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Colorectal cancer (CRC) is characterized by early metastasis, resistance to anti-cancer therapy, and high mortality rate. Despite considerable progress in the development of new treatment options that improved survival benefits in patients with early-stage or advanced CRC, many patients relapse due to the activation of intrinsic or acquired chemoresistance mechanisms. Recently, we reported novel findings about the role of Jagged1 in CRC tumors with Kras signatures. We showed that Jagged1 is a novel proteolytic target of Kras signaling, which induces Jagged1 processing/activation resulting in Jag1-ICD release, which favors tumor development in vivo, through a non-canonical mechanism. Herein, we demonstrate that OXP and 5FU cause a strong accumulation of Jag1-ICD oncogene, through ERK1/2 activation, unveiling a surviving subpopulation with an enforced Jag1-ICD expression, presenting the ability to counteract OXP/5FU-induced apoptosis. Remarkably, we also clarify the clinical ineffectiveness of γ-secretase inhibitors (GSIs) in metastatic CRC (mCRC) patients. Indeed, we show that GSI compounds trigger Jag1-ICD release, which promotes cellular growth and EMT processes, functioning as tumor-promoting agents in CRC cells overexpressing Jagged1. We finally demonstrate that Jagged1 silencing in OXP- or 5FU-resistant subpopulations is enough to restore the sensitivity to chemotherapy, confirming that drug sensitivity/resistance is Jag1-ICD-dependent, suggesting Jagged1 as a molecular predictive marker for the outcome of chemotherapy.
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Introduction

Colorectal cancer (CRC) is one of the most common causes of cancer-related death worldwide (1). Many patients become refractory to systemic therapy and develop relapses, and the median overall survival of metastatic CRC (mCRC) patients is over 30 months (2). To date, in patients with stage III CRC, the adjuvant chemotherapy is the standard treatment after surgery and includes fluoropyrimidine (5FU) combined with leucovorin/irinotecan (FOLFIRI regimen) (3) or with leucovorin/oxaliplatin (OXP) (FOLFOX regimen) (4). Alternatively, capecitabine, an oral form of 5FU, may be combined with irinotecan (XELIRI/CAPIRI) (5) or OXP (XELOX/CAPEOX) (6), which are often used in first-line treatment. In a metastatic setting, the standard combination generally includes 5FU/OXP or 5FU/irinotecan with the addition of at least one biologic drug, such as anti-vascular endothelial growth factor (VEGF) and/or anti-epidermal growth factor receptor (EGFR) monoclonal antibodies (7). Despite the important improvement in overall survival of mCRC patients, most of them become refractory to systemic therapy during or after the treatment and develop relapses.

CRC is a biologically heterogeneous disease with different molecular profiles that reflect specific histopathological and clinical information (8). The Kras gene is mutated at codons 12 and 13 in ∼50% of patients with mCRC (9) and is considered a predictive biomarker of resistance to anti-EGFR-based therapy. The prognostic effect of Kras in non-metastatic CRC is controversial. However, the PETACC8 trial shows that Kras mutations have a prognostic value (10, 11), and are associated with poor outcome (90%) in patients with microsatellite-stable tumors (12, 13).

Several studies demonstrate that alterations of the Notch pathway contribute to the CRC onset and malignancy, closely associated with the rapid and uncontrolled proliferation of tumors (14). The activation of the Notch receptors (Notch1-4) occurs upon binding to specific ligands (Jagged1-2 and Delta-like1-3-4), expressed on neighboring cells. This occurrence determines sequential proteolytic cleavages, sustained by ADAM and the (PS)/γ-secretase complex, which allow the intracellular domain of Notch to move into the nucleus and to interact with the DNA-binding factor RBP-Jκ, a process that can be inhibited by γ-secretase inhibitors (GSIs). Inappropriate activation of Notch signaling may cause several cancers and GSIs are recognized as potential anticancer drugs, widely used to inhibit Notch activation (15). In CRC, the effects of GSIs have long been debated, being considered as anticancer drugs able to enhance the chemosensitivity to oxaliplatin (16), or agents that present the ability to counteract oxaliplatin-induced apoptosis (17). Among GSIs, RO4929097, a potent oral inhibitor of γ-secretase, was tested in a phase II study conducted in patients with metastatic, refractory CRC. Consistent with previous reports, the study did not demonstrate any evidence of RO4929097 clinical activity in CRC patients (18, 19).

We have previously demonstrated that the Notch-ligand Jagged1 is directly involved in CRC progression. We have identified the Kras/Erk/ADAM17/Jagged1 signaling axis, able to induce sequential cleavages in the overexpressed Jagged1 protein, mediated by ADAM17 and the PS/γ-secretase complex, resulting in the release of the Jagged1 intracellular domain (Jag1-ICD), which triggers a signaling inside the Jagged1-expressing cells. The Jag1-ICD fragment moves into the nucleus, where it leads to deregulated events, sustaining proliferation, epithelial-to-mesenchymal transition (EMT), invasion/migration, and drug resistance in vivo (20). This process occurs when Kras/Erk/ADAM17 signaling is switched on, demonstrating that Jagged1 is a novel proteolytic target of the Kras signaling pathway. We demonstrated that Kras-induced Jagged1 processing is a critical event able to convert the proto-oncogene Jagged1 full length (Jag1-FL) in a novel Jag1-ICD oncogene, whose function plays an important role in sustaining CRC tumor progression.

Herein, we evaluate the effects of GSIs, OXP and 5FU, alone or in combination, on Jagged1 processing in CRC cell lines overexpressing Jagged1. Firstly, we show that GSIs behave as promoting agents, triggering an enforced Jagged1 processing, associated with an increased cellular growth and EMT that confers metastatic properties to cancer cells, in a Notch-independent manner. Moreover, we demonstrate that the most potent anticancer drugs, OXP and 5FU, lead directly to a massive Jag1-ICD activation that results in the selection of a drug-resistant subpopulation. The mechanism of resistance to chemotherapeutic agents is induced by a forced Jag1-ICD accumulation that protects overexpressing Jagged1 CRC cells from apoptosis, under the activation of Jag1-ICD-dependent pro-survival targets. Finally, we provide evidence about synergistic effects induced by GSIs with OXP or 5FU chemotherapeutic agents, in sustaining Jag1-ICD-dependent multidrug resistance, unveiling a novel mechanism of intrinsic chemoresistance in Jagged1 CRC cells, where Jag1-ICD may function as a nuclear effector.

