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Abstract

:

Simple Summary


We investigated the influence of autophagy-related variants in modulating Multiple Myeloma (MM) risk through a meta-analysis of germline genetic data on 234 autophagy-related genes from three independent study populations including 13,387 subjects of European ancestry (6863 MM patients and 6524 controls) and examined the functional mechanisms behind the observed associations. We identified SNPs within the six CD46, IKBKE, PARK2, ULK4, ATG5, and CDKN2A loci associated with MM risk and observed that their effect on disease risk was mediated by specific subsets of immune cells, as well as vitamin D3-, MCP-2-, and IL20-dependent mechanisms.




Abstract


Multiple myeloma (MM) arises following malignant proliferation of plasma cells in the bone marrow, that secrete high amounts of specific monoclonal immunoglobulins or light chains, resulting in the massive production of unfolded or misfolded proteins. Autophagy can have a dual role in tumorigenesis, by eliminating these abnormal proteins to avoid cancer development, but also ensuring MM cell survival and promoting resistance to treatments. To date no studies have determined the impact of genetic variation in autophagy-related genes on MM risk. We performed meta-analysis of germline genetic data on 234 autophagy-related genes from three independent study populations including 13,387 subjects of European ancestry (6863 MM patients and 6524 controls) and examined correlations of statistically significant single nucleotide polymorphisms (SNPs; p < 1 × 10−9) with immune responses in whole blood, peripheral blood mononuclear cells (PBMCs), and monocyte-derived macrophages (MDM) from a large population of healthy donors from the Human Functional Genomic Project (HFGP). We identified SNPs in six loci, CD46, IKBKE, PARK2, ULK4, ATG5, and CDKN2A associated with MM risk (p = 4.47 × 10−4−5.79 × 10−14). Mechanistically, we found that the ULK4rs6599175 SNP correlated with circulating concentrations of vitamin D3 (p = 4.0 × 10−4), whereas the IKBKErs17433804 SNP correlated with the number of transitional CD24+CD38+ B cells (p = 4.8 × 10−4) and circulating serum concentrations of Monocyte Chemoattractant Protein (MCP)-2 (p = 3.6 × 10−4). We also found that the CD46rs1142469 SNP correlated with numbers of CD19+ B cells, CD19+CD3− B cells, CD5+IgD− cells, IgM− cells, IgD−IgM− cells, and CD4−CD8− PBMCs (p = 4.9 × 10−4−8.6 × 10−4) and circulating concentrations of interleukin (IL)-20 (p = 0.00082). Finally, we observed that the CDKN2Ars2811710 SNP correlated with levels of CD4+EMCD45RO+CD27− cells (p = 9.3 × 10−4). These results suggest that genetic variants within these six loci influence MM risk through the modulation of specific subsets of immune cells, as well as vitamin D3−, MCP-2−, and IL20-dependent pathways.
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1. Introduction


Multiple myeloma (MM) is a relatively common and incurable hematological malignancy arising from post–germinal mature B cells and it is characterized by the presence of proliferating plasma cells in the bone marrow that secrete specific monoclonal immunoglobulin (also called M-protein) [1]. Given the exacerbated production of immunoglobulin, MM patients often suffer from a concomitant decrease in normal immunoglobulins [2] that causes immune dysfunction, increases susceptibility to opportunistic infections, and impacts on disease severity and prognosis [3,4].



Although the high production of monoclonal immunoglobulins occurring in MM invariably results in the presence of a high amount of unfolded or misfolded proteins that might be toxic for MM cells in the bone marrow, recent studies demonstrated that plasma cells are able to exploit molecular pathways to protect themselves from damage caused by toxic proteins [5]. These molecular pathways include the activation of unfolded protein response (UPR) [6,7,8], heat protein chaperones [9], aggresome formation [10], and the induction of cellular autophagy [5]. Autophagy is a lysosome-dependent catabolic degradation process by which cells remove toxic aggregated cytosolic proteins and malfunctioning organelles. It has been well-documented that autophagy not only is an autonomous mechanism that modulates cell homeostasis at basal level, but it is also involved in B-cell development and proliferation [11], cell survival [12,13], apoptosis [14,15], tumorigenesis, anti-tumoral immune responses [16], and resistance to chemotherapeutic agents. In this regard, a growing number of studies have suggested that autophagy shapes anti-tumoral immune responses by acting at multiple levels [17]. This includes the promotion of signals to activate phagocytosis of tumor cells [18,19], as well as signals to induce myeloid cell recruitment [20], MHC-class-I and -II presentation [21], B- and T-cell activation, development, maintenance [11,22], and self-tolerance [23]. Strikingly, experimental studies have demonstrated that the inhibition of autophagy enhances the sensitivity of MM cells to a number of anticancer agents and induces MM cell death [24,25]. Based on these findings, it has been suggested that autophagy could be targeted to treat MM [5,24,26] and recent studies and clinical trials have indeed confirmed the therapeutic implications of new and less toxic autophagy inhibitors in MM, used in combination with current anti-MM drugs [27,28,29].



In support of a possible role of autophagy in MM, it was reported that aberrant expression of autophagy-related genes is associated with cancer development [30] and that multiple activators of autophagy or specific autophagy-related genes are commonly found in cancer-associated regions [31]. Interestingly, it was also described that expression of autophagy-related genes influences the response to conventional treatments in MM [32,33,34] and, thereby, disease progression [35,36], arguing that they may be useful to predict disease risk [37]. However, despite these findings suggesting a key role of autophagy in the etiology of MM and the existence of a genetic component controlling this catalytic process in MM, so far only ULK4, ATG5, and CDKN2A polymorphisms have been suggested to have an impact on the risk of MM [38,39]. Therefore, it is vital to perform a systematic analysis of autophagy-related markers to identify new susceptibility variants for MM and validate those associations already reported.



