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Cell surface calcium (Ca2+) channels permit Ca2+ ion influx, with Ca2+ taking part in cellular functions such as proliferation, survival, and activation. The expression of voltage-dependent Ca2+ (CaV) channels may modulate the growth of hematologic cancers. Profile analysis of Ca2+ channels, with a focus on the Ca2+ release-activated Ca2+ (CRAC) and L-type CaV channels, was performed on RNA sequencing data from lymphoma cell lines and samples derived from patients with diffuse large B cell lymphoma (DLBCL). CaV1.2 expression was found to be elevated in classical Hodgkin lymphoma (CHL) cell lines when compared to other B cell lymphoma cell lines. In contrast, CHL exhibited reduced expression of ORAI2 and STIM2. In our differential expression analysis comparing activated B cell-like DLBCL (ABC-DLBCL) and germinal centre B cell-like DLBCL (GCB-DLBCL) patient samples, ABC-DLBCL revealed stronger expression of CaV1.3, whereas CaV1.1, CaV1.2, and CaV1.4 showed greater expression levels in GCB-DLBCL. Interestingly, no differences in ORAI/STIM expression were noted in the patient samples. As Ca2+ is known to bind to calmodulin, leading to calcineurin activation and the passage of nuclear factor of activated T cells (NFAT) to the cell nucleus, pathways for calcineurin, calmodulin, NFAT, and Ca2+ signaling were also analyzed by gene set enrichment analysis. The NFAT and Ca2+ signaling pathways were found to be upregulated in the CHL cell lines relative to other B cell lymphoma cell lines. Furthermore, the calmodulin and Ca2+ signaling pathways were shown to be downregulated in the ABC-DLBCL patient samples. The findings of this study suggest that L-type CaV channels and Ca2+-related pathways could serve as differentiating components for biologic therapies in targeted lymphoma treatments.
Keywords: calcium channel, lymphoma, leukaemia, signaling pathway, sequencing
INTRODUCTION
Hodgkin lymphoma, non-Hodgkin lymphoma (NHL), and leukemia collectively constitute 5.7% of all new cases of cancer (Sung et al., 2021). The ability to conduct expression profiling of genes has greatly contributed to knowledge pertaining to leukemia and lymphoma in terms of categorization of subtypes (Hoefnagel et al., 2005; Bobée et al., 2020), disease aggressiveness (Glas et al., 2005), and relapse (Yeoh et al., 2002). Differences in the expression of subunits of ion channels, including potassium (K+) channels, sodium (Na+) channels, and calcium (Ca2+) channels, have been noted in relapsed follicular lymphoma compared to counterparts who have not relapsed (Magi et al., 2019). The Ca2+ release-activated Ca2+ (CRAC) channel, a well-characterized example of a Ca2+ channel, consists of stromal interacting molecule (STIM) and ORAI proteins (Putney, 2018). Orai3 expression has been shown to be elevated in leukemia/multiple myeloma cell lines sensitive to tipifarnib when compared to a resistant myeloma cell line (Yanamandra et al., 2011). Furthermore, upregulation and downregulation of voltage-dependent Ca2+ (CaV) channel expression have been established for leukemia and lymphoma, along with many additional kinds of cancer (by publicly accessible data from microarrays), suggesting that the channels are engaged in the development of cancer (Wang et al., 2015; Phan et al., 2017).
Ca2+ channels are known to be positioned at the plasma membrane of the cell (Omilusik et al., 2013). Once Ca2+ is in the cell, it can guide proliferation, homeostasis, differentiation, survival, and activation by taking part in intracellular pathways (Omilusik et al., 2013). In T lymphocytes, for example, Ca2+ can bind to calmodulin, enabling the latter to activate the enzyme calcineurin once bound (Omilusik et al., 2013). Nuclear factor of activated T cells (NFAT) is dephosphorylated by calcineurin, leading to NFAT moving into the cell nucleus (Omilusik et al., 2013). NFAT has long been known to bind to the interleukin-2 (IL-2) promoter with activating protein-1 (AP-1) (Rao et al., 1997). Several other “transcriptional partners” of NFAT include T-bet at the 5’ enhancer for interferon (IFN)-γ and IFN-regulatory factor 4 (IRF4) at the promoter for interleukin-4 (IL-4) (Macian, 2005).
