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Abstract

Waldenstrom’s macroglobulinemia (WM) is a non-Hodgkin lymphoma, resulting in antibody-secreting lymphoplasmacytic
cells in the bone marrow and pathologies resulting from high levels of monoclonal immunoglobulin M (IgM) in the blood.
Despite the key role for BLIMP1 in plasma cell maturation and antibody secretion, its potential effect on WM cell biology
has not yet been explored. Here we provide evidence of a crucial role for BLIMP1 in the survival of cells from WM cell line
models and further demonstrate that BLIMP1 is necessary for the expression of the histone methyltransferase EZH2 in both
WM and multiple myeloma cell lines. The effect of BLIMP1 on EZH2 levels is post-translational, at least partially through
the regulation of proteasomal targeting of EZH2. Chromatin immunoprecipitation analysis and transcriptome profiling
suggest that the two factors co-operate in regulating genes involved in cancer cell immune evasion. Co-cultures of natural
killer cells and cells from a WM cell line further suggest that both factors participate in immune evasion by promoting escape
from natural killer cell-mediated cytotoxicity. Together, the interplay of BLIMP1 and EZH2 plays a vital role in promoting
the survival of WM cell lines, suggesting a role for the two factors in Waldenstrom’s macroglobulinaemia.

Introduction

Waldenstrom’s macroglobulinemia (WM) is a rare plasma
cell dyscrasia with 3-6 people per million diagnosed
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annually world wide [1-3]. It is characterised by the
expansion of a monoclonal population of malignant cells in
the bone marrow with a lymphoplasmacytic character, that
is, cellular phenotypes ranging from that of B-lymphocytes
to overt plasma cells that exhibit hypersecretion of immu-
noglobulin M (IgM) [4]. A large proportion of WM
symptoms arise because of high levels of IgM paraprotein
in patients’ blood and tissues [5]. Curiously, over 90% of
WM tumours carry an activating mutation in the signalling
adaptor MYDS88, typically L265P that serves as a key
oncogenic driver in the disease [6-8].

The transcription factor B-lymphocyte induced matura-
tion protein-1 (BLIMP1) drives plasma cell differentiation,
mediating transcriptional changes via the recruitment of co-
factors to chromatin [9-11]. During plasma cell maturation,
BLIMPI represses key B-lymphocyte identity factors and
signalling mediators [12, 13], while simultaneously driving
plasma cell specific gene expression and antibody secretion
[14-16]. Depending on the mouse model, BLIMP1 appears
to be required for the survival of long-lived plasma cells in
the bone marrow and promotes multiple myeloma (MM)
cell survival [15, 17-19]. Conversely, BLIMP1 functions as
a tumour suppressor in diffuse large B cell lymphoma
(DLBCL), consistent with its repression of proliferation
genes during plasma cell differentiation [14, 20-22]. WM
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tumours harbour frequent heterozygous losses of PRDM1,
the gene encoding BLIMPI1 [23]. However, BLIMPI is
expressed in a subset of WM lymphoplasmacytic cells
[24, 25], in line with its necessity for antibody secretion
[16, 18, 26], a critical aspect of WM pathology. Further-
more, BLIMP1 is induced downstream of toll like receptor
engagement of MYD88 [27, 28] and PRDMI mRNA is
elevated in tumours harbouring the MYD88%%F mutation
[29], which is associated with poorer prognosis in WM [30].

Also important in plasma cell differentiation, enhancer of
zeste 2 (EZH2) is both a physical and genetic interaction
partner of BLIMP1 [16, 31]. The interaction was first sug-
gested in mouse primordial germ cells, where BLIMP1 and
EZH2 share a highly overlapping set of binding sites
[32, 33]. EZH2 is the catalytic component of the polycomb
repressive complex 2, placing methyl groups on lysine 27 of
histone 3, typically tri-methylation (H3K27me3), to repress
transcription [34, 35]. While EZH2 is essential for
embryonic development [36], it has frequent activating
mutations in DLBCL, and is commonly overexpressed in
MM, making it a promising therapeutic target [37-39].
While aberrant regulation of histone modifications has been
implicated in WM pathogenesis [40], the role of EZH2 is
yet to be investigated.

In this study, we examine the potential role of BLIMP1
in WM and its interplay with EZH2 using available cell line
models of the disease. We demonstrate for the first time that
BLIMPI1 promotes the survival of WM cells from these
models and maintains EZH2 protein levels. We identify a
large overlap in the targets of the two factors and show that
they repress transcription of an overlapping set of genes in a
parallel fashion. In a highly novel finding, we reveal roles
for BLIMP1 and EZH2 in evasion from natural-killer (NK)
cell mediated cytotoxicity, with BLIMP1 suppressing NK
cell activation in response to cells from a WM cell line, and
both factors suppressing NK cell mediated WM cell death,
potentially implicating the factors in immune evasion. In
sum, our data highlight the multifaceted roles of the
BLIMP1-EZH2 nexus in promoting the survival of cells
from a WM cell line and may suggest a more general
mechanism for these factors’ interplay in other tumour types
such as MM, where they are co-expressed.

