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Cholangiocarcinoma (CCA) is a rare but highly aggressive tumor entity for which systemic therapies only showed limited efficacy so far. As OSI-027—a dual kinase inhibitor targeting both mTOR complexes, mTORC1 and mTORC2 - showed improved anti-cancer effects, we sought to evaluate its impact on the migratory and metastatic capacity of CCA cells in vitro. We found that treatment with OSI-027 leads to reduced cell mobility and migration as well as a reduced surviving fraction in colony-forming ability. While neither cell viability nor proliferation rate was affected, OSI-027 decreased the expression of MMP2 and MMP9. Moreover, survival as well as anti-apoptotic signaling was impaired upon the use of OSI-027 as determined by AKT and MAPK blotting. Dual targeting of mTORC1/2 might therefore be a viable option for anti-neoplastic therapy in CCA.
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INTRODUCTION
Cholangiocarcinoma (CCA) arising from epithelial cells of the biliary tract, can be subdivided into an intra- and extrahepatic subtype (iCCA and eCCA) depending on the anatomic localization. While CCA is currently considered a rare cancer entity, its incidence is constantly increasing worldwide. Radical surgery remains the only curative option but recurrence is common even after complete tumor removal. In case of irresectable disease, systemic therapy based on gemcitabine and cisplatin is applied with limited success. Even more, no targeted therapy has entered the clinical routine for advanced CCA although several efforts have been made to unravel the molecular basis of the disease (Brindley et al., 2021). Hence, the prognosis of CCA remains poor and novel insights and strategies are urgently needed for targeting CCA.
Several studies indicate that activation and dysregulation of the serine/threonine kinase mammalian target of rapamycin (mTOR) are associated with tumorigenesis but also processes like tumor growth, metastasis, and drug resistance in various tumor entities (Popova and Jücker 2021). In general, this makes mTOR an interesting target for anti-neoplastic therapy. However, mTOR resides in two structurally distinct multiprotein complexes, mTORC1 and mTORC2, distinguished by different co-factors, with RAPTOR and RICTOR being specific for either complex (Saxton and Sabatini 2017). While mTORC1 is extensively studied mainly due to the availability of pharmacological mTORC1 inhibitors, the role of mTORC2 in cancer is less clear. Inhibitors such as rapamycin and everolimus, also known as rapalogs, primarily target mTORC1 by allosteric inhibition but direct inhibition of mTORC2 is lacking and, even more, mTORC2 effectors (e.g., AKT) can be activated via feedback mechanisms upon treatment with rapalogs (O’Reilly et al., 2006; Lang et al., 2010). However, effective pan-mTOR inhibition is eligible as mTORC2 is supposed to be a promising target for anti-cancer therapy.
Direct targeting of RICTOR, the crucial component of mTORC2, led to impairment of tumor growth in vitro for CCA. Moreover, cholangiocarcinogenesis was completely abrogated upon liver-specific RICTOR knockout in mice (Zhang et al., 2017). In addition, enhanced apoptosis and reduced cell proliferation were detected upon si-RNA mediated RICTOR knockdown and simultaneous treatment with sorafenib in CCA (Ding et al., 2016). While these data show the importance of mTORC2 inhibition in CCA for anti-cancer treatment effects might even be potentiated when combining mTORC2 with mTORC1 inhibition as everolimus is also known to lead to decreased cell proliferation in CCA in vitro (Rattanasinganchan et al., 2006). A new generation of mTOR inhibitors has been developed for targeting both, mTORC1 and mTORC2, with the aim to overcome the limitations of sole mTORC1 inhibition by blocking the ATP-binding pocket of the complexes at the active site (Schenone et al., 2011). These so-called dual kinase inhibitors such as OSI-027 show a strong suppression of both mTORC1- and mTORC2-mediated downstream signaling in various tumor cell lines, which translates into an improved anti-neoplastic activity in vitro and in vivo (Bhagwat et al., 2011). Hence, dual kinase inhibition might be a promising new therapy for CCA. Reduced cell proliferation in vitro and partial tumor regression in vivo were achieved with MLN0128 and AZD8055 treatment (Ewald et al., 2014; Zhang et al., 2017). However there are no data on the effects of dual kinase inhibition on metastasis and tumor cell migration for CCA so far and clinical trials are warranted to prove the efficacy in patients (Bendell et al., 2015; Mateo et al., 2016; Statz et al., 2017). In summary, targeting mTORC2 seems to be an interesting option for anti-cancer treatment in CCA.
