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Abstract

:

The NOTCH ligands JAG1 and JAG2 have been correlated in vitro with multiple myeloma (MM) cell proliferation, drug resistance, self-renewal and a pathological crosstalk with the tumor microenvironment resulting in angiogenesis and osteoclastogenesis. These findings suggest that a therapeutic approach targeting JAG ligands might be helpful for the care of MM patients and lead us to explore the role of JAG1 and JAG2 in a MM in vivo model and primary patient samples. JAG1 and JAG2 protein expression represents a common feature in MM cell lines; therefore, we assessed their function through JAG1/2 conditional silencing in a MM xenograft model. We observed that JAG1 and JAG2 showed potential as therapeutic targets in MM, as their silencing resulted in a reduction in the tumor burden. Moreover, JAG1 and JAG2 protein expression in MM patients was positively correlated with the presence of MM cells in patients’ bone marrow biopsies. Finally, taking advantage of the Multiple Myeloma Research Foundation (MMRF) CoMMpass global dataset, we showed that JAG2 gene expression level was a predictive biomarker associated with patients’ overall survival and progression-free survival, independently from other main molecular or clinical features. Overall, these results strengthened the rationale for the development of a JAG1/2-tailored approach and the use of JAG2 as a predictive biomarker in MM.
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1. Introduction


Multiple myeloma (MM) is an incurable plasma cell malignancy with a 5-year survival rate of 52% [1]. Malignant plasma cells mainly reside in the bone marrow (BM). The interplay between MM cells and the surrounding BM tumor microenvironment and the cytokine milieu are vital for MM pathogenesis and its metastatic spread to distant bone sites [2,3,4]. The key role of this pathological interplay captured our interest when it came to exploring the potential contribution of NOTCH signaling, a pivotal pathway involved in sending and receiving signals during cellular communication during both embryonic and adult tissue development, as well as in cancer [5,6].



The activation of NOTCH signaling occurs through the interaction between receptors and ligands situated on the cell membrane. There are four distinct isoforms of NOTCH receptors, NOTCH 1 through 4. The NOTCH ligands are categorized into two families: the Delta family, which comprise DLL1, DLL3 and DLL4, and the Serrate family, which includes JAG1 and JAG2 [7].



MM cells have been documented to exhibit elevated levels of NOTCH receptors and JAG ligands [8]. Notably, analyses of bone marrow biopsies (BMBs) taken from MM patients reveal that CD138+ myeloma cells showcase significant expression of NOTCH1, NOTCH2 and JAG1 proteins when compared to non-malignant BM cells or plasma cells from healthy donors [9]. Among MM patients, those harboring the translocation and cyclin D TC5 group, characterized by t(14;16)(q32;q23) and t(14;20)(q32;q11) translocation [10,11], have a particularly unfavorable prognosis. These translocations involve the transcription factors c-MAF and MAFB, which subsequently activate NOTCH2 gene transcription [10]. The expression of NOTCH1 and JAG1 is found to be upregulated during the progression from the benign phase of monoclonal gammopathy of undetermined significance (MGUS) to MM [12,13]. JAG2 deregulation occurs during the onset of MGUS, driven by multiple mechanisms, including promoter hypomethylation [14] and increased expression of skeletrophin, an ubiquitin ligase necessary for JAG2 activity [15]. In addition, loss of the SMRT/NCoR2 corepressor results in JAG2 promoter acetylation and subsequent increased transcription [16]. Moreover, our group reported NOTCH signaling upregulation in a cellular model mimicking MM cell progression. Specifically, the overexpression of NOTCH family members through modulation of IL-6 signaling in vitro results in the acquisition of aggressive tumor cell features, such as a higher proliferation rate and independence from IL-6 [13].



The overexpression of NOTCH receptors and ligands in MM cells leads to the activation of NOTCH both within tumor cells through homotypic interaction and in the surrounding microenvironment via heterotypic interactions. The consequences of NOTCH signaling activation induce important biological outcomes, such as MM cell proliferation [13,17], development of drug resistance [18,19,20], cell migration [17], tumor angiogenesis [21,22,23], osteoclastogenesis [23,24,25] and inhibition of bone deposition [24,26]. Furthermore, NOTCH signaling activation fosters the establishment of a cytokine milieu that supports tumor growth, which is characterized by immunosuppressive and proinflammatory features [27].



