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Abstract

Background
Recurrent chromosomal translocations are central to the pathogenesis of Multiple Myeloma (MM), and
the t(4;14) translocation is an adverse prognostic factor found in approximately 15% of MM patients.
REIIBP is a t(4;14)-deregulated histone methyltransferase arising from alternative promoter usage within
the MMSET locus. The role of this short isoform in t(4;14) myelomagenesis is poorly understood.

Methods
RPMI8266 was transfected with REIIBP vector to create stable isogenic cells using puromycin selection,
and the oncogenic and histone methyltransferase activities were evaluated by RT-qPCR, immunoblotting,
viability and colony-forming assays. Microarray and ChIP-sequencing were used to identify REIIBP
targets, followed by genetic and biochemical inhibition to determine the underlying mechanisms in vitro
and in vivo. Clinical relevance was validated with CoMMpass dataset.

Results
Despite sharing identical sequence with the C-terminus of MMSET, we found that REIIBP displayed
distinct expression pattern with other MMSET breakpoint variants and gene products of the t(4;14) locus.
Additionally, the expression of REIIBP can be regulated through microRNAs by another histone
methyltransferase, EZH2 in a Dicer-dependent manner. Stable overexpression of REIIBP in the t(4;14)-
negative RPMI8226 promoted oncogenic phenotypes and predominantly catalyzes the repressive
H3K27me3 and active H3K4me3 histone modi�cations. Identi�cation of differentially-regulated genes
through microarray and correlation with H3K4me3/H3K27me3 ChIP-sequencing revealed that Toll-like
receptor 7 (TLR7) and Bruton’s tyrosine kinase (BTK) are targets of REIIBP. Importantly, this led to a B-cell
receptor (BCR)-independent activation of BTK and NF-ĸB effector signaling in t(4;14) myeloma cells. As
myeloma cells do not express BCR, the re-activation of BTK signaling by TLR7 was functionally validated,
conferring bortezomib resistance through the dysregulation of pro-in�ammatory cytokine expression
such as IL-6 and IL-27. Furthermore, comparison of BTK expression and dependency scores across
lineages revealed that BTK is an important target in multiple myeloma, and correlated with REIIBP
expression in the CoMMpass dataset. t(4;14)-translocated cells were amenable to BTK targeting using
Ibrutinib, improving bortezomib response in myeloma cells and mice engrafted with RPMI8226-REIIBP
tumors.

Conclusion
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Altogether, our results provided a rationale for the blockade of REIIBP in t(4;14) cells through combining
proteasome and BTK inhibitors as a therapeutic strategy for further clinical evaluation.

Background
Multiple Myeloma (MM) is a neoplasm of plasma cells characterized by the uncontrolled proliferation of
abnormal plasma cells in the bone marrow that is incapable of producing functional antibodies1. Current
treatment regime involves single or combination of novel drug classes such as proteasome inhibitors
(bortezomib), immunomodulatory drugs (lenalidomide) and monoclonal antibodies (daratumumab),
which have signi�cantly improved survival outcomes in patients2–4. However, this disease still represents
an important clinical challenge as it mainly affects the elderly population and frequent development of
drug resistance subsequent to initial treatment response. MM can be broadly divided into hyperdiploid
and non-hyperdiploid subtypes, with the non-hyperdiploid cases identi�ed by recurrent IgG translocations
such as t(4;14)(p16;q32) and t(11;14)(q13;q32) in ~ 15% of MM patients respectively5,6. Such recurrent
chromosomal translocations are central to the pathogenesis of MM and predicts the treatment response
and clinical outcome of the patient. Patients with t(4;14) translocation, which displays a dysregulation of
the MMSET locus and its alternatively spliced variants, has one of the worst prognosis when compared to
other biological subgroups, but represents an intermediate-risk group given its response towards
bortezomib7,8.

We and others have sought to study the function of the protein products arising from this MMSET gene,
which includes the full-length isoform MMSET II, and the shorter isoforms MMSET I and REIIBP9–19.
MMSET II contains 1365 amino acids, and harbors conserved motifs such as PWWP domain, PHD-type
zinc �ngers and HMG box which are typically found in proteins with chromatin-binding ability and
recognition of histone marks. The C-terminal region resides a functional and catalytic SET domain, which
is essential for the oncogenic activities of MMSET II. In vitro and in vivo histone methyltransferase
assays demonstrated that the primary activity of MMSET II is H3K36 dimethylation, which leads to a
global gene activation reprogramming that drives myelomagenesis11. Other histone modi�cations
modulated by MMSET II includes H4K20 and H3K27 methylation, as well as H3 acetylation12–14.
Through its histone modifying activities, MMSET II promoted cancer phenotypes such as increased cell
proliferation, clonogenicity, adhesion to bone marrow stroma and tumorigenesis11,15−17. MMSET I is
identical to the N-terminus region of MMSET II spanning 647 amino acids. Despite lacking the SET
domain, it regulates gene expression through binding to the promoter of target genes such as GLO1, and
truncation studies indicated that the HMG-box at the C-terminus of MMSET I was important for this
function18. On the other hand, the role of REIIBP, which is overexpressed independent of MMSET
breakpoint clusters, is poorly understood 9,10. This transcript arises from the intron 9 of the MMSET locus
and is identical to the C-terminus of MMSET II spanning 584 amino acids, retaining the SET domain19.
The subcellular localization of REIIBP is found in the cytoplasm and nucleoli, which differs from MMSET
I and II that reside in the nucleus9. Hence, it is likely that REIIBP have differential histone methylation
targets as well as novel functions that are not fully elucidated. In this study, we generated a stable cell
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line that overexpresses REIIBP to perform an unbiased study of the histone methylation and regulatory
activities of REIIBP.