The ability to degrade extracellular proteins is crucial for regular cell migration as well as for metastasis of tumor cells. Metastasis is a complex interaction between tumor cells and the extracellular matrix. Various proteolytic enzymes are involved in the degradation of the tumor environment such as the matrix metalloproteinases (MMPs). Under physiological conditions, MMPs are involved in inflammation processes, proliferation and differentiation, and are therefore latently expressed. In solid tumors, the expression level of many MMPs can be correlated with the malignancy and invasive capacity as well as a poor prognosis. Interestingly, regulation of MMPs at least in part via the mTOR pathway has been described (Liang et al., 2017). Furthermore, we have recently described that targeting mTORC2 with a novel specific inhibitor modulates MMP expression in melanoma cells (Guenzle et al., 2020). Therefore, MMP expression might also be susceptible for targeting mTORC1 and mTORC2.
The main objective of the present study was to investigate the effect of the dual kinase inhibitor OSI-027 on the migration and invasion capacity of cholangiocarcinoma cells in vitro. We provide evidence that dual kinase inhibition of mTORC1/2 regulates survival and proliferation by impaired AKT and MAPK signaling as well as migration processes by decreased expression of MMP2 and MMP9 in cholangiocarcinoma.
MATERIALS AND METHODS
Cell Culture
The human intrahepatic cholangiocellular carcinoma (iCCA) cell lines HuCCA1 and HuCCT1 (JCRB cell bank) cultured in DMEM containing 10% fetal bovine serum at 37 °C in a humidified atmosphere containing 5% CO2. The dual mTORC1/2-inhibitor OSI-027 was obtained from Selleckchem, United States, and dissolved in DMSO. Cells were exposed to OSI-027 concentrations between 100 and 1500 nM for up to 72 h. The final concentration of DMSO was not higher than 0.01% (when using 1500 nM OSI-027).
Migration Assay
Cells were seeded in 24 well plates with silicon bars to create a gap of about 2 mm as described before and treated with OSI-027 up to 500 nM for 120 h (Guenzle et al., 2017). The time required for wound closure was measured at three independent points in each image by microscopy (Leica DMIL LED, Camera Leica DFC450C) and documented up to 120 h.
Clonogenic Assay
Cells were seeded in flasks and exposed to up to 500 nM OSI-027 for 48 h. 500 cells were reseeded in 6-well plates and cultured in complete DMEM. After 2 weeks, cells were washed with PBS, fixed in PFA for 30 min, and stained with hematoxylin for 30 min. Plates were washed with water and air-dried. Counting of colonies was performed by microscopy (Leica DMIL LED, Camera Leica DFC450C) and differed in the colony types holoclone, meroclone, and paraclone (Barrandon and Green 1987; Beaver et al., 2014; Guenzle et al., 2020). Plating efficiency (PE) and Surviving fraction (SF) was calculated and set to control to 100% using following equation: PE = # of colonies formed/# of cells seeded x 100%; SF = # colonies formed after treatment/(# of cells seeded x PE).
Viability Assay
Cell viability was determined by MTT Assay. 5 × 104 cells were grown in 96 well plates with complete DMEM and treated with 100–1500 nM OSI-027 for up to 72 h. MTT Assay was performed as described before (Guenzle et al., 2019). Absorbance at 570 nm was measured (Tecan, Männedorf, Switzerland). Percentages were calculated relative to the viability of untreated controls set to 100%. The experiment was done in triplicate and is representative of a minimum of three independent studies.