In this study, we focused on the role of JAG ligands in MM cell biology and their clinical potential. Previous in vitro and ex vivo studies demonstrated that the activation of NOTCH signaling induced by JAG ligand overexpression in MM cells promoted cell proliferation [13,14] and self-renewal [28]. Here, we demonstrate that JAG1 and JAG2: (1) exhibit widespread expression in both MM cell lines and MM cells derived from primary BMBs; (2) represent prognostic factors for MM patients, and (3) are tractable as promising therapeutic targets, as demonstrated by a MM xenograft model wherein conditional knockdown (KD) of JAG1 and JAG2 leads to notable effects.




2. Results


2.1. Expression of JAG1 and JAG2 In Vitro and Their Impact on a MM Xenograft Mouse Model


First, to verify whether JAG1 and JAG2 expression was a common feature of MM cells, we conducted Western blot analyses on a panel of six distinct human cell lines: U266, OPM2, H929, LP1, JJN3 and KMS12. Figure 1A demonstrates varying levels of JAG ligand expression within the examined MM cell lines. Notably, JAG1 exhibited higher expression levels compared to JAG2, with all cell lines expressing at least one of these ligands. Furthermore, we detected the presence of the JAG1 intracellular domain (JAG1-ICD), released subsequent to Notch engagement by ADAM-17 and γ-Secretase [29], across all cell lines.



Given that in vitro analyses of the role of JAG1 and JAG2 in MM [13,21,28] have yet to be corroborated by in vivo evidence, we developed a JAG1/2-modulated MM xenograft murine model using established techniques [30]. This enabled us to compare the growth of a MM cell line after conditional silencing of JAG1 and JAG2. The U266 cell line was chosen for this purpose due to its moderate levels of JAG1 and JAG2 expression. We performed a conditional KD in U266 cells using a pTRIPZ lentiviral vector stably expressing short hairpin RNAs (shRNA) for JAG1 and JAG2 (U266KD) or the corresponding scrambled (SCR) shRNAs (U266SCR), as previously described [21]. Subsequently, intramedullary MM xenograft models were generated (Figure 1B) via intravenous (i.v.) injection of U266SCR or U266KD cells in previously irradiated NSG mice (n = 4/5 mice/group). Tumor engraftment was monitored via ELISA, measuring human λ Ig chain levels in mouse serum. Upon BM engraftment of the transplanted MM cells (4 weeks post i.v. injection), similar λ Ig chain levels were observed in both groups. Then, doxycycline was administered to the mice through their drinking water to induce JAG1 and JAG2 silencing. After a total of 8 weeks post-transplant, the mice were humanely sacrificed and analysis of tumor burden within the two experimental groups was conducted. Human λ Ig chain serum levels determined via ELISA (Figure 1C), percentage of hCD319+ MM cells determined via flow cytometry analysis (Figure 1D), and the percentage of MM cells positive for the human λ Ig light chain from murine BM samples were assessed (Figure 1E and Supplementary Table S1). Additionally, the proliferation marker Ki67 and the efficacy of JAG1 and JAG2 silencing were assessed via immunohistochemistry analysis of human JAG2 and of HES6, a proxy for downstream Notch target activation (Figure 1F). Notably, the assessment of human JAG1 expression was impeded due to the cross-reactivity of commercially available anti-human JAG1 antibodies with murine JAG1.



Overall, these analyses showed a clear decrease in tumor burden in mice injected with U266KD cells after treatment with doxycycline in comparison to mice injected with U266SCR cells.



Additionally, both JAG2 expression and NOTCH pathway activation (by HES6 expression) were reduced in the BM of mice engrafted with U266KD cells compared to the U266SCR-engrafted group (Figure 1G). This reduction was associated with a statistically significant decrease in the percentage of human U266 cells and in their cell proliferation (Ki67 levels). The expression levels of human JAG2 in U266 cells isolated from BM samples of xenografted mice showed a statistically significant correlation with the amount of tumor cells, their proliferation index and the levels of NOTCH activation (Figure 1H).



Taken together, these in vivo results indicated that the expression of JAG ligands was crucial for MM growth, and that the conditional knockout of JAG1 and JAG2 ligands significantly reduced the tumor burden in our MM xenograft model.