Methods
Cell lines, plasmids and reagents

Human myeloma cell lines (RPMI8226, KMS11, KMS34, KMS18, H929, OPM2, KMS12BM, U266) and
K562 were cultured in RPMI-1640 medium and 293T cells were cultured in DMEM supplemented with
10% FBS and 10 mg/mL penicillin/streptomycin, and incubated at 370C with 5% CO2. Cell lines were
authenticated (National University of Singapore, Singapore) and tested to be Mycoplasma-free (Lonza,
Switzerland). Full-length MMSET II, MMSET I and REIIBP were cloned as previously described11,18, and
antibodies and real-time primers used to differentiate MMSET isoforms were listed in Supplementary
Methods. Dicer and TLR7 shRNAs were constructed in pRP(shRNA)-EGFP-U6 vector by VectorBuilder
(USA). Precursor microRNAs miR-26a, miR-31, and miR-203 were cloned in pRP[ncRNA]-Puro-CMV vector
by VectorBuilder (USA). EZH2 siRNA was purchased from Thermo Fisher Scienti�c ((USA); EPZ-6438 and
GSK-126 were purchased from Selleck Chemicals (USA). Ibrutinib, Bortezomib and Loxoribine were
purchased from Santa Cruz (USA). 

In vitro histone methyltransferase activity assay

Histone H3 tri-methyl K27 and K4 quanti�cation kits were purchased from Abcam and performed as per
manufacturer’s instructions. 0, 2, 5, 10 or 20 µg of nuclear extracts (Thermo Fisher Scienti�c) were added
to biotinylated substrate (unmethylated histone peptide) and anti-H3K27me3 or anti-H3K4me3 antibody
is used for capture and readings taken at absorbance 450 nm with a microplate reader (Tecan). S-
adenosylmethionine (SAM) methyltransferase assay is performed using 1µM SAM as a methyl-group
donor to modify 2µg of H3 substrate by 2µg REIIBP in a reaction buffer previously described20 at 30°C for
2 hours. Proteins were resolved on 15% SDS-PAGE and probed with indicated antibodies.

ChIP sequencing

ChIP sequencing was performed on isogenic cell lines RPMI8226-Vcon and RPMI8226-REIIBP (20 million
cells each) using reagents obtained from Cell Signaling Technology (SimpleChIP® Enzymatic Chromatin
IP Kit) according to manufacturer’s protocol. Monoclonal antibodies used for ChIP were anti-H3K27me3
(CST, #9733) and anti-H3K4me3 (CST, #9751). DNA were extracted with MinElute PCR Puri�cation Kit
(Qiagen). The puri�ed DNA was used for ChIP-seq library preparation. The library was constructed by
Novogene Corporation (Beijing, China). Subsequently, pair-end sequencing of sample was performed on
Illumina platform (Illumina, CA, USA). Library quality was assessed on the Agilent Bioanalyzer 2100
system. Clean reads were aligned to the reference genome using BWA mem (v 0.7.12). After mapping
reads to the reference genome, we used the MACS2 (version 2.1.0) peak calling software to identify
regions of IP enrichment over background. A q-value threshold of 0.05 was used for all data sets. The
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reference genome ID used was ensembl_homo_sapiens_grch38_p12_gca_000001405_27 and the ChIP-
seq peaks were visualized using Integrative Genomics Viewer (IGV, Broad Institute). 

Interleukin-6 in cell culture supernatant

Myeloma cells were seeded in a 10 cm dish in 10 mL of medium at a density of 1 × 106/ml. After 24h,
cells were seeded in serum free RPMI. Supernatant was collected after 24h culture in serum free RPMI
and concentrated in Amicon Ultra-0.5 Centrifugal Filter Unit (3K �lter unit) as per manufacturer's
instructions. After centrifugation, both supernatants collected in �lter units and �ow through were used
for detection of protein by Western Blotting.

In vivo xenograft study

To generate REIIBP xenograft model, RPMI8226-REIIBP stable cells (5 × 106) were suspended in 0.1 mL
PBS and subcutaneously injected into the �anks of NOD/SCID female mice (6 weeks old, InVivos). Tumor
growth was monitored using calipers every 3 days until a volume of 150mm3 [calculated as length x
width (2)/2] is reached, which developed between 2-3 weeks, and randomized into four groups: DMSO
(1% �nal concentration), Ibrutinib (15mg/kg), Bortezomib (0.4mg/kg) and combination (n=5 mice/group).
Treatment was performed every 2 days via intraperitoneal (I.P) injection for 2 weeks. Tumors were
harvested for weight analysis. The responsible use of animals was approved and in accordance to
protocol by Institutional Animal Care and Use Committee (IACUC; National University of Singapore).