Cell Proliferation Assay
Cell proliferation was monitored by 5′-bromodeoxyuridine (BrdU) incorporation assay (Roche Diagnostics, Mannheim, Germany). 5 × 104 cells were seeded in 96 well plates and treated with OSI-027 up to 1500 nM. Cells were stained with BrdU following the manufacturer’s instructions. The percentage of cells exhibiting genomic BrdU incorporation was measured by absorbance at 370 nm (Tecan, Männedorf, Switzerland). Percentages were calculated relative to the proliferation of untreated controls set to 100%.
Cell Cycle Analysis
Cell cycle phases were analyzed by flow cytometry. Treated cells were fixed with 4% PFA for 20 min at RT. Permeabilization was performed with 0.05% triton X-100 for 15 min before staining with DAPI for 20 min at RT. 10 000 cells were acquired by flow cytometry at FACSCalibur (Beckman Coulter, Brea, CA, United States). The populations of cells in Go-G1 phase, S phase and G2-M phase were analyzed by FlowJo software (BD group, Ashland, OR, United States).
Western Blotting
Cholangiocellular carcinoma cells were cultured in serum-free DMEM. Supernatant of OSI-027 treated cells was collected. Equal amounts of protein (4 µg of supernatant, 20 µg of lysate) were applied on 10% SDS-polyacrylamide gels and electrophoresed (BioRad, Munich, Germany) as described before (Guenzle et al., 2017). Blots were incubated with primary antibodies anti-MMP2 (#4022 1:1000 Cell Signaling Technology), anti-AKT (#9272 1:1000 Cell Signaling Technology), anti-pAKTSer473 (#9271 1:1000 Cell Signaling Technology), anti-ERK1/2 (#4696 1:1000 Cell Signaling Technology), anti-pERKThr202/Tyr204 1/2 (#4370 1:1000 Cell Signaling Technology), anti-p38 (#8690 1:1000 Cell Signaling Technology), anti-p-p38Thr180/Tyr182 (#4511 1:1000 Cell Signaling Technology), anti-4EBP1Ser65 (#9451 1:1000 Cell Signaling Technology), anti-p-p70S6KThr389 (#9206 1:1000 Cell Signaling Technology), anti-pSTAT3Tyr705 (#9145 1:1000 Cell Signaling Technology), anti-PDI (sc-74551 1:1000 Santa Cruz). Proteins were visualized by enhanced chemiluminescence (BioRad, Munich, Germany). PDI was used as loading control for the whole cell lysate. Finally, densitometry of the presented western blot was performed using ImageJ. Ratio was calculated to pixel/area of reference PDI. Expression of phosphorylated protein was calculated in relation to total protein amount.
Gelatin Zymography
Gelatin is a substrate of MMP2 and can be used for detection of activity in supernatant (Guenzle et al., 2017). Equal amounts of supernatant (4 µg) used for western blot were applied under non-reducing conditions on 10% copolymerized gelatin-polyacrylamide gels and electrophoresed (BioRad, Munich, Germany) in running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). Gels were washed twice in 2.5% Triton-X-100/ddH2O for 15 min following incubation in development buffer (50 mM Tris, 5 mM CaCl2, 0.02% NaN3) for 4 h. Gels were fixed by shaking in methanol:ethanol:acetic-acid (4.5:4.5:1) for 15 min and stained with fixation buffer containing 0.1% Coomassie for 2 h. Gels were incubated in fixation buffer until transparent bands appeared. Gels were visualized by ChemiDoc (BioRad, Munich, Germany).
Statistical Analysis
All experiments were performed in triplicates. Data are shown as mean ± SD and were compared using an unpaired two-tailed student’s t-test; p < 0.05 was considered statistically significant. Asterisks (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001) indicate significance.