Results

BLIMP1 is important for cell survival in
Waldenstrom’s macroglobulinemia

BLIMPI is expressed in a subset of WM patients’ lym-
phoplasmacytic cells [24, 25]. Therefore, given its crucial
roles in antibody secretion and plasma cell differentiation,
we wanted to determine whether it plays a role in WM cell

biology. We compared BLIMP1 expression in the myeloma
cell line OPM-2 [41] to that of three WM cell lines RPCI-
WM1 (RP), MWCL-1 (MW) and BCWM.1 (BC) by
immunofluorescence staining (Fig. 1a). All of the RP cells
expressed BLIMP1, while the MW and BC cells had more
heterogeneous expression, with 43 and 18% of the cells
expressing high levels of BLIMPI1, respectively, (Fig. la
right panel). We subsequently focused mainly on the RP
cell line as it had the most uniform BLIMP1 expression.

To knock-down (KD) BLIMPI, we engineered RP cells
with two distinct doxycycline (dox)-inducible artificial
miRNAs targeting PRDMI mRNA (PmiR1 and PmiR2), or
a non-targeting control miRNA (NTmiR), and MW cells
with NTmiR and PmiRI. The induction of PmiRI and
PmiR2 led to the loss of BLIMP1 protein in RP cells
(Fig. 1b) and PmiR]I led to a 60% reduction in MW cells
(Fig. 1c). The KD resulted in decreased cell survival, with
58 and 72% live cells remaining relative to NTmiR in RP
PmiR1 and PmiR2 cell cultures respectively, 48 h post dox
addition (Fig. 1d). No viable cells remained 6 days after
induction of PmiRI or PmiR2 (Fig. S1A). MW PmiR] cells
also displayed an initial decrease in viability to 71% of the
NTmiR (Fig. 1d), but by day 5 had recovered their viability,
perhaps due to the survival of the non-BLIMP1 expressing
cellular compartment. The proportion of apoptotic cells
increased in RP cells by 2.6- and 2.3-fold 48 h post PmiR1
and PmiR?2 induction respectively (Fig. S1B). Although we
consistently saw an increase in Annexin-V positive MW
cells upon BLIMP1-KD, it was not statistically significant
(Fig. S1C).

Crucially, the decreased cell viability upon BLIMP1-KD
in RP cells was rescued in PmiRI cells transduced with
miR-resistant BLIMP1 from a lentiviral construct [42]
(Fig. le, SID-F). BLIMPI1 overexpression resulted in 81-
101% viability, relative to BLIMPI-transduced NTmiR
control, whereas EGFP-transduced cells were 65-106%
viable at 48 h post PmiRI induction (Fig. 1f and S1D-F).
However, 5 days post BLIMP1 KD, 57-75% of the
BLIMPI-transduced cells were viable, compared with only
3-20% of the EGFP-transduced cells (Fig. 1f), similar
results were obtained with PmiR2 (Fig. S1E). This was
further reflected in an increased reduction capacity of the
BLIMP1 complemented cells (23% vs. 6% resazurin
reduction) (Fig. 1g). Taken together, BLIMPI is a survival
factor in RP and MW cells, likely due to the suppression of
apoptosis.

BLIMP1 expression maintains EZH2 protein levels
As studies of mouse plasmablasts and germ cells have
shown a functional overlap and direct interaction of

BLIMP1 and EZH2 [16, 32, 33], we investigated the
potential interplay between the two factors in WM and MM
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Fig. 1 BLIMP1 promotes the survival of WM cells. a BLIMP1
expression in the myeloma cell line OPM-2 and in WM cell lines RP,
MW and BC as detected by immunofluorescence staining, with a bar
graph representing percentage of BLIMP1™&h cells. Scale bars
represent 20 um. b Representative immunoblot of BLIMP1 expression
following 48 h induction of RP cells expressing NTmiR, PmiRI or
PmiR2. ¢ Immunofluorescence staining of BLIMP1 following 48 h
induction in MW cells expressing NTmiR or PmiR1, with CellProfiler
quantification. d Percentage of live cells as determined by Trypan blue
exclusion assay in the RP and MW cell lines comparing PmiRI or
PmiR2 to NTmiR following 48 h of induction. e Immunoblot depicting
lentiviral ectopic expression of EGFP or BLIMP1-EGFP in the RP
PmiR1 cells, next to the RP NTmiR cells. f The percentage of live RP