Statistical Analysis

All data were performed in biological replicates and values presented as the mean ± standard
deviation. qRT-PCR assays were done in duplicates with three biological repeats; CTG viability assays
were performed in sextuplicate with three biological repeats; apoptosis and cell cycle assays were
performed in triplicates. Paired or unpaired student t-tests were used to compare signi�cant differences
between groups with Excel or GraphPad Prism 9. Correlation analyses were performed between REIIBP
(ENST00000382888, transcript NSD2-203 of Enesmbl annotation) and BTK in CoMMpass dataset using
Pearson correlation analysis. Survival analysis was performed using Kaplan–Meier method and
assessed using the log-rank test in Excel. Using Wilcoxon’s test, association between REIIBP expression
and bortezomib response was determined in CoMMpass (IA13a version) drug treatment response data
that had included bortezomib as a part of the regimen. The levels of signi�cance were designated as
follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Detailed description available in Supplementary Methods.

Results
REIIBP is expressed in t(4;14)+ myeloma cells independent of other MMSET isoforms, FGFR3 or ACA11
expression and harbored oncogenic activity
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To elucidate the biological role of REIIBP in myeloma, we �rst examined the endogenous expression of
REIIBP in human myeloma cell lines (HMCLs). We optimized an antibody that recognizes the C-terminus
region of MMSET and detected a band that corresponded to REIIBP at ~62kDa. Using a different N-
terminus antibody, we probed for MMSET I and MMSET II. Consistent with previous reports, we detected
the longest isoform of MMSET II in KMS11 and KMS34 cells, and these cells harbored the highest
expression for MMSET I (Figure 1A). On the contrary, REIIBP expression was lower in KMS11 and KMS34,
but abundantly expressed in other t(4;14)+ cells, while the t(4;14)- cells showed little to null expression of
REIIBP (Figure 1A). Interestingly, abrogating MMSET II led to an upregulation of REIIBP, in turn,
overexpression of REIIBP downregulated MMSET II (Supplementary Figure 1A). Next, we compared
REIIBP transcript levels against other gene products that were reported to be associated with t(4;14)
locus, namely FGFR3 and ACA119,21, but no clear correlation were observed (Figure 1B). Additionally, in
t(4;14) negative cells,  we could detect REIIBP mRNA which was not translated into REIIBP protein (Figure
1A and 1B), suggesting a post-transcriptional regulatory mechanism of REIIBP in myeloma cells. Another
MM cell line frequently used to study MMSET isoforms is the TKO (translocation knockout) cells
generated from the parental KMS11 with the exon 7 on t(4;14) translocated MMSET II allele deleted16,22.
This results in almost undetectable protein levels of MMSET I and II, and TKO cells also lacked the
protein expression of REIIBP (Figure 1C). 

To examine the physiological functions of REIIBP, we engineered RPMI8226 to stably overexpress REIIBP
given its low expression of all MMSET gene products (Figure 1D). In consideration of its proposed role as
a histone methyltransferase, we �rst checked whether REIIBP could be found in the nucleus. Ectopically
expressed and endogenous REIIBP were detected in both the nuclear and cytoplasmic compartments of
the cell (Figure 1E). This contrasts with the exclusive expression of MMSET I and II in the nucleus.
Compared to control (8226 V-Con), overexpression of REIIBP promoted myeloma cell growth in a short-
term viability assay (Figure 1F) and a signi�cant increase in soft agar clonogenic growth (Figure 1G).
These were attributed to an increased cell-cycle progression (Figure 1H) with little effect on apoptosis
(Supplementary Figure 1B). To exclude cell speci�c observations, we transiently overexpress REIIBP in
two other t(4;14)- cells, KMS12BM and U266, where REIIBP similarly promoted cell viability
(Supplementary Figure 1C). Altogether, REIIBP conferred growth and survival advantage to myeloma cells
independent of other t(4;14) products.

REIIBP has histone methyltransferase activity centered on histone 3 lysine 27, lysine 4 and lysine 79 in
vitro

Till date, whether the SET domain of REIIBP is enzymatically active and its substrate speci�city remains
unclear. To examine whether REIIBP has a direct effect on histone methylation, we performed an in vitro
histone methyltransferase assay using the methyl donor S-adenosylmethionine (SAM), the substrate H3
and puri�ed REIIBP (Figure 2A). After incubation, the methylated products were visualized by
immunoblot. We �rst performed the assay using bacterial cell extracts23 where we expressed a
recombinant GST-tagged REIIBP, and detected a speci�c modi�cation of H3K27me3 (Figure 2B). As
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bacterially-puri�ed enzymes might not be fully activated either because of absence of post-translational
modi�cations or other mammalian complex proteins, we repeated with 293T-puri�ed REIIBP. We
con�rmed a catalyzation of trimethylation on H3K27, additionally, we also detected modi�cations on
H3K4 and H3K79 residues (Figure 2C). To exclude the possibility of contamination with other histone
modifying enzymes, we probed for EZH2 that catalyzes H3K27me324 and H3K79 methyltransferase
DOT1L25, which were both undetected in the extracts (Figure 2C). We performed further validation by
directly measuring the enzymatic activity of nuclear extracts from the isogenic cells in a H3K27 and H3K4
histone methyltransferase reaction, where increased activity could be seen with REIIBP overexpression
(Figure 2D and 2E).

