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Agrip
Stjornferlar umritunar styra proska B-fruma yfir i plasma-frumur, par sem
storbrotnar breytingar & umritunarferlum eiga sér stad. bessar breytingar eru
hadar fjoImérgum pattum, en par a medal er umritunarpatturinn “B
lymphocyte- induced maturation protein-1” (BLIMP1), auk ferla sem stjérna
umframerfdamorkunum. | pessari ritgerd lysi ég tveimur verkefnum sem

skoda sameindaferla umritunarstjornar i krabbameinum motefnaseytandi
fruma.

Waldenstréms risaglébulinbleedi er krabbamein moétefnaseytandi fruma i
beinmerg sem hafa svipgerd eitil- og plasmafruma. Umritunarpatturinn
BLIMP1 er mikilveegur fyrir seytingu motefna en hlutverk hans i
Waldenstréms risaglobdlinblaedi hefur po ekki verid rannsakad. | pessari
rannsékn syni ég fram a ad frumur Waldenstrom’s risaglébulinblaedis eru
hddar BLIMP1 til ad lifa Rannséknir & plasmabléstum muisa og
motefnaseytandi frumum hafa bent til ad baedi bein- sem og erfdafreedileg
vixlverkun sé a milli BLIMP1 og histonumetyltransferasans ,enhancer of
zeste homologue 2 (EZH2). | pessari rannsékn syni ég fram a adéur
Oskilgreint hlutverk BLIMP1 i ad vidhalda protinstyrk EZH2 i frumum
Waldenstréms risaglébulinblaedis. Nidurslattur & BLIMP1 og hindrun a EZH2
syndu fram & ad mikil skérun er i markgenum pessara tveggja patta. pratt
fyrir pessa skorun bindast BLIMP1 og EZH2 & mismunandi bindiset i
erfdamenginu, en oft & sému genin. betta bendir til pess ad skorun i virkni
pattanna sé ad mestu vegna samhlida stjornun & umritun auk vidhalds
BLIMP1 & EZH2 fremur en ad peir bindist saman vid litni. Loks syni ég fram &
hlutverk BLIMP1 og EZH2 i ad forda frumum sjukdémsins fra frumudauda af
voldum nattarulegra drapsfruma, auk stjornunar & frumuhringnum. Pessar
uppgoétvanir  veita nyja innsyn inni  meingerd  Waldenstroms
risaglobulinbleedis.

Einstofna  motefnahaekkun, eda ,monoclonal gammopathy of
undetermined significance* (MGUS) er goédkynja forstig mergaexla. Um 0.5-
1% MGUS tilfella proast yfir i mergeexli arlega og nuverandi vidmid sem
notast er vio til ad spa fyrir um aheettuna a pessari frampréun eru
ofulinaegjandi. beir ferlar sem hafa ahrif & pad ad frumur breytist ur MGUS i
mergaexli eru ekki vel pekktir. Rannsoknir & tjAningarmynstrum hafa ekki bent
til storfellds munar i umritun & milli pessara tveggja stiga. Ein leid til pess ad
afhjupa ny merki er med pvi ad lyta & mismunandi virkjun eflirada sem geta



gefid til kynna breytingu & edli fruma jafnvel i flarveru samsvarandi breytinga i
genatjaningu. Haegt er ad bera kennsl & mismunandi virkjadar efliradir med
tilvist mismunandi markana & histonum og umritudum eflirada RNA (eRNA). |
pessari rannsékn set ég upp vinnuferil til pess ad rannsaka histénumork a
eflirédum og styrlum auk vinnurferils fyrir RNA radgreiningu & heildar RNA ar
frumum med pvi ad nota lagan fjdlda fruma Ur sjiklingum med einstofna
motefnahaekkun og mergeexlum sem upphafsefnivio. bessar adferdir ma nota
i framtidinni til pess ad bera kennsl & peetti sem hafa forspargildi um
sjukdémsframvindu MGUS og mergaexla.

Lykilora:

Umritunarpattur, efliréd umritunar, Waldenstroms risaglobulinblaedi,
mergaexli, histonumaork



Abstract

Transcriptional regulatory mechanisms drive the maturation of B cells to
plasma cells, with a dramatic transcriptional rewiring taking place during the
transition. This rewiring is dependent on a number of factors, including the
transcription factor B lymphocyte induced maturation protein 1 (BLIMP1), and
epigenetic mechanisms, amongst others. In this thesis, | present two projects
investigating mechanisms of transcriptional regulation in antibody-secreting
cell malignancies.

Waldenstrém’s macroglobulinemia is a cancer of antibody-secreting
lymphoplasmacytic cells in the bone marrow. The transcription factor BLIMP1
is important for antibody secretion and yet its role has not been studied in
Waldenstrém’s macroglobulinemia. Here | demonstrate that Waldenstrom’s
macroglobulinemia cell lines rely on BLIMP1 for survival. Studies in mouse
plasmablasts and antibody secreting cells have suggested both a physical
and genetic interaction between BLIMP1 and the histone methyltransferase
enhancer of zeste homologue 2 (EZH2). In this study | reveal a novel role of
BLIMP1 maintaining the protein levels of EZH2 in Waldenstrom’s
macroglobulinemia. BLIMP1 knock-down and EZH2 inhibition reveal a large
overlap in transcriptional targets of the two factors. Despite this, BLIMP1 and
EZH2 bind to the genome at mostly distinct sites, although often on the same
genes, indicating that the functional overlap of the two factors is mostly due
to parallel transcriptional regulation and through maintenance of EZH2 by
BLIMP1, rather than through co-binding to chromatin. Finally, | uncover novel
roles for BLIMP1 and EZH2 in evasion from natural killer (NK) cell mediated
cytotoxicity and regulation of the cell cycle. These findings provide novel
insights into the pathology of Waldenstrém’s macroglobulinemia.

Multiple myeloma is preceded by the pre-malignant monoclonal
gammopathy of undetermined significance (MGUS). Around 0.5-1% of
MGUS cases progress to myeloma each year and current standards for
predicting the risk of progression are inadequate. The drivers of the transition
from MGUS to multiple myeloma are still not well understood, and gene
expression profiling studies have failed to identify major transcriptional
differences between the two stages. One opportunity for uncovering novel
markers is in the study of differential activation of transcriptional enhancers,
which can indicate changes in cellular states even without corresponding



gene expression changes. Differentially activated enhancers can be identified
by the presence of different histone modifications and transcribed enhancer
RNA (eRNA). Here, | establish a protocol for profiling histone modifications at
enhancer and promoter regions and for total RNAseq using small numbers of
cells from MGUS and myeloma patient material. These techniques may be
used in the future to identify novel prognostic markers for MGUS and multiple
myeloma.

Keywords:

Transcription factor, transcriptional enhancer, Waldenstrém’s
macroglobulinemia, multiple myeloma, histone modifications.
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1 Introduction

Transcriptional regulation is central to maintenance of cellular states, both in
normal differentiation and disease. Waldenstrdom’s macroglobulinemia and
multiple myeloma are malignancies of antibody-secreting cells derived from
the B cell to plasma cell differentiation spectrum. In this thesis | describe
transcriptional regulatory mechanisms underlying these disease states. In
order to understand these mechanisms, it is important to acknowledge the
diseases and their regulation in the context of B cell and plasma cell
development (Figure 1).

1.1 B cell and plasma cell development

One of the most striking features of B cells is the diversity of their B cell
receptor (BCR), with at least 10" possible molecules with different
specificities (Janeway Jr et al., 2001). The BCR consists of a membrane-
bound immunoglobulin molecule, which acts as a transmembrane receptor,
and later is secreted from plasma cells as an antibody. Immunoglobulins are
molecules that can recognise and bind to sites on pathogens, known as
antigens, which can lead to BCR signalling, direct neutralisation of the
pathogen, or recruitment of other immune effectors. The clonal selection
theory of acquired immunity proposed the now accepted paradigm of “one B
cell, one antibody”. This hypothesis suggested that each developing B cell
produces its own unique BCR with specificity for a particular antigen. The
BCR is then clonally selected for upon contact with this antigen (Burnet,
1957). The enormous diversity of immunoglobulins is achieved through
alterations of the DNA encoding the BCR in processes of V(D)J
recombination, somatic hypermutation and class switch recombination.
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Figure 1: A simplified overview of B cell and plasma cell development

B cells develop from in the bone marrow from CLPs and undergo the process of
V(D)J recombination. They then migrate to the periphery and collect in secondary
lymphoid organs. Upon antigen recognition, the B cells internalize the antigen-bound
BCR and can present it to T cells via MHC class Il. With T cell help, B cells can initiate
the germinal centre reaction in the lymphoid follicles where they undergo SHM and
CSR. Following the germinal centre reaction, the B cells can differentiate into memory
B cells or pre-/plasmablasts, which migrate away from lymphoid organs and can form
long-lived plasma cells in the bone marrow.
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B cells originate from hematopoietic stem cells, which develop in the
foetal liver and in the bone marrow (Gathings et al., 1977; Raff et al., 1976).
Some of the earliest involved factors are the chromatin remodeller IKAROS
(Georgopoulos et al., 1994; Kim et al., 1999), and the transcription factors
PU.1(DeKoter & Singh, 2000) and E2A (encoded by TCF3) (Mercer et al.,
2011; Welinder et al., 2011), whose expression results in lymphoid primed
multipotent progenitors that develop into common lymphoid progenitors.
Common lymphoid progenitors can develop into B cells, T cells and NK cells.
Downstream of this, EBF1, PAX5 and other factors are activated to induce B
cell-specific gene expression (Decker et al., 2009; Lin, Y. C. et al., 2010).

1.1.12  V(D)J recombination

The genes that encode immunoglobulins are present as fragments in the
germ-line genome, known as the variable region (V), diversity region (D), and
joining region (J), and are assembled into their functional state in B
lymphocytes (Brack et al., 1978; Tonegawa, 1983). This step, known as
V(D)J recombination is essential in generating diversity of antigen-recognition
and occurs during the development of B cells in the foetal liver and adult
bone marrow. Firstly, the DNA is cleaved by the RAG complex introducing
single-strand nicks at recombination signhal sequences, then double-strand
breaks to remove these sequences. The fragments are then repaired by non-
homologous end joining together with the RAG complex and fused together
into the assembled gene (McBlane et al.,, 1995; Oettinger et al., 1990;
Taccioli et al., 1993; van Gent et al., 1995). Immunoglobulins comprise four
polypeptide chains, made up of two known as the heavy chain and two
known as the light chain. The heavy chain locus (IgH) is typically recombined
prior to the light chain locus (IgL). The imprecise nature of this joining leads
to antigen receptor diversity, but can also have consequences such as
lymphoid cancers, due to improper recombination and genomic instability
(Schatz & Ji, 2011).

Somatic cells bear two alleles for each gene under normal circumstances.
Most genes are expressed equally from both alleles, however in specific
cases, genes are expressed from only one allele in a process termed
monoallelic expression. This can result in a proportion of cells expressing one
allele, while another proportion expresses the second allele. Alternatively,
one allele can be epigenetically silenced in all cells through imprinting
(Zakharova et al., 2009). However, in B cells, the immunoglobulin VDJ
transcripts are expressed from both alleles simultaneously in the same cell.
In order to maintain “one B cell, one antibody’, one of the alleles is
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inactivated via allelic exclusion. This occurs during V(D)J recombination by a
number of mechanisms. Firstly, the timing of V(D)J recombination is
staggered, such that one allele is rearranged before the second. This may
occur through inaccessible chromatin blocking the recombination machinery,
making it probable for one allele to be rearranged before the other
(Vettermann & Schlissel, 2010). Another proposed mechanism is that
asynchronous DNA replication timing leads to the recombination of the allele
that is replicated first (Mostoslavsky et al., 2001).

During their early development, B cells pass through distinct
developmental stages known as pro- or progenitor B cells, which do not
express the BCR on their surface, and pre-B cells, which express the pre-B
cell receptor (pre-BCR), comprising the heavy chains together with surrogate
light chains (Kerr et al., 1989; LeBien & Tedder, 2008). The expression of this
pre-BCR serves as a developmental checkpoint. This allows for another
mechanism of allelic exclusion to take place, whereby signals from the pre-
BCR send negative feedback to prevent V(D)J recombination from the
second allele (Alt et al.,, 1984; Hewitt et al., 2009). In those cells whose
rearrangement of the first allele did not produce an in-frame immunoglobulin
gene and cannot express the pre-BCR, rearrangement of the second allele
then takes place (Vettermann & Schlissel, 2010). Following this, cells whose
VDJ recombination process did not generate in-frame IgH VDJ joints in either
allele undergo apoptosis (Ehlich et al., 1993; Rajewsky, 1996). The cells that
survive send further signals via their pre-BCR, which is capable of signalling
in the absence of any exogenous ligand (Geier & Schlissel, 2006). Pre-BCR
signalling induces a cascade of events mediated by BTK and MAPK
signalling to induce a short burst of proliferation (Geier & Schlissel, 2006;
Rolink et al., 2000). A negative feedback loop is then initiated, inducing
quiescence of the cell cycle (Geier & Schlissel, 2006), silencing transcription
of surrogate light chain genes (Parker et al., 2005; Thompson et al., 2007)
and promoting VJ recombination of the IgL gene (Reth et al., 1987).
Signalling via the pre-BCR also induces the transcription factors NFkB, IRF4
and PAX5 to bind to and transcriptionally activate the IgL promoter (Shaffer
et al., 1997). Again, following IgL genetic recombination, many unproductive
IgL loci are formed without in-frame joints, and are given the opportunity to
recombine their second IgL allele. Additionally, many autoreactive BCRs are
produced and the cells expressing them, or not expressing functional IgL are
driven towards apoptosis (Melchers et al., 2000). The remaining cells enter a
guiescent state that is activated upon antigenic stimulation.
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1.1.2 Antigen-dependent maturation of B cells

The B cells with their newly recombined immunoglobulin genes, expressing
BCRs on their surfaces, then enter the periphery of the body where the BCRs
can come into contact with their specific antigens. To increase the chance of
a B cell encountering its specific antigen, antigens are collected and
concentrated in secondary lymphoid organs such as lymph nodes and
spleen. Here, B cells migrate to the follicles, directed by chemokines and
interactions with follicular dendritic cells (Bajénoff et al., 2006; Gunn et al.,
1998; Schiemann et al., 2001). Small soluble antigens can pass through
pores in the sinuses of lymphoid organs to meet follicular B cells directly, but
larger antigens need to be presented to B cells via macrophages and
follicular dendritic cells (Batista & Harwood, 2009). This initiates the activation
of the B cell via separate pathways, either independent or dependent on T-
cell help. In the T-dependent pathway, the antigen is first internalised and
processed, and then can be presented to T cells via major histocompatibility
(MHC) class Il molecules (Lanzavecchia, 1985). Having met their antigen, the
B cells move to the interfollicular region, where they come into contact with T
cells that have previously had antigen presented to them by dendritic cells
(Bajénoff et al., 2003; Kerfoot et al., 2011; Kitano et al., 2011; Stoll et al.,
2002). The MHC class Il molecule on the B cell forms a complex with the
antigen and the T cell receptor, and the CD40 surface molecule on the B cell
binds to the CD40 ligand (CD40L) on the T cell. This activates the T cells to
form Tgy cells and activates the B cells to either differentiate into short-lived
plasma cells or to re-enter the follicle along with the Try cells and initiate the
germinal centre reaction (De Silva & Klein, 2015).

The germinal centre is a close grouping of cells within secondary
lymphoid organs such as the spleen or lymph nodes. The purpose of the
germinal centre reaction is to generate high-affinity BCRs, which are then
clonally selected for. This process is termed affinity maturation. In the early
germinal centre, activated B cells collect in the centre of a follicle and rapidly
proliferate, displacing the naive B cells which are pushed to the outside of the
germinal centre. The proliferating B cells arrange into two distinct groupings,
termed the light zone and the dark zone. The dark zone, organised by
CXCR4 expression contains proliferating B cells and reticular cells, whereas
the light zone, organised by CXCR5 expression contains B cells as well as
Tey cells and follicular dendritic cells (De Silva & Klein, 2015). Somatic
hypermutation, the process of generating small mutations in the
immunoglobulin variable region (IgV), takes place in the dark zone, whereas
T-cell dependent selection occurs in the light zone. The B cells cycle between
the two zones during affinity maturation (Allen et al., 2007; Victora et al.,
2010).
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1.1.3 Somatic hypermutation

The key process in affinity maturation is somatic hypermutation (SHM), which
involves the generation of point mutations in the variable regions (IgV) of the
immunoglobulin gene, with the goal of increasing the affinity of the
immunoglobulin to its antigen (Jacob et al., 1991). Both SHM and class
switch recombination are orchestrated by the cytosine deaminase AID
(encoded by AICDA) (Muramatsu et al., 2000). AID acts by converting
cytosine (C) to uracil (U) only on single stranded-DNA, and so acts with much
higher efficiency at sites of active transcription (Chaudhuri et al., 2003). Thus,
during SHM, AID physically interacts with members of the stalled RNA pol Il
complex and localises to IgV (Nambu et al., 2003; Pavri et al., 2010).
Following IgV deamination by AID, SHM occurs through three predominant
mechanisms. Firstly, the C to U changes can act as an altered template for
replication, where the sites of previous C are changed to T (Methot & Di Noia,
2017). Secondly, uracil DNA glycosylase (UNG) removes U, leaving abasic
sites in the DNA strand (Di Noia & Neuberger, 2002; Rada et al., 2002). The
pathway of base excision repair, which would normally repair the abasic
sites, most often does not occur at these sites of AID deamination. As normal
replicative polymerases cannot pass over abasic sites, alternative
polymerases including REV1 and Pol n initiate translesion synthesis (TLS),
which leads to insertion of C opposite to U or A/T mutations (Delbos et al.,
2007; Delbos et al., 2005; Jansen et al., 2006). The choice of alternative
polymerase engagement is regulated by ubiquitination of proliferating cell
nuclear antigen (PCNA) (Choe & Moldovan, 2017; Guo et al., 2006;
Kannouche et al., 2004; Watanabe et al., 2004). Finally, the third mechanism
for generation of point mutations in SHM involves the action of MutSa
(comprising the MSH2-MSH®6 heterodimer) independent of UNG (Rada et al.,
2004). In the canonical mismatch repair pathway, MutSa recruits MutLa to
create a nick in the DNA, which provides access for EXO1 to chew back the
DNA over the mismatched site, and allows Pol & or € to repair the gap (Hsieh
& Zhang, 2017). Instead, during SHM, MutSa recognises the U:G mismatch,
recruiting EXO1 and then activating an inaccurate TLS polymerase such as
Pol n, which often generates mutations at these sites (Methot & Di Noia,
2017; Wilson et al., 2005).

1.1.4 Class switch recombination

Immunoglobulins can be separated into 5 different classes or isotypes that
are defined by the constant region of their heavy chain (Cy), IgD, IgM, 1gG,
IgA and IgE. Each of these classes can work against different pathogens,



Introduction

and can localise to different sites in the body. Naive B cells express only IgD
and IgM, and so class switch recombination (CSR) is the process by which
the other classes of antibody are produced. The primary immunoglobulin Cy
locus comprises 5 regions of exon clusters termed u, 0, vy, €, and a, with
specific upstream or downstream switch regions. During CSR, the
transcribed exon cluster is replaced by the cluster of another isotype without
any changes to the already-mutated antigen-recognising variable region. This
occurs through the generation of double-strand breaks (DSBs) followed by
joining of two switch regions, which creates an extrachromosomal circle of
the intermediate regions that is then removed, leaving behind the recombined
genomic locus (Xu, Z. et al.,, 2012). CSR is initiated by transcriptional
activation of the primary IgH locus and recruitment of AID to tandem repeats
in the centres of switch regions (Maul et al., 2011). Following deamination by
AID, UNG removes U as in SHM (Rada et al., 2002), then nucleases known
as APEs induce single-strand breaks (SSBs) at these abasic sites, ultimately
leading to DSB formation. Endonuclease G and topoisomerase | can also
play a role in DSB formation in switch regions (Kobayashi et al., 2009; Zan et
al., 2011).

1.1.5 Plasma cell differentiation

B cells can also be activated independently of the germinal center reaction,
and differentiate much more quickly into non-somatically mutated or class
switched antibody secreting plasma cells. This is particularly useful with
respect to blood-borne pathogens, which require a fast immune response.
However, the downside of this is that the antibodies produced have a lower
affinity towards their antigen, and the plasma cells produced by this method
are typically short-lived (Fairfax et al., 2008).

Either following the germinal centre reaction, or independently of it, B cells
can then differentiate into memory B cells, which upon antigen re-stimulation
can differentiate into plasma cells or rapidly mobilise germinal centre
reactions (Dogan et al., 2009). In humans, memory B cells, even those that
have not passed through the germinal centre reaction bear somatically
mutated IgV loci (Cerutti et al., 2013). During foetal development, SHM can
occur independently of the germinal centre or T cell help (Scheeren et al.,
2008), and SHM can also occur independently of antigen stimulation in the
first two years of human life (Weller et al., 2004; Weller et al., 2008). Indeed,
in humans lacking a functional CD40L, there exists a population of
somatically mutated memory B cells formed independently of T cell help
(Weller et al., 2001). In adults, stimulatory signals from neutrophils (Puga et
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al., 2011) or pattern recognition receptors such as toll-like receptors (TLRS)
can also trigger SHM independently of T cells (Aranburu et al., 2010;
Capolunghi et al., 2008).

Post-germinal centre or memory B cells can differentiate into pre-
plasmablasts, which lose expression of B cell markers such as CD20, but
have not yet gained plasma cell markers such as CD38 (Jourdan et al.,
2011), followed by plasmablasts, which express early plasma cell markers
such as CD38, and then plasma cells, which express CD138. Plasmablasts
migrate and enter the circulation where they will either die or find a survival
niche such as lymphoid organs, inflamed tissue, or the bone marrow where
they are able to differentiate into long lived plasma cells (Radbruch et al.,
2006). While pre-plasmablasts, plasmablasts and plasma cells all have the
ability for antibody secretion, only pre-plasmablasts and plasmablasts have
proliferative capacity (Jourdan et al., 2011; Nutt et al., 2015).

During the development from a B cell to a plasma cell, the
immunoglobulin undergoes a switch from its membrane-bound to secreted
form. The form of immunoglobulin protein is dictated by differential mRNA
processing on the IgH gene (Early et al., 1980; Peterson & Perry, 1989). It is
negatively regulated by factors such as hnRNP (Veraldi et al., 2001) and U1A
(Ma et al., 2006), and positively regulated by ELL2 (Martincic et al., 2009). As
well as changes to the form of the immunoglobulin protein, the B cell to
plasma cell transition induces immense changes to hundreds of genes, and
is considered a “lineage switch” due to the almost complete cellular rewiring
(Nutt et al., 2015). In order to achieve this profound switch, competing
transcriptional programs are turned off and on.

Perturbations that occur during B cell and plasma cell differentiation can
lead to the development of B/plasma cell malignancies. The different types of
these malignancies often retain some properties of their cell of origin, and it is
often the same mechanisms that lead to development of normal activated B
cells and plasma cells that drives the malignant transformation. For example,
diffuse large B cell lymphoma (DLBCL) is derived from a stage between a
germinal centre B cell and a plasmablast (Basso & Dalla-Favera, 2015). Here
we focus on two antibody-secreting cell malignancies, Waldenstrom’s
macroglobulinemia and multiple myeloma. Because the literature on
Waldenstrom’s macroglobulinemia is still somewhat sparse, we also find it
useful to include an analysis of some literature focusing on DLBCL.
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1.2 Waldenstrom’s macroglobulinemia

Waldenstrém’s macroglobulinemia is a lymphoplasmacytic lymphoma,
characterised by an expansion of B cells in the bone marrow that secrete
monoclonal IgM (Treon, 2015). The bone marrow infiltrate in Waldenstrém’s
macroglobulinemia can vary from cells with a distinct B cell phenotype to
those with a plasmacytic phenotype. Typically the cells express B cell
markers including CD19 and CD20, and can also co-express plasma cell
markers such as CD38 and CD138 on the same cell (Ghobrial et al., 2003;
Konoplev et al., 2005). Patients present with anaemia resulting from the high
burden of infiltrating lymphoplasmacytic cells in the bone marrow, and fatigue
is the most common symptom (Gertz, 2019). Hyperviscosity of the serum
occurs due to high levels of secreted IgM, leading to headaches, blurred
vision, nasal/retinal haemorrhage and muscle cramps. Lymphadenopathy
and organomegaly especially of the spleen and liver are also common in
Waldenstrém’s macroglobulinemia, with cells leaving the bone marrow to
infiltrate other organs (Ghobrial et al., 2003). Peripheral neuropathies can
occur due to the high levels of IgM, often with the antibody targeting myelin
and causing demyelination. The symptoms can include numbness of the feet
and weakness (Ropper & Gorson, 1998). However, at the early stages many
Waldenstrém’s macroglobulinemia patients are asymptomatic.
Waldenstréom’s macroglobulinemia is preceded by IgM monoclonal
gammopathy of undetermined significance (MGUS), which is characterised
by lymphoplasmacytic expansion and antibody secretion, but is by definition
asymptomatic. IgM MGUS is differentiated from Waldenstrédm’s
macroglobulinemia by having a bone marrow infiltration of < 10% and the
absence of adenopathy or organomegaly (Gertz, 2019). In a long-term study
of MGUS patients over a median of 34.1 years, 5% of those with IgM MGUS
progressed to Waldenstrdm’s macroglobulinemia, whereas 8% progressed to
other forms of non-hodgkin lymphoma (Kyle et al.,, 2018). The 10 year
survival rate for Waldenstrom’s macroglobulinemia is 66% for patients
diagnosed in the years 2001-2010 (Castillo et al., 2014), although the
average length of survival decreases with age (Castillo et al., 2015). While
survival rates have been improving, there is still no cure for Waldenstrém’s
macroglobulinemia.

1.2.1  The MYD88"%*" mutation

The most common mutation in Waldenstrém’s macroglobulinemia, present in
>90% of patients is the MYD88"**" somatic mutation, where a single
nucleotide is changed from a T to a C in the MYD88 gene, resulting in a
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change from leucine to proline (Treon et al., 2012). The MYD@88 protein is an
adaptor molecule for all TLRs except for TLR3, and for the interleukin (IL)-1
and -18 receptors (Hoshino et al., 2000; Kawai et al., 1999; Medzhitov et al.,
1998; O'Neill & Bowie, 2007). MYDB88 signalling initiates a cascade involving
downstream players IRAKs (Lin, S.-C. et al.,, 2010; Muzio et al., 1997
Wesche et al., 1997) and TRAF6 (Deng et al., 2000; Takeda & Akira, 2004).
This can lead to the activation of NFKB and AP-1 via two branching pathways
involving IKKs/BTK and JNK/MAPK respectively (Takeda & Akira, 2004;
Yang et al., 2013). Recently, MYD88 was also shown to function as part of a
large complex involving TLR9, the BCR, and mTOR to activate both NFkB
and PI3K (Phelan et al., 2018). The MYD88 protein has two main domains
separated by a short linker, the death-domain at the N-terminal, and the
TLR/IL-1R (TIR) domain at the C-terminal (Bonnert et al., 1997; Hardiman et
al.,, 1996). The protein functions by forming oligomers and interacting with
IRAKs and BTK to initiate two diverging pathways for activation of NFkB (Lin,
S.-C. et al., 2010; Yang et al., 2013). The L265P mutation is present within
the TIR domain of the protein and causes constitutive activation of MYD88
signalling through increased ability to form oligomers with both its WT and
mutated forms (Avbelj et al., 2014; Ngo et al., 2010). The effect of
hyperactive MYD88 signalling in Waldenstrém’s macroglobulinemia has been
mostly attributed to high NFkB activity. Although there has been much
investigation into the role of MYD88*°*F in Waldenstrom’s macroglobulinemia
pathogenesis, whether the mutation affects survival is still controversial, with
some finding that the mutation is associated with shorter survival (Treon et
al., 2018), and others finding no difference between the mutant and wild-type
carriers (Abeykoon et al., 2018). At least in cell line models, MYD88-*%*" is
associated with increased Waldenstrom’s macroglobulinemia cell survival
(Yang et al., 2013).

1.2.2 Treatments, the cell of origin, and representative cell
lines

The main treatments for Waldenstrom’s macroglobulinemia depend on the
characteristics of the individual patient's disease, but may involve
plasmapheresis for imnmediate treatment of symptomatic hyperviscosity. One
of the most commonly used agents is rituximab, a monoclonal antibody
targeting CD20 (Treon, 2015). However, use of rituximab alone tends to
cause a “flare” in IgM levels shortly after treatment, which itself can lead to
increased morbidity (Branagan et al., 2004). Furthermore, a combination of
two or more drugs produces a better response rate than rituximab alone
(Santos-Lozano et al., 2016). Proteasome inhibitors such as bortezomib are
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also frequently used. Proteasomal inhibition works against Waldenstrém’s
macroglobulinemia and multiple myeloma cells by a number of mechanisms,
including preventing degradation of anti-apoptosis factors (Gomez-Bougie et
al., 2007; Zhu et al.,, 2005), and inducing endoplasmic reticulum stress
(Meister et al., 2007). Another method is to use nucleoside analogues such
as fludarabine and cladribine, which prevent DNA replication and induce
apoptosis (Huang & Plunkett, 1995). The glucocorticoid dexamethasone is
also active against Waldenstrdm’s macroglobulinemia and multiple myeloma
cells and is frequently used in combination with the above-mentioned agents
in the treatment of Waldenstrdm’s macroglobulinemia. Dexamethasone is
able to induce apoptosis of multiple myeloma cells and has effects on JNK
(Chauhan et al., 1997) and NFkB (Sharma & Lichtenstein, 2008). More
recently, the mTOR inhibitor everolimus (Ghobrial et al., 2014) and the
histone deacetylase inhibitor panobinostat (Ghobrial, I. M. et al., 2013) have
been tested and shown promising results in Waldenstrém’s
macroglobulinemia. Despite improved outcomes from drug treatments,
relapses are still frequent. In the event of relapse, autologous stem cell
transplantation can be used, with good response rates (Bachanova & Burns,
2012; Kyriakou et al., 2017). One of the most effective treatments available at
present is ibrutinib, commonly used for rituximab refractory patients
(Dimopoulos et al., 2017; Treon et al., 2015). Ibrutinib is a kinase inhibitor of
BTK and HCK, both downstream targets of MYD88"**°" in Waldenstrém’s
macroglobulinemia (Yang et al., 2016; Yang et al., 2013). More recently,
ibrutinib has demonstrated effectiveness for use as a single agent first line
therapy in Waldenstréom’s macroglobulinemia (Treon et al., 2017a), and as a
first line therapy in combination with rituximab, with a 30 month progression
free survival rate of 82% (Dimopoulos et al., 2018). Taken together, effective
treatments for Waldenstrdm’s macroglobulinemia depend on disturbing the
signalling and survival mechanisms that the cells rely on.

The cell of origin for the Waldenstrom’s macroglobulinemia clone poses
an interesting question. Waldenstrdm’s macroglobulinemia cells have
undergone SHM, but not CSR, and although they secrete antibody, they
maintain expression of B cell surface markers. It has been proposed that the
origin of the Waldenstrém’s macroglobulinemia clone is an activated B cell
that has been blocked in the process of plasma cell differentiation (Paiva et
al., 2015; Zhou et al., 2014).

The use of representative cell lines provides an accessible method for
studying disease properties. For Waldenstrom’s macroglobulinemia, there
are three main cell lines, which were used in this project. Firstly, the BCWM.1
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cell line, which was derived from CD19" selected cells from the bone marrow
of an untreated Waldenstrom’s macroglobulinemia patient (Ditzel Santos et
al., 2007). Secondly, the MWCL-1 cell line, derived from unsorted bone
marrow mononuclear cells of a previously treated Waldenstrom’s
macroglobulinemia patient, with a monoallelic loss of TP53 (Hodge et al.,
2011). And finally, the RPCI-WM1 cell line, which was derived from tumour-
bearing lymph nodes of a previously treated Waldenstrom’s
macroglobulinemia patient. The RPCI-WM1 primary cells were implanted into
mice for a xenograft model, and the cell line is derived from the xenograft
tumours. The cell line contains deletions at the CDKN2A, RB1 and 6g21 loci,
and amplification of the IgH gene (Chitta et al., 2013). All three of the cell
lines secrete monoclonal IgM and bear the MYD88-***" mutation (Ansell et
al., 2014; Chitta et al., 2013).

1.3 Multiple myeloma

Multiple myeloma is characterised by a clonal expansion of malignant
terminally differentiated plasma cells primarily in the bone marrow. Unlike
Waldenstréom’s macroglobulinemia, myeloma cells have a mature plasma cell
phenotype. The most common myelomas secrete IgG immunoglobulin, but
they can also secrete all the other immunoglobulin classes, including light
chains only, and a small proportion of myelomas do not secrete antibody
(Kyle et al., 2003). The symptoms of multiple myeloma are often referred to
as CRAB symptoms, standing for hypercalcaemia, renal failure, anaemia,
and bone lesions (Rajkumar et al., 2014). Hypercalcaemia arises from bone
destruction from within the bone marrow, with osteoclast activity causing lytic
bone lesions increased in myeloma patients (Mundy et al., 1974; Yaccoby et
al., 2002). Renal failure is often caused by the toxicity of secreted
immunoglobulin light chains and hypercalcaemia, and rarely by plasma cell
infiltrate and hyperviscosity (Dimopoulos et al., 2010). In addition to these
symptoms, 10% or higher levels of bone marrow plasma cell infiltrate, and
other non-CRAB organ damage can lead to a diagnosis of multiple myeloma.
These include hyperviscosity, amyloid light chain amyloidosis, and peripheral
neuropathy. Amyloid light chain amyloidosis is caused by the build-up of fibril
aggregates of immunoglobulin light chain proteins, which then accumulate on
organs (Bahlis & Lazarus, 2006). Peripheral neuropathy is also common and
is thought to be caused by the effects of immunoglobulins on peripheral
nerves (Rajkumar et al., 2014).

Mutiple myeloma is preceded by two stages, MGUS (typically non-IgM)
and smouldering myeloma. Non IgM MGUS is classified as having a serum Ig
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level less than 30g/L, and having less than 10% bone marrow infiltrate. Only
0.5-1% of MGUS cases progress to myeloma each year, and the underlying
cause of progression is unknown (Rajkumar et al., 2014). Surprisingly,
MGUS is relatively common, being present in 4% of the white population over
the age of 50 (Landgren et al., 2009). Smouldering myeloma is an
intermediate stage between MGUS and multiple myeloma, which has a 10%
annual risk of progression to multiple myeloma within the first five years of
diagnosis (Kyle et al., 2007). Smouldering myeloma is defined as having a
serum immunoglobulin concentration of > 30g/L and bone marrow infiltrate of
10-60% (Rajkumar et al., 2014). Furthermore, multiple myeloma can develop
from solitary plasmacytoma, which is classified as having a localised
infiltration of plasma cells, without spreading to multiple sites. For
plasmacytomas within the bone marrow, approximately 50% will ultimately
develop into multiple myeloma (Hill et al., 2014). In the latest stages, multiple
myeloma can develop into plasma cell leukaemia (Fernandez de Larrea et
al., 2012).

Chromosomal alterations are seen as one of the key initiating steps in
multiple myeloma. The multiple rounds of DNA double-strand breaks and
repair that B cells undergo in their immunoglobulin loci during their
development towards plasma cells can often result in abnormal
translocations. These are typically not propagated, as unfavourable
rearrangements lead the cells into apoptosis. However occasionally, these
rearrangements, especially those occurring during class switch
recombination, can persist into plasma cells, and lead to myeloma (Bergsagel
et al., 1996). Common genetic abnormalities include translocation of the IgH
locus to CCND1 (11g14) (Gabrea et al., 1999), MMSET/FGFR3 (4pl6)
(Chesi et al., 1998b), CCND3 (6p21) (Shaughnessy et al., 2001), MAF
(16923) (Chesi et al., 1998a), and MAFB (20q11) (Hanamura et al., 2001).
Chromosomal trisomies are also common in myeloma, with trisomy 21
conferring a poor outcome for patients (Chretien et al., 2015). More likely to
be secondary events, other common genetic abnormalities are the deletion of
17p13, harbouring the TP53 gene, and the translocation of IgH to MYC (Avet-
Loiseau et al., 2007). In terms of pathways, the most frequently mutated are
RAS/MAPK with mutations in KRAS, NRAS and BRAF, and the NFkB
pathway, with mutations/deletions of TRAF3, CYLD and LTB. Some of the
most commonly mutated genes are FAM46C, DIS3 and FGFR3.
Furthermore, mutations in plasma cell genes PRDM1 and IRF4, the MYC
interaction partner MAX, and DNA repair pathway genes such as RB1, TP53,
ATM and ATR can be present (Walker et al., 2015). A key question is in
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understanding the drivers for progression from MGUS to myeloma.
Interestingly, many of the initial genetic abnormalities mentioned above are
already present in MGUS plasma cells, although at lower frequencies than in
multiple myeloma (L6pez-Corral et al., 2011).

Treatments for multiple myeloma include pharmacologic therapy and
autologous stem cell transplantation. Eligibility for stem cell transplantation
often determines the choice of pharmacologic therapy. Early on,
corticosteroids such as dexamethasone were most frequently used
(Alexanian et al., 1992). Today, the most effective treatment involves the use
of dexamethasone in combination with bortezomib and lenalidomide (Durie et
al., 2017). Lenalidomide is an immunomodulatory drug, which leads to
apoptosis (Hideshima et al., 2000), decreased IL-6 and VEGF secretion
(Gupta et al.,, 2001), and increased natural Killer (NK) cell mediated
cytotoxicity against myeloma cells (Davies et al., 2001). Recent data shows
survival for patients under 65 years to be 7.7 years, and 3.4 years for older
patients (Blimark et al., 2018), and survival rates are constantly improving
(Fonseca et al., 2016). Despite this, there is still no cure for multiple
myeloma. Predicting which MGUS cases will progress to myeloma is an
interesting avenue for disease prevention. At present, the guidelines suggest
that the frequency of clinical follow-up for MGUS should be based on the
serum immunoglobulin levels (Kyle et al.,, 2010). However, a recent
investigation found that MGUS patients with lower serum immunoglobulin
levels have poorer myeloma survival (Sigurdardottir et al., 2015). Thus, the
predictive value of current MGUS criteria is imperfect. Further investigation
into the drivers of the MGUS to myeloma transition may yield better
outcomes for patients in the future.

1.4 Immune evasion of DLBCL and multiple myeloma

A hallmark of cancer is the ability to evade killing by the immune system
(Hanahan & Weinberg, 2011) and perturbations of transcriptional programs
have recently been implicated in tumour immune evasion (Hugo et al., 2016).
Modulating the immune system to target malignant B and plasma cells offers
effective and promising new therapeutic avenues in DLBCL and multiple
myeloma. For example, as mentioned above, lenalidomide increases the
interactions between myeloma plasma cells and NK cells (Davies et al.,
2001). Immune checkpoint blockade has also shown promise in multiple
myeloma (Goérgun et al.,, 2015) and is being investigated in DLBCL
(Goodman et al., 2016). In light of this, investigating the mechanisms
underlying immune evasion may provide further insights into the pathology of
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Waldenstrém’s macroglobulinemia and multiple myeloma.