cells. Our first line of inquiry revealed a decrease in EZH2
protein expression upon BLIMP1 KD in RP cells (Fig. 2a)
and in OPM-2 MM cells also engineered with inducible
PmiR1 (Fig. 2b). Genetic complementation with miR-
resistant BLIMP1 (Fig. le) restored EZH2 protein levels in
RP cells, confirming the effect is specifically due to
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PmiR1 cells with ectopic EGFP or BLIMP1-EGFP expression deter-
mined by the Trypan blue exclusion assay normalised to the percen-
tage of live cells following transduction of RP NTmiR cells with EGFP
or BLIMP1-EGFP. BLIMP1-EGFP compared to EGFP at Day 2 and
Day 5. g Percent reduction as measured by resazurin assay for RP
PmiR]I cells with EGFP compared to BLIMP1-EGFP, five days after
miR induction. All p values as determined by student’s two-tailed ¢
test. ¥p<0.05; **p<0.01; ***p <0.001; ****p <(0.0001. All graphs
were plotted as the mean of three independent experiments, with error
bars representing standard deviation. The migration rates and sizes of
protein size standard markers shown in kD to the left of the blots in (b)
and (e).

BLIMP1 depletion (Fig. 2c, quantified in Fig. S2A). Fur-
thermore, BLIMP1 and EZH2 levels were positively cor-
related in two separate complementation experiments (R> =
0.338, R*=0.684) based on quantitation of nuclear fluor-
escent signal. Taken together these data reveal a depen-
dency of EZH2 expression on BLIMPI.
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Fig. 2 BLIMP1 maintains EZH2 protein levels in WM cells. a An
immunoblot of BLIMP1 and EZH2 expression following 48 h induc-
tion of RP cells expressing NTmiR, PmiRIl or PmiR2. b An immu-
noblot of BLIMP1 and EZH2 expression following 48 h induction of
OPM-2 cells expressing NTmiR compared to PmiRI. ¢ Immuno-
fluorescence staining of BLIMP1 and EZH2 expression following 48 h
induction of RP cells expressing NTmiR or PmiRI, transduced with
EGFP or BLIMP1-EGFP. Scale bars represent 20 um. d RT-qPCR
results depicting relative mRNA expression of PRDMI and EZH2
normalised to PPIA and ACTB in the RP cell line and (e) in the OPM-2
cell line. f An immunoblot of BLIMP1 and EZH2 expression

Reverse transcription followed by quantitative PCR (RT-
gPCR) showed that EZH2 mRNA levels were unchanged in
RP PmiR2 cells upon BLIMPI KD and only slightly
decreased in OPM-2 cells upon PmiR] induction, indicating
that the loss of EZH2 expression is post-transcriptional (Fig.
2d, e). We also measured the levels of LSD1 and G9a, two
proteins previously shown to interact with BLIMP1, as well
as the NFkB subunit p65 (Fig. S2C-D). These factors are all
unchanged at the mRNA level upon BLIMP1 KD (Table
S1). While we saw that EZH2 protein levels were con-
sistently decreased upon BLIMP1 KD with both PmiRI as
well as PmiR2, none of the other three proteins were
reproducibly reduced between the two miRs (Fig. S2C, D),
consistent with an EZH2-specific effect rather than a gen-
eral increase in proteasomal activity downstream of
BLIMPI1. Notably, treating RP PmiRI cells with the pro-
teasome inhibitor MG-132, restored EZH?2 to the same level
as that of MG-132-treated NTmiR cells (Fig. 2f, g, and Fig
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following 24 h induction of NTmiR or PmiRI expression in RP cells
with dox, treated with DMSO or 5 uM MG-132 for 4 h. The numerical
quantification of EZH2 levels normalized to ACTIN are shown below
the blot. g The ratio of EZH2 expression relative to ACTIN for RP
PmiR]1 cells divided by RP NTmiR cells treated with DMSO or
MG132 as in Fig. 2f. All p values as determined by student’s two-
tailed ¢ test. (ns) p>0.05; *p <0.05. All graphs were plotted as the
mean of three independent experiments with error bars representing
standard deviation. The migration rates and sizes of protein size
standard markers shown in kD to the left of the blots in (a), (b) and (f).

S2E-F), showing that BLIMP1 modulates EZH2 by inhi-
bition of proteasome mediated degradation.

However, complementing the RP PmiRI cells with
ectopic EZH2 expression (Fig. S2G) failed to increase their
viability (Fig. S2H). Consistent with this, the EZH2-specific
catalytic inhibitor tazemetostat did not affect RP cell via-
bility even over a 96 h period (Fig. S2B), despite a dose
dependent decrease in H3K27me3 levels (Fig. S2I), nor did
7 days of treatment. Taken together, BLIMP1 maintains
EZH?2 protein levels via modulation of proteasome medi-
ated degradation, but the effect of BLIMP1 on cell survival
is independent of EZH2.

BLIMP1 KD induces large transcriptional changes
To investigate the overlap of BLIMPI and EZH2 in
downstream gene regulation in WM cells, we performed

transcriptome profiling of the RP PmiR2 and NTmiR cells

SPRINGER NATURE
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following 48 h of induction. Using a ¢ value cutoff of 0.05,
we identified 7814 differentially expressed genes between
PmiR2 and NTmiR (Fig. 3a and Table S1).