REIIBP has different preferences for histone 3 substrates from MMSET II in vivo

To complement the in vitro assay, we performed a series of in vivo immunoblot panel screening of
histone methylation marks. REIIBP increased the global abundance of H3K4, H3K9, H3K27 and H3K79
trimethylation, with lesser effects on dimethylation (Figure 3A). To identify SET-dependent modi�cations,
we transfected the cells with SET mutant R357Q, which saw an e�cient abolishment of H3K4me3 and
H3K27me3 histone marks (Figure 3B). We then reconstituted the expression of REIIBP in the KMS11-TKO
cells, and observed a consistent increase in H3K27me3 and H3K4me3 modi�cations by REIIBP (Figure
3C). As a direct comparison of the catalytic activities among MMSET II, MMSET I and REIIBP, we
overexpressed these proteins in RPMI8226 cells in parallel. We observed the most signi�cant increase in
H3K36me2 by MMSET II, which was consistent with previous report11. Conversely, H3K27me3 and
H3K4me3 were increased by REIIBP, but not MMSET I and II (Figure 3D). The modi�cations by REIIBP on
these histone marks were reproducible in two other myeloma cells, U266 and KMS12BM (Figure 3E).
Collectively, our in vitro and in vivo histone methylation assays indicated a SET-dependent activity of
REIIBP on H3K4 and H3K27 trimethylation.

EZH2 is an upstream regulator of REIIBP and mediated through microRNAs

EZH2 is a key H3K27me3 enzyme, and previous reports linked EZH2 upstream of MMSET II13,26. To
de�ne the relationship between REIIBP and EZH2, we �rst checked the expression of EZH2 in our isogenic
cells. Similar levels of EZH2 suggested that the upregulation of H3K27me3 is unlikely attributed to a
modulation of EZH2 levels (Figure 4A). Next, we overexpressed REIIBP in a K562-EZH2 null cell line
(EZH2∆/∆), which led to a restoration of H3K27me3 levels in the absence of EZH2 (Figure 4B). We further
checked a panel of other histone methyltransferases and demethylases. Most were unchanged except for
downregulation, and not upregulation, of H3K4 methyltransferases MLL4 and SMYD1 (Figure 4C).
Overall, these data indicated that H3K27 and H3K4 trimethylation mediated by REIIBP were independent
of other enzymes.

Next, we inhibited EZH2 via two different mechanisms, siRNA-mediated abrogation of EZH2 levels, and
pharmacological inhibitors (EPZ-6438 and GSK-126) known to affect EZH2-mediated H3K27me3 but
leave EZH2 levels unchanged27. Knockdown of EZH2 showed an almost complete abrogation of MMSET
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II and H3K36me2, thus acting as a positive control in our system. Notably, REIIBP was also abrogated but
not MMSET I, and REIIBP-associated H3K4me3 and H3K27me3 were reduced (Figure 4D). This indicated
that EZH2 not only regulated MMSET II, but REIIBP as well. Treatment with EZH2 inhibitors (EZH2i)
provided alternative insights as it reduced H3K27me3 levels in wild-type cells but not in REIIBP-
overexpressing cells (Figure 4E). The residual H3K27me3 in EZH2i-treated REIIBP-overexpressing cells
con�rmed that REIIBP could modulate H3K27me3 levels that was not targetable by EZH2i. Here, EZH2i
did not affect REIIBP levels and correspondingly, H3K4me3. 

EZH2 regulated MMSET II expression level through microRNAs (miRNAs)26. Given the identical 3’UTR of
MMSET II and REIIBP, this prompted us to determine whether REIIBP expression level is likewise regulated
by miRNAs and the speci�c EZH2-repressed miRNAs that might be targeting REIIBP. In OPM2, depletion of
Dicer using two independent shRNAs rescued the mRNA and protein levels of REIIBP (Figure 4F). There
were other cell lines whereby Dicer knockdown led to a downregulation of EZH2, resulting in the depletion
of REIIBP (Supplementary Figure 2), strengthening our hypothesis that EZH2 was upstream of REIIBP.
Lastly, we overexpressed the three EZH2-regulated miRNAs that were previously reported to target the
3’UTR of MMSET gene26, namely miR-26a, miR-31, and miR-203. These miRNAs resulted in the
abrogation of both MMSET II and REIIBP levels (Figure 4G).

Gene Expression Pro�ling identi�ed an upregulation of BTK and its putative upstream regulator TLR7 in
REIIBP-overexpressing cells

To investigate transcriptional reprogramming by REIIBP, we performed gene expression pro�ling on our
RPMI8226 isogenic cells (Figure 5A, Supplementary Table 1). We identi�ed 365 downregulated and 256
upregulated genes upon REIIBP overexpression (Figure 5B). The differentially expressed genes (DEGs)
were subjected to gene ontology analysis, and functional annotation clustering revealed an enrichment in
processes such as immune response, cell growth regulation and metabolism (Figure 5C). To uncover
potential targets that could drive REIIBP oncogenic phenotype, we selected �ve upregulated genes (CYBB,
TLR7, FAIM3, BTK, PDIA2) and validated them using qRT-PCR in RPMI8226, KMS12BM and U266 cells
(Figure 5D). Additionally, WB validation was further performed for Toll-like receptor 7 (TLR7) and Bruton’s
tyrosine kinase (BTK) (Figure 5E) as it was interesting that both BTK and its putative upstream regulator
TLR728 were upregulated by REIIBP. BTK is involved in BCR signalling and activates NF-kB signalling
pathway to promote B-cell survival29. Pharmacological inhibitors of BTK have shown single-agent
e�cacy in various B-cell malignancies such as chronic lymphocytic leukemia (CLL) and mantle cell
lymphoma (MCL)30-32, indicating the importance of BTK signaling. Cancer Cell Line Encyclopedia and
DepMap portal (Broad Institute) comparison of the expression of BTK and BTK dependency scores
across lineages revealed that BTK is also an important target in MM (Supplementary Figure 3A and 3B).
For clinical relevance, we found that TLR7 expression was associated with overall survival (OS) in
CoMMpass dataset, although BTK showed a less signi�cant association with OS (Figure 5F). However,
there was a positive correlation (r=0.401, p =0) between REIIBP and BTK expression speci�cally in
MMSET group but not in the overall cohort (Figure 5G).
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Altered distribution of H3K4me3 and H3K27me3 on TLR7 and BTK by REIIBP activates the BTK signaling
axis

