p16) and tumor suppressor TP53 in the cell cycle causes uncontrolled cell proliferation. Moreover, accumulating mutations in KRAS, TP53, MYC (myelocytomatosis oncogene cellular homologous), and LKB1 (liver kinase B1) play a role in glucose metabolism, which affects cell maintenance [5,8,9,10]. Therefore, altered metabolic machinery in PDAC cells is promising to find a new cure for successful disease management. LKB1 acts as a master upstream kinase directly phosphorylating AMP-activated protein kinase (AMPK), defined as a well-known regulator of cellular energy homeostasis. The LKB1-AMPK pathway serves as a metabolic checkpoint in the cell, arresting cell growth in low intracellular nutrient and ATP levels, which is crucial for cancer prognosis [11,12]. Furthermore, CDK4 is activated in the disrupted cell cycle to inhibit AMPK activity via direct phosphorylation of the AMPK-α2 subunit [13,14]. Therefore, changes in the activity of AMPK play an essential role in tumor aggressiveness [15,16]. The decreased AMPK activity has been also shown to increase pancreatic cancer invasion and metastasis through the Heat Shock Protein -1 (HSF1)-dependent manner [17].



The PI3K/AKT/mTOR pathway plays a critical role in controlling cell growth, proliferation, migration, and metabolism [18,19,20]. PI3K signaling negatively regulates phosphatase and tensin homolog (PTEN), which is altered in most cancers, including pancreatic cancer [20,21]. PTEN also acts as a tumor suppressor gene by exhibiting phosphatase protein activity. AMPK inhibits the PI3K/AKT/mTOR signaling to reduce cell proliferation through the attenuation of Cyclin D, CDK4, and CDK6 levels [22,23,24]. The activation of upstream mitogenic pathways that increase CDK4/6 activity creates resistance to therapy in most tumor types [25,26]. Therefore, the continuous activation of the cell cycle and related signaling pathways has enabled the use of CDK inhibitors as an effective therapeutic agents in cancer treatment [27].



Palbociclib (PD 0332991) and abemaciclib (LY2835219), known as the CDK4/6 inhibitors, are the therapeutic agents used in the treatment of advanced metastatic hormone receptor-positive (HR+)/HER2-negative breast cancer [28,29,30]. The effects of these small molecule inhibitors are investigated in many types of malignancies as they are essential in the regulation of various signaling mechanisms, either alone or combined therapy regimes [28]. LY2835219, which has a similar structural property to PD-0332991, is remarkable for crossing the blood brain barrier. Trials are ongoing to evaluate LY2835219 in cancer patients with brain metastases [31]. LY2835219 binds competitively to CDK4 and CDK6 at the ATP binding site and has been found to exhibit 14 times more specific critical inhibition activity compared to PD 0332991 [32]. It was reported in hepatocellular carcinoma that palbociclib induced the AMPK activity independently of CDK4/6 [33]. Mostly, CDK4 is accepted as the new metabolic sensor that antagonizes AMPK to mediate a metabolic switch. For this purpose, the CDK4/6 inhibitor mediated downstream metabolic alteration related to AMPK is important for understanding the drug responsiveness in different cancer cells. AMPK activation mediated mTORC1 inhibition possess essential role in the regulation of replicative senescence in different cell lines [34]. It is also well described that PD-0332991 and LY2835219 have been shown to prevent the phosphorylation of the retinoblastoma (RB) protein, a well-known tumor suppressor, thereby invoking cancer cell cycle arrest at the G1 phase [27,30,35,36]. Almost all CDK4/6 inhibitors have been shown to induce apoptosis in several types of tumors and are associated with canonical effects such as cell cycle inhibition and proliferation [29,37,38,39]. LY-2535219 and PD-0332991 have recently revealed new non-canonical functions, inducing reversible senescence, metabolic rearrangement, and immunomodulation [39,40]. The activation of senescence may be a promising novel approach for cancer treatment [41,42].



This study evaluated the therapeutic potential of CDK4/6 inhibitors based on differential AMPK activation status in PANC-1 and MIA PaCa-2 cells with different genetic and biological features. Both cells had homozygous deletions of CDKN2A and were highly metastatic. The expression level of PI3K and AMPK was higher in MIA PaCa-2 cells than PANC-1 cells [43]. Therefore, the effect of both CDK inhibitors LY-2535219 and PD-0332991 on the inhibition of cell proliferation was determined through PI3K/AKT/mTOR/AMPK signaling axis and senescence mechanism in pancreatic cancer cells.




2. Results


2.1. CDK4/6 Inhibitors Reduced Cell Viability and Proliferation in a Dose-Dependent Manner


To examine the effect of LY2835219 and PD-0332991 on relative cell viability and colony-forming ability in PANC-1 and MIA PaCa-2 PDAC cells, we used MTT and colony formation assays.



PANC-1 and MIA PaCa-2 cells were treated with LY2835219 and PD-0332991 at 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 7.5 and 10 μM concentrations for 24 h. We found that increasing concentrations of LY2835219 and PD-0332991 decreased cell viability in a dose-dependent manner in PANC-1 and MIA PaCa-2 cells (Figure 1A,B). Low concentration of LY2835219 such as 1 μM and 2 μM treatment caused a significant decrease in cell viability by 50% (50 ± 1.4%; n = 4; p < 0.001) PANC-1 cell lines. Moreover, MIA PaCa-2 cells were more sensitive, and 1 μM and 2 μM treatment of LY2835219 further decreased cell viability by 50% and 70%, respectively. Therefore, the IC50 values of LY2835219 were 2 μM and 1 μM in PANC-1 and MIA PaCa-2 cells, respectively. Similarly, 2 μM and 3 μM PD-0332991 treatment reduced cell viability by 50% (50 ± 1.3%; n = 4; p < 0.001) in PANC-1 and MIA PaCa-2 cells [29,44,45]. The IC50 values of PD-0332991 were 2 μM for both PANC-1 and MIA PaCa-2 cells. A gradual decrease in both PANC-1 and MIA PaCa-2 cells’ cell viability was noted after the incubation with LY2835219 or PD-0332991. However, neither PD-0332991 nor LY2835219 treatment exerted any significant effect on the reduction of cell viability of normal non-tumorigenic human pancreatic ductal epithelial (HPDE) cells (Figure 1C). Therefore, we conducted a colony-forming test to examine the long-term effects of LY2835219 and PD-0332991 with 1, 1.5, 2, 2.5 and 3 μM concentrations for 24 h (Figure 1D). The dose-dependent experiments of both CDK inhibitors were performed to observe the cytotoxic potential of a higher concentration of drugs. The colony formation analysis was terminated after untreated cells were reached in confluent colony numbers and usually it took 14 days. Therefore, the colony formation tests were biologically repeated at least two times. In line with the MTT assay results, LY2835219 showed a more effective therapeutic effect in suppressing the colony formation in MIA PaCa-2 and PANC-1 cells. It was determined that PD-0332991 showed a partial therapeutic effect (Figure 1D). 1 μM LY2835219 remarkably reduced the potential of colony formation of each cell line. However, PD-0332991 treatment exerted various effects on the colony formation capacity of PANC-1 and MIA PaCa-2. Although PANC-1 cells showed higher colony numbers than MIA PaCa-2 cells, 2 and 3 μM concentrations of PD-0332991 treatment reduced the colony numbers of PANC-1 cells by 25% and MIA PaCa-2 cells by 15% and 20%, respectively. Thus, 1 and 2 μM treatments of LY2835219 and 2 and 3 PD-0332991 concentrations were selected for further experiments in PANC-1 and MIA PaCa-2 cells.