Consistent with BLIMP1 repressing the B cell tran-
scriptional program [14, 16, 18, 43], previously char-
acterised targets, including CIITA [44, 45], PAX5 [46], SPIB
and BCL6 [14] were repressed by BLIMP1 in our study
(Fig. 3b). However, other BLIMP1 targets such as MYC
[47] and ID3 [14] were unaltered. Curiously, the myeloma-
driving transcription factor IRF4 [48], which is activated
downstream of BLIMP1 in plasma cells [16] was repressed
by BLIMP1 in RP cells (Fig. 3b). Interestingly, the BTK
inhibitor, IBTK and key apoptosis genes were also repressed
by BLIMPI1 (Fig. 3c). We validated these results from
PmiR2-expressing cells in PmiRI cells by RT-qPCR,
showing that 19 out of 22 genes were reproducibly altered
in PmiRI-expressing RP cells, including [FNG-ASI, an
antisense transcript expressed from the IFNG locus (Fig
S3C) [49].

In order to assess to which extent these changes were due
to cell autonomous effects of BLIMP1 KD or a possible
cytokine signalling loop amplified in the cultures down-
stream of BLIMP1 KD, we subjected unmodified RP cells
to conditioned media from RP cells expressing either
NTmiR, PmiR1 or PmiR2 for 48 h. A small subset of the
genes tested showed modest gene expression changes,
although statistically significant changes (3 and 2 out of 13
genes tested for PmiR] and PmiR?2 cell conditioned media,
respectively) had much smaller amplitudes of change than
those autonomous to the cells (Fig. S3D and Table S1). The
only exception to this was OAS2, showing similar changes
in cell conditioned media as in KD cells for PmiRI but not
PmiR2. IFNG-ASI exhibited unaltered expression in cells
cultured in both PmiRIl and PmiR2 conditioned media.
Taken together, BLIMP1 KD induces extensive gene
expression changes in RP cells including the de-repression
of B cell- and apoptosis-related genes.

BLIMP1 and EZH2 regulate overlapping pathways

Because of the dependency of EZH2 on BLIMP1, we asked
to which extent the effect of BLIMP1 on transcription is
dependent on EZH2’s catalytic activity, and performed
transcriptome profiling upon catalytic inhibition of EZH2
with tazemetostat. This resulted in 450 differentially
expressed genes compared to vehicle alone (Fig. 3d and
Table S2). The amplitude of change for individual genes
was smaller than in BLIMP1 KD (Comparing Fig. 3d, a).
Nevertheless, a highly significant overlap emerged between
transcripts increased in the BLIMP1 KD and tazemetostat
treated cells (184 genes, p = 1.8e-37) (Fig. 3e, Table S3).
The genes with decreased expression did not significantly
overlap (Fig. 3f, Table S4). Tazemetostat led to the de-
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repression of B cell identity genes, including STAT5B and
ID3 (Fig. S3A) and, despite EZH2 inhibition not affecting
cell survival, a number of apoptosis genes were differen-
tially expressed, including XAF1, CASP4, FAS and JUN
(Fig. S3B), suggesting a possible sensitisation to apoptosis.

To investigate the pathways jointly regulated by
BLIMPI1 and EZH2, we performed an overlap analysis
using the molecular signatures database [50, 51] of the 184
genes induced by both BLIMP1 KD and tazemetostat.
Several gene sets were significantly enriched, including
interferon and TNF« responses, the inflammatory response
and apoptosis (Fig. 3g), consistent with the known roles of
BLIMP1 [13, 17, 52-54], and suggesting that pathways
involved in immune responses are regulated in concert by
BLIMPI1 and EZH2. Collectively, the transcriptomic ana-
lyses demonstrate a large overlap in targets of repression by
BLIMPI1 and EZH2, highlighting the interplay of the two
factors.

BLIMP1 binds to a set of H3K27me3 marked genes
at a distance from the mark

Given the overlap in genome wide positioning of BLIMP1
and the H3K27me3 mark in mouse plasmablasts [16], we
examined whether the overlapping effects of BLIMP1 and
EZH?2 on transcription could also be modulated by BLIMP1
recruiting EZH2 to chromatin in WM cells. We therefore
performed chromatin immunoprecipitation coupled to deep
sequencing (ChIPseq) for H3K27me3 and BLIMP1 in RP
cells. We identified 14946 H3K27me3 peaks (Table S5),
assigned to 4198 genes (Table S6), and 506 BLIMP1 peaks
(Table S7), assigned to 841 genes (Table S8). If BLIMP1
recruits EZH2 to chromatin in WM cells, a large proportion
of BLIMP1 peaks would be located in close proximity to
H3K27me3 marks. However, only eight sites bore both
H3K27me3 and BLIMP1 within 500 bp (Fig. 4a) and only a
small level of bimodel enrichment of H2K27me3 was
observed in the +3 kb flanking BLIMP1 peaks (Fig. 4b).
However, when we compared the genes assigned to the
peaks in the respective experiments, 261 genes were both
bound BLIMP1 and marked by H3K27me3 in RP cells, a
highly statistically significant overlap (p =2.9e-25) (Fig.
4c, Table S9). An analysis [50, 51] of the genes marked by
both BLIMP1 and H3K27me3 in the RP cells demonstrated
significant enrichment for the same immune signalling gene
sets as in the RNAseq data (Fig. S4A).