Next, we performed genome-wide mapping of H3K4me3 and H3K27me3 histone marks using ChIP-
sequencing. At the global level, we observed an increased enrichment of H3K4me3 near the TSS in
REIIBP-overexpressing cells, while H3K27me3 was higher near the TSS and lowers with distance away
from TSS (Figure 6A). To establish whether TLR7 and BTK expression were associated with histone
changes, we examined their representative gene tracks. Higher H3K4me3 signals were observed on both
gene loci near the promoter region, with broad lower H3K27me3 distribution across the gene body,
indicating transcriptionally active chromatin (Figure 6B). We further examined CYBB, FAIM3 and PDIA2.
PDIA2 was the only gene that did not show the presence of H3K4me3 on the promoter of its gene locus
between the isogenic samples (Supplementary Figure 4), suggesting that it might not be a direct target of
REIIBP.

Given the increased expression of TLR7 and BTK by histone methylation, we next examined whether they
are functionally required for REIIBP oncogenesis. We observed elevated levels of phospho-BTK and
phospho-NFĸB with reduction in the inhibitory molecule IĸBα33, indicating an activation of downstream
BTK signaling pathway (Figure 6C). In the absence of BCR, we hypothesize that TLR7 may be the
functional receptor in BTK activation. shRNA-mediated gene silencing of TLR7 signi�cantly reduced both
BTK and phospho-BTK (Figure 6D), while stimulation with a TLR7 agonist, loxoribine, phosphorylated
BTK in myeloma cells in a dose- and time-dependent manner (Figure 6E). Hence, our results indicated that
REIIBP-mediated TLR7 upregulation was required for a fully activated, phosphorylated BTK.

TLR7-BTK activation conferred bortezomib resistance through aberrant pro-in�ammatory cytokine
production and can be targeted using Ibrutinib

Bortezomib resistance is a clinical challenge in the treatment of MM. Our data indicated that REIIBP
overexpression contributed to bortezomib insensitivity (Figure 7A). This insensitivity was reliant on TLR7
activation as induction of TLR7 with loxoribine could reproduce bortezomib resistance in a similar
manner to REIIBP overexpression (Supplementary Figure 5A), even when loxoribine alone did not confer
viability advantage (Supplementary Figure 5B and 5C). The contribution of REIIBP expression towards
bortezomib-based treatment response was clinically validated with the MMRF CoMMpass dataset.
REIIBP expression was highest in progressive disease (PD) compared with the others in a six-level
description (Figure 7B). Notably, the differences in REIIBP expression was also pronounced in a two-level
segregation of negative versus positive response groups (Figure 7C). To understand the underlying
mechanism, we measured the levels of pro-in�ammatory cytokines as previous studies suggested that
BTK activation elicits a pro-in�ammatory response to support myeloma cell survival and drug
resistance34. Consequently, we found a signi�cant dysregulation of cytokine gene expression, especially
IL-6 upon REIIBP overexpression (Figure 7D), with increased secretion of IL-6 into the supernatant by the
myeloma cells (Figure 7E). 
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Next, we examined whether BTK activation could give rise to a new vulnerability that can be
therapeutically targeted using Ibrutinib, a �rst-in-class oral inhibitor of BTK35-37. t(4;14) myeloma cells
with high levels of REIIBP such as OPM2, H929 and KMS18 were signi�cantly inhibited as compared to
t(4;14) cells harbouring lower REIIBP like KMS11 and KMS34, while t(4;14)-negative U266 was the most
unresponsive to Ibrutinib (Figure 7F). This e�cacy was con�rmed in RPMI8226 with REIIBP
overexpression, but not control cells (Supplementary Figure 6A-C), demonstrating that REIIBP expression
segregates response towards Ibrutinib. Moreover, the inhibitory effects of Ibrutinib were potentiated when
used in combination with Bortezomib as assessed by cell viability assay (Figure 7G), apoptosis (Figure
7H), and Western blotting of apoptotic markers (Figure 7I). In vivo, NSG mice engrafted with RPMI8226-
REIIBP cells developed tumors and randomized treatment with Ibrutinib-Bortezomib combination
demonstrated superior results to single drug or DMSO control groups (Figure 7J). These results
collectively indicated that BTK is a good druggable target against REIIBP and is a promising candidate
for Bortezomib combination.