Considering the involvement of Ca2+ in lymphocyte processes, it would be useful to study Ca2+ channel expression more thoroughly in lymphoma. In order to accomplish this objective, patient samples and cell lines were assessed in the current study. This investigation focuses on diagnostic tissue from patients with diffuse large B cell lymphoma (DLBCL) and cell lines representing diverse types of lymphoma. Expanding on the calmodulin/calcineurin/NFAT signaling pathway, several pathways from BioCarta and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were also examined. Here, we present expression profiles relating to Ca2+ channels - the CRAC and CaV channels in particular - and these pathways. This characterization of expression may aid in cultivating a comprehensive understanding of the molecular basis of lymphoma.
MATERIALS AND METHODS
RNA Sequencing Data
RNA sequencing data were generated at the British Columbia Cancer Research Centre (BC Cancer) from 44 lymphoma cell lines representing multiple pathologies. These datasets were generated at multiple time points and were consolidated for analysis in this study (Table 1).
TABLE 1 | Sequencing conditions used for RNA sequencing of lymphoma cell lines. Cell lines of various pathologies were included for analysis.
[image: Table 1]RNA sequencing reads from each cell line were aligned to the hg19 reference using the STAR aligner (v2.5.2a), which also generated per-gene counts with HTSeq.
RNA sequencing data from a previously published cohort of DLBCL patients were also analyzed (Ennishi et al., 2019). Patients whose tumours were successfully assigned to a subtype by the Lymph2Cx assay (Scott et al., 2014) were retained for analysis (N = 301). This included tumours classified as germinal centre B cell-like (GCB-DLBCL; N = 171), activated B cell-like (ABC-DLBCL; N = 96), or unclassified (N = 34). Sequencing data were re-aligned to the hg19 reference to generate counts using the same method as the cell lines.
Comparison of Ca2+ Channel Gene Expression
To compare the expression of the Ca2+ channel genes between different pathological groups, RNA sequencing counts from all samples were analyzed in R (v3.6.1) using the DESeq2 package (v1.26.0).
For cell lines, counts from all samples were read into a merged DESeqDataSet object, and lowly expressed genes (1 or fewer counts across all samples) were removed. The count data were then normalized using a variance-stabilizing transformation (vst function). Pairwise t-tests were used to compare normalized counts of numerous genes, such as Ca2+ channel genes of interest, between each combination of pathologies. For specific comparisons of interest, differential expression was also performed between pathological pairs (DESeq function), and the results for the Ca2+ channel genes (p value, adjusted p value (q value), and log2 fold change) were assessed. The same process was performed merging count data from all DLBCL patients and comparing groups by DLBCL subtype.
Gene Set Enrichment Analysis
In order to identify Ca2+ channel pathways that were potentially enriched in certain pathological comparisons, the differential expression results were used to perform gene set enrichment using the GSEA tool (v4.1.0). The GSEAPreranked module was used, ranking genes by their differential expression log2 fold change and investigating specific pathways of interest (Table 2).
TABLE 2 | BioCarta and KEGG pathways. Components of the calcineurin, calmodulin, NFAT, and Ca2+ signaling pathways are listed.
[image: Table 2]RESULTS
ORAI Expression Varies Among Lymphoma Cell Lines
The included cell line categories consisted of classical Hodgkin lymphoma (CHL), primary mediastinal B cell lymphoma (PMBCL), nodular lymphocyte-predominant Hodgkin lymphoma (NLPHL), GCB-DLBCL, ABC-DLBCL, Burkitt’s lymphoma, and mantle cell lymphoma (MCL) (Figure 1A). Engagement at the T cell receptor leads to Ca2+ release from stores, such as the endoplasmic reticulum (ER), and Ca2+ entry at the plasma membrane in a process known as store-operated Ca2+ entry (SOCE) (Omilusik et al., 2013). STIM1 and STIM2 act as ER Ca2+ sensors, whereas ORAI1 (as well as ORAI2 and ORAI3) is a pore-forming molecule at the cell surface (Omilusik et al., 2013). RNA sequencing data were used to perform pairwise expression comparisons between the different cell line pathologies for multiple genes of interest, including those belonging to the ORAI/STIM family. In the current study, MCL cell lines exhibited greater ORAI1 expression when compared to those representing GCB-DLBCL (adjusted p value = 0.028) (Supplementary Table S1). As increased expression of cyclin D1 is a feature of MCL (Vogt et al., 2017), and cyclin D1 has been linked to Ca2+ signaling (Kahl and Means, 2004), the high ORAI1 expression in MCL was expected. Moreover, ORAI2 showed increased expression in ABC-DLBCL cell lines relative to CHL cell lines (adjusted p value = 0.046) (Supplementary Table S1). Interestingly, the pairwise cell line analysis did not indicate any significant differences in expression level for STIM1/2 (Supplementary Table S1), suggesting that ER Ca2+ sensing might not vary to a great extent across different types of lymphoma, although this would require further investigation.
[image: Figure 1]FIGURE 1 | CaV1 channel expression in lymphoma cell lines. (A) Cell lines were classified according to pathology. (B) Expression (normalized and log-transformed counts) of the CaV1 channels (CACNA1S, CaV1.1; CACNA1C, CaV1.2; CACNA1D, CaV1.3; CACNA1F, CaV1.4). The boxes signify the interquartile range. The vertical lines correspond to the largest value that is no further than 1.5 times the interquartile range. The dots designate outliers. (C) CaV1 channel expression is shown for each cell line.
Although ORAI and STIM play important roles, other Ca2+ channels have been shown to be involved in lymphocyte function as well. We have previously provided evidence of voltage-dependent Ca2+ channel expression in the Jurkat cell line and peripheral blood T cells (Kotturi et al., 2003). Furthermore, we have previously characterized the role of CaV1.4 in lymphocytes, particularly T cells, highlighting its importance in SOCE and lymphocyte immune responses (Omilusik et al., 2011). In terms of B cells, increased CaV1.2 expression has been recorded for B cell childhood acute lymphoblastic leukemia and marginal zone B cell lymphoma (Wang et al., 2015). Given this, we investigated the CaV1 family in the current study to assess differences in expression among various lymphoma cell lines, with the normalized expression of the four CaV1 channels shown in Figures 1B,C. No statistically significant differences in CaV1 channel expression were observed for the comparisons listed in Table 3. As these comparisons already had the lowest q values (Table 3), differences in expression for other comparisons were also deemed not significant.
TABLE 3 | Comparisons of L-type Ca2+ channel expression in cell lines. Statistical analysis is presented in the form of p values and q values.
[image: Table 3]CHL Exhibits Reduced CaV1.1 and Higher CaV1.2 Expression Levels Relative to Other Kinds of B Cell Lymphoma
The cell lines of the CHL category were of interest for further study due to the relatively high expression of CaV1.2 (Figure 1B). Differential expression was performed between the CHL cell lines and the other B cell lymphoma cell lines to assess the expression of the L-type Ca2+ channels (Figure 2A). Expression of CaV1.1 was significantly lower in CHL (adjusted p value = 0.004), and the expression of the CaV1.2 channel was significantly greater in CHL (adjusted p value = 1.8 × 10−16). Differential expression also showed that the expression levels of ORAI2 (adjusted p value = 0.00034) and STIM2 (adjusted p value = 0.0016) were lower in the CHL cell lines. In order to determine whether pathways related to Ca2+ were affected in CHL, three pathways from BioCarta and one from the KEGG were evaluated. Although no significant enrichment was detected between CHL and other B cell lymphomas for the calcineurin and calmodulin pathways, the NFAT (nominal p value <0.001; FDR q value <0.001; FWER p value <0.001) and KEGG Ca2+ signaling (nominal p value <0.001; FDR q value <0.001; FWER p value <0.001) pathways were found to be significantly upregulated in CHL (Figures 2B–E).
[image: Figure 2]FIGURE 2 | CaV1 channel expression and BioCarta/KEGG pathways in CHL cell lines. (A) CaV1 channel expression (CACNA1S, CaV1.1; CACNA1C, CaV1.2; CACNA1D, CaV1.3; CACNA1F, CaV1.4) in CHL and other B cell lymphomas. (B–E) Pathways for (B) calmodulin (BioCarta), (C) calcineurin (BioCarta), (D) NFAT (BioCarta), and (E) Ca2+ signaling (KEGG) were assessed for enrichment in the CHL cell lines relative to other varieties of B cell lymphoma.
Another category of cell lines that underwent more assessment was PMBCL due to the CaV1.3 channel showing relatively elevated expression (Figure 1B). However, differential expression analysis of the CaV1 channels found no significant differences when comparing PMBCL to other B cell lymphoma cell lines (data not shown). Similarly, differential expression did not show any differences in ORAI/STIM expression (data not shown). In PMBCL, none of the four pathways showed significant upregulation or downregulation according to GSEA (data not shown).
Expression Profile of CaV1.3 is Distinct From the Profiles of the Other CaV1 Channels in DLBCL Patient Samples
Aside from cell lines, the study of samples from patients with DLBCL was also conducted. Cell of origin was defined for patient samples, assigning each to ABC-DLBCL, GCB-DLBCL, or unclassified DLBCL (Figure 3). Numerous genes were evaluated for their expression levels with the use of RNA sequencing data, including the ORAI/STIM family. No differences in ORAI/STIM expression were observed from the pairwise comparisons (Table 4). To further assess the differences associated with DLBCL cell of origin, differential expression analysis was performed between ABC-DLBCL and GCB-DLBCL patient samples and used to assess the four CaV1 channels (Figure 4A). GCB-DLBCL demonstrated higher expression of CaV1.1 (adjusted p value = 2.2 × 10−10), CaV1.2 (adjusted p value = 2.5 × 10−6), and CaV1.4 (adjusted p value = 0.0013). In contrast, ABC-DLBCL displayed greater expression of CaV1.3 (adjusted p value = 0.0016). Differential expression analysis of the patient samples did not indicate any significant differences in ORAI/STIM expression between ABC-DLBCL and GCB-DLBCL (data not shown). For pathways associated with Ca2+, the calcineurin and NFAT pathways were unchanged between GCB-DLBCL and ABC-DLBCL (Figures 4C,D). However, the calmodulin (nominal p value = 0.037; FDR q value = 0.037; FWER p value = 0.032) and KEGG (nominal p value = 0.04; FDR q value = 0.04; FWER p value = 0.04) pathways were both downregulated in ABC-DLBCL (Figures 4B,E).
[image: Figure 3]FIGURE 3 | DLBCL patient cohort by cell of origin subtype. DLBCL patient samples (N = 301) were categorized as ABC-DLBCL (N = 96), GCB-DLBCL (N = 171), or unclassified DLBCL (N = 34) according to the Lymph2Cx assay.
[image: Figure 4]FIGURE 4 | CaV1 channel expression and BioCarta/KEGG pathways in ABC-DLBCL and GCB-DLBCL patient samples. (A) CaV1 channel expression (CACNA1S, CaV1.1; CACNA1C, CaV1.2; CACNA1D, CaV1.3; CACNA1F, CaV1.4) in ABC-DLBCL and GCB-DLBCL. (B–E) Differential expression results were assessed for pathway enrichment of (B) calmodulin (BioCarta), (C) calcineurin (BioCarta), (D) NFAT (BioCarta), and (E) Ca2+ signaling (KEGG).
TABLE 4 | Comparisons of ORAI/STIM expression in DLBCL patient samples. The p value and q value for each comparison are shown.
[image: Table 4]DISCUSSION
As a range of lymphocyte functions are affiliated with Ca2+, such as proliferation and activation (Omilusik et al., 2013), a study of Ca2+ channel expression and signaling pathway expression was conducted in an attempt to disentangle some of the complexities of lymphoma. The results presented here refer to cell lines and DLBCL patient samples, with a discussion regarding each of these groups being provided below. Methods have been used previously (Aoki et al., 2020) to reaffirm the expression pattern of certain genes; however, a notable limitation of the current study is that no such validation has been completed.
The CHL cell lines included in this study consisted of the HDLM-2, HDMYZ, KM-H2, L-1236, L-428, L-540, L-591, SUP-HD1, and U-H01 cell lines (Table 1). Differential expression analysis revealed that CaV1.2 was more highly expressed in CHL cell lines relative to cell lines belonging to other types of B cell lymphoma. CaV1.2 has been linked to interleukin-13 (IL-13) in the context of T helper 2 (TH2) cells in that IL-13 levels drop in response to CaV1.2 knockdown (Robert et al., 2014). IL-13 has been shown to be expressed by cell lines of Hodgkin lymphoma (Kapp et al., 1999). Furthermore, in a study published soon afterward (Skinnider et al., 2001), it was shown that most CHL patients exhibited expression of IL-13, whereas this trait was either observed in none or fewer than 50% of patients with other forms of lymphoma, such as DLBCL. Signal transducer and activator of transcription 6 (STAT6), which is activated by IL-13, was found to be phosphorylated in cell lines of Hodgkin lymphoma (Skinnider et al., 2002). Therefore, CaV1.2 could possibly be playing a role in the regulation of IL-13 and STAT6 in CHL. Since the NFAT and KEGG Ca2+ signaling pathways (Table 2) were shown to be upregulated in the CHL cell lines, it is also possible that CaV1.2 influences the components of these pathways. In contrast to CaV1.2, reduced expression of ORAI2 and STIM2 was noted in the CHL cell lines via differential expression analysis. Given that STIM1 is known to activate ORAI channels and hinder CaV1.2 (Wang et al., 2010), it was surprising that the differential expression analysis in the current study did not show a significant reduction in STIM1 expression in the CHL cell lines. As STIM1 and STIM2 differ in their expression profiles (at least in T cells) and the ER Ca2+ concentration to which they respond (Shaw and Feske, 2012), this could potentially explain why only one of them, STIM2, showed a change in expression between CHL and other B cell lymphomas.
Among the GCB-DLBCL and ABC-DLBCL patients, the expression of the CaV1.3 channel was found to be higher in ABC-DLBCL by differential expression. It is known that L-type CaV channel constraint leads to reduced function of the transcription factor nuclear factor kappa B (NF-κB) (Lilienbaum and Israël, 2003). Within the promoter for the bcl-2 gene, which encodes the B cell leukemia/lymphoma-2 (Bcl-2) “anti-apoptosis” protein, there exists at least one binding site for NF-κB (Catz and Johnson, 2001). BCL2, as part of a network of genes, was deemed to be upregulated in ABC-DLBCL (Blenk et al., 2007). Another component of this network that was ascertained as being upregulated in the ABC kind of DLBCL was IRF4 (Blenk et al., 2007), and the promoter for this gene is known to have NF-κB binding sites as well (Sharma et al., 2002). Future studies could potentially further characterize these components in terms of how they might functionally relate to the CaV1.3 Ca2+ channel in the specific context of DLBCL, particularly since no differences in ORAI/STIM expression were detected in the patient samples in our study. This latter finding suggests that ORAI channels might not be contributing to differences in DLBCL phenotype in patients and that other Ca2+ channels, such as CaV1.3, could be playing this role instead. Furthermore, the calmodulin and KEGG Ca2+ signaling pathways (Table 2) were downregulated in ABC-DLBCL relative to GCB-DLBCL, suggesting that these pathways could also be linked to differences in DLBCL phenotype. The DLBCL patient sample RNA sequencing did not cover control B cells due to a lack of normal matches at the time. Investigation of CaV channels from this perspective would potentially be valuable as well. In order to validate these suggested mechanisms linked to Ca2+, follow-up experiments would need to be conducted.
To conclude, the L-type CaV channels represent a potential target class in the field of anti-lymphoma therapeutics. By targeting specific CaV1 channels and, by extension, the mechanisms associated with each channel, this could lead to updated strategies to treat lymphoma.
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