In this context, the aim of this study was to comprehensively evaluate the impact of common genetic variation of 234 autophagy-related genes in determining the risk of developing MM. We also assessed the influence of the most promising markers on modulating immune responses in whole blood, peripheral blood mononuclear cells (PBMCs), and monocyte-derived macrophages (MDM) from a large population of healthy donors from the Human Functional Genomic Project (HFGP). Additionally, we measured the autophagy flux in an independent population.




2. Results


2.1. Association of Autophagy-Related Polymorphisms with the Risk of Developing MM


This study included 8719 individuals (3916 MM cases and 4803 controls) from the German GWAS consisting of 1512 MM patients and 2107 controls and the InterLymph MM GWAS that included 2404 MM cases and 2696 healthy controls. Selected polymorphisms showed no deviation from HWE (p < 0.001), either in the German GWAS or in the InterLymph MM GWAS. The association analysis of the German cohort showed that 440 independent SNPs (r2 < 0.1) were significantly associated with MM risk at p ≤ 0.05. The association of these SNPs with MM risk was then validated through meta-analysis with data from the InterLymph MM GWAS. The meta-analysis of these large independent studies confirmed the association of 12 genetic variants within the ATG5, CD46, CDKN2A, CTSD, HSPB8, IKBKE, PARK2, RPTOR, ULK4, and USP10 loci with MM risk (Table 1), with loci in ULK4 and ATG5 reaching the highest level of statistical significance.



Although the lack of significant heterogeneity between both study populations suggested that the association found for these 12 SNPs might represent true associations, we decided to replicate these findings in a third independent population ascertained through the IMMEnSE consortium that included 2696 MM cases and 1701 controls. Results are reported in Table 2. After correction for multiple testing (pBonferroni = 1.14 × 10−4), we could confirm the previously reported association for ULK4, ATG5, and CDKN2A polymorphisms. Importantly, we also found that the association of the IKBKErs17433804 SNP with the risk of MM was observed after multiple testing correction, which suggests that this gene could represent a new susceptibility locus for MM. In addition, although the associations were borderline significant after correction for multiple comparisons, we found of interest the associations of CD46 and PARK2 variants with the risk of developing MM. Although these associations need to be further validated, it was important to confirm that, with the exception of the CDKN2A, all the association signals included several SNPs (LD blocks), which reinforced the role of these loci in determining disease risk (Supplementary Figure S1A–F).




2.2. Functional Relevance of Autophagy-Related SNPs


Given the relatively strong association of the genetic variants within the CD46, IKBKE, PARK2, ULK4, ATG5, and CDKN2A loci on MM risk, we explored whether these variants could modulate host immune responses, serum steroid hormones, circulating immunological proteins, and blood-derived cell populations using data from the HFGP population. Although the genetic association of the USP10rs7202154 SNP with MM risk was modest, we decided to include it in the functional analysis due to the known role of USP proteins on the modulation of MM cell apoptosis.



Interestingly, we found a significant association between the ULK4rs6599175 SNP and circulating concentrations of vitamin D3 (p = 4.0 × 10−4, Figure 1A), which suggests a possible involvement of this SNP in modulating MM risk through a vitamin D-dependent mechanism. We also observed that the presence of the IKBKErs17433804C allele was associated with increased numbers of transitional CD24+CD38+ B cells (p = 4.8 × 10−4, Figure 1B), whereas carriers of the IKBKErs17433804C/C genotype showed decreased circulating serum concentrations of MCP-2 (p = 3.6 × 10−4; Figure 1C), a chemotactic molecule involved in the activation of multiple immune cells and linked to MM cell migration.



We also found that homozygous carriers of the CD46rs1142469A allele, which was associated with an increased risk of MM, had decreased numbers of CD19+ B cells, CD19+CD3− B cells, CD5+IgD− cells, IgM− cells, IgD−IgM− cells, and CD4−CD8− PBMCs compared with those subjects carrying the G allele (p = 0.00025–0.00086; Figure 2A–F).



Moreover, we found that homozygous carriers of the CD46rs1142469A risk allele had increased circulating concentrations of IL20 compared with those subjects carrying the G allele (p = 0.00082; Figure 2G), which suggests a role of this angiogenic cytokine in modulating MM risk.



In addition, we observed that carriers of the CDKN2Ars2811710C allele had decreased levels of CD4+EMCD45RO+CD27− cells (p = 0.00093; Figure 3A), which constitutes a subset of memory T cells that does not require co-stimulation for T-cell receptors to display a high antigen recall response. Finally, we found that carriers of the USP10rs7202154G/G genotype had decreased synthesis of p62 and LC3-II compared to non-carriers (p = 0.005 and p = 0.047; Figure 3B,C). Given that p62 serves as a useful marker for the induction of autophagy, clearance of protein aggregates, and the inhibition of autophagy and LC3-II serves to track the binding of p62 and subsequent recruitment of autophagosomes, this result might suggest that this genetic variant could be involved in determining autophagy activation. Given that the association of the USP10 SNP with autophagy flux markers (LC3-II/Actin ratio) did not remain statistically significant after correction for multiple testing, additional studies are needed to confirm whether the weak association of this SNP with MM risk might be mediated by the regulation of the autophagy flux. No functional effect on host immune responses or autophagy flux was detected for the remaining selected SNPs, which suggests that the effect of these variants on MM risk is not mediated by these biological processes.