A few main mechanisms exist for escape from immune surveillance.
These include “hiding” from the immune system by reducing expression of
surface molecules that can be recognised by and activate immune effector
cells. Cancer cells can also increase expression of immune checkpoint
ligands on the cell surface, and secrete inhibitory cytokines to dampen the
response of immune effector cells and create an immunosuppressive
microenvironment. Also, the cancer cells can suppress their own responses
to cells of the immune system, through apoptosis resistance (de Charette &
Houot, 2018).

The two main effector immune cell types are NK cells and CD8" T cells.
NK cells are the innate killer cells of the immune system, with “ready-to-go”
cytolytic activity. Their choice of activation or deactivation is dependant upon
a balance of signals received by their surface receptors (Morvan & Lanier,
2015). NK cells bear several types of activating receptors and inhibitory
receptors. One of the most important is the Kkiller immunoglobulin-like
receptor (KIR) class, some of which recognise the MHC class | molecules
(HLA-A, HLA-B and HLA-C). MHC class | molecules are expressed on all
nucleated cells and transmit a “self’ signal, actively inhibiting killing by NK
cells (Karre et al., 1986; Ljunggren & Kérre, 1990). In some cancers, where
MHC class | is lost, this loss of inhibition of the NK cell provides a strong
signal for activation. Furthermore, expression of activating ligands can
overcome inhibitory signals. For example, the stress ligand MICA, when
expressed on target cells can stimulate NK cell cytolytic activity (Bauer et al.,
1999).

T cells on the other hand, as part of the adaptive immune system,
recognise antigen presented to them by MHC molecules. Antigen presented
on MHC class | can stimulate CD8" T cells to carry out their cytotoxic activity
against the cells. In this way, T cells and NK cells play a complementary role,
whereby if cancer or infected cells lose their MHC class | to evade killing by
CD8" T cells, they can instead induce killing by NK cells. However, T cells
are also affected by activating and inhibitory ligands. For example, the
activation of the co-stimulatory receptor 4-1BB (encoded by TNFRSF9) can
enhance the T cell receptor response in cytotoxic T cells (Shuford et al.,
1997). The PD-L1 ligand can be expressed on cancer cells, and interacts
with the PD-1 receptor of CD8" T cells to inhibit their responses. Blockade of
PD-L1 can restore tumour-antigen specific CD8" T cell cytotoxicity (Blank et
al., 2006).
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Two important factors to take into account when looking at B cell
malignancies are that B cells are themselves professional antigen presenting
cells (APCs), and that they are also related immune cells, so they respond to
many of the same signals as NK cells and T cells. MHC class | is frequently
lost on the surface of DLBCL cells along with the surface molecule CD58,
which is necessary for NK cell stimulation (Challa-Malladi et al., 2011). While
MHC class | is lost on early stage myeloma cells, it is highly expressed on
late-stage myeloma cells to evade killing by NK cells (Carbone et al., 2005).
As professional APCs, B cells naturally express MHC class Il, however
DLBCL cells can downregulate this in order to evade the immune system.
Loss of histone acetylation at the class Il transactivator (CIITA) locus leads to
transcriptional inactivation and loss of MHC class Il proteins (Hashwah et al.,
2017). Loss of MHC class |l correlates with decreased CD8" T cell infiltration
at the sites of DLBCL tumours and poorer patient outcomes (Rimsza et al.,
2004). Changes in surface ligand expression are frequent in myeloma, with
altered expression of activating surface markers shifting to balance out
altered MHC class | expression (Bernal et al., 2009). PD-L1 expression on
multiple myeloma cells can induce T cell apoptosis and anergy (Tamura et
al., 2012). Interestingly, inhibitory receptors are also expressed on lymphoma
and myeloma cells, and their activation can inhibit the cancer cell growth. For
example, the immune inhibitory checkpoint molecule CD85j is lost on
myeloma cells, and its re-introduction leads to increased targeting by NK
cells and cytotoxic T cells (Lozano et al., 2018). Additionally, engagement of
inhibitory receptors on the surface of lymphoma cells can have a tumour-
suppressive effect (Boice et al., 2016). In Waldenstrdm’s macroglobulinemia,
secreted PD-1 ligands inhibit T cell function (Jalali et al., 2018), but other
mechanisms of immune evasion have not been studied.

1.5 The cell cycle and DNA damage response

As mentioned above, some of the most common translocations in multiple
myeloma involve the cell cycle regulator genes CCND1 and CCND3, which
are important for driving cell cycle progression (Gabrea et al., 1999;
Shaughnessy et al., 2001). Additionally, cell cycle checkpoint and DNA repair
pathway genes are frequently mutated in multiple myeloma (Walker et al.,
2015). Multiple myeloma cells are also dependent on the cell cycle positive
regulator E2F1, which binds to the majority of active promoters in the MM1.S
cell line (Fulciniti et al., 2018). In DLBCL, there are frequent copy number
alterations in the cell cycle inhibitor genes CDKN2A, RB and TP53 (Monti et
al., 2012). Furthermore, therapies targeting cell cycle regulators are currently
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in clinical trials for both multiple myeloma and DLBCL (Otto & Sicinski, 2017).
Thus, investigating perturbations of cell cycle regulators and transcriptional
mechanisms underlying these perturbations may serve to increase our
understanding of Waldenstréom’s macroglobulinemia and multiple myeloma
disease biology.

The cell cycle is an ordered series of events including cell growth, which
lead to cell division. There are four main cell cycle phases: G1, where the
cells expand and prepare for division; S, where the cells replicate their DNA;
G2, where the cells ensure accurate replication has taken place and prepare
for cell division; and M, where the cells undergo mitosis and separate into two
daughter cells. Each of these phases are controlled by progression mediators
and cell-cycle inhibitory checkpoints. Beginning in G1, the cyclin-dependant
kinases (CDKs) CDK4 and CDK2 phosphorylate the cell cycle inhibitor Rb, to
prevent it binding to the E2F1 transcription factor (Harbour et al., 1999; Kato
et al., 1993; Tsutsui et al., 1999; van den Heuvel & Harlow, 1993). E2F1
transcriptionally activates a wave of gene expression to drive the cells into S
phase (Johnson et al., 1993; Takahashi et al., 2000). Before the cells can
commit to enter S phase, they must first ensure that they have a sufficient
nutrient supply and size, as well as that they are not carrying DNA lesions.
The G1/S checkpoint can stall the cell cycle in G1 to allow the cells time to
correct any of these problems. The transcription factor p53 is the main
regulator of this checkpoint, and functions to activate the CDK inhibitor p21
(encoded by CDKN1A) (el-Deiry et al., 1993). In G2, the CDC2 kinase
(encoded by CDK1) drives progression to mitosis via a multitude of
phosphorylation events. CDC2 requires the activity of the CDC25
phosphatase to initiate mitosis (Izumi & Maller, 1993; Kumagai & Dunphy,
1991). However, the cells at this point again require scrutiny to ensure the
absence of DNA damage following replication, as well as size and nutrient
requirements. The G2/M checkpoint is largely regulated by the kinase CHK1,
which targets the CDC25 phosphatase for inhibition (Furnari et al., 1997).
However, p53 can also inhibit progression to mitosis (Agarwal et al., 1995; St
Clair et al., 2004). Once mitosis is underway, another checkpoint, the mitotic
spindle assembly checkpoint is necessary to ensure correct attachment of
kinetochores to the spindle microtubules before cell division. The mitotic
checkpoint complex comprising MAD2, BUBR1, BUB3 and CDC20 blocks
activation of the anaphase promoting complex, and thereby prevents cell
cycle progression (Lara-Gonzalez et al., 2012).

A large number of DNA lesions occur during each cell cycle, and also
frequently in non-cycling cells. This can be due to mistakes in DNA
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replication, faulty actions of topoisomerases, and environmental factors such
as radiation or reactive oxygen species (Lieber & Karanjawala, 2004). The
main pathways of DNA repair for DSBs are non-homologous end joining
(NHEJ) and homologous recombination. Homologous recombination relies on
the presence of a homologous region in the sister chromatid, and so can only
take place during the S or G2 phases (San Filippo et al., 2008). Whereas
NHEJ can occur at any phase of the cell cycle and while inaccurate, is the
main choice for DSB repair (Lieber, 2008). For other forms of DNA damage,
there are multiple repair pathways, which are activated depending of the kind
of damage. These include base excision repair, nucleotide excision repair,
mismatch repair, and interstrand crosslink repair amongst others (Ciccia &
Elledge, 2010).

Understanding the regulation of cell cycle progression and inhibition, and
DNA repair genes may be key to uncovering novel treatments in multiple

myeloma and Waldenstrom’s macroglobulinemia.

1.6 Transcriptional regulation

Transcriptional regulation is an essential mechanism underlying
development, differentiation, and disease states. The development of B cells
and plasma cells is driven by the integration of external signals through
transcriptional mechanisms. Perturbations in transcriptional regulation are
also strong drivers in  multiple myeloma and Waldenstréom’s
macroglobulinemia. Understanding the mechanisms of transcriptional
regulation in multiple myeloma and Waldenstrém’s macroglobulinemia may
help us to uncover novel factors in the pathogenesis and maintenance of
these diseases.

1.6.1 Fundamentals of transcription initiation

Transcription is the mechanism by which DNA is transcribed to RNA, which
can then have its own function or be translated into proteins. In eukaryotes,
transcription is performed by at least three enzymes termed RNA
polymerases (RNA pol) (Roeder & Rutter, 1969, 1970). RNA pol | is mainly
responsible for transcribing ribosomal RNA (rRNA), while RNA pol 1l mainly
transcribes transfer RNA (tRNA), 5S rRNA and pri-miRNAs. RNA pol Il on the
other hand, is responsible for transcribing protein coding genes, enhancer
RNAs (eRNAs), long non-coding (Inc)RNAs and pri-miRNAs, amongst others
(Vannini & Cramer, 2012). While RNA pol | and Ill have similar structures,
RNA pol Il contains an additional C-terminal domain which is affected by
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post-translational modifications to influence capping and slicing of transcripts,
among other functions (Hsin & Manley, 2012).

The identification of a method for in vitro transcription by RNA polymerase
Il (RNA pol II) (Anthony Weil et al., 1979) led to the discovery of general
transcription factors (GTFs) that are important for eukaryotic RNA pol I
transcription, TFIIA , -B, -D, -E, -F and -H (Matsui et al., 1980). While all the
GTFs contribute to transcription initiation, only TFIIB and the TBP subunit of
TFID are strictly required (Luse, 2013). However, recent evidence
contradicts this, and suggests that all GTFs are indeed required for RNA pol
Il transcription except the TAF subunits of TFIID (Petrenko et al., 2019).
Although, this has so far only been demonstrated in a single study in yeast.
Transcription of genes by RNA pol Il requires the presence of a promoter
sequence (Corden et al., 1980). Promoters are genetic elements that are
present directly upstream of the transcription start site and have the ability to
recruit the transcriptional machinery. There are a few core promoter
sequences common to a large proportion of promoters, including the TATA
box (Breathnach & Chambon, 1981), the initiator element (Smale &
Baltimore, 1989), and the downstream promoter element (Burke &
Kadonaga, 1997) to name a few, however many promoters also function in
the absence of known core promoter elements (Roy & Singer, 2015). Indeed,
many factors including the presence of sequence-specific transcription factor
binding motifs and DNA accessibility also influence the initiation of
transcription from promoters. Furthermore, the orientation and spacing of
promoter elements can dictate their specificity and function (N&ar et al.,
1991). Promoter elements typically serve as binding sites for the TFIID
transcription factor complex (Parker & Topol, 1984; Sawadogo & Roeder,
1985), which contains the TBP and TAF proteins (Burley & Roeder, 1996).
The formation of the pre-initiation complex (PIC) begins with binding of TFIID,
then TFIIA to the core promoter sequence, followed by TFIIB to stabilise the
complex. RNA pol Il together with TFIIF is then recruited followed by TFIIE
and TFIIH (Buratowski et al., 1989; He et al., 2013). However, other protein
complexes can also function in transcription initiation, including SAGA
(Baptista et al., 2017). Members of the TFIID complex can carry out various
enzymatic activities including that of a histone acetyltransferase (Mizzen et
al., 1996), a bromodomain (Jacobson et al., 2000), a PHD finger capable of
recognising histone methylation (van Ingen et al., 2008), and a ubiquitin
conjugater (Pham & Sauer, 2000). Whereas, TFIIH has subunits with
helicase and kinase activity (Schaeffer et al.,, 1993; Tirode et al., 1999).
Through these mechanisms, the PIC affects chromatin structure and
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promoter accessibility. After recruitment of the PIC to the core promoter
elements, RNA pol Il transcribes 20-30 nucleotides of RNA (Rasmussen &
Lis, 1993) and then is paused by the negative elongation factor (NELF) and
DSIB (Yamaguchi et al., 1999). This pause is lifted by the P-TEFb complex,
which phosphorylates RNA pol Il (Yamaguchi et al., 1999), NELF (Fujinaga et
al., 2004) and DSIB (Kim & Sharp, 2001), initiating transcriptional elongation.
RNA pol Il pausing allows for priming of promoters so that transcription can
be initiated rapidly upon receiving the right signal, rather than waiting for the
PIC to be assembled.

1.6.2 Histone modifications and transcriptional regulation

One of the key mechanisms of transcriptional regulation is modification to the
chromatin without changes to the DNA sequence itself. DNA is wrapped
around nucleosomes in units of 146 base pairs (bp) in a superhelix structure
(Luger et al., 1997). The nucleosome comprises two sets of the four core
histones H2A, H2B, H3 and H4 (Kornberg, 1974; Thomas & Kornberg,
1975a, 1975b). The histones bear N-terminal tails, short amino acid chains,
which can be modified post-translationally. Histone modifications can
influence the structure and binding affinities of histones (Tessarz &
Kouzarides, 2014), as well as affecting the accessibility of DNA to the
transcriptional machinery (Zentner & Henikoff, 2013).

Chromatin accessibility plays a crucial role in transcriptional regulation. In
addition to core promoter sequences and transcription factors, the position of
nucleosomes can influence the recruitment and positioning of the PIC and
RNA pol Il (Rhee & Pugh, 2012). During cellular differentiation, where cells
can be pushed towards an entirely different lineage and large transcriptional
changes are taking place, there are enormous changes to the positioning of
nucleosomes, with active promoters having nucleosome-depleted regions,
and inactive promoters often being present in nucleosome-dense regions
(Teif et al., 2012).

The most well studied histone modifications include methylation and
acetylation on lysine or arginine residues, however in addition, serines and
threonines can be phosphorylated, and lysines ubiquitinated and
SUMOylated to name a few (Peterson & Laniel, 2004). Histone lysine
acetylation was described early on as a mechanism for increasing DNA
accessibility, and therefore transcriptional activation (Lee et al., 1993;
Shogren-Knaak et al., 2006). Histone acetylation increases DNA accessibility
by neutralising the positive charge of histone lysine residues, and weakening
the histone-DNA interactions (Hong et al., 1993; Zentner & Henikoff, 2013).
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As DNA is negatively charged and histone lysine residues are positively
charged they will attract one another. Thus, neutralising the positive charge
of the histone lysine residue by acetylation will weaken this interaction.
Depending on the residue, histone methylation can mark either repressed or
active chromosomal regions. Histone 3 lysine 4 tri-methylation (H3K4me3) is
common at active promoters, and yet the inhibition of enzymes that deposit
this mark leads to only minor changes in transcription in both mammalian
cells (Clouaire et al., 2012) and yeast (Lenstra et al., 2011). This suggests
that transcriptional activation is not a direct effect of H3K4me3. Instead,
H3K4me3 may promote activation by preventing the spread of repressive
histone methylation such as histone 3 lysine 27 tri-methylation (H3K27me3)
(Schmitges et al., 2011). Similarly, H3K27me3 can prevent deposition of the
activating H3K27 acetylation (H3K27Ac) (Ferrari et al., 2014).

Histone marks are recognised by a variety of factors, known as “readers”.
For example, bromodomain and PHD proteins recognise histone acetylation
(Dhalluin et al., 1999; Zeng et al., 2010). Whereas, histone methylation is
recognised by several factors including PHD, chromodomain proteins, WD40,
Tudor and more (Yun et al., 2011). The presence of repressive histone marks
such as H3K9me3 may help to stabilise histones on DNA by recruitment of
recognition factors (Zentner & Henikoff, 2013). For example, in yeast, the
Swi6 protein recognises and binds to the H3K9me3 mark, and influences the
positioning of nucleosomes to assemble heterochromatin (Canzio et al.,
2011). The H3K36me3 mark, which is typically present on the gene bodies of
actively transcribed genes also plays a stabilising role in preventing histone
exchange and the incorporation of acetylated histones over coding regions of
actively transcribed genes in order to maintain the accuracy of RNA pol I
(Venkatesh et al., 2012).

1.6.3 Transcription factors

A fundamental of cell biology is in the question of what drives the activation of
a particular gene or set of genes to determine cellular states. Integrating
transcription initiation with chromatin states, genome architecture, and
extrinsic signals are the class of proteins known as transcription factors. They
are frequently seen as “master regulators” of cell states and transitions
through their ability to cause a complete cellular reprogramming, even being
able to induce pluripotent stem cells from adult cells (Takahashi &
Yamanaka, 2006). Moreover, a large analysis of cancer-related proteins
found transcription factors to be one of the most highly overrepresented
protein classes, highlighting their importance in various cancers (Furney et
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al., 2006). Transcription factors are proteins that either bind directly to DNA
through sequence specific recognition (Lambert et al., 2018; Vaquerizas et
al., 2009), with the specific sequence they recognise referred to as a motif, or
indirectly, via protein-protein interactions.

Just as histone modifications serve as a major marker of transcriptional
cell states, transcription factors function as the major regulators. Recent
evidence shows a two-way relationship between transcription factors and
histone modifications. Transcription factors are one of the main mechanisms
for recruiting histone modifiers to specific sites in the genome (Demers et al.,
2007; Kurland & Tansey, 2008; Lambert et al., 2018; Sripathy et al., 2006),
and transcription factor binding profiles are highly predictive of histone
modifications (Benveniste et al., 2014). Interestingly, the landscape of histone
modifications can also influence the binding of specific families of
transcription factors, possibly through maintenance of chromatin structure
and DNA accessibility (Xin & Rohs, 2018).

Remarkably, some transcription factors can bind to sites containing their
motifs even in nucleosome-dense regions, and actually function cooperatively
to cause changes in nucleosome positioning (Mirny, 2010; Polach & Widom,
1996). Factors that can bind to inaccessible and nucleosomal DNA and open
it up are known as pioneer factors (Iwafuchi-Doi & Zaret, 2014). This can
occur through interactions with ATP-dependent chromatin remodellers (Rippe
et al.,, 2007; Wang et al., 2014) or independently (Cirillo et al., 2002). They
can recognise their motifs within nucleosome-bound chromatin and also bind
directly to nucleosomes, opening the nucleosomal DNA for other transcription
factors to bind and transcription initiation to take place (Cirillo et al., 2002;
Soufi et al., 2015).

In concert with their role of directly binding to DNA, transcription factors
can also function as multi-domain proteins with enzymatic activity, but mostly
function through their recruitment of co-factors. Common interactions include
those of transcription factors with RNA pol Il and PIC members, recruiting
them to promoter regions (Cujec et al., 1997; Gill et al., 1994; Horikoshi et al.,
1988). Transcription factors can also relieve RNA pol Il pausing, for example,
the transcription factors MYC and NFkB recruit P-TEFb to achieve this
(Barboric et al., 2001; Nowak et al., 2008; Rahl et al., 2010). As mentioned
above, transcription factors can also recruit chromatin remodelling complexes
to open or close chromatin for transcriptional activation or silencing (Cosma
et al.,, 1999; Schultz et al., 2001). Interestingly, the motif sequence and
chromatin state surrounding binding sites can influence the activity of the
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transcription factor, changing the protein structure and determining its co-
factors for activating or repressive activity (Ernst et al., 2016; Hall et al., 2002;
Leung et al., 2004; Meijsing et al., 2009).

One of the most important roles transcription factors play to influence
transcription is in the commissioning and recruitment of enhancers to
promoter regions (Spitz & Furlong, 2012).

1.6.4 Transcriptional enhancers

Transcriptional enhancers are regulatory units of the genome that function in
cis to interact with promoter regions and induce transcriptional activity from
any position, even very distal, upstream or downstream of transcription start
sites (Banerji et al., 1981). Enhancers are hubs for binding of transcription
factors, enriched for multiple transcription factor motifs, and typically require
this binding to become activated (Long et al., 2016). Although for certain
genes, contact with an enhancer, even in the absence of normally essential
transcription factors is sufficient to initiate transcription (Deng et al., 2012). To
delineate enhancers from promoters, assays can be used to show that the
putative enhancer can influence promoter-driven gene transcription, but is
insufficient to drive gene transcription in the absence of a promoter
(Heintzman et al., 2007). However, recent evidence shows that some
enhancers can also act as weak promoters, and some promoters can act as
strong enhancers. It has been suggested that a somewhat unique feature of
enhancers is that their directionality has little effect on their function, whereas
changing the orientation and position of a promoter often disrupts its function
(Mikhaylichenko et al.,, 2018; N&aar et al., 1991). Similar to promoters,
enhancers can be in a closed conformation, blocked by inaccessible
chromatin or nucleosomes, or can be accessible. Using recruitment of co-
factors such as histone modifiers, chromatin remodellers and the basal
transcriptional machinery, transcription factors can cause changes in
chromatin architecture to influence enhancer accessibility (Spitz & Furlong,
2012). Most importantly, tethering of enhancers to promoters is orchestrated
by sequence-specific transcription factors that determine the specificity of
enhancer-promoter interactions (van Arensbergen et al., 2014; Zabidi et al.,
2014).

Interestingly, the presence of transcription factors on enhancer and
promoter regions is often not indicative of active transcription or enhancer
activity from these sites (Whitfield et al., 2012). Moreover, the chromatin state
indicated by the presence of histone modifications and DNA accessibility is
also indicative of only a small proportion of transcriptionally active enhancer
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elements (Kwasnieski et al., 2014). Instead, the combinatorial action of
specific sets of transcription factors on enhancers is predictive of their activity
(Grossman et al., 2017). Transcription factors can also link enhancers to
promoters through interactions with PIC members (Koch et al., 2011), as well
as other factors such as the protein complex Mediator. Mediator binds to
enhancer regions in complex with the ring-shaped protein cohesin, which
physically connects enhancers to promoter regions (Kagey et al., 2010).

Differential activation of enhancers allows for precise developmental-state
and/or tissue-specific gene expression, and provides an expansive repertoire
of gene expression control (Banerji et al., 1983; Bonn et al., 2012; Gillies et
al., 1983; Heintzman et al., 2009). Enhancers not classified as inactive can
be either active or poised for activity. Active enhancers induce transcription
from matched promoter regions, whereas poised enhancers display the open
chromatin and transcription factor occupancy of active enhancers without the
induction of transcription (Creyghton et al., 2010). Additionally, active and
poised enhancers bear specific histone marks, which are commonly used to
identify them. The presence of H3K4mel and the absence of H3K4me3
marks for active and poised enhancers, whereas promoters are marked by
high H3K4me3 and sometimes also by H3K4mel (Heintzman et al., 2009;
Heintzman et al.,, 2007). Active enhancers are marked by H3K27Ac
(Creyghton et al., 2010), whereas poised or inactive enhancers are marked
by H3K27me3 (Rada-lglesias et al., 2010). In comparison, inactive
enhancers are often hidden in closed and nucleosome-dense chromatin
regions without the presence of enhancer-identifying histone marks. They
require the binding of transcription factors and significant chromatin
reorganisation to become poised or active. During cellular reprogramming
from fibroblasts to induced pluripotent stem cells, enhancers are reset, with
H3K4mel marks redistributed to match the profile of embryonic stem cells
(Creyghton et al., 2010). All enhancers are enriched for transcription factor
binding motifs, but they may be differentially commissioned in different cell
types and during transitions. For example, the histone lysine demethylase
LSD1 interacts with the chromatin remodelling NURD complex and removes
H3K4mel to decommission active enhancers during embryonic stem cell
differentiation (Whyte et al., 2012). It is unclear whether H3K4mel simply
acts as a substrate for LSD1 to recruit the NURD complex and cause
changes in the chromatin structure, or if the removal of this mark has
functional consequences itself. Active enhancers are hypersensitive to
DNase | digestion (Xi et al., 2007) and have bi-directionally transcribed
enhancer RNA (eRNA) (Kim et al., 2010), which facilitates the release of
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NELF to relieve RNA pol Il pausing (Schaukowitch et al., 2014). eRNAs can
also contribute to DNA looping of enhancers and promoters by binding to
Mediator (Hsieh et al., 2014, Lai et al., 2013), however this likely not the case
at all loci (Schaukowitch et al., 2014).

The underlying mechanism by which enhancers influence transcriptional
activation is not yet known. Proposed mechanisms include a tracking and
transcription method, whereby the enhancer bound to RNA pol Il and TBP
slides across DNA transcribing short RNAs until it reaches its target promoter
to deliver RNA pol Il to the transcription start site (TSS) (Zhu et al., 2007).
Another proposed model is that enhancers form “transcription factories” that
recruit high levels of transcriptional activators and the basal transcriptional
machinery to drive transcription from genes that are brought into close spatial
proximity of the factories through chromatin architecture changes (Kolovos et
al., 2012).

Taken together, transcription factors orchestrate the transcriptional
circuitry of the cell, causing and maintaining changes in chromatin
architecture and accessibility, recruiting and regulating the basal
transcriptional machinery, and activating or decommissioning enhancers to
drive and maintain cell states.

1.7 Transcriptional regulation of B cell development

Commitment to the B cell lineage requires the presence of specific
transcription factors. Common lymphoid progenitors (CLPs) can give rise to B
cells, T cells and NK cells (Kondo et al., 1997). The transcription factors E2a
and Ebf are necessary for the development of mouse pro- and pre-B cells
from CLPs (Lin & Grosschedl|, 1995; Zhuang et al., 1994). However in the
mouse, the cells cannot move past the pro-B cell stage without the induction
of the Pax5 transcription factor, but instead move along the trajectory of other
haematopoietic lineages (Nutt et al., 1999). Deletion of Pax5 in mature
mouse B cells leads to de-differentiation into progenitors, which are able to
differentiate into functional T cells (Cobaleda et al., 2007). Thus, Pax5 is the
key determinant of the B cell lineage. Pax5 functions through direct binding to
DNA in mouse B cells, but only a small proportion of Pax5 binding sites
correlate with direct transcriptional activation (Revilla-1-Domingo et al., 2012).
Instead, the major function of Pax5 in mouse B cells is in orchestrating global
changes in genome architecture by binding to and directing anchor regions to
form new DNA structures, independent of transcription (Johanson et al.,
2018). This is likely to occur via interactions with chromatin remodellers. For
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example, Pax5 interacts with the chromatin architecture regulator CTCF in
mouse pro-B cells (Medvedovic et al., 2013).

Pax5 is also active later in B cell maturation, activating many of the
transcription factors necessary for the maturation process. In mouse B cells
these include Irf4, Irf8, Bach2, and Spib (Schebesta et al.,, 2007). The
transcription factors Irf4 and Irf8 direct the differentiation towards immature B
cells from pre-B cells in mice (Lu et al., 2003). During antigen stimulation of
mouse B cells, Pax5 is necessary for the transcription of essential members
of the BCR signaling pathway (Schebesta et al., 2007). Without Pax5, BCR
signaling does not take place. Furthermore, PAX5 inhibits expression of
plasma cell transcription factors BLIMP1 and XBP1, and inhibits plasma cell
differentiation in chicken (Nera et al., 2006), mouse (Delogu et al., 2006), and
human B cells (Reimold et al.,, 1996). Low levels of Irf4, activated
downstream of Pax5 are necessary for transcriptional activation of Bcl6é and
Aid induction of SHM and CSR in mouse B cells (Ochiai et al., 2013;
Sciammas et al., 2006). So too is the transcriptional repressor Bach2 (Muto
et al., 2004). Meanwhile Spib is necessary for germinal center maintenance
in mice (Su et al., 1997).

Bcl6 is one of the major regulators of the germinal center reaction, without
which germinal centers are not formed in mice (Fukuda et al., 1997; Ye et al.,
1997). It is a zinc finger transcriptional repressor that functions through the
recruitment of co-factors such as histone deacetylases (HDACs) and co-
repressors (Dhordain et al., 1997; Fujita et al., 2004; Lemercier et al., 2002;
Mendez et al., 2008; Wong & Privalsky, 1998; Zhang et al., 2001). BCL6
represses expression of cell cycle inhibitors such as p27kipl, p21, and p53
(Phan & Dalla-Favera, 2004; Phan et al., 2005; Shaffer et al., 2000), as well
as DNA damage sensors ATR and CHEK1 in human B cells (Ranuncolo, S.
M. et al., 2007; Ranuncolo, S. M. et al., 2008), and Blimp1 in mouse germinal
center B cells (Tunyaplin et al., 2004). BCL6 also indirectly induces
transcription of the MYC gene, most likely through repression of PRDML1 in
human cell lines (Shaffer et al., 2000).

The dramatic changes that take place during B cell activation are
underpinned by a vast array of changes to the cells’ transcriptome and
genomic architecture. Early on it was observed that the addition of antigen to
naive B cells led to large increases in transcriptional activity (Pogo et al.,
1966), and the levels of RNA pol (Jaehning et al., 1975). Indeed, the quantity
of MRNA in the cell increases by approximately 10-fold in the 24 h following
antigen stimulation of mouse naive B cells. This increase comprises the
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entire mouse naive B cell transcriptome, with non-specific transcriptional
amplification (Kouzine et al., 2013). The vast majority of these genes are
already occupied by RNA pol Il in mouse naive B cells, and their activation is
dependent upon increased promoter accessibility mediated by Tfiih, which
has dramatically increased expression following B cell activation (Kouzine et
al., 2013). Additionally, the transcription factor Myc is essential to this
process. Myc is rapidly induced by antigen stimulation of mouse naive B cells
(Kelly et al., 1983), and Myc activates the amplification of the transcriptome
non-specifically during B cell activation, and in embryonic stem cells of mice
(Nie et al., 2012). The transcriptional amplification is associated with
increases in active histone marks and decreases in repressive marks.
Chromatin decompaction occurs on a global scale, and Myc promotes an
almost 2-fold increase in chromatin looping, changing the global chromatin
architecture of the mouse B cell genome (Kieffer-Kwon et al., 2017). Thus,
naive B cells are primed for activation by RNA pol Il on gene promoters, and
upon receiving signals following antigenic stimulation, produce dramatic
changes in chromatin architecture and transcriptional output. Taken together,
the pathway of differentiation from common lymphoid progenitors to activated
B cells relies on carefully orchestrated transcription factor networks and
extensive reorganisation of chromatin architecture, with Pax5 driving
activation of the key factors. A summary of important transcription factors
driving B and plasma cell fates is depicted in Figure 2.

1.8 BLIMP1 and transcriptional regulation of plasma cell
development

BLIMP1, encoded by the PRDM1 gene is activated by a number of
mechanisms. Firstly, BLIMP1 is activated downstream of pattern recognition
receptors such as TLRs which signal through the adaptor molecule MYD88
and downstream effector NFkB in mice (Genestier et al., 2007; Lin et al.,
2006; Morgan et al., 2009; Pasare & Medzhitov, 2005) and in human cells
(Capolunghi et al., 2008; Douagi et al., 2009). Secondly, BLIMP1 is activated
by interleukins IL-2, IL-5, IL-10 and IL-21 as shown in mice (Ozaki et al.,
2004; Turner et al., 1994) and human cells (Choe & Choi, 1998; Ding et al.,
2013; Le Gallou et al., 2012; Messika, Eric J. et al., 1998). These can work in
concert with CD40 and BCR signalling. However, in the absence of IL-2 and
IL-5, and in the presence of IL-4, Blimpl is instead repressed to allow for
CSR to take place in mouse B cells (Knodel et al., 2001). STAT3 is activated
downstream of IL-2, IL-10 and IL-21 and transcriptionally activates BLIMP1 in
human B cells (Diehl et al., 2008). Also, the transcription factor Irf4 activates

27



Kimberley Jade Anderson

Blimpl expression in the mouse (Sciammas et al., 2006), and binds in
cooperation with Stat3 to the Prdm1 gene (Kwon et al., 2009). Furthermore,
the AP-1 transcription factor also transcriptionally activates BLIMP1 in human
B cells (Vasanwala et al., 2002). AP-1 is a protein complex comprising
several families of factors including Jun, Fos, ATF and Maf, with diverse roles
including proliferation, transformation and cell death (Shaulian, 2010). At the
B cell to plasma cell transition in mice, the Prdm1 locus undergoes extensive
chromatin reorganisation, with a dramatic increase in the number of
interactions between this locus and surrounding regions (Johanson et al.,
2018). This is likely to represent increased activation of enhancers and
Prdm1 transcription. Essentially, the mechanisms that activate BLIMPL1 tie in
with initiation of the B cell to plasma cell switch. However, recent evidence
demonstrates that Blimpl is also expressed early in B cell development to
prevent the production of auto-reactive immunoglobulins in mice. This is
driven by the PI3K pathway (Setz et al., 2018).
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Figure 2: Key transcription factors driving B cell and plasma cell differentiation

During early B cell development, the B cell identity factor PAX5 is activated along with
EBF1, E2A and EZH2. The expression of IRF4 slowly increases from low levels in
naive B cells to high levels in plasma cells. BCL6 is expressed during the germinal
centre reaction along with EZH2, which is also expressed in the pre-plasmablast and
plasmablast stages. NFkB has increasing expression during plasma cell
differentiation, along with BLIMP1 and XBP1.

BLIMP1 is a zinc-finger transcription factor with a proline rich region and a
PR/SET domain, with very high similarity between mouse and human
(Huang, 1994; Keller, A D & Maniatis, T, 1991; Tunyaplin et al., 2000). The
PR/SET domain of BLIMP1 is highly conserved and has similarity to other
PR/SET domain proteins (Buyse et al., 1995; Tunyaplin et al., 2000).
However, while most PR/SET domain proteins use this domain to catalyse
lysine methylation (Dillon et al, 2005), BLIMP1 does not have
methyltransferase activity. It binds to chromatin through recognition of a
sequence-specific DNA motif (A/C)AG(T/C)GAAAG(T/C)(G/T) (Keller, A. D. &
Maniatis, T., 1991; Kuo & Calame, 2004). While only two of the five zinc
fingers are required for binding to chromatin (Keller & Maniatis, 1992), both
the zinc fingers and proline rich region are required for transcriptional
repression. The proline rich region is necessary for interactions with co-
repressors (Ren et al.,, 1999; Yu et al., 2000). Without intrinsic enzymatic
activity, BLIMP1 carries out its functions by recruiting co-factors to chromatin.
These include co-repressor Groucho family proteins (Ren et al., 1999),
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histone lysine methyltransferase G9a (Gyéry et al.,, 2004), arginine
methyltransferase PRMT5 (Ancelin et al., 2006), histone lysine demethylases
LSD1 (Su et al., 2009), and histone deacetylases HDAC1 and HDAC2 (Yu et
al., 2000). More recently, the histone lysine methyltransferase Ezh2 was also
shown to be a Blimp1l interaction partner in mouse plasmablasts (Minnich et
al., 2016). Beyond histone modifiers, proteins that influence chromatin
structure also interact with BLIMP1. The chromatin remodeller Aiolos
interacts with BLIMP1 in multiple myeloma cells (Hung et al., 2016), and
Blimp1l also interacts with several chromatin remodelling complexes including
BAF, NuRD, NCoR, and SIN3 in mouse plasmablasts (Minnich et al., 2016).
This raises an interesting possibility that BLIMP1 may be participating in
large-scale chromatin architecture changes along the lines of PAX5 or MYC.

BLIMP1 primarily functions as a transcriptional repressor, although it has
also been demonstrated to work as an activator (Minnich et al., 2016). Key B
cell identity genes including BCL6, MYC, ID3, PAX5 and CIITA are repressed
by BLIMP1 in human cells (Lin et al., 2002; Piskurich et al., 2000; Shaffer et
al., 2002). In addition, Blimpl inhibits CSR by directly repressing Aicda
(encoding AID) in mouse plasmablasts (Minnich et al., 2016). Meanwhile,
important plasma cell functions are activated by Blimpl. These include the
unfolded protein response, with the transcription factors Xbpl and Atf6
activated by Blimp1 in mouse plasma cells (Shaffer et al., 2004; Tellier et al.,
2016). XBP1 is activated downstream of ATF6 to initiate the unfolded protein
response and increase protein synthesis (Shaffer et al., 2004; Yoshida et al.,
2001). Blimpl also stimulates antibody secretion, by activating
immunoglobulin transcripts and EIlI2 in mouse plasma cells (Minnich et al.,
2016). Blimpl is activated early during the B cell to plasma cell differentiation
process in mice, and the levels of Blimpl expression increase as it
progresses (Kallies et al., 2004). Whether BLIMP1 is required for the
maintenance of long-lived bone marrow plasma cells is controversial. One
study found that the inactivation of Blimpl leads to a loss of both newly- and
previously-formed plasma cells in mice (Shapiro-Shelef et al., 2005). In a
contradictory result, another study found that inactivation of Blimpl1 in mature
mouse bone marrow plasma cells leads to a loss of antibody secreting ability
but these plasma cells are able to survive (Tellier et al., 2016). Another
reported function of BLIMPL1 is in repressing cell cycle progression in order to
promote differentiation of mature non-dividing plasma cells. This occurs
through transcriptional repression of positive cell cycle regulator genes
CDK1, CDK2, PLK1 and E2F1, as well as DNA replication/repair genes
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PCNA, XRCC6, XRCC5 and MCM2 in human plasma cells (Shaffer et al.,
2002).