To test whether these findings apply also to MM, we
performed ChIPseq for BLIMP1 and H3K27me3 in the
OPM-2 (Tables S10-13) and NCI-H929 (Tables S14-17)
myeloma cell lines, and EZH2 in NCI-H929 cells (Tables
S18-19). As with the RP cells, we rarely observed peaks
within a 500 bp distance when comparing BLIMP1 and
H3K27me3 (Fig. S4B) or BLIMP1 and EZH2 (Fig. S4C).
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However, we observed a statistically significant overlap
between genes bound by BLIMP1 and H3K27me3 in NCI-
H929 cells, but not OPM-2 cells (Fig. S4D). Genes bound
both by BLIMPI and EZH2 were not statistically over-
represented in NCI-H929 cells (Fig. S4E). The above

analyses reveal that the majority of BLIMP1 and EZH2
binding to chromatin occurs at relatively distant sites both
in MM and WM cells. Thus, their direct regulation on
chromatin is unlikely to be due to a direct physical
interaction.

SPRINGER NATURE
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<« Fig. 3 BLIMP1 KD and EZH2 inhibition induce overlapping

transcriptional changes. a RNAseq results for 48 h-induced RP cells
comparing PmiR2 to NTmiR. Values are plotted as log, fold change vs.
—logo(g value). Red indicates those genes with a g value < 0.05 and a
log, fold change <—0.3 or 20.3. Heat maps depicting the Z-score of the
log, fold change comparing PmiR2 to NTmiR for three independent
replicates looking at (b) B cell genes and (c) apoptosis genes. d
RNAseq results for RP cells treated for 48 h with 300 nM tazemetostat
compared to vehicle control (DMSO). e Overlapping genes with
increased expression following PRDM1 KD or tazemetostat treatment.
f Overlapping genes with decreased expression following PRDM1 KD
or tazemetostat treatment. Overlaps tested using Fisher’s exact test. g
Overlaps of genes significantly induced by both BLIMP1 KD and
tazemetostat with Hallmarks gene sets from the molecular signatures
database, showing the top 10 most significantly overlapping gene sets.

The known DNA binding motif for BLIMP1 [55] was
enriched by de novo motif analysis in the BLIMPI peaks
for all three cell lines (Fig. S4F) and the BLIMP1 ChIPseq
signals were enriched at proximal positions relative to their
assigned transcription start sites (TSSs) (Fig. S4G). Com-
paring the distribution of BLIMP1 peaks in OPM-2 and
NCI-H929 to the RP cell line (Fig. S4H), showed that
BLIMPI1 binds to largely the same sites in WM and
MM cells.

An analysis [50, 51] of genes assigned to H3K27me3
peaks revealed similar gene sets marked by H3K27me3 in
all three cell lines (Fig. SSA). Interestingly, TNFa and 1L2/
STATS signalling genes were amongst the most highly
enriched in the RP but not the myeloma cells. The myeloma
cell lines displayed a much stronger enrichment of
H3K27me3 over TSSs than the RP cells (Fig. S5B), indi-
cating that H3K27me3 is more often present at gene distal
sites in RP cells than myeloma cells. EZH2 was also highly
enriched just downstream of TSSs in NCI-H929 cells (Fig.
S5C). Correspondingly, we observed low enrichment of the
H3K27me3 mark in the OPM-2 and NCI-H929 cell lines
over sites marked by H3K27me3 in the RP cell line (Fig.
S5D).

To identify the direct transcriptional targets of BLIMP1
and EZH2, we compared our ChIPseq and transcriptome
profiling data from the RP cell line. There were 231 and 120
genes associated with BLIMP1 binding that were either
induced or repressed upon BLIMP1 KD respectively (Fig.
4f, g). Conversely, 118 genes were both induced upon
tazemetostat treatment and associated with the H3K27me3
mark (Fig. 4h), but only seven genes with decreased
expression were marked by H3K27me3 (Fig. 4i). Overall,
only 3% of genes marked by H3K27me3 were de-repressed
following tazemetostat treatment, indicating that inhibition
of EZH2’s catalytic activity alone is insufficient to activate
most H3K27me3 targets over 48 h. Meanwhile, approxi-
mately one-third of BLIMP1-bound genes showed altered
expression upon BLIMP1 KD, indicating that BLIMP1
binding actively maintains gene repression. Taken together,
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as BLIMP1 and H3K27me3 are largely present at distinct
sites from one another, most of their overlapping effects on
transcription are likely through their binding to the same
genes at distinct sites, as well as BLIMP1 maintenance of
EZH2 protein levels.