2.2. LY2835219 and PD-0332991 Arrest the Cell Cycle and Led to Senescence


Flow cytometry was used to examine the effect of LY2835219 and PD-0332991 on the cell cycle progression in PDAC cell lines. To evaluate the effect of the drugs on cell cycle distribution, we treated PANC-1 and MIA PaCa-2 cells with increasing doses for 24 h. In the PANC-1 cell line, we observed that LY2835219 treatment increased the G1 phase retention rate in a dose-dependent manner. This rate has been shown to affect a population of 62.8% after 2 μM LY2835219 treatment. However, we have observed that increasing doses of LY2835219 treatment does not cause a significant arrest in the cell cycle in MIA PaCa-2 cell line (Figure 2A). As shown in Figure 2B, 2 μM and 3 μM doses of PD-0332991 treatment resulted in cell cycle G1 arrest in 89% (88.1 ± 1.3%; n = 2; p < 0.001) and 87% (86.7 ± 1.8%; n = 2; p < 0.001), respectively, compared to the control group. A similar result was observed in the MIA PaCa-2 cell line. 2 μM and 3 μM doses of PD-0332991 treatment induced G1 phase arrest in 93% (92.9 ± 1.5%; n = 2; p < 0.001) and 95% (95.4 ± 1.8%; n = 2; p < 0.001), respectively (Figure 2B).



To understand the relationship between cell cycle arrest and the cellular senescence process, we performed an SA-β galactosidase test. We compared the cellular senescence processes after LY2835219 and PD-0332991 treatment in PANC-1 and MIA PaCa-2 cells compared to control cells (Figure 3A). We performed the treatments with selected doses of LY2835219 (1 μM) and PD-0332991 (2 μM) in this experiment. The resulting cells stained positively with SA-β Gal showed that senescence is triggered in both cell lines. Additionally, each cell line’s morphology has become round, which was clearly observed in PANC-1 cells following treatment of each CDK inhibitor.



In accordance with these data, we determined that the cell cycle markers were affected by the LY2835219 and PD-0332991 treatments in a dose-dependent manner. Following LY2835219 treatment in the PANC-1 cell line, we observed a dose-related decrease in the expression level of c-Myc, which is a proto-oncogene. CDK4 expression level decreased by 2 μM LY2835219 treatment. The level of Rb phosphorylation at Ser807/811, which means suppression of Rb and activation of cell cycle, decreased after 1 μM and 2 μM LY2835219 treatment in PANC-1. However, 1 μM LY2835219 treatment further decreased the p-Rb (Ser 807/811) in PANC-1 cells (Figure 3B and Figure S1E,F). In the MIA PaCa-2 cell, we observed that the level of proto-oncogene c-Myc expression decreased with increasing doses, while the Rb phosphorylation decreased, especially with 1 μM of LY2835219 treatment (Figure 3C and Figure S1A–D). A similar experiment was performed with PD-0332991 treatment and we observed that the level of c-Myc protein expression in the PANC-1 cell decreased with 3 μM PD-0332991 (Figure 3D). Although this effect was regarded as a result of increasing doses of palbociclib, 2 μM of the PD-0332991 treatment reduced the level of expression significantly in MIA PaCa-2 cells (Figure 3E). Interestingly, the cyclin-D2 expression level increased in the PANC-1 cell line, while increasing the dose of the PD-0332991 treatment decreased its expression in MIA PaCa-2 cells (Figure 3D,E).