2.2. Correlation between JAG1 and JAG2 Expression and Tumor Cell Presence in MM Patients’ Bone Marrow Biopsies


To investigate the potential correlation between the expression of JAG1 and JAG2 and the extent of tumor cell burden in MM patients, we leveraged a set of 34 BMBs obtained from MM patients at disease onset, previously analyzed via immunohistochemistry to identify the presence of monoclonal light chains, JAG ligands, and HES6 [21]. Here, we quantified the percentage of malignant plasma cells (previously classified by three different grades of infiltration) (Supplementary Table S2) and correlated the degree of tumor burden with the expression of JAG ligands and the activation of NOTCH signaling, within MM cells and surrounding BM non-malignant (NM) cells (Figure 2).



Representative images (Figure 2A) and correlation analyses of the percentage of MM cells and JAG1 (Figure 2B), JAG2 (Figure 2C), HES6 in MM cells (Figure 2D), and HES6 in NM non-myeloma cells (Figure 2E) are reported here. The results of these analyses revealed statistically significant positive correlations between the percentage of MM cells in the BMBs, the expression of both JAG1 and JAG2, and the activation of NOTCH signaling in myeloma (HES6 MM) as well as in non-myeloma cells (HES6 NM). These results are consistent with the notion that MM-derived JAG ligands can enhance the growth of MM cells and trigger NOTCH signaling activation in tumor cells and in the surrounding tumor microenvironment.




2.3. Clinical Relevance of JAG1 and JAG2 Expression


To gain insight into the clinical relevance of JAG1 and JAG2 expression, we analyzed primary MM patient profiles, from the publicly available Multiple Myeloma Research Foundation (MMRF) CoMMpass database. We stratified a total of 767 MM patients, for whom both RNA-seq data and clinical data were available, in high- versus low-expression groups based on the median cut-off value for either JAG1 or JAG2 expression level across the entire dataset.



Our analysis showed that higher JAG2 expression levels were associated with a poorer clinical outcome in terms of both overall survival (OS) and progression-free survival (PFS), as depicted in Figure 3A. Conversely, while the JAG1 expression level displayed a positive correlation with MM disease progression [13], it did not impact the clinical outcomes of MM patients (Supplementary Figure S1).



To establish whether elevated levels of JAG2 expression could independently predict OS and PFS, we tested the condition of high JAG2 expression and other main molecular or clinical features via Cox regression univariate analysis in a dataset of 497 MM samples for which all information records were available. In terms of OS, a significantly higher risk of death was observed for cases with higher JAG2 expression levels (Hazard Ratio, HR = 1.9, 95% CI 1.3–2.8, BH adj. p-value = 0.0024), together with older age (equal or over 65 years), ISS stage III, and distinct molecular variables such as del(1p)/CDKN2C, del(13q)/RB1, and 1q gain/amplification alone or in combination with TP53 alterations; on the contrary, ISS stage I and HD cases showed a 69% and 36% death risk reduction, respectively (Supplementary Figure S2). Moreover, when all significant variables were tested in multivariate analysis for OS, higher JAG2 expression levels retained significance (Figure 3B). Regarding PFS, higher JAG2 expression levels significantly correlated with a higher risk of disease progression (Hazard Ratio, HR = 1.7, 95% CI 1.3–2.2, BH adj. p-value = 0.0057), as well as older age, ISS stage III, and distinct molecular variables such as del(13q)/RB1, 1q gain/amplification alone or in combination with TP53 alterations, t(4;14) translocation, MYC translocation, and the presence of DIS3 mutations; conversely, ISS stage I and HD cases showed a 56% and 34% progression risk reduction, respectively (Supplementary Figure S2). Moreover, when all significant variables were tested in multivariate analysis for PFS, higher JAG2 expression levels retained significance (Figure 3B).



Overall, these data from the CoMMpass cohort demonstrated the clinical impact of JAG2 expression levels in MM, independently from known genetic prognostic factors.





3. Discussion


The lack of a definitive cure for patients with MM has driven scientific research toward new directions. Several studies have demonstrated that inhibiting the NOTCH pathway effectively counteracts various malignant features of MM, including cell proliferation, survival and self-renewal [13,17,18,28] and the aberrant communication between MM cells and their surrounding BM microenvironment, which promotes drug resistance, tumor angiogenesis and bone disease [18,19,21,22,23,24,26]. Consequently, the NOTCH pathway may be considered a promising therapeutic target [31].



Nevertheless, clinical trials have revealed that pan-NOTCH inhibition with ϒ-Secretase inhibitors induces gastrointestinal toxicity [32] as a result of their impact on goblet cells [33]. Therefore, a more precise approach that targets specific NOTCH signaling members, rather than blocking the entire pathway, should be considered.