A subset of BLIMP1 targets are regulated via EZH2

A number of genes repressed by BLIMPI1 bore both
BLIMP1 and H3K27me3, such as PIK3CD, POU2F?2 (Fig.
4d) and ZFP36L1 (Fig. 5a). Meanwhile, others bore only
H3K27me3, but not BLIMPI, including RCAN3,
TNFRSF14 and CIITA (Fig. 5b—d). Yet others such as
TFEC were bound by BLIMP1 alone (Fig. 5e). We there-
fore asked whether the genes bearing H3K27me3 are
repressed by BLIMP1 via the maintenance of EZH2. By
overexpressing EZH2 in RP cells upon BLIMP1 KD, we
performed RT-qPCR and observed that repression of the
genes RCAN3 and ZFP36L1 was restored, as well as the
repression of the immune inhibitory checkpoint ligand/
receptor gene TNFRSF14 [56] and the inhibitory receptor
gene HAVCR2 [57] (Fig. 5f). By comparison, BLIMPI
binding targets not bearing H3K27me3 such as TFEC were
not altered upon EZH2 restoration. Thus, a subset of
BLIMPI targets are regulated through EZH2 maintenance
and can be identified by the H3K27me3 mark.

BLIMP1 represses transcription of immune
surveillance and signalling molecules in concert
with EZH2

Further analysis of the highly enriched immune signalling
genes differentially expressed upon BLIMP1 KD identified
three mechanistic categories. First, BLIMP1 represses the
expression of genes encoding surface ligands that can
activate T and NK cells, including ICOSLG, TNFSF9,
CD48, MICA, CLEC2B, ICAM1 and ITGAM, and MHC
class II molecules including HLA-DMA, HLA-DMB and
CDID (Fig. 6a). Second, BLIMP1 represses genes encod-
ing both immune-checkpoint inhibitory ligands and their
corresponding receptors, including the recptor-ligand pairs
TNFRSF14 and BTLA, as well as LAG3 and LGALS3.
Furthermore, the inhibitory receptor gene LILRBI, whose
loss promotes immune escape in myeloma [58] is repressed
by BLIMP1. Additionally, the gene encoding the inhibitory
ligand PD-L2 is repressed, with BLIMP1 binding just
downstream of PDCDLG?2 (Fig. S6A). Notably, repression
of inhibitory ligands and receptors could promote or inhibit
escape from tumour immune surveillance. The third
mechanistic category includes interferon and TNFa signal-
ling genes. The receptor-encoding genes IFNGRI, IFNARI,
IFNLRI, TNFRSFIA and TNFRSF1B are de-repressed upon
BLIMPI1 KD, as well as downstream players in interferon
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signalling, JAKI, STATI, STAT2, IRF9 IFITI-3, OASI-3,
and TNF pathway members MAP3KS5, CASPS8 and CASPY,
which are also apoptosis mediators (Fig. 3c). Beyond these
categories, MHC class I genes, HLA-A and HLA-B which
can both mediate inhibition of NK-cell immune surveil-
lance, are induced by BLIMPI, in contrast to previous
studies [54, 59].

Around half of the genes identified above were also
significantly changed with tazemetostat treatment, including
CD48, LILRBI, LGALS3, PDCDILG2 and STATI (Fig.
S6B). Interestingly, while none of the surface molecule
genes except for PDCDLG2 were bound by BLIMP1, some
were enriched for H3K27me3 (Fig. 6b). Whereas the
downstream signalling effectors, IFIT2 and STATI, were
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Fig. 4 BLIMP1 binds at a distance to the H3K27me3 mark. a Venn
diagram of H3K27me3 and BLIMP1 peaks extended +500 bp,
showing overlaps in these regions. p = 1, not significant as determined
by hypergeometric test. Called peaks determined by overlap from peak
calling from two independent experiments. b Enrichment of signal
from ChIPseq tracks +3 kb from the centre of BLIMP1 binding sites.
Data depicts representative experiment of two biological replicates.
¢ Venn diagram of genes assigned to H3K27me3 and BLIMP1 peaks
showing overlapping genes. p =2.9e-25 as determined by Fisher’s
exact test. d ChlIPseq tracks for H3K27me3 and BLIMP1 in the RP
cell line. Data represents combination of reads from two independent
experiments. e Enrichment of signal from ChIPseq tracks +10 kb from
the centre of BLIMP1 binding sites in the NCI-H929 cell line. f Venn
diagram depicting the overlap in genes with significantly increased
expression following BLIMP1 KD and genes assigned to BLIMP1
binding sites. p = 7e—15, as determined by Fisher’s exact test. g Venn
diagram depicting the overlap in genes with significantly decreased
expression following BLIMP1 KD and genes assigned to BLIMP1
binding sites. p = 0.52, not significant as determined by Fisher’s exact
test. h Venn diagram depicting genes with significantly increased
expression following tazemetostat treatment overlapping with genes
assigned to H3K27me3 peaks. p = 7.9e-9, as determined by Fisher’s
exact test. i Venn diagram depicting genes with significantly decreased
expression following tazemetostat treatment overlapping with genes
assigned to H3K27me3 peaks. p = 0.11, not significant, as determined
by Fisher’s exact test. All ChIPseq experiments were performed as two
biological replicates.