3. Discussion


To the best of our knowledge this is the first population-based case-control study comprehensively assessing the role of autophagy-related SNPs in modulating the risk of developing MM. After a comprehensive meta-analysis of three large independent studies, we found three novel significant associations between MM risk and SNPs within CD46, IKBKE, and PARK2, in addition to confirming the known associations with MM-susceptibility genes ULK4, ATG5, and CDKN2A loci.



As the most interesting finding, we found an association of the CD46rs1142469 SNP with the risk of developing MM. The CD46 locus is located on chromosome 1q32 and has been involved in pathogen recognition and in the differentiation of CD4+ cells into T-regulatory 1 cells that suppress immune responses by secreting IL10. The CD46rs1142469 SNP is an intronic variant that acts as eQTL for the CD46 in multiple tissues [40,41] and lymphoblastoid cell lines [41] and it is in LD with three neighboring SNPs that confirm the association signal of the CD46 locus with MM risk. Our functional results also showed that homozygous carriers of the CD46rs1142469A risk allele had decreased numbers of CD19+ B cells, CD19+CD3− B cells, CD5+IgD−, IgM− cells, IgD−, IgM− cells, and CD4−, CD8− PBMCs, but also increased circulating concentrations of IL20. This latter observation is consistent with previous studies, which reported that IL20 is highly expressed in MM patients and correlates with levels of angiogenic cytokines and bone marrow microvascular density [42]. Although none of these functional results survived after correction for multiple testing and therefore need to be replicated, they are consistent with previous studies suggesting a relevant role of the CD46 locus in MM pathogenesis. Considering that the CD46rs1142469 SNP also alters binding sites for Hoxa7 [43], a transcription factor that is frequently dysregulated in MM patients and plays a role in modulating hematopoiesis and cell differentiation [44], it seems conceivable to suggest that the CD46rs1142469 SNP could influence the risk of developing MM by modulating not only CD46 expression, but also the number of specific subsets of B and T cells and IL20− and Hoxa7-mediated signaling pathways.



We also found, for the first time, that carriers of the IKBKErs17433804C allele had an increased risk of developing MM. Two additional neighboring SNPs in the same LD block confirmed the association of IKBKE SNPs with disease risk. The IKBKE locus is located at chromosome 1q32.1 and it acts as a modulator of multiple immune processes [45] including the necrosis factor (NF)-κB non-canonical pathway [46], a key process in MM pathogenesis. IKBKE expression is almost restricted to lymphoid tissue and Westra et al. reported that the IKBKErs17433804 SNP is an eQTL marker for IKBKE in peripheral blood (p = 9.65 × 10−9) [43]. In addition, it has been described that the IKBKE locus is frequently mutated in MM patients [47], which reinforces the idea of a role of this gene in determining MM risk. Interestingly, we also found that carriers of the IKBKErs17433804C allele had increased numbers of transitional CD24 + CD38+ B cells, which is a type of B cell linked to MM tumorigenesis. It has been reported that CD24+ cells are upregulated in MM and they have an increased expression of CXCR4 [48], which is a well-known chemokine receptor that plays a pivotal role in proliferation, invasion, dissemination, and drug resistance in MM [49]. However, CD24 expression has been also found to be associated to a more apoptotic and less tumorigenic phenotype by impaired capability to migrate and to create colonies as compared with CD24− MM cells [48]. These controversial results might indicate that CD24 might have a dual effect on MM by contributing to disease onset but also by preventing disease progression. In line with this hypothesis, Gross Even-Zohar et al. reported that patients having high expression of CD24+ MM cells had longer overall survival and progression free survival [50]. In addition, we found that carriers of the IKBKErs17433804C allele had decreased circulating serum concentrations of MCP-2, which has been linked to chemotaxis of myeloid and lymphoid cells, but also to other important processes such as autophagy, leukocyte behavior, cell adhesion and polarization, cell secretion, and cell survival of MM cells [51]. A recent study demonstrated that MCP-1, another chemokine from the MCP family, was increased in MM patients and correlated with clinical characteristics and enhanced angiogenesis in MM [52]. In line with these results, another study demonstrated that the inhibition of MCP-2, as well as its receptor CCR2, by neutralizing antibodies reduced migration of MM cells [53]. Altogether, these findings suggest that the IKBKE locus might influence MM risk by modulating absolute numbers of specific subsets of B-cells and MCP-2-mediated immune responses and MM cell migration. Nonetheless, it is also important to consider that the presence of this variant alters regulatory motifs for multiple transcription factors including AP-1, p300, TCF4, Myc, and PRMD1 [43]. These transcription factors which are highly expressed in MM [54,55] have been involved in B cell development and plasma cell differentiation, MM cell proliferation, cell survival, and drug resistance in the bone marrow microenvironment [56,57,58], and they even exhibit antitumoral activity in MM pathogenesis [54,59]. Even though the above reported results shed some light on the role of the IKBKE locus in MM, additional functional studies are still warranted to establish the exact mechanism by which the IKBKE locus is linked to MM onset and disease progression.