The crosstalk between AMPK and the PI3K/Akt/mTOR pathway is an important process for the balance of cellular energy metabolism and coordination of cell proliferation. To investigate the therapeutic efficiency of LY2835219 and PD-0332991 on this pathway, we first examined the effect of LY2835219 in a dose-dependent manner for 24 h on the AMPK related PI3K/AKT/mTOR signaling pathways in PANC-1 and MIA PaCa-2 cells by immunoblotting. Increasing doses of LY2835219 treatment did not show any significant effect on PI3K p85 expression in PANC-1 cells. Interestingly, 1 μM LY2835219 upregulated the PI3K p85 but 2 μM LY2835219 had no significant effect in MIA PaCa-2 cells. The level of phosphorylated AKT (Ser473) expression in PI3K downstream molecules was investigated in the presence of LY2835219. Only LY2835219 at 2 μM was effective in reducing p-AKT (Ser453) in PANC-1 cells but decreased in a dose-dependent manner in MIA PaCa-2 cells. It is well known that the inhibition of GSK-3β is under the control of the AKT signaling axis, so GSK3β was not inhibited through Ser9 phosphorylation, due to reduced p-AKT (Ser453) in PANC-1 and MIA PaCa-2 cells compared to the untreated control samples. Additionally, it is now clear that both mTOR and AMPK pathways regulate cellular homeostasis at multiple levels. Protein synthesis, metabolism, and mitochondrial function are likely to play a role in the regulatory effects of both mTOR and AMPK on cancer cells. Interestingly, LY2835219 caused the dephosphorylation and downregulation of AMPK in PANC-1 and MIA PaCa-2. It is thought that the increase in p70S6K levels in PANC-1 cells may be due to the decrease of p-AMPK (Thr172). Although LY2835219 treatment downregulated p-AMPK (Thr172) protein levels, decreased p-p70S6K levels were determined in MIA PaCa-2 cells. We concluded that LY2835219 was able to suppress PI3K/Akt pathway and prevented the activation of the translational pathway in MIA PaCa-2 cells but the effect of LY2835219 on the translational mechanism might be different in PANC-1 cells (Figure 4A,B; Figures S2A,B and S3A,B). The effect of both 2 and 3 μM PD-0332991 treatments on the cell survival axis was examined by immunoblotting. Although 2 and 3 μM PD-0332991 had cytotoxic effects and reduced cell viability by almost 50% on each pancreatic cancer cells, it was recorded that the 3 μM concentration was more effective on the downregulation of the PI3K/AKT/mTOR signaling than 2 μM PD-0332991. The dose-dependent PD-0332991 treatment for 24 h increased the PI3K expression level at 2 μM in PANC-1 cells however, 3 μM had no significant effect. In contrast, increasing doses of PD-0332991 significantly decreased PI3K expression levels in MIA PaCa-2 cells. The phosphorylation status of PTEN is known as a suppressing the mechanism of the PI3K/AKT pathway. We found that increasing doses of PD-0332991 treatment significantly upregulated PTEN expression in PANC-1 cells but led to slight upregulation in MIA PaCa-2 cells. Although p-PDK-1 at Ser241 residue expression levels were augmented in PANC-1 after 2 μM PD-0332991, the expression levels of p-AKT at Ser473 residue were reduced significantly in a dose-dependent manner. Concomitantly, p-PDK-1 was downregulated significantly following dose-dependent PD-0332991 treatment in MIA PaCa-2 cells. However, PD-0332991 treatment did not exhibit any significant effect on p-AKT at Ser473 residue. Interestingly, 3 μM PD-0332991 upregulated the p-GSK3β (Ser9), whereas the opposite effect was observed with 2 μM PD-0332991 in PANC-1. Nevertheless, PD-0332991 was able to decrease p-GSK3β (Ser9) expression levels dose-dependently in MIA PaCa-2 cells. 3 μM PD-0332991 treatment significantly upregulated p-AMPK (Thr172) expression in PANC-1 cells whereas 2 μM PD-0332991 led to slight upregulation in MIA PaCa-2 cells (Figure 4C,D; Figures S2C,D and S3E). Although PD-0332991 did not alter p-mTOR levels in PANC-1 cells, mTOR inhibition decreased p-p70S6K expression levels. There was a significant dose-dependent decrease in p-mTOR and p-p70S6K levels in relation to p-AMPK in MIA PaCa-2 cells. Decreasing the p-mTOR Ser2448/mTOR rate as a result of cell starvation provides a correlation with PD-0332991 treated cells with increased AMPK activity. We concluded that cell starvation is detected metabolically by sensor mechanism on mTOR in LY2835219 treated cells. To confirm whether the induction of cell death was associated with the loss of the mitochondrial membrane potential, cells were stained by DiOC6 following treatment of the selected doses of LY2835219 (1 μM) and PD-0332991 (2 μM) for 24 h. The decrease of DiOC6-stained cells after drug treatment was observed by fluorescence microscopy and the relative intensity of DiOC6 staining was calculated and figured out in the graphic. It was consistent with MTT cell viability results which showed cell viability loss by almost 50% (Figure 4E).




2.3. LY2835219 and PD-0332991 Induced Apoptosis in Time-Dependent Manner But the Cell Death Decision Was Taken at a Later Stage


The time-dependent effect of LY2835219 and PD-0332991 on apoptotic induction in MIA PaCa-2 and PANC-1 cells were examined with annexin V-PI staining. As shown in Figure 5A,B, PD-0332991 (2 μM) affected the total apoptotic cell death of PANC-1 in the lower left quadrant at 24 h as 10% ratio. We did not observe any apoptotic induction in PANC-1 for LY2835219 (1 μM) treatment. Similarly, LY2835219 (1 μM) and PD-0332991 (2 μM) did not significantly induce apoptosis in MIA PaCa-2 cells. The early apoptotic effect of LY2835219 (1 μM) and PD-0332991 (2 μM) were increased to 30% and 27% in PANC-1 cells within 48 h, respectively. Similarly, 20% of the early apoptotic MIA PaCa-2 cell population was determined following LY2835219 (1 μM) exposure. In contrast, we did not observe any apoptotic induction after PD-0332991 (2 μM) treatment for either 24 h or 48 h in MIA PaCa-2 cells. Both drugs did not lead to increased apoptotic cell population following 24 h treatment. Additionally, early apoptotic cells were observed following 48 h of treatment in PANC-1 cells but not in MIA PaCa-2 cells. Therefore, the increasing ratio of Annexin V-positive cells which means early apoptosis, was further investigated by Caspase3/7 activation assay for 48 h of treatment. Caspase-3/7 activation is a critical process in apoptosis induction. Therefore, Caspase3/7 activity assay was performed in order to determine the apoptotic effects of 1 μM LY2835219 and 2 μM PD-0332991 treatment following 48 h of treatment in PANC-1, MIA PaCa-2 PDAC cell lines and normal non-tumorigenic HPDE cells, respectively. 1 μM LY2835219 more efficiently increased the caspase 3/7 activity in PANC-1 and HPDE cells more than MIA PaCa-2 cells. Therefore, it can be concluded that the early apoptotic effect of 1 μM LY2835219 in MIA PaCa-2 cell was in a Caspase 3/7 independent manner (Figure 5C). Moreover, 2 μM of PD-0332991 treatment for 48 h was efficient in all cell lines including HPDE cells.



We checked the expression profile of apoptotic key proteins following LY2835219 and PD-0332991 in MIA PaCa-2 cells by immunoblotting. Although LY2835219 and PD-0332991 treatments did not significantly affect Bax expression in PANC-1 cells, each drug upregulated the Bax and Bak protein expression in MIA PaCa-2 cells. In PANC-1 cells, PD-0332991 (2 μM) triggered significant PARP cleavage without showing any effect on caspase-9 and -3 activation. Cleaved PARP was increased in a similar way with caspase-9 activation after LY2835219 (1 μM) and PD-0332991 (2 μM) treatment in MIA PaCa-2 cells (Figure 5D,E and Figure S3C,D). We determined cell death following LY2835219 (1 μM) and PD-0332991 (2 μM) treatment in each cell line for 24 h shown by PI staining. Positive stained cells were accepted as dead, which were found increased following drug treatments. We also visualized nuclear condensation and DNA fragmentation due to the increased apoptosis with DAPI staining in the cells (Figure 5F,G).



We concluded that PD-0332991 was more effective than LY2835219 to trigger cell death within 24 h for PANC-1 cells. In addition, both LY2835219 and PD-0332991 did not induce apoptosis in MIA PaCa-2 cells for 24 h. Moreover, it was shown that due to the increasing senescence and cell cycle blocking process, the cell death decision was made at a later stage, however, it was active in the cell death order due to the change of the molecular markers of the cell.