Discussion
Alternative splicing events and promoter usage are major contributors to isoform diversity, giving rise to
functionally different protein products from the same gene locus, a phenomenon common for
oncogenes. MMSET is amongst the genes that has been demonstrated to produce multiple transcripts.
However, the mechanism of how each transcript contributed to myeloma phenotype remains to be fully
elucidated. In particular, little is known about the oncogenic function and therapeutic potential of
targeting REIIBP, due to the inability to perform REIIBP knockdown studies owing to a signi�cant amount
of overlapping gene sequences with MMSET II, and the absence of an REIIBP speci�c antibody. To
overcome these technical di�culties, we created a stable isogenic REIIBP cell line using RPMI-8226,
which do not express all isoforms of MMSET. We elaborated on the molecular mechanism regulating
REIIBP expression, which was not only driven by chromosomal rearrangement, but also EZH2-mediated
microRNA gene silencing. Our �ndings corroborated a previous study that implicated EZH2 as an
upstream regulator of MMSET II via its 3’UTR26, which is identical between REIIBP and MMSET II. This
supports the notion that most histone modifying enzymes do not work singly, but in a concerted effort to
remodel the chromatin and alter transcription38,39. Here, we also uncovered a cooperative network
consisting of various epigenetic regulators in t(4;14) MM.

One major �nding is that despite homology between REIIBP and MMSET II, the most prominent histone
methylation activity of REIIBP is distinct from MMSET II. REIIBP preferentially modi�es H3K27me3 and
H3K4me3, with slight effect on H3K36me2, the primary modi�cation mediated by MMSET II. As the
catalytic SET domain of REIIBP and MMSET II is identical, a reasonable interpretation will be a
combination of contributing factors such as differences in its subcellular localization or protein
interacting partners, both of which can be caused by the absence of N-terminus sequences in REIIBP. Our
results also further emphasise the promiscuity of the SET domain, which is supported by other literature
based on the observed catalytic activity of MMSET II12–15,40−41. Traditionally, EZH2 is the only known
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histone methyltransferase that catalyzes H3K27me3. Hence, we considered the possibility that REIIBP
might indirectly regulate H3K27me3 levels through EZH2 or H3K27 demethylase JMJD3; however, neither
was misregulated by REIIBP. Through a series of in vitro and in vivo experiments, we showed that REIIBP
may have intrinsic H3K27 methylation capabilities. The accumulation of H3K27me3 by REIIBP, which is
associated with a closed chromatin state and transcriptional repression, was generally re�ected in our
microarray data where we saw more downregulated genes. H3K4me3 opposes the role of H3K27me3 by
predominantly marking active promoters42. In a bivalent domain, the co-occurrence of these two histone
marks has been reported in embryonic stem cells as a mechanism to poise developmental genes for
timely activation42. However, we did not observe true bivalent promoters since H3K4me3 was found near
the TSS, while H3K27me3 was broadly distributed throughout the intragenic region without domains
being simultaneously marked.

It was within our expectations that we found little overlap of the differentially-regulated genes between
REIIBP and MMSET II43, given the differences in histone preferences between them. Here, we uncovered a
novel mechanism of BTK activation that bypasses BCR by REIIBP. BTK is a critical component of BCR
signaling and a potent B cell survival factor, but BCR is lost when B cell matures into plasma cells44.
However, BTK is highly expressed in MM, and we found that upregulation of TLR7 by REIIBP could
represent a novel, important mechanism of BTK reactivation. Moreover, TLR7 is not expressed in the
plasma cells from healthy donors45, making it possible to target cancer cells while sparing normal cells.
We further reasoned that TLR- or BCR-mediated BTK activity could elicit differential downstream effects.
Probing for all the downstream effectors of BTK signaling helped us to identify a NF-ĸB-driven production
and secretion of a key pro-in�ammatory cytokine IL-6. Myeloma cells are highly dependent on the bone
marrow tumor microenvironment and especially IL-6 for growth and survival, and the elevated expression
of IL-6 is deemed a contributing factor for drug resistance46–48. This was re�ected in our analysis of the
CoMMpass database demonstrating that patients who expressed high REIIBP levels had poorer response
towards bortezomib as compared to those expressing lower REIIBP, even though patients with t(4;14)
translocation are generally perceived to be responsive towards bortezomib treatment.This also rendered
REIIBP-overexpressing cells highly dependent on BTK and targetability using Ibrutinib to improve
bortezomib response.

Conclusion
In summary, we demonstrated that REIIBP is a functional histone methyltransferase in t(4;14) myeloma,
and upregulation of TLR7 by REIIBP methylation is a novel mechanism to bypass BCR and activate BTK-
NFĸB-IL6 signalling. Our work thus identi�es REIIBP as a relevant target in t(4;14) MM that leads to
epigenetic reprogramming of myeloma cells, and propose REIIBP overexpression as a selection biomarker
for ibrutinib in combination with bortezomib.
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Figure 1