Another novel finding was the association between the PARK2rs1884158 SNP (and four neighboring SNPs) and the risk of MM. In addition to its role in autophagy, PARK2 is involved in modulating stress response, mitochondrial biogenesis, stability of G1/S cyclins [60], cell growth (acting as tumor suppressor), and mitophagy, where it purges damaged organelles from the vital mitochondrial network [61]. Although the PARK2 gene was associated with the risk of solid tumors [62], little is known about its role in MM. Our functional experiments did not show any positive correlation between the PARK2rs1884158 SNP and host immune responses and, to the best of our knowledge, no functional roles for this SNP have been reported in Haploreg or eQTL browsers. Therefore, additional studies are still warranted to replicate the association of the PARK2rs1884158 SNP with MM risk and, subsequently, to characterize its functional role in MM pathogenesis.



As well as the novel association of CD46, IKBKE, and PARK2 SNPs with MM risk, we could validate the association of SNPs within well-known MM susceptibility genes such as ULK4, ATG5, and CDKN2A [39,63]. The strongest association was found for the ULK4rs6599175 polymorphism within the ULK4 gene. Each copy of the ULK4rs6599175C allele increased the risk of developing MM by 31%. This result agreed with a previous study by Broderick et al. (2011) [63]. The ULK4 gene is located at chromosome 3p22.1 and encodes for a member of the unc-51-like serine/threonine kinase (STK) family that plays a role in modulating hypertension [64] and cardiologic disorders [65]. According to GTEx portal data and other eQTL studies [40], the ULK4rs6599175C allele strongly correlates with higher levels of ULK4 mRNA expression levels in multiple tissues including whole blood (p = 1.4 × 10−59). However, outside of mRNA expression levels, little is known about the functional role of this genetic variant to modulate the risk of MM. In this regard, we found that carriers of the ULK4rs6599175C risk allele correlated with increased serum concentrations of vitamin D3 in healthy donors, which might suggest that the effect of the ULK4rs6599175C allele to increase the risk of MM might be mediated by a vitamin D-dependent mechanism likely affecting cell differentiation and proliferation, angiogenesis, immune responses, and apoptosis either in normal or malignant tissues [66,67,68]. In addition, this SNP has been linked to monoclonal gammopathy of undetermined significance (MGUS), a non-cancerous precursor condition that precedes MM [69], suggesting that the ULK4rs6599175 SNP might exert its biological effect during the earliest stages of plasma cell dyscrasia progression from early to late-stage disease. Additional studies are required to decipher the interplay between the ULK4 locus and circulating vitamin D3 levels in the context of MM risk and progression.



On the other hand, the ATG5 is located on chromosome 6q21 and it has been related to autophagy vesicle formation and apoptosis [70]. A previous study reported the association between the ATG5rs9372120 SNP (a variant in strong LD with the rs2299864) and MM risk [39], but also MGUS [69], which suggests that the ATG5 locus might also exert its biological effect on the risk of developing MM by acting at early and non-neoplastic stages. Although we could not find any correlation between the ATG5rs2299864 SNP and host immune responses or autophagy flux, it was reported that this variant is located among histone marks for primary T helper naive and memory cells and primary T CD8+ naive cells from peripheral blood and that it disrupts regulatory motifs for several transcription factors including DMRT3, which has an altered methylation profile during early stages of myelomagenesis [71].



Finally, the CDKN2A gene is located on chromosome 9p21.3 and encodes for a cyclin-dependent kinase inhibitor 2A that has been involved in p53 stabilization, cell cycle arrest, and cell proliferation. Unlike the ULK4rs6599175 or ATG5rs2299864 SNPs, the CDKN2Ars2811710 SNP has not been linked to MGUS susceptibility, which suggests that the CDKN2Ars2811710 SNP might be involved in promoting the accumulation of tumorigenic MM cells rather than acting in earlier stages. In fact, several germline mutations within the CDKN2A have been consistently associated with MM predisposition [72], but also improved patient overall survival [73]. Interestingly, we found that carriers of the CDKN2Ars2811710C allele, which is associated with an increased risk of MM, had decreased numbers of CD4+EMCD45RO+ CD27− T memory cells, which are cells that display a high antigen recall response and were reported to be poorly represented in MM patients compared to controls [74]. In addition, the CDKN2Ars2811710 SNP was associated with the expression of CDKN2B and STK16 mRNAs in monocytes that are involved in the modulation of cell cycle arrest through the TFG signaling pathway [75]. The CDKN2Ars2811710 SNP maps among histone marks for primary T helper memory cells and primary T regulatory cells from peripheral blood and alters binding sites for key transcription factors such as HDAC2, HNF1, OTX, and p300 that play important roles in epigenetic repression and transcriptional regulation, cell cycle progression, and developmental events, and are even involved in influencing overall survival [76].



It is worth mentioning that this study has both strengths and limitations. The major strengths of our study were the comprehensive analysis of autophagy-related SNPs and the inclusion of three large independent European populations of European ancestry including a total of 12,676 participants. Furthermore, we comprehensively analyzed the impact of autophagy-related SNPs in modulating blood cell counts, steroid hormones, serum and plasma metabolites, and immune responses in a large study of healthy subjects ascertained through the HFGP. Another important strength of this study was the experimental analysis assessing the effect of autophagy SNPs in modulating the autophagy flux in PBMCs left untreated or treated with metformin or bafilomycin. This approach allowed us to investigate, for the first time, the impact of susceptibility loci for MM on the autophagy flux. A limitation of this study was its multicentric nature that placed inevitable limitations such as the impossibility of uniformly collected mutation and/or cytogenetic profiles for a significant proportion of patients analyzed. In addition, this study included a subset of German participants, which overlapped with the GWAS used for discovering the ULK4 MM susceptibility locus. Finally, given that all study participants included in this study were of European ancestry, we could not determine the impact of autophagy variants in other ethnic or ancestral populations. Additional studies using other ethnic and/or ancestry populations are now warranted to confirm the results described herein.