The question of BLIMP1’s role in the development of antibody-secreting
cells is complicated. Early on it was shown that high levels of antibody
secretion cannot take place in the absence of BLIMP1 (Savitsky & Calame,
2006; Shapiro-Shelef et al., 2003). However, when mouse activated B cells
begin the differentiation process towards plasma cells, Pax5 is one of the first
B cell genes to be silenced. It has been proposed that the reduction of Pax5
is the defining feature of antibody secreting cells, as the repression of Pax5
expression can occur in the absence of Blimpl. These B cells are then able
to form pre-plasmablasts secreting low levels of antibody in the absence of
Blimpl. However, fully differentiated plasma cells require Blimpl (Kallies et
al., 2007). Irf4 expression is also necessary for plasma cell formation in mice
(Klein et al., 2006). The dose of Irf4 determines its function, whereby lower
levels drive earlier B cell differentiation and activation of Bcl6, and higher
levels drive plasma cell differentiation and Bcl6 repression in mice (Ochiai et
al., 2013; Sciammas et al., 2006) and BCL6 repression in humans (Saito et
al.,, 2007). IRF4 interacts with various factors including PU.1 (Brass et al.,
1996; Perkel & Atchison, 1998) and STAT6 (Gupta et al., 1999) in human B
cells, and the AP-1 complex in mouse T cells (Li et al., 2012). Another
transcription factor Oct2 (encoded by Pou2f2) contributes to plasma cell
differentiation via regulation of the IL-5 receptor in mouse activated B cells
(Emslie et al., 2008). Finally, in a similar situation to what occurs during
differentiation into mature B cells and during B cell activation, large changes
to chromatin accessibility also take place during mouse plasma cell
differentiation (Scharer et al., 2018).

Plasma cell differentiation is a tightly controlled process, regulated not
only by activation of BLIMP1, but also by repression. Expression of Blimp1 at
the wrong point in time can inhibit the germinal centre response, and lead to
premature terminal differentiation and apoptosis or auto-antibody production
(Bonelt et al., 2018; Lin et al., 1997; Messika, E. J. et al., 1998; Setz et al.,
2018). Bcl6 is a major repressor of Blimpl, which directly binds to and
represses the Prdm1 gene in the mouse (Tunyaplin et al., 2004) as well as
repressing AP-1 function (Vasanwala et al, 2002). Additionally, the
transcription factor PAX5 also binds to and represses transcription of the
human PRDM1 gene, while Bach2 directly represses mouse Prdml (Mora-
Lépez et al, 2007; Ochiai et al.,, 2006). In addition to transcriptional
regulation, BLIMP1 is also regulated at a post-transcriptional level. The RNA-
binding protein Zfp36I1 binds to the Prdml transcript and promotes its
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degradation to prevent plasma cell differentiation in mouse B cells (Nasir et
al.,, 2012). On the protein level, Blimpl is marked by removable SUMO-1.
When SUMO-1 is removed by Senpl, it prevents the proteasomal
degradation of Blimpl in mouse plasmacytoma cells (Shimshon et al., 2011).
However another study found that SUMOylation of BLIMP1 by PIAS1 was
necessary for its interaction with HDAC2 and transcriptional repression
during human plasma cell differentiation (Ying et al., 2012). During C.
elegans development, the SCFPREYFBXOM complex leads to ubiquitination and
degradation of the BLMP-1 protein (Horn et al., 2014). Additionally, Hrd1
binds to Blimpl and catalyses its ubiquitination to enhance MHC class Il
expression in mouse dendritic cells (Yang et al., 2014). A more recent study
found that not only SUMO1-SENP1, but also SUMO2/3-SENP6 regulated
degradation of BLIMP1 in human cell lines. They also found that BLIMP1
degradation was regulation by both SUMOylation-dependent and -
independent ubiquitination (Wang et al., 2017). Thus, many factors ensure
precise timing and control for the presence of BLIMP1 on a transcriptional,
post-transcriptional and post-translational level. Taken together, BLIMP1 is
the key player in a carefully regulated and precisely timed process, which
orchestrates the differentiation from an activated B cell to a mature plasma
cell.

1.9 EZH2

The polycomb group (PcG) of proteins comprise different protein complexes
known for maintenance of cell identity (Aranda et al., 2015). Here, we focus
on the PcG protein EZH2, which catalyses methylation of H3K27 as a subunit
of the polycomb repressive complex 2 (PRC2) (Cao et al., 2002). EZH2 has
highest specificity for the deposition of H3K27me2 and me3, although knock-
out of EZH2 is also associated with a decrease in H3K27mel (Shen et al.,
2008). In the PRC2 complex, EZH2 works with the key proteins, SUZ12 and
EED, which are necessary for the methyltransferase activity (Cao & Zhang,
2004; Montgomery et al., 2005; Pasini et al., 2004). EED functions through
recognition of H3K27 methylation (Xu et al., 2010), and together with SUZ12
maintains the integrity of the PRC2 complex (Cao & Zhang, 2004; Pasini et
al., 2004). Knock-out of either SUZ12 or EED leads to loss of EZH2
(Montgomery et al., 2005; Pasini et al., 2004). Other PRC2 subunits include
RbAp48 and AEBP2 (Cao et al, 2002; Cao & Zhang, 2004). RbAp48
recognises the histone H3 N-terminus when H3K4me3 and H3K36me2/3 are
not present (Schmitges et al., 2011). AEBP2 modulates the structure of
PRC2 to facilitate RbAp48 activity (Kasinath et al., 2018). EZH2 mediated
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deposition of H3K27 tri-methylation (H3K27me3) is most commonly
associated with gene repression, although EZH2 can also place di-
methylation. An EZH2 homologue, EZH1 can replace EZH2 in the PRC2
complex, and the two have overlapping, yet non-redundant roles. EZH1 is
expressed in dividing and non-dividing cells, whereas EZH2 is only
expressed in dividing cells, and EZH1 has lower histone methyltransferase
activity compared to EZH2 (Margueron et al., 2008). EZH2 has also been
proposed to act independently of PRC2 activity. It can interact with the
androgen receptor in prostate cancer, as well as with E2F1 in both prostate
cancer and DLBCL to activate gene transcription (Xu et al., 2016; Xu, K. et
al.,, 2012). In addition, EZH2 has functions outside of its methyltransferase
activity, with SWI/SNF tumours primarily dependent on its non-catalytic role
in stabilising the PRC2 complex (Kim et al., 2015).

While EZH2 is necessary for embryonic development (Carroll et al.,
2001), it also plays an essential role later on in early B cell development,
regulating IgH rearrangement (Su et al., 2003). As B cells enter their resting
state, EZH2 expression is lowered, and then again increased following
antigen recognition and germinal centre activation (van Galen et al., 2004).
EZH2 is necessary for formation of the germinal centre and promotes
proliferation by repressing tumour suppressor and cell-cycle inhibitor genes
(Béguelin et al., 2013; Velichutina et al., 2010). It is also necessary for class
switch recombination and somatic hypermutation (Béguelin et al., 2013).
Furthermore, in the mouse Ezh2 maintains the germinal centre B cell
transcriptional program by repressing the Prdm1 promoter (Caganova et al.,
2013). As the B cells progress towards plasma cells, EZH2 expression is
again lowered, with lower expression in tonsilar plasma cells compared to
activated B cells, and then even lower expression in bone marrow plasma
cells (Zhan et al., 2003). However, a recent study demonstrated that EZH2 is
highly upregulated in pre-plasmablasts during the B cell to plasma cell
transition where it represses B cell and plasma cell genes, and maintains
proliferation (Herviou et al., 2019). When Ezh2 is knocked out prior to
antigenic stimulation, there is a defect in production of antibody secreting
cells (Guo et al., 2018), but enzymatic inhibition of Ezh2 applied
simultaneously with antigen stimulation results in enhanced plasma cell
differentiation (Scharer et al., 2018). One thing to consider is that turnover of
histone marks takes some time to come into effect, and so the activity of
Ezh2 in the second study may not have been lost until after the pre-
plasmablast stage. Thus, the difference here likely arises from the timing of
EZH2 loss, whereby EZH2 is required for the pre-plasmablast and

33



Kimberley Jade Anderson

plasmablast stages, but must be repressed in mature plasma cells. Hence,
EZH2 undergoes waves of expression changes during the B cell to plasma
cell differentiation process.

1.10 Transcriptional and epigenetic drivers of DLBCL,
Waldenstrom’s macroglobulinemia and multiple
myeloma

B cell malignancies can arise from different stages of B cell to plasma cell
development, and these diseases frequently rely on transcription factors that
maintain the cell identity at each differentiation stage. For example, hyper-
activating translocations of BCL6, the master regulator of GC B cells,
prevents the cells from differentiating into plasma cells and can lead to
DLBCL (Cattoretti et al.,, 2005). NFkB is essential for the maintenance of
germinal centre B cells and for driving the differentiation to plasma cells
(Heise et al., 2014). A frequent characteristic of activated B cell type (ABC)-
DLBCL is the constitutive activation of NFkB through activating mutations in
upstream signal transducers that lead to its activation. These include BCR
components (Davis et al., 2010), signal transducer CARD11 (Lenz et al.,
2008), and MYD88 (Ngo et al.,, 2010). Activation of NFkB functions in
cooperation with the loss of PRDM1, driving pro-survival programs and
preventing terminal plasma cell differentiation (Calado et al., 2010). Beyond
transcription factors, some of the most frequently inactivated genes are those
encoding the histone and non-histone acetyltransferases CREBBP and
EP300, mutated in approximately 39% of DLBCL (Pasqualucci et al., 2011a).
Also, the gene encoding the histone methyltransferase MLL2, which is
responsible for deposition of the H3K4me3 mark, is genetically inactivated in
around a third of DLBCLs (Morin et al., 2011; Pasqualucci et al., 2011b).
While the wider implications of these losses are not fully known, inactivation
of CREBBP and EP300 leads to altered acetylation and functions of the
BCL6 and p53 proteins (Pasqualucci et al., 2011a). Meanwhile, inactivation
of MLL2 is associated with transcription stress and genome instability,
leading to the increased accumulation of mutations (Kantidakis et al., 2016).

Multiple myeloma relies on the expression of a number of transcription
factors normally expressed in B cells and plasma cells. These include IRF4,
which drives myeloma, plasma cell and activated B cell transcriptional
programs in myeloma cells, including the MYC transcription factor (Shaffer et
al., 2008). Myeloma cells also rely on the activation of the NFkB and STAT3
transcription factors (Bharti et al., 2004; Catlett-Falcone et al., 1999). XBP1,
which regulates the unfolded protein response, is also necessary for driving
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myeloma pathogenesis (Carrasco et al., 2007). Epigenetic mechanisms are
also essential for driving myeloma progression. The histone lysine
demethylase KDM3A activates IRF4 by removing H3K9 methylation, thus
maintaining myeloma cells (Ohguchi et al., 2016). Inhibition of the histone
methyltransferase DOTI1L leads to decreased myeloma cell survival through
repression of IRF4 target genes (Ishiguro et al., 2019). Furthermore, loss of
the H3K27 demethylase UTX drives the malignant phenotype in multiple
myeloma (Ezponda et al., 2017). Supporting the importance of aberrant
histone modifications in multiple myeloma, the histone deacetylase (HDAC)
inhibitor panobinostat has been in use for the treatment of relapsed/refractory
myeloma since 2015, and other more specific HDAC inhibitors are currently
being investigated (Harada et al., 2016).

Waldenstrém’s macroglobulinemia is also dependant on aberrant
transcriptional programs. The B cell transcription factor SPIB prevents
plasmacytic differentiation of Waldenstrém’s macroglobulinemia cells (Zhou
et al.,, 2014), and inhibiting activation of NFkB leads to cell death in
Waldenstrém’s macroglobulinemia (Leleu et al., 2008). A recent study found
that the B cell transcription factors BACH2 and CIITA were transcriptionally
repressed in symptomatic Waldenstrom’s macroglobulinemia compared to
asymptomatic Waldenstrom’s macroglobulinemia (Herbaux et al., 2016). In a
large proteomic screen, the transcription factors STAT3, PAX5, the E2F1-
binding partner TFDP1, and the MYC-interaction partner MAX were all
overexpressed in Waldenstrom’s macroglobulinemia compared to normal
bone marrow (Hatjiharissi et al., 2007). While epigenetic mechanisms have
largely gone unstudied in Waldenstrom’s macroglobulinemia, the gene
encoding H3K4 demethylase KDM1B was found to be associated with bone
marrow involvement in Waldenstrém’s macroglobulinemia (Hunter et al.,
2016). Furthermore, perturbations of histone acetylation are present in
Waldenstrém’s macroglobulinemia (Roccaro et al., 2010).

Overall, transcriptional and epigenetic programs are central drivers of the
malignant phenotype and survival of B/plasma cell malignancies such as
DLBCL, multiple myeloma and Waldenstrom’s macroglobulinemia. Further
investigation into mechanisms of transcriptional regulation in Waldenstrom’s
macroglobulinemia and multiple myeloma is likely to provide novel insights
into the molecular pathogenesis and maintenance of these diseases.
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1.11 BLIMP1 and EZH2 in DLBCL, Waldenstrom’s
macroglobulinemia and myeloma

A frequent genetic alteration in ABC-DLBCL is the loss of PRDM1
(Pasqualucci et al., 2006), which also prevents plasma cell differentiation.
When BLIMP1 is expressed in DLBCL it functions as a tumour suppressor,
driving terminal differentiation and apoptosis (Calado et al., 2010;
Mandelbaum et al., 2010; Pasqualucci et al., 2006). Conversely, in multiple
myeloma, BLIMPL1 is thought to be necessary for malignant plasma cell
survival (Hung et al.,, 2016; Lin et al., 2007). In a mouse model of
plasmacytoma, loss of BLIMP1 prevented plasmacytoma formation (D'Costa
et al., 2009). However, in a contradictory result, a more recent study found
inactivating mutations of the PRDM1 gene in 4% of multiple myeloma
patients (Lohr et al., 2014). Although it has not been examined in great
detail, studies suggest that abnormal expression of BLIMP1 could influence
multiple myeloma cells. Analyses of B cells from myeloma patients showed
BLIMP1 may be expressed early to drive premature plasma cell
differentiation (Borson et al., 2002). Furthermore, in plasma cell leukaemia,
where the cells have lost expression of normal B/plasma cell factors such as
SPIB and POU2F2, BLIMP1 is still expressed (Nagy et al., 2002). In
Waldenstrom’s macroglobulinemia, BLIMP1 is expressed in a subset of
lymphoplasmacytic cells (Roberts et al., 2013; Zhou et al., 2014), consistent
with its role in promoting antibody secretion (Minnich et al., 2016; Savitsky &
Calame, 2006; Shapiro-Shelef et al, 2003). Despite the interesting
conundrum of BLIMP1 playing opposing roles in DLBCL and multiple
myeloma, its role has not been studied in Waldenstrém’s macroglobulinemia,
which derives from a cell possibly somewhere in between the germinal centre
or memory B cell and plasma cell stages.

While EZH2 has important roles in development and differentiation, it is
also frequently overexpressed in cancer, and was found to be a bona fide
oncogene (Kleer et al.,, 2003). EZH2 has frequent heterozygous gain of
function mutations in DLBCL (McCabe et al., 2012a; Morin et al., 2010; Ryan
et al., 2011; Sneeringer et al., 2010; Yap et al., 2011), and inhibition of EZH2
catalytic activity has shown efficacy against EZH2-mutant lymphomas
(Knutson et al., 2014; Knutson et al., 2012; McCabe et al., 2012b; Qi et al.,
2012), with the inhibitor tazemetostat showing antitumour activity in patients
with refractory B cell non-hodgkin lymphoma (Italiano et al., 2018). One of the
mechanisms by which EZH2 inhibition affects DLBCL is in lifting the
repression of plasma cell genes including PRDM1 and IRF4, and inducing
plasma cell differentiation (Béguelin et al., 2013). In multiple myeloma, while
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few genes have been found differentially expressed between MGUS and
malignant myeloma cells, EZH2 is one of the most significantly differentially
expressed, with increased expression in myeloma plasma cells (Zhan et al.,
2002). Profiling EZH2 expression across the span of myeloma development
showed that EZH2 expression increases with disease progression (Zhan et
al., 2003), and high EZH2 is associated with poor patient outcomes (Pawlyn
et al., 2017). EZH2 is necessary for the growth-factor independence of IL-6
independent myeloma cell lines, and is induced by IL-6 in dependent cell
lines. Furthermore, knock-down of EZH2 expression or reduced EZH2
enzymatic activity leads to inhibition of myeloma cell growth (Croonquist &
Van Ness, 2005). EZH2 target genes bear the H3K27me3 mark and show
low expression in myeloma and MGUS plasma cells (Kalushkova et al.,
2010). A more recent study suggested that MMSET overexpression, which is
common in myeloma with the IgH translocation to the MMSET/FGFRS3 locus,
is responsible for redistribution of EZH2 binding in the genome (Popovic et
al., 2014). While mutations in EZH2 are not common in myeloma, there are
frequent mutations in the H3K27 demethylase UTX (KDM6A) (van Haaften et
al., 2009).

Testing of EZH2 catalytic inhibition in myeloma cell lines has shown
inhibition of proliferation and induction of apoptosis via effects on the cell
cycle in a subset of cell lines (Hernando et al., 2016; Pawlyn et al., 2017,
Rastgoo et al., 2018b). The response to EZH2 inhibition can be somewhat
predicted by the mutation status in the ARID1A gene, where ARID1A-mutant
cancers are dependant on EZH2 expression when mutations in the Ras
pathway are absent (Bitler et al.,, 2015; Kim et al.,, 2015). Interestingly,
mutations in  ARID1A are present in 17% of Waldenstrom’s
macroglobulinemia patients (Hunter et al., 2014), suggesting that EZH2
inhibition could have efficacy in these cancers. Furthermore, perturbations in
the regulation of histone modifications contribute to Waldenstréom’s
macroglobulinemia pathogenesis (Roccaro et al., 2010). Given the role of
EZH2 in DLBCL and multiple myeloma, as well as the interplay between
EZH2 and ARID1A, and the role of epigenetic regulation in pathogenesis, it is
surprising that EZH2 has not been investigated in Waldenstrom’s
macroglobulinemia.

An interaction between BLIMP1 and EZH2 was first suggested in mouse
primordial germ cells, where BLIMP1 and EZH2 were bound to many of the
same sites on a genome-wide scale (Kurimoto et al., 2015; Magnusdéttir et
al., 2013). This interaction was later confirmed in mouse plasmablasts, where
BLIMP1 recruits EZH2 to chromatin to control the spread of the H3K27me3
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mark (Minnich et al., 2016). Using EZH2 KO in mouse B cells, another study
demonstrated severe defects in the formation of antibody-secreting cells in
response to a T-independent viral antigen. They also found EZH2 expression
to be necessary for the repression of a large proportion of BLIMP1 targets
(Guo et al., 2018). While not all of the above studies were available during
the original conception of the project, they lend support to the idea that
BLIMP1 may be recruiting EZH2 to chromatin in malignant antibody-secreting
cells where they are both expressed, such as in Waldenstrom’s
macroglobulinemia and multiple myeloma.

1.12 Transcriptional enhancers and regulation of cell
states in MGUS/myeloma

Enhancer chromatin states are much more cell-type specific than chromatin
states at promoters (Heintzman et al., 2009). Furthermore, within the
genome, there are typically multiple enhancers with similar activity towards
the same target gene (The et al., 2012). A recent study has demonstrated
that this redundancy can promote robustness of gene expression and
maintain the phenotype when one enhancer is decommissioned through loss
of function mutations (Osterwalder et al., 2018). In multiple myeloma,
dysregulation of enhancers is known as a contributing mechanism in the
disease pathology. For example, translocation of the IgH locus to several
genes as discussed above puts these genes under the strong control of the
IgH enhancers, which drives their overexpression. MYC translocations are
very common in myeloma, and result in MYC being put under control of
several highly active enhancers to drive proliferation (Affer et al., 2014).
Given the role of MYC in orchestrating enormous architectural changes in the
chromatin during B cell activation (Kieffer-Kkwon et al., 2017), it is likely that
MYC overexpression is a driver for enhancer perturbation in myeloma. A
variant in an enhancer of ELL2, which leads to decreased enhancer activity is
associated with a genetic predisposition to multiple myeloma (Li et al., 2017),
and in Waldenstrdm’s macroglobulinemia a variant in a potential enhancer for
IRF4 leads to increased enhancer activity and disease susceptibility
(McMaster et al., 2018). Inhibition of the bromodomain protein BRD4 leads to
selective deactivation of enhancers associated with critical oncogenic driver
genes in myeloma, termed “super-enhancers” (Lovén et al., 2013). Super-
enhancers are clusters of enhancers with particularly high occupancy of
Mediator and other transcriptional activators, although there are no
consistently defined criteria for classifying them (Pott & Lieb, 2014). B-cell
specific enhancers bear DNA hypermethylation in multiple myeloma, and the
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progression from MGUS to myeloma is associated with an increase in
hypomethylated CpGs (Agirre et al., 2015). Enhancer profiling in primary
myeloma cells identified a large number of enhancers that were activated in
myeloma compared to normal plasma cells and memory B cells. It
demonstrated large changes in regulatory circuits from normal plasma cells
to myeloma cells without equally large gene expression changes (Jin et al.,
2018).

Taken together, the evidence suggests a role for enhancers in promoting
MGUS to myeloma progression. Enhancers may promote robustness of a
pro-survival phenotype, even after the loss of external signals, such as in
advanced stage myeloma. They could promote escape from signals that
keep oncogenic growth in check, and they are one of the few mechanisms
that can support a phenotypic change in the absence of large transcriptional
changes.
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2 Aims

Transcriptional regulation plays an important role in the pathogenesis and
maintenance of Waldenstrém’s macroglobulinemia and multiple myeloma.
The transcription factor BLIMP1 is essential for plasma cell differentiation and
multiple myeloma, yet its role has been critically unexplored in Waldenstrom’s
macroglobulinemia. The BLIMP1 interaction partner EZH2 has also not been
studied in relation to Waldenstrom’s macroglobulinemia, although it is a factor
in DLBCL and multiple myeloma. Investigation into the interplay of BLIMP1
and EZH2 could provide insight into the mechanisms of Waldenstrom’s
macroglobulinemia disease biology.

Enhancers are central to the transcriptional architecture of multiple
myeloma and undergo profound changes during the transformation from
normal plasma cells. Despite this, enhancers have not been examined for
changes at the MGUS to myeloma transition. Studying the differential
activation of enhancers between MGUS and myeloma could help to further
our understanding of the molecular mechanisms underlying this
transformation.

Specific Aims:

1. To determine if BLIMP1 plays a role in Waldenstrdm’s
macroglobulinemia cells

2. To investigate the possible interplay of BLIMP1 and EZH2 in
Waldenstrém’s macroglobulinemia

3. To identify pathways regulated by BLIMP1 and EZH2 in Waldenstrom’s
macroglobulinemia

4. To identify transcriptional enhancer regulatory networks underlying the

transition from MGUS to multiple myeloma
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3 Materials and methods

3.1 Molecular Cloning

3.1.1 PiggyBac artificial miRNA constructs

For knock-down (KD) of BLIMP1 and EZH2, we designed artificial miRNA
sequences to target the PRDM1 and EZH2 transcripts using the
RNAiDesigner tool (Thermo Fisher). We cloned the miRNA sequences into
the pPB-hCMV*1-miR plasmid, containing a tetracycline-inducible CMV
promoter (Hackett et al.,, 2013). We generated plasmids containing the
PRDM1-miR#1, PRDM1-miR#2 and EZH2-miR#1 miRNAs using the method
described for cloning miRNAs below. The non-targeting control (NT)-miR
sequence was obtained from from Hackett et al. (Hackett et al., 2013). The
EZH2-miR#2 plasmid was generated using site-directed mutagenesis as
described below. The mature miR RNAIi sequences are marked in bold below
(Table 1).

Table 1: Artificial mMiRNA sequences for RNAI

Name Sequence (5-3’)

PRDM1-miR#1 GTACACTTCTCTTCAAACTCAGGTTTTGGCCAC
TGACTGACCTGAGTTTAGAGAAGTGTACA

PRDM1-miR#2 GTTACTCATCACTCCAATAACCGTTTTGGCCAC
TGACTGACGGTTATTGGTGATGAGTAACA

EZH2-miR#1 GTTTACACGCTTCCGCCAACAAGTTTTGGCCAC
TGACTGACTTGTTGGCAAGCGTGTAAACA

EZH2-miR#2 GTACTGAAGCAACTGCATTCAGGTTTTGGCCA
CTGACTGACCTGAATGCTTGCTTCAGTACA

Non-targeting (NT- AAATGTACTGCGCGTGGAGACGTTTTGGCCAC
miR) TGACTGACGTCTCCACGCAGTACATTT
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3.1.2 Cloning of miRNAs

For annealing, we diluted the mIiRNA oligonucleotides to 100uM
concentration with nuclease-free water (#AM9937, Thermo Fisher Scientific),
Then 1puL of forward and reverse oligonucleotides for each miRNA were
mixed together with 43uL of nuclease-free water and 5uL of CutSmart Buffer.
We incubated the mixture in a heat block at 95°C for 3 min. The block was
then switched off and the samples were allowed to cool slowly to room
temperature inside the heat block overnight. We phosphorylated the ends of
the annealed miRNA templates using T4 Polynucleotide Kinase, using 2uL of
the miRNA templates.

The pPB-hCMV*1-miR plasmid (#43860, Addgene) was digested for 4h at
37°C in CutSmart buffer with Bsgl (#R0559S, New England Biolabs) and
80puM S-adenosylmethionine (#B9003S, New England Biolabs). It was then
run on a 1% agarose gel, excised and purified using the Monarch® DNA gel
extraction kit. In order to dephosphorylate the cut ends of the backbone,
approximately 1.2ug of the digested backbone in 17uL volume was combined
with 1uL Antarctic Phosphatase (#¥M0289, New England Biolabs) and 2uL
Antarctic Phosphatase reaction buffer (#80289, New England Biolabs). The
sample was incubated at 37°C for 30 min and then heat inactivated at 80°C
for 2 min. We combined 3L of the phosphorylated miRNA template with 2uL
of the dephosphorylated backbone and then added 5uL of Instant Sticky-End
Ligase master mix and mixed well by pipetting. For a negative control, only
the backbone was used in the ligation reaction. The ligation reaction was
stored on ice before transformation.

3.1.3  Site Directed Mutagenesis

We used site directed mutagenesis for the insertion of miRNA sequences, as
well as for introducing mutations in the coding sequences of BLIMP1 and
EZH2 overexpression constructs to render them resistant to the targeting
miRNAs. We generated the pPB-EZH2-miR2 plasmid using site directed
mutagenesis of the pPB-hCMV*1-miR backbone. The FUW-PRDM1 miRNA-
resistant mutants were constructed by PCR from the FUW-PRDI-BFI-GFP
plasmid (Kuo, 2005; Magnusddttir et al., 2007). We first derived the EZH2
miRNA-resistant mutants by mutagenesis PCR using the pCMVHA-hEZH?2
plasmid (#24230, Addgene) as a template, then incorporated the EZH2 cDNA
via Gibson assembly (see below) into the FUGW backbone (Lois et al.,
2002).
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We performed PCR using 0.1 ng of the plasmid backbone DNA with
Phusion® High-Fidelity DNA Polymerase (#M0530, New England Biolabs).
See Table 2 for reaction setup, Table 3 for primer sequences and Table 4 for
cycling conditions. For those PCR reactions with multiple products, such as
for the PRDM1-miR#1-mutant, we excised the appropriately sized band from
the agarose gel and purified it with the Monarch® DNA gel extraction kit
(#T1020, New England Biolabs). We digested the PCR products for 2 h at
37°C with 1uL Dpnl (#R0176S, New England Biolabs) in CutSmart Buffer
(#B7204S, New England Biolabs) and then heat inactivated them for 20 min
at 80°C. We then combined the sample (~0.1 pmol) with 1mM ATP (#P0756,
New England Biolabs), PNK buffer (#80201, New England Biolabs) and 1pL
T4 polynucleotide kinase (#M0201S, New England Biolabs) and incubated it
for 30 min at 37°C and 20 min at 65°C. From this sample, we combined 5uL
with 5uL of the Instant Sticky-End Ligase master mix (#M0370S, New
England Biolabs) and mixed well by pipetting before transformation.

Table 2: PCR reaction setup

Reagent Concentration per
reaction

5x HF buffer (#B0518S, New England Biolabs) | 1x

10mM dNTPs (#R0191, Thermo Fisher 0.2mM
Scientific)

10puM Fwd primer 0.5uM
10uM Rev Primer 0.5uM

Phusion polymerase (#M0535L, New England 0.4 units
Biolabs)

Nuclease-free water (#AM9937, Ambion) to 20pL after adding
template
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Table 3: Primers used for site-directed mutagenesis

Primer name Sequence Ta Extension
time
EZH2-miR2- cactgactgacctgaatgcttgcttcagtaCA
pPB_Fwd GGACACAAGGCCTGTT
61°C 2 min
EZH2-miR2- gccaaaacctgaatgcagttgcttcagtacAG
pPB_Rev CATACAGCCTTCAGCAA
gaaaaatgcaCATACATTGTGAACG
FUW-PRDM1- ACCAC
miR1-mut_Fwd
72°C 4 min30s
ctcgaattccgCCTCTGTCCACAGAG
FUW-PRDM1- TCA
miR1-mut_Rev
ggcaagtgitCCCATAATGTATTCTT
EZH2-miR2- GGTC
mut-Fwd
51°C 3min30s
acggcgtttaaAGTCTTTAATGGGAT
EZH2-miR2- GAC
mut-Rev
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Table 4: PCR Cycles

Temperature Time

98°C 30 sec

98°C 10 sec

Ta 15 sec x35 cycles
72°C extension time

72°C 5 min

4°C hold

3.1.4 Gibson Assembly

We used Gibson assembly for the construction of FUW-EZH2-GFP. First, we
prepared the FUGW plasmid backbone via restriction digest with Agel
(#R0552, New England Biolabs) in Buffer 1.1 (#B7201, New England
Biolabs). We then excised it from a 1% agarose gel and purified it using the
Monarch® DNA gel extraction kit. We amplified the EZH2-miR2-mutant insert
sequence from the pCMVHA-hEZH2-miR2-mut produced earlier by
mutagenesis using Phusion DNA polymerase as above, with primer
sequences listed in Table 5. We excised bands from the gel and purified as
above. Using a ~1:3 molar ratio of backbone:insert, we combined 18.28 fmol
of the digested backbone with 54.83 fmol of the insert in 2.5uL volume. We
added an equal volume of the 2x Gibson Assembly master mix (#E2611,
New England Biolabs) to the DNA and mixed well by pipetting. We also
included a negative control that contained only the backbone without the
insert. We incubated the samples for 15 min at 50°C in a PCR machine and
then on ice before transformation.
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Table 5: Primer sequences used for Gibson assembly

Primer name | Sequence Ta Extension
time
gtcgactctagaggatcccecgggtaATGGG
FUGW-EZH2- | cCAGACTGGGAAG
GFP_fwd
64°C 1 min
tcgcececttgetcaccatggtggcgagAGGG
FUGW-EZH2- | ATTTCCATTTCTCTTTCGH:
GFP_Rev

3.15 Transformation

We transformed the above cloning reactions into NEB 10-beta Competent E.
coli. The NEB 10-beta cells were thawed on ice and aliquoted 60uL per tube
for each transformation. We added 3upL of the samples from ligation or
Gibson assembly reactions to the bacterial cells and mixed by gently flicking
the tube. We incubated the tubes on ice for 30 min, then heat shocked for
exactly 30 sec at 42°C in a water bath. The tubes were incubated on ice for 5
minutes without mixing. We transferred the samples to culture tubes with
950uL SOC media and incubated at 37°C for 1 h. Following the incubation,
we spread 100uL of the culture over an LB agar plate with 100ug/mL
ampicillin  (#A0839, Applichem) and incubated at 37°C overnight. For
formulations of media and agar see Table 6.
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Table 6: Media for bacterial culture

SOC media (1L) LB Media (1L) LB Agar

20g Bacto Tryptone 10g Bacto Tryptone 10g Bacto Tryptone
(#211705, BD
Biosciences)

5g Bacto Yeast Extract 5g Bacto Yeast Extract | 5g Bacto Yeast Extract
(#212750, BD
Biosciences)

0.5g NaCl (#31434, 10g NaCl 10g NaCl
Sigma)
20mM Glucose 15g Bacto Agar

(#214010, BD
Biosciences)

3.1.6  Miniprep by alkaline lysis

Using previously transformed bacterial culture plates, we inoculated one
colony into each culture tube containing 3mL LB media with 100ug/mL
ampicillin and incubated 16-18 h overnight. We then centrifuged the cultures
for 30 min at maximum speed in a tabletop centrifuge. We removed the
media and resuspended the cells in 100uL of Solution I. We added 200uL of
freshly prepared Solution Il to each tube and gently inverted 6-8 times. Then,
we added 150uL of ice-cold Solution Il to each tube and inverted 6-8 times.
See Table 7 for solution composition. We incubated the samples on ice for 5
min, then centrifuged at maximum speed for 5 min at 4°C. We transferred the
supernatant to a fresh tube and discarded the pellet. We precipitated the
plasmid DNA from the supernatant with 2 volumes of 96% ethanol (#A8075,
Applichem), incubated it for 2 min at room temperature, then centrifuged at
maximum speed for 4 min at 4°C. We aspirated the supernatant and washed
the pellet with 500uL freshly prepared 70% ethanol. We air dried the pellets
and resuspended in 50uL TE buffer with 20pg/mL RNase A (#EN0531,
Thermo Fisher Scientific).
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Table 7: Solutions for alkaline lysis

Solution | Solution Il Solution Ill

50mM Glucose (#G- 0.2N NaOH (#106482, 3M Potassium Acetate
5400, Sigma) Merck) (#104820, Merck)
25mM Tris HCI pH 8 1% SDS (#L4390, 11.5mL Glacial Acetic
(#15504-020, Sigma) Acid (#27225, Fluka,
Invitrogen) Honeywell)

10mM EDTA pH 8 Up to 100mL with water
(#ED, Sigma)

3.1.7 Midiprep Plasmid preparation

Using previously transformed bacterial culture plates, we inoculated one
colony into each culture tube containing 3mL LB media with 100pg/mL
ampicillin and incubated it for 8h at 37°C. We diluted the culture 1:10000 in
100mL LB media with 100ug/mL ampicillin and incubated for 16-22h
overnight, with longer incubation times for the viral transfer plasmids. For
isolation of large quantities of plasmid from these cultures, we used the
GeneJet Plasmid Midiprep Kit (#K0481, Thermo Fisher Scientific). We carried
out the protocol according to the manufacturer’s instructions, and the DNA
concentration of the isolated plasmids was then measured on the Nanodrop
1000 spectrophotometer (Thermo Fisher Scientific).

3.2 Cell culture

3.2.1 Waldenstrom’s macroglobulinemia and multiple
myeloma cell lines

We maintained the RPCI-WM1 (a gift from Asher A. Chanan-Khan,
Department of Cancer Biology, Mayo CIinic), BCWM.1 (a gift from Steven P.
Treon, Bing Center for Waldenstrom’s Macroglobulinemia, Dana-Farber
Cancer Institute) and OPM-2 (#ACC50, Leibniz Institute DSMZ) cell lines in
RPMI media (#SH30255.FS, Hyclone, GE Healthcare Biosciences)
supplemented with 10% foetal bovine serum (FBS) (#SV30160.03, Hyclone,
GE Healthcare Biosciences, Denmark). We maintained the U266 cell line
(#T1B-196, ATCC) in RPMI media with 15% FBS. The MWCL1 (a gift from
Stephen M. Ansell, Division of Hematology, Department of Internal Medicine,
Mayo Clinic) and NCI-H929 (#ACC163, Leibniz Institute DSMZ) cell lines
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were maintained in RPMI media supplemented with 10% FBS as well as
1mM sodium pyruvate (#SH30239.01, Hyclone GE Healthcare Biosciences)
and 50uM beta-mercaptoethanol (#0482, VWR). We subcultured the cells
three times per week and incubated all the cell lines at 37°C with 5% CO, in a
humid environment.

3.2.2  Electroporation of cell lines

We generated stable cells with inducible PRDM1-miR#2 and EZH2-miR#1 by
Amaxa nucleofection using the 4D-Nucleofector® X Kit L (#V4XC-2024,
Lonza) with the DY-100 program on the 4D-Nucleofector X-Unit (#AAF-
1002X, Lonza).

All other electroporations were carried out using the following method. We
suspended the cells at a density of 1 x 10° cells in 80uL culture media, mixed
them with 10ug plasmid DNA, and transferred them to a 4mm electroporation
cuvette (#2706094, Sigma). We electroporated the cells at 220V, 350uF
using the Gene Pulser XCell (Bio-Rad), then transferred them to a 6-well cell
culture plate in a total of 3mL media. We measured the transfection efficiency
by electroporation with pAcGFP1-N1 (Clonetech, Takara, USA), with green
fluorescent protein (GFP) expression assessed after 24h and 48h.

3.2.3  Construction of knock-down (KD) cell lines

We generated the knock-down cell lines via electroporation as above with
piggyBac plasmids containing our miRNA as described above (4.55ug), using
the piggyBac transposon system with the piggyBac transposase (pPyCAG-
pBase, 4.55ug), the reverse-tetracycline transactivator (pPB-rtTA, 0.45ug)
and a tetracycline-inducible enhanced GFP (EGFP) (pPBhCMV*1-EGFP-pA,
0.45ug). For induction of miRNA expression, we used doxycycline hyclate
(dox, #sc-211380, Santa Cruz Biotechnology) diluted in sterile water at a
concentration of 0.2 ug/mL for the RPCI-WM1 and OPM-2 cell lines, and at a
concentration of 0.5 pg/mL for the MWCL1 and BCWM.1 cell lines.

3.24 Antibiotic selection of stable cell lines

We selected the inducible KD cell lines described above using G418
Disulfate solution (#A6798, Applichem). We applied G418 to the cells 48h
following electroporation at a concentration of 1 mg/mL for the RPCI-WM1,
MWCL1 and BCWM.1 cell lines, and at 0.5 mg/mL for the OPM-2 cell line.
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3.2.5 Lentivirus production

We cultured HEK293T cells (#ACC635, DSMZ) in DMEM (#SH30243.FS,
Hyclone, GE Healthcare Biosciences), supplemented with 10% FBS,
subcultured by trypsinisation with 1x trypsin (#SV30037.01, Hyclone, GE
Healthcare Biosciences) three times per week. We seeded the HEK293T
cells at a density of 5.8 x 10° cells per plate in 3 x 100mm round cell culture
dishes, 24h prior to transfection. Immediately before transfection, we
removed the media from the cells and replaced it with 5mL fresh DMEM with
10% FBS per plate. We mixed a total of 5ug plasmid DNA per 100mm plate
together with the following molar ratio:

Table 8: Plasmids used for lentivirus production

Plasmid Size (bp) Molar ratio
psPAX2 (#12260, Addgene) 10668 1.3
pMD2.G (#12259, Addgene) 5822 0.72
transfer plasmid 1.64

We topped up the plasmid mixtures to a final volume of 486uL with serum-
free DMEM, then added 14uL of FuGene HD transfection reagent (#£2311,
Promega). We mixed the plasmid-FuGene well by pipetting at least 10 times,
then incubated 10 min at room temperature. The mixture was then gently
added dropwise to the HEK293T cells in the 100mm plate. We incubated the
cells for 24h at 37°C. Then the supernatant was removed and replaced with
10mL DMEM with 10% FBS. We incubated the cells for another 24h and the
viral supernatant was then harvested 48h after transfection, and replaced
with 10mL fresh DMEM with 10% FBS. We centrifuged the viral supernatant
at 2000 rpm for 3 min to pellet debris. The supernatant was then passed
through a 0.45um PVDF syringe filter (#sc-358814, Santa Cruz
Biotechnology), and stored at 4°C. At 72h post transfection, we harvested the
viral supernatant, centrifuged it and filtered it as above. We then combined
the supernatants from the 48h and 72h time points and transferred 15mL at a
time to Amicon 100kDa ultracentrifugal filter unit (#UFC910008, Millipore).
We centrifuged the filter unit at 1000 xg for 10 minutes, then discarded the
flow-through and the filter was topped up with more viral supernatant. This
process was repeated until almost all the viral supernatant had passed
through, and ~1mL remained in filter. We transferred the viral concentrate
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from the filter to a fresh 15mL tube and washed the filter twice with 1mL fresh
RPMI with 10% FBS, with each wash being combined with the viral
concentrate for a final volume of 3mL. The viral concentrate was snap-frozen
in liquid nitrogen and stored at -80°C.