3. Discussion


This study evaluated the AMPK signaling cascade, by assessing upstream and downstream targets, which was affected by the CDK4/6 inhibitors; LY2835219 and PD-0332991 in PANC-1 and MIA PaCa-2 PDAC cell lines. We confirmed that CDK4/6 inhibitors reduced cell viability significantly compared to untreated control cells [29,44]. However, more inhibitory effects on the MIA PaCa-2 compared to the PANC-1 cells were observed even though the cytotoxicity results were similar. Moreover, the long-term effects of LY2835219 and PD-0332991 showed that the PANC-1 cells were more sensitive than MIA PaCa-2 cells. This issue is common in other cell lines; Capan-2, PL5, Hs766t, and PL45 cell lines were found to be more sensitive against PD-0332991 (0.5, 1 and 2 μM), colony formation of Capan-2 and PL45 cells were not altered following drug treatment [29,45].



Furthermore, the efficient chemotherapeutic potential of PD-0332991 was achieved at low doses and also with other therapeutic agents combined treatment. Moreover, the treatment withPD-0332991 at very low doses and in combination with enzalutamide increases the cytostatic effect and induces G1 arrest in triple-negative breast cancer [46]. It was shown that when the Huh7 and SNU398 hepatocarcinoma cell lines, either continuously or discontinuously, were exposed to PD-0332991, Huh7 cells, which showed an irreversible arrest at 0.1 μM, were treated with a lower dose (68 nM) while SNU398 cells, which underwent a reversible cell cycle arrest at 0.5 μM, were subjected to a higher dose (680 nM) [47]. Therefore, lower concentration alterations for CDK4/6 inhibitor treatment modalities may lead to diverse effects in cancer cells according to their genetic characteristics. Similarly, both LY2835219 and PD-0332991 decreased the cell viability and induced G1 arrest in PANC-1 and MIA PaCa-2 cells [48]. Our data also showed that treatment of PD-0332991 significantly triggered G1 arrest in both of the cells lines we used compared to LY2835219 exposure.



The expression of Rb, a cell cycle regulator, has been used to predict the drug resistance mechanism of cells. LY2835219 (1 μM) exposure decreased the phosphorylated Rb protein levels in PANC-1 and MIA PaCa-2 cell lines. PD-0332991 treatment induced G1 arrest in MIA PaCa-2 and PANC-1 cell lines has been demonstrated in a similar trend with previous findings [44,45]. Moreover, PD-0332991 treatment leads to Rb hyperphosphorylation in the PANC-1 cell line and also, it is reported that a loss of Rb in cells can induce self-replication stress by leading to p16 accumulation. Studies have shown that higher expression levels of p16 led to resistant phenotype against CDK4/6 inhibition [49,50]. Although the deletion of the p16 copy number is seen in many cancer types, it has the potential to become ineffective as a result of DNA methylation [49]. The deletion of p16 causes sensitivity against PD-0332991 treatment might be the cause of the effective response of MIA PaCa-2 cells against PD-0332991 exposure, and adverse effect in the PANC-1 cell line. In another study, when p16 silenced Rb remains dysfunctional as a regulator that allows uncontrolled proliferation [38,51]. Therefore, we thought that PD-0332991 triggered Rb hyperphosphorylation in the PANC-1 cell line showing aggressive properties and loss of p16. CDK4/6 activity in cells is upregulated in cancers by specific cyclin D amplification and various genomic changes in the cell, including natural CDK4/6 inhibitors such as CDKN2A [50,52].



These results also suggested whether the reason for the variability in cell cycle arrest dependent on the drug, dose, and cell line. The inducer roles of LY2835219 and PD-0332991 in PANC-1 and MIA PaCa-2 cell lines were examined in terms of senescence, and SA-β-Gal positive staining was observed in both cell lines, which triggered cellular senescence. However, in the PANC-1 cell line, a significant change was observed in cell morphology, especially as a result of the treatment of PD-0332991. The increased expression of p21, which is a cell cycle regulator protein, was recorded with the triggering of cellular senescence. In line with this result, we examined the expression level of target proteins involved in cell cycle [53]. Dose-dependent CDK4/6 inhibitors (LY2835219 and PD-0332991)-mediated p21 expression upregulation might be due to cellular senescence in PANC-1 cells. Also, a similar result was observed in the MIA PaCa-2 cell line with alone PD-0332991 treatment. While early triggering of the senescence process protects the cell against transformation, it has been stated that the long-term senescence process that occurs in cells triggers the development of cancer. Researchers have reported that the continuation of metabolic activity during cellular senescence can increase the expression may trigger tumor formation by expressing the inflammatory cytokines (IL-6 and IL-8), as well as chemokines that attract inflammatory cells and affect neighboring cells [54,55]. However, it has been shown that PD-0332991 treatment of AGS gastric cancer cells triggered the cellular senescence and affected the survival mechanisms in this way [56,57]. In PANC-1 cells, a decrease in CDK4 expression level, as well as an increase in p21 protein expression, was observed following PD-0332991 treatment and a dose-dependent downregulation in c-Myc were also determined after each CDK4/6 inhibitor treatment. In the H460 lung cancer cell line, as a result of LY2835219 (10 μmol/L) treatment, it was observed that LY2835219 decreased Rb phosphorylation and increased p21 expression level [58]. No significant change was observed in CDK4 expression in MIA PaCa-2 cells due to the dose-dependent PD-0332991 (2 and 3 μM) treatment. However, cyclin D1, which is an invigilator of CDK4, and c-Myc, which is involved in cell survival, resulted in a decrease in the expression level and Rb hypophosphorylation. Thereby, it caused a significant increase in the expression of one of the Cyclin-CDK inhibitors, p21, and has a significant effect on the molecular mechanism of cell cycle arrest and cellular senescence process. In PDAC cells, kinase assays from treated cells showed that the detectable CDK2 activity in PD-0332991 treated pancreatic cancer cells that retain the CDK2 protein and depleted CDK2 resulted in the potent suppression of RB phosphorylation.