4. Materials and Methods


A workflow diagram of the study is included in Figure 4.



4.1. Study Populations


The discovery population consisted of 3169 subjects from GWAS conducted by the German-Speaking Multiple Myeloma Multicenter Study Group (GMMG), followed by meta-analysis with an independent GWAS on 5100 subjects by the International Lymphoma Epidemiology Consortium (InterLymph; https://epi.grants.cancer.gov/interlymph/; accessed on 12 February 2020). International Myeloma Working Group (IMWG) criteria were used by physicians to establish the diagnosis of MM [77,78]. Ethical approval for these respective studies was obtained from each participating institution and all participanting subjects provided written informed consent. The German GWAS coordinated by the University Clinic, Heidelberg (ISRCTN06413384: GMMG-HD3 http://www.isrctn.com/search?q=ISRCTN06413384, accessed on 12 February 2020; ISRCTN64455289: GMMG-HD4 http://www.isrctn.com/search?q=ISRCTN64455289, accessed on 12 February 2020; and ISRCTN05745813: GMMG-HD5 http://www.isrctn.com/search?q=ISRCTN05745813, accessed on 12 February 2020) included 1512 MM patients that were genotyped using Illumina Human OmniExpress-12 v1.0 arrays and 2107 healthy individuals enrolled into the Heinz Nixdorf Recall (HNR) study that were genotyped using either the Illumina HumanOmni1-Quad_v1 or OmniExpress-12 v1.0 arrays [39]. The InterLymph MM GWAS included 2404 MM and 2696 controls that were genotyped using Affymetrix, Human660W-quad Beadchip, and Illumina arrays 610 Quad, Omni5, OmniExpress Beadchip, and OncoArray [69]. Both German and InterLymph GWAS were independently subjected to rigorous standard quality controls prior to imputation using the IMPUTE2 v2.3 software or the Michigan imputation server (based on the Haplotype Reference Consortium), respectively [79]. After imputation, each site filtered the data to include only high-quality imputed variants (information score > 0.8), and further quality-control checks were implemented including checks for missingness, duplicates, abnormal heterozygosity, cryptic relatedness, population outliers (evaluated by principal components analyses using Eigenstrat software), and genomic inflation (λ = 1.00) [39,69].




4.2. SNP Selection


A total of 234 autophagy-related genes were selected on the basis of their presence in the autophagy database (http://autophagy.lu/index.html, accessed on 12 February 2020; Supplementary Table S1). Estimates of association with MM risk for all genotyped or imputed SNPs within or near these genes (5 Kb up-stream and 3 Kb downstream) were extracted from the German GWAS [39]. After testing Hardy-Weinberg Equilibrium (HWE) in the control group by a standard observed-expected chi-square (χ2) test (p < 10−5), 3018 SNPs were selected according to their level of association with MM risk (p ≤ 0.05), but also considering linkage disequilibrium values (r2 < 0.8) and minor allele frequency (MAF) of > 0.01. Among them, 440 SNPs were independent (r2 < 0.1) according to LDLink information (https://ldlink.nci.nih.gov/?tab=snpclip, accessed on 12 February 2020) and, therefore, the multiple testing significance threshold was set to 1.14 × 10−4 (0.05/440 independent SNPs; Supplementary Table S2).




4.3. Replication Cohort, Genotyping, and Meta-Analysis


Following the same approach, these SNPs were then tested for association with MM risk in the InterLymph MM GWAS and a meta-analysis of both study populations was conducted using METAL [80]. The I2 statistic was used to assess statistical heterogeneity between the studies and the pooled odds ratio (OR) was computed using the fixed-effect model for SNPs showing non-significant heterogeneity and the random-effect model for SNPs reporting significant heterogeneity. After the meta-analysis of both populations, 12 SNPs were advanced for replication in the International Multiple Myeloma (IMMEnSE) consortium, consisting of 2696 MM patients and 1701 controls. As for the GWAS populations, the Ethical Committee of the Faculty of Medicine of the University of Heidelberg approved the IMMEnSE study protocol and written informed consent from each study participant was obtained [81].



Genotyping of selected SNPs in the IMMEnSE study was carried out at DKFZ (German Cancer Research Center, Heidelberg, Germany) using KASPar® (LGC Genomics, Hoddesdon, UK) or Taqman® SNP Genotyping assays (Thermo Fisher Scientific, Foster City, CA, USA) according to previously reported protocols [82]. For internal quality control, ~5% of samples were randomly selected and included as duplicates. Concordance between the original and the duplicate samples for the 12 SNPs tested was ≥99.0%. All SNPs showed genotype frequencies in the control population similar to those found in the 1000 Genomes database and were in HWE.