Table 9: Viral transfer plasmids

Viral transfer plasmid | Citation

FUGW (Lois et al., 2002).

FUW-PRDI-BFI-EGFP (Kuo, 2005; Magnusdadttir et al., 2007)

FUW-EZH2-EGFP Cloned from (Lois et al., 2002) and #24230,
Addgene.

3.2.6  Viral spinoculation of suspension cell lines

We suspended the cells in 100uL culture media and mixed with concentrated
viral supernatant (typically 100-250uL). We added polybrene to a final
concentration of 8ug/mL and mixed well by gently pipetting. We centrifuged
the cells with virus at 800 xg for 30 min, then resuspended in supernatant
and transferred to cell culture flasks. We topped up the flasks with RPMI with
10% FBS. Transduction efficiency was assessed after 72 h.

3.2.7 Drug treatments

We diluted tazemetostat (EPZ-6438, #S7128, Selleckchem) in DMSO
(#A3672, Applichem) to 15.7mM concentration, then further diluted in cell
culture medium for treatments. DMSO was used as a vehicle control, which
we diluted in cell culture medium to the same extent as tazemetostat.

3.2.8 Proteasome inhibition

For proteasome inhibition experiments, we added MG-132 (#sc-201270,
Santa Cruz Biotechnology) dissolved in DMSO to cells 20 h after dox
induction at a final concentration of 5uM and incubated for 4 h before
harvesting. DMSO diluted to the same extent was used as the vehicle
control.
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3.3 Isolation of human cells

Plasma cells were isolated from human bone marrow aspirates via two
separate methods. Icelandic bone marrow aspirates were obtained from
Landspitali University Hospital from MGUS and multiple myeloma patients
who provided informed consent (ethical approval VSN: b2014050002/03.11).
Swedish samples comprising already-isolated CD138" cells from bone
marrow aspirates were obtained from Karolinska Institute from MGUS and
multiple myeloma patients who provided informed consent (ethical approval:
#2005/206-31/3 and #2013/1353-32).

3.3.1 Isolation of CD138+ cells from human bone marrow
using density gradient centrifugation

We diluted bone marrow aspirate 1:5 using phosphate buffered saline (PBS)
with 2mM EDTA and layered it over Histopaque-1077 (#10771, Sigma-
Aldrich) and then centrifuged the cells at 500 xg at room temperature for 30
min without brake. We collected the peripheral blood mononuclear cell layer,
washed two times in PBS with 2mM EDTA and 0.5% BSA, and filtered
through a 30um pre-separation filter (#130-041-407, Miltenyi Biotech). We
then isolated the CD138+ cells using anti-CD138 conjugated microbeads (#
130-051-301, Miltenyi Biotech) according to the manufacturer's protocol
using LS positive selection columns (#130-042-401, Miltenyi Biotech). We
assessed the cells for purity by flow cytometry using the BD FACS Calibur
instrument. Gating on forward scatter (FSC) and side scatter (SSC) was used
to exclude debris, and the percentage of CD138" cells was assessed
compared to an unstained sample and non-enriched PBMCs by staining with
anti-CD138-PerCP-Cy5.5 (#341087, BD Biosciences). In order to obtain
more detailed information on the myeloma cells, we also performed staining
using anti-CD38-APC (#340439, BD Biosciences) and anti-CD56-PE
(#340363, BD Biosciences), with gating set by comparison to an unstained
sample.

3.3.2 Isolation of CD138+ cells from human bone marrow
using whole blood isolation kit

We diluted the bone marrow aspirate with an equal volume of RPMI media,
then passed it through a pre-separation filter as above. We centrifuged the
cells at 445 xg for 10 minutes at room temperature without brake. We then
resuspended the cell pellet in 1 volume of PBS with 2mM EDTA and 0.5%
BSA. The cells were magnetically labelled with Whole Blood and Bone
Marrow CD138 MicroBeads, human (#130-105-961, Miltenyi Biotech) and

54



Materials and methods

isolated according to the manufacturer’'s protocol using the Whole Blood
Column Kit (#130-093-545, Miltenyi Biotech). We assessed the cells for purity
by flow cytometry using the BD FACS Calibur instrument as described above.

3.3.3 Isolation of NK cells

We isolated NK cells from buffy coats from healthy human volunteers, who all
provided informed consent. The samples were provided by the Icelandic
Blood Bank (ethical approval: #06-068). We isolated peripheral blood
mononuclear cells by density gradient centrifugation with Histopaque-1077 as
above, then the NK cells were purified by negative enrichment using the NK
cell isolation kit (#130-092-657, Miltenyi Biotech) according to the
manufacturer’s instructions. We cultured the NK cells overnight in RPMI
media supplemented with 10% FBS and 10ng/mL IL-2. We carried out
analysis for purity during the degranulation assay as described below.

3.4 Flow Cytometric Analyses

3.4.1 Annexin V apoptosis assay

We assessed apoptosis of the RPCI-WM1 KD cell lines 48h after dox
induction using APC Annexin V (#550474, BD Biosciences) together with
Annexin V binding buffer (#556454, BD Biosciences). Staining was carried
out according to the manufacturer’s instructions, using 5 pL Annexin V per
sample with 10° cells and assessed using the MACSQuant analyser (Miltenyi
Biotec), with gating set by comparison to an unstained sample used to
determine the percentage of Annexin V positive cells.

3.4.2 NK cell degranulation assay

We co-cultured NK cells with pre-treated RPCI-WML1 cells at a 10:1 ratio, with
anti-CD107a-PE (H4A3, BioLegend) added to the co-culture media. For the
positive control, NK cells in co-culture with RPCI-WML1 cells were treated with
2.5ug/mL  phorbol 12-myristate 13-acetate (#ab120297, Abcam) and
0.5pg/mL ionomycin (#ab120370, Abcam). After 1h of co-culture, we added
2uM monensin (#ab120499, Abcam) to every sample and incubated for an
additional 4h. We stained the cells with anti-CD56-APC (CMSSB,
EBioscience), fixed with 1% paraformaldehyle (PFA) and analysed on the
Sony SH800S flow cytometer. NK cells were gated according to FSC and
SSC properties and the GFP-positive RPCI-WM1 cells were excluded. The
percentage of CD56°CD107a" cells was determined by comparison to an
unstained control, with the percentage of CD56" cells denoting the purity of
the NK cells.
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3.4.3 Cell cycle analysis

RPCI-WML1 cells with inducible miRNAs that had been treated with dox 48h
earlier were harvested from culture and washed in PBS, then resuspended in
200puL PBS and kept on ice. The cells were vortexed at a low speed and 5mL
of methanol was slowly added to the suspension, which was then incubated
on ice for 20 min. We centrifuged the cells and washed twice in ice-cold PBS,
then resuspended in PBS with 60pg/mL propidium iodide and 50pg/mL
RNase I. Analysis was carried out using the BD FACS Calibur instrument.
Gating on FSC and SSC was used to exclude debris, and the cell cycles
phases were gated according to the locations of the GO/G1 and G2/M peaks.

3.4.4 Flow cytometric data analysis

Data from flow cytometry experiments were analysed using FlowJo v10.

3.5 Viability and reduction assays

3.5.1 Viability count

We determined the percentage of live cells by mixing 10uL volume of cell
culture with equal volume of Trypan Blue Solution, 0.4% (#15250061, Gibco).
Live and dead cells were counted under a phase-contrast microscope, with
live cells identified by exclusion of Trypan blue.

3.5.2 Resazurin Assay

In order to assess the metabolic capability of the cells, we used the resazurin
assay. Resazurin is a colourimetric/fluorometric dye which changes colour in
response to oxidation-reduction reactions occurring in live cells. As
mitochondrial metabolism takes place, resazurin is reduced by
dehydrogenase enzymes to resorufin, with a corresponding colour change.
The protocol is as follows. We prepared a concentrated stock (250x) solution
of resazurin by dissolving 1g of resazurin sodium salt (#sc-206037, Santa
Cruz Biotechnology) in 100mL sterile PBS. We prepared the working (10x)
solution by combining 200uL of stock solution with 4.8mL of sterile PBS. The
fully reduced form of resazurin, resorufin was prepared by autoclaving a
mixture of 10% volume of 10x resazurin solution with cell culture media. For
measurement of reduction, we added 10x resazurin solution to cell culture at
a final concentration of 1x in a 96-well plate 5h before the assay end-point.
Resorufin was used as a positive control and resazurin solution mixed with
media without cells was used as a negative control. Absorbance was
measured at 595nm and 570nm. Per cent reduction was normalised relative
to resorufin. The percentage reduction of resazurin was calculated according
to the following formula:
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(02 x Al) - (01 x A2)
Percentage reduction of resazurin = x 100

(R1x N2) - (R2 x N1)

Where O1 = molar extinction coefficient (E) of oxidized resazurin at 570
nm (80586); O2= E of oxidized resazurin at 595 nmiki(117216); R1 = E of
reduced resazurin (Red) at 570 nmiti(155677); R2= E of reduced resazurin
at 595 nm (14652); A1l = absorbance of test wells at 570 nm;skA2 =
absorbance of test wells at 595 nm;istN1 = absorbance of negative control
well (media plus resazurin but no cells) at 570 nm; N2 = absorbance of
negative control well (media plus resazurin but no cells) at 595 nm.

3.5.3 Cytotoxicity Assay

We co-cultured NK cells with pre-treated RPCI-WM1 cells at a 20:1 ratio for
4h. Cytotoxicity was assessed by measurement of the adenylate kinase
activity in the culture medium using the ToxiLight assay (#LT07-217, Lonza).
Luminescence was measured using a Modulus microplate reader (Promega).
We normalised the values to wells containing pre-treated RPCI-WM1 cells
without NK cells, and present them as relative luminescence units (RLU).

3.6 Protein Expression Analyses

3.6.1 Cell lysis for immunoblotting

We harvested the cells, then resuspended them in 1mL PBS and centrifuged
5 min at 800 xg. We removed the PBS and resuspended the cells in 30uL 1x
protein sample buffer (60mM Tris #15504-020, Invitrogen, pH 6.8, 2% SDS
#L4390, Sigma, 10% glycerol, 0.01% bromophenol blue, 1.25% B-
mercaptoethanol) per 10° cells. We incubated the cell lysate for 5 min at
95°C, then cooled and stored it at -20°C. Before immunoblotting, we added
benzonase nuclease (#sc-202391, Santa Cruz Biotechnology) to cell lysates
at a 1:100 dilution and incubated 20 min at room temperature. Typically,
lysate from 0.5-1 X 10° cells was loaded onto each lane.

3.6.2 Histone Extraction

Histone extracts were prepared using the protocol from Abcam
(https://www.abcam.com/protocols/histone-extraction-protocol-for-western-

blot). We harvested the cells and washed in PBS, then resuspended the
pellets in triton extraction buffer (TEB: 0.5% triton-X-100, 2mM
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phenylmethylsulfonyl fluoride, 0.2% NaNs in PBS), and incubated on ice for
10 min with occasional mixing. We pelleted the nuclei and washed in TEB,
then resuspended in 0.2N HCI and incubated overnight at 4°C. We pelleted
the debris and the supernatant containing the histones was neutralised with
1/10 volume 2M NaOH. Protein sample buffer was added to histone extracts
before gel electrophoresis. Typically, histone extract from 2 x 10° cells was
loaded onto each lane.

3.6.3 SDS-Polyacrylamide gel electrophoresis (PAGE)

SDS-PAGE and immunoblotting were based on a previously described
protocol (Burnette, 1981). We prepared polyacrylamide gels by mixing the
following reagents:

Table 10: SDS-PAGE gel

8% Resolving gel 5% Stacking gel

Reagent Volume (mL) | Reagent Volume (mL) in
in 10mL 4mL

40% Acrylamide 2 40% Acrylamide | 0.5

(#01709, Sigma)

Lower Tris Buffer 2.5 Upper Tris Buffer | 1
10% APS (#A3678, 0.1 10% APS 0.04
Sigma)

TEMED (#15524- 0.008 TEMED 0.004

010, Invitrogen)

MilliQ H20 5.39 MilliQ H20 2.46

Lower Tris Buffer: 1.5M Tris, 0.4% SDS, pH 8.8 with HCI (#30721, Sigma).
Upper Tris Buffer: 0.5M Tris, 0.4% SDS, pH 6.8 with HCI.

SDS-PAGE gels were assembled in Mini-PROTEAN® Tetra Vertical
electrophoresis system (#1658004, Bio-Rad) and filled with running buffer
(0.192M glycine #15527-013, Invitrogen, 25mM Tris, 0.1% SDS). We loaded
the colour pre-stained protein standard (#P7712S, New England Biolabs) into
the gel for size comparison. We loaded the protein lysates in sample buffer
into wells of the SDS-PAGE gel and subjected them to electrophoresis at 80V
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until the proteins had passed through the upper stacking gel. The voltage
was then increased to 120V and run until the dye front reached the bottom of
the gel.

3.6.4 Immunoblotting

We equilibrated the gels 10 min in 1x transfer buffer (0.192M glycine, 25mM
Tris, 0.05% SDS, 20% methanol #106009, Merck), then assembled them with
PVDF membrane (#10600021, GE Healthcare Biosciences) between
sponges and filter paper and transferred the proteins to the membrane at 90
V for 90 min using the wet electrophoretic transfer system (#1703930, Bio-
Rad). We blocked the membranes for 1h at room temperature in blocking
buffer comprising TBST (20mM Tris, 150mM NacCl, 0.1% Tween-20 #P1379,
Sigma, pH 7.6) with 5% BSA (#A1391, Applichem GmbH). We incubated the
membrane overnight at 4°C with primary antibodies diluted in blocking buffer.
See Table 11 for antibody dilutions. We washed the membrane 3 x 10 min in
TBST before application of the secondary antibody, diluted 1:15000 in
blocking buffer. We incubated the membrane for 1h at room temperature with
the secondary antibody, then again washed it 3 x 10 min with TBST. BLIMP1
was visualised by enhanced chemiluminescence using goat anti-rabbit 1gG-
HRP secondary antibody (#sc-2004, Santa Cruz Biotechnology) on the
ImageQuant LAS 4000 (GE Healthcare Biosciences) following addition of
western blotting Luminol reagent (#sc-2048, Santa Cruz Biotechnology). All
other proteins were visualised by fluorescence detection using the
IRDye800CW goat anti-mouse 1gG (#925-32210, LiCor Biosciences GmbH)
on the LiCor Odyssey instrument (LiCor Biosciences GmbH). Quantitation of
immunoblots was carried out by densitometry using the ImageJ software
package (Schneider et al., 2012).
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Table 11: Antibodies used for immunoblotting

Antibody Product Details Quantity used | Dilution
in 5mL (ug or
uL if conc.
unknown)
a-BLIMP1 C14A4 Rabbit mAb #9115, | 5L 1:1000
Cell Signaling Technology
a-EZH2 Mouse mAb #612666, BD | 1.25 ug 1:1000
Biosciences
a-ACTIN Mouse mAb #MAB1501, | 1 pL 1:5000
Millipore
a-H3 Rabbit polyclonal #ab1791, | 5 ug 1:1000
Abcam
a-H3K27me2/3 | Mouse mAb #39536, Active | 5 ug 1:1000
motif

3.6.5 Immunofluorescence

We centrifuged ~1 x 10° cells onto glass slides (#KG VA11310, Kittel Glass)
using the Cyto—Tek® 2500 Cytocentrifuge (Sakura Finetek Europe) at 800
rpm for 3 min. We encircled the sample using a PAP pen (#ab2601, Abcam),
then fixed the sample for 10 min at room temperature in fixation solution: 4%
formaldehyde (#28906, Thermo Fisher Scientific), 0.1% triton X-100 (#T-
9284, Sigma) in PBS. We washed the sample 2 x 5 min in PBS, then
incubated for 1 h at room temperature in blocking solution: 0.1% triton X-100,
1% BSA, 10% goat serum (#16210064, Gibco) in PBS. We incubated the
sample overnight at 4°C with primary antibodies diluted 1:100 in PBS with
0.25% BSA. The same antibodies were used as described above for
immunoblotting. We washed the samples 3 x 5 min in PBS then incubated for
1 h at room temperature with secondary antibodies (Goat anti-mouse 1gG H +
L Alexa Fluor 546, #A11030, Thermo Fisher Scientific; and Goat anti-rabbit
IgG H + L Alexa Fluor 647 #A21244, Thermo Fisher Scientific) diluted 1:1000
in blocking solution. We washed the samples 2 x 5 min with PBS, then nuclei
were stained with DAPI (#sc-3598, Santa Cruz Biotechnology) at a 1:5000
dilution of 5mg/mL stock solution. We mounted coverslips onto the slides
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using UltraCruz® Aqueous Mounting Medium (#sc-516212, Santa Cruz
Biotechnology) and sealed them with Marabu FixoGum glue. The samples
were visualised by confocal microscopy using the FV 1200 Laser Scanning
Microscope (Olympus).

3.7 RNA Expression Analyses

3.7.1 RNA Isolation

We lysed cell pellets in TRIsure™ reagent (#B10-38032, Bioline GmbH), and
then stored them at -80°C. At the time of isolation, we allowed the TRIsure™
cell suspensions to thaw for 15 min at room temperature, and then processed
them according to the manufacturer’s instructions, with only change being
that the RNA pellet was washed 2 x in 75% ethanol (#A8075, Applichem)
rather than just once.

3.7.2  cDNA Synthesis

We diluted 2pug RNA in nuclease-free water to a total volume of 16.5uL and
mixed with 1.5uL dNTP mix (10mM, #R0191, Thermo Fisher Scientific), and
1.5uL Random Primer 6 (100uM, #S1230S, New England Biolabs). We
heated the samples at 65°C for 5 min then cooled them on ice. We used the
GoScript Reverse Transcriptase system (#A5001, Promega) to synthesise
cDNA. We prepared a master mix by combining 6pL 5x reaction buffer, 1.5uL
25mM MgCl,, and 1.5pL murine RNase inhibitor (#M0314S, New England
Biolabs) per reaction. Minus-RT controls were prepared by mixing 9uL of
master mix with the samples and then transferring 9uL of this to a fresh tube.
We added GoScript Reverse Transcriptase at a volume of 0.5uL to each
sample tube, except the —RT samples. The samples were then heated at
25°C for 5 min, 42°C for 2 h, 70°C for 15 min, and then stored at -20°C. The
cDNA samples were diluted 1:50 with nuclease-free water for gPCR.

3.7.3 Quantitative reverse-transcription PCR (RT-gPCR)

We performed RT-gPCR using the SensiFAST SYBR Lo-Rox Kit (#BIO-
94020, Bioline GmbH). For each reaction, we combined 10uL of the SYBR
reagent with 0.1uM forward primer, 0.1uM reverse primer, 4.6puL nuclease-
free water and 5uL of diluted cDNA in a 20uL reaction. The cDNA quantity
per well was ~6.84ng. Reactions were carried out and data was analysed
using the 7500 Real-Time PCR system (Applied Biosystems). The cycling
conditions were as follows:
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1. 95°C-10min

2. 95°C-15sec

3. 60°C—-1min

4. Repeat steps 2-3, 39x

5. 95°C — 15 sec (Steps 5-8 are for generating a melt curve)
6. 60°C—1min

7. 95°C-30sec

8. 60°C—15sec

Relative quantitation was calculated according to the Pfaffl method (Pfaffl,
2001), with ACTB and PPIA used as reference genes, using the following

formula:

ACP, e {control-sample)

(E

target)

ratio =
ACP, {control-sample)

(Eref)

Where E is the amplification factor of the primer pair, and ACP is the
difference in Ct values. The ratio for the gene of interest was calculated as
the geometric mean of the ratios normalised to each reference genes. See
Table 12 for primer sequences. In order to determine primer efficiencies,
standard curves were prepared using 10-fold dilutions of appropriate cDNA.

Primer amplification factors were calculated as 10™/s'°Pe °f standard curve,
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Table 12: Primers used for RT-qPCR

Primer Sequence Amplification
factor
PRDM1_fwd GGTACACACGGGAGAAAAGC 1.99
PRDM1_rev GAGATTGCTGGTGCTGCTAA
EZH2_fwd ACATCCTTTTCATGCAACACC 2.08
EZH2_rev GCTCCCTCCAAATGCTGGTA
STAT1_fwd CTGTGCGTAGCTGCTCCTT 191
STAT1_rev GAGTCAAGCTGCTGAAGTTCG
TFEC_fwd ACATGGGGCTTACAAGTGCT 1.94
TFEC_rev TCAATGAGGTTGTGGTTGTCC
POU2F2_fwd ACTCATGTTGACGGGCAGC 1.94
POU2F2_rev GGTAGCAGGAACTGAGCAGG
MICA_fwd ACATTCCATGTTTCTGCTGTTGC 1.92
MICA_rev GACCTGCAGGCTCACGA
LGALS9_fwd TCAATGGGACCGTTCTCAGC 1.99
LGALS9 rev GAGGGTTGAAGTGGAAGGCA
BCL2L11 fwd CCTCGGCGCCCTTTCTT 1.93
BCL2L11 rev AGGTTGCTTTGCCATTTGGTC
CASP4_fwd TGCTGTTTACAAGACCCACG 1.97
CASP4_rev AGAGCCCATTGTGCTGTCTC
OAS2_fwd CAGGAACCCGAACAGTTCCC 1.92
OAS2_rev AGGACAAGGGTACCATCGGA
PIK3CD_fwd TGTACGCCGTGATCGAGAAA 191
PIK3CD_rev CGGTCTTAAGCTGGTCCTTGT
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RCAN3_fwd GCGCGAATAGAACTCCACGA 1.98
RCAN3_rev GCGGCAGGAGATAGGACTTG

ZFP36L1_fwd GTCTGCCACCATCTTCGACT 2.02
ZFP36L1_rev TTTCTGTCCAGCAGGCAACC

CITA_fwd CATCCTTGGGGAAGCTGAGG 2.02
CIITA rev CTGTGAGCTGCCTTGGGG

TNFRSF14_fwd GCAGTGCCAAATGTGTGACC 1.94
TNFRSF14_rev CCTGGACGATGCAGAAGTGG

HAVCR2_fwd GGCTCTTATCTTCGGCGCT 2.06
HAVCR2_rev GGGAGGTTGGCCAAAGAGAT

CDKN1A_fwd ACTCTCAGGGTCGAAAACGG 1.92
CDKN1A_rev GCGGATTAGGGCTTCCTCTT

PPIA_fwd CATCTGCACTGCCAAGACTGA 1.89
PPIA_rev TGGCCTCCACAATATTCATGC

ACTIN_fwd AGGCACCAGGGCGTGAT 1.93
ACTIN_rev GCCCACATAGGAATCCTTCTGAC

3.8 Statistical analyses

Graphs represent the mean of three biological replicates unless stated
otherwise. Error bars represent standard deviation. We carried out statistical
analyses on the above experiments using the student’s two-tailed t-test, with
a p-value < 0.05 deemed significant.

3.9 Chromatin Immunoprecipitation (ChlIP)

3.9.1 Histone ChIP

For immunoprecipitation (IP) of histone modifications, we used 1 x 10" cells
per IP. All buffers in this protocol contained 1mM phenylmethylsulfonyl
fluoride, 1% Protease Inhibitor Cocktail (#P8340, Sigma Aldrich) and for the
H3K27Ac mark, 5mM sodium butyrate. Using 25uL Protein A Dynabeads
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(#10001D, Invitrogen) per ChIP sample, we combined the beads and washed
3x with dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA,
16.7mM Tris pH 8, 167mM NacCl) using the Dynamag-2 magnet (#12321D,
Thermo Fisher Scientific). We resuspended the beads in 200uL dilution
buffer per ChIP and transferred to separate tubes. We added the antibodies
and incubated the tubes for 6 h at 4°C with rotation. See Table 14 for
antibodies.

We suspended the cells at a final concentration of 1 x 10° cells per mL in
PBS, then crosslinked with 0.4% formaldehyde (#28906, Thermo Fisher
Scientific) for 10 min at room temperature. We quenched the reaction with
125mM glycine for 5 min at room temperature. We resuspended the pellets in
5mL ChIP lysis buffer (10mM Tris pH 8, 10mM NacCl, 0.2% NP-40) per 3 x
10’ cells and incubated on ice for 10 min then centrifuged at 4000 rpm for 5
min at 4°C. The pellet was resuspended in sonication buffer (10mM Tris pH
8, 10mM EDTA, 1% SDS) at a density of 5 x 10° nuclei per 100uL. We
sonicated the samples in volumes of 100uL per tube in the Bioruptor®
Standard (#UCD-200, Diagenode), pulsing three times for 5 min on high with
30 sec on, 30 sec off. Using 20uL Protein A Dynabeads per ChIP, we
combined the beads and washed 3x with dilution buffer before adding to the
sonicated lysate. We incubated this mixture for 1 h at 4°C on rotation to pre-
clear the sample. The antibody-beads mixture prepared earlier was washed
1x in dilution buffer. We removed the pre-cleared lysate from the beads
added it to the antibody-beads mixture, and then incubated overnight at 4°C
with rotation.

We removed the supernatant from the beads, and then washed them for 5
min at 4°C with low-salt buffer (20mM Tris pH 8, 0.1% SDS, 1% triton X-100,
2mM EDTA, 150mM NacCl), high-salt buffer (as for low-salt buffer but with
500mM NacCl), and then LiCl buffer (10mM Tris pH 8, 250mM LICl, 1% NP-
40, 1% sodium deoxycholate, #30970, Sigma, 1mM EDTA). We washed the
beads briefly in TE buffer with 50mM NaCl and then resuspended them in
100pL elution buffer (50mM Tris pH 8, 10mM EDTA, 1% SDS). We eluted the
sample from the beads at 68°C for 15 min and then transferred it to a fresh
tube and topped up to 500ul with elution buffer. For reverse crosslinking, we
mixed the sample with 0.2M NaCl and incubated overnight at 65°C. The
samples were treated with 0.2 pg/uL RNase A (#ENO0531, Thermo Fisher
Scientific) for 1 h at 37°C, then with 0.2 pg/pL proteinase K (#P8107S, New
England Biolabs) for 2h at 55°C. We used Phenol-chloroform extraction with
Phenol:chloroform:IAA (#AM9732, Thermo Fisher Scientific) and Chloroform
(#372978, Sigma) to purify the ChIP DNA in phase-lock tubes (#733-2478,
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VWR). The DNA was mixed with 1 yL glycogen (#R0561, Thermo Fisher
Scientific), 0.2M NacCl, then combined with 1ml ethanol and incubated at -
80°C overnight. We Precipitated the DNA by centrifugation at maximum
speed for 30 min at 4°C. The pellet was washed 1x in 70% ethanol, then
allowed to dry and resuspended in 0.1 x TE buffer.

3.9.2  Transcription factor ChIP

The following protocol was used for ChIP of BLIMP1 and EZH2. Transcription
factor ChiIP was performed as previously described (Boyer et al., 2005;
Magnusdéttir et al.,, 2013; Magnusdéttir et al.,, 2007) with the following
modifications: 1. Cells were crosslinked as above with 0.4% formaldehyde for
BLIMP1 ChIP, but 1% formaldehyde was used for EZH2 ChIP. 2. Caell
number was 3 x 10’ per sample for BLIMP1 ChIP, whereas for EZH2 ChlIP, 2
x 10" cells were used per sample. 3. Nuclei were sonicated with 1 x 107 cells
per tube in 300uL volume for 6 min for 0.4% crosslinked cells, and for 7 min
for 1% crosslinked cells. 4. The volume of beads per sample was 50uL. 5.
Sonication was performed using the Epishear™ probe sonicator (#53052,
Active Motif) at 25% output with cycles of 15 s on, 30 s off. Assessment of
each ChIP experiment was carried out using ChlIP-qgPCR using 0.01% of the
input DNA, and a 1% of the ChIP DNA per reaction. The enrichment in known
target regions was compared to negative control regions to confirm if the
ChIP was a technical success.

Table 13: Antibodies used for transcription factor ChlP

Name Details Quantity
Used per IP
Rabbit polyclonal antiserum Clone CLU-267 60 pL

recognising the C-terminal region of
BLIMP1 (Kuo & Calame, 2004)

Anti-EZH2 D2C9, #5246, Cell 40 pL
Signaling
Technology

3.9.3 Low-cell number histone ChlIP

This protocol was carried out as with the histone ChIP protocol above with
minor changes. Fewer cells (1 x 105) were used per ChIP with 12.5puL protein
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A Dynabeads. Cells were lysed directly in sonication buffer (ImL per 5 x 10°
cells) and incubated on ice for 5 min. The sample was centrifuged at 2000
rpm for 5 min at 4°C, then the supernatant was discarded and the pellet was
resuspended in 100uL dilution buffer. The remainder of the protocol was
continued as above, with immunoprecipitation performed overnight in 0.2ml
PCR tubes in 160pL volume. Following washing and elution in 50uL elution
buffer, we incubated the sample with 1ug/uL proteinase K for 2 h at 42°C
then reverse crosslinked at 68°C for 6 h. We did not perform RNase A
digestion. See Table 14 for antibodies used. For the optimisations, we
performed ChIP-gPCR using the primers listed in Table 15. For calculating
the ChIP-gPCR results as per cent input, we used the following formulas:

input adj = Ct"Put — Jog,(dilution factor)
ACt = Ctsample — (Ctinput adj

% input = EA%) x 100%

Where, the dilution factor is the dilution factor for the input, i.e. if 1% input
was used, the dilution factor is 100; E = the primer amplification factor. Our %
input for each ChIP sample was then divided by the % input for the histone
H3 ChlIP, so it was normalised to histone density.

For ChIP libraries, we calculated fold enrichment relative to H3 using the
following formula:

fold enrichment = E-(sample Ct- H3 Ct)

Amplification factors for ChIP-gPCR primers were determined as
described above for RT-qPCR, using genomic input DNA as a template.
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Table 14: Antibodies used for histone ChIP. Quantities are given in pL where

antibody concentrations are not known.

Name

Catalogue number

Quantity Used

Anti-H3K27me3

Mouse mAb, #ab6002,
Abcam

5ug — Histone ChIP

0.25ug — Low-cell
number

Anti-Histone H3

Rabbit mAb, D2B12 #4620S,
Cell Signaling Technology

3uL — Histone ChIP

0.25uL — Low-cell
number

Anti-H3K4mel

Rabbit mAb, D1A9 #5326,
Cell Signaling Technology

5uL — Histone ChIP

0.25uL — Low-cell
number

Anti-H3K4me3

Rabbit mAb, C42D8 #9751,
Cell Signaling Technology

5uL — Histone ChIP

0.25pL — Low-cell
number

Anti-H3K27Ac

Rabbit polyclonal, #ab4729,
Lot# GR276934-1, Abcam

5ug — Histone ChiIP

0.25ug — Low-cell
number
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Table 15: Primers used for ChIP-qgPCR

Primer Sequence Amp
factor

Actin_AG_fwd AGTGTGGTCCTGCGACTTCTAAG | 1.98
Actin_AG_rev CCTGGGCTTGAGAGGTAGAGTGT
hMYC_PROM_FW CCTCCCATATTCTCCCGTCTAGCA | 2.08
hMYC_PROM_Rev cerT

TTTGCGCCCTGTGGCGCCGGTTT

GCA
hPRDM1_PROM_FW GGACAGAGGCTGAGTTTGAAGA 211
hPRDM1_PROM_Rev CGCCATCAGCACCAGAATC
hPRDM1_SuperEnl_FW GGGTTAGGGGAAGGAATGTT 1.78
hPRDM1_SuperEnl_Rev GTGTGGGAACATGATGCTTG
hPRDM1_SuperEn2_FW ATTACGGGCAGCTAAAGCAA 1.97
hPRDM1_SuperEn2_Rev CCAGCTCAGGATGGAGAAAG
hXBP1_SuperEn_Fw TTGCTGTGCAAACAATAGCC 1.95
hXBP1_SuperEn_Rev GGGCCTTCAGGTGCTATTTA
hTYRi4_Fw CCATTCTGCCAATGGAATTT 2.02
hTYRi4_Rev AAGAACAGCATGCACACAGG
hPRDM16_PROM_FW CCGCCAAGCTACTCTGTTTT 2.07
hPRDM16_PROM_Rev AAGGCAAGTGGCTCTTTCAA

3.10 lllumina® Sequencing Library Preparation

3.10.1 PolyA RNAseq Library Preparation

We isolated total RNA using TRI-reagent (#AM9738, Thermo Fisher
Scientific) according to the manufacturer’s instructions, then treated with HL-
dsDNase (#70800-201, ArcticZymes) in the presence of 2.85mM MgCI, for
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10 min at 37°C. We purified the RNA using the RNeasy MinElute Cleanup Kit
(#74204, Qiagen) according to the manufacturer’s instructions. RNA quantity
and quality were assessed first using the Nanodrop 1000 spectrophotometer,
then using the RNA 6000 Nano kit (#50671511, Agilent) with the 2100
Bioanalyzer Instrument (#G2939BA, Agilent). We prepared RNAseq libraries
using the NEBNext® Ultra™ Directional RNA Library Prep Kit for lllumina®
(#E7420S, New England Biolabs) in combination with the NEBNext® Poly(A)
MRNA Magnetic Isolation Module (#E7490S, New England Biolabs),
NEBNext® Multiplex Oligos for lllumina® (Index Primers Set 1) (#E7335S,
New England Biolabs) and NEBNext® Multiplex Oligos for lllumina® (Index
Primers Set 2) (#E7500S, New England Biolabs). We carried out the protocol
according to the manufacturer’s instructions, with 15 cycles of PCR.

3.10.2 Total RNAseq Library Preparation

We suspended the cell pellet (typically 1 x 10° — 5 x 10° cells) in TRI-reagent
(#AM9738, Thermo Fisher Scientific) and stored at -80°C. On day of isolation,
we allowed the samples to reach room temperature and then processed them
with 0.2 volumes of chloroform, shook them vigorously for 30 seconds and
allowed them to rest at room temperature for 2 min. The samples were
centrifuged 12000 xg for 15 minutes at 4°C and the upper aqueous phase
was transferred to a fresh tube. An equal volume of 70% ethanol was added
to this sample and mixed well. This sample was added to pre-conditioned
column from the Arcturus PicoPure RNA Isolation Kit (#KIT0204, Thermo
Fisher Scientific). We centrifuged the column for 2 min at 100 xg and
discarded the flow-through. This was repeated until the entire sample had
been processed through the column. The remainder of the protocol was
carried out according to the manufacturer’s instructions, without the DNase |
treatment. RNA quantity and quality were measured as above using the
Nanodrop 1000 spectrophotometer and the 2100 Bioanalyzer instrument.
The total RNA was then used for library preparation with the Ovation®
Universal RNA-seq System (#0343, NUGen Technologies Inc.). As a part of
the procedure, ribosomal RNAs and immunoglobulin transcripts were
depleted. The protocol was carried out according to the manufacturer's
instructions, with the only exception being that fragmentation was performed
with the Bioruptor® Standard (#UCD-200, Diagenode) using 4 x 5 minutes
sonication with 30 sec on, 30 sec off. We performed library amplification over
15 PCR cycles.

70



Materials and methods

3.10.3 Preparation and assessment of Serapure beads

We prepared Serapure beads using 1mL of SeraMag SpeedBeeds (#09-981-
123, Fisher Scientific). SeraMag SpeedBeads were placed in a 1.5mL
microcentrifuge tube and placed on a magnet. The supernatant was removed
and the beads were washed off the magnet with 1mL TE buffer (10mM Tris
pH8, 1mM EDTA). The tube containing the beads was returned to the
magnet and supernatant was removed. The beads were washed again as
before, then fully resuspended in 1mL TE buffer away from the magnet. We
prepared a PEG-8000 solution by mixing 9g PEG-8000 in solution with 1M
NaCl, 10mM Tris pH8, 1mM EDTA, and 0.055% (v/v) tween-20 to a total
49mL volume. We then added the previously prepared beads in TE buffer to
the PEG-8000 solution and mixed well. Various volumes of Serapure beads
were tested for their ability to purify the GeneRuler DNA ladder mix
(#SM0331, Thermo Fisher Scientific), compared to AMPure XP beads
(#A63880, Beckman Coulter).

3.10.4 Whole-genome amplification of ChIP DNA

We performed whole genome amplification (WGA) of ChIP DNA using
components of the GenomePlex Single Cell Whole Genome Amplification Kit
(#WGA4, Sigma) according to the protocol used in (Ng et al., 2013). The
ChIP DNA was suspended in 5uL nuclease free water and mixed with 1L of
the library preparation buffer and 0.5uL stabilisation solution. The mixture
was incubated for 2 min at 95°C, then quickly chilled on ice-water. We
combined the mixture with 0.5uL of the library synthesis enzyme mix and
incubated it with the following temperature program:

16°C for 20 min
24°C for 20 min
37°C for 20 min
75°C for 5 min
Hold at 4°C

o M w D

We then combined the ChIP DNA mixture with 25uL NEB HiFi HotStart
Q5 PCR master mix (#M0543S, New England Biolabs), 5uM Bpml-primer
(CCGGCCCTGGAGTGTTGGGTGTGTTTGG) and 15.5uL nuclease free
water to a final volume of 50puL. The ChIP DNA was then amplified using the
program shown in Table 16.
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Table 16: WGA cycling conditions

Temperature Time

98°C 3 min

98°C 10 sec

65°C 30 sec x 5 cycles
72°C 1 min

72°C 7 min

4°C Hold

We purified the amplified ChIP DNA using 2.7x volumes of pre-prepared
Serapure beads. Adaptor digestion was then performed to remove WGA
adaptors from the amplified DNA prior to sequencing library preparation. We
mixed the additional Bpml oligos (Bpml_2top_GG: ATGCTCAGCTGGAGGG,
Bpml_2btm: CTCCAGCTGAGCAT) at a final concentration of 43nM with
4uL of 10x T4 DNA ligase reaction buffer (#80202S, New England Biolabs)
and 2uL T4 polynucleotide kinase (#M0201S, New England Biolabs) for
phosphorylation. This mixture was incubated at 37°C for 30 min.