RESULTS
Dual Inhibition of mTORC1/2 Reduces Migration Capacity in a Time- and Dose-dependent Manner
To investigate the effect of OSI-027 on the migration capacity of CCA cells, we performed a wound closure assay over 120 h for HuCCA1 and HuCCT1 cells exposed to 100–500 nM of the dual kinase inhibitor (Figure 1). Control cells, not exposed to OSI-027 closed the gap within 120 h (HuCCA1) or 72 h (HuCCT1). Starting at 24 h, the ability to close the migration gap is time- and dose-dependently reduced in HuCCT1 (Figure 1B) more than in HuCCA1 (Figure 1A). While HuCCA1 cells almost closed the initial gap within 96 h, cells exposed to 500 nM OSI-027 still exhibited a gap of about 25% (p = 0.03) as demonstrated in Figure 1C. However, HuCCT1 cells closed the gap within 48 h, cells exposed to 500 nM OSI-027 still exhibited a gap of about 24% (24 h, p = 0.04; 48 h, p = 0.03).
[image: Figure 1]FIGURE 1 | MTOR1/2 blockade inhibits migration capacity dose-dependently. Migration capacity of HuCCA1 (A) and HuCCT1 (B) was investigated after exposure of 100–500 nM OSI-027 by wound closure assay over 120 h and displayed as distance of the migration gap. Treated cells were normalized to T0 (start of the experiment) set to 100% (±SD of three independent experiments). Asterisks (* p ≤ 0.05) indicate significance between treatment and the control. Representative images (C) show the initial gap (T0) and the gap after 96 h as well as 120 h of control and treatment of HUCCA1 with 100–500 nM OSI-027. The initial width of the migration gap was 2 mm and is shown as the distance of the migration gap. Scale bar indicates 500 µm.
The cell surviving fraction (SF) was calculated based on a clonogenic assay over 2 weeks and is dependent on the dose of 250 and 500 nM of the dual mTORC1/2 inhibitor OSI-027. After exposure of OSI-027, HuCCA1 revealed a significantly reduced SF of 68% compared to control (p = 0.03) (Figure 2A). As described by Barrandon and Green, colonies of CCA cells were subdivided into holoclone-, paraclone- and meroclone-like colonies based on their morphology as demonstrated in Figures 2B–D. Subdivided fractions of non-treated HuCCA1 cells revealed 11% holoclone-like cells exhibiting differentiated cells with high growth potential in cell-rich colonies, 17% meroclone-like, and 72% paraclone-like colonies (Figure 2E). HuCCT1 cells exhibited 10% of holoclone-like cells, 29% of meroclone-like, and 61% of paraclone-like colonies (Figure 2F). Treatment with 250 nM or 500 nM OSI-027 did not alter this ratio in a significant manner. Taken together, dual kinase inhibition of mTORC1/2 leads to reduced cell mobility and migration as well as a reduced surviving fraction in colony-forming ability in CCA cells.
[image: Figure 2]FIGURE 2 | Dual inhibition of mTORC1 and mTORC2 reduces surviving fraction but not colony-forming ability. Treatment with OSI-027 (250 and 500 nM) for 48 h decreased the surviving fraction significantly in CCA cells HuCCA1 over 2 weeks (p < 0.03) (A). Representative images (B–D) show the characteristic morphology of the para-, mero- and holoclones of HuCCT1. The morphology of the colonies and the colony-forming ability of HuCCA1 (E) and HuCCT1 (F) did not alter significantly in the distribution of para-, mero- and holoclones. Asterisks (* p ≤ 0.05) indicate significance between treatment and control. Experiments were performed in triplicates. Scale bar indicates 500 µm.