4.4. Functional Effect of the Autophagy-Related Variants on Immune Responses


To provide insight into the functional role of the most interesting autophagy SNPs in modulating immune responses, we tested if any of these genetic markers correlated with cytokine expression quantitative trait loci (cQTL) data from in vitro stimulation experiments, but also absolute numbers of 91 blood-derived cell populations and 103 serum or plasmatic inflammatory proteins quantified in the approximately 500 volunteers from the 500 Functional Genomics cohort from the Human Functional Genomics Project (HFGP; http://www.humanfunctionalgenomics.org/site/, accessed on 12 February 2020). The HFGP study was approved by the Arnhem-Nijmegen Ethical Committee (no. 42561.091.12) and biological specimens were collected after informed consent was obtained.



cQTL data included cytokine levels (IFNγ, IL1β, IL6, TNFα, IL17, and IL22) after the stimulation of peripheral blood mononuclear cells (PBMCs), monocyte-derived macrophages (MDM), or whole blood from 408 healthy subjects with LPS (1 or 100 ng/mL; Sigma Aldrich, St. Louis, MO, USA), PHA (10 µg/mL, Sigma, St. Louis, MO, USA), Pam3Cys (10 µg/mL, EMC microcollections, Tübingen, Germany), or CpG (100 ng/mL, InvivoGen, San Diego, CA, USA). Concentrations of human IFNγ, IL1β, IL6, TNFα, IL17, and IL22 were determined using specific commercial ELISA kits (PeliKine Compact, Amsterdam, or R&D Systems), in accordance with the manufacturers’ instructions. When values were below or above the detection limit of the ELISA, the corresponding limit was used. After log transformation, linear regression analyses adjusted for age and sex were used to determine the correlation of the selected SNPs with cQTL data. Details on PBMC isolation, macrophage differentiation, and stimulation assays have been reported elsewhere [83].



To evaluate the impact of autophagy SNPs on cell-level variation, 91 blood-derived cell populations were measured by 10-color flow cytometry (Navios flow cytometer, Beckman Coulter, Miami, FL, USA) after blood sampling (2–3 h), and cell count analysis was performed using Kaluza software (Beckman Coulter, v.1.3). In order to reduce inter-experimental noise and increase statistical power, cell count analysis was performed by calculating parental and grandparental percentages, which were defined as the percentage of a certain cell type within the subpopulation of the cells from which it was isolated [48]. Detailed laboratory protocols for cell isolation, reagents, gating, and flow cytometry analysis have been reported elsewhere [84]. The accession number for the raw flow cytometry data and analyzed data files are available upon request to the authors (accessed on 13 December 2019; Supplementary Table S3).



A proteomic analysis was also performed in serum and plasma samples from the HFGP study. Circulating proteins were measured using the commercial Olink® Inflammation panel (Olink, Sweden) that resulted in the measurement of 103 different biomarkers (Supplementary Table S4). Protein levels were expressed on a log2-scale as normalized protein expression values and normalized using bridging samples to correct for batch variation.



All analyses were performed using R software (http://www.r-project.org/, accessed on 12 February 2020), using custom scripts in the R programming language based on existing functions such as lm (stats). In order to account for multiple comparisons, we used Bonferroni corrected significant thresholds of 0.00069 (0.05/12 SNPs/6 cytokines), 4.57 × 10−5 (0.05/12 SNPs/91 cell-derived populations), and 4.05 × 10−5 (0.05/12 SNPs/103 proteins) for the cQTL, cell variability, and proteomic analyses, respectively.




4.5. Correlation between Autophagy-Related SNPs and Steroid Hormone Levels


In addition to the immunological data, we also assessed the association of autophagy SNPs with data on steroid hormone levels (androstenedione, cortisol, 11-deoxy-cortisol, 17-hydroxy progesterone, progesterone, testosterone, and 25 hydroxy vitamin D3) from 279 healthy controls of the HFGP study without hormone replacement or oral contraceptive therapies. Serum steroid hormone levels were determined by ELISA following the manufacturer’s instructions. Correlation between levels of seven serum steroid hormones and autophagy-related SNPs was evaluated by linear regression analysis adjusted for age and sex. The significance threshold was set to p = 7.1 × 10−4, considering the number of independent SNPs (n = 12) and the number of hormones tested (n = 7).




4.6. Impact of Autophagy-Related Variants on the Autophagy Flux


In order to accurately determine the role of autophagy SNPs in modulating autophagy, we investigated their impact on the autophagy flux in a population of 68 European healthy donors. For that purpose, we isolated peripheral blood mononuclear cells (PBMCs) from whole blood by density gradient centrifugation using Histopaque®, and we treated them for 2 h with 10 µM of bafilomycin A1 or 10 mM of metformin to inhibit or induce autophagy, respectively. A total of 5 × 105 PBMCs were plated in each well for stimulatory and inhibitory experiments and treated with metformin or bafilomycin A1 alone or in combination. Untreated cells were used as experimental controls. After treatment, cells were harvested and protein extraction was performed with 50 µL of lysis buffer (1% NP-40, 500 mM Tris HCL, 2.5 M NaCl, 20 mM EDTA, phosphatase and protease inhibitors—from Roche—at pH 7.2). Then 20 µg of the total protein were resolved in a 12% SDS gel and transferred to a nitrocellulose membrane for 10 min in a Trans-Blot Turbo transfer system. Membranes were then blocked for 1 h using Tris-buffered saline (TBS) with 0.1% Tween 20 (TBST) containing 5% BSA and incubated overnight at 4 °C with the polyclonal primary antibodies at 1:1000 in 1% BSA (Rabbit anti-LC3A/B Antibody, Cell-Signaling and Mouse anti-Actin antibody, Merck Millipore, Darmstadt, Germany). After washing with tris-buffered saline-tween (TBS-T), nitrocellulose membranes were incubated with the corresponding secondary antibodies (IgG anti-Rabbit for LC3A/B and IgG anti-Mouse for Actin). Protein levels were detected after incubation with SuperSignal West Femto Maximum Sensitivity Substrate (Thermofisher, Waltham, MA, USA) or Clarity Western ECL Substrate (Bio-Rad, Hercules, CA, USA). Digital images of the Western blots were obtained in a ChemiDoc XRS System (Bio-Rad) with Quantity One software V4.6.5 (Bio-Rad). Autophagy flux was determined as the difference in the LC3-II/Actin ratio between cells treated or not with bafilomycin A1 and/or metformin. Linear regression analyses adjusted for age and sex were used to determine the correlation between autophagy-related SNPs and autophagy flux values. A significance threshold of p = 0.0028 was set according to the number of SNPs tested (n = 12) and the treatments administrated in vitro (n = 2).