PI3K/AKT/mTOR plays an essential role in controlling cell growth, proliferation, migration, and metabolism [18,19,20]. The downregulation of p-AKT and Raptor in PD-0332991-treated pancreatic cancer cells was consistent with our data [59] The intracellular energy homeostasis or the anabolic activity of cells was associated with the PI3K/AKT/mTOR signaling axis [19,60]. Activation of upstream mitogenic pathways that increase CDK4/6 activity creates resistance to therapy in most tumor types [26,61]. More than 90% of PDAC tumors harbor driver mutations in K-Ras that activate various downstream signaling pathways such as the PI3K pathway [20,62,63]. The recent publications highlight the importance of PI3K signaling in stromal cells [20]. Therefore, PI3K/AKT/mTOR signaling has been focused as a key therapeutic target to hinder cell proliferation and then triggered apoptosis. This study investigated the molecular targets of LY2835219 and PD-0332991 related to PI3K/AKT/mTOR signaling axis in PANC-1 and MIA PaCa-2 cells. When the major changes were evaluated, interestingly, LY2835219 treatment in dose-dependent manner did not show any significant effect on PI3K levels in each cell line. Still, the expression level of p-AKT (Ser473) was reduced by treatment of LY2835219 in PANC-1 (only at 2 μM dose) and MIA PaCa-2 cells. The effect of dose-dependent PD-0332991 treatment decreased the PI3K and p-PDK-1 levels in MIA PaCa-2 cells. Although PI3K and p-PDK-1 levels were not affected by PD-0332991 treatment in PANC-1 cells, p-AKT at Ser473 was decreased and PTEN was increased by PD-0332991 treatment in both cell lines. The phosphorylation status of PTEN is known as a suppressing mechanism on the PI3K/AKT pathway [64]. The mouse PDAC is driven by oncogenic K-RAS mutation and PTEN deficiency also causes the spontaneous loss of Ink4a expression and shows pro-metastatic capacity [65]. Therapeutic potential of CDK4/6 inhibitors on aggressive cancer types were supported by results on combined treatment of PI3K and CDK4/6 inhibitors via cyclin D1 downregulation in HR+/HER2- breast cancer cells [19,66,67].



According to previous studies, AMPK, identified as a well-known regulator of cellular energy homeostasis, has been shown to cross-communicate via the PI3K/AKT/mTOR signaling axis [22,23,24]. AMPK activity can influence various effector proteins involved in different regulatory processes such as mTOR signaling that is associated with the pathogenesis of cancer [68]. Here, it was observed that both CDK4/6 inhibitors exerted various results on mTOR signaling. AMPK activation induced by CDK4/6 inhibitors enhances the therapeutic potential of these inhibitors through regulation of intracellular energy metabolism by controlling mTOR activity [68,69]. LY2835219 and PD-0332991 treatment decreased p-p70S6K levels in MIA PaCa-2 cells. However, the effect of LY2835219 on the translational mechanism might be different in PANC-1 cells. Besides, although PD-0332991 (only at 3 μM dose) did not alter p-mTOR levels in PANC-1 cells, inhibition of mTOR decreased p-p70S6K levels. In our study, biological evidence from immunoblotting results showed that LY2835219 decreased the p-AMPK expression levels, which was higher in MIA PaCa-2 cells than PANC-1 cells. In contrast, PD-0332991 increased the p-AMPK at Thr172 residue in PANC-1 (only at 3 μM dose) and MIA PaCa-2 (led to slight upregulation at 2 μM dose). In a similar study, PD-0332991 induced p-AMPK (Thr172) levels, preventing tumor formation in PLC5 hepatocellular carcinoma cells [33]. In another study, AMPK activation loss has been shown to increase in PANC-1 and BxPC-3 PDAC cell lines invasion and metastasis through an HSF1-dependent [17]. Activation or inactivation of GSK-3β is under control of the AKT and AMPK signaling axis. In addition, GSK-3β plays a role in β-catenin-pathway dependent invasiveness in cancer cells [70]. In our study, LY2835219 and PD-0332991 treated down-regulated phosphorylation of GSK-3β at Ser9 in MIA PaCa-2 cells. Although PD-0332991 (3 μM) upregulated GSK-3β at Ser9 levels, no significant effect on c-Myc levels was determined in PANC-1 cells. Previous studies also claimed that inhibition of CDK4/6 exerted various effects on PANC-1 and MIA PaCa-2 cells because each pancreatic cancer cells had different expression levels of PI3K and AKT [44,71]. Therefore, the colony formation potential waseffected differently which MIA PaCa-2 cells were more resistant to PD-0332991 treatment.



Although both the CDK4/6 inhibitors restricted the cell survival in each pancreatic cancer cell, there was no significant increase on apoptotic cells in 24 h treatment. When LY2835219 (1 μM) and PD-0332991 (2 μM) treatment was prolonged to 48 h, PANC-1 and MIA PaCa-2 PDAC cells were increased in the early apoptotic phase. But there was no apoptotic induction after PD-0332991 (2 μM) treatment for 48 h in MIA PaCa-2 cell. Similar to our findings, it was well established that the effect of CDK4/6 inhibitors at 48 h are an apoptotic agent for aggressive B-cell lymphoma cell lines [72]. Another study showed that LY2835219 (0.5–2 μM) at 24 h induced late apoptosis with Annexin V/PI in breast cancer cells [73]. Although PD-0332991 (1–2 μM) induced cell cycle arrest in liposarcoma cells, PD-0332991 (1–2 μM) treatment at 24 h did not significantly induce apoptosis. The same study showed that increasing concentrations of PD-0332991 induced apoptosis [74]. In our study, CDK inhibitors induced caspase-dependent apoptosis via modulating Bax and Bak proteins in MIA PaCa-2 cells. In contrast, CDK inhibitors induce caspase-independent apoptosis in PANC-1 via only increasing cleavage of PARP. Recent studies indicated that the suppressive effects of PD-0332991 on cell growth in most cell lines were mild and weaker than those of LY2835219. Besides, LY2835219 completely suppressed cell proliferation and markedly induced apoptosis [72]. Another study showed that LY2835219 induces atypical cell death in A549 lung carcinoma cell lines characterized by the formation of cytoplasmic vacuoles derived from lysosomes [75]. In our study, each CDK inhibitor triggered MMP loss in PANC-1 and MIA PaCa-2 cells. AMPK played a crucial role on the mitochondria biogenesis and protecting membrane potential via stimulating Peroxisome proliferator-activated receptor-gamma coactivator (PGC-1) and Nuclear Respiratory Factor 1/2 (NRF1/2) expression [76]. Therefore, the regulation of AMPK was important for the MMP loss during the treatment of CDK inhibitors in pancreatic cancer cells. It can be concluded that both LY2835219 and PD-0332991 significantly induced cell cycle arrest and senescence mechanism, but the singular treatment of each CDK inhibitor could not induce apoptosis in PANC-1 and MIA PaCa-2 PDAC cells. Our data also point to the increased expression levels of cleaved PARP, which was associated with CDK inhibitors-induced senescence mechanisms [77].