Dual Inhibition of mTORC1/2 Does Not Affect Cell Viability and Proliferation of CCA Cell Lines
To exclude increased cell death as an explanation for the inhibition of the migration capacity cell viability was determined by MTT assay (Figures 3A,B) over 72 h with concentrations of 100–500 nM OSI-027 as well as proliferation rate by BrdU incorporation assay (Figures 3C,D) and cell cycle analysis (Supplementary Figure S1). Less than 32% of HuCCA1 cells underwent cell death induced by mTORC1/2 inhibition after 72 h with the highest dose of 500 nM and less than 19% of the cells were affected by 250 nM (Figure 3A). For HuCCT1 cells, less than 22% of the cells were dead at 500 nM and less than 19% after exposure to 250 nM after 48 h, whereas after 72 h of exposure, cell viability recovered completely (Figure 3B). Likewise, the influence of OSI-027 on the proliferation rate was never more than 16% for both cell lines after exposure to 500 nM over 72 h (Figures 3C,D). Cell cycle analysis revealed no significant differences between controls and treated cells (Supplementary Figures S1A–B). In summary, inhibition of mTORC1/2 with up to 500 nM OSI-027 does affect neither cell viability nor the proliferation rate of CCA cell lines in vitro.
[image: Figure 3]FIGURE 3 | Dual inhibition of mTORC1/2 does not decrease cell viability and proliferation rate. Cytotoxic effect of up to 500 nM OSI-027 was assessed for HuCCA1 (A) and HuCCT1 (B) by MTT assay over 72 h. Viability was plotted relative to untreated controls set to 100% (±SD of three independent experiments). BrdU incorporation assay indicates no inhibition of proliferation rate in HuCCA1 (C) and HuCCT1 (D) over 72 h. Treatment was normalized to untreated controls (±SD of three independent experiments).
Exposure to OSI-027 Leads to Impaired Activation of AKT and MAPK Signaling in Cholangiocarcinoma
Protein analysis was used to determine the effect of OSI-027 on the activation of important targets of mTOR (Figure 4A). One of the main targets of mTOR inhibitors is the phosphorylation of the anti-apoptotic AKT at serine 473. As the results of the quantification shown, the activation of AKT was highly impaired up to 84% compared to untreated control in relation to total AKT in both the cell lines (Figures 4B,C). According to the dual inhibition of mTOR, the downstream effector molecules p-p70S6K and 4EBP1 were decreased by OSI-027 in HuCCA1 more obvious than in HuCCT1 (Figures 4H, I–L), while survival signaling by activation of STAT3 was slightly increased by dual kinase inhibition with OSI-027 in HuCCA1 (Figures 4H, M). The MAPK pathway was interrupted by impaired ERK and p38 activation after exposure to OSI-027. Cells exposed to 500 nM OSI-027 revealed a decrease of ERK-phosphorylation at threonine 202 and tyrosine 204 up to 83% in relation to total ERK (Figures 4D,E). The activation of MAPK p38 was reduced up to 87% for HuCCA1 (Figure 4F) in relation to total p38 but phosphorylation at threonine 180 and tyrosine 182 was not affected in HuCCT1 (Figure 4G). These results demonstrate that treatment with the dual-kinase inhibitor OSI-027 impairs important oncogenic signaling pathways, involved in cancer cell motility in CCA cell lines.
[image: Figure 4]FIGURE 4 | OSI-027 treatment reduces AKT and MAPK signaling. Representative western blot analysis of total AKT (60 kDa), pAKTSer473 (60 kDa), total ERK 1/2 (42, 44 kDa), pERKThr202/Tyr204 1/2 (42, 44 kDa), p38 (40 kDa) and p-p38Thr180/Tyr182 (43 kDa) in human HuCCA1 and HuCCT1 after treatment with 250 and 500 nM OSI-027 as well as untreated (ctr) (A). Analysis shows a dose-dependent reduction in anti-apoptotic AKT signaling in CCA cells as well as of ERK 1/2 and p38 survival and proliferation signaling. Densitometry of pAKTSer473 phosphorylation is determined by ratio of pAKTSer473/AKT (B–C). Phosphorylation of pERKThr202/Tyr204 1/2 was determined by ratio of pERKThr202/Tyr204 1/2/ERK (D–E). The activation of p38 as part of the MAPK signaling pathway was determined by ratio of p-p38Thr180/Tyr182/p38 (F–G). OSI-027 treatment reduces the phosphorylation of the mTOR downstream effectors p70S6KThr389 (70, 85 kDa) and 4EBP1Ser65 (15 kDa) in HuCCA1 and HuCCT1 after treatment with 250 and 500 nM as well as untreated control (H). Survival signaling by phosphorylation of STAT3Tyr705 (88 kDa) is increased by dual kinase inhibition in HuCCA1 (H). Densitometry of p-p70S6KThr389, p4EBP1Ser65 and pSTAT3 Tyr705 is determined by ratio to loading control (I–N). 20 µg of protein lysates were separated by SDS-PAGE in three independent experiments, displayed are cropped blots. PDI was used as a loading control.