In a fresh tube containing 50uL of the previously purified and amplified
ChIP DNA, we mixed 6uL of NEB buffer 3 (#B7003S, New England Biolabs)
with 0.6uL of BSA (#B9000S, New England Biolabs) and 4uL of the Bpml
restriction enzyme (#R0565S, New England Biolabs). This mixture was
incubated at 37°C for 2 h. We then purified the digested DNA using 2.7x
volumes of Serapure beads and eluted in 40uL 10mM Tris pH8. We added
the previously phosphorylated Bpml oligo mix (2.5uL) to the ChlP DNA along
with 5uL of 10x T4 DNA ligase reaction buffer and 5uL of T4 DNA ligase
(#M0202S, New England Biolabs). We incubated this mixture at 16°C for 2 h
to allow the ligation reaction to take place. The ligation reaction was then
purified using 2.7x volumes of Serapure beads and eluted in 50puL 10mM Tris
pH8. We then mixed the ligated ChIP DNA with 6uL NEB buffer 3, 0.6pL of
BSA, and 4puL of Bpml and incubated overnight at 37°C for complete
digestion and removal of adaptors. Finally, we purified the digested ChIP
DNA once again using 2.7x volumes of Serapure beads.
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3.10.5 ChlIPseq Library Preparation

We prepared Sequencing libraries from ChIP DNA using the NEBNext®
Ultra™ DNA Library Prep Kit for lllumina® (#E7370S, New England Biolabs)
with the Multiplex Oligos for Illumina as described above. We first quantified
the ChIP DNA using the Qubit dsDNA HS Assay Kit (#Q32854, Thermo
Fisher Scientific) with Qubit Assay Tubes (#Q32856, Thermo Fisher
Scientific) in the Qubit Fluorometer (Thermo Fisher Scientific). We
normalised the ChIP DNA quantities to 2ng per library. The libraries were
prepared according to the manufacturer's instructions, with minor
modifications. The NEBNext Adaptor for lllumina was diluted 20x in 10mM
Tris HCI pH 8, and adaptor ligation was carried out for 60 min rather than 15
min. Enrichment of adaptor ligated DNA was carried out over 12 PCR cycles.
Following PCR amplification, we performed size-selection with 0.6 volumes of
AMPure XP beads to remove larger fragments. Libraries were then cleaned
up 2x with 0.9 volumes of AMPure XP beads.

3.10.6 Sequencing Library Quantification

We assessed the sequencing libraries for quantity and size distribution using
the High Sensitivity DNA Kit (#5067-4626, Agilent) with the 2100 Bioanalyzer.
Further library quantification was carried out using the Universal library
quantification kit for lllumina (#KK4824, KAPA, Roche Sequencing) according
the manufacturer’s protocol. Library concentrations were normalised to 10nM
prior to sequencing.

3.10.7 lllumina Sequencing

For the polyA RNAseq samples as well as the transcription factor and histone
ChiPseq samples, sequencing was carried out according to the following
method. Samples were pooled together at equimolar ratios and clustered on
paired-end (PE) flowcells using a cBot instrument (lllumina). The v4 SBS
sequencing kits were used to perform sequencing to the lllumina HiSeq 2500
with a readlength of 2x125 cycles plus a 6 base index read. Primary
processing was carried out using HiSeq Control Software (lllumina) and Real
Time Analysis software (lllumina). Reads were demultiplexed and FASTQ
files were generated using scripts from lllumina (bcl2fastq v.1.8).

For the total RNAseq and low-cell number histone ChlPseq samples,
sequencing was carried out according to a second method. Samples were
pooled together at equimolar ratios and clustered on paired-end (PE) HiSeq
X version 2.5 flowcells, using a cBot instrument (lllumina). The v2.5 SBS
sequencing kits were used for sequencing with a readlength of 2x125 cycles
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plus a 6 base index read. Primary processing was carried out using HiSeq
Control Software (lllumina) and Real Time Analysis software (lllumina).
Reads were demultiplexed and FASTQ files were generated using scripts
from lllumina (bcl2fastg?2).

3.11 Bioinformatics Analyses

3.11.1 PolyA RNAseq data analysis

We assessed the read quality using FastQC. (https://www.bioinformatics
.babraham.ac.uk/projects/fastqc/) with the default parameter settings. We
then trimmed the RNAseq raw reads wusing Trim Galore
(https://lwww.bioinformatics.babraham.ac.uk/projects/trim_galore/) with the
setting for paired-end reads used along with default settings. We performed
the initial genome alignment using STAR aligner (Dobin et al., 2013), aligning
trimmed reads to the hg38 genome with default settings plus the addition of a
command to generate sorted bam files from the aligned reads. The sorted
bam files were converted to wig files in STAR using the
“inputAlignmentsFromBAM” mode with the setting for stranded RNAseq, so
that they could be visualized on the UCSC genome browser. The trimmed
reads were then pseudoaligned to the Ensembl hg38 transcriptome and
quantified using Kallisto with the “—rf-stranded” command added into the
default settings (Bray et al., 2016). We performed differential expression
analysis using the likelihood ratio test in Sleuth (Pimentel et al., 2017), on a
gene level, with a g-value of 0.05, and a log, fold-change of 0.3 as a
significance cutoff. Volcano plots were produced using the ggplot2 package
in R (Wickham, 2016). We tested overlapping genes for significance using
Fisher's exact test in the GeneOverlap package in R (http://shenlab-
sinai.github.io/shenlab-sinai/). Gene set enrichment analysis (GSEA) using
the Hallmarks collection of gene sets was run in pre-ranked mode using a list
of all detected genes (Liberzon et al., 2015; Subramanian et al., 2005). The
rank value was calculated as -logio(g-value) x (sign of fold change), and the
genes were ranked with the highest value at the top of the list. We used the
classic enrichment statistic setting with 1000 permutations, a maximum size
of 5000, minimum size of 15, and the “meandiv’ normalisation mode.
Heatmaps of RNAseq data were prepared using the heatmap.2 function in
the gplots package in R (Gregory R. Warnes, 2017). For the B cell and
apoptosis gene sets, we performed clustering using the hclust function
“‘complete linkage” method, with the dendrogram produced for the rows. All
scripts and codes can be found in Appendix .
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3.11.2 ChlPseq data analysis

Raw ChlIPseq reads were assessed for quality and trimmed as above using
FastQC and Trim Galore with the default settings. The trimmed reads were
aligned to the hg38 genome using Bowtie2 using the default settings
(Langmead & Salzberg, 2012). Sam files were merged and converted to bam
files using Samtools (Li et al., 2009). We first tried MACS1.4 for peak calling
and to produce wig files using the “-w -S” command with otherwise default
parameters, however were unhappy with the peak calling for the H3K27me3
mark, so we moved to using MACS2 instead. We called peaks using MACS2
with g-value cutoffs of 0.01, 0.001 and 0.0001 with the “BAMPE” command
for paired-end sequences and otherwise default settings (Zhang et al., 2008).
We used the WigToBigWig program from UCSC to convert wig files to
BigWig files which were then visualised by loading into the UCSC genome
browser (Kent et al., 2002).The peaks were filtered using a list of regions
containing centromeres and amplification artefacts (see Appendix Table II)
with the BedOps package in order to avoid considering sequencing artefacts
as peaks in downstream analyses (Reynolds et al., 2012). The DiffBind
package in R was used to combine biological replicates into peak lists, such
that only peaks called in both replicates were retained (Ross-Innes et al.,
2012; Stark, 2011). Enrichment over BLIMP1 peaks was calculated and
mapped using Deeptools (Ramirez et al., 2016). Firstly, we generated a
matrix of ChlPseq signal enrichment over BLIMP1 binding sites using a bed
file containing the binding sites with a BigWig file generated from MACS1.4
using two ChlPseq replicates in combination. We then plotted a heatmap and
profile for these computed regions. We tested overlapping regions for
significance using the hypergeometric test in the ChIPPeakAnno package in
R (Zhu et al., 2010). Overlapping genes were tested for significance using
Fisher's exact test in the GeneOverlap package in R (http://shenlab-
sinai.github.io/shenlab-sinai/). De novo motif enrichment analysis was
performed using MEME ChIP with the input comprising fasta files generated
from the regions specified in our peak lists (Machanick & Bailey, 2011). We
used the human and mouse HOCOMOCO v11 set of motifs to search for
enrichment, with default settings (Kulakovskiy et al., 2018). All scripts and
codes can be found in Appendix .
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4 Data availability

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

Differentially expressed genes from RNAseq experiments as well as peak
and gene lists for ChiPseq experiments are attached as additional files, listed

as additional file tables 1-16:

Table 1: Differentially expressed genes - BLIMP1 KD RNAseq in RPCI-WM1
Table 2: Differentially expressed genes - Tazemetostat RNAseq in RPCI-WM1
Table 3: BLIMP1 peaks in RPCI-WM1

Table 4: Genes assigned to BLIMP1 peaks in RPCI-WM1

Table 5: H3K27me3 peaks in RPCI-WM1

Table 6: Genes assigned to H3K27me3 peaks in RPCI-WM1

Table 7: BLIMP1 peaks in OPM-2

Table 8: Genes assigned to BLIMP1 peaks in OPM-2

Table 9: BLIMP1 peaks in NCI-H929

Table 10: Genes assigned to BLIMP1 peaks in NCI-H929

Table 11: H3K27me3 peaks in OPM-2

Table 12: Genes assigned to H3K27me3 peaks in OPM-2

Table 13: H3K27me3 peaks in NCI-H929

Table 14: Genes assigned to H3K27me3 peaks in NCI-H929

Table 15: EZH2 peaks in NCI-H929

Table 16: Genes assigned to EZH2 peaks in NCI-H929
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5 Results

5.1 BLIMP1 promotes Waldenstrom’s macroglobulinemia
cell survival

BLIMP1 is expressed in at least a subset of WM lymphoplasmacytic cells
(Roberts et al., 2013; Zhou et al., 2014). However, it has contrasting roles as
a tumour suppressor in DLBCL and a pro-survival factor in multiple myeloma
(Calado et al., 2010; Lin et al., 2007; Mandelbaum et al., 2010; Pasqualucci
et al.,, 2006). Because WM is likely derived from a stage somewhere in
between the cellular origins of DLBCL and myeloma, we were interested to
investigate if BLIMP1 may also play a role in the disease. We began by
comparing the expression of BLIMP1 in the WM cell lines RPCI-WM1,
MWCL-1 and BCWM.1 to the multiple myeloma cell line OPM-2 by
immunofluorescence staining (Figure 3A). BLIMP1 was present in all of the
cell lines tested, and had more uniform expression across individual cells in
the OPM-2 and RPCI-WM1 cell lines, with 93% and 88% of the cells
respectively expressing high BLIMP1 levels. In contrast, the MWCL-1 and
BCWM.1 cell lines showed a variable pattern of expression, with 43% and
22% of cells with high BLIMP1 expression, repectively. In order to determine
the role of BLIMP1 in WM, we generated RPCI-WM1 cells with stable
doxycycline (dox)-inducible overexpression of two artificial miRNAs targeting
the PRDM1 transcript (PRDM1-miR#1 and PRDM1-miR#2), and a non-
targeting control miRNA (NT-miR). Both PRDM1-targeting miRNAs induced a
significant decrease in BLIMPL1 protein expression in the RPCI-WM1 cell line
following 48h of dox induction (Figure 3B). In addition, we generated MWCL-
1 cells with stable overexpression of the PRDM1-miR#1 and NT-miR, and
found that the PRDM1-miR#1 led to a significant knock-down (KD) of BLIMP1
protein, albeit to a lesser extent than seen for the RPCI-WML cell line (Figure
30).
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Figure 3: BLIMP1 is expressed in WM cells

(A) BLIMP1 expression in myeloma cell line OPM-2 and in WM cell lines RPCI-WM1,
MWCL-1 and BCWM.1 as detected bX,immunoﬂuorescence staining, with bar graph
representing percentage of BLIMP1”™™ cells. Scale bars represent 20um. (B)
Immunoblot of BLIMP1 expression following 48h dox induction of RPCI-WML1 cells
expressing NT-miR, PRDM1-miR#1 or PRDM1-miR#2, with bar graph representing
the quantity of BLIMP1 relative to actin; ****p < 0.0001. (C) Immunofluorescence
staining of BLIMP1 following 48h dox induction in MWCL-1 cells expressing NT-miR,
PRDM1-miR#1 or PRDM1-miR#2, with cell profiler quantification; *p = 0.0228.

Following BLIMP1 KD, we observed a decrease in the survival of both cell
lines, with 62% of RPCI-WML1 cells and 71% of MWCL-1 cells viable following
48h of dox induction (Figure 4A). The proportion of apoptotic cells was also
significantly increased following BLIMP1 KD in the RPCI-WML1 cell line, with
an increase of 2.64-fold for PRDM1-miR#1 (p = 0.0004) and 2.25-fold for
PRDM1-miR#2 (p = 0.0071) (Figure 4B). There was trend towards increased
apoptosis in the MWCL-1 cell line, although this was not statistically
significant (Figure 4C).
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Figure 4: BLIMP1 promotes viability of WM cells

(A) Percentage of live cells as determined by Trypan blue exclusion assay in the
RPCI-WM1 and MWCL-1 cell lines. RPCI-WM1, **p = 0.0019; MWCL-1, *p = 0.0162.
(B) Annexin V staining of dox-induced RPCI-WM1 cells with NT-miR, PRDM1-miR#1
or PRDM1-miR#2; ***p = 0.0004; **p = 0.0071. (C) Annexin V staining of dox-induced
MWCL-1 cells with NT-miR or PRDM1-miR#1; p = 0.0572.

To test the specificity of the PRDM1-miR#1, we then performed genetic
complementation using lentiviral ectopic expression of a PRDM1-miR#1-
resistant BLIMP1-EGFP or EGFP alone (Lois et al., 2002) (Figure 5A).
Ectopic expression of BLIMP1 was able to rescue the effects of BLIMP1 KD
on cell death compared to the EGFP alone, with a significant increase in the
proportion of live cells following 2 days and 5 days of dox induction (Figure
5B). This was also demonstrated by an increase in the reduction capability of
the cells with PRDM1-miR#1 transduced with BLIMP1-EGFP (Figure 5C).
This demonstrates that the cell-death effects of the PRDM1-miR#1 are not
due to an off-target effect, and verifies the specificity of the miRNA. In
summary, the above results demonstrate that BLIMP1 promotes the survival
of WM cells, potentially through the repression of apoptosis.

5.2 BLIMP1 maintains EZH2 protein levels

Earlier work in primordial germ cells showed an overlap in the binding sites of
BLIMP1 and EZH2 (Kurimoto et al., 2015; Magnusdattir et al., 2013), and
more recently in mouse plasmablasts, BLIMP1 and EZH2 were shown to
physically interact (Minnich et al., 2016). Due to this evidence, we wanted to
study the interplay of the two factors in WM. First, we tested the levels of
EZH2 following BLIMP1 KD, and surprisingly observed a marked decrease in
the EZH2 protein (Figure 6A). This was replicated in the multiple myeloma
cell line OPM-2 with the PRDM1-miR#1 (Figure 6B). To ensure that the loss
of EZH2 was not an off-target effect of the miRNA, we performed genetic
complementation as above using lentiviral ectopic expression of BLIMP1-
EGFP and observed an increase in the level of EZH2 protein compared to
BLIMP1 KD cells transduced with EGFP alone (Figure 6C).
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Figure 5: Restoring BLIMP1 levels rescues the cell death phenotype of BLIMP1 KD

(A) Immunoblot depicting lentiviral ectopic expression of EGFP or BLIMP1-EGFP in
the RPCI-WM1 PRDM1-miR#1 cells, next to the RPCI-WM1 NT-miR cells. (B) The
percentage of live RPCI-WM1 PRDM1-miR#1 cells with ectopic EGFP or BLIMP1-
EGFP expression determined by the Trypan blue exclusion assay normalised to the
percentage of live cells following transduction of RPCI-WM1 NT-miR cells with EGFP
or BLIMP1-EGFP. Day 2, p = 0.0165; Day 5, p = 0.0003. (C) Per cent reduction as
measured by resazurin assay for RPCI-WM1 PRDM1-miR#1 cells with EGFP or
BLIMP1-EGFP, five days after dox induction. p = 0.0208. All p-values as determined
by student’s two-tailed t-test. All graphs plotted as mean of three independent
experiments, with error bars representing standard deviation.

Next, we were interested in the mechanism behind the loss of EZH2 with
BLIMP1 KD. We performed qPCR to test the expression of PRDM1 and
EZH2 following BLIMP1 KD. In the RPCI-WM1 cell line, we observed
somewhat of an increase in the PRDML1 transcript levels, which fits with the
model of BLIMP1 autoregulation, whereby BLIMP1 binds within intron 2 of
the PRDM1 gene for transcriptional repression, and BLIMP1 knock-out leads
to increased production of the Prdml transcript (Kallies et al., 2006;
Magnusdéttir et al., 2007), although this was highly variable (Figure 7A).
Interestingly, EZH2 mRNA levels were not decreased following BLIMP1 KD
in the RPCI-WML1 cells (Figure 7A). This indicates that BLIMP1 KD does not
affect EZH2 steady state mRNA levels. In the OPM-2 cell line, there
appeared to be a trend towards decrease in the transcript levels of EZH2,
however this was not statistically significant (p = 0.067) (Figure 7B). In order
to determine if BLIMP1 is affecting EZH2 levels via the proteasome, we
treated the RPCI-WM1 NT-miR or PRDM1-miR#1 cells with the proteasome
inhibitor MG-132 for 4h following 20h of dox induction (Figure 7C). While the
result was complicated by EZH2 being decreased by proteasome inhibition in
the NT-miR cells, when we looked at the ratio of EZH2 comparing MG-132
treated cells to the vehicle control, we observed an increase in the relative
EZH2 levels (Figure 7D). This suggested that proteasome inhibition is able to
restore the loss of EZH2 induced by BLIMP1 KD. Thus, BLIMP1 is likely
maintaining EZH2 in the RPCI-WMZ1 cell line by inhibition of its proteasomal
degradation
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(A) Immunoblot of BLIMP1 and EZH2 expression following 48h dox-induction of
PRDM1-miR#2, with
quantification of signal relative to actin in bar plot; ***p = 0.0002; ***p = 0.001; **p =
0.0027. (B) Immunoblot of BLIMP1 and EZH2 expression following 48h dox-induction
of OPM-2 cells expressing NT-miR or PRDM1-miR#1, with quantification of signal
relative to actin in bar plot; ****p < 0.0001; *p = 0.016. (C) Immunoblot of BLIMP1 and
EZH2 expression following 24h dox-induction of RPCI-WML1 cells expressing PRDM1-
miR#1, transduced with EGFP or BLIMP1-EGFP.

RPCI-WM1 cells expressing NT-miR, PRDM1-miR#1 or
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Figure 7: BLIMP1 maintains EZH2 via the proteasome

(A) RT-gPCR results depicting relative mRNA expression of PRDM1 and EZH2
normalised to PPIA and ACTB in the RPCI-WML1 cell line and (B) in the OPM-2 cell
line. (C) Immunoblot of BLIMP1 and EZH2 expression following 24h dox-induction of
RPCI-WML1 cells expressing NT-miR or PRDM1-miR#1 treated with DMSO or 5uM
MG-132 for 4h. (D) The ratio of EZH2 expression relative to actin for cells treated with
MG132 divided by DMSO for RPCI-WM1 NT-miR and PRDM1-miR#1 cells as in Fig.
7C; p = 0.0214. (E) Immunoblot of BLIMP1 and EZH2 expression following 48h dox-
induction of RPCI-WM1 NT-miR cells or PRDM1-miR#1 cells transduced with EGFP
or EZH2-EGFP. (F) Percentage of live cells as determined by Trypan blue exclusion
assay in the RPCI-WM1 PRDM1-miR#1 cells transduced with EGFP or EZH2-EGFP.
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Figure 8: BLIMP1 KD induces large transcriptional changes

(A) RNAseq results for 48h dox-induced RPCI-WML1 cells comparing PRDM1-miR#2
to NT-miR. Values are plotted as log, fold change vs. —logig(qvalue). Red indicates
those genes with a g-value < 0.05 and a log, fold change < -0.3 or = 0.3. Heat maps
depicting the Z-score of the log, fold change comparing PRDM1-miR#2 to NT-miR for
three independent replicates looking at (B) B cell genes and (C) apoptosis genes. (D)
Graph of RNAseq results depicting normalised transcripts per million (TPM) values for
miR138-1 in RPCI-WM1 cells with NT-miR and PRDM1-miR#2. All RNAseq
experiments were performed as three biological replicates.

Because EZH2 can function to prevent apoptosis in cancer cells (Wu et
al., 2009), we wanted to test if the repression of cell death by BLIMP1 was
mediated through maintenance of EZH2. We performed a genetic
complementation experiment using lentiviral ectopic expression of EZH2-
EGFP or EGFP alone in the cells with BLIMP1 KD (Figure 7E). We found that
restoring the level of EZH2 in the RPCI-WM1 cells with BLIMP1 KD did not
lead to increased cell viability following 2 days and 5 days of dox induction
(Figure 7F). Thus, the pro-survival effect of BLIMP1 is not due to its
maintenance of EZH2.

5.3 BLIMP1 KD induces large transcriptional changes

We next sought to delve deeper into the molecular mechanisms driving the
cell death phenotype and reduction of EZH2 following BLIMP1 KD. We were
also interested to examine the effects on known BLIMP1 transcriptional
targets, and to identify novel targets. To achieve this, we performed
transcriptome profiling of the RPCI-WM1 cells comparing NT-miR and
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PRDM1-miR#2 following 48h of miR induction with dox. We used a g-value
cutoff of 0.5 and a log, fold-change cutoff of £0.3 to identify 7831 differentially
expressed genes (Figure 8A), 4260 of which were induced and 3571 of which
were repressed by BLIMP1 KD. The significantly differentially expressed
genes are presented in Additional file Table 1.

Because BLIMPL1 is known to repress the B cell transcriptional program
during plasma cell differentiation (Kallies et al., 2004; Minnich et al., 2016;
Shaffer et al., 2002; Shapiro-Shelef et al., 2003), we wanted to test if this was
also taking place in WM, where there is a disruption in the differentiation
process. Known BLIMP1 targets comprising B cell identity genes including
CIITA (Chen et al.,, 2007; Piskurich et al., 2000), PAX5 (Lin et al., 2002),
SPIB and BCL6 (Shaffer et al., 2002) showed significantly increased
expression following BLIMP1 KD (Figure 8B). The expression of other
BLIMP1 targets including MYC (Lin et al., 1997) and ID3 (Shaffer et al., 2002)
was not changed, but the gene encoding the MYC interaction partner MAX
was increased following BLIMP1 KD.
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Figure 9: BLIMP1 and EZH2 share many transcriptional targets

(A) Western blot of histone extracts from RPCI-WM1 cells treated with varying
concentrations of tazemetostat for 48h. H3K27me3 and total H3 were detected by
antibody staining. (B) RNAseq results for RPCI-WM1 cells treated for 48h with 300nM
tazemetostat compared to vehicle control (DMSOQO). (C) Overlapping genes with
increased expression following PRDM1 KD or tazemetostat treatment. (D)
Overlapping genes with decreased expression following PRDM1 KD or tazemetostat
treatment. Overlaps tested using Fisher’'s exact test. Heat maps depicting the Z-score
of the log, fold change comparing tazemetostat treatment to DMSO for three
independent replicates looking at (E) B cell genes and (F) apoptosis genes. All
RNAseq experiments were performed as three biological replicates.

Surprisingly the gene encoding the transcription factor IRF4, which is
necessary for survival of multiple myeloma cells (Shaffer et al., 2008), and
has been shown to be activated downstream of BLIMP1 (Minnich et al.,
2016), was actually induced downstream of BLIMP1 KD here, indicating that
it is repressed by BLIMP1. This shows an interesting contradiction between
the regulation of IRF4 by BLIMP1 in the RPCI-WML1 cell line compared to
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mouse plasmablasts. Interestingly, the gene encoding the inhibitor of BTK,
IBTK was induced by BLIMP1 KD (Figure 8B). This could be a mechanism
for BLIMP1 to maintain BTK activity, which is a target of the effective WM
drug Ibrutinib (Gertz, 2019). In summary, BLIMP1 is repressing the majority
of its known B cell targets, with some exceptions in the RPCI-WM1 cell line.
In order to understand the apoptosis-promoting effect of BLIMP1 KD, we next
examined the expression of apoptosis mediators. Consistent with our earlier
results, many of these genes had significantly increased expression following
BLIMP1 KD, including MAP3K5 (ASK1), XAF1, CASP4, CASP8, FAS, DFFA,
JUN and BCL2L11 (BIM) (Figure 8C). Interestingly, we also observed a
significant increase in expression of miR-138-1 (Figure 8D), which is known
to target EZH2 in several cancers (Liang et al., 2014; Zhang et al., 2013; Zhu
et al., 2016). This could be another mechanism by which BLIMP1 maintains
EZH2 protein levels, in contrast to our results using the proteasome inhibitor.
Futher experiments would be needed to determine if miR-138-1 also
contributes to the maintenance of EZH2 by BLIMP1. Thus, BLIMP1 KD leads
to many significant transcriptional changes in the RPCI-WM1 cell line, which
point to different biological roles.

5.4 BLIMP1 and EZH2 share transcriptional targets and
regulate overlapping pathways

In order to address Aim 2 of the project, investigating the possible interplay of
BLIMP1 and EZH2 in WM, we sought to investigate the overlapping
transcriptional targets of BLIMP1 and EZH2 in WM. First, we treated RPCI-
WM1 cells with a range of concentrations of the EZH2 inhibitor tazemetostat
to test if the H3K27me3 mark could be depleted within 48 h. Indeed, 48 h of
treatment resulted in dose-dependent decreases in H3K27me3 (Figure 9A).
RPCI-WML1 cells were then treated with 300 nM tazemetostat, or DMSO prior
to transcriptome profiling. Using a g-value cutoff of 0.05 and a log, fold-
change cutoff of £0.3 as above, we identified 450 differentially expressed
genes comparing tazemetostat treatment to DMSO. This included 425
induced genes and 25 repressed genes. The list of significantly differentially
expressed genes can be found in Additional file Table 2. However, there was
a smaller amplitude of change compared to the changes seen with BLIMP1
KD (Figure 9B). Most of the differentially expressed genes following
tazemetostat treatment had a log, fold change within +2, whereas the log,
fold change of differentially expressed genes following BLIMP1 KD was
frequently greater than +2. Next, we compared those genes that had
significantly increased expression following BLIMP1 KD to those genes with
significantly increased expression following tazemetostat treatment. There
was a statistically significant overlap of 184 genes between these two groups,
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as determined by Fisher's exact test (p = 1.8 x 10™") (Figure 9C). However,
for genes repressed in the two groups, there was very little overlap, and this
was not statistically significant, in line with the small number of genes
repressed by tazemetostat treatment (Figure 9D). Fewer B cell genes were
induced by tazemetostat treatment than by BLIMP1 KD, but those affected
included PIK3CD, CCR7 and ID3 (Figure 9E). PIK3CD and ID3 are important
for B cell responses (Clayton et al., 2002; Pan et al., 1999), while CCR7 is
important for homing of B cells within secondary lymphoid organs (Forster et
al., 1999). We also checked the expression of apoptosis mediators, but were
not expecting to see many changes, as restoring EZH2 did not rescue the
cell death phenotype of BLIMP1 KD (Figure 7F). Surprisingly, while fewer
genes were induced by tazemetostat than by BLIMP1 KD, there were still a
number of apoptosis mediators, including XAF1, CASP4, FAS and JUN
(Figure 9F).

To address the third aim of the project, identifying pathways regulated by
BLIMP1 and EZH2, and to expand our understanding of the factors’ overlap,
we performed gene set enrichment analysis (GSEA) using the Hallmarks
collection of gene sets (Liberzon et al., 2015; Subramanian et al., 2005) and
identified enriched gene sets with BLIMP1 KD and tazemetostat treatment.
For BLIMP1 KD, the sets relating to the interferon (IFN) and tumour necrosis
factor alpha (TNFa) responses, apoptosis, and the inflammatory response
were positively enriched, implying they are repressed by BLIMP1 (Figure
10A). Negatively enriched gene sets, induced by BLIMP1, included the
unfolded protein response, mMTORC1 signalling, and oxidative
phosphorylation, all previously reported as being activated downstream of
BLIMP1 (Price et al., 2018; Tellier et al., 2016). Interestingly, the most
significantly negatively enriched sets were those of the G2/M checkpoint and
E2F targets (Figure 10A). This implies a role for BLIMP1 in regulation of the
cell cycle and possibly the DNA damage response, with DNA repair also
being significantly negatively enriched. Upon tazemetostat treatment, many
of the positively enriched gene sets were overlapping with those of BLIMP1
KD, including the IFN and TNFa responses, and apoptosis (Figure 10B).
However, given the smaller amplitude of changes seen with tazemetostat
treatment, the changes to these pathways are likely to be much more subtle
than for BLIMP1 KD. Similarly, all of the significantly depleted gene sets were
also depleted upon BLIMP1 KD. Thus, there is a large overlap in pathways
targeted by BLIMP1 and EZH2 in the RPCI-WM1 cell line, and these are
likely to have biological significance in WM.
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Figure 10: BLIMP1 and EZH2 transcriptionally regulate overlapping pathways

Bar plots depicting normalised enrichment score for Hallmarks gene sets identified using
GSEA pre-ranked with FDR-corrected p-value < 0.05 for (A) PRDM1-miR#1 compared

to NT-miR and (B) tazemetostat treatment compared to DMSO.
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Figure 11: Characteristics of the BLIMP1 and H3K27me3 ChIPseq in the RPCI-WM1
cell line

(A) De-novo motif enrichment analysis of the BLIMP1 ChIPseq in the RPCI-WM1 cell
line, showing the most highly enriched motif. E = 4.7e-1102. Distances of peaks to
TSS plotted as the number of peaks within each distance bin for (B) the BLIMP1
ChiIPseq and (C) the H3K27me3 ChlPseq in the RPCI-WML1 cell line.

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

We were interested to investigate the overlap of BLIMP1 and the mark
deposited by EZH2, H3K27me3 in WM, as this has previously been reported
in mouse plasmablasts, along with the physical interaction of BLIMP1 and
EZH2 (Minnich et al., 2016). To this end, we performed ChlPseq for BLIMP1
and the H3K27me3 mark in the RPCI-WM1 cell line. We identified 505
BLIMP1 binding sites assigned to 841 genes (Additional file Tables 3-4) and
14813 H3K27me3 peaks assigned to 4198 genes (Additional file Tables 5-6).
Firstly, we performed motif enrichment analysis and identified the previously
reported BLIMP1 motif as highly significantly enriched (Figure 11A). This
gave us confidence in our BLIMP1 ChIPseq results. We also examined the
distribution of BLIMP1 and the H3K27me3 mark in relation to transcription
start sites (TSS) and found the highest enrichment of peaks at a distance of
+50-500 kb from the TSS for both BLIMP1 (Figure 11B) and H3K27me3
(Figure 11C).
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Figure 12: BLIMP1 binds at a distance to H3K27me3 in the RPCI-WML1 cell line

(A) Venn diagram of H3K27me3 and BLIMP1 peaks extended *10kb, showing
overlaps in these regions. (ns) not significant as determined by hypergeometric test.
Called peaks determined by overlap from peak calling from two independent
experiments. (B) Enrichment of signal from ChiIPseq tracks +3kb from the centre of
BLIMP1 binding sites. Data depicts representative experiment of two biological
replicates. (C) 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)
ChiPseq tracks for H3K27me3 and BLIMP1 in the RPCI-WM1 cell line. Data
represents combination of reads from two independent experiments.

Surprisingly, when we extended the binding sites by 10 kb to either side,
we saw very little overlap between BLIMP1 and H3K27me3 (Figure 12A),
indicating that the factors are rarely binding within 10kb of one another. Using
the raw ChlPseq signals, we checked for enrichment of H3K27me3 over
BLIMP1 binding sites, and did observe some level of enrichment (Figure
12B). However, because few called peaks were present in proximity to each
other, this enrichment could be due to background levels of H3K27me3. We
next looked at the genes assigned to BLIMP1 binding sites and the
H3K27me3 mark. On the gene level, there was a statistically significant
degree of overlap (Figure 12C). This indicates that BLIMP1 and EZH2 may
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be binding to the same genes, but at distant sites. We then investigated the
genes marked by the presence of both BLIMP1 and H3K27me3. These
included RNF19B, encoding NKLAM, which activates STAT1 (Lawrence &
Kornbluth, 2016), the B cell genes POU2F2 and PIK3CD, and the IFN
responsive cell growth inhibitor NUB1 (Kito et al., 2001) (Figure 12D).

We wanted to extend our study to determine if the factors may be binding
to nearby loci in multiple myeloma cells. We therefore performed ChiPseq for
BLIMP1 and H3K27me3 in the OPM-2 and NCI-H929 multiple myeloma cell
lines. We were also able to perform ChlPseq for EZH2 in the NCI-H929 cell
line. We identified 572 peaks assigned to 892 genes for BLIMP1 in the OPM-
2 cell line (Additional file Tables 7-8) and 520 peaks assigned to 830 genes
for BLIMP1 in the NCI-H929 cell line (Additional file Tables 9-10). We
identified 5138 peaks assigned to 2606 genes for H3K27me3 in the OPM-2
cell line (Additional file Tables 11-12) and 2789 peaks assigned to 2403
genes for H3K27me3 in the NCI-H929 cell line (Additional file Tables 13-14).
For EZH2, there were 697 peaks assigned to 716 genes in the NCI-H929 cell
line (Additional file Tables 15-16). We performed motif enrichment analysis
for the BLIMP1 ChIP in the OPM-2 and NCI-H929 cell lines, and found the
previously described BLIMP1 motif to be highly enriched in both cell lines
(Figure 13A). Interestingly, while the BLIMP1 ChlPseq in both OPM-2 and
NCI-H929 showed a very similar distribution to RPCI-WM1 (Figure 13B), the
H3K27me3 mark showed more peaks present at sites closer to the TSS in
both myeloma cell lines compared to the RPCI-WM1 cells (Figure 13C). In
addition, the EZH2 ChlIPseq in the NCI-H929 cell line showed a large
proportion of peaks within 0-5 kb of the transcription start site (Figure 13D),
indicating that more EZH2 peaks are present at gene promoters than BLIMP1
peaks.
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Figure 13: Characteristics of the BLIMP1, H3K27me3 and EZH2 ChlPseq
experiments in the OPM-2 and NCI-H929 cell lines

(A) De-novo motif enrichment analysis for BLIMP1 ChlPseq in the OPM-2 and NCI-
H929 cell lines showing the most highly enriched motif. Distances of peaks to TSS
plotted as the number of peaks within each distance bin for (B) the BLIMP1 ChlPseq,
(C) the H3K27me3 ChiPseq, and (D) the EZH2 ChiIPseq in the OPM-2 and NCI-H929
cell lines. All ChlPseq experiments were performed as two biologic replicates.
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Next, we tested the overlaps of BLIMP1 with H3K72me3 and EZH2 and
interestingly, there appeared to be even less overlap in binding of the factors
within 10 kb of one another for both the OPM-2 and NCI-H929 cell lines
compared to RPCI-WML1 (Figure 14A). In the NCI-H929 cell line, there were
almost no overlapping sites at all between BLIMP1 and EZH2 (Figure 14B).
When comparing genes bound by BLIMP1 or marked by H3K27me3, we
observed a higher degree of overlap, but this was only statistically significant
for the NCI-H929 cell line (Figure 14C). However, there was not a significant
overlap in genes bound by BLIMP1 or EZH2 in the NCI-H929 cell line (Figure
14D). We also investigated the overall signal enrichment for H3K27me3 and
EZH2 over BLIMP1 binding sites in NCI-H929 cells, but observed only a
small level of enrichment for H3K27me3, and potentially no enrichment for
EZH2 (Figure 14E). Taken together, our results suggest that BLIMP1 is
unlikely to be recruiting EZH2 to chromatin in WM or multiple myeloma, and
that the factors may instead work in parallel, by binding to and regulating the
same genes. Furthermore, the large overlap in transcriptional targets of
BLIMP1 KD and tazemetostat may also be due to BLIMP1 maintaining the
levels of the EZH2 protein.

5.6 A subset of BLIMP1 and H3K27me3 marked genes are
transcriptional targets of BLIMP1 KD and tazemetostat

As a further line of inquiry, we decided to examine the overlap in genes
bound by BLIMP1 or marked by H3K27me3 with those that were differentially
expressed with BLIMP1 KD or tazemetostat treatment. This should provide
us with an indication of possible direct targets of BLIMP1 or EZH2.
Approximately one third of genes bound by BLIMP1 were transcriptionally
induced by BLIMP1 KD, indicating that these are potential direct targets of
transcriptional repression by BLIMP1 (Figure 15A). This also suggests that
the presence of BLIMP1 at these sites is actively maintaining repression. In
contrast, around half that number had decreased expression with BLIMP1 KD
and were bound by BLIMP1, which could potentially be direct targets of
transcriptional activation (Figure 15B). For those genes marked by
H3K27me3, only a small proportion was induced by tazemetostat (Figure
15C). This suggests that for the vast majority of H3K27me3 marked genes, a
decrease in H3K27me3 is insufficient for transcriptional activation. They
could instead rely on other transcription factors or require the activity of
histone acetyltransferases to become active. Finally, the overlap of genes
repressed by tazemetostat treatment with H3K27me3-marked genes was not
statistically significant (Figure 15D). Thus, while the direct binding of BLIMP1
appears to be maintaining transcriptional repression for around one third of
bound genes, the presence of the H3K27me3 mark represents only a small
subset of genes transcriptionally affected by tazemetostat treatment.
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Figure 14: BLIMP1 binds at distal sites to H3K27me3 and EZH2 in multiple myeloma
cell lines

(A) Venn diagrams of H3K27me3 and BLIMP1 peaks extended *10kb, showing
overlaps in these regions in the OPM-2 and NCI-H929 cell lines. (ns) not significant as
determined by hypergeometric test. (B) Venn diagram of EZH2 and BLIMP1 peaks
extended £10kb, showing overlaps in these regions in the NCI-H929 cell line. (ns) not
significant as determined by hypergeometric test. (C) Venn diagrams of overlapping
genes assigned to peaks for H3K27me3 or BLIMP1 in the OPM-2 and NCI-H929 cell
lines. Significance determined by Fisher’s exact test. OPM-2, ns, not significant; NCI-
H929, p = 5.9e-20. (D) Venn diagram of overlapping genes assigned to peaks for
EZH2 or BLIMP1 in the NCI-H929 cell lines. (ns) not significant, as determined by
Fisher's exact test. (E) Enrichment of signal from ChlPseq tracks +10kb from the
centre of BLIMP1 binding sites in the NCI-H929 cell line.
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5.7 BLIMP1 represses transcription of immune surveillance
and signalling molecule genes in concert with EZH2

In our GSEA, we observed that the most significantly enriched gene sets for
both BLIMP1 KD and tazemetostat treatment were related to immune
signalling mechanisms (Figure 10A-B). In addition, the gene set for allograft
rejection was enriched in both analyses. This set includes genes that are
induced during transplant rejection, which involves the activity of immune
cells in targeting transplanted organs and tissues. The enrichment of this
gene set upon inhibition or knock-out has been shown to link to immune
evasion mechanisms (Alag et al., 2019; Goel et al., 2017; Xiong et al., 2019).
These results led us to hypothesise that KD of BLIMP1 or EZH2 inhibition
may affect the expression of molecules that mediate immune surveillance
mechanisms. As such, we investigated the differentially expressed genes in
these sets, and found a significant increase in expression of at least 34
genes relating to immune surveillance and signalling following BLIMP1 KD.
These included genes coding for stimulatory T cell ligands ICOSLG and
TNFSF9, as well as stimulatory NK cell ligands such as MICA, CD48 and
CLEC2B (Figure 16A) (Pardoll, 2012; Vivier et al., 2008). Interestingly, while
genes coding for MHC class | molecules HLA-A and HLA-B were decreased
with BLIMP1 KD, those coding for MHC class Il molecules HLA-DMA and
HLA-DMB had increased expression with BLIMP1 KD. In addition to
stimulatory molecules, a number of genes encoding inhibitory ligands and
also some of their receptors were induced following BLIMP1 KD, implying
they are repressed by BLIMP1. These included genes encoding LGALS3 and
LAG3, TNFRSF14 and BTLA, as well as LGALS9 and HAVCR?2 (Figure 16A).
The gene encoding inhibitory receptor LILRB1 (also known as CD85j) was
also repressed by BLIMP1. Repression of LILRB1 is a mechanism by which
myeloma cells evade immune surveillance (Lozano et al.,, 2018). The
inhibitory PD-L2 ligand gene PDCDLG2 was also repressed by BLIMP1,
however it is important to note that the gene encoding the PD-1 receptor,
which can have an inhibitory effect on B cells was expressed to a comparable
level in the RPCI-WM1 cell line. In addition to ligands that can stimulate and
inhibit T or NK cells, a number of receptors for IFN and TNF were repressed
by BLIMP1, and so too were downstream effectors of IFN signalling (Figure
16A).