Overall, our data show that Jagged1 processing is directly activated by OXA/5FU chemotherapeutic agents or by GSI compounds, resulting in the release of the oncogene Jag1-ICD, suggesting Jagged1 overexpression as a new potential predictive biomarker, which is useful to predict drug resistance to current therapies and disease recurrence.



Materials and Methods


Cell Lines and Treatments

The following human colon cell lines HT29, HCT15, DLD1, LoVo, and SW948 were purchased from the American Type Culture Collection (ATCC) and cultured in opportune medium supplemented with 1% Glutamine (ECB3000D, Euroclone), 1% Antibiotics (ECB3001D, Euroclone), and 10% FBS (Heat-Inactivated; Life Technologies). The media were renewed 3 times per week. All cell lines were cultured at 37°C and with 5% CO2. Cells recovered from frozen aliquots were allowed one passage to reach exponential growth phase following recovery before being used. Cells at passages greater than 10 were not used. All cell lines were subjected to routine cell line quality controls (e.g., morphology, Mycoplasma #G238, Abm Inc.) and authenticated by DNA profiling [short tandem repeat (STR)] by the cell bank prior to shipping.

An opportune amount of cells was treated with different compounds: DAPT (#65770, Calbiochem), RO4929097 (#S1575, Sigma-Aldrich), LY411575 (#SML0506, Sigma-Aldrich), Semagacestat (#SML1938, Sigma-Aldrich), PF03083014 (#PZ0298, Sigma-Aldrich), U0126 (#662005, Calbiochem), 5-fluorouracil (5FU; #F6627, Sigma-Aldrich), Oxaliplatin (OXP, #O9512, Sigma-Aldrich), and Tapi-2 (#INH-3852-PI).

In order to select resistant cells to OXP and 5FU (HCT15 OXP-R, HCT15 5FU-R, DLD1 OXP-R, and DLD1 5FU-R), HCT15 and DLD1 cells were treated daily for more than 4 weeks with fresh medium containing a low dose of each chemotherapeutic agent (0.5 pmol/μl) (21).



Cell Viability Assay

CRC cell lines were seeded in 12-well plates at 1 × 106 cells/ml and treated with different GSIs as indicated in figures. DMSO was used as a control vehicle. To perform cell counting, we diluted the cellular suspension 1:2 with Trypan blue stain (T8154, Sigma-Aldrich) and, by using an upright microscope and a Neubauer chamber, we easily counted the living cells and excluded the dead ones. The growth of drug-treated cells was graphed relative to control untreated cells. Measurements were performed in technical triplicates and figures show the averages ± SD of at least 3 biological replicates (22, 23).



Colony Formation Assay

HCT-15, DLD-1, HCT15 OXP-R, HCT15 5FU-R, DLD1 OXP-R, and DLD1 5FU-R cells were seeded in the appropriate density in 6-well plates. After 24 h, CRC cells were treated with (0.5 pmol/μl) OXA and 5FU, and fresh medium containing drugs was replaced every 2 or 3 days. Twenty-one days after seeding, colonies were visualized by fixing the cells with a mixture of 90% methanol and 10% chloroform, at room temperature for 10 min. Then, they were stained using a solution of 0.1% crystal violet (#HT90132, Sigma-Aldrich) diluted in methanol for 3 min. After staining, plates were washed with water and left to dry overnight. Finally, plates were scanned and stored.



Cytofluorimetric Analysis

A total of 1 × 106 cells were treated with GSI compounds, OXA and 5FU chemotherapeutic agents, as indicated in figures. Cells were fixed for 30 min in EtOH 70%, washed with PBS, and treated with 100 μg/ml RNase A (cat. #R6513, Sigma-Aldrich) for 15 min. Then, cells were incubated with 10 μg/ml propidium iodide (cat.#P4170, Life Technologies). In order to evaluate apoptosis, cells were fixed and stained with propidium iodide and APC-Annexin V (# 550475, BD Biosciences), following the manufacturer’s instructions. The stained cells were analyzed on a FACS-Calibur with the CellQuest software (24).



Protein Extracts, Subcellular Fractioning, and Immunoblotting

Whole-cell extract (WCE), subcellular fractioning, and immunoblot assay (25) with the described antibodies (Supplementary Table S2) were performed as described elsewhere. Bound antibodies were detected with enhanced chemiluminescence (WesternBright ECL HRP substrate, Advansta Inc.)



RT-PCR/qRT-PCR

Total RNA extraction and reverse transcription-PCR (RT-PCR) were previously described (26). One microgram of RNA was processed for RT-PCR using the SensiFAST cDNA Synthesis Kit (Bioline). Analysis of gene expression was realized by qPCR using Taq-Man designed assays (Supplementary Table S1; Dharmacon Inc.) on the StepOnePlus Real-Time PCR System (Applied Biosystems, Life Technologies), following the manufacturer’s protocol for the comparative Ct method. Data were analyzed by the ΔΔCt method and GAPDH was used for normalization (27).



RNA Interference Analysis

RNA silencing was performed using 100 nmol/L of Jagged1 (cat. #L-011060-00-0005) ON-TARGET plus SMART pool small interference RNA (siRNA) or scrambled (cat. #D-001810-10-20, Dharmacon Inc.), using Lipofectamine RNAiMAX (Life Technologies), according to the manufacturer’s instructions (28).



Wound-Healing Assays

Cell migration was analyzed by wound-healing assay. Briefly, an opportune amount of cells were grown in 6-well plates. Wound injury was made with the tip of a sterile micropipette and cells were allowed to migrate for up to 72 h and photographed (20).



Statistical Analysis

All results were confirmed in at least three independent experiments and all quantitative data were reported as the mean ± SD. Student’s t-tests for unpaired samples were used to assess differences among two groups, while analysis of variance (ANOVA) was used to compare the means among three or more groups. A p-value of <0.05 was considered statistically significant (n.s., nonsignificant, p > 0.05; *p < 0.5; **p < 0.05; ***p < 0.005, ****p < 0.0005).




Results


GSIs Behave as Pro-Tumoral Drugs in CRC Cell Lines Overexpressing Jagged1 by Inducing Jagged1 Processing

To discriminate the biological outcome of Jag1-ICD on CRC chemoresistance, we firstly investigated the effects of GSIs on Jagged1 processing. Several Kras CRC cell lines (Supplementary Figure 1A) expressing Notch and Jagged1 at different levels (Supplementary Figure 1B) were treated with various GSI compounds. As expected, GSIs inhibit Notch1 cleavage but, unexpectedly, they induce an enforced Jag1-ICD release, according to dose (Figure 1A; Supplementary Figure 1C), favoring its nuclear localization (Figure 1B; Supplementary Figure 1D), which is associated with important biological effects, such as increased cellular proliferation (Figure 1C) and higher cell migration (Figure 1D). Significantly, the GSI-dependent Jag1-ICD accumulation empowers the activation of genes involved in proliferation, EMT, and invasion, such as PCNA, Snail, and MMP9, sustaining higher cell migration (Figures 1E, F) (20), in a Notch-independent manner, as confirmed by Hes1 decreased expression (Figure 1E).