bound by BLIMP1 (Fig. 6c¢), consistent with previous
findings [60]. A number of these differentially expressed
genes did not bear either H3K27me3 or BLIMP1, and their
expression changes are therefore likely secondary effects
downstream of EZH2 and BLIMPI1. Taken together,
BLIMP1 and EZH2 repress the transcription of genes
encoding mediators of killing by NK or T cells when
expressed on target cells, NK- and T-cell inhibitory recep-
tors and their ligands, as well as cytokine receptors and
downstream signal propagation genes.

BLIMP1 and EZH2 confer evasion from NK cell-
mediated cytotoxicity

The transcriptional changes above suggest that BLIMP1
and EZH?2 potentially mediate escape from tumour immune
surveillance. We therefore hypothesised that the loss of
BLIMPI1 protein or EZH2 activity in RP cells could lead to
changes in NK cell-mediated cytotoxicity. We isolated NK
cells from human blood and co-cultured them with RP cells
after BLIMP1 KD or tazemetostat treatment and measured
the surface expression of the degranulation marker LAMP-1
(also called CD107a) on NK cells by flow cytometry. This
revealed a 1.5-fold increase in frequency of LAMP-1" NK
cells upon co-culture with PmiRI compared to NTmiR RP
cells, showing that the loss of BLIMP1 sensitises NK cells
to activation by RP cells (Fig. 6d, e and S6C).
Tazemetostat-treated RP cells did not increase NK cell
degranulation (Fig S6D, E). Strikingly though, both
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BLIMP1 KD and tazemetostat treatment resulted in
increased NK cell-mediated cytolysis of RP cells, although
the response to PmiR2 cells did not reach statistical sig-
nificance, presumably due to PmiR2 cells having lower
extent of BLIMP1 KD, or due to NK-cell donor variability
since NK-cells from one donor out of four failed to show an
altered response (Fig. 6f). RP cells subjected to conditioned
media from either PmiRI- or PmiR2-expressing RP cells
showed unaltered effects on NK-cell degranulation or
cytolytic activity compared with NTmiR cell media (Fig.
S6F, G), again showing that the effect is autonomous to
BLIMP1 KD cells. Collectively, these data indicate that
BLIMP1 and EZH2 might mediate the escape from NK-cell
surveillance, with BLIMP1 both suppressing NK cell acti-
vation and the resultant WM cell cytolysis, whereas
EZH2 suppresses the cytolytic response of the WM
cell line.

Discussion

In this study, we used WM cell line models to show for the
first time that the plasma cell master regulator BLIMP1 has
a crucial role in the survival of cells from these models. We
further show that BLIMP1 maintains the protein levels of
the histone methyltransferase EZH2, demonstrating a more
complex functional interaction between BLIMP1 and EZH2
than previously thought [16, 31-33]. Furthermore, we show
that the factors repress the expression of immune signalling
genes, including immune checkpoint inhibitory ligands and
their receptors, indicating that the factors may be involved
in the evasion of malignant lymphoplasmacytic cells from
tumour immune surveillance. Consistent with this, we
observed enhanced degranulation of NK cells in response to
RP cells upon loss of BLIMP1, and enhanced NK cell-
mediated RP cell cytotoxicity upon either BLIMP1 deple-
tion or EZH?2 inhibition.

Rituximab is a first line of treatment in WM, targeting
the B cell specific surface molecule CD20 at least in part
through NK cell engagement [61]. However, clonal plasma
cells remaining after this treatment present a formidable
challenge in WM therapy [62]. Futhermore, rituximab is not
recommended for patients exhibiting high serum IgM levels
[63], due to the risks of an IgM ‘flare’ following treatment
[64]. The RP cell line used in this study has a more uniform
and differentiated cellular profile than what is characteristic
for WM tumours, reflecting the fact that RP cells are
derived from a late-stage WM patient who had developed
rituximab resistance [65].

While less-differentiated lymphoplasmacytic cells con-
stitute the majority of the tumour burden in WM [66], the
concern of IgM-related symptoms and the presence of
residual plasma cells after rituximab treatment highlight the
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importance of the antibody-secreting CD20™" or negative
plasma cell compartment in WM [62, 67]. As such, the
plasma cell-like RP cells provide a heuristic model for WM
plasma cells, with the caveat of being highly proliferative,
perhaps more reminiscent of plasmablasts than bona fide
plasma cells, with recent studies revealing a role for EZH2
together with BLIMP1 in the differentiation of plasmablasts
upon T-independent stimulation [16, 31, 68]. Although WM
plasma cells are not highly proliferative [69-71], our results
are valuable to inform more direct studies into WM by
providing potential insights into the molecular mechanisms
regulating the plasma cell compartment which is increas-
ingly being recognised for its clinical and pathogenic sig-
nificance [72].

H3K27me3
only

BLIMP1 and
H3K27me3

Immune evasion is crucial in lymphomas, although both
normal and malignant lymphocytes regularly interact with
immune effectors [73]. In WM, secreted PD-1 ligands
inhibit T cell responses [74], but other mechanisms of
immune evasion have not been investigated. Our results
provide a link between BLIMP1 and EZH2 and evasion
from NK cell-mediated cytotoxicity in vitro, providing an
avenue for further study of the involvement of the factors in
the evasion from tumour surveillance in vivo. Based on our
transcriptomic profiling, BLIMP1 likely suppresses NK cell
responses by mediating target cell ‘“hiding” through
repressing activating ligands and MHC class I molecules.
Conversely, EZH2 is more likely to be de-sensitising target
cells to external cytotoxicity-inducing signals, perhaps by
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Fig. 6 BLIMP1 and EZH2 promote WM tumour immune evasion.
a Heat maps showing z-score of the log, fold change for PmiR2
compared to NTmiR in RP cells with three independent replicates
looking at genes encoding proteins involved in the stimulation of T
and NK cells, MHC molecules, inhibitory ligands and receptors, IFN
and TNF receptors and downstream signalling. ChIPseq tracks for
H3K27me3 and BLIMPI in the RP cell line over (b) the immune
surface molecule genes HLA-B, MICA, LILRBI, NCR3LGI,
TNFRSFIA, or (c¢) the downstream signalling genes, IFIT2 and STAT]I.
Data represents a combination of reads from two independent
experiments. d Scatter plots showing the percentage of CD56™
LAMPI* cells (upper right quadrants) representing degranulating NK
cells, as determined by flow cytometry following co-culture with
NTmiR, PmiRl or PmiR2 expressing RP cells. One representative

repressing pro-apoptotic gene expression. Interestingly, in
melanoma EZH2 promotes evasion from IFNy-producing
cytotoxic T cells [75]. This finding together with our current
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miR miR1 miR2

experiment is displayed. e Relative quantification of the degranulation
assay showing the average of NK-cell degranulation from 8 individual
donors for NTmiR and PmiR1 expressing cells and four independent
donors for PmiR2 expressing RP cells. f Cytotoxicity depicted in
relative luminescence units (RLU), as measured by adenylate kinase
activity in the culture media following 4 h co-culture of NK cells with
RP cells expressing NTmiR or PmiR1, or RP cells treated with DMSO
or 1 uM Tazemetostat. Cells were co-cultured at the effector:target
ratio of 20:1. Results of the degranulation and cytotoxicity assays from
four individual donors, performed in two pairs on two separate occa-
sions. All p values as determined by student’s two-tailed ¢ test. (ns) p >
0.05; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. All graphs
were plotted as the mean of independent experiments with error bars
representing standard deviation.

study make EZH2 an interesting potential target for che-
mical sensitisation of WM and other tumours to immune-
cell mediated killing.
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In conclusion, we provide evidence for a crucial role of
BLIMPI in promoting survival of cells from WM cell lines
and show that BLIMP1 maintains EZH2 protein levels in
both WM and MM cell lines. We further reveal a coop-
eration between BLIMP1 and EZH2 in the repression of
immune surveillance genes, and find that BLIMP1 and
EZH2 confer evasion from NK-cell mediated cytotoxicity, a
finding that will be important to expand to future in vivo
studies where more complex immune interactions can be
tested.

Materials and methods
Cloning

For KD of BLIMPI, artificial miRNA sequences were
designed to target the PRDM]I transcript using the RNAi-
Designer tool (Thermo Fisher Scientific). These were
named PmiR1 and PmiR2. A non-targeting control miRNA
(NTmiR) was also used as previously described [76]. The
miRNA sequences (Table S20) were cloned into the
tetracycline-inducible pPB-hCMV*1-miR plasmid [76, 77].

ChiPseq

Transcription factor ChIP for BLIMP1 and EZH2 was
performed as previously described [32, 78, 79]. Histone
ChIP for pan-H3 and the H3K27me3 mark was performed
as previously described [48].

NK cell isolation

NK cells were isolated from heparinised buffy coats
obtained from healthy human donors, who all provided
informed consent, provided by the Icelandic Blood Bank
(ethical approval #06-068).

Further “Materials and Methods” including all primer
sequences (Tables S21-22) are described in Supplementary
Information.

Data availability

RNAseq and ChIPseq data are available at http://www.ebi.
ac.uk/arrayexpress/experiments/E-MTAB-7739 under the
accession code: E-MTAB-7739.
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