We next examined the expression of these genes following tazemetostat
treatment, and found around half of them to be repressed by EZH2. Fewer
genes encoding stimulatory ligands were induced by tazemetostat, but a
number of inhibitory ligand genes were induced without the genes for their
receptors also being induced (Figure 16B).
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Figure 15: A subset of BLIMP1 and H3K27me3 marked genes are transcriptional
targets

(A) 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. (B) Venn diagram depicting the overlap in
genes with significantly decreased expression following BLIMP1 KD and genes
assigned to BLIMP1 binding sites. (ns) not significant as determined by Fisher's exact
test. (C) 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. (D) Venn diagram depicting
genes with significantly decreased expression following tazemetostat treatment
overlapping with genes assigned to H3K27me3 peaks. (ns) not significant, as

determined by Fisher’s exact test.

Interestingly, genes encoding MHC class | molecules were also induced
by tazemetostat, in contrast to what we observed for BLIMP1 KD. However, a
proportionally high number of downstream signalling effector molecule genes
were induced by tazemetostat, similarly to what we saw with BLIMP1 KD
(Figure 16B).

Taken together, BLIMP1 is largely repressing the expression of genes
encoding activating ligands, inhibitory ligands and their receptors, as well as
receptors and downstream signalling molecules. All of these are likely to
affect the stimulation of NK cells and T cells, as well as the response of WM
cells to these immune effector cells. However, the changes induced by
tazemetostat are unlikely to affect the WM cells’ interaction with NK and T
cells in the same way as BLIMP1 KD. The signalling molecules whose
encoding genes are differentially expressed with BLIMP1 KD are depicted in
in Figure 17.
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Figure 16: BLIMP1 and EZH2 repress transcription of immune surveillance and
signalling molecule genes

(A) Heat map showing z-score of the log2 fold change for PRDM1-miR#2 compared
to NT-miR and in RPCI-WM1 cells with three independent replicates looking at genes
involved in stimulation of T and NK cells, MHC molecules, inhibitory ligands and
receptors, IFN and TNF receptors and downstream signalling. (B) Heat map showing
the z-score of the log, fold change for tazemetostat compared to DMSO in RPCI-WML1
cells with three independent replicates looking at genes involved in stimulation of NK
cells, MHC molecules, inhibitory ligands, and downstream signalling.
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Figure 17: Immune surveillance and signalling molecules transcriptionally regulated
by BLIMP1.

The green “+” symbol represents stimulatory receptors, and the red ”-“ symbol
represents inhibitory ligands. Red WV arrows indicate that the genes encoding these
molecules are repressed by BLIMP1, whereas green /AN arrows indicate that the
genes encoding these molecules are activated by BLIMP1. Receptor names are
surrounded by boxes, whereas ligands are not.
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5.8 BLIMP1 regulates a subset of immune signalling targets
through EZH2

In order to understand the direct effects of BLIMP1 and EZH2 on the
transcriptional changes associated with evasion from immune surveillance,
we examined the ChlPseq data for the RPCI-WM1 cell line, and observed the
H3K27me3 mark to be present without BLIMP1 over a number of immune
signalling genes including HLA-B, MICA, LILRB1, NCR3LG1 and TNFRSF1A
(Figure 18A). On the other hand, BLIMP1 was present in proximity to the
H3K27me3 mark over downstream signalling genes IFIT2 and STAT1 (Figure
18B). We were interested to determine which targets of BLIMP1 were
repressed via BLIMP1 maintaining EZH2 expression, and which targets were
repressed independently of EZH2. In order to do this, we ectopically
expressed EZH2-EGFP or EGFP in cells with BLIMP1 KD, as in Figure 7E.
We then performed RT-gPCR on cDNA derived from these cells, compared
to cDNA derived from cells expressing the NT-miR. Our results demonstrated
that the majority of BLIMP1 targets tested did not have their repression
restored by EZH2 (Figure 18C). Interestingly, all of the genes repressed by
restoring EZH2 levels related to B cell development and immune signalling.
RCANS3, which codes for an inhibitor of cytokine signalling in T cells (Mulero
et al., 2007) and ZFP36L1, which is important for germinal centre B cells
(Galloway et al., 2016) showed some level of repression when EZH2 was
ectopically expressed. So too did the immune inhibitory molecule genes
TNFRSF14 and HAVCR2. Taken together, BLIMPL1 represses a subset of its
target genes through maintaining EZH2 levels.

5.9 BLIMP1 and EZH2 confer evasion from NK cell
mediated cytotoxicity

Given the transcriptional changes related to immune surveillance as
described above, we sought to determine if these changes would affect the
interactions between WM cells and NK cells. Firstly, to determine the effect of
BLIMP1 KD or EZH2 inhibition in the RPCI-WML1 cells on the NK cells, we
performed a degranulation assay. This assay involves staining for the
CD107a molecule which is expressed at the surface of NK cells when
cytotoxic granules are released, and measures the activity of NK cells (Alter
et al., 2004). We co-cultured NK cells isolated from human blood with the
RPCI-WML1 cells and stained for CD107a. Following 5 h of co-culture, there
was an increase in degranulating NK cells (CD56°CD107a") when cultured
with the PRDM1-miR#1 RPCI-WM1 cells compared to the NT-miR (Figure
19A). In contrast, there was no change in the degranulation of NK cells co-
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cultured with DMSO or tazemetostat-treated RPCI-WM1 cells. These results
were reflected in experiments from four donors as quantified in Figure 19B. In
addition to the effect on the NK cells, we were also interested in the effect of
BLIMP1 KD or EZH2 inhibition on the RPCI-WM1 cells’ responses to NK cell
mediated cytotoxicity. In order to examine this, NK cells were co-cultured with
RPCI-WM1 cells for 4 h, and cytolysis was assessed by measuring the
adenylate kinase activity in the cell culture media. The levels of cytolysis
were normalised to those of wells containing RPCI-WM1 cells with the
relevant miRNAs or treatments without NK cells. Interestingly the results
demonstrated an increase in NK cell mediated cytotoxicity for RPCI-WM1
cells with BLIMP1 KD, and for those treated with tazemetostat (Figure 19C).
In accordance with our transcriptomic data, BLIMP1 KD leads to both
increased NK cell degranulation and increased cytotoxic effect against RPCI-
WML cells. In contrast, EZH2 inhibition does not affect NK cell activation, but
increases the sensitivity of the RPCI-WM1 cells to killing by NK cells. This is
likely to be due to increased expression of downstream signalling from IFNs.
Thus, BLIMP1 and EZH2 confer evasion from NK cell mediated cytotoxicity,
with BLIMP1 likely performing this through effects on both the NK cells and
RPCI-WM1 cells, whereas EZH2 affects only the RPCI-WM1 cells’
responses.
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Figure 18: BLIMP1 regulates a subset of targets through EZH2

ChiPseq tracks for H3K27me3 and BLIMP1 in the RPCI-WML cell line over (A) the
immune surface molecule genes HLA-B, MICA, LILRB1, NCR3LG1, TNFRSF1A,
or (B)
combination of reads from two independent experiments. (C) RT-gPCR from three
independent experiments depicting relative mRNA expression comparing RPCI-
WM1 cells with NT-miR, and PRDM1-miR#1 transduced with EGFP or EZH2-
EGFP.

the downstream signalling genes, IFIT2 and STAT1. Data represents
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Figure 19: BLIMP1 and EZH2 confer evasion from NK cell mediated cytotoxicity

(A) Percentage CD56'CD107a" cells (Q2) representing degranulating NK cells, as
determined by flow cytometry following co-culture with RPCI-WML1 cells with NT-miR
or PRDM1-miR#1, or RPCI-WM1 cells treated with DMSO or Tazemetostat. One
representative experiment is displayed. (B) Relative quantification of the
degranulation assay **p = 0.0088. (C) 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 RPCI-WM1 cells with NT-miR or PRDM1-miR#1, or
RPCI-WM1 cells treated with DMSO or 1uM Tazemetostat. Cells were co-cultured at
the effector:target ratio of 20:1. ****p = 3.1x10%; *p = 0.02. Results of the
degranulation and cytotoxicity assays from four individual donors, performed in two
pairs on two separate occasions.
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Figure 20: BLIMP1 KD induces cell cycle arrest

(A) Histogram plots of methanol-fixed propidium iodide-stained cells depicting the cell
cycle phases. (B) Quantification of three independent experiments as depicted in A.
Sub G1 *p = 0.015; G2/M *p = 0.038, as determined by the student’s two-tailed t-test.
The bar graph depicts the mean with standard deviation.

5.10 BLIMP1 regulates the cell cycle and DNA repair in
Waldenstrom’s macroglobulinemia

5.10.1 BLIMP1 KD induces cell cycle arrest

BLIMP1 is known to have a role in repressing positive cell cycle regulators
during the B cell to plasma cell transition (Shaffer et al., 2002). As part of our
early characterisation of the BLIMP1 KD cells, we checked if BLIMP1 KD
would result in changes to the cell cycle in the RPCI-WM1 cell line. We
performed propidium iodide staining on methanol-fixed cells. Propidium
iodide is a fluorescent DNA intercalating agent, which can be used to
determine cell cycle phases based off the quantities of DNA. Using this
method, we observed some notable changes when comparing the NT-miR
cells to the PRDM1-miR#1 cells. The proportion of cells in the G2/M phase
was significantly decreased, and a significantly larger proportion of cells was
now in the Sub-G1 phase, representing apoptotic cells (p = 0.015) (Figure
20A-B). Although the proportion of cells in S phase was not significantly
decreased with BLIMP1 KD, there was a trend towards a decrease, indicating
fewer cells may be undergoing DNA replication, but were instead being
driven towards apoptosis. The ratio of cells in G2/M:S was consistently lower
following BLIMP1 KD (0.65) compared to the NT-miR cells (0.92), with on
average a 30% reduction in the ratio. The G2/M:S ratio signifies the rate of
cells passing through S phase into G2 and M phases. A lower ratio indicates
fewer cells in G2/M compared to S, and suggests that the cells are passing
faster through G2/M, either into G1 or directly into the apoptotic sub G1
phase.
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5.10.2 BLIMP1 maintains expression of positive cell cycle
regulators

The results of the GSEA suggested effects of BLIMP1 KD on regulators of
the cell cycle, with the ‘G2/M checkpoint’ and ‘E2F targets’ sets having the
strongest negative enrichment with BLIMP1 KD (Figure 10A). As we had
already observed an effect on apoptosis (Figure 4B), but without direct
binding of BLIMP1 to apoptosis genes, we hypothesized that BLIMP1 KD
may be inducing apoptosis via inhibition of the cell cycle. To further
investigate this, we looked into the genes that were differentially expressed
with BLIMP1 KD compared to the NT-miR in the RPCI-WM1 cells, and
observed decreased expression of positive cell cycle regulators (Figure 21A).
These included the transcription factor encoding genes E2F1 and LIN54.
E2F1 is a positive regulator of the cell cycle, responsible for activating the
transcriptional wave that drives the G1-S transition (Johnson et al., 1993;
Takahashi et al., 2000). LIN54 is a subunit of the DREAM/LINC complex that
binds to the CDK1 promoter, and is necessary for cell cycle progression
(Schmit et al., 2009). The cyclin dependent kinase (CDK) encoding genes,
CDK1 (encoding CDC2), CDK2, CDK4, and the cyclin genes CCNAZ2,
CCNB2 and CCNE2 (Figure 21A) were decreased with BLIMP1 KD.
However, the cyclin genes CCNE1 and CCND1 had increased expression,
indicating they are repressed by BLIMP1. CDC2 is necessary for the G2-M
transition, phosphorylating a myriad of targets necessary for mitosis
(Blethrow et al., 2008), and is the only CDK completely necessary for the cell
cycle (Santamaria et al., 2007; van den Heuvel & Harlow, 1993). CKD4 and
CDK2 phosphorylate Rb during G1 phase to prevent inhibition of E2F1 and
allow entry into S phase (Harbour et al., 1999; Kato et al., 1993; Tsutsui et
al., 1999; van den Heuvel & Harlow, 1993). The CDKs rely on interaction with
cyclin proteins to carry out their functions. CDC2 interacts primarily with
cyclin B, but also with cyclin A and others (Draetta et al., 1989; Santamaria et
al., 2007), CDK4 interacts with cyclin D (Kato et al., 1993), and CDK2
interacts with cyclin E (Harbour et al., 1999). The genes encoding key CDK
phosphatase CDC25, which activates the CDKs for cell cycle progression
(Hoffmann et al., 1994; Jinno et al., 1994) followed the trend of decreased
expression with BLIMP1 KD. So too did the chromatin assembly factor gene
TLK1 (Silljé & Nigg, 2001) and E2F target/MYC cofactor gene ATAD2 (Cir6 et
al.,, 2009; Koo et al., 2016) (Figure 21A). A number of origin recognition
complex genes ORC3, ORC6 and CDC6 (Méndez & Stillman, 2000), CDC45,
and pre-replication complex members, MCM2-7 and MCM10 (Labib et al.,
2000; Wohlschlegel et al., 2002; Zou et al., 1997) were also maintained by
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BLIMP1, with decreased expression following BLIMP1 KD (Figure 21A). The
origin recognition complex is required for recruiting the pre-replication
complex to sites of replication initiation to ensure timely DNA replication
(Méndez & Stillman, 2000). The mitosis regulators AURKA (Mori et al., 2007),
AURKB (Liu et al., 2009; Welburn et al.,, 2010), and genes encoding
kinetochore proteins CENP-O, -P, -Q and -U (Pesenti et al., 2018) were also
decreased with BLIMP1 KD (Figure 19A). Additionally, a number of
anaphase-promoting complex subunit genes (Reddy et al., 2007) showed
decreased expression following BLIMP1 KD (Figure 19A). Interestingly, the
gene encoding the RNA-binding protein ZFP36L1 was induced with BLIMP1
KD (Figure 21A), indicating it is repressed by BLIMP1. ZFP36L1 plays an
important role in facilitating V(D)J recombination by binding to the 3’UTRs of
cell cycle mRNAs to promote their degradation and initiate cell quiescence
(Galloway et al., 2016). Taken together, BLIMP1 is maintaining expression of
positive cell cycle regulators in the RPCI-WML1 cell line.
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Figure 21: BLIMP1 KD affects expression of cell cycle and checkpoint genes

(A) Heatmap depicting z-scores of normalised transcript per million (TPM) values for
cell cycle genes in RPCI-WM1 cells comparing NT-miR to PRDM1-miR#2. (B)
Heatmap depicting z-scores of normalised TPM values for G1/S checkpoint genes.
(C) Heatmap depicting z-scores of normalised TPM values for G2/M and mitotic
spindle checkpoint genes. Genes marked with a red * bear BLIMP1 binding sites.

108



Results

5.10.3 Increased expression of G1/S checkpoint genes
following BLIMP1 KD

As we had observed significant changes in the cell cycle profiles of RPCI-
WML cells following BLIMP1 KD, we decided to investigate the expression of
negative regulators of the cell cycle. First, we examined the expression of
G1/S checkpoint genes and found many of the key checkpoint regulators to
have higher expression following BLIMP1 KD (Figure 21B). These included
CDKNI1A (encoding p21), CDKNZ2A (encoding p16INK4A), and RB1. p21 is a
strong inhibitor of CDKs, including CDK2 and CDC2 (Xiong et al., 1993),
pl6INK4A is an inhibitor of CDK4/6 (Lukas et al., 1995), and RB1 inhibits
E2F1 by binding to it and preventing its activating role (Flemington et al.,
1993; Helin et al., 1993; Hiebert et al., 1992). Conversely, the p21 stabiliser
CABLESL1 (Shi et al., 2014) and the replication initiation inhibitor GMNN (Wu
et al., 2014) were maintained by BLIMPL1. In general, the trend appeared to
be increased expression of the main G1/S checkpoint enforcer genes
following BLIMP1 KD. Although these repressed genes were expressed
when BLIMP1 was present, BLIMP1 KD led to an increase in their
expression, indicating that BLIMP1 may be preventing hyper-activation of the
G1/S checkpoint.

5.10.4 BLIMP1 maintains G2/M and mitotic spindle checkpoint
genes

The G2/M checkpoint is essential for detection of DNA damage and halting
entry into mitosis. As the GSEA set “G2M checkpoint” was one of the most
significantly depleted with BLIMP1 KD (Figure 10A), we sought to look further
into the specific genes within this set. The genes encoding key enforcers of
the G2/M checkpoint here include CHK1 (Liu et al., 2000) and CHK2 (Hirao
et al.,, 2000; Matsuoka et al., 1998), both of which show decreased
expression upon BLIMP1 KD (Figure 21C). The gene TP53, encoding the
crucial transcription factor p53 (Innocente et al., 1999), which regulates both
the G2/M and G1/S checkpoints (Agarwal et al., 1995; Kuerbitz et al., 1992)
also has decreased expression following BLIMP1 KD. p53 transcriptionally
activates CDKN1A (el-Deiry et al., 1993) and inhibits CDC25C, which is
necessary for entry into mitosis (St Clair et al., 2004). Furthermore the
transcripts encoding the WEE1 and PKMYT1 kinases, responsible for
inhibiting CDC2 (Heald et al., 1993; Mueller et al., 1995) were decreased
upon BLIMP1 KD (Figure 21C). While some of the genes mentioned above in
relation to the G1/S checkpoint such as CDKN1A also have an effect on the
G2/M checkpoint, in general, genes enforcing the G2/M checkpoint appear to
have their expression maintained in the presence of BLIMP1.
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The mitotic spindle assembly checkpoint is essential for ensuring correct
chromosomal segregation before cytokinesis can take place. Investigation
into spindle checkpoint enforcer genes led us to find that the main regulators
of this checkpoint, ZWINT (Wang et al., 2004), MAD2L1, BUB1B, BUB3
(Sudakin et al., 2001) and BUB1 (Perera et al., 2007) show decreased
expression following BLIMP1 KD (Figure 21C). Thus, the presence of
BLIMP1 may be maintaining expression of both G2/M and mitotic spindle
checkpoint genes.

5.10.5 BLIMP1 binds directly to cell cycle regulator genes

In order to determine if the transcriptional effects on cell cycle regulators
were a direct effect of BLIMP1, we next looked into the binding of the BLIMP1
protein in our ChiPseq data. Indeed, a number of the differentially expressed
genes mentioned above bore BLIMP1 binding sites. While BLIMP1 has
traditionally been thought of as a transcriptional repressor, recent evidence
has painted a role for BLIMP1 in direct transcriptional activation (Minnich et
al., 2016). A number of the positive cell cycle regulator genes bound by
BLIMP1 appear to be induced by it, rather than repressed, as their
expression decreased with BLIMP1 KD. These included the transcription
factor genes E2F1 and LIN54, and the chromatin assembly factor gene TLK1
(Figure 22A). Whereas, the cell cycle inhibitor genes, ZFP36L1 and CDKN1A
were repressed by BLIMP1 binding (Figure 22B). Therefore, transcriptional
activation of cell cycle progression genes and transcriptional repression of
certain cell cycle inhibitor genes is likely a direct result of BLIMP1 binding.

110



Results

A
60 5k 50 50 kb
|
H3K27me3 H3K27me3

60 30

| BLIMP1
BLIMP1
NP R Y

 HH——
THAP9 LIN54

E2F1

50 100 kb
H3K27me3
43

BLIMP1

-
TLK1

20 kb

60 20 kb
—

60
HaK27me3 I "‘ m " H3K27me3
skt . o b,
35 29
BLIMP1 i

-
ZFP36L1

BLIMP1

—in
CDKN1A

Figure 22: BLIMP1 binds directly to cell cycle regulators

(A) ChiPseq tracks for BLIMP1 and H3K27me3 showing BLIMP1 binding to the
positive cell cycle regulator genes, E2F1, LIN54 and TLK1 in the RPCI-WML1 cell line.
(B) ChlPseq tracks for BLIMP1 and H3K27me3 showing BLIMP1 binding to the cell
cycle inhibitor genes ZFP36L1 and CDKN1A in the RPCI-WML1 cell line.
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Figure 23: BLIMP1 maintains expression of DNA repair pathway genes

Genes involved in the following pathways show decreased expression following
induction of PRDM1-miR#2, compared to the NT-miR in the RPCI-WML1 cell line: (A)
Homologous recombination, (B) Non-homologous end joining, (C) Mismatch repair,
(D) Interstrand crosslink repair, (E) Nucleotide excision repair, and (F) Base excision
repair. Genes marked with a red * bear BLIMP1 binding sites.
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Put together, BLIMP1 KD is affecting the cell cycle in RPCI-WM1 cells,
possibly by arresting the cells in G1, which fits with the expression increases
in G1/S checkpoint genes, and the expression decreases in the G2/M and
mitotic spindle checkpoint genes. Furthermore, KD of BLIMPL1 is likely to be
inhibiting commitment to division, which takes place during G1, as there was
a possible decrease in the number of cells in S phase and decreased
expression of G1 progression regulator genes such as CDK4 and CDK2. The
ability of the cells to pass through the G2 and M phases is also likely to be
affected, due to the decreased expression of the genes encoding the
essential kinase CDC2, cyclin B, and the crucial phosphatase CDC25.
Furthermore, the decrease in the G2/M:S ratio seen with BLIMP1 KD
indicates that the cells are possibly exiting the G2/M phases faster, either to
initiate apoptosis or enter G1. Thus, transcriptional control by direct binding of
BLIMP1 and indirect mechanisms contribute to maintenance of cell cycle
progression in the RPCI-WM1 cell line, with BLIMP1 KD leading to cell cycle
arrest.

5.10.6 BLIMP1 maintains expression of genes essential to DNA
repair pathways

Since BLIMP1 KD had a striking effect on positive cell cycle regulator genes,
checkpoint enforcer genes, and the cell cycle itself, we hypothesised that
DNA repair pathway genes may also be affected. The purpose of cell cycle
checkpoints is to ensure the absence of DNA damage, and if needed, give
the cells a chance to repair any damage before progression to the next stage
in the cycle. The DNA damage response is activated at these checkpoints if
damage is detected, and can lead to DNA repair. Thus, changes in
expression of checkpoint regulators are likely to lead to changes in DNA
repair genes.

When we investigated the differentially expressed genes with BLIMP1 KD
compared to the NT-miR cells, we found that genes from six main DNA repair
pathways as reviewed in (Ciccia & Elledge, 2010), showed decreased
expression with BLIMP1 KD, and thus were maintained by BLIMP1. These
pathways included homologous recombination (Figure 23A), non-
homologous end joining (NHEJ) (Figure 23B), mismatch repair (Figure 23C),
interstrand crosslink repair (Figure 23D), nucleotide excision repair (Figure
23E), and base excision repair (Figure 23F). However, the genes within each
category listed above often play a role in multiple DNA repair pathways as
well as in DNA replication. An alternative explanation to that of positive
regulation by BLIMP1 could also be that changes in the distribution of the
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cells in different phases of the cell cycle could also lead to fewer cells with
active DNA repair taking place. For example, homologous recombination only
takes place in the S and G2 phases, so a decrease in the proportion of cells
in these phases could lead to lower overall expression of homologous
recomination genes. Furthermore, many of the genes involved in DNA repair
pathways are also important for DNA replication, so fewer cells in S phase
could lead to lower expression of these genes. However, we cannot rule out
the possibility of BLIMP1 postively regulating these genes without further
experiments. As BLIMP1 has not been previously studied in relation to DNA
damage repair, the finding of BLIMP1 maintaining expression of DNA repair
pathways could be a highly novel result.

5.10.7 BLIMP1 binds to DNA repair genes

As we observed such dramatic changes in DNA repair pathway genes
following BLIMP1 KD, we sought to determine whether BLIMP1 was binding
to any of these genes for possible direct transcriptional activation. Indeed, a
small proportion of DNA repair genes were bound by BLIMP1l. The
homologous recombination genes RMI1, BRIP1 and CHAF1A were bound by
BLIMP1 (Figure 24A). RMI1 is responsible for dissolution of homologous
recombination intermediates (Cejka et al., 2010; Wu et al., 2006). BRIP1
(also known as BACH1) is a BRCAL interaction partner and DNA helicase,
essential for homologous recombination (Cantor et al., 2004; Litman et al.,
2005). CHAF1A is a subunit of the chromatin assembly factor-1 (CAF-1), and
plays a role both in homologous recombination (Baldeyron et al., 2011), and
to assemble nucleosomes during nucleotide excision repair (Mello et al.,
2002). The genes EXO1l, PCNA and POLQ are also bound by BLIMP1
(Figure 24B). EXOL1 has an integral role in processing of DNA double-strand
breaks (Mimitou & Symington, 2008; Zhu et al., 2008). While PCNA is an
essential factor in DNA replication, functioning as a sliding clamp processivity
factor for DNA polymerases (Bravo et al., 1987; Yao et al., 1996), it is also
crucial for DNA repair (Shivji et al., 1992; Umar et al, 1996). DNA
polymerase theta (Pol-8, encoded by POLQ) is important for translesion
synthesis past sites of base damage, and plays a role in alternative NHEJ
(Mateos-Gomez et al.,, 2015) and base excision repair (Yoshimura et al.,
2006). Taken together, we provide evidence for the first time of BLIMP1
maintaining expression of DNA repair pathway genes and directly binding to
the genes encoding key players in DNA repair.

114



Results

A B
60| 10kD 80 10 kb
—
H3K27me3 H3K27me3
o i bbbt o D inin it
63 39}
BLIMP1 ' BLIMP1 |
e e M el 4 i
HEH— w
HNANPK =~ +——————+gm EXO1
RMI1
60 100 kb 60 5 kb

H3K27me3 H3K27me3
[T R AT T g I

40
BLIMP1 BLIMP1 1

BRIP1 PCNA
801 10k & 20k
H3K27me3 H3K27me3
%:MMM‘M.LAW »
BLIMP1 i BLIMP1
—H

CHAF1A

Figure 24: BLIMP1 binds directly to DNA repair genes

(A) ChiIPseq tracks of BLIMP1 and H3K27me3 in the RPCI-WM1 cell line over RMI1,
BRIP1 and CHAF1A. (B) ChiIPseq tracks of BLIMP1 and H3K27me3 in the RPCI-

WML cell line over EXO1, PCNA and POLQ.
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5.11 Optimisations of a low-cell number ChIP and RNAseq
protocol

5.11.1 Establishment of a procedure for low-cell number
ChlIPseq from plasma cells

As part of Aim 4 of the project, identifying transcriptional enhancer networks
underlying the transition from MGUS to multiple myeloma, we first sought to
identify transcriptional enhancers using ChlPseq. In the earlier sections of
this thesis, ChIPseq was performed for histone marks using 1x10’ cells per
IP. However, here we needed to perform ChIP using cells from patients.
Isolations of CD138" cells from bone marrow aspirates typically yielded only
10° cells per patient, or even fewer (Table 17). To overcome this scarcity of
ChIP input material, we optimized the histone ChIP protocol for use with 10°
cells per IP. To begin with, we used the U266 myeloma cell line and tested
enrichment of the histone marks H3K4mel, H3K4me3, H3K27Ac and
H3K27me3 over expected enhancer or promoter regions compared to
negative control regions. We tested for H3K4mel as it marks enhancer
regions, H3K4me3 as it marks promoter regions, and H3K27Ac as it marks
for active enhancers and promoters (Creyghton et al., 2010; Heintzman et al.,
2009; Heintzman et al., 2007). The H3K27me3 modification marks for poised
or repressed promoters and enhancers (Rada-Iglesias et al., 2010). For the
active marks (H3K4mel, H3K4me3 and H3K27Ac), the negative control
regions were intron 4 of the TYR gene, and the promoter region of PRDM16.
These regions were selected because while they are regulatory elements,
bound by transcription factors or bearing active histone marks in other types
of cells, neither of these genes is known to be expressed in plasma cells.
Several antibody quantities per IP were tested. We started by testing 3 pug of
antibody per ChIP, but found little enrichment over background (Figure 25A-
D). Next, we tested 0.5 pg and again found not a great deal of enrichment
over background (Figure 26A-D). Finally, we tested 0.25 ug and found it to
show the largest enrichments over control regions (Figure 27A-D). To
determine the validity of the assay, we set the criteria for a successful ChIP
experiment as having an enrichment over a negative control region of at least
5-fold for the H3K4mel, H3K4me3, and H3K27Ac marks. For the H3K27me3
mark, we set the criteria to a 3-fold enrichment. This was lower because the
H3K27me3 mark is known to have a wider and less sharp distribution. The
ChIP experiments showed high levels of H3K4mel over the PRDM1
promoter, two PRDM1 enhancer regions, and an XBP1 enhancer (Figure
27A). H3K4mel marks enhancer and sometimes promoter regions
(Heintzman et al., 2007).
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Figure 25: Testing of low-cell number ChIP using 3 pg of antibody per ChiP.

ChIP-gPCR results in the U266 cell line using 10° cells per ChIP for the following
histone marks: (A) H3K4mel, (B) H3K4me3, (C) H3K27Ac, (D) H3K27me3. Values
represent per cent input enrichment relative to ChIP-gPCR for histone H3.

The H3K4me3 mark, which marks promoters but not enhancers (Heintzman
et al., 2007), was highly enriched over the MYC promoter (Figure 27B). The
H3K27Ac mark is present on active promoters and enhancers (Creyghton et
al., 2010), and here we observed it highest on the strong MYC promoter, and
lowest over the negative control region of TYR intron 4 (Figure 27C). The
H3K27me3 mark, which marks inactive or poised promoters and enhancers
(Barski et al., 2007; Rada-Iglesias et al., 2010), was lowest over the MYC
promoter region (Figure 27D). While earlier experiments had failed to show
differences between positive and negative control regions, following our
optimisation, we were able to clearly demarcate active and inactive promoter
and enhancer regions. Thus, we were able to establish a procedure for
performing ChIP using 10° plasma cells per IP.
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Figure 26: Testing of low-cell number ChIP using 0.5 pg of antibody per ChIP

ChIP-qPCR results in the U266 cell line using 10° cells per ChIP for the following
histone marks: (A) H3K4mel, (B) H3K4me3, (C) H3K27Ac, (D) H3K27me3. Values

represent per cent input enrichment relative to ChIP-qPCR for histone H3.
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Figure 27: Establishment of a low-cell number ChIP protocol using 0.25ug antibody
per ChIP

ChIP-gPCR results in the U266 cell line using 10° cells per ChiPwith 0.25 pg antibody
for the following histone marks: (A) H3K4mel, (B) H3K4me3, (C) H3K27Ac, (D)

H3K27me3. Values represent per cent input enrichment relative to ChlIP-qPCR for
histone H3.
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Table 17: Cell quantities obtained from CD138" cell isolations

Patient diagnosis Number of cells
Myeloma 1x10°
Myeloma 4.4x10°
Myeloma 2.4x10°
Myeloma 5.1x10°
Myeloma 2x10°
Myeloma 1x10°
Myeloma 5x10°
Myeloma 8.5x10°
MGUS 0.8x10*
Myeloma 1.8x10°
MGUS 1x10°
Myeloma 18x10°
Myeloma 4.92x10°
SMM 2.87x10°
Myeloma 5x10°
Myeloma 1.95x10°
Myeloma 2x10°
Myeloma 1.1x10*
Myeloma 6.3x10*
Myeloma 2x10*
Myeloma 5.8x10°
Myeloma 1.63x10°
MGUS 1.43x10°
Myeloma 1.5x10°
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Myeloma 1.5x10°
Myeloma 7x10*

Myeloma 1.3x10°
MGUS 1.2x10°
Myeloma 3.4x10*

The second task in establishing the procedure was to generate
sequencing libraries using less than 2 ng of ChIP DNA, which was lower than
the minimum 5 ng specified in ChlPseq library preparation kit protocols. We
attempted to use a whole-genome amplification (WGA) method as used in
(Ng et al., 2013), whereby the ChlIP DNA was subjected to 5 cycles of PCR
amplification using the Sigma single cell WGA kit. Because the WGA
adaptors would cause problems in the sequencing run, we included a primer
containing a Bmpl restriction site during the amplification step. Following
amplification, the adaptors were removed by Bmpl restriction digest. Because
this was insufficient to remove all of the remaining adaptors, the fragments
were re-ligated to oligos containing an additional Bmpl restriction site then
subjected to a second restriction digest. This method provided us with
sufficient quantities of ChlP DNA for library preparation, but did not seem
ideal as it forced us to use additional PCR cycles. We had been attempting to
use an in-house preparation of solid phase reversible immobilisation (SPRI)
beads for purifying the WGA and ChIP DNA libraries (DeAngelis et al., 1995;
Fisher et al., 2011). However, these beads provided much lower yields than
could be obtained from the commercial Agencourt XP beads (Figure 28).
Because the WGA and restriction digest protocol required many rounds of
purification using SPRI beads, it was beyond our budget to use the

Agencourt XP beads for every sample with this procedure.
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Serapure AMPure

Figure 28: Testing of an in-house preparation of SPRI beads compared to a
commercial preparation.

The in-house preparation (Serapure) provided much lower yields for DNA purification
than the commercial preparation (AMPure). Serapure and AMPure SPRI beads were
used at varying volume ratios relative to the volume of DNA ladder. Even the highest
ratios of Serapure beads were unable to reproduce the yield of the lowest ratio of
AMPure beads.
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Figure 29: Quantities of ChlPseq library DNA

Bioanalyzer graphs depicting the size distribution and concentrations of ChIPseq
library DNA following use of the standard procedure for library generation for the (A)
H3K4mel and (B) H3K4me3 ChIP experiments. Below are bioanalyzer graphs
depicting the size distribution and concentrations of ChlPseq library DNA following
use of the optimised protocol with increased adaptor ligation time for the (C)
H3K4mel and (D) H3K4me3 ChIP experiments.

In attempting to solve the above problems, we hypothesised that using the
DNA library preparation kit without the pre-WGA procedure may come close
to providing us with sequenceable quantities of ChlPseq libraries. When first
attempting the library preparation procedure, we were unable to generate
sufficient quantities of library DNA (Figure 29A-B). We did not want to over-
amplify our libraries by increasing the number of PCR cycles above the
recommended level, as over-amplification of a PCR reaction can lead to
rehybridisation of PCR products, interfering with primers and extension, and
leading to a decrease in the amplification rate of abundant PCR products
(Mathieu-Daude et al., 1996). Instead, we hypothesised that an
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Figure 30: Low-cell number ChlPseq library generation

Low-cell number ChiPseq libraries were generated from 10° cells per ChIP using
CD138" cells from myeloma patient bone marrow aspirate. qPCR was used to assess
the libraries for enrichment over selected genomic regions for the following histone
marks: (A) H3K4mel, (B) H3K4me3, (C) H3K27Ac, (D) H3K27me3. Values represent
the enrichment relative to a ChiPseq library for histone H3.

increased incubation time for the adaptor ligation step may result in higher
yields, and indeed using 1 h rather than the recommended 15 min led to
successful generation of ChiPseq libraries with sufficient quantities for
sequencing (Figure 29C-D).

To test if the enrichment of positive control regions was maintained over
negative regions, we diluted the ChlPseq libraries 1:100 and subjected them
to gPCR using the same primers as above, normalising to a ChlPseq library
for histone H3. To demonstrate the effectiveness of this procedure, we then
performed ChIP, sequencing library generation and gPCR in a patient
myeloma sample, and observed a strong enrichment for the H3K4mel mark

over enhancer regions, but not over promoters or negative control regions
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(Figure 30A). The H3K4me3 mark was highly enriched over the MYC and
PRDM1 promoter regions, but not enhancers (Figure 30B). The H3K27ac
and H3K27me3 marks showed inverse enrichment, with the MYC and
PRDM1 promoters high for H3K27ac, but low for H3K27me3, and the
repressed regions, TYR intron 4 and the PRDM16 promoter showing low
H3K27ac and high H3K27me3 (Figure 30C-D). Interestingly, the second
PRDM1 enhancer and XBP1 enhancer were marked with both H3K27ac and
H3K27me3, which could be indicative of heterogeneity within the pool of
cells. Thus, the sequencing library generation procedure was able to maintain
the representation of histone mark distribution seen with ChIP-qPCR.
Together, these results demonstrate establishment of a working protocol for

low-cell number ChlPseq library generation.