4.7. In Silico Functional Analysis


Haploreg (http://www.broadinstitute.org/mammals/haploreg/haploreg.php, accessed on 12 February 2020) and ENCODE annotation data (https://genome.ucsc.edu/ENCODE) were also used to predict the functional role of the most interesting autophagy SNPs. We also analyzed whether selected SNPs could be expression quantitative loci (eQTL) for different cell types and tissues using data from public eQTL browsers such as GTex portal (https://gtexportal.org/home/, accessed on 12 February 2020), Blood eQTL browser (https://genenetwork.nl/bloodeqtlbrowser/, accessed on 12 February 2020), and Haploreg [43].





5. Conclusions


This study identifies novel associations for genetic polymorphisms within the CD46, IKBKE, and PARK2 loci and MM risk and validates previously reported associations for SNPs within the ULK4, ATG5, and CDKN2A genes. Although the biological effect of the CD46, IKBKE, ULK4, and CDKN2A SNPs seemed to be mediated by alterations of absolute numbers of certain B- and T-cell subsets and MCP-2-, IL20-, and vitamin D3-dependent mechanisms affecting cell differentiation and proliferation, angiogenesis, immune responses, and apoptosis, we could not identify the biological mechanisms underscoring the ATG5 association.
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Figure 1. Functional impact of the ULK4rs6599175 and IKBKErs17433804 SNPs [A-C]. (A) Vitamin D3 levels (pg/mL) according to the ULK4rs6599175 SNP; (B) Numbers of transitional CD24+CD38+ B cells according to the IKBKErs17433804 SNP; (C) Serum levels of MCP-2 according to the IKBKErs17433804 SNP. 
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Figure 2. Functional impact of the CD46rs1142469 SNP (A–G). (A) Numbers of CD19+ B cells according to the CD46rs1142469 SNP; (B) Numbers of CD19+CD3− B cells according to the CD46rs1142469 SNP; (C) Numbers of IgD−CD5+ cells according to the CD46rs1142469 SNP; (D) Numbers of IgM− cells according to the CD46rs1142469 SNP; (E) Numbers of IgD+IgM− cells according to the CD46rs1142469 SNP; (F) Numbers of CD4+CD8− PBMCs according to the CD46rs1142469 SNP; and (G) Serum IL20 levels (ng/mL) according to the CD46rs1142469 SNP. 
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Figure 3. Functional impact of the CDKN2Ars2811710 and USP10rs7202154 SNPs. (A) Numbers of CD4+ Effector Memory CD45RO−CD27− cells according to the CDKN2Ars2811710 SNP; (B) p62 synthesis according to the USP10rs7202154 SNP; (C) LC3 synthesis according to the USP10rs7202154 SNP. 
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Figure 4. Flow diagram of the study. 
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Table 1. Association analysis of autophagy-related SNPs in the discovery cohorts.
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German GWAS

(n = 3619)

	
InterLymph GWAS

(n = 5100)

	
Meta-Analysis

(n = 8719)




	
SNP

	
Gene

	
A1

	
OR (95%CI)

	
p

	
OR (95%CI)

	
p

	
OR (95%CI)

	
p

	
PHet






	
rs2299864

	
ATG5

	
T

	
1.18 (1.03–1.33)

	
0.015

	
1.24 (1.12–1.36)

	
1.96 × 10−5

	
1.22 (1.13–1.32)

	
1.48 × 10−6

	
0.545




	
rs1142469

	
CD46

	
A

	
1.14 (1.02–1.25)

	
0.020

	
1.11 (1.02–1.21)

	
0.012

	
1.12 (1.05–1.20)

	
9.68 × 10−4

	
0.694




	
rs2811710

	
CDKN2A

	
C

	
1.15 (1.03–1.29)

	
0.011

	
1.11 (1.02–1.20)

	
0.0176

	
1.12 (1.05–1.20)

	
5.28 × 10−4

	
0.623




	
rs143309009

	
CTSD

	
G

	
2.22 (1.46–3.38)

	
2.1 × 10−4

	
1.24 (0.89–1.72)

	
0.2114

	
1.55 (1.20–2.01)

	
9.14 × 10−4

	
0.032




	
rs11064698

	
HSPB8

	
T

	
1.53 (1.05–2.24)

	
0.027

	
1.16 (1.06–1.27)

	
0.0012

	
1.18 (1.08–1.28)

	
2.46 × 10−4

	
0.163




	
rs12739461

	
IKBKE

	
T

	
1.18 (1.05–1.32)

	
0.0053

	
1.10 (1.01–1.20)

	
0.028

	
1.13 (1.05–1.21)

	
6.36 × 10−4

	
0.337




	
rs2297546

	
IKBKE

	
G

	
1.22 (1.09–1.37)

	
7.2 × 10−4

	
1.09 (1.01–1.18)

	
0.037

	
1.13 (1.06–1.21)

	
2.25 × 10−4

	
0.110




	
rs17433804

	
IKBKE

	
C

	
1.24 (1.09–1.41)

	
0.0011

	
1.08 (1.00–1.18)

	
0.066

	
1.13 (1.05–1.21)

	
7.51 × 10−4

	
0.086




	
rs1884158

	
PARK2

	
T

	
1.21 (1.08–1.35)

	
0.00081

	
1.09 (1.00–1.18)

	
0.049

	
1.14 (1.06–1.21)

	
3.07 × 10−4

	
0.141




	
rs34048269

	
RPTOR

	
A

	
1.30 (1.14–1.48)

	
1.3 × 10−4

	
1.06 (0.97–1.17)

	
0.199

	
1.14 (1.05–1.23)

	
0.0024

	
0.013




	
rs6599175

	
ULK4

	
C

	
1.33 (1.16–1.53)

	
5.7 × 10−5

	
1.25 (1.13–1.39)

	
3.6 × 10−5

	
1.28 (1.18–1.39)

	
4.00 × 10−9

	
0.482




	
rs7202154

	
USP10

	
G

	
1.31 (1.06–1.62)

	
0.011

	
1.23 (1.05–1.44)

	
0.0126

	
1.26 (1.11–1.43)

	
3.83 × 10−4

	
0.640








Abbreviations: SNP, single nucleotide polymorphism; A1, effect-allele.
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Table 2. Association estimates of the 12 autophagy SNPs representing susceptibility regions for MM.
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German GWAS

(n = 3619)

	
InterLymph GWAS

(n = 5100)

	
IMMEnSE

(n = 3957)

	
Meta-Analysis

(n = 12676)

	




	
Gene_SNP

	
OR (95%CI)

	
p

	
OR (95%CI)

	
p

	
OR (95%CI)

	
p

	
OR (95%CI)

	
PMeta

	
PHet






	
ATG5_rs2299864T

	
1.18 (1.03–1.33)

	
0.015

	
1.24 (1.12–1.36)

	
1.96 × 10−5

	
1.07 (0.92–1.23)

	
0.40

	
1.18 (1.11–1.27)

	
1.3 × 10−6 Ϯ

	
0.254




	
CD46_rs1142469A

	
1.14 (1.02–1.25)

	
0.020

	
1.11 (1.02–1.21)

	
0.012

	
1.09 (0.96–1.23)

	
0.19

	
1.12 (1.05–1.18)

	
2.2 × 10−4

	
0.851




	
CDKN2A_rs2811710C

	
1.15 (1.03–1.29)

	
0.011

	
1.11 (1.02–1.20)

	
0.0176

	
1.18 (1.06–1.32)

	
0.003

	
1.14 (1.08–1.20)

	
7.0 × 10−6 Ϯ

	
0.666




	
CTSD_rs143309009G

	
2.22 (1.46–3.38)

	
2.1 × 10−4

	
1.24 (0.89–1.72)

	
0.2114

	
0.72 (0.47–1.10)

	
0.13

	
1.26 (1.01–1.57)

	
0.042

	
0.001




	
HSPB8_rs11064698T

	
1.53 (1.05–2.24)

	
0.027

	
1.16 (1.06–1.27)

	
0.0012

	
0.84 (0.72–0.99)

	
0.035

	
1.09 (1.01–1.18)

	
0.029

	
0.001




	
IKBKE_rs12739461T

	
1.18 (1.05–1.32)

	
0.0053

	
1.10 (1.01–1.20)

	
0.028

	
1.01 (0.90–1.14)

	
0.88

	
1.10 (1.03–1.16)

	
0.0022

	
0.179




	
IKBKE_rs2297546G

	
1.22 (1.09–1.37)

	
7.2 × 10−4

	
1.09 (1.01–1.18)

	
0.037

	
1.00 (0.90–1.12)

	
0.94

	
1.10 (1.04–1.16)

	
0.0013

	
0.047




	
IKBKE_rs17433804C

	
1.24 (1.09–1.41)

	
0.0011

	
1.08 (1.00–1.18)

	
0.066

	
1.16 (1.02–1.31)

	
0.024

	
1.14 (1.07–1.21)

	
4.6 × 10−5 Ϯ

	
0.213




	
PARK2_rs1884158T

	
1.21 (1.08–1.35)

	
0.00081

	
1.09 (1.00–1.18)

	
0.049

	
1.04 (0.91–1.19)

	
0.56

	
1.11 (1.05–1.18)

	
4.5 × 10−4

	
0.184




	
RPTOR_rs34048269A

	
1.30 (1.14–1.48)

	
1.3 × 10−4

	
1.06 (0.97–1.17)

	
0.199

	
1.04 (0.91–1.19)

	
0.56

	
1.11 (1.04–1.19)

	
0.0017

	
0.024




	
ULK4_rs6599175C

	
1.33 (1.16–1.53)

	
5.7 × 10−5

	
1.25 (1.13–1.39)

	
3.6 × 10−5

	
1.37 (1.21–1.56)

	
2.6 × 10−6

	
1.31 (1.22–1.40)

	
5.8 × 10−14 Ϯ

	
0.522




	
USP10_rs7202154G

	
1.31 (1.06–1.62)

	
0.011

	
1.23 (1.05–1.44)

	
0.0126

	
0.93 (0.76–1.15)

	
0.50

	
1.16 (1.04–1.29)

	
0.0075

	
0.048








Abbreviations: SNP, single nucleotide polymorphism; A1, effect allele; Ϯ Significant after correction for multiple testing.
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