OSI-027 Regulates the Protein Level of Matrix Metalloproteinases 2 and 9 in Cholangiocarcinoma
MMPs are involved in tumor cell migration by degrading the extracellular matrix of the tumor tissue. In the present study, we found a dose-dependent decrease of protein expression of MMP2 in the lysate (MMP2—L) of CCA cells up to 83% after exposure to 250 and 500 nM OSI-027 for both the cell lines (Figures 5A–C). In addition, the expression level of MMP9 revealed a dose-dependent decrease in HuCCA1 up to 63% (Figure 5D) but no impaired expression in HuCCT1 (Figure 5E). Western blot of the conditioned media obtained from HuCCA1 and HuCCT1 cells showed a dose-dependent reduced protein level of MMP2 (MMP2—S) up to 25% with increasing concentrations of OSI-027 up to 500 nM (Figures 5F–H). Likewise, zymography analysis of the conditioned media in non-degrading gelatin gels revealed a reduced activation of MMP2 in HuCCA1 and HuCCT1 exposed to OSI-027 (Figures 5F–J). Taken together, dual-kinase inhibition of mTORC1/2 impairs the expression level and activation of MMP2 in CCA cells in vitro.
[image: Figure 5]FIGURE 5 | Exposure to OSI-027 reduces migration capacity by decrease of MMP2 and MMP9. Representative images (A, F) of western blot analysis and zymography analysis with conditioned media of HuCCA1 and HuCCT1 indicate less accumulation of MMP2 (-L) and MMP9 in the cell lysate as well as a decrease of secretion (MMP2-S) and few less activation of MMP2 in CCA cells when treated with 250–500 nM OSI-027.4 µg of protein of the supernatant and 20 µg of the cell lysates were screened for MMP2 and MMP9. PDI was used as loading control for cell lysates. Densitometry (B–E and G–J) reveals a dose-dependent decrease of MMP2 expression in the cells by up to 83% (B and C). Expression levels of MMP9 are decreased by up to 63% (D and E). The secretion of MMP2 in the supernatant is decreased as well by up to 25% (G and H). The activity of the secreted MMP2 is decreased by 7% in HuCCA1 (I) but not constantly in HuCCT1 (J).
DISCUSSION
In this study, we assessed the role of mTORC1/2 inhibition in tumor cell survival and migration in iCCA. Using the dual-kinase inhibitor OSI-027, we found decreased migration capacity and surviving fraction but also maintained viability and proliferation. However, survival as well as anti-apoptotic signaling was reduced in treated iCCA cells. Finally, inhibition of mTORC1/2 signaling with OSI-027 impaired the expression of MMP2, MMP9, and the activation of MMP2 in iCCA cells.