5.11.2 Validation of targeted transcript depletion in RNAseq
library generation

The next component of Aim 4 of the project involved total RNAseq to identify
differentially expressed eRNAs and other transcripts between MGUS and
myeloma CD138" cells. We decided to use total RNAseq rather than a
poly(A) isolation protocol because eRNAs are frequently non-polyadenylated.
Standard protocols for total RNAseq involve depletion of ribosomal RNAs
(rRNA) which make up a very large proportion of all transcripts in the cell
(Zhao et al., 2014). A unique feature of plasma cells however, is that more
than 70% of the transcriptome comprises transcripts of immunoglobulins (Shi
et al., 2015), which plasma cells secrete as the antibody-producing factories
of the body. In order to improve the sequencing depth for transcripts of
interest, we performed an additional depletion of immunoglobulin transcripts
along with rRNAs during our total RNAseq library preparation. This involved
use of primer sequences targeted to the immunoglobulin transcripts, followed

by elongation to form double-stranded reverse adaptors, and then
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Figure 31: Efficacy of total RNAseq library preparation from CD138" cells from a
myeloma patient bone marrow aspirate.

(A) Percentages of ribosomal and immunoglobulin transcripts following targeted
depletion, compared to other annotated transcripts. (B) Transcript abundances in
transcripts per million for plasma cell/myeloma genes, B cell genes, neuronal genes
and muscle genes in the RNAseq sample.

cleavage of the double-stranded adaptors, so that the targeted transcripts
were not able to be amplified during the subsequent PCR step. Because we
did not have primers targeting other transcripts, they were not marked by
double-stranded reverse adaptors and so did not have their adaptors cleaved
prior to the PCR step. Following library preparation, we performed shallow
sequencing to an approximate depth of 5 million reads per sample to test the
percentage of rRNAs and immunoglobulin transcripts. Our results
demonstrated that after depletion, the majority (63.9%) of transcripts detected

were not ribosomal nor immunoglobulin RNAs (Figure 31A).

Since we were in possession of the shallow sequencing data, we then
decided to examine the expression of myeloma plasma cell genes to validate
the CD138" cell isolation and the total RNAseq library preparation.
Promisingly, the plasma cell identity genes PRDM1, XBP1 and IRF4, as well
as the myeloma oncogene MYC were all highly expressed (Figure 31B).
Contrastingly, there was very little expression of the B cell genes BCL6 and
PAX5, and no expression of the neuronal genes RBFOX3 and MAP2 or the
muscle genes SGCA and DES. This confirmed the identity of the cells used
in library preparation, and validated the procedure as maintaining expected

gene expression profiles. Thus, we were able to confirm effective generation
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of total RNAseq libraries depleted of ribosomal and immunoglobulin
transcripts.

Taken together, our optimisations have established effective procedures
for ChlPseq and total RNAseq using small quantities of material such as is
obtained from bone marrow aspirates. The procedures described above have
now been used for ChiIPseq and RNAseq on bone marrow plasma cells from
MGUS and myeloma patients. However, due to time constraints, we have not
yet analysed the sequencing data from these experiments.
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6 Technical hurdles and considerations

6.1 Off-target effects of EZH2 KD

Initially, we wanted to test the inhibition of EZH2 not only through catalytic
inhibition, but also using the same piggyBac system that was used to
generate the cells with BLIMP1 KD. We created two RPCI-WM1 cell lines
harbouring inducible miRNAs targeting EZH2 and generated single cell
clones of these cells. These were termed EZH2-miR#1, EZH2-miR#2-B10
and EZH2-miR#2-G7. Two clones were used for the EZH2-miR#2 because
they showed varying levels of EZH2 KD, and so were deemed valuable as a
tool to see the effects of different quantities of EZH2. Both miRNAs produced
a decrease in the amount of EZH2 protein, but the EZH2-miR#2-G7 clone
had the biggest decrease (Figure 32A). All of the clones examined led to an
increase in apoptosis following 48h of induction (Figure 32B).

We next sought to rescue the effect of EZH2 KD by lentiviral ectopic
expression of EZH2. We had received EZH2 lentiviral overexpression
plasmids with a pLenti-CMV-Hygro backbone as used in (Xu, K. et al., 2012)
as a kind gift from Kexin Xu. The EZH2 was fused to a haemagglutinin (HA)
tag. When we tried to generate lentivirus using this plasmid, we failed to see
any surviving cells following hygromycin selection. Furthermore, we failed to
see any HA staining following transduction of RPCI-WM1 cells. This was
attempted many times, with the idea of opmtimising the virus production.
However, we also used a pLenti-CMV-EGFP-Hygro plasmid obtained from
Addgene with the same method for lentivirus production. When this virus was
used to transduce RPCI-WM1 cells, we observed very high transduction
efficiency, with all cells surviving hygromycin selection.

At this point, we were running out of time and so decided to send our
EZH2-miR#2-B10 clone out for RNAseq before completing the rescue
experiment. We found a highly significant correlation between the gene
expression changes induced by this miRNA and those induced by the
PRDM1-miR#2 (Figure 32C). This suggested that BLIMP1 and EZH2 were
likely targeting many of the same genes. During this time, we decided to
clone the EZH2 cDNA from the pLenti-CMV-Hygro lentiviral plasmid into the
FUGW backbone, which was previously used for ectopic expression of
BLIMP1. We generated an EZH2-miR#2-resistant mutant EZH2-EGFP cDNA
in this backbone. Using lentivirus produced with this plasmid, we were
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successfully able to express miR-resistant EZH2-EGFP in the RPCI-WM1
EZH2-miR#2 cells. (Figure 33A). This did not lead to any difference in the cell
death phenotype following 2 days and 5 days of EZH2 KD compared to
EGFP alone (Figure 33B). Thus, we concluded that the EZH2-miR#2 was
most likely causing cell death in the RPCI-WM1 cell line through an off-target
effect. We had earlier attempted to rescue the EZH2 KD by ectopic
expression of BLIMP1 (Figure 33C), and interestingly, we observed an
increase in cell viability compared with cell expressing EGFP alone (Figure
33D). This, combined with the highly significant correlation between EZH2
and BLIMP1 target genes (Figure 32C), suggested that the EZH2-miR#2
might have been targeting the PRDM1 transcript or a factor that affects
BLIMP1 expression. In light of this, we did not continue our RNAseq analyses
or continue using these cells, but instead focused on treating the cells with
the EZH2 inhibitor, tazemetostat.
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Figure 32: Profiling of the EZH2 miRs

(A) Western blot depicting the quantity of EZH2 following 48 h induction of the
NT-miR, EZH2-miR#1, EZH2-miR#2-B10 or EZH2-miR#2-G7 RPCI-WML1 cells.
(B) Annexin V staining depicting the percentage of apoptotic cells following 48 h
induction of the RPCI-WML1 cells with the NT-miR, EZH2-miR#1, EZH2-miR#2-
B10 or EZH2-miR#2-G7. (C) Scatterplot depicting the beta values derived from
the Wald test in Sleuth. The beta values represent the effect size of the loge-
transformed values The x-axis depicts the beta values of PRDMI1-miR#2
compared to the NT-miR and the y-axis depicts the beta values of the EZH2-
miR#2-B10 compared to the NT-miR, all following 48 h of induction with dox. The
blue dots represent genes with a statistically significant decrease in expression in
both conditions, whereas the purple dots represent genes with a statistically
significant increase in expression in both conditions. The red dots represent
those genes that did not have statistically singificant changes in both conditions.
The linear regression of these beta values shows a statistically significant
correlation; R?= 0.32, p < 2.2e-16.
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Figure 33: Restoring EZH2 expression does not rescue the cell death phenotype

(A) Western blot depicting ectopic expression of EGFP or EZH2-EGFP in RPCI-WM1
cells with EZH2-miR#2-G7 compared to the NT-miR. (B) Percentage of live cells as
determined by trypan blue exclusion assay following 2 days or 5 days of induction of
EZH2-miR#2-G7 with ectopic expression of EGFP or EZH2-EGFP. (C) Western blot
depicting ectopic expression of EGFP or BLIMP1-EGFP in RPCI-WML1 cells with
EZH2-miR#2-G7 compared to the NT-miR. (D) Percentage of live cells as determined
by trypan blue exclusion assay following 2 days or 5 days of induction of EZH2-
miR#2-G7 with ectopic expression of EGFP or BLIMP1-EGFP.
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Figure 34: Principle component analysis of DMSO and tazemetostat-treated RNAseq
samples, showing individual replicates

6.2 Alternative methods needed for Tazemetostat RNAseq
analysis

Following RNAseq for RPCI-WM1 cells treated with tazemetostat or the
DMSO vehicle control, we failed to see separation of the samples based on
treatment using principle component analysis (Figure 34). Additionally, a
basic wald test and likelihood ratio test using Sleuth provided almost no
differentially expressed genes. Further investigation led us to realize that the
samples were clustering based on the day that the libraries were prepared
rather than the treatment. But fortunately, we had designed our experimental
setup such that one replicate for every sample was prepared on each
separate day, essentially in batches for each replicate. All samples were
given separate indexes and sequenced together in a multiplexed pool on an
individual lane so that lane effects would not be present. In this way, if we
took the batch into account as another covariate in the analysis it would allow
us to see through the batch effect. This was very effective, allowing us to
uncover 450 differentially expressed genes comparing tazemetostat to
DMSO in the RPCI-WM1 cell line (Figure 9B). For the R script used, please
see Appendix I.
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6.3 Isolation of CD138+ cells from human bone marrow

A major hurdle in the project was in the difficulty of isolating a pure population
of CD138" cells with a yield high enough to be used for ChlPseq and
RNAseq library generation. Our initial protocol involved positive selection
using anti-CD138 conjugated microbeads. The purity resulting from this
method was often very low, but varied from patient to patient, with a
maximum of 99%, and a minimum of 6% (Table 18). We consulted with the
labs of Minal Patek (Memorial Sloan Kettering Cancer Center) and Sigurdur
Yngvi Kristinsson (Karolinska Institute and the University of Iceland) who had
been isolating CD138" cells on a large scale. We found that they did not
continue with plasma cell isolation from samples that had fewer than 20 x 10°
mononuclear cells following density gradient centrifugation. However, due to
the average diagnoses of myeloma patients in Iceland, being only around 12
cases per year, we could not afford to discard samples if we were to
complete the project in the allotted time frame.

Table 18: Purity of multiple myeloma and MGUS samples collected in Iceland purified
using the anti-CD138 microbeads

Sample Purity
Myeloma 89%
Myeloma 75%
MGUS too few cells
Myeloma 30%
MGUS 30%
Myeloma 97%
Myeloma 93%
SMM 70%
Myeloma 83%
Myeloma 65%
Myeloma 6%
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Myeloma too few cells
Myeloma too few cells
Myeloma 67%
Myeloma 90%
Myeloma 99%
Myeloma 89%
MGUS 56%
Myeloma 26%

In order to try to improve the purity of our CD138" cell isolations, we
moved to using a plasma cell isolation kit from Miltenyi, which first involved
depletion of non-plasma cells, followed by positive selection using anti-
CD138 microbeads. This method appeared to improve the purity, but was
very time consuming (Table 19). In our search, we were then introduced to
the CD138 whole blood isolation kit, which involves purification of CD138"
cells directly from whole blood or bone marrow without the density gradient
centrifugation step. This cut down on the time of the procedure dramatically
and appeared to give a good yield and purity (Table 20), but by this stage we
were running out of time for increasing our sample collection. Instead, we
then contacted collaborators in Sweden who supplied us with 8 MGUS
patient samples that had already been purified. Unfortunately, two of these
samples had very low quality RNA following isolation, likely due to being
stored as cell pellets at -80°C for more than five years. We were finally able
to generate ChiPseq and RNAseq libraries for seven Icelandic multiple
myeloma patient samples and seven MGUS samples, one Icelandic and six
Swedish. Because of the small number of samples, we also decided to
include ChlPseq and RNAseq libraries for the multiple myeloma cell lines
OPM-2 and NCI-H929. The libraries have now been sequenced and the data
is awaiting analysis. Having the vast majority of MGUS samples from
Sweden, and all of the myeloma samples from Iceland is a potential caveat of
this project due to the genetic differences in these populations.
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Table 19: Purity of multiple myeloma samples isolated using the plasma cell isolation
kit with depletion of non-plasma cells

Sample Purity
Myeloma 33%
Myeloma 93%
Myeloma 95%

Table 20: Purity of MGUS and multiple myeloma samples isolated using the CD138
whole blood isolation kit

Sample Purity
MGUS 87%
Myeloma 34%

6.4 Technical hurdles as learning opportunities

The technical hurdles described above absorbed large amounts of time
during this PhD project, but served as important learning opportunities. The
first hurdle demonstrated the importance of performing rescue experiments
for any RNA interference or knock-out experiment. In addition, using more
than two targeting miRNAs may have saved us the time of profiling cells with
an off-target effect. The second hurdle was fortunately not too difficult to
overcome due to our careful experimental design early on. This highlights the
extreme importance of batch design, as batch effects can be a heavily
confounding variable (Auer & Doerge, 2010).

The third hurdle gave us the opportunity to learn about the difficulty of
using freshly collected human patient material and the challenges associated
with needing to utilise every sample from a newly diagnosed patient in the
country. The small population of Iceland, while providing us with a unique
situation from a genomic perspective, creates additional challenges due to
the scarcity of patient material. This is something that needs to be taken into
account for future projects. Furthermore, the challenges associated with
setting up isolation protocols in a location where they have not previously
been performed in this way need to be taken into account when planning the
time line of a project.
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7 Discussion

Transcriptional regulation is a central process in development and disease,
driving cell identities and differentiation, as well as malignant transformation.
Antibody secreting malignancies such as Waldenstrdom’s macroglobulinemia
and multiple myeloma are suitable disease models for studying
transcriptional regulation, as both are derived from the B cell differentiation
process with its multitude of changes in transcriptional control and chromatin
architecture. It is interesting to study these diseases in relation to their cells of
origin and to consider the transformative events in the context of the normal
genetic and transcriptional changes that occur during differentiation.

In this study | present novel evidence of BLIMP1 functioning as a pro-
survival factor in Waldenstrém’s macroglobulinemia cell lines. | show for the
first time that BLIMP1 maintains EZH2 protein levels. Highlighting the
interplay of the two factors, | demonstrate a large overlap in transcriptional
targets. Although an interaction has been shown between these proteins in
mouse plasmablasts (Minnich et al., 2016), | find here that the majority of
their co-operation results from binding to distinct sites on the same genes as
well as through BLIMP1 maintaining EZH2 protein levels. Interestingly, both
BLIMP1 and EZH2 inhibit NK cell mediated cytotoxicity against
Waldenstrém’s macroglobulinemia cells through effects on NK cell activation
and promoting resistance to killing by NK cells. Furthermore, BLIMP1 KD
leads to cell cycle arrest, and large transcriptional changes in genes relating
to the cell cycle, checkpoint enforcers, and the DNA damage response. In
addition, | present the development of procedures for ChlPseq and total
RNAseq from low numbers of cells derived from patient bone marrow
aspirates. These technigues can be used for the identification of
transcriptional enhancers.

7.1 BLIMP1 as a pro-survival factor in Waldenstrom’s
macroglobulinemia

BLIMP1 has long been considered a tumour suppressor in the context of
DLBCL (Calado et al., 2010; Mandelbaum et al., 2010; Pasqualucci et al.,
2006), and yet it has been described as a necessary survival factor for
multiple myeloma (Hung et al., 2016; Lin et al., 2007). In an interesting
contradiction, inactivating mutations in the PRDM1 gene have been found in
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some myeloma patients (Lohr et al., 2014). This has led to speculation that
BLIMP1 could act as a tumour suppressor in this context as well (Nutt et al.,
2015). However, the inactivating mutations in PRDM1 are almost exclusively
heterozygous events (Lohr et al., 2014). Thus, there is likely to be some
BLIMP1 expression remaining in these cells. This is in line with the frequent
heterozygous deletions in the 6q region, containing PRDM1 in Waldenstrom’s
macroglobulinemia (Schop et al., 2002; Schop et al., 2006). Although PRDM1
is not the most frequently lost gene with 6g deletions, with loss of other genes
such as HIVEP2 and ARID1B being more common (Hunter et al., 2014),
PRDM1 is still commonly lost, and deletions within 6q are likely to be a
secondary event following malignant transformation (Schop et al., 2006).
Indeed, the loss of 6q has been shown to correlate with the MYD88-%*"
mutation in Waldenstrém’s macroglobulinemia (Kim et al., 2014). Intriguingly,
PRDML1 is transcriptionally activated downstream of MYD88 and TLRs in B
cells (Capolunghi et al., 2008; Douagi et al., 2009; Genestier et al., 2007; Lin
et al., 2006; Morgan et al., 2009; Pasare & Medzhitov, 2005), and
transcriptomic analyses from Waldenstrém’s macroglobulinemia patients
show PRDM1 expression to positively correlate with the presence of the
MYD88-**" mutation (Hunter et al., 2016). To explain this apparent
contradiction, of both heterozygous PRDM1 deletion and PRDM1 expression
correlating with MYD88-%°*", it is useful to consider the effect of BLIMP1
expression at different stages of B cell differentiation. Just as described for
IRF4 in B cells (Ochiai et al., 2013; Saito et al., 2007; Sciammas et al., 2006),
graded expression of BLIMP1 defines different stages of antibody-secreting
cell differentiation (Kallies et al., 2004). Low to intermediate levels of BLIMP1
are expressed in plasmablasts to support antibody secretion, but at levels low
enough that the cells retain proliferative capacity and the ability to migrate
(Kabashima et al., 2006; Nutt et al., 2007). Conversely, high levels of BLIMP1
have been reported to inhibit the cell cycle (Shaffer et al., 2002). | propose a
model whereby PRDM1 is activated downstream of MYD88-*°F in
Waldenstréom’s macroglobulinemia, and in order to maintain proliferative
capacity, the cells that lose one copy of PRDM1 are positively selected for,
as those with high BLIMP1 expression cease cycling. Furthermore, loss of
other loci within the 6qg region could impact on PRDM1 transcription by
inactivating enhancer regions or causing changes to the chromatin structure
around this gene. The remaining copy of PRDM1 could produce low to
intermediate BLIMP1 protein levels and provide a survival advantage,
supporting antibody secretion without inhibiting proliferation. Thus, the
heterozygous loss of PRDM1 does not necessitate a function as a tumour
suppressor.
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7.1.1  BLIMP1 maintenance of cell cycle progression and DNA
repair pathways

The repression of pro-apoptosis genes by BLIMP1 is a likely mechanism for
promoting cell survival. However, the absence of BLIMP1 binding to these
genes indicates that this is not a primary effect of BLIMPL1. Instead,
maintaining expression of positive cell cycle regulator genes such as E2F1
and repressing G1/S checkpoint enforcer genes such as CDKN1A may
prevent apoptosis. Whether BLIMP1 is indeed inducing transcriptional
activation of E2F1 is an interesting question. It would be highly informative to
conduct experiments such as in Minnich et al.,, 2016, where Blimpl was
ectopically expressed fused to the oestrogen receptor, and could be induced
to translocate to the nucleus through the addition of 4-hydroxytamoxifen. The
authors added cycloheximide to inhibit translation, then induced the nuclear
translocation of Blimpl. Under these conditions, they were able to measure
direct transcriptional targets that were not mediated through secondary
transcriptional effects. It is also interesting to consider the graded expression
of BLIMP1 conferring different functions in relation to regulation of the cell
cycle. | propose that low levels of BLIMP1 may actually positively regulate the
cell cycle, whereas higher levels inhibit it. This is also relevant in relation to
the overlapping targets of BLIMP1 and EZH2, and BLIMP1 maintenance of
EZH2 protein levels, with EZH2 most well known as a driver of proliferation.
Surprisingly here, | did not observe EZH2 inhibition to induce changes in cell
cycle progression genes.

A highly relevant question is whether BLIMP1 is in fact maintaining
expression of genes involved in DNA repair pathways. While | did see
extensive gene expression changes, this could be more due to the changed
distribution of the RPCI-WML1 cells in each phase of the cell cycle. The
homologous recombination and mismatch repair pathways do not take place
in the G1 phase (Hustedt & Durocher, 2016), and so it follows that if most of
the cells are arrested in G1, there will be decreased expression of these
repair pathway genes. However, genes involved in other pathways such as
NHEJ are expressed throughout the cell cycle and also show decreased
expression following BLIMP1 KD. While more experiments would be needed
to understand more precisely what is occurring, it appears that BLIMP1 could
be maintaining expression of DNA repair genes, and possibly even though
direct binding and activation. Again, conducting experiments to determine
direct targets of transcriptional activation by BLIMP1 would provide useful
insight into this situation. If it is indeed the case that BLIMP1 is maintaining
DNA repair pathway activation, it is interesting to speculate that the loss of
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BLIMP1 might lead to the accumulation of DNA damage, and that BLIMP1
might be induced in response to DNA damage. Indeed, in human skin cells,
PRDML1 is one of the few genes activated early on in response to ionising
radiation (Albrecht et al., 2012). Furthermore, a polymorphism affecting the
expression of the PRDM1 gene confers increased susceptibility to radiation
therapy induced secondary malignant neoplasms. This variant decreases
BLIMP1 expression and prevents BLIMP1 activation in response to ionising
radiation (Best et al., 2011). Recent preliminary data from our lab indicate
that DNA double strand breaks accumulate in the RPCI-WML1 cell line upon
BLIMP1 KD. Together, these data support the concept of BLIMP1 playing an
important role in DNA repair.

As an alternative to direct regulation by BLIMP1, the repression of BCL6
by BLIMP1 could also be the main mechanism behind BLIMP1’s role in
regulation of cell cycle and DNA repair genes. BCL6 represses the DNA
damage sensor ATR, and the G2/M checkpoint driver CHEK1 in B cells
(Ranuncolo, Stella Maris et al., 2007; Ranuncolo, Stella M. et al., 2008). This
is a normal mechanism for allowing the processes of SHM and CSR to take
place in germinal centre B cells. | could speculate that perhaps low levels of
BLIMP1 are induced by the DNA damage taking place during these
processes. BLIMP1 could then function to repress BCL6 and activate DNA
repair mechanisms, which also play a role in SHM and CSR, and
subsequently drive the cell towards a more differentiated plasmablast-like
state.

Overall, BLIMP1 regulating the cell cycle and DNA repair pathways in
Waldenstréom’s macroglobulinemia could be a good example of how cancer
cells can utilise the conventional roles of a transcription factor in cell
differentiation to promote a malignant phenotype.

7.1.2 BLIMP1 promoting escape from immune surveillance

The evasion from immune surveillance promoted by BLIMP1 can be seen as
another survival mechanism in Waldenstrém’s macroglobulinemia. BLIMP1
has long been studied in relation to transcriptional repression of immune
signalling mechanisms, such as the IFN-B promoter and CIITA (Chen et al.,
2007; Keller, A D & Maniatis, T, 1991; Piskurich et al., 2000; Tooze et al.,
2006). However, this was always discussed as an aspect of its role in B cell
biology, rather than a mechanism for evading the immune system. Crosstalk
between NK cells and B cells occurs under normal circumstances to promote
immunoglobulin secretion and class switching following B cell activation, as
well as to influence the presentation of antigen by B cells to T cells (Yuan et
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al., 2010). B cells can also activate NK cells to increase cytokine production
via direct cell-cell interactions (Gao et al., 2006). It therefore follows that as
BLIMP1 represses the B cell transcriptional program and B cell immune
signalling, it also represses the transcription of genes relating to B cell-NK
cell interactions.

MHC class | is important for managing the balance between activation
and inhibition of NK cells, providing a strong inhibitory signal. While BLIMP1
has previously been shown to repress MHC class | pathway genes, but not
the MHC class | molecule-encoding genes themselves (Doody et al., 2007;
Mould et al., 2015), in the present study, | found it to be activating or
maintaining expression of the MHC class | genes HLA-A and HLA-B. This
could represent a perturbation of BLIMP1’s normal role in repressing the
MHC class | antigen presentation pathway, instead maintaining MHC class |
molecule expression in order to maintain NK cell immune tolerance in
Waldenstrém’s macroglobulinemia. The expression of MHC class |l
molecules on B cells is an integral part of their role as professional APCs,
and MHC class Il repression by BLIMP1 is a normal part of plasma cell
differentiation (Piskurich et al., 2000). However, loss of MHC class Il could
also lead to impaired recognition by T cells. Thus, BLIMP1 may be avoiding
killing by both NK cells and T cells through modulation of MHC class | and I
genes in Waldenstrém’s macroglobulinemia cells.

Repression of activating ligands by BLIMP1 indicates that BLIMP1 is likely
leading the Waldenstréom’s macroglobulinemia cells to “hide” from the NK
cells. This is evidenced by the increased degranulation of the NK cells
following BLIMP1 KD. In this way, Waldenstrom’s macroglobulinemia cells
expressing BLIMP1 are able to avoid activating the NK cells, and thus
escape immune-mediated killing. At the same time, Waldenstrom'’s
macroglobulinemia cells expressing BLIMP1 are likely evading cell death
signals from the NK cells by repressing expression of IFN and TNF receptors
as well as downstream responder genes such as STAT1. NK cells perform
their cytotoxic activities both by releasing cytotoxic granules and apoptosis-
inducing cytokines, as well as directly through the Fas Ligand and TNF-
related apoptosis-inducing ligand (Morvan & Lanier, 2015). Hand-in-hand
with the repression of responses to inhibitory cytokines, is the repression of
apoptosis mediators themselves. As discussed above, BLIMP1 suppresses
apoptosis in Waldenstrom’s macroglobulinemia cells, which can be seen as
another mechanism of immune escape, through de-sensitisation to
apoptosis-inducing signals.
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In addition to modulating T or NK cell activation, B cells and plasma cells
themselves bear inhibitory checkpoint receptors, which when stimulated with
ligand can lead to cell death and altered interactions with immune effector
cells. These checkpoints are frequently lost in DLBCL and multiple myeloma
as a mechanism for promoting survival (Boice et al., 2016; Lozano et al.,
2018). As well as inhibitory checkpoint receptors, many of their
corresponding ligands were also expressed on the RPCI-WM1 cells following
BLIMP1 KD. Recent studies have shown that in cis interactions of inhibitory
receptors and ligands can lead to inhibition of trans interactions between
target and effector cells (Claus et al., 2016; Zhao et al., 2018). Through
expressing the receptors alongside the ligands, the RPCI-WML1 cells could be
activating inhibitory signalling in cis, as well as preventing engagement of
inhibitory receptors on NK cells or T cells. Thus, BLIMP1 promotes
Waldenstréom’s macroglobulinemia cell survival through multiple methods
relating to escape from immune surveillance. This demonstrates how BLIMP1
makes use of its normal roles in plasma cells to provide a survival advantage
to cancer cells.

Using only one cell line for the immune evasion experiments is however, a
weakness of this project. To increase the scope of the project, using other
Waldenstréom’s macroglobulinemia cell lines and multiple myeloma cell lines
as well as cells from patients would be extremely useful. It would be
interesting to extend these results even beyond B cell malignancies by
looking at the effects of BLIMP1 KD on immune evasion in other cancers
where BLIMPL1 is expressed, such as in breast cancer or pancreatic cancer
(Chiou et al., 2017; Sciortino et al., 2017).

Taken together, the graded expression of BLIMP1 and the developmental
stage at which it is expressed are likely the keys to its tumour suppressor
verses pro-survival role. Our results demonstrate that BLIMP1 affects
apoptosis, the cell cycle, DNA repair and immune evasion to maintain
Waldenstréom’s macroglobulinemia cell survival. It would be worthwhile to
inhibit BLIMP1 in Waldenstrom’s macroglobulinemia patient tumour cells to
confirm these mechanisms.

It is useful to keep in mind that the use of cell lines and not primary patient
material has limited the scope of our study. | cannot say that our results apply
generally in Waldenstréom’s macroglobulinemia due to this. Furthermore, it
would have been good to use more than one cell line in the RNAseq and
ChiPseq analyses. For the RNAseq analyses this may have been possible,
but | had technical difficulties in generating and culturing MWCL-1 and
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BCWM.1 cell lines with BLIMP1 KD. Even though this was an inducible
mMiRNA, the induction was often present even without the addition of
doxycycline, and so | often observed a large amount of cell death very
quickly, and upon subsequent passages was no longer able to observe an
inducible KD. This was particularly a problem for the BCWM.1 cell line where
| was not able to generate a stable cell line with inducible BLIMP1 KD.
Outside of the project’s time constraints it would be good to produce such
cells using another method, such as a lentiviral inducible system, or an
inducible CRISPR-Cas9 system. If these methods could provide us with a
more precisely inducible system we could have avoided the miRNA
expression in the absence of doxycycline, and possibly achieved a good KD
of BLIMP1 in the BCWM.1 cell line. If this method could then be applied to
Waldenstrém’s macroglobulinemia patient lymphoplasmacytic cells, it would
go a long way towards increasing our understanding of BLIMP1’s role in
Waldenstrém’s macroglobulinemia.

7.2 The interplay of BLIMP1 and EZH2

7.2.1  BLIMP1 and EZH2 in Waldenstrém’s macroglobulinemia
and multiple myeloma —relation to B cell development

Considering the co-expression of BLIMP1 and EZH2 in the same cell can
underscore the roles these factors are playing, as both have highly specific
expression in B cell and plasma cell ontogeny. Pre-plasmablasts and
plasmablasts are perhaps the only B cell stage where these two factors are
co-expressed (Herviou et al., 2019; Jourdan et al., 2011; Kallies et al., 2004).
While Waldenstrom’s macroglobulinemia and myeloma cells do not have all
of the characteristics of pre-/plasmablasts, it follows that these malignant
cells may have hijacked the transcriptional apparatus of this differentiation
stage to maintain proliferation. | would conjecture that Waldenstrém’s
macroglobulinemia could arise from a pre-plasmablast-like cell, with both
proliferative and antibody-secreting capacity. These pre-plasmablast-like
cells likely differentiated from memory B cells or other B cells, which had
previously undergone SHM outside of the germinal centre, which could
explain the phenotype of expressing somatically hypermutated but not class
switched immunoglobulins.

The co-expression of both B cell and plasma cell transcription factors in
Waldenstrém’s macroglobulinemia, including PAX5, SPIB, BLIMP1, IRF4,
and the spliced form of XBP1 (Zhou et al., 2014) represents an expression
profile in conflict with the most well-known expression patterns for these
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factors, which would typically not be co-expressed (Nutt et al., 2015).
However, following stimulation of memory B cells, both pre-plasmablasts and
those B cells which do not lose expression of CD20 to form pre-plasmablasts
exhibit co-expression of B cell and plasma cell transcription factor genes
(Jourdan et al., 2011). Although both B cell and plasma cell transcription
factors are co-expressed in Waldenstréom’s macroglobulinemia, that does not
rule out a role for BLIMP1 in repressing transcription of B cell genes such as
PAX5 and BCL6. Indeed, my results did demonstrate increased expression of
PAX5 and BCL6 following BLIMP1 KD. Instead, BLIMP1 may be partially
suppressing the expression of these genes, keeping them at a low enough
level to support antibody secretion. Meanwhile, the expression of PAX5 may
be simultaneously promoted by other B cell transcription factors such as
TCF3 (E2A), SPI1 (PU.1) and IKZF1 (IKAROS), which are all highly
expressed on an mRNA level in the RPCI-WM1 cell line. TCF3 is also known
to be expressed in activated and germinal centre B cells in mice, likely
playing a role in maintaining PAX5 expression (Kwon et al., 2008). It is
interesting to speculate that some perturbed factors in Waldenstréom’s
macroglobulinemia could maintain the chromatin architecture needed for the
expression of B cell factors, while at the same time allowing for plasma cell
gene expression. For example, the DNA methyltransferases Dnmt3a and
Dnmt3b were recently implicated in the regulation of chromatin architecture,
functioning to dampen plasma cell differentiation (Barwick et al., 2018).
Factors such as these and others may contribute to the feedback
mechanisms dampening the effects of constitutive MYD88 signalling and
holding the cells in an “in-between” stage of differentiation. Taken together,
the co-expression of B cell and plasma cell transcription factors in
Waldenstrom’s macroglobulinemia likely occurs as a finely tuned balancing
act between inhibition and activation.

A recent study demonstrated that ectopically expressing BLIMP1 early in
B cell development leads to increased plasma cell differentiation in the
absence of germinal centre B cells (Bbnelt et al., 2018). Interestingly, these
plasma cells express higher levels of IgM, but not IgG. This also shows some
similarities to Waldenstrdm’s macroglobulinemia cells, suggesting that the
early expression of BLIMP1 in Waldenstrém’s macroglobulinemia, due to for
example, MYD88**" could lead to a more differentiated antibody-secreting
phenotype. In support of this idea, SDC1, which encodes the plasma cell
marker CD138, has higher mRNA expression in Waldenstrém’s CD19" cells
compared to healthy donor B cells (Hunter et al., 2016).
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Another possibility is that Waldenstrom’s macroglobulinemia cells
comprise a spectrum of cells at different stages of differentiation, with some
cells acting as tumour initiating cells, capable of replenishing the tumour
following treatment. The assortment of cells at different differentiation stages
is evidenced by the heterogeneity of BLIMP1 expression in the MWCL1 and
BCWM.1 cell lines. It would be highly informative in the future to conduct an
experiment where the cells would be sorted for BLIMP1 or CD138 expression
and profiled for the expression of B cell markers such as CD19 and CD20, a
well as other properties such as levels of antibody secretion, proliferation
rate, responses to currently used therapies, and their ability to be maintained
in culture. | would hypothesise that the cells with high BLIMP1 expression
may have different properties to those with low BLIMP1. For example, in
multiple myeloma, there exists a cellular subset resembling pre-plasmablasts
that express the un-spliced form of XBP1. They are resistant to bortezomib,
and capable of recapitulating tumours following treatment (Leung-Hagesteijn
et al., 2013). In Waldenstrém’s macroglobulinemia, the cells with low BLIMP1
expression may comprise the more proliferative or treatment-resistant
compartment, perhaps the tumour initiating cells, which can later differentiate
to express higher levels of BLIMP1 and secrete high levels of antibody.

Interestingly, in mouse plasmablasts and pre-plasmablasts, EZH2 binds to
cell cycle and DNA repair genes in the absence of the H3K27me3 mark
(Herviou et al., 2019). | observed some of these same genes to be induced
following BLIMP1 KD, but not EZH2 inhibition in our RNAseq data. This
raises the interesting idea of the differences in the role of EZH2 as a histone
methyltransferase verses its role independent of this activity. It was
previously shown that in some cancers dependant on EZH2 expression, the
catalytic activity of EZH2 was somewhat dispensable for their survival (Kim et
al., 2015). | could speculate that BLIMP1 maintaining EZH2 protein levels
drives its histone methyltransferase-independent activity to positively regulate
the cell cycle and DNA repair mechanisms. If this occurred independently of
EZH2’s catalytic activity, we would not observe these changes following
tazemetostat treatment, as tazemetostat only inhibits the catalytic activity of
EZH2.

The physical interaction of Blimpl and Ezh2 demonstrated in mouse
plasmablasts showed only a very small proportion of the endogenous Ezh2
protein was precipitated with Blimp1 (Minnich et al., 2016). Furthermore, our
ChiPseq for BLIMP1 and H3K27me3 suggested that if the proteins are co-
binding to chromatin in these cells, it is indeed a very small fraction of the
endogenous proteins, as there were very few regions bound by both BLIMP1
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and H3K27me3 within 10 kb of one another. In fact, | observed a similar
enrichment of H3K27me3 over BLIMP1 binding sites in the RPCI-WML1 cell
line, as seen in mouse plasmablasts (Minnich et al., 2016). However, |
believe this to be more likely a reflection of general histone density, rather
than due to the specific recruitment of EZH2 by BLIMP1. The presence of
H3K27me3 is a hallmark of transcriptionally inactive regulatory elements
(Barski et al.,, 2007), and BLIMP1 typically functions as a transcriptional
repressor, bound to inactive regions of the genome. There is typically a
depletion of nucleosomes in the immediate vicinity of sequence-specific
transcription factor binding sites (Li et al., 2007). Thus, even if BLIMP1 is not
recruiting EZH2 to chromatin to deposit H3K27me3, there could be a slight
enrichment of H3K27me3 on either side of BLIMP1 binding sites due to the
repressed state of most of these regions. Alternatively, it is also possible that
the co-expression of these factors without their physical interaction could be
an underlying pathogenic feature of Waldenstrém’s macroglobulinemia and
high-risk multiple myeloma. It would be interesting to generate BLIMP1 and
EZH2 deletion mutants to identify which specific portions of the proteins are
necessary for their interaction, and to examine the effects of disrupting the
interaction in plasmablasts.

Using only one Waldenstrém’s macroglobulinemia cell line for ChlPseq
was a weakness in our project. For the ChiPseq analyses, | wanted to only
look at the binding sites of endogenous BLIMP1 rather than using
overexpression, as the level of BLIMP1 expression can have a huge
influence on its function. In light of this, it would be technically very
challenging to perform ChiPseq for BLIMP1 in the MWCL-1 and BCWM.1 cell
lines because of their low BLIMP1 expression. Although, in the absence of
time constraints, a project on optimising BLIMP1 ChlPseq in other
Waldenstréom’s macroglobulinemia cell lines or even in patient tumour
samples could provide us with extremely valuable insights into the function of
this protein.

7.2.2  The maintenance of EZH2 by BLIMP1

The observation of BLIMP1 maintaining EZH2 protein levels is a highly novel
result. This could explain the results of a recent study which found that
knock-out of EZH2 induced the activation of BLIMP1 transcriptional targets
(Guo et al., 2018). These targets could simply be repressed by BLIMP1
through the maintenance of EZH2. It also explains the transcriptional
changes overlapping between BLIMP1 KD and EZH2 inhibition, beyond the
mechanism of the two factors binding to the same genes.
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A question that was raised during the study was whether BLIMP1
maintains EZH2 levels through inhibition of the proteasome or through miR-
138. Inhibition of the proteasome by BLIMP1 is the more likely candidate, as
when | combined BLIMP1 KD with proteasomal inhibition it led to a
restoration of EZH2 levels. However, BLIMP1 KD induced miR-138
expression from a previously undetectable level and miR-138 is well known
to target EZH2 (Liang et al., 2014; Rastgoo et al., 2018a; Zhang et al., 2013;
Zhu et al., 2016). It would be useful to further investigate the role of miR-138
targeting EZH2 downstream of BLIMP1 by knocking out miR-138 and then
inducing BLIMP1 KD to confirm that inhibition of the proteasome by BLIMP1
was the main mechanism by which it maintains EZH2 levels.

One way in which BLIMP1 may be inhibiting the proteasome to maintain
EZH2 is via mTOR. Protein degradation via both autophagy and the ubiquitin-
proteasome system is activated when mTORCL1 is inhibited (zZhao et al.,
2015). The mTOR pathway is regulated by Blimpl in mouse plasmablasts
(Tellier et al., 2016), and in our results mMTORC1 signalling was negatively
enriched with BLIMP1 KD. Furthermore, the mTOR inhibitor, everolimus has
recently demonstrated activity in clinical trials for relapsed and primary
Waldenstrém’s macroglobulinemia (Ghobrial, Irene M. et al., 2013; Treon et
al., 2017b). BLIMP1 also activates the unfolded protein response, which
interacts with mTOR signalling in plasma cells (Goldfinger et al., 2011,
Shaffer et al., 2004; Tellier et al., 2016), and was also negatively enriched in
our results with both BLIMP1 KD and EZH2 inhibition. These pathways are
likely to play a role in the degradation of EZH2, and may be of clinical
significance to Waldenstrdm’s macroglobulinemia, however further studies
are needed to elucidate this mechanism.

Our RT-gPCR in RPCI-WM1 cells with BLIMP1 KD and ectopic
expression of EZH2 showed a number of BLIMPL1 targets that were regulated
through EZH2. It was interesting to note that these all related to B cell and
immune signalling processes. Surprisingly some genes that were significantly
activated by tazemetostat such as STAT1 did not have their repression
reinstated by restoring EZH2 levels. Perhaps changes in the cells due to
EZH2 overexpression prior to inducing BLIMP1 KD led to changes in the
regulation of these genes. Another surprising result was that some genes
such as TNFRSF14 were activated following BLIMP1 KD, and then had their
repression restored by ectopic expression of EZH2, but did not have
significantly increased expression following tazemetostat treatment. This
leads us to conjecture that the non-catalytic activity of EZH2 could be causing
repression of TNFRSF14. However, another aspect to consider is the rate of
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turnover of the H3K27me3 mark, and the small amplitude of gene expression
changes induced by tazemetostat. It is likely that while tazemetostat was
insufficient to completely activate genes such as TNFRSF14, using a higher
dosage or treating for a longer period of time may have done so.

One conundrum is that the half-life of H3K27me3 was shown to be
approximately 1 day using tazemetostat in non-Hodgkin lymphoma cells, and
yet the effects of tazemetostat on cell growth take around 7 days in EZH2-
WT cells (Brach et al., 2017; Knutson et al., 2014). It is likely that other
mechanisms such as the actions of transcription factors, DNA methylation, or
HDACs leads to sustained repression of many EZH2 targets in EZH2 WT
cells. This is in line with the large number of regions marked by H3K27me3
compared with the small number of differentially expressed genes following
tazemetostat treatment in the RPCI-WMZ1 cell line. In hindsight, it might have
been better to treat the cells with tazemetostat at a higher concentration
before RNAseq to have a better chance of identifying more targets. Although
most studies have also used longer time periods for tazemetostat treatment, |
wanted our treatment to be comparable to the induction of BLIMP1 KD, and
so could not extend it.

| also did not observe tazemetostat to induce cell death in the RPCI-WM1
cell line. However, | did see a small level of activation of some apoptosis-
promoting genes. This was not to the same extent as observed for BLIMP1
KD, and fewer genes were activated. Instead, this could represent apoptosis
priming of the RPCI-WML1 cell line by EZH2 inhibition. This priming could lead
to the sensitisation of the RPCI-WM1 cells to NK cell mediated cytotoxicity,
similar to what has been shown for EZH2 inhibition in melanoma cells, where
the response to cytotoxic T cells is dependent on the T cell production of IFN-
y (Zingg et al., 2017).

The RNA-binding factor encoding gene ZFP36L1 is another interesting
target repressed by BLIMP1 via EZH2 that we can consider in relation to the
regulation of cell cycle progression. It is expressed during early B cell
development to promote quiescence and allow the V(D)J recombination
process to take place (Galloway et al., 2016). EZH2 is also expressed around
this time (Su et al., 2003), and so it follows that EZH2 may cause repression
of ZFP36L1 to allow the cells to continue cycling. It would be of interest to
further investigate the repression of ZFP36L1 in B cell and other cancers,
where it could perhaps function as a tumour suppressor. In fact, this role was
recently proposed in myelofibrosis (Martinez-Calle et al., 2019), but | believe
it may have a similar role in many cancers.
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Taken together, BLIMP1 and EZH2 have a complex interplay in
Waldenstrém’s macroglobulinemia, and their continued co-expression in the
same cell could represent a harnessing of the pre-/plasmablast
transcriptional program.

A weakness in the RNAseq analyses was that using the GSEA program
for identifying enriched gene sets with tazemetostat treatment may have
provided us with some false positives. For GSEA input, | used a list of all
detected genes, not just those that were differentially expressed. This
provided us with high levels of sensitivity for detecting pathways affected by
BLIMP1 KD, where there was a large amplitude of change and a huge
number of differentially expressed genes. However, with tazemetostat, the
smaller amplitude of change and fewer differentially expressed genes meant
that some of the enriched gene sets may not have reflected actual changes.
In accordance with this, it is always good to regard these kinds of analyses
sceptically, and use them only as a stepping-stone for future hypothesis
generation.

A highly worthwhile experiment would be to treat cultured Waldenstréom’s
macroglobulinemia patient cells with DMSO or tazemetostat for RNAseq.
This would be very useful as a validation method for our transcriptional
targets of EZH2 in Waldenstrom’s macroglobulinemia and might present
additional novel targets.

7.3 Implications for future work

The results of our project can serve to inform future studies in relation to the
roles of BLIMP1 and EZH2 in Waldenstrom’s macroglobulinemia and multiple
myeloma.

| have demonstrated a possible role for BLIMP1 in maintaining survival in
Waldenstrém’s macroglobulinemia cells. It is very difficult to target BLIMP1
due to its lack of intrinsic enzymatic activity, however it could be effective to
target signalling pathways upstream of BLIMP1 activation. While targeting of
the MYD88 signalling pathway has been investigated in depth, perhaps
inhibition of other pathways upstream of BLIMP1 activation such as PI3K or
JAK/STAT signalling could be utilised. Further investigation into mechanisms
of BLIMP1 activation in Waldenstrdm’s macroglobulinemia would therefore
be very useful. BLIMP1 can also be linked to current treatments through its
possible maintenance of BTK activity via the transcriptional repression of the
BTK inhibitor gene IBTK. Ibrutinib, which targets BTK, is currently one of the
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most effective Waldenstrom’s macroglobulinemia therapeutics (Treon et al.,
2015).

| have also demonstrated a mechanism for increasing susceptibility of
Waldenstréom’s macroglobulinemia cells to immune surveillance through
BLIMP1 KD or EZH2 inhibition. It would be interesting to further investigate
the apoptosis- and immune surveillance-sensitising roles of tazemetostat in
Waldenstréom’s macroglobulinemia and other EZH2-WT cancers, given that
tazemetostat is now in clinical trials for non-Hodgkin lymphoma (ltaliano et
al., 2018). Also, given the reliance of some ARID1A-mutated cancers on
EZH2, it would be interesting to test the use of tazemetostat on ARID1A-
mutated Waldenstrdm’s macroglobulinemia, which comprises around 17% of
Waldenstrém’s macroglobulinemia patients (Hunter et al., 2014).

Future investigation into the role of BLIMP1 in the regulation of the cell
cycle and DNA repair could have lasting implications for its role in other
cancers where it is expressed, as well as for its role in normal biology.
BLIMP1 is essential for the development of many cells and tissues in the
body including the placenta (Vincent et al., 2005), primordial germ cells
(Ohinata et al., 2005), and the epidermis (Magnusdottir et al., 2007) to name
a few. In addition, inactivation of BLIMPL1 later during embryonic development
leads to severe developmental abnormalities (Robertson et al., 2007). Thus,
further investigation of BLIMP1’s role in the regulation of cell cycle and DNA
repair mechanisms could provide insight into its roles in these cells and
tissues.

7.4 Profiling of transcriptional enhancers and disease
insights

In the years since the conception of this project, the profiling of enhancers
has now been used effectively to identify disease risk and treatable features
of cancers that were not previously identified by genome sequencing or
transcriptome profiling (Mack et al., 2017; Ooi et al., 2016; Wong et al.,
2017). This demonstrates the validity of our aim. Furthermore, enhancer
profiling has recently been performed in multiple myeloma to identify
transcriptional regulatory networks underlying the disease state (Jin et al.,
2018). However, that study lacked an investigation of the MGUS stage
compared to malignant myeloma, which | felt was the most salient question.

The technical difficulties | encountered in collecting patient bone marrow
extracts from the Landspitali university hospital, and in isolating CD138" cells
with sufficient yield and purity was the major setback of this project. If | was
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beginning this project again it would be best to begin with a complete
collection of patient samples already selected for CD138 expression, and
move directly from optimising the ChIPseq and RNAseq methods into
processing the samples and sequencing, without spending any time on the
cell isolations. This would have provided us with enough time to complete the
data analysis.

In the most ideal situation, | would not only be profiling enhancers in newly
diagnosed MGUS and myeloma patient cells, but would have access to a
collection of patient-matched MGUS and myeloma samples. If this was
available, | could then examine the patient-specific changes that took place
during the malignant transformation. This could allow us to identify novel
predictive markers for progression from MGUS to myeloma, and these would
have very important implications for clinical practice.

One weakness in our methodology is that profiling of eRNAs is notoriously
difficult to achieve by looking at steady-state RNA through total RNAseq due
to their instability. Instead, sequencing of nascent transcripts is now the
preferred option (Core et al., 2014). However, this method had not yet been
developed at the time when the project was initially conceived. In the most
ideal situation, it may have been beneficial to opt for nascent transcript
sequencing rather than total RNAseq for our eRNA profiling. However, the
standard protocols for such methods require starting material of 1 x 10’ cells
(Gardini, 2017), which would not be feasible using patient MGUS and
myeloma samples. Nonetheless, the profiling of histone marks should still
provide us with a sufficient amount of information to identify enhancers.
Although, we will not be confident of the activation of these enhancers unless
we can also identify transcribed eRNAs. Meanwhile, the total RNAseq may
produce additional novel data regarding the transcriptomes of MGUS and
myeloma cells. Importantly, the years of work spent on this project led to the
development of effective tools for profiling of enhancers from low numbers of
cells and could be highly useful for future studies.
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8 Conclusions

Mechanisms of transcriptional regulation are essential for maintaining cell
states and driving cell state transitions. In this thesis | present evidence that
transcriptional regulation by the factors BLIMP1 and EZH2 maintains the
malignant phenotype in Waldenstrom’s macroglobulinemia cells. |
furthermore present the development of a procedure for profiling of
transcriptional enhancers in small numbers of cells from MGUS and multiple
myeloma patient material. Taken together, this thesis presents a body of
work that builds upon some key questions, including that of the role of
BLIMP1 and EZH2 in Waldenstrdm’s macroglobulinemia, and their interplay
in the disease. | hope the results of this thesis will create opportunities for
future exploration into these mechanisms.
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Abstract

Waldenstrom’s macroglobulinemia (WM) is a non-Hodgkin lymphoma, affecting
antibody-secreting lymphoplasmacytic cells in the bone marrow. BLIMP1 is a key
transcriptional repressor, which drives the transition from B cells to plasma cells and
is essential for antibody secretion. Despite this, a potential role for BLIMP1 in WM
has not yet been explored. Here we provide evidence of a crucial role for BLIMP1 in
the survival of WM cells. We further demonstrate that BLIMP1 is necessary for the
expression of the histone methyltransferase EZH2 in both WM and multiple
myeloma, most likely through a regulation of proteasomal targeting of EZH2.
Chromatin immunoprecipitation analysis and genome wide transcriptome profiling
show that the two factors co-operate in regulating genes involved in cancer cell
immune evasion. Co-cultures of natural killer cells and WM cells further reveal that
both factors participate directly in immune evasion, 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 cells.

Introduction

Waldenstrom’s macroglobulinemia (WM) is a disease characterised by the
expansion of monoclonal lymphoplasmacytic cells in the bone marrow, which secrete
immunoglobulin M (IgM) (Vijay & Gertz, 2007). Around 3-6 people per million are
diagnosed with WM every year, although this varies by geographical region
(Brandefors, Melin et al., 2018, Iwanaga, Chiang et al., 2014, Kyle, Larson et al.,
2018, Wang, Chen et al., 2012). The activating mutation, MYD88**", is present in
~96% of untreated patients and serves as a key oncogenic driver of WM, as well as in
a subset of activated B cell-like diffuse large B cell lymphoma (ABC-DLBCL)
(Treon, Xu et al., 2012, Xu, Hunter et al., 2014, Yu, Li et al., 2018).
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The transcription factor B-lymphocyte induced maturation protein-1
(BLIMP1) is a master regulator of terminal B-cell development, and acts via
recruitment of co-factors to chromatin (Gy6ry, Wu et al., 2004, Ren, Chee et al.,
1999, Yu, Angelin-Duclos et al., 2000). BLIMP1 also has essential functions in the
development of many cells and tissues, including primordial germ cells (Ohinata,
Payer et al., 2005), the epidermis (MagnUsdéttir, Kalachikov et al., 2007), and the
placenta (Vincent, Dunn et al., 2005), to name a few. Interestingly, BLIMP1 is
known to be induced downstream of toll like receptor engagement (Morgan,
Magnusdottir et al., 2009). Furthermore, LPS-stimulated B cells from MYD88
knock-out mice show decreased expression levels of Prdml, the gene encoding
BLIMP1, showing that BLIMP1 is induced downstream of MYD88 (Pasare &
Medzhitov, 2005). BLIMP1 was described early on as a repressor of immune
signalling mechanisms in B cells, including the Class Il transactivator (CIITA)
(Piskurich, Lin et al.,, 2000b, Tooze, Stephenson et al., 2006), B cell receptor
signalling, and surface antigens and receptors (Shaffer, Lin et al., 2002). It is a key
regulator of plasma cell terminal differentiation and antibody secretion (Minnich,
Tagoh et al., 2016, Shaffer et al., 2002, Tellier, Shi et al., 2016) and is necessary for
the survival of multiple myeloma cells (Lin, Kuo et al., 2007). Conversely, BLIMP1
is frequently inactivated in DLBCL, and is thought to function as a tumour
suppressor in that context, consistent with its role in repressing cell cycle genes
during the transition from mature B-cells to plasma cells (Calado, Zhang et al., 2010,
Mandelbaum, Bhagat et al., 2010, Pasqualucci, Compagno et al., 2006, Shaffer et al.,
2002). Furthermore, in WM, there are frequent heterozygous losses of PRDM1
(Schop, Kuehl et al., 2002), however despite this, BLIMP1 is expressed in a subset of
WM lymphoplasmacytic cells (Roberts, Chadburn et al., 2013, Zhou, Liu et al.,
2014), consistent with the requirement for BLIMP1 in antibody secretion (Minnich et
al., 2016, Savitsky & Calame, 2006, Shapiro-Shelef, Lin et al., 2003). Given the
contradictory roles of BLIMP1 in ABC-DLBCL and myeloma, its involvement in
WM has been critically under studied.

Another important player in plasma cell differentiation, EZH2 has been
described as both a physical and genetic interaction partner of BLIMP1 (Guo, Price

et al., 2018, Minnich et al., 2016). The interaction was first suggested in mouse
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primordial germ cells (PGCs), where BLIMP1 and EZH2 were found to bind to the
same sites on a genome-wide scale (Kurimoto, Yabuta et al., 2015, Magnusdéttir,
Dietmann et al., 2013). EZH2 functions as 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 (Czermin, Melfi et al., 2002,
Muller, Hart et al., 2002). EZH2 is essential for embryonic development (Carroll,
Erhardt et al., 2001). In addition, EZH2 has frequent activating mutations in germinal
centre and follicular DLBCL and is a promising therapeutic target (Kim & Roberts,
2016, Morin, Johnson et al., 2010). Surprisingly, while aberrant regulation of histone
modifications has been implied in WM pathogenesis (Roccaro, Sacco et al., 2010),

the role of EZH2 is yet to be investigated.

In this study, we sought to examine the role of BLIMP1 in WM, and its
potential interplay with EZH2 in the disease. We demonstrate for the first time a role
for BLIMP1 in regulating WM cell survival and in maintaining EZH2 protein levels.
We identify a large overlap in transcriptional targets of the two factors but only a
small degree of proximal binding of BLIMP1 with the H3K27me3 mark, implying
that the factors repress transcription on an overlapping set of genes in parallel
fashion. Finally, we reveal novel roles for BLIMP1 and EZH2 in evasion from

natural-killer (NK) cell mediated cytotoxicity.

Results

BLIMP1 is important for cell survival in Waldenstréom’s macroglobulinemia

As BLIMP1 is expressed in CD19" cells in a subset of WM patients (Roberts et
al., 2013, Zhou et al., 2014), and given its roles in myeloma and DLBCL, we wanted
to determine whether it plays a role in WM. Interestingly, in published transcriptome
profiles from WM patients, the mRNA levels of PRDM1, the gene encoding
BLIMP1, were elevated in WM cells from patients carrying the the MYD88-%%*"
mutation (Hunter, Xu et al., 2016), which is associated with poorer prognosis in WM

compared to MYD88"" (Treon, Cao et al., 2014). This suggests that BLIMP1
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expression is induced downstream of MYD88-**", As BLIMP1 is known to be
expressed in myeloma cell lines, we compared its expression in the myeloma cell line
OPM-2 to that of the three WM cell lines RPCI-WM1 (RP), MWCL-1 (MW) and
BCWM.1 (BC) by immunofluorescence staining (Fig 1A). All the cell lines
expressed BLIMP1, with the RP cells showing relatively uniform expression levels
in all cells. However, the MW and BC cells showed more heterogeneous protein
levels, with 43% of MW and 18% of BC cells expressing BLIMP1 above
background levels. The heterogeneity of BLIMP1 expression in these cell lines does
not rule out its importance, as the symptomatic antibody-secreting compartment is
likely driven by BLIMPL. To examine the potential role of BLIMP1 in WM, we
engineered the RP cell line with two distinct doxycycline (dox)-inducible artificial
miRNAs targeting the PRDM1 mRNA (PmiR1 and PmiR2) to knock-down (KD)
BLIMP1 or a non-targeting control miRNA (NTmiR). The induction of PmiR1 and
PmiR2 led to a 76% and 60% decrease in BLIMP1 protein respectively (Fig 1B). We
also used PmiR1 to engineer MW cells leading to a 60% reduction in BLIMP1
protein levels (Fig 1C).

BLIMP1 KD in WM cells led to decreased cell survival, with 62% and 71% live
cells remaining in RP and MW cell cultures respectively 48h post dox addition, (Fig
1D) and only 3% viable cells remaining in RP cultures at five days after PmiR1
induction. Despite an initial decrease in viability, by day 5, MW cells recovered their
viability, likely due to cells without BLIMP1 KD overtaking the culture as a uniform
knock-down in all the cells was not obtained. The proportion of apoptotic cells went
up in RP cells by 2.64 and 2.25-fold upon PmiR1 and PmiR2 induction respectively,
(Fig EV1A). While BLIMP1 KD led to a decrease in viability of MW cells as
described above, the increase in apoptosis levels at 48 h did not reach statistical
significance (Fig EV1B). The smaller effect of BLIMP1 KD in the MW cell line
could be due to having a lower degree of KD in these cells, or because of the high
proportion of cells lacking high levels of BLIMP1. Attempts at knocking down
BLIMP1 in the BC cell line were inconclusive due to the lack of stable miR
transduction and maintenance, presumably because of leakiness of miR expression

from the inducible promoter.
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We performed a genetic complementation test, where RP PmiR1 cells were
transduced with a lentivirus harbouring either PmiR1-resistant BLIMP1-EGFP
encoding cDNA or EGFP (Lois, Hong et al., 2002) (Fig 1E). Crucially, this revealed
that the decrease in cell viability could be rescued in cells transduced with miR-
resistant BLIMP1 (81% viable cells, normalized to BLIMP1-transduced NTmiR RP
cells) compared to the EGFP control (65% viable cells, normalized to BLIMP1-
EGFP-transduced NTmiR cells) at 48h post BLIMP1-KD induction (Fig 1F). At five
days post BLIMP1-KD induction 57% of the BLIMP1-transduced cells were viable
compared to only 3% of the EGFP-transduced cells (Fig 1F). Additionally, 5 days
post KD, the miR resistant BLIMP1-transduced cells were still viable (23% resazurin
reduction) compared to EGFP-transduced cells (6%) (Fig 1G). Together, these data
show that BLIMP1 is a survival factor in WM cells, and that BLIMP1-mediated
viability is likely due to the suppression of apoptosis. This is in line with previous
findings of BLIMP1 suppressing apoptosis in myeloma through its interaction with
Aiolos (Hung, Su et al., 2016).

BLIMP1 expression maintains EZH2 protein levels

The expression of BLIMP1 is induced by MY D88, among other factors. MYD88
is necessary for initiation of the antiviral germinal centre (GC) response (Hou,
Saudan et al., 2011). The GC reaction is the mechanism by which B cells undergo
somatic hypermutation and class switch recombination in order to increase their
affinity to antigens (Basso & Dalla-Favera, 2015). Another essential factor in the GC
reaction is the histone methyltransferase EZH2, which drives proliferation of GC B
cells (Béguelin, Popovic et al., 2013). Furthermore, EZH2 is necessary for the early
T-independent development of plasma cells in response to a viral antigen (Guo et al.,
2018). As several lines of evidence from studies of mouse plasmablasts and PGCs
show a functional overlap and perhaps a direct interaction between BLIMP1 and
EZH2, we sought to investigate the potential interplay between the two factors in
WM (Kurimoto et al., 2015, Magnusdéttir et al., 2013, Minnich et al., 2016). Our
first line of inquiry revealed a decrease in EZH2 expression upon BLIMP1 KD in RP

cells (Fig 2A). Interestingly, this result was replicated in OPM-2 multiple myeloma
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cells harbouring PmiR1 (Fig 2B). Simultaneous transduction of RP cells with the
miR-resistant BLIMP1 construct as above (Fig 1E) restored EZH2 protein levels,
confirming the specificity of the KD (Fig 2C, quantified in Fig EV2A). Furthermore,
the signal intensities of BLIMP1 and EZH2 within approximately 2 x 10* individual
nuclei were positively correlated in two separate experiments (R® = 0.338, R? =
0.684). These experiments for the first time, uncover a dependency of EZH2 on
BLIMP1 expression.

We then sought to understand the mechanism by which BLIMP1 maintains EZH2
protein levels. To this end, we performed quantitative reverse transcription PCR (RT-
gPCR) comparing PmiR2 to NTmiR RP cells upon BLIMP1 KD induction.
Consistent with the loss of BLIMP1 protein, we saw a potential increase in steady
state PRDML1 levels due to the loss of BLIMP1 auto-repression (Martins & Calame,
2008) (Fig 2D). However, EZH2 mRNA levels were not decreased in the RP cell line
showing that the loss of EZH2 downstream of BLIMP1 KD is at the post-
transcriptional level in this cell line (Fig 2D). The levels of EZH2 mRNA were
slightly decreased in OPM2 myeloma cells (Fig 2E). However, when we treated RP
PmiR1 cells with the proteasome inhibitor MG-132, the EZH2 protein levels were
restored to the same levels as that of NTmiR cells also treated with proteasome
inhibitor (Fig 2F,G). This reveals that the modulation of EZH2 levels by BLIMP1

occurs through the inhibition of proteasome mediated protein degradation.

As EZH2 is known as a key driver of cancer cell transformation (Béguelin et al.,
2013, Kleer, Cao et al., 2003) and can play a role in preventing apoptosis (Wu,
Zheng et al., 2009), we sought to determine if BLIMP1 mediated WM cell survival is
dependent on EZH2. To test this, we genetically complemented the loss of BLIMP1
in the RP PmiR1 cells by lentiviral transduction of an EZH2 expression construct
(Fig 2H). However, the restoration of EZH2 levels did not confer an increase in
viability to the BLIMP1 KD cells, with only 2% viable cells remaining 5 days post
BLIMP1-KD induction (Fig 2I). Consistent with this, the EZH2-specific catalytic
inhibitor tazemetostat did not affect RP cell viability even over a 96 h period (Fig
EV2B), despite a dose dependent decrease in H3K27me3 levels (Fig EV2C). Thus,
BLIMP1 maintains WM cell survival independently of EZH2.
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BLIMP1 KD induces large transcriptional changes

In order to investigate the molecular mechanisms underpinning the above
phenotypic observations, we examined the global gene expression changes induced
by BLIMP1 KD. We performed transcriptome profiling of the RP PmiR2 and NTmiR
cell lines following 48 h of dox treatment. We profiled PmiR2 rather than the PmiR1
cells because the lower extent of cell death made them more suitable for RNAseq
library construction. Using a g-value cutoff of 0.05, we identified 7814 differentially
expressed genes between PmiR2 and NTmiR (Fig 3A and EV Table 1).

As BLIMP1 is the key repressor of the B cell transcriptional program during
plasma cell differentiation (Kallies, Hasbold et al., 2004, Minnich et al., 2016,
Shaffer et al., 2002, Shapiro-Shelef et al., 2003), we asked whether this mechanism
was perturbed in WM where the differentiation process is somewnhat halted.
Previously characterized B cell lineage targets of BLIMP1, including CHITA (Chen,
Gilbert et al., 2007, Piskurich, Lin et al., 2000a), PAX5 (Lin, Angelin-Duclos et al.,
2002), SPIB and BCL6 (Shaffer et al., 2002) showed significantly increased
expression following BLIMP1 KD (Fig 3B), suggesting that they are repressed by
BLIMP1 in WM cells. However, other BLIMP1 targets such as MYC (Lin, Wong et
al., 1997) and ID3 (Shaffer et al., 2002) were unaltered. On the other hand, the
plasma cell transcription factor IRF4, which is important for cell survival in multiple
myeloma (Shaffer, Emre et al., 2008), was previously shown to be activated
downstream of BLIMP1 in plasma cells (Minnich et al., 2016). Curiously, here we
observed it to be induced downstream of BLIMP1 repression and therefore repressed
by BLIMPL. Interestingly, and highly relevant to WM pathogenesis and treatment,
the BTK inhibitor, IBTK was induced upon BLIMP1 KD. The inhibition of BTK via
Ibrutinib is now a common treatment modality in WM (Gertz, 2019). Taken together,
BLIMP1 does appear to be repressing most but not all of its canonical B cell targets
in RP cells. To examine the pro-apoptotic effect of BLIMP1 KD in the RP cell line,
we looked at the expression profiles for key apoptosis genes. In line with the
phenotype, we observed a large number of apoptosis genes with significantly
increased expression following BLIMP1 KD. These included MAP3K5 (ASK1),
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XAF1, CASP4, CASP8, FAS, DFFA, JUN and BCL2L11 (BIM) amongst others (Fig
3C). Finally, we observed a significant de-repression of the SMURF2 mRNA
(EV3A). SMURF2 is an E3 ubiquitin ligase known to target EZH2 for proteasome-
mediated degradation and could thus contribute to the decrease in EZH2 protein
levels upon the loss of BLIMP1 (Yu, Chou et al., 2013). Taken together, BLIMP1
KD induces extensive gene expression changes in RP including the de-repression of

B cell- and apoptosis-related genes, as well as SMURF2.

BLIMP1 and EZH2 transcriptionally regulate overlapping pathways

Because of the suggested BLIMP1-EZH2 regulatory relationship (Guo et al.,
2018, Magnusdéttir et al., 2013, Minnich et al., 2016), we wanted to determine to
which extent the transcriptional changes brought about by BLIMP1 are dependent on
EZH2 catalytic activity. We treated RP cells with the EZH2 catalytic inhibitor,
tazemetostat, or DMSO and performed genome wide expression profiling to uncover
450 differentially expressed genes (Fig 3D and EV Table 2). There was an overall
smaller amplitude of change for individual genes compared to the changes induced
by BLIMP1 KD (Fig EV2C). Nevertheless, there was a highly significant overlap
between transcripts increased in PmiR2 vs. NTmiR and in tazemetostat vs. DMSO
treated cells (184 genes, p = 1.8e-37) (Fig 3E). Meanwhile, transcripts that showed
decreased expression, i.e. genes activated by BLIMP1 or EZH2, overlapped to a
much smaller extent, in line with the smaller number of transcripts decreasing in
expression with tazemetostat treatment (Fig 3F). Tazemetostat treatment did not
induce the same amplitude or extent of transcriptional changes of B cell genes as
BLIMP1 KD did, although a number of genes were still significantly de-repressed,
including PIK3CD, CCR7 and ID3 (Fig 3G). Furthermore, consistent with EZH2
inhibition not causing alterations in cell survival, fewer apoptosis genes were
differentially expressed compared to the BLIMP1 KD, however a number of
apoptosis genes were de-repressed, including XAF1, CASP4, FAS and JUN (Fig 3H).

To investigate the pathways jointly regulated by BLIMP1 and EZH2, we
performed gene set enrichment analysis using the Hallmarks collection of gene sets
(Liberzon, Birger et al., 2015, Subramanian, Tamayo et al., 2005). A number of gene
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sets were positively enriched with BLIMP1 KD, including interferon and TNFa
responses, apoptosis and the inflammatory response (Fig EV3B). These gene sets are
consistent with previous studies demonstrating BLIMP1-mediated repression of
interferon responsive genes and apoptosis (Doody, Stephenson et al., 2007, Elias,
Robertson et al., 2018a, Hung et al., 2016, Lin et al., 2007, Tooze et al., 2006).
Additionally, the unfolded protein response and mTORCL1 signalling gene sets were
depleted upon BLIMP1 KD (Tellier et al., 2016). Transcriptional changes upon
tazemetostat treatment were positively enriched for overlapping sets of genes with
BLIMP1 KD, including interferon and TNFa responses (Fig EV3C). While far fewer
gene sets were depleted in expression upon tazemetostat treatment, they all
overlapped with that of the BLIMP1 KD depleted sets. This suggests that pathways
involved in the immune response may be regulated in concert by BLIMP1 and
EZH2. Collectively, the transcriptomic analyses demonstrate a large overlap in
targets of repression by BLIMP1 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 large overlap in transcriptional targets and pathways identified above,
and the previously published overlaps in genome wide binding of EZH2 and
BLIMP1, we next sought to define their direct genomic targets. This should help
distinguish gene expression changes resulting from BLIMP1’s effect on EZH2
stability, or if BLIMP1 might recruit EZH2 to chromatin.

To this end we performed chromatin immunoprecipitation coupled to deep
sequencing (ChlPseq) for H3K27me3, the histone modification catalysed by EZH2,
and BLIMP1 in the RP cell line. We identified 14813 peaks for the H3K27me3 mark
(EV Table 3), assigned to 4198 genes (EV Table 4), whereas 505 BLIMP1 peaks
were identified (EV table 5), assigned to 841 genes (EV Table 6). The previously
identified DNA binding motif for BLIMP1 (Kuo & Calame, 2004) was enriched by
de novo motif analysis in the called BLIMP1 peaks, validating the quality of the
experiment (Fig EV4A). Peaks were mapped relative to their assigned transcription
start sites (TSS) for BLIMP1 (Fig EV4B) and H3K27me3 (Fig EV4C).
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If BLIMPL1 recruits EZH2 to chromatin in WM cells, as is suggested in mouse
plasmablasts (Minnich et al., 2016), we hypothesised that a large proportion of
BLIMP1 peaks would be located in close proximity to H3K27me3 marks. However,
only 42 peaks from each factor were present at sites within 10 kb of each other, and
this overlap was not statistically significant (Fig 4A). When we plotted signal for
H3K27me3 at + 3 kb flanking BLIMP1 peaks, only a small level of enrichment was
observed (Fig 4B). However, when we assigned the peaks from the respective
experiments to genes, a significant overlap of 261 genes emerged between BLIMP1
and H3K27me3 in RP cells (Fig 4C), including B-cell genes PIK3CD and POU2F2
(OCT2), the STATL activator RNF19B (NKLAM) (Lawrence & Kornbluth, 2016),
and the cell-growth inhibitor NUB1 (Fig 4D).

To test whether these findings can be applied more generally than only to WM
cells, we performed ChlIPseq for BLIMP1 and H3K27me3 in the OPM-2 (EV Tables
7-10) and NCI-H929 (EV Tables 11-14) myeloma cell lines as well as ChIPseq for
EZH2 in NCI-H929 cells (EV Tables 15-16) to reveal the direct binding sites for
EZH2, rather than just the polycomb mark. As before, the BLIMP1 consensus
binding motif was identified within the called peaks by de novo motif analysis (Fig
EV4D). When we mapped the peaks relative to their TSS for BLIMP1 (Fig EV4E),
H3K27me3 (Fig EV4F) and EZH2 (Fig EV4G), we observed a strong enrichment of
signal over TSSs. Interestingly, both the multiple myeloma cell lines displayed a
much stronger enrichment of H3K27me3 over TSSs than the RP WM cell line,
indicating that H3K27me3 is more often present at distal sites in the RP cell line.
There was a strong enrichment for BLIMP1 binding in the OPM-2 and NCI-H929
cell lines over sites bound by BLIMP1 in the RP cell line (Fig EV4H), showing that
BLIMP1 binds to mostly the same sites in WM and multiple myeloma.
Contrastingly, we observed less 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
EV4I). This corresponds to the different enrichments of H3K27me3 over TSSs in th
RP cells compared to the myeloma cell lines, suggesting that H3K27me3 has a
different distribution in WM compared to myeloma. Interestingly, SMURF2 was one
of the genes bearing both BLIMP1 peaks and the H3K27me3 mark in the RP cell line
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(Fig EV4J). As with the RP cells, we rarely observed peaks within a 10kb distance of
one another when comparing BLIMP1 and H3K27me3 (Fig EV4K) or BLIMP1 and
EZH2 (Fig EVA4L) in the OPM-2 and NCI-H929 cell lines. When we plotted the
distribution of the H3K27me3 mark and EZH2 over BLIMP1 peaks in NCI-H929
cells there was a small level of enrichment of the H3K27me3 mark flanking the
BLIMP1 peaks, which is more likely to reflect general histone distribution than a
specific enrichment of the H3K27me3 mark, given the paucity of called H3K27me3
peaks in the proximity of BLIMP1 binding (Fig 4E). Again, we observed a higher
degree of overlap between genes assigned to peaks for the respective factors, with a
statistically significant overlap between genes bound by BLIMP1 and H3K27me3 in
NCI-H929 cells, but not OPM-2 cells (Fig EV4M). Genes bound both by BLIMP1
and EZH2 were not statistically over-represented (Fig EV4N). The above analyses
reveal that the majority of BLIMP1 and EZH2 binding to chromatin occur at
relatively distal sites between the two factors and their direct regulation on chromatin

is therefore unlikely to be due to a direct physical interaction.

In order to determine the direct transcriptional targets of BLIMP1 and EZH2, we
compared our ChIPseq and transcription 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), in line with previous
observations showing that BLIMP1 has a stronger effect in gene repression than
activation (Magnusdottir et al., 2013, Magnusdéttir et al., 2007, Minnich et al., 2016,
Shaffer et al.,, 2002). Conversely there were 118 genes associated with the
H3K27me3 mark that were induced upon tazemetostat treatment (Fig 4H), but only 7
genes with decreased expression overlapped (Fig 41). Overall, only approximately
3% of genes marked by H3K27me3 were de-repressed following tazemetostat
treatment in these experiments. This indicates that inhibition of EZH2’s catalytic
activity alone is insufficient to activate most H3K27me3 targets. Meanwhile,
approximately one third of BLIMP1-bound genes were direct targets of
transcriptional repression, indicating that BLIMP1 binding actively maintains gene
repression. Taken together, as BLIMP1 and H3K27me3 are largely present at distinct

sites from one another, a great extent of their co-operation is likely through their
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binding to different sites on the same genes, as well as through BLIMP1 maintenance

of EZH2 protein levels.

BLIMP1 represses transcription of immune surveillance and signalling

molecules in concert with EZH2

As gene sets in immune signalling pathways were the most highly enriched upon
BLIMP1 KD and EZH2 inhibition, we looked further into the biological significance
of these insights. Indeed, immune signalling genes differentially expressed upon
BLIMP1 KD can be divided into three mechanistic categories. First, BLIMP1
represses the expression of genes encoding surface ligands that activate T and NK
cells, including ICOSLG, TNFSF9, CD48, MICA, CLEC2B, ICAM1 and ITGAM
(Pardoll, 2012, Vivier, Tomasello et al., 2008), MHC class Il molecules including
HLA-DMA, HLA-DMB and CD1D, along with Class Il transactivator (CIITA), and
the immune synapse molecule CAV1 (Fig 5A). Furthermore, MHC class | pathway
members, HLA-A and HLA-B are decreased with BLIMP1 KD, in contrast to
previous studies (Doody et al., 2007, Mould, Morgan et al., 2015). Second, BLIMP1
represses both immune-checkpoint inhibitory ligands and their receptors, which are
de-repressed in the cells with BLIMP1 KD. These include TNFRSF14 and BTLA,
HAVCR2 and LGALS9 (Pardoll, 2012, Vivier et al., 2008). Additionally, inhibitory
ligands whose receptors are not differentially expressed are also repressed by
BLIMP1, including PD-L2, with BLIMP1 binding just downstream of the
PDCDLG2 gene (Fig EV5A). Of note, the PD-1 receptor encoded by PDCD1 can
also have an inhibitory effect on B cell activation (Thibult, Mamessier et al., 2013),
and is expressed at a comparable level to its ligand in the RP cell line. The third
mechanistic category repressed by BLIMP1 includes genes involved in the repression
of downstream signalling from cytokines such as interferons and TNFo. The
receptor-encoding genes IFNGR1, IFNAR1, IFNLR1, TNFRSF1A and TNFRSF1B
are all de-repressed upon BLIMP1 KD. So too are downstream players in interferon
signalling, JAK1, STAT1, STAT2, IRF9 and IFIT1-3 and OAS1-3, as well as TNF
pathway members MAP3K5, CASP8 and CASP9, which are also apoptosis mediators
(Fig 3C).
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Around half of the genes discussed above were also significantly changed with
tazemetostat treatment (Fig EV5B), including NCR3LG1, CD48, LILRB1,
PDCD1LG2, LGALS3 and STAT1. Interestingly, while none of the surface molecule
genes except for PDCDLG2 were bound by BLIMP1, some were enriched for
H3K27me3 (Fig 5B). Whereas the downstream signalling effectors, IFIT2 and
STAT1, were bound by BLIMP1 (Fig 5C), consistent with previous findings in
mammary epithelial cells (Elias, Robertson et al., 2018b). In addition, a number of
these differentially expressed genes did not bear either H3K27me3 or BLIMP1, and

so are likely regulated by secondary effectors or through distal enhancers.

Next, we sought to determine if the genes bearing H3K27me3 marks but not
bound by BLIMP1 are repressed by BLIMPL1 via the maintenance of EZH2. Using
EZH2 overexpression in RP cells with BLIMP1 KD, we performed qPCR and
observed that repression of the B cell genes RCAN3, ZFP36L1 and CHTA was
restored (Fig EV5C). Furthermore, the repression of the immune inhibitory
checkpoint ligand TNFRSF14 and the inhibitory receptor HAVCR2 was restored
upon restoration of EZH2 levels. By comparison, BLIMP1 targets not bearing the
H3K27me3 mark such as STAT1 and TFEC were not altered upon EZH2 restoration.

Taken together, BLIMP1 and EZH2 repress the transcription of genes that
mediate killing by NK or T cells, inhibitory receptors and their ligands, as well as
cytokine receptors and downstream responders. A subset of these targets are
regulated by BLIMP1 through EