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                                                                                                                        Abstract

                                                            Histone methylation and demethylation regulate B-cell development, and their deregulation correlates with tumor chemoresistance in diffuse large B-cell lymphoma, limiting cure rates. Since histone methylation status correlates with disease aggressiveness and relapse, we investigated the therapeutic potential of inhibiting histone 3 Lys27 demethylase KDM6B, in vitro, using the small molecule inhibitor GSK-J4. KDM6B is overexpressed in the germinal center B-cell subtype of diffuse large B-cell lymphoma, and higher KDM6B levels are associated with worse survival in patients with diffuse large B-cell lymphoma treated with R-CHOP. GSK-J4-induced apoptosis was observed in five (SU-DHL-6, OCI-Ly1, Toledo, OCI-Ly8, SU-DHL-8) out of nine germinal center B-cell diffuse large B-cell lymphoma cell lines. Treatment with GSK-J4 predominantly resulted in downregulation of B-cell receptor signaling and BCL6. Cell lines expressing high BCL6 levels or CREBBP/EP300 mutations were sensitive to GSK-J4. Our results suggest that B-cell receptor-dependent downregulation of BCL6 is responsible for GSK-J4-induced cytotoxicity. Furthermore, GSK-J4-mediated inhibition of KDM6B sensitizes germinal center B-cell diffuse large B-cell lymphoma cells to chemotherapy agents that are currently utilized in treatment regimens for diffuse large B-cell lymphoma.
                                                            
                                                            Introduction
Diffuse large B-cell lymphoma (DLBCL) is an aggressive form of non-Hodgkin lymphoma with an initial tumor response rate of 90% but a relapse rate of 40% at 5 years.21 DLBCL can be classified into germinal center B-cell-like (GCB) and activated B-cell-like (ABC) DLBCL based on distinct gene expression patterns.3 Although the 5-year survival rate of GCB-DLBCL patients given conventional R-CHOP treatment is superior, more than 30% of patients are not cured with initial chemotherapy.2 Histone methylation has been shown to correlate with disease aggressiveness, chemoresistance, and relapse in DLBCL.64 Furthermore, expression of several important proteins, such as BCL6, is also regulated by methylation status.87 BCL6 is essential for GCB-cell development, as it is critical to cell proliferation, suppression of the DNA damage response during antibody class switching, and acquisition of somatic hypermutations.109 A high level of BCL6 expression is consistently observed in GCB-DLBCL.113 Therefore, several approaches to inhibition of BCL6 have been exploited, such as targeting the BTB domain of BCL6, or using histone deacetylase inhibitors.1312 In addition, tonic B-cell receptor (BCR) signaling, essential for the survival of B cells, also regulates BCL6 levels and approaches that target BCR signaling may, therefore, also have the potential to target BCL6.14
Epigenetic reprogramming during B-cell development is important for proper functioning of B cells.15 Histone methylation governs the outcomes of epigenetic reprogramming during B-cell activation and memory B-cell generation.1716 Aberrant histone methylation or demethylation can result in inappropriate transcriptional silencing, which can drive chemoresistance and malignant transformation.18 An analysis of histone methylation in DLBCL samples suggests that aberrant methylation increases with disease aggressiveness.4 Importantly, abnormal methylation patterns in DLBCL are not randomly distributed, but rather are associated with specific genome regions that depend on the activity of target-specific transcriptional regulators.4
Lysine demethylase 6B (KDM6B) is induced by various stimuli such as the Epstein-Barr virus (EBV), while another lysine demethylase, KDM6A, is constitutively expressed, but both influence the methylation status of GCB cells.19 KDM6B expression increases in B-cell subsets with progressive stages of differentiation, and gene expression profiling shows that KDM6B transcriptional targets in GCB cells are significantly enriched for those differentially expressed during memory and plasma-cell differentiation, clearly implicating KDM6B in antigen-activated B-cell differentiation.19 KDM6B knockout mice die in utero, because of incomplete development of breathing control.2120 Conditional knockout of KDM6B in the germinal center compartment reduces the number and size of B cells clearly indicating the role of this protein in germinal center-cell proliferation.19 Given the key role demethylation plays in the regulation of normal and malignant B cells, we explored the therapeutic potential of selective KDM6B inhibition in DLBCL. Our results suggest that targeting KDM6B with the small molecule inhibitor GSK-J4 has the potential to render DLBCL sensitive to numerous chemotherapeutic agents.
Methods
Cell culture and agents
DLBCL cell lines Karpas422, OCI-Ly1, and OCI-Ly8 (gifts from Dr. Riccardo Dalla-Favera) were grown in Iscove’s modified Dulbecco’s medium supplemented with 10% fetal bovine serum. The OCI-Ly4 (also a gift from Dr. Riccardo Dalla-Favera) was grown in Iscove’s modified Dulbecco’s medium supplemented with 10% human serum. DB, Pfeiffer, Toledo, SU-DHL-6, and SU-DHL-8, (purchased from American Type Cell Culture, Manassas, VA, USA) were grown in RPMI supplemented with 10% fetal bovine serum. GSK-J4 and its inactive analogue GSK-J5 (R&D Systems, Minneapolis, MN, USA) were used as KDM6B inhibitors.
Bioinformatic analysis
The Compagno lymphoma microarray dataset (GSE12195) was used to analyze KDM6B expression using Oncomine.2322 Values of KDM6B expression were extracted for centroblast cells and DLBCL samples. Expression data values were plotted with prism (GraphPad Prism, GraphPad Software, Inc., La Jolla, CA, USA).
The correlation of survival outcome with KDM6B levels in DLBCL patients treated with R-CHOP was analyzed from a previously published gene expression dataset (GSE10846).24 Bioinformatics analysis was performed using PPISURV, a novel online tool that correlates gene expression with cancer survival rates using publicly available data (http://www.bioprofiling.de/PPISURV).25 PPISURV exploits only rank information from expression data sets. Gene expression rank reflects relative mRNA expression levels and is more consistent as it requires no normalization, and thus introduces no normalization bias. Samples were dichotomized by expression rank into “low expression” and “high expression” groups, corresponding to patients with an expression rank below or above the average expression rank across the data set, respectively. These groups along with survival information were used to find any statistical differences in survival outcome. The R statistical package was used to perform survival analyses26 and to draw Kaplan-Meier plots.
Cell proliferation
Cell proliferation was analyzed using WST-1 reagent (Roche, Indianapolis, IN, USA) as described previously.27 Briefly, cells were seeded in 96-well plates (10,000 cells per 100 μL) and treated with the indicated concentrations of drugs, such as GSK-J4, for 24 h. The metabolic viability of cells was evaluated with addition of 20 μL of WST-1 reagent in each well. Plates were incubated for 2 h and absorbance at 596 nm was measured by a VICTOR3 V plate reader (PerkinElmer, Waltham, MA, USA). Data were analyzed and reported as percentages of buffer-treated controls.
Apoptosis
Apoptosis was determined by the sub-G1 cell population (<2N) as described previously.2928 Briefly, cell pellets were stained with a hypotonic solution containing 40 μg/mL of propidium iodide, 0.1% sodium citrate, and 0.1% Triton X-100 for 2 h. The DNA content in cell nuclei was subsequently analyzed with a flow cytometer (FACS Calibur; BD Biosciences, San Diego, CA, USA) and FlowJo software (Tree Star, Ashland, OR, USA).
Demethylase activity assay
KDM6B activity was measured using the Epigenase KDM6B/UTX demethylase activity assay calorimetric kit (Epigentek, Farmingdale, NY, USA). Briefly, GSK-J4-treated and buffer-treated control cells were harvested at the indicated times. Cytoplasmic and nuclear fractions were extracted and equal amounts of protein lysates were incubated with H3K27 substrate and assay buffer for 90 min in assay plates. KDM6B-mediated demethylated substrate products were detected following incubation with a specific capture antibody. Plates were washed and incubated with detection antibody for 30 min at room temperature. Plates were washed twice before 100 μL developer solution was added, and the reaction was stopped when positive control wells turned medium blue. Absorbance (450 nm) was measured using a VICTOR3 V plate reader (PerkinElmer). Data were analyzed and presented as GSK-J4 treatment-induced change in KDM6B activity [optical density(OD)/min/mg] using the following formula:


B-cell receptor analysis
CRISPR/Cas9 technology30 was used for knockout of the BCR. We designed three different target sites within the second exon of the immunoglobulin heavy chain μ gene (IGHM) coding for the constant region of the BCR heavy chain: IGHM C4 – CCCCCGCAAGTCCAAGCTCATCT, IGHM C5 – CAGGTGTCCTGGCTGCGCGAGGG, and IGHM C6 – ACCTGCCGCGTGGATCACAGGGG (sequences from 5’ to 3’ at the coding strand). Oligos with these sequences were cloned31 into the bicistronic expression vector px33030 coding for hSpCas9 endonuclease as well as subgenomic RNA. We used the Neon Transfection System (Life Technologies, Carlsbad, CA, USA) to electroporate px330 plasmids (12 μg per 1×10 cells) and subsequently immunostained with goat anti-human IgM pAb (Life Technologies, H15101) to detect BCR-positive and -negative fractions using a flow cytometer (LSR Fortessa; BD Biosciences, San Diego, CA, USA). Data were analyzed with FlowJo software (Tree Star). To determine the treatment response, transfected pools of cells were treated with different concentrations of GSK-J4 and immunostained to analyze the fraction of BCR-positive and -negative cells. Sphero Polystyrene Particles (6.8 μm; Spherotech, Lake Forest, IL, USA) were used for absolute cell number quantification of BCR wildtype and BCR knockout cells in mixed cultures.
Western blots
Western blots were performed using previously described protocols.32 Briefly, cells were harvested by centrifugation, washed with ice-cold phosphate-buffered saline and lysed with RIPA cell lysis buffer (Cell Signaling, Danvers, MA, USA). Protein concentration was determined by the Bradford assay (BioRad, Hercules, CA, USA) according to the manufacturer’s protocol. The primary antibodies were anti-human BCL6, BCOR, IRF4, pBTK, pCD79A, and pPLCϒ (1:1000; Cell Signaling). Anti-human H3K27(me)3, H3K27(me)1, H3 (1:500, Active Motif, Carlsbad, CA, USA), and horseradish peroxidase-labeled anti-human β-actin (1:40,000; Sigma-Aldrich, St. Louis, MO, USA) were used to compare loading of individual lanes. Horseradish peroxidase-labeled goat anti-rabbit and goat anti-mouse secondary antibodies were obtained from Jackson Laboratory (1:5,000; Bar Harbor, ME, USA). The intensity of protein bands was quantified through densitometry using Image J software (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis
Experimental data are reported as means or medians with standard deviation, unless otherwise indicated. Differences between groups were calculated using the two-tailed Student t-test (GraphPad Prism). P values <0.05 were considered statistically significant.
Results
Demethylase KDM6B is overexpressed in diffuse large B-cell lymphoma
Bioinformatic analysis of microarray-based gene expression data (GSE12195),2322 extracted from the Oncomine database, indicated that expression levels of KDM6B in samples from patients with GCB-DLBCL (n=9) were significantly higher (P<0.01) than those in samples from patients with ABC-DLBCL (n=17) or in normal germinal center centroblast B cells (n=7) (Figure 1A). Further analysis using the bioinformatic tool PPISURV considered whether KDM6B expression correlated with survival outcome after frontline therapy.25 In a cohort of 414 patients consisting of 181 patients on first-time therapy with CHOP chemotherapy and 233 treated with R-CHOP with a median follow-up of 2.8 years (GSE10846),24 patients with high expression levels (top 50%) of KDM6B had lower survival rates compared to patients expressing low levels of KDM6B (P<0.000489) (Figure 1B). The survival rate at 50 months was 48% for high KDM6B expressers and 71% for low KDM6B expressers. Furthermore, high KDM6B expression correlated with poor survival outcome in R-CHOP-treated (P<0.001) but not in CHOP-treated GCB-DLBCL (Figure 1C). CD20 and KDM6B are known to target NF-κB survival signaling, which may be the reason for differences in survival outcome between the two groups.353319 These results indicate that KDM6B expression is associated with poor survival, suggesting a potential therapeutic benefit of its inhibition in DLBCL.
[image: ]

Figure 1.Demethylase KDM6B is overexpressed in DLBCL (A) Gene expression analysis of KDM6B in primary DLBCL samples (GSE 12195). Straight bars represent the median. The difference in KDM6B expression between GCB-DLBCL and normal centroblasts was statistically significant (P<0.01) (B) Kaplan-Meier plot of DLBCL patients (GSE10846) with low and high expression of KDM6B and survival outcome. Patients with higher KDM6B expression (top 50%) had a significantly lower survival rate (P<0.0005). (C) Kaplan-Meier plot of CHOP-treated (left panel) and R-CHOP-treated (right panel) GCB-DLBCL patients (GSE10846) with low and high expression of KDM6B and survival outcome. R-CHOP-treated GCB-DLBCL patients with higher KDM6B expression (top 50%) had a significantly lower survival rate (P<0.001), while no significant differences were found in CHOP-treated DLBCL patients.
Sensitivity of diffuse large B-cell lymphoma cell lines to GSK-J4
We first confirmed that low micromolar concentrations of GSK-J4 (1.5 μM) inhibit demethylase activity (Figure 2A) and produce a concurrent accumulation of H3K27(me)3 marker (Figure 2B). The dose-dependent correlated increase in H3K27(me)3 suggested that GSK-J4 can inhibit KDM6B and alter histone modification patterns. To test the potential of KDM6B inhibition, we treated a panel of GCB-DLBCL cell lines with different concentrations of GSK-J4 (0.5 μM – 5 μM) and analyzed viable cell numbers by using WST-1 reagent after 24 h. Cell lines fell clearly into resistant (Karpas-422, DB, Pfeiffer, OCI-Ly4) and sensitive (OCI-Ly1, OCI-Ly8, Toledo, SU-DHL-6, and SU-DHL-8) groups (Figure 3A). SU-DHL-8 was the most sensitive GCB-DLBCL cell line with an IC50 value of 1.1 μM. To elucidate whether GSK-J4 affected proliferation or induced apoptosis, we analyzed cells for DNA content after 24 h of incubation with 1.5 μM GSK-J4. Treatment with GSK-J4 significantly induced apoptosis in these cell lines and patients’ samples (Figure 3B). We then considered whether known genetic aberrations in cell lines were related to IC50 values of GSK-J4 (Table 1), and noted that GCB-DLBCL cell lines with the CREBBP1/EP300 mutation were sensitive to GSK-J4. In addition, previously known BCL6-dependent GCB-DLBCL cell lines, SU-DHL-6 and OCI-Ly1,3613 were also sensitive to GSK-J4. BCL6 activity is known to be regulated by acetylation status37 or by BCR signaling.38 Thus one possibility is that GSK-J4 may target BCR-driven survival pathways, such as BCL6, in GCB-DLBCL. We, therefore, explored the effect of KDM6B inhibition on BCR-centered signaling, a common driver of DLBCL proliferation.
[image: ]

Figure 2.GSK-J4 targets enzymatic activity of KDM6B. (A) GSK-J4 induced alteration in KDM6B enzyme activity (OD/min/mg). SU-DHL-6 cells were incubated with GSK-J4 (1.5 μM) for 24 h and enzyme activity was calculated as described in the Methods section. (B) GSK-J4 treatment-induced changes in histone modifications as analyzed by western blot 24 h after GSK-J4 treatment in SU-DHL-6 cells.
[image: ]

Figure 3.Sensitivity of DLBCL cell lines to GSK-J4. (A) WST-1 assay showing drug concentration-dependent effects of GSK-J4 (0.5–5 μM) on proliferation of DLBCL cell lines, Karpas-422, DB, Pfeiffer, OCI-Ly4, OCI-Ly1, OCI-Ly8, Toledo, SU-DHL-6, SU-DHL-8. (B) Sub-G1 apoptosis analysis of GSK-J4 (1.5 μM) induced cell death in sensitive DLBCL cell lines and fresh DLBCL patients’ samples (n=3). Apoptosis rates were compared to those of buffer-treated controls.
[image: ]

Table 1.DLBCL cell lines characteristics.
KDM6B inhibition by GSK-J4 affects B-cell receptor-driven survival pathways
Treatment with GSK-J4 resulted in reduction of phosphorylation of proteins mediating BCR signaling, such as pBTK, pCD79A, and pPLCγ, 24 h after treatment in SU-DHL-6 cells (Figure 4A). To show whether BCR signaling is affected by GSK-J4 treatment, we compared the sensitivity of BCR knockout and wildtype cells to GSK-J4 treatment. The BCR knockout cells were less sensitive to GSK-J4 than were the BCR wildtype SU-DHL-6 cells, indicating that a part of GSK-J4 cytotoxicity involves BCR signaling and that GSK-J4 requires wildtype BCR for its cytotoxic effect (Figure 4B). GSK-J4 treatment at concentrations that induce cell death also reduced protein levels of BCL6 in GCB-DLBCL (Figure 4C). To confirm that the BCL6 downregulation observed after GSK-J4 treatment was specifically due to KDM6B inhibition, we performed western blot analysis for BCL6 in KDM6B knockdown SU-DHL-6 cells. Inhibition of KDM6B by pooled short interfering RNA also resulted in downregulation of BCL6 levels (Figure 4D). A reduction in BCL6 levels was also observed in BCR knockout cells (Figure 4E). In addition, reduction in BCL6 levels was not observed in DB, a GSK-J4-insensitive cell line. It appears that downregulation of BCR signaling is responsible for reducing levels of survival pathway proteins, such as BCL6, in GCB-DLBCL.
[image: ]

Figure 4.KDM6B inhibition by GSK-J4 affects BCR-driven survival pathways. (A) Analysis of B-cell/BCR signaling using western blot for phosphorylated/active forms of pBTKTYR223, pPLCγTYR759, and pCD79ATYR182. (B) Sensitivity of BCR wild type (WT) and BCR-knockout (KO) (generated with Crisper-Cas9 KO constructs) SU-DHL-6 cells to treatment of GSK-J4 was analyzed as change in absolute number of BCR WT and BCR-KO cells (normalized with equal numbers of beads) 24 h after treatment. (C) Effect of GSK-J4 on survival pathway proteins such as BCL6 in SU-DHL-6 cells analyzed by western blots. (D) KDM6B knockdown SU-DHL-6 cells generated using siRNA against KDM6B were used to analyze specific inhibition of BCL6 by western blot. (E) Effect of BCR knockdown on BCL6 levels in cell lines. BCR-KO was achieved using the Crisper-cas9 method.
Inhibition of KDM6B sensitizes diffuse large B-cell lymphoma cells to chemotherapy
In addition to studying the activity of GSK-J4 as a single agent, we also explored the molecule’s cytotoxic potential in combination with standard drugs. Treatment of SU-DHL-6 cells with GSK-J4 at a concentration of 1 μM induced negligible levels of apoptosis, whereas the apoptosis rates increased when GSK-J4 was given in combination with vincristine (4.47% to 34.8%), doxorubicin (2.71% to 24.63%), bortezomib (11.25% to 49.13%), carfilzomib (7.23% to 27.93%), vorinostat (1.89% to 23.33%) or panobinostat (3.6% to 30.3%) (Figure 5). Likewise, in another sensitive cell line, SU-DHL-8, treatment with GSK-J4 (1 μM) induced 11.66% apoptosis, whereas apoptosis rates increased when the GSK-J4 was given in combination with vincristine (7.16% to 78%), doxorubicin (21.7% to 69.43%), bortezomib (23.65% to 83.39%), carfilzomib (12.7% to 84.26%), vorinostat (18.17% to 42.56%) or panobinostat (14.14% to 57.7%). These results suggest that GSK-J4 treatment has the potential to sensitize DLBCL cells to components of CHOP therapy, proteasome inhibitors or histone deacetylase inhibitors. Our results clearly indicate that GSK-J4 sensitizes the killing effects of clinically approved drugs.
[image: ]

Figure 5.Inhibition of KDM6B sensitizes DLBCL cells to chemotherapy. (A) Analysis of apoptosis (sub-G1) induced by GSK-J4 (1 μM) in combination with various drugs i.e. vincristine (1 nM), doxorubicin (35nM), bortezomib (5 nM), carfilzomib (2 nM), vorinostat (10 nM) and panobinostat (1 nM) in SU-DHL-6 cells. (B) Analysis of apoptosis (sub-G1) induced by GSK-J4 (1 μM) in combination with various drugs i.e. vincristine (0.5 nM), doxorubicin (10 nM), bortezomib (5 nM), carfilzomib (2 nM), vorinostat (5 nM) and panobinostat (0.5 nM) in SU-DHL-8 cells. The percentage of sub-G1 was analyzed using propidium iodide staining. * Represents differences between the combination treatment and single drug treated groups that were statistically significant (P<0.05).
Discussion
Coexistence of epigenetic activation [H3K4 (me)3] and repression [H3K27(me)3] marks provides plasticity to a gene which can, therefore, be either activated or remain repressed under different situations.40395 Several studies have suggested that both methylases (e.g., EZH2) and demethylases (e.g., KDM6B) coordinate to counterbalance changes in the epigenetic program during development, infection and malignancies.4541 This would indicate the importance of KDM6B-derived demethylation in driving proliferation of DLBCL, even in the presence of an activated EZH2-dependent [H3K27(me)3] repressive environment. In addition, demethylases such as KDM2B are an essential component of the polycomb group complex required for EZH2-dependent methylation.46 Although the role of KDM6B in the polycomb complex needs further investigation, its high expression in GCB-DLBCL suggests that it has an important function. Since activating Y641 mutations of EZH2 are frequent in GCB-DLBCL cell lines and primary tumors,47 the demethylation by overexpressed KDM6B and consequent expression of genes related to cell proliferation are likely more important in GCB-DLBCL. Therefore, the demethylase KDM6B, which is overexpressed in GCB-DLBCL and associated with poor survival, is a rationale target in DLBCL.
We found that effects of GSK-J4 were specific, since the non-active analog GSK-J5 did not produce any significant toxicity. A recent study of GSK-J4 activity indicated that KDM5B, which removes H3K4(me)3 marks is also a target of GSK-J4, although with a lower affinity.48 However, our western blots showed that treatment of GCB-DLBCL cell lines with GSK-J4 did not influence the expression of H3K4(me)3 marks, thereby suggesting that KDM6B is the specific target of GSK-J4 in GCB-DLBCL.
Several studies have indicated the importance of demethylation in normal B-cell development and in malignant B cells, both of which are influenced by BCR signaling and BCL6.17 We showed that treatment with GSK-J4 leads to a reduction in BCL6 protein levels, perhaps through inhibition of BCR signaling. Indeed, a recent study suggested that KDM6B promotes the survival of DLBCL cells.49 BCR-mediated regulation of BCL6 activity in GCB-DLBCL has been recently reported.38 Our result corroborates the reported findings that knockdown of BCR leads to downregulation of BCL6. The clinical potential of targeting BCR in GCB-DLBCL has been recently elucidated.525014 Our results suggest that GSK-J4 leads to a reduction in BCR activity and thereby downregulates survival pathways such as BCL6 in GCB-DLBCL.
In addition to the effect of KDM6B on BCR signaling observed in our study, several other mechanisms have been suggested in other tumor models, with implications for treatment strategies.5753 Since epigenetic enzymes are associated with several genes, it is not surprising that inhibition of KDM6B may directly affect the expression of many genes. Despite the widespread effects at the genomic level, our results suggest a predominant downregulation of BCR signaling and provide the first evidence that demethylation can directly regulate BCR in DLBCL. Detailed investigations into the mechanism of KDM6B’s effect on BCR signaling are required to exploit this functional relationship.
Acetylation is known to inactivate BCL6;37 therefore, the high frequency of recurrent mutations in CREBBP/EP300, along with those in EZH2, further underscores the need for KDM6B activity to maintain BCL6 activity in GCB-DLBCL and explains the sensitivity of GCB-DLBCL cells with these mutations. Consistent with our observations, inhibition of BCL6 by retro-inverted BCL6 inhibitor (RI-BPI) is further sensitized by histone deacetylase inhibitors due to inhibition of EP300.36 Inhibition of KDM6B by GSK-J4, as a single agent, is directly toxic in GCB-DLBCL cells, but this small molecule inhibitor also sensitizes the cells to various chemotherapies. To conclude, our studies suggest that demethylase inhibitors can be useful in improving therapy for GCB-DLBCL.
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