The protein complex mTORC1 is known to be activated by PI3K/AKT and MAPK signaling pathways (Hay and Sonenberg 2004). These oncogenic pathways are frequently mutated, resulting in hyperactivation of mTORC1, which is found in many human cancers and associated with increased tumorigenesis (Hay 2005; Sarbassov et al., 2005; Rosen and She 2006). While rapalogs did not show the anticipated success in tumor therapy due to compensatory upregulation of AKT—the main downstream effector of mTORC2 signaling and one of the most frequently activated proteins in cancer - mTORC2/RICTOR gained more and more importance in cancer research. The upregulation of RICTOR was described in different kinds of cancerto be associated with an impaired prognosis (Bian et al., 2015; Schmidt et al., 2017; Wang et al., 2017). Moreover, RICTOR was shown to be involved in tumorigenesis and metastasis. Accordingly, we recently found that selective pharmacological inhibition of mTORC2 significantly decreased migration and invasion in vitro and the establishment of liver metastasis of melanoma cells in vivo (Guenzle et al., 2020). Moreover, the specific knockdown of RAPTOR and RICTOR caused a decrease in cell migration, suggesting their essential role in prostate cancer cell movement (Venugopal et al., 2020). In addition, RICTOR knockdown reduced cellular chemotactic capacity and ablates pulmonary metastasis in breast cancer (Zhang et al., 2010). Finally, we recently demonstrated a significant reduction of cell motility and liver metastasis by RNAi-mediated suppression of RICTOR in a melanoma mouse model (Schmidt et al., 2018) and a significant decrease of cancer cell motility when targeting mTORC2/RICTOR in addition to rapamycin treatment in gastric cancer cells (Lang et al., 2010). These findings emphasize that mTORC1 and mTORC2 are of particular importance for metastasis in various cancer entities and targeting both complexes might be a potential option for anti-neoplastic therapy.
Results from our experiments demonstrate that targeting mTORC1/2 using a dual kinase inhibitor significantly reduced migration and invasion capacity, one of the key steps in metastasis, in iCCA cells.
OSI-027 reduced the migration capacity in a dose and time-dependent manner. While migration capacity was rather delayed at early time points statistically different results between treated and control cells were reached after 48 h or 96 h of treatment. However, this might reflect the drug’s biologic dose-effect curve and therefore be translated into physiological consequences for tumor progression. Our findings are consistent with different studies showing an important role for mTORC1 as for mTORC2 in the migratory potential of cancer cells. When inhibiting mTORC1 and mTORC2, (Gulhati et al., 2011) found a significantly reduced migration of colorectal cancer cells by regulation of the GTPases RhoA and Rac1. Moreover, it was shown that mTORC1-mediated S6K1 and 4E-BP1 pathways are involved in the regulation of cell motility (Berven et al., 2004; Liu et al., 2006) and that rapamycin treatment blocked the cytoskeletal actin polymerization, a functional indicator of cell migration (Berven et al., 2004). When examining the role of mTORC2 in cancer cell migration, the protein complex was found to phosphorylate filamin A, an actin cross-linking protein to maintain focal adhesion dynamics and cell migration (Sato et al., 2016). Accordingly, knockdown of its central subunit RICTOR resulted in defective F-actin fiber formation and interruption of the cytoskeleton (Jacinto et al., 2004). Masri et al. showed that overexpression of RICTOR resulted in enhanced activity of PKCα, and promoted glioma cell proliferation, migration, and invasiveness (Masri et al., 2007). These data indicate that both mTORC1 and mTORC2 are involved in cancer cell migration by organization and regulation of the cytoskeleton. The arrangement of the cytoskeleton also functions as an important morphologic and biochemical pattern of the epithelial to mesenchymal transition (EMT), another crucial step of the metastatic cascade, in which mTORC1/2 is involved. Upon mTORC1/2 inhibition, increased cell-cell contacts, increased E-cadherin, decreased vimentin, and formation of lamellipodia, as well as decreased MMP9, were noticed which are all known as characteristic patterns of a reversed EMT, also known as mesenchymal to epithelial transition (MET) (Gulhati et al., 2011).
In this study, we also found mTORC1/2 inhibition to regulate MMPs. Particularly, MMP9 and MMP2 were reduced upon OSI-027 treatment. MMP9 is not only known to be associated with EMT but also with tumor cell migration and invasion. Zhou et al. revealed that cell migration and invasion are promoted due to an increased expression and proteolytic activity of MMP9, which plays an important role in the proteolytic destruction of the extracellular matrix and is, therefore, crucial for tumor invasion and metastasis (Zhou and Wong 2006). In line with these findings, a study showed that the activated PI3K-AKT-mTOR signaling pathway promotes invasion and metastasis in hepatocellular carcinoma through up-regulation of MMP9 (Chen et al., 2009). In breast cancer, MMP2 and MMP9 were determined as important downstream effectors of PI3K/AKT signaling (Zhou et al., 2014) and MMP2 was shown to be activated by PI3K/AKT, regulated by RICTOR for the vasculogenic mimicry of tumor cells (Liang et al., 2017). Here, we provide further evidence for a close connection between mTOR signaling, PI3K/AKT signaling, and activation of MMPs.
Similarly, MAPK signaling is also connected to MMPs. demonstrated that impaired activation of ERK1/2 and p38 by mTOR inhibition is directly involved in decreased MMP2 and MMP9 expression and, therefore, reduced migration and invasion in hepatocellular carcinoma (Lin et al., 2014). We also noticed the MAPK pathway to be interrupted by impaired ERK and p38 activation upon mTORC1/2 inhibition. This goes along with the findings of Reddy et al. who described ERK1/2 to be involved in the process of cell motility and invasion by mTORC1 mediated regulation of PP2A (Reddy et al., 2003; Harwood et al., 2008). These results suggest that rapalogs may inhibit cell motility by targeting the PP2A-ERK1/2 pathway.
In our study, the viability and the proliferation are not affected by the dual kinase inhibition. This is the particular importance since survival signaling is impaired in both the cell lines and even more anti-apoptotic and MAPK signaling is found to be decreased One might speculate that activation of alternative pathways might regulate and stabilize the viability of the cells. In fact, we found an upregulation of phosphorylated STAT3 which at least in part might explain our observation (Ma and Blenis 2009; Foster and Fingar 2010; Shull et al., 2015; Qin et al., 2016). Nonetheless, the lack of inhibitory effects on proliferation and viability may also provide the basis for the combination of OSI-027 with chemotherapeutic agents such as gemcitabine or cisplatin. However, further research is warranted to clarify this.
Studies investigating dual kinase inhibition in CCA are very limited. However, the findings of this study go along with the recently published results of Zhang et al. (Zhang et al., 2017) who showed effective mTORC1 and mTORC2 signaling suppression by MLN0128, another ATP-competitive mTOR kinase inhibitor, and inhibited cell growth of iCCA cell lines due to induction of apoptosis without affecting cell proliferation. When applying MLN0128 in vivo, mTORC1/2 inhibition led to disease stabilization in an early stage and partial tumor regression in a late stage of AKT/YAP127A induced iCCA in mice. Adding palbociclib, a CDK4/6 inhibitor, to MLN0128, could even potentiate its anti-tumor effects for iCCA (Song et al., 2019) making dual kinase inhibition of mTORC1/2 a promising treatment strategy for CCA. Dual kinase inhibition in CCA was also examined by Ewald et al. (Ewald et al., 2014) who showed a reduced proliferation rate of three CCA cell lines in vitro upon treatment with AZD8055. This effect was even stronger for combined treatment with AKT inhibitor MK-2206 and AZD8055. While studies examining the effect of ATP-competitive inhibitors for CCA are rare, encouraging data for example in hepatocellular carcinoma, laryngeal carcinoma or lung carcinoma led to the establishment of the first early clinical trials. However, they showed mixed results, especially due to high toxicity profiles requiring dose reductions which were below biological effects (Magaway et al., 2019). Nevertheless, patients with RICTOR amplification in gastric and small cell lung cancer were sensible to treatment with mTOR kinase inhibitors and were subsequently identified as a subgroup that responded to the treatment (Kim et al., 2017; Sakre et al., 2017).
In summary, our current study shows that inhibition of mTORC1 and mTORC2, using the dual kinase inhibitor OSI-027, diminishes oncogenic signaling in iCCA cells. Furthermore, treatment with the inhibitor leads to reduction of tumor cell motility and impairs expression of MMPs. Therefore, targeting mTORC1/2 might be an option for future therapy concepts in iCCA.
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