4. Materials and Methods


4.1. Cell Lines and Reagents


PANC-1 (CRL-1469) and MIA PaCa-2 (CRL-1420) were purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO-Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Pan Biotech GmbH, Aidenbach, Germany) and 1% penicillin/streptomycin (GIBCO Invitrogen; Carlsbad, CA, USA and incubated in 37 °C with 5% CO2 (HeraCell 150i ThermoLab systems, Beverly, MA, USA). LY2835219 and PD-0332991 were purchased from Selleck Chemicals (Houston, TX, USA) and were dissolved in dimethyl sulfoxide (DMSO) at an initial stock concentration of 10 mM and stored as aliquots at −20 °C [44]. Human Pancreatic Duct Epithelial Cell Line (H6c7, HPDE) was provided by Prof Hemant Kocher from Barts Cancer Institute, Queen Mary, University of London. The cells were cultured in keratinocyte serum-free medium (GIBCO, Invitrogen Co) supplemented with 0.1 mg/mL bovine pituitary extract (BPE GIBCO, Invitrogen Co.) and 5 ng/mL epidermal growth factor (EGF, GIBCO, Invitrogen Co.).




4.2. Cell Viability Assay


The effects of the CDK4/6 inhibitors LY2835219 and PD-0332991 on PDAC cell lines and normal non-tumorigenic human pancreatic ductal epithelial cells (HPDE) viabilities were determined by a colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The cells were seeded at a density of 1 × 104 cells per well in 96-well plates and treated with LY2835219 and PD-0332991 (0–10 μM) for 24 h. Then, 10 μL of MTT dye (5 mg/mL in PBS, Sigma; St. Louis, MO, USA) was added to the culture medium and incubated at 37 °C for 4 h. To solubilize the formazan crystals that were converted from MTT by the mitochondrial enzymes, 100 μl DMSO (Sigma; St. Louis, MO, USA) was added. The absorbance of the suspension at 570 nm was measured with a microplate reader (Bio-Rad, Hercules, CA, USA) [44].




4.3. Colony Formation Assay


The cells were seeded at a density of 3 × 103 cells/well in 6-well plates and dispersed evenly by shaking the dishes slightly, allowed to adhere for 24 h. After attachment, the cells were treated with increasing concentrations of LY2835219 (0–3 μM) or PD-0332991 (0–4 μM). After 24 h, drug-containing media were removed, and the cells were allowed to form colonies in complete media for 10 days. The colonies were fixed with a solution of acetic acid and methanol (1:3) for 5 min, the supernatant was removed. Later, the cells were stained with 0.5% crystal violet for 30 min. Finally, the dye was washed away with distilled water. The clones were counted under a light microscope [44,78].




4.4. Determination of Apoptotic Cell Death and Cell Survival by Fluorescent Microscopy and Caspase 3/7 Activity Assay


The cells were seeded at 2 × 104 into 12 well plates and treated with LY2835219 (1 μM) and PD-0332991 (2 μM) for 24 h. Then washed once with 1X PBS and stained with 4 nM 3,3′-dihexyloxacarbocyanine iodide (DiOC6; Calbiochem, La Jolla, CA, USA; 40 nM stock concentrations in DMSO) for 15 min in the dark. Changes in mitochondrial membrane potential (MMP) were observed by fluorescence microscopy (Ex/Em: 488/525 nm, Olympus IX70). The cells were similarly seeded (2 × 104 into 12 well plates), and were stained with Propidium iodide (PI; Applichem, Darmstadt, Germany; 50 mg/mL stock concentration in 1X PBS) and incubated at 37 °C for 30 min. The cells were washed once with 1X PBS and apoptotic cells were visualized by fluorescence microscopy (Ex/Em: 536/617 nm, Olympus IX70). In parallel, cells were stained with 5 mg/mL 4′,6-diamidino-2-phenylindole (DAPI; Sigma, St, Louis, MO, USA) and incubated at 37 °C for 10 min. The cells were then washed once with 1X PBS, and nuclear condensation was visualized in a fluorescence microscope with 350 nm excitation and 470 nm emission (Olympus, IX70) [44,78]. APOCYTO Caspase-3 Colorimetric Assay Kit (MBL, Nagoya, Japan) was used for the detection of caspase-3/7 activity following the manufacturer’s protocol. Cells were harvested after 24-h incubation LY2835219 (1 μM) and PD-0332991 (2 μM) for 24 h and subjected to caspase-3 activity detection.




4.5. Senescence β-Galactosidase Staining


PANC-1 and MIA PaCa-2 cell lines were seeded as 3 × 105cells in 6-well plates and were treated with selected LY2835219 (1 μM) doses PD-0332991 (2 μM) for 24 h. After 24 h of drug exposure, the medium was removed, and the cells were washed 2 times with 1X PBS. Cells were fixed according to the protocol indicated by Senescence β-Galactosidase Staining Kit #9860 (CST, Danvers, MA, USA), then they were microscopically examined after β-gal administration [38,79].




4.6. Cell Cycle Analysis by Flow Cytometry


The cells were seeded at a density of 5 × 104 in 6-well plates and exposed to LY2835219 (1–2 μM) and PD-0332991 (2–3 μM) for 24 h. Following trypsinization, the cells were centrifuged at 2000 rpm for 5 min. The cells were then fixed with 70% ethanol and incubated at −20 °C until the analysis [44]. Later, the cells were stained with a PI/RNase staining buffer for 30 min and analyzed by a flow cytometer (BD Accuri Bioscience, Franklin Lakes, NJ, USA). For each measurement, 1 × 104 cells were analyzed and measured using C6 plus software (BD Accuri Bioscience, Franklin Lakes, NJ, USA).




4.7. Determination of Cell Death by Annexin V/PI Analysis


PANC-1 and MIA PaCa-2 cells were seeded into 100 mm Petri dishes 1 × 106 cells/well then incubated for cell attachment overnight. Then cells were treated with LY2835219 (1 μM) and PD-0332991 (2 μM) for 24 h. Following drug exposure, the cells were washed with 1X PBS, they were removed with trypsin and the cells were centrifuged at 500 g for 5 min. PBS was removed from the pellet. After the FITC Annexin V Apoptosis Detection Kit (# 556547, BD Pharmingen™) was applied according to the specified protocol, the samples were read and analyzed in cell flow cytometry [78].




4.8. Western Blot Analysis


The cells were seeded at a density of 5 × 105 cells in 60-mm or 100-mm dishes and treated with a selected dose of LY2835219 and PD-0332991 for 24 h [44]. Following drug treatment, cells were scraped with ice-cold 1X PBS and lysed on ice in a protein lysis solution M-PER Mammalian Protein Extraction Reagent (Thermo Scientific). After the lysis procedure at room temperature for 15 min, cell debris was removed by centrifugation for 15 min at 13 200 rpm. Protein concentration was determined by the Bradford protein analysis assay. Total protein lysate (35–50 μg) was loaded and separated on a 10–12% SDS-PAGE and then transferred onto polyvinylidene difluoride (PVDF) membranes (Roche, Indianapolis, IN, USA). The membranes were then blocked with 5% non-fat milk blocked membranes which are dissolved in 0.1% TBS-T (10 mM Tris–HCl and Tween 20) and incubated with appropriate primary antibodies and horseradish peroxidase (HRP)-conjugated secondary antibodies for overnight at 4 °C (CST, Danvers, MA, USA). Following the addition of enhanced chemiluminescence reagent. Used antibodies; p-Rb Ser 807/811 (D20B12) #8516 (1:1000), c-Myc (D84C12) #5605 (1:1000), CDK4 (D9G3E) #12790 (1:1000), CDK6 (D4S8S) #13331 (1:1000), p21 (12D1) #2947 (1:1000), Cyclin D2 (D52F9) #3741 (1:1000), PI3K p85 (19H8) #4257 (1:1000), AKT (C67E7) #4691 (1:1000), p-Akt Ser473 (D9E) #4060 (1:1000), p-PDK1 Ser241b (49H2) #3438 (1:1000), PTEN (138G6) #9559 (1:1000), AMPK (D5A2) #5831 (1:1000), p-AMPK Thr172 (40H9) #2535 (1:1000), GSK3β (27C10) #9315 (1:1000), p-GSK3β Ser9 #9336 (1:1000), mTOR (7C10) #2983 (1:1000), p-mTOR Ser2448 (D9C2) #5536 (1:1000), P70S6K (49D7) #2708 (1:1000), p-P70S6K T389 (108D2) #9234 (1:1000), Bax (D2E11) #5023 (1:1000), Bak (D4E4) #12105 (1:1000), caspase 9 (C9) #9508 (1:1000), caspase 3 #9662 (1:1000), cleaved PARP #5625 (1:1000), and β-actin (13E5) #5125 (1:1000); polyclonal anti-rabbit/mouse antibodies were purchased from Cell Signaling Technology (CST, Danvers, MA, USA). Each antibody was diluted in superblock T20 reagent from Thermo Scientific (Beverly, MA, USA) at 1:500–1:1000 concentrations. HRP-conjugated secondary anti-rabbit and anti-mouse antibodies were from CST (1:3000). Images were taken at different time points and analyzed using the Olympus Micro DP Manager Image Analysis program. They were presented with bar graphs using Graph Pad software (version 4.04).




4.9. Statistical Analysis


All the statistical analyses of the experiments were performed using GraphPad Prism version 8.0.1 (https://www.graphpad.com/, accessed on 20 February 2021). The MTT cell viability assay and annexin V/PI staining were repeated three times and statistically analyzed by using two-way ANOVA and Sidak’s multiple comparison test. The densitometric calculation of three replicate immunoblotting images was performed using ImageJ (https://imagej.net/Welcome, accessed on 14 February 2021) and analyzed by two-way ANOVA and Tukey’s multiple comparison test. Significance levels are represented as the following: ns, p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Error bars represent the average ± standard deviation values.





5. Conclusions


In conclusion, we confirmed that LY2835219, which has a similar structural property to PD-0332991, shows a remarkable therapeutic effect in particular on metabolic rearrangement, cell survival, and cell death (Figure 6). We found that, both LY2835219 and PD-0332991 are strong apoptotic and senescence inducers based on the regulation of PI3K/AKT/mTOR signaling pathway via modulating AMPK. Decreasing p-mTOR Ser2448/mTOR rate as a result of cell starvation provided correlation with PD-0332991-treated cells with increased AMPK activity, and we concluded that cell starvation was detected metabolically by sensor mechanism on mTOR in LY2835219-treated cells.



In future studies, it might be critical to question the levels of AMPK regulated by LY2835219 in PDAC cell lines in terms of cell survival and death decision. LY2835219 and PD-0332991 could be promising candidates for combined drug therapy in aggressive PDAC. More studies are needed to clarify whether LY2835219 regulates AMPK in PDAC cell lines which then leads either cell survival or cellular death. Both LY2835219 and PD-0332991 could be promising candidates for combined drug therapy for PDAC.
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Figure 1. LY2835219 and PD-0332991 decreased cell viability in PANC-1 and MIA PaCa-2 cells. (A) PANC-1 (B) MIA PaCa-2, (C) human pancreatic ductal epithelial (HPDE) cells (1 × 104) were treated with LY2835219 and PD-0332991 (0–10 μM) for 24 h. Cells were incubated for 24 h with drug doses and analyzed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. The data are the means ± SD of at least five different experiments evaluated by 2-way ANOVA and Bonferroni’s multiple comparison test. (D) PANC-1 and MIA PaCa-2 cells were exposed to 1, 1.5, 2, 2.5 and 3 μM of LY2835219 and PD-0332991 for 24 h. Then, the colony formation of cells was counted after 14 days of treatment with media replenishment every 2 days. The histograms represented the mean ± SD of 2 separate experiments. Scale bar is 100 μm. ** p < 0.01; **** p < 0.0001. 
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Figure 2. LY2835219 and PD-0332991 induced cell cycle arrest in PANC-1 and MIA PaCa-2 cells. Cells were treated with (A) LY2835219 (1–2 μM) and (B) PD-0332991 (2 and 3 μM) for 24 h. After drug treatment cells were fixed with 70% EtOH at +4 °C for a week and stained with PI. The cells were analyzed by flow cytometry (20,000 events/each condition). The histograms represented the mean ± SD of with at least 2 separate experiments with two repeats * p < 0.05; ** p < 0.01; *** p < 0.001. After 2 and 3 μM PD-0332991 treatments, no significant effect was observed in PANC-1 and MIA PaCa-2 cells at CDK4 protein expression levels (Figure 3D,E). The expression of CDK6 in the PANC-1 cell increased with 3 μM PD-0332991 treatment and this effect was associated with an increased level of expression of cyclin D1 (Figure 3D). The p21 expression level increased by 2 and 3 μM PD-0332991 treatment in both cell lines (Figure 3D,E). Interestingly we observed that Rb phosphorylation increased in the PANC-1 cell line as a result of PD-0332991 therapy (Figure 3D). Increasing doses of PD-0332991 treatment downregulated Rb phosphorylation in MIA PaCa-2 cell line (Figure 3E). 
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Figure 3. CDK4/6 inhibitors LY2835219 and PD-0332991 triggered cellular senescence in PANC-1 and MIA PaCa-2 cells. (A) Cells were exposed to Senescence β-Galactosidase Staining following treatment with each CDK inhibitor. After a night of Senescence β-Galactosidase staining, it was examined under a light microscope. Scale bar is 20 μm. PANC-1 and MIA PaCa-2 cell lines treated with LY2835219 (B,C) and PD-0332991 (D,E) and the expression profile of the cell cycle signaling pathway proteins were determined by immunoblotting. (B) PANC-1 cells: c-Myc, CDK4, p21, and p-Rb (Ser807/811). (C) MIA PaCa-2 cells: c-Myc and p-Rb (Ser807/811). (D) PANC-1 cells: c-Myc, Cyclin D2, CDK4, CDK6, p21, and p-Rb (Ser807/811). (E) MIA PaCa-2 cells: c-Myc, Cyclin D2, CDK4, p21, and p-Rb (Ser807/811) β-actin was used as a loading control. The histograms show the average ± SD according to the ImageJ analysis of the blots for each experiment (n = 2) * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 2.3. LY2835219 and PD-0332991 Are Fine-Tuning Agents to Prevent the Functional Role of the PI3K/AKT/mTOR Pathway via Modulating AMPK. 
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Figure 4. Effects of LY2835219 and PD-0332991 on the AMPK-related PI3K/AKT/mTOR signal axis. PANC-1 (A–C) and MIA PaCa-2 (B–D) cells were treated with LY2835219 (1–2 μM) and PD-0332991 (2–3 μM) for 24 h, and the expression profile of cell survival markers such as, PI3K p85, PTEN, p-PDK-1 (Ser241), AKT, p-AKT (Ser473), GSK3β, p-GSK3β (Ser9), AMPK, p-AMPK (Thr172), mTOR, p-mTOR (Ser2448), and p-p70S6K was analyzed by immunoblotting. β-actin was used as a loading control. The histograms represented the mean ± SD of 2 separate experiments. Data was evaluated by 2-way ANOVA analyzed by two-way ANOVA and Tukey’s multiple comparison test, n = 2, p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. (E) Mitochondrial membrane potential loss was examined by DiOC6 staining of PANC-1 and MIA PaCa-2 cells following treatment of the LY2835219 (1 μM) and PD-0332991 (2 μM). Scale bar is 50 μm. Stained cells were visualized by fluorescence microscopy (excitation = 485 nm, emission = 538 nm). The intensity of relative DiOC6 fluorescence was shown with the bar graph. Values are means ± SD, n = 2. 






Figure 4. Effects of LY2835219 and PD-0332991 on the AMPK-related PI3K/AKT/mTOR signal axis. PANC-1 (A–C) and MIA PaCa-2 (B–D) cells were treated with LY2835219 (1–2 μM) and PD-0332991 (2–3 μM) for 24 h, and the expression profile of cell survival markers such as, PI3K p85, PTEN, p-PDK-1 (Ser241), AKT, p-AKT (Ser473), GSK3β, p-GSK3β (Ser9), AMPK, p-AMPK (Thr172), mTOR, p-mTOR (Ser2448), and p-p70S6K was analyzed by immunoblotting. β-actin was used as a loading control. The histograms represented the mean ± SD of 2 separate experiments. Data was evaluated by 2-way ANOVA analyzed by two-way ANOVA and Tukey’s multiple comparison test, n = 2, p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. (E) Mitochondrial membrane potential loss was examined by DiOC6 staining of PANC-1 and MIA PaCa-2 cells following treatment of the LY2835219 (1 μM) and PD-0332991 (2 μM). Scale bar is 50 μm. Stained cells were visualized by fluorescence microscopy (excitation = 485 nm, emission = 538 nm). The intensity of relative DiOC6 fluorescence was shown with the bar graph. Values are means ± SD, n = 2.



[image: Stresses 01 00005 g004a][image: Stresses 01 00005 g004b]







[image: Stresses 01 00005 g005a 550][image: Stresses 01 00005 g005b 550] 





Figure 5. Effects of LY2835219 and PD-0332991 on apoptotic cell death. Apoptotic cell-death measured by Annexin-V/PI staining in (A) PANC-1 and (B) MIA PaCa-2 cells. Cells were treated with LY2835219 (1 μM) and PD-0332991 (2 μM) for 24 h and 48 h. Apoptosis was measured by Annexin-V/PI staining followed by flow cytometry. Data was evaluated by 2-way ANOVA analyzed by two-way ANOVA and Tukey’s multiple comparison test p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. The histograms represented the mean ± SD from two separate experiments with two repeats. (C) PANC-1, MIA PaCa-2 and HPDE cells were treated with LY2835219 (2 μM) and PD-0332991 (2 μM) for 24 h, and the caspase 3–7 activities were analyzed **** p < 0.0001. The histograms represented the mean ± SD from two separate experiments with three repeats. (D) PANC-1 and (E) MIA PaCa-2 cells were treated with LY2835219 (1 μM) and PD-0332991 (2 μM) for 24 h, and the expression profile of apoptotic cells death markers such as Bax, Bak, caspase 9, caspase 3 and cleaved-PARP were analyzed by immunoblotting. β-tubulin was used as a loading control. The histograms show the average represents the mean ± SD from two experiments. According to the ImageJ analysis of blots for each experiment. Data was evaluated by 2-way ANOVA analyzed by two-way ANOVA and Tukey’s multiple comparison test p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. (F) PANC-1 and (G) MIA PaCa-2 cells were examined under a fluorescent microscope for ×100 magnification. Scale bar is 10 μm. Determination of cell death and DNA fragments induced by LY2835219 and PD-0332991. PI: excitation/emission (nm): 493/636 and DAPI: excitation/emission (nm): 358/461. 
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Figure 6. The schematic representation illustrates LY2835219 (Abemaciclib) and PD-0332991 (Palbociclib) effects in PANC-1 and MIA PaCa-2 cells. LY2835219 and PD-0332991 block the cell cycle to induce apoptosis or senescence. LY2835219 and PD-0332991 inhibit the PI3K/AKT pathway via modulating AMPK. Common molecular players are given in the orange color on the box to identify similarities between drugs and PDAC cell lines. 
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