Figure 1 | GSIs induce Jagged1 cleavage in Jagged1/KRAS CRC cell lines and induce proliferation and EMT. (A) HCT15 and DLD1 cell lines were treated with several GSI compounds (DAPT, LY411575, Semagacestat, PF03084014, and RO4929097) or vehicle alone (DMSO) with the indicated doses (pmol/μl) for 24 h. Whole-cell extracts (WCEs) were subjected to Western blot assay, using indicated antibodies against the Jagged1-intracellular domain (Jag1-ICD) and active Notch1 Valin 1744 (N1Val). Tubulin was used as loading control. (B) The subcellular nuclear lysates from HCT15 and DLD1 cells were collected after 48 h of treatment with different GSIs at 10 pmol/μl and immunoblotted as indicated. Protein levels were normalized using Lamin B and Tubulin, as nuclear and cytoplasmatic control, respectively. (C) HCT15 and DLD1 cells were treated with increasing doses (pmol/μl) of different GSIs. After 24 h, trypan blue viable cell count was performed to determine the growth rate. All data are representative of at least three independent experiments, each in triplicate. *p < 0.05; **p < 0.05; ***p < 0.005; ****p < 0.0005 (ANOVA test). (D) Representative area for wound-healing assay of DLD1 cells after 48 h of scratch, treated with several GSIs. Scale bar, 200 μm. (E) Hes1 and PCNA mRNA expression levels were determined by qRT-PCR from GSI-treated cells and normalized relative to human GAPDH. Graph was depicted as fold change compared with DMSO-treated cells. Data were presented as mean ± SD. (F) qRT-PCR analysis of mmp9 and snail mRNA from CRC cells, treated with different GSIs, was represented as fold changes ± SD after intrasample normalization to the level of GAPDH. All data are representative of at least three independent experiments, each in triplicate. *p < 0.05; **p < 0.05; ***p < 0.005 (Student’s t-test).



Previously, we established that Kras driver mutation triggers the MEK/Eryk/ADAM17 signaling axis that results in Jagged1 processing, through Erk activation (20). Since GSIs have the ability to induce Erk activation (16), we hypothesized that they induce Jagged1 processing through the Erk pathway. Supplementary Figure 2A shows that GSI compounds induce a rapid release of the Jag1-ICD fragment, strictly linked to Erk activation in CRC cells. Accordingly, the MEK inhibitor U0126 abrogates Jagged1 processing and the addition of GSIs restores the Jag1-ICD accumulation, after washing out of Erk inhibition (Supplementary Figure 2B).

Altogether, these data strongly suggest the pro-tumoral effects of GSI compounds, through reinforcing Jagged1 processing via the MAPK pathway, in CRC cell lines overexpressing Jagged1 full-length.



Jagged1 Activation Addresses CRC Cells Towards Intrinsic Drug Resistance to OXP and 5FU

To unequivocally demonstrate the functional role of the Jag1-ICD signaling in CRC drug resistance, we firstly analyzed Jagged1 processing in HCT15 and DLD1 cells upon OXP and 5FU treatments. Figure 2A shows that chemotherapeutic agents induce a strong Jag1-ICD accumulation in a dose-dependent manner, associated with Erk activation. Oxaliplatin-resistant (OXP-R) and 5FU-resistant (5FU-R) cell lines were derived from exposure to chronic low dose of OXP and 5FU for 4 weeks. Remarkably, OXP-R and 5FU-R cells express a massive accumulation of Jag1-ICD compared to parental cells (P) (Figure 2B). Interestingly, OXP-R and 5FU-R subpopulations treated with both drugs show an increased ability to support long-term survival measured in a colony-forming assay, compared to parental cells (Figure 2C). To investigate resistance mechanism induced by Jag1-ICD, we analyzed genes directly involved in apoptotic signaling cascade. OXP-R and 5FU-R cells present a strong upregulation of c-IAP1, c-IAP2, and XIAP transcripts; inhibitors of the Caspase activity; and BCL-2, BCL-xL, and MCL1 genes, belonging to anti-apoptotic BCL-2 family members, compared with P cells (Figure 2D).




Figure 2 | OXP and 5-FU induce Jag1-ICD accumulation that drives CRC cells towards intrinsic drug resistance against the common chemotherapeutic agents. (A) Whole-cell extract from HCT15 and DLD1 cells, treated with OXP and 5FU with increasing doses (5–10–25–50 pmol/μl) for 24 h, was subjected to immunoblotting analysis. (B) Parental (P), OXP-R, and 5FU-R CRC cells, were collected and subjected to immunoblotting assays as indicated. Tubulin was used as loading control. (C) Colony-forming ability of HCT-15 and DLD-1 cells or OXP-R and 5FU-R HCT-15 and DLD-1 cells in the presence of OXA and 5FU, compared with vehicle alone. A total of 2 × 103 cells were seeded in 6-well plates and treated with 0.5 pmol/μl of OXP or 5FU for 15 days. (D) qRT-PCR analysis of iap1, iap2, xiap, bcl2, bclXl, and mcl1 mRNAs in parental (P), OXP-R, and 5FU-R CRC cells was performed. Data are reported as fold changes ± SD after intrasample normalization to the level of GAPDH. All data are representative of at least three independent experiments, each in triplicate. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test).



Our data demonstrate that CRC cells overexpressing Jagged1 activate intrinsic chemoresistance mechanisms against OXP and 5FU anti-cancer drugs, based on Jagged1 processing OXP- and 5FU-induced. OXP and 5FU show the ability to directly induce Jag1-ICD release, which sustains increased expression of anti-apoptosis-related genes and counteracts OXP- or 5FU-induced cytotoxic effects. Therefore, Jag1-ICD exerts a cytoprotective effect on Jagged1 CRC cells, promoting tumoral cells to escape from cancer drugs and sustaining the chemoresistance.



GSI-Mediated Jag1-ICD Accumulation Promotes Cell Cycle Progression in Surviving OXP- and 5FU-Treated Cells

To determine that GSIs are able to empower CRC proliferation and drug resistance by inducing Jagged1 processing, we firstly treated HCT15 and DLD1 cells with GSIs and OXP alone or in combination. Interestingly, GSIs have no effect on viability, but they promote cellular growth, when compared to vehicle alone (DMSO); conversely, platinum compound alone strongly leads to a massive cellular death and to selection of a surviving resistant subpopulation expressing Jag1-ICD (Figures 3A, B). Interestingly, Jag1-ICD counteracts oxaliplatin-induced death, and the addition of GSIs to oxaliplatin helps cells escape from G2/M cell cycle arrest, when compared to OXP treatment, resulting in the rapid increase of cells expressing Jag1-ICD (Figures 3B–D). To provide additional evidence that GSI effects on cell cycle progression are mediated by Jag1-ICD accumulation, we performed FACS analysis in both HT29 (Figure 3E), a CRC cell line not expressing Jagged1 (Supplementary Figure 1B), and the Jag1-silenced HCT15 cell line (Figures 3F–H) upon GSIs and OXP treatment, alone or in combination. Upon OXP treatment, cell cycle analysis revealed that the absence of Jagged1 allows a severe cell cycle block, resulting in OXP-induced cellular apoptosis. Moreover, the addition of GSIs to OXP is not able to abrogate the oxaliplatin-dependent cytotoxic effects, neither in HT29 nor in Jagged1 knockdown HCT15 cells, which display a persistent cell cycle blockage. Similarly, GSI-induced cell cycle progression is also observed in Jagged1-overexpressing CRC cells upon 5FU-treatment (Supplementary Figure 3). To unequivocally demonstrate the function of Jag1-ICD in drug resistance, OXP-R and 5FU-R CRC cell lines were treated with GSIs with no effect on viability (Figures 4A, B); conversely, the U0126 compound, which is able to inhibit Erk activation, rapidly counteracts Jagged1 processing (Supplementary Figures 4A, B), increasing chemosensitivity to OXP and 5FU (Figures 4A, B). Accordingly, the siRNA-mediated depletion of Jagged1 in OXP-R and 5FU-R subpopulations (Supplementary Figures 4C, D) determines a drastic downregulation of anti-apoptotic genes, with respect to control cells (Figure 4C).




Figure 3 | GSIs operate as promoting agents in Jagged1/KRAS CRC cells and help cells escape from the OXP-induced cell cycle block in a Jag1-ICD-dependent manner. (A) Representative plate area of HCT15 cells treated with 10 pmol/μl of DAPT, RO4929097, and OXP alone or in combination. Scale bar, 200 μm. (B) An amount of HCT-15 cells from panel A were collected and whole-cell extracts were immunoblotted or (C) stained against Annexin V (APC) with/without propidium iodide (PI) to evaluate the percentage of apoptotic cells and (D) cell cycle. (E) HT29 cells treated for 24 h with 10 pmol/μl of DAPT, RO4929097, and OXP alone or in combination were stained with propidium iodide (PI) to analyze cell cycle progression. (F) Jagged1-silenced HCT15 cells (siRNA-Jagged1) or control siRNA (scramble) were treated for 24 h with 10 pmol/μl DAPT, RO4929097, and OXP, alone or in combination, and stained with propidium iodide (PI) to analyze cell cycle progression and (G) subG1 cellular death. (H) Jag1 mRNA expression levels revealed by qRT-PCR assay in Jagged1-silenced HCT15 cells or scramble cells, from panel (F) Results are expressed as fold of reduction relative to control. Data were normalized with respect to GAPDH expression. All data are representative of at least three independent experiments, each in triplicate. ns, p > 0.5; *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test).






Figure 4 | The inhibition of Jagged1 signaling sensitizes the CRC cells to chemotherapy. (A) Representative plate area of OXP-R and (B) 5FU-R CRC cells, treated for 24 h with 10 pmol/μl of DAPT and RO4929097 and 30 pmol/μl of U0126. Scale bar, 200 μm. (C) The expression analysis of iap1, iap2, xiap, bcl2, bclXl, and mcl1 mRNAs was performed by qRT-PCR in OXP-R and 5FU-R HCT15 cells, silenced for Jagged1. Data are reported as fold changes ± SD after intrasample normalization to the level of GAPDH. All data are representative of at least three independent experiments, each in triplicate. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test). (D) The cartoon summarizes the role of Jagged1 in chemoresistance. In detail, GSIs (green arrow) inhibit Notch signaling, but strongly trigger the Jagged1 reverse signaling by activating the ERKs cascade that induces a huge accumulation of Jag1-ICD. GSIs, via Jag1-ICD, sustain the proliferation and migration/invasion of CRC cell lines. Similarly, the chemotherapeutics agents OXP/5FU (red arrow) lead to Jagged1 processing, through the activation of ERKs. Jag1-ICD, induced by OXP/5FU, enhances the expression of several anti-apoptotic genes, supporting the growth of a chemoresistant Jagged1-positive subpopulation (OXP-R and 5FU-R). Finally, the combination of GSIs and OXP/5FU (brown arrow) sustains the Jag1-ICD-dependent signaling and reinforces the activation of pro-survival and anti-apoptotic events, unveiling the role of Jag1-ICD in mechanisms of chemoresistance.



Overall, our data indicate that GSIs may behave as promoting agents in CRC cells with Jagged1 overexpression. In addition, we demonstrate that the Jagged1 silencing or the abrogation of Jagged1 cleavage by TAPI2 is necessary to overcome the drug resistance.




Discussion

Chemotherapy resistance in CRC patients remains a critical clinical challenge since it allows development of metastasis and disease recurrence. CRC presents a complex molecular heterogeneity that is not yet fully known. Likewise, the molecular mechanisms that characterize CRC drug resistance are not well understood and novel biomarkers predicting therapy response must be identified (8). To date, only Kras mutation has a predictive value of poor response to anti-EGFR monoclonal antibodies. Therefore, understanding molecular mechanisms that lead to cancer drug resistance is a key point for finding novel therapeutic approaches. The standard care for CRC patients is commonly based on the combination of chemotherapy drugs that includes fluorouracil and leucovorin (LV), which work together to inhibit DNA/RNA synthesis and to modulate tumor growth. Observational studies report conflicting findings about oxaliplatin survival benefits as part of the standard care for the adjuvant treatment of patients with early-stage CRC (29, 30). Also in advanced colon cancer, the addition of OXP to 5FU with LV (FOLFOX), administered to patients as first-line treatment, significantly improves antitumor efficacy only for a few months after treatment (31). Then, a large part of patients stop responding to chemotherapeutic agents, due to intrinsic and acquired drug resistance, whose mechanisms include the activation of the Erk pathway that cross-talks with oncogenic signaling pathways, converging on the regulation of apoptosis pathways (32). An attempt to conduct molecularly targeted therapy was made using GSIs, which induce the pharmacologic inactivation of Notch signaling. The data on GSIs in CRC, used alone or in combination with chemotherapeutic agents, are quite diverging. Firstly, they were recognized as potential anti-cancer drugs (16), then as compounds with the ability to abrogate OXP-induced apoptosis (17); ultimately, GSIs were tested in clinical trial in patients with refractory mCRC and RO4929097 monotherapy, and demonstrated no evidence of clinical activity. Therefore, the potent GSI RO4929097 was not recommended in this malignancy (18). These observations strongly suggest that the chemoresistance in CRC could be induced by unknown molecular mechanisms, possibly associated with a unique set of molecular changes that make cancer cells resistant to the effects of chemotherapeutic drugs.

Interestingly, recent observations suggest that the Notch-ligand Jagged1 is expressed in an aberrant manner in about 50% of colon tumors, and the higher levels of expression correlate with differentiation parameters and stages of CRC (33–36). Although originally found to play a role as a ligand of canonical Notch signaling, we recently showed that a Notch-independent Jagged1 reverse signaling is implicated in the pathogenesis of CRC (20). It is known that the aberrant APC/β-catenin signaling is directly responsible for Jagged1 overexpression, required for tumorigenesis in the intestine (20, 37, 38). In addition, we identified the constitutive activation of the Kras/Erk/ADAM17 signaling axis, which triggers PS/γ-secretase complex activation, able to induce sequential cleavages in the Jagged1 protein, lastly resulting in the release of the Jagged1 intracellular fragment (Jag1-ICD), which sustains reverse intracellular signaling. This process occurs when the Kras/Erk/ADAM17 axis is switched on, demonstrating that Jagged1 is a novel proteolytic target of Kras signaling. We demonstrated that the constitutive processing of the Jagged1 protein is a critical event able to convert the proto-oncogene Jag1-FL in a novel Jag1-ICD oncogene, whose function plays an important role in sustaining tumor progression in vivo (20).

In the present study, we have evaluated the effects of OXP and 5FU chemotherapeutic agents, alone or in combination with GSIs, on Jagged1 processing/activation in CRC cells. First, we show that GSIs are able to inhibit Notch signaling, as expected, but surprisingly they lead to a strong activation of Jagged1 reverse signaling through Erk1/2 activation, resulting in an enforced Jag1-ICD release with oncogenic function, in a Notch-independent manner. GSIs do not disturb CRC viability but induce cellular growth functioning as tumor-promoting agents through Jagged1 processing. Here, we also demonstrate that OXP and 5FU, the most potent anticancer drugs, lead to a strong Jagged1 processing via Erk1/2 activation, which induces mechanisms of intrinsic chemoresistance. The resistance to OXP/5FU drugs protects Jagged1-overexpressing CRC cells from apoptosis through the activation of Jag1-ICD-dependent pro-survival targets, also under genotoxic stress induced by chemotherapeutic agents. Finally, we provide evidence about the synergistic effects induced by GSIs with OXP or 5FU chemotherapeutic agents, in sustaining Jag-ICD-dependent multidrug resistance, unveiling a novel mechanism of drug resistance in Jagged1 CRC cells, where Jag1-ICD may function as a nuclear effector with the ability to sustain the pro-proliferative and anti-apoptotic events (Figure 4D).

Overall, our data point out Jagged1 overexpression as a new potential predictive biomarker that is useful in predicting cancer progression and drug resistance to current therapies for early and advanced CRC favoring tumor relapse.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

MP and DB conceived, designed and supervised the research; MP and SZ performed the experiments; MP, SZ, RP, CC, SChe and DB analyzed and interpretated the data; GG, IS, SChe and DB wrote and reviewed the manuscript; SCi, MDC, MVG provided administrative, technical and /or material support. All the authors reviewed the data and approved the final version of the manuscript.



Funding

This work was supported by the following grants: Sapienza University 2018 project #RP1181643121DD86 (to DB), Sapienza University 2020 Project No: RG120172B8354E7F (to DB), and MIUR PNR 2015-2020 ARS01_00432, PROGEMA (to IS).



Acknowledgments

This work is dedicated to the memory of Prof. Alberto Gulino, an outstanding scientist and mentor. Italian Ministry of Education, University and Research - Dipartimenti di Eccellenza - L. 232/2016.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.918763/full#supplementary-material



References

1. Torre, LA, Siegel, RL, Ward, EM, and Jemal, A. Global Cancer Incidence and Mortality Rates and Trends–An Update. Cancer Epidemiol Biomarkers Prev (2016) 25:16–27. doi: 10.1158/1055-9965.EPI-15-0578

2. Vogel, A, Hofheinz, RD, Kubicka, S, and Arnold, D. Treatment Decisions in Metastatic Colorectal Cancer - Beyond First and Second Line Combination Therapies. Cancer Treat Rev (2017) 59:54–60. doi: 10.1016/j.ctrv.2017.04.007

3. Douillard, JY, Cunningham, D, Roth, AD, Navarro, M, James, RD, Karasek, P, et al. Irinotecan Combined With Fluorouracil Compared With Fluorouracil Alone as First-Line Treatment for Metastatic Colorectal Cancer: A Multicentre Randomised Trial. Lancet (Lond Engl) (2000) 355:1041–7. doi: 10.1016/s0140-6736(00)02034-1

4. de Gramont, A, Figer, A, Seymour, M, Homerin, M, Hmissi, A, Cassidy, J, et al. Leucovorin and Fluorouracil With or Without Oxaliplatin as First-Line Treatment in Advanced Colorectal Cancer. J Clin Oncol (2000) 18:2938–47. doi: 10.1200/JCO.2000.18.16.2938

5. Montagnani, F, Chiriatti, A, Licitra, S, Aliberti, C, and Fiorentini, G. Differences in Efficacy and Safety Between Capecitabine and Infusional 5-Fluorouracil When Combined With Irinotecan for the Treatment of Metastatic Colorectal Cancer. Clin Colorectal Cancer (2010) 9:243–7. doi: 10.3816/CCC.2010.n.036

6. Douillard, J-Y, Bennouna, J, and Senellart, H. Is XELOX Equivalent to FOLFOX or Other Continuous-Infusion 5-Fluorouracil Chemotherapy in Metastatic Colorectal Cancer? Clin Colorectal Cancer (2008) 7:206–11. doi: 10.3816/CCC.2008.n.029

7. Xie, Y-H, Chen, Y-X, and Fang, J-Y. Comprehensive Review of Targeted Therapy for Colorectal Cancer. Signal Transduct Target Ther (2020) 5:22. doi: 10.1038/s41392-020-0116-z

8. Martini, G, Troiani, T, Cardone, C, Vitiello, P, Sforza, V, Ciardiello, D, et al. Present and Future of Metastatic Colorectal Cancer Treatment: A Review of New Candidate Targets. World J Gastroenterol (2017) 23:4675–88. doi: 10.3748/wjg.v23.i26.4675

9. Kafatos, G, Niepel, D, Lowe, K, Jenkins-Anderson, S, Westhead, H, Garawin, T, et al. RAS Mutation Prevalence Among Patients With Metastatic Colorectal Cancer: A Meta-Analysis of Real-World Data. Biomark Med (2017) 11:751–60. doi: 10.2217/bmm-2016-0358

10. Blons, H, Emile, JF, Le Malicot, K, Julié, C, Zaanan, A, Tabernero, J, et al. Prognostic Value of KRAS Mutations in Stage III Colon Cancer: Post Hoc Analysis of The PETACC8 Phase III Trial Dataset. Ann Oncol (2014) 25:2378–85. doi: 10.1093/annonc/mdu464

11. Yoon, HH, Tougeron, D, Shi, Q, Alberts, SR, Mahoney, MR, Nelson, GD, et al. KRAS Codon 12 and 13 Mutations in Relation to Disease-Free Survival in BRAF-Wild-Type Stage III Colon Cancers From an Adjuvant Chemotherapy Trial (N0147 Alliance). Clin Cancer Res (2014) 20:3033–43. doi: 10.1158/1078-0432.CCR-13-3140

12. Taieb, J, Tabernero, J, Mini, E, Subtil, F, Folprecht, G, Van Laethem, J-L, et al. Oxaliplatin, Fluorouracil, and Leucovorin With or Without Cetuximab in Patients With Resected Stage III Colon Cancer (PETACC-8): An Open-Label, Randomised Phase 3 Trial. Lancet Oncol (2014) 15:862–73. doi: 10.1016/S1470-2045(14)70227-X

13. Taieb, J, Zaanan, A, Le Malicot, K, Julié, C, Blons, H, Mineur, L, et al. Prognostic Effect of BRAF and KRAS Mutations in Patients With Stage III Colon Cancer Treated With Leucovorin, Fluorouracil, and Oxaliplatin With or Without Cetuximab: A Post Hoc Analysis of the PETACC-8 Trial. JAMA Oncol (2016) 2:643–53. doi: 10.1001/jamaoncol.2015.5225

14. Reedijk, M, Odorcic, S, Zhang, H, Chetty, R, Tennert, C, Dickson, BC, et al. Activation of Notch Signaling in Human Colon Adenocarcinoma. Int J Oncol (2008) 33:1223–9. doi: 10.3892/ijo_00000112

15. Bellavia, D, Palermo, R, Felli, MP, Screpanti, I, and Checquolo, S. Notch Signaling as a Therapeutic Target for Acute Lymphoblastic Leukemia. Expert Opin Ther Targets (2018) 22:331–42. doi: 10.1080/14728222.2018.1451840

16. Aleksic, T, and Feller, SM. Gamma-Secretase Inhibition Combined With Platinum Compounds Enhances Cell Death in a Large Subset of Colorectal Cancer Cells. Cell Commun Signal (2008) 6:8. doi: 10.1186/1478-811X-6-8

17. Timme, CR, Gruidl, M, and Yeatman, TJ. Gamma-Secretase Inhibition Attenuates Oxaliplatin-Induced Apoptosis Through Increased Mcl-1 and/or Bcl-xL in Human Colon Cancer Cells. Apoptosis (2013) 18:1163–74. doi: 10.1007/s10495-013-0883-x

18. Strosberg, JR, Yeatman, T, Weber, J, Coppola, D, Schell, MJ, Han, G, et al. A Phase II Study of RO4929097 in Metastatic Colorectal Cancer. Eur J Cancer (2012) 48:997–1003. doi: 10.1016/j.ejca.2012.02.056

19. Valone, T, Yeatman, TJ, Sullivan, D, Kim, RD, Almhanna, K, Giglia, JL, et al. Phase II Study of RO4929097 in Metastatic Colorectal Cancer. J Clin Oncol (2011) 29:e14058–8. doi: 10.1200/jco.2011.29.15_suppl.e14058

20. Pelullo, M, Nardozza, F, Zema, S, Quaranta, R, Nicoletti, C, Besharat, ZM, et al. Kras/ADAM17-Dependent Jag1-ICD Reverse Signaling Sustains Colorectal Cancer Progression and Chemoresistance. Cancer Res (2019) 79:5575–5586. doi: 10.1158/0008-5472.CAN-19-0145

21. Cialfi, S, Palermo, R, Manca, S, De Blasio, C, Vargas Romero, P, Checquolo, S, et al. Loss of Notch1-Dependent P21(Waf1/Cip1) Expression Influences the Notch1 Outcome in Tumorigenesis. Cell Cycle (2014) 13:2046–55. doi: 10.4161/cc.29079

22. Tottone, L, Zhdanovskaya, N, Carmona Pestaña, Á, Zampieri, M, Simeoni, F, Lazzari, S, et al. Histone Modifications Drive Aberrant Notch3 Expression/Activity and Growth in T-ALL. Front Oncol (2019) 9:198. doi: 10.3389/fonc.2019.00198

23. Diluvio, G, Del Gaudio, F, Giuli, MV, Franciosa, G, Giuliani, E, Palermo, R, et al. NOTCH3 Inactivation Increases Triple Negative Breast Cancer Sensitivity to Gefitinib by Promoting EGFR Tyrosine Dephosphorylation and its Intracellular Arrest. Oncogenesis (2018) 7:42. doi: 10.1038/s41389-018-0051-9

24. Giuli, MV, Diluvio, G, Giuliani, E, Franciosa, G, Di Magno, L, Pignataro, MG, et al. Notch3 Contributes to T-Cell Leukemia Growth via Regulation of the Unfolded Protein Response. Oncogenesis (2020) 9:93. doi: 10.1038/s41389-020-00279-7

25. Checquolo, S, Palermo, R, Cialfi, S, Ferrara, G, Oliviero, C, Talora, C, et al. Differential Subcellular Localization Regulates C-Cbl E3 Ligase Activity Upon Notch3 Protein in T-Cell Leukemia. Oncogene (2010) 29:1463–74. doi: 10.1038/onc.2009.446

26. Pelullo, M, Savi, D, Quattrucci, S, Cimino, G, Pizzuti, A, Screpanti, I, et al. Mir−125b/NRF2/HO−1 Axis is Involved in Protection Against Oxidative Stress of Cystic Fibrosis: A Pilot Study. Exp Ther Med (2021) 21:585. doi: 10.3892/etm.2021.10017

27. Cialfi, S, Palermo, R, Manca, S, Checquolo, S, Bellavia, D, Pelullo, M, et al. Glucocorticoid Sensitivity of T-Cell Lymphoblastic Leukemia/Lymphoma is Associated With Glucocorticoid Receptor-Mediated Inhibition of Notch1 Expression. Leukemia (2013) 27:485–8. doi: 10.1038/leu.2012.192

28. Quaranta, R, Pelullo, M, Zema, S, Nardozza, F, Checquolo, S, Lauer, DM, et al. Maml1 Acts Cooperatively With Gli Proteins to Regulate Sonic Hedgehog Signaling Pathway. Cell Death Dis (2017) 8:e2942–2. doi: 10.1038/cddis.2017.326

29. Healey, E, Stillfried, GE, Eckermann, S, Dawber, JP, Clingan, PR, and Ranson, M. Comparative Effectiveness of 5-Fluorouracil With and Without Oxaliplatin in the Treatment of Colorectal Cancer in Clinical Practice. Anticancer Res (2013) 33:1053–60.

30. Kim, JH, Baek, MJ, Ahn, B-K, Kim, DD, Kim, IY, Kim, JS, et al. Clinical Practice in the Use of Adjuvant Chemotherapy for Patients With Colon Cancer in South Korea: A Multi-Center, Prospective, Observational Study. J Cancer (2016) 7:136–43. doi: 10.7150/jca.13405

31. Kelland, L. The Resurgence of Platinum-Based Cancer Chemotherapy. Nat Rev Cancer (2007) 7:573–84. doi: 10.1038/nrc2167

32. Liu, Q-H, Shi, M-L, Sun, C, Bai, J, and Zheng, J-N. Role of the ERK1/2 Pathway in Tumor Chemoresistance and Tumor Therapy. Bioorg Med Chem Lett (2015) 25:192–7. doi: 10.1016/j.bmcl.2014.11.076

33. Dai, Y, Wilson, G, Huang, B, Peng, M, Teng, G, Zhang, D, et al. Silencing of Jagged1 Inhibits Cell Growth and Invasion in Colorectal Cancer. Cell Death Dis (2014) 5:e1170. doi: 10.1038/cddis.2014.137

34. Kim, MH, Kim, HB, Yoon, SP, Lim, SC, Cha, MJ, Jeon, YJ, et al. Colon Cancer Progression is Driven by APEX1-Mediated Upregulation of Jagged. J Clin Invest (2013) 123:3211–20. doi: 10.1172/JCI65521

35. Pannequin, J, Bonnans, C, Delaunay, N, Ryan, J, Bourgaux, JF, Joubert, D, et al. The Wnt Target Jagged-1 Mediates the Activation of Notch Signaling by Progastrin in Human Colorectal Cancer Cells. Cancer Res (2009) 69:6065–73. doi: 10.1158/0008-5472.CAN-08-2409

36. Rodilla, V, Villanueva, A, Obrador-Hevia, A, Robert-Moreno, À, Fernández-Majada, V, Grilli, A, et al. Jagged1 is the Pathological Link Between Wnt and Notch Pathways in Colorectal Cancer. Proc Natl Acad Sci USA (2009) 106:6315–20. doi: 10.1073/pnas.0813221106

37. Pelullo, M, Quaranta, R, Talora, C, Checquolo, S, Cialfi, S, Felli, MP, et al. Notch3/Jagged1 Circuitry Reinforces Notch Signaling and Sustains T-ALL. Neoplasia (2014) 16:1007–17. doi: 10.1016/j.neo.2014.10.004

38. De Falco, F, Del Papa, B, Baldoni, S, Sabatini, R, Falzetti, F, Di Ianni, M, et al. IL-4-Dependent Jagged1 Expression/Processing is Associated With Survival of Chronic Lymphocytic Leukemia Cells But Not With Notch Activation. Cell Death Dis (2018) 9:1160. doi: 10.1038/s41419-018-1185-6




Conflict 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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Pelullo, Zema, De Carolis, Cialfi, Giuli, Palermo, Capalbo, Giannini, Screpanti, Checquolo and Bellavia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-918763-g003.jpg
DAPT+OXP

RO4929097+OXP

259+ 1,14

8125 ¢ 111,92 £ 0,67 » .16 £5,12 T 259£557
00 A— o 1003 sy ey vvneyrve 1004 e | - - e 100 e ~
10° 10' 102 10° 1ot 10° 10' 107 10° 10 10° 10' 10° 10° 10' 10° 10' 102 10° 10* 10° 10' 102 10° 10* 10° 10' 10° 10° 10¢
FL4-H -
D
DMSO DAPT R04929097 OXP DAPT+OXP R04929097+0XP
2501 Go/G1: 74,02 + 8,4 GO/G1: 72,18 + 9,78 GO/G1- 73,23 + 2,9 (5_0/(51:37,513 12,90 | goggl:gse.sg ;;3,2
200 S:7.30 +1.71 $:9,76 £3,15 5:8,88 +1,04 $:38,22 + 16,30 13519 £ 17
150 GoM: 18,46 = 651 G2/M: 17.98 + 7,08 G2/M: 17,19 + 3,46 G2/M: 40,35 = 11,01 G2/M: 23,90 + 17,76 2/M: 27,97 + 18,92
100
50 “ i
30
O o 200 400 600 800 1000 O 200 400 600 800 1000 O 200 400 600 800 1000 O 200 400 600 800 1000 O 200 400 600 800 1000 0 200 400 600 800 1000

FL2-H

@
3

Cell Cycle
(% gated cells)
&8

Cell Cycle
(% gated cells) _,

R0O4929097 -

scramble

SIRNA Jag1

]

8

b
a

8

25

oXP - - -

+
i

+
i

G

@

[

ellular death, sub G1

( fold induction)

Ce
o

DAPT - - +
RO4929097 - - -

o
x
o

siRNA Jag1

H

SIRNA Jag1

mRNA Jag1
( fold of reduction)

0,

0
= W DAPT - - + = 4 =
P RO4920097- - - + - - +
T OXP - - - - + + +





OEBPS/Images/fonc-12-918763-g001.jpg
A HCT15

DAPT Ly411575 Semagacestat PF03084014 RO4929097
000100501051 5 10 25 000100501051 § 10 25 000100501051 5 10 25 000100501051 5 10 25 00010050,105 1 5 10 25 pmoljml
A g R~ TMtrm "-'M- s . “ .“ﬂl' Jag1-ICD

- e - --ﬂll- TR e - N1Val

———————— \__—-——"" — e S OO S - q---.-.. DS S SR T b i

DLD1

DAPT LY411575 Semagacestat

PF03084014

RO4929097

00,010,050,1051 5 10 25 0 0,010050,105 1 5 10 25

G e EmEm R e e .- . e - .

000100501051 5 10 25 000100501051 5 10 25 00,010050,105 1 5 10 25 pmol/ml

o B BN B TT RS ES S S S S R | Jag1-ICD

| I N1Val

[R—— L e ) ‘\——-w“\-—- —— e e e - - T

B S5 A (o]
" ((\b 150%“ 9‘7963 ——DAPT —«-LY411575 -+ Semagacesial -+-PF)3084014 -+-RO4929097 ——DAPT - LY411575 -+ Semigﬁcesh(v‘-PFmMOMr-rROﬂW
S “e o o 8 8
e e e
0|20— mmie- -l -.Jagw-lco =7 =71
5 o =
(:i:)ﬁo—-- —-—-'-—--.-..LammB :"6 6!
£ £
50— Tubulin =
g5 zs |
N
2@ AN a 0] 9}
1° o @O P 54 54
B o & ]
O W o E! =N
-+ - -+ -+ 3 3 A
20—'6d Bh = ma W e giicD T, g2 |
= o
Q | b e W e i e B T =
o al 1 1
50— Tubulin
0 0
" A
PO O (WP o) g5 N 5 0 P @ PMIM O b @R ot g N 6 © B @
D DLD1
DMSO DAPT LY411575 Semagacestat PF03084014 RO4929097
¥ 3 T
§ . .
E W HES1 MIPCNA F WSNAIL I MMP

3 76
) DLD1 £ 4} HCT15 . EL_DT
— 65 1 a
3 ” 3 59 .61 [
s02 L 28521
2 G Q0 1
28 - . 55 451
8 4 = . % SE& 44 "
gL <5351 X .
<31 1§ il £3 .31 .1
Eg N I IR ol Al 1,§ 1 Z. . HIEE B
&, T : o3 L
0
A > R S ot > >
L LS LS SFE S S P QRS B0 P P @ g PO > P
< 595'9 St 00@ O &g‘b & O o ,\b-\\ & OF P
A Ca & S O O » A O
al @ Q‘(QC)Q@ VLS e Q@#@m Feaio q@%eé‘”





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        5FU/Oxaliplatin-Induced Jagged1 Cleavage Counteracts Apoptosis Induction in Colorectal Cancer: A Novel Mechanism of Intrinsic Drug Resistance

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Lines and Treatments

          



          		

            Cell Viability Assay

          



          		

            Colony Formation Assay

          



          		

            Cytofluorimetric Analysis

          



          		

            Protein Extracts, Subcellular Fractioning, and Immunoblotting

          



          		

            RT-PCR/qRT-PCR

          



          		

            RNA Interference Analysis

          



          		

            Wound-Healing Assays

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            GSIs Behave as Pro-Tumoral Drugs in CRC Cell Lines Overexpressing Jagged1 by Inducing Jagged1 Processing

          



          		

            Jagged1 Activation Addresses CRC Cells Towards Intrinsic Drug Resistance to OXP and 5FU

          



          		

            GSI-Mediated Jag1-ICD Accumulation Promotes Cell Cycle Progression in Surviving OXP- and 5FU-Treated Cells

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-918763-g004.jpg
o
&

-

(=]
«

mRNA expression level
(fold of reduction)

(=]

HCT15 OXP-R 15 HCT155FU-R
SiANA Jag?1 s SIRNA Jag1
5-
| Sg 1
- g
. g8
. * £
¢
- £
111
@ & F P FE&FLSFE

b

1 phosho-ERK1/2
1lagged1-ICD
- - Apoptosis
OXP/SFU L '

\ & > 1 Anti-apoptotic genes
e o / OXP/SFU  GSls po P=3

\ % -:. 1Jagged1-1CD

. = --3 1 Proliferation

- &5 5% | rpoptosis
*.8-5 1 Anti-apoptotic genes

-
GSls &
2 ® o 1 phosho-ERK1/2
- =3 ’ a
- - o Jagged1-1CD
‘-Ox‘. I Notch
1 Proliferation, EMT

1* cells






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc.2022.918763_cover.jpg
, frontiers ‘ Frontiers in Oncology

S5FU/Oxaliplatin-Induced Jagged1
Cleavage Counteracts Apoptosis
Induction in Colorectal Cancer: A
Novel Mechanism of Intrinsic
Drug Resistance





OEBPS/Images/fonc-12-918763-g002.jpg
A HCT15 DLD1 B

OXP SFU OXP SFU
pmo/ml 0 5 10 25 50 5 10 25 50 0O 5 10 25 50 5 10 25 50 __Hcms o DDt
' R o8 S
Jag1-ICD % N PE S e me wa 20 @ o e ¢ oF ¢

== s s = s == == — 424 gl =SS BWAW 10

PERK

JagliCD  “wm =~ & wm s w20
ERK S S S W WSS WS TS NS S wm == 24

TUbuln e——— g, e s 50

s o e e D EE e o D D ) D GRS emD e —50
Cc
|
D
OXP-R OXP-R
2 24 | o
24 c 22
ST 22 S520
© 28 20 2518
& 83 18 $316
Q a3 16 L2114
3 S22
W 14 <6
<3 12 Z o
£210 T8
EZ 8 =4
6 3
o 21 = I - -
114
S. | | M I o l l [ |
A
\)\O«\‘O\F\? \P? C-\:Lo\«*\'o\'\ »0 o \Pg$ O\ﬂ' \50\‘
5FU-R SFU-R
8 p €
7l £~
£% ol 288
83 ] .
g3 51 g8 T I
g2 3£ *
5 53 4] £3°
E £33 € |
g, 2 .

"
Y@*"w" Wb olie o\p W oo e