From a safety standpoint, inhibiting JAG ligands represents a safer alternative to pan-NOTCH inhibition. Recent evidence highlights that blocking NOTCH pathway activation mediated by either the JAG or DLL family of ligands strongly mitigates side effects [34].



Building on these promising observations, we sought to provide reliable experimental evidence that strengthens the therapeutic potential of JAG ligands. First, we demonstrated the expression of JAG ligands across a panel of six MM cell lines, which represents a general feature of MM. The role of JAG1 and JAG2 expression in vitro has been previously reported by our group and others. JAG ligands trigger the activation of NOTCH receptors via both homotypic and heterotypic interactions [18], thereby inducing NOTCH signaling activation not only in within MM cells, but also in the tumor microenvironment, causing the pro-tumor effects associated with NOTCH activation [13,14,18]. Additionally, JAG2 expression levels correlate with increased self-renewal of MM cells [28]. In this manner, we aimed to bolster the evidence supporting the role of JAG ligands in regulating tumor growth in an in vivo setting. For this purpose, we took advantage of an immunodeficient murine model (NSG mouse) xenografted with the U266 MM cell line, which carried an inducible vector for JAG1 and JAG2 KD. Our previous research indicated that NOTCH signaling influences the localization of MM cells within the bone marrow [17]. To specifically evaluate the effect of dual JAG ligand KD exclusively on tumor burden, U266 cells transduced with a lentiviral vector expressing doxycycline-inducible shRNAs for JAG1 and JAG2 were injected in NGS mice, and JAG1 and JAG2 silencing was induced after MM cell engraftment. Immunohistochemistry analyses demonstrated that the conditional knockdown of JAG ligands significantly impaired NOTCH signaling activation and negatively regulated MM cell proliferation. Most importantly, at 2 and 4 weeks after doxycycline administration, there was a significant reduction in tumor burden. Collectively, these in vivo findings provide compelling confirmation that JAG1 and JAG2 hold substantial therapeutic promise for MM treatment by impacting MM cell proliferation.



We validated the results of our in vivo experiments by examining BMBs from MM patients. In doing so, we showed that the expression levels of JAG ligands correlated with the activation of NOTCH signaling in both MM cells as well as in the neighboring non-myeloma cells. Most importantly, we established that the greater the expression of JAG ligands, the higher the number of tumor cells detected in the BMBs. This finding confirmed previous in vitro evidence [18] as well as our in vivo results, collectively suggesting that the expression of JAG ligands is associated with MM cell growth.



The potential of JAG ligands as therapeutic targets received further validation through the examination of their expression in MM patient tumor cells. Our analysis, involving a correlation between JAG1 or JAG2 gene expression and clinical data from 767 MM patients (CoMMpass database), unveiled a positive association between JAG2 expression levels and an increased risk of death and disease progression, independently from other known genetic prognostic factors such as older age, ISS stage III, and distinct molecular variables such as del(1p)/CDKN2C, del(13q)/RB1, 1q gain/amplification alone or in combination with TP53 alterations, t(4;14) translocation, MYC translocation, and the presence of DIS3 mutations. By contrast, the analysis on the CoMMpass database did not reveal any association between JAG1 expression levels and OS and PFS. However, a previous gene expression profiling study conducted on a proprietary dataset of 129 MM cases indicated that JAG1 was overexpressed in MM compared to normal controls, with the highest expression levels observed in primary plasma cell leukemia [13]. In conclusion, our findings advocate for JAG2 as a predictive marker for adverse prognosis in MM, and both JAG ligands emerge as potential targets for anti-myeloma therapy.



Interestingly, the therapeutic potential of JAG ligands has already been explored in different tumor settings [35,36,37,38], specifically in breast cancer with brain and bone metastasis [35,38]. Similarly to our results, treatment with a JAG1-neutralizing antibody in vivo strongly inhibited brain metastasis growth in triple-negative breast cancer and sensitizes bone metastasis to chemotherapy, without evident toxicity [35,38]. Our group and others have proposed two distinct strategies involving small molecules [39] or neutralizing antibodies [35,38] to disrupt the JAG-NOTCH interaction. In summary, we believe that our study contributes substantial evidence to support the rationale for developing targeted therapeutic strategies focused on JAG in MM treatment.