REIIBP is oncogenic and overexpressed in t(4;14) cells. (A) Western blotting to determine the endogenous
expression of MMSET I, II and REIIBP in a panel of human myeloma cell lines. GAPDH was used as
loading control. (B) qRT-PCR analysis of ACA11, FGFR3 and REIIBP in a panel of human myeloma cell
lines. GAPDH was used as for normalization. (C) mRNA and protein were extracted from isogenic cells,
KMS11-WT and KMS11-TKO (translocation knockout) cells to determine the expression of MMSET I, II
and REIIBP. (D) Overexpression of REIIBP in RPMI8226 cells was determined using qRT-PCR and Western
blotting. REIIBP expression vector contained His-tag and β-actin was used as loading control. (E) 10
million RPMI8226 V-Con or REIIBP cells (left) or H929 (right) were lysed to extract the nuclear (NER) and
cytoplasmic (CER) protein fractions. Minimal cross-contamination was con�rmed with nuclear marker
lamin A and cytoplasmic marker α-tubulin. MMSET I and II were found in the nucleus as previously
reported. (F) Cell viability was determined over 72 hours in RPMI8226 control and REIIBP-overexpressing
cells and normalized against 0 hours. (G) Colony-forming assay was performed to determine the long-
term viability of RPMI8226 control and REIIBP-overexpressing cells over two weeks and the number of
colonies was plotted. (H) Cell cycle analysis of RPMI8226 control and REIIBP-overexpressing cells were
measured using �ow cytometry and the percentage of cells in G1, S or G2/M were indicated. Experiments
were performed with three biological repeats and a representative experiment was shown. Asterisks
represent signi�cant differences (*, P < 0.05; **, P < 0.01, Student t test).
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Figure 2

In vitro histone methyltransferase assay to con�rm that REIIBP has a direct effect on histone methylation.
(A) Diagrammatic representation of the in vitro methylation assay with S-adenosyl-L-methionine (SAM)
was shown. Puri�ed REIIBP methyltransferase from (B) E.coli or (C) 293T cells was added to SAM and H3
substrate in PKMT buffer. Western blotting was performed with the indicated antibodies. (D) H3K27
methyltransferase activity assay was performed using increasing amount of nuclear extract from
RPMI8226-Vector Control (V-Con) or RPMI8226-REIIBP cells and readings were taken at 450 nm. (E) H3K4
methyltransferase activity assay was performed using increasing amount of nuclear extract from
RPMI8226-Vector Control (V-Con) or RPMI8226-REIIBP cells and readings were taken at 450 nm.
Experiments were performed with three biological repeats and a representative experiment was shown.
Asterisks represent signi�cant differences (*, P < 0.05; **, P < 0.01, Student t test).
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Figure 3

REIIBP alters global levels of histone methylation. (A) 50µg of protein lysate from RPMI8226-Vector
Control (V-Con) and RPMI8226-REIIBP cells were used for Western Blotting with the indicated antibodies.
H3 is the loading control. (B) Control vector, wild-type REIIBP and R357Q mutant REIIBP were transiently
transfected into RPMI8226 cells and 50µg of protein lysate were used for Western Blotting with the
indicated antibodies. H3 and β-actin are the loading control. (C) KMS11 and KMS11-TKO (translocation
knockout) cells transiently transfected with control vector or wild-type REIIBP were used for Western
Blotting with the indicated antibodies. H3 and β-actin are the loading control for nuclear and total extract.
(D) RPMI8226 cells were transfected with MMSET I, MMSET II and REIIBP expression vectors and
Western Blotting with the indicated antibodies. H3 and β-actin are the loading control for nuclear and
total extract. (E) U266 and KMS12BM were transiently transfected with REIIBP expression vector from
Supplementary Figure 1C and used to probe for histone marks. H3 is the loading control.
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Figure 4

REIIBP regulates H3K27me3 independent of EZH2. (A) 50µg of protein lysate from RPMI8226-Vector
Control (V-Con) and RPMI8226-REIIBP cells were used to check for EZH2 levels. GAPDH is the loading
control. (B) K562 EZH2∆/∆ cells were transiently transfected with increasing amounts of REIIBP plasmid
and protein were extracted at 48 hrs to determine the levels of H3K27me3. GAPDH and H3 are the loading
controls. (C) Gene expression of a panel of histone methyltransferases and demethylases were
determined in RPMI8226-Vector Control (V-Con) and RPMI8226-REIIBP cells. GAPDH was used for
normalization. (D) RPMI8226-Vector Control (V-Con) and RPMI8226-REIIBP cells were transiently
transfected with control or EZH2 siRNA (100 nM) and protein harvested at 48 hours for Western Blotting
with the respective antibodies. H3 and β-actin are the loading control for nuclear and total extract. (E)
RPMI8226-Vector Control (V-Con) and RPMI8226-REIIBP cells were treated with two EZH2 inhibitors, EPZ-
6438 and GSK-126, for 72 hours before protein was harvested for Western Blotting. H3 and β-actin are the
loading control for nuclear and total extract. (F) 1 x 106 OPM2 cells were transiently transfected with 2µg
scrambled shRNA, Dicer shRNA #1 or #2 for 48 hours and protein lysate was harvested. Western Blotting
was performed with the indicated antibodies. β-actin is the loading control. Transfection for 24 hours was
harvested for mRNA and shown as fold change relative to scrambled shRNA control. (G) OPM2 cells were
transiently transfected with 75nM of miRNA-26, miRNA-31 or miRNA-203 for 48 hours and the protein
levels of REIIBP and MMSET II were determined.  Experiments were performed with three biological
repeats and a representative experiment was shown. Asterisks represent signi�cant differences (*, P <
0.05; **, P < 0.01, Student t test).
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Figure 5

Global transcriptional changes in REIIBP-overexpressing cells. (A) Heat map of Log Fold-Change cut-off
of 1.6 were shown. See Supplementary Table 1 for microarray data. (B) Up- and down-regulated genes
were plotted as a pie chart. (C) Functional annotation clustering was performed using DAVID
Bioinformatics Resources49 with the DEGs. The processes with the top three enrichment scores are
presented. The x-axis represents the number of genes, while the y-axis represents the ontology categories.
(D) RPMI8226-Vector Control (V-Con) and RPMI8226-REIIBP cells were used to check the mRNA levels of
�ve upregulated genes, CYBB, TLR7, FAIM3, BTK and PDIA2. (E) RPMI8226-Vector Control (V-Con) and
RPMI8226-REIIBP cells were used to determine the protein levels of TLR7 and BTK. β-actin is the loading
control. (F) Survival analysis using Cox regression & Kaplan-Meier curves were performed on TLR7 and
BTK in the CoMMpass dataset. (G) The correlation between REIIBP and BTK in CoMMpass dataset was
performed by �rst assigning REIIBP out of 31 registered MMSET transcripts. Correlation between REIIBP
and BTK is signi�cant in MMSET group (points marked in yellow, regression results represented in red) in
the background of overall scatterplot. Overall regression between REIIBP and TLR7 is shown in gray.
Asterisks represent signi�cant differences (*, P < 0.05; Student t test).
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Figure 6

REIIBP activates BTK and its downstream targets in a TLR7-dependent manner. (A) Heatmap and average
H3K4me3 and H3K27me3 pro�le enrichment on genomic loci near TSS from three replicates of ChIP-seq
analysis was shown. DNA input and mouse IgG were used as controls. Raw ChIP-seq data is publicly
available as GSE198026.  (B) Integrative Genomics Viewer (IGV) browser representative gene tracks of
TLR7 (top) and BTK (bottom) were shown for H3K4me3 and H3K27me3 histone marks in RPMI8226-
Vector Control (V-Con) and RPMI8226-REIIBP cells. (C) 50µg of protein lysate from RPMI8226-Vector
Control (V-Con) and RPMI8226-REIIBP cells were used with the indicated antibodies. β-actin is the loading
control. (D) RPMI8226-REIIBP cells were transiently transfected with two TLR7-targeting shRNAs and
protein harvested 48 hours post-transfection. Western Blotting was performed with the indicated
antibodies. GAPDH is the loading control. (E) RPMI8226 cells were treated with increasing concentration
of loxoribine for 60 mins (left) or increasing duration at �xed concentration of 10 μg/ml (right). Phospho-
BTK and total BTK levels were determined using Western Blotting and GAPDH is the loading control. 

Figure 7

Inhibitory effects of combining Ibrutinib with Bortezomib. (A) RPMI8226-Vector Control (V-Con) and
RPMI8226-REIIBP cells were treated with increasing concentrations of Bortezomib (0, 2.5, 5, 7.5, 10nM)
and viability was determined at 24 and 48 hours using CTG assay. Viability was normalized against 0nM.
Experiments were performed with three biological repeats and a representative experiment was shown.
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(B) REIIBP expression by 6-level best response to Bortezomib without t(4;14) cases in CoMMpass dataset.
PD (progressive disease: 1.6%, 12/745), SD (stable disease: 6.3%, 47/745), PR (partial response:17.4%,
130/745), VGPR (very good partial response: 51.9%, 387/745), CR (complete response: 18.7%,139/745),
sCR (stringent complete response: 4%, 30/745). (C) REIIBP expression by 2-level best response to
Bortezomib without t(4;14) cases in CoMMpass dataset. Negative (PD + SD: 7.9%, 59/745) and Positive
(PR + VGPR + CR + sCR: 92.1%, 686/745). (D) The expression of various cytokines and chemokines were
determined in RPMI8226-Vector Control (V-Con) and RPMI8226-REIIBP cells. GAPDH was used for
normalization. (E) IL-6 in the cell culture supernatant was collected from �lter unit and �ow-through, and
measured by Western Blotting in RPMI8226-Vector Control (V-Con) and RPMI8226-REIIBP cells. (F) Panel
of myeloma cell lines were treated with increasing concentrations of Ibrutinib for 48 hours and viability
was plotted. (G) RPMI8226-REIIBP cells were treated with single or combination of �xed-ratio
concentrations of Ibrutinib and Bortezomib and viability was determined at 48 hours. Experiments were
performed with three biological repeats and a representative experiment was shown. (H) RPMI8226-
REIIBP cells treated with DMSO, 10 µM Ibrutinib, 10 nM Bortezomib or combination were subjected to
Annexin V-PI �ow cytometry to determine apoptosis. (I) The expression of cleaved caspase-3 and cleaved
PARP is determined by Western Blotting in RPMI8226-REIIBP cells treated with DMSO, 10 µM Ibrutinib, 10
nM Bortezomib or combination after 48 hours. GAPDH is the loading control. (J) Xenografts of
RPMI8226-REIIBP (5 million cells) were allowed to grow for three weeks until desired size, and treatment
with 1% DMSO, 20 mg/kg Ibrutinib, 0.4 mg/kg Bortezomib or combination proceeded for 2 weeks. Tumors
were harvested and weighed in grams. Harvested tumors were photographed. Asterisks represent
signi�cant differences (*, P < 0.05; **, P < 0.01, Student t test).
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