4. Materials and Methods


4.1. Cell Lines


MM cell lines, OPM2 (ACC-50) LP1 (ACC-41), KMS12 (ACC-551) and JJN3 (ACC-541) were purchased from the DSMZ collection of microorganisms; U266 (ATCC® TIB-196) and H929 (ATCC® CRL-906) were purchased from the American Type Culture Collection. Cells were cultured in RPMI1640 medium (Euroclone, Pero, Italy) supplemented with 10% fetal bovine serum (Euroclone, Italy), 100 U/mL penicillin/streptomycin (Microgem, Napoli, Italy) and 2 mM l-glutamine (Microgem, Italy).




4.2. Western Blot


Western blot analysis of cellular extracts was performed as described previously [40]. Briefly, protein cell extracts were lysed in RIPA lysis buffer containing a protease inhibitor cocktail (Sigma Aldrich, Milano, Italy). Protein samples (30 μg) were loaded on PAGE-SDS gel electrophoresis and transferred onto a nitrocellulose membrane (Hybond-ECL, Amersham Bioscience, Milano, Italy), followed by blocking with 5% nonfat milk in TBS-T (20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.05% Tween-20). Membranes were incubated overnight at 4 °C with α-tubulin antibody (sc-12462, Santa Cruz Biotechnology, Dallas, TX, USA), JAG1 antibody (n.70109, Cell Signaling Technology, Danvers, MA, USA) and JAG2 antibody (n.2205, Cell Signaling Technology) followed by incubation with the appropriated HRP-conjugated species-specific secondary antibody (Promega, Milano, Italy). Chemiluminescence was detected using the Western Bright ECL HRP substrate (Advansta Inc., San Jose, CA, USA). Chemiluminescent signal was captured using the ChemiDoc Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA).




4.3. Murine Model


All mouse studies were completed in accordance with the University of California San Diego Animal Care Program regulations, with approval from the Institutional Animal Care and Use Committee. Immunocompromised NSG mice were obtained commercially from Jackson Laboratories and maintained and treated in animal facilities at UC San Diego according to IACUC-approved protocols.



JAG1 and JAG2 conditional KD was performed on U266 cells as described previously [21]. After selection with puromycin, the U266SCR and U266KD cells (107 cells in 200 μL PBS) were intravenously injected into adult NSG mice previously irradiated at 210cGy (n = 4/5 mice per group). Tumor engraftment was monitored every two weeks post-transplant by measuring the levels of human λ Ig chain via ELISA in mice serum. Doxycycline was administered in drinking water ad libitum (2 mg/mL) starting at week 5 to induce JAG1/2 silencing. After 4 weeks, the mice were sacrificed.



Femurs isolated from treated animals were formalin-fixed, decalcified, and routinely embedded in paraffine, as described for human BM samples. Serial 3-micron sections containing bone marrow cells were analyzed as previously described [21]. Immunoreactivity for λ Ig light chain, Ki67, JAG2, and HES6 was compared in animals engrafted with U266SCR and U266KD cells.




4.4. Serum Immunoglobulin Light Chain Level Assessment


Peripheral blood was collected from each mouse via retro-orbital bleeding, while animals were anesthetized with isoflurane. Next, 10–50 μL of serum were analyzed via an enzyme-linked immunosorbent assay as described before [41] using kits for Human lambda or kappa chains (Bethyl Laboratories Inc., Montgomery, TX, USA) according to the manufacturer’s guidelines.




4.5. Flow Cytometry Analysis


BM single-cell suspensions were derived from MM-engrafted animals by flushing femurs with sterile PBS solution. Cells were stained with LIVE/DEAD fixable near-IR viability dye (Thermofisher, Waltham, MA, USA) at 1:1000 in PBS. Unbound viability dye was then washed out with PBS and non-specific Fc receptor-mediated antibody binding was blocked via incubation with mouse and human FcR blocking reagent (BD Biosciences, Franklin Lakes, NJ, USA). Samples were then stained with anti-human CD319-PE (Miltenyi Biotec, San Diego, CA, USA) at 4 °C in the dark and fixed with 1% PFA for 10 min at 4 °C. Samples were then acquired by MACSQuant (Miltenyi, Biotec, San Diego, CA, USA).




4.6. Multi-Omics Data in CoMMpass Study


Multi-omics data about bone marrow MM samples at baseline (BM_1) were publicly accessible from the MMRF CoMMpass Study (https://research.themmrf.org/ (accessed on 16 October 2020), which included more than 1000 MM patient samples collected from several sites worldwide and retrieved from the Interim Analysis 15a (MMRF_CoMMpass_IA15a, accessed on 16 October 2020). Transcript per Million (TPM) reads values for JAG1 and JAG2 transcripts were retrieved using Salmon gene expression quantification data (MMRF_CoMMpass_IA15a_E74GTF_Salmon_V7.2_Filtered_Gene_TPM) in 774 BM_1 MM patients.



Overall survival (OS) and progression-free survival (PFS) clinical data were analyzed for 767 MM patients for which both RNA-seq expression and survival information were available. Non-synonymous (NS) somatic mutation variants and counts data were obtained from whole-exome sequencing (WES) analyses, main IgH translocations were inferred from RNA-seq spike expression estimates of known target genes, and Copy Number Alteration (CNA) data were retrieved by means of Next-generation Sequencing (NGS)-based fluorescence in situ hybridization (FISH) [42] in 497 MM cases for which all data were available [43]. The presence of a specific CNA was considered when it occurred in at least one of the investigated cytoband at a 20% cut-off for each considered chromosomal aberration, as previously reported [43].




4.7. Survival Analysis


Survival analyses were performed using survival and survminer packages in R Bioconductor (version 4.1.2). The median cut-point value was used to stratify MM cases of CoMMpass cohort in high- and low-JAG1 or JAG2 expression groups.




4.8. Statistical Analysis


Linear correlation analysis between value sets was performed using the GraphPad software (version 6.1) to compute the Pearson correlation coefficients (r); p-values were calculated via a two-tailed t-test with a 95% confidence interval.
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Figure 1. (A) Western blot analysis of JAG1 and JAG2 in a panel of 6 MM cell lines (30 µg each). The bands of JAG1 full length (JAG1-FL) and of JAG1-ICD as well as of JAG2 have been detected. α-tubulin was used to normalize the protein extracts loading. The image is representative of two different experiments with similar results. (B) Xenograft models of advanced MM were generated as reported in the scheme injecting U266SCR or U266KD cells in NSG (n = 4/5 mice/group). Tumor engraftment was measured via (C) ELISA for λ Ig human chain in mice serum or (D) via flow cytometry analysis of hCD319+ MM cells in the flushed BM cells. Mean values ± SD are shown. Statistical analyses were performed via a two-tailed t-test (* = p < 0.05). (E) Representative immunohistochemistry analyses of mouse femurs show the different growth of U266SCR and U266KD cells (human λ Ig chain in brown) after doxycycline treatment (scale bar 2.50 mm). (F) Representative images of immunohistochemical analysis of human λ Ig light chain, Ki67, JAG2 and HES6 (scale bar 100 µm). Photographs were acquired using Nano-Zoomer 2.0. (G) Graphs showing the percentage of human λ Ig light chain, Ki67, JAG2 and HES6-positive cells in the femurs of mice bearing U266SCR or U266KD cells. Statistical analyses were performed via unpaired t-test; * = p < 0.05, ** = p < 0.01. (H) Correlation analysis between the percentage of positive cells for human JAG2 and those positive for human λ Ig light chain, Ki67 or HES6. Pearson’s correlation coefficient (r) and the p-value (calculated using a two tailed t-tests) are reported for the correlation analyses. 
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Figure 2. JAG ligands expression and NOTCH pathway activation correlate with the percentage of MM cells in the BM of 34 MM patients at onset. (A) Representative images of the antigen immunoreactivity for the monoclonal Ig light chain, JAG1, JAG2, HES6 and Ki67. Photos were acquired via Nano-Zoomer 2.0 and the scale bar is 100 µm. Pearson’s correlation coefficient (r) and the p-values are reported for the correlation analyses of the percentage of MM cells positive for monoclonal light chains with, respectively (B) JAG1, (C) JAG2, (D) HES6 in MM cells and (E) HES6 in non-myeloma NM cells. 
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Figure 3. (A) Kaplan–Meier survival curves in the CoMMpass global dataset including 767 MM samples: overall survival (OS) on the left and progression-free survival (PFS) on the right. MM cases were stratified in high and low JAG2 gene expression groups, based on the median expression level across the dataset. Log-rank test p-value measuring the global difference between survival curves and number of samples at risk in each group across time are reported. (B) Forest plot of cox regression multivariate analysis considering all features with adjusted p-value < 0.05 in univariate analysis with regard to OS (left) and PFS (right) in 497 MM cases. Hazard Ratio, 95% Confidence Interval and Log-rank p-value are indicated in the plot for each variable. Significant p-value: * ≤ 0.05; ** ≤ 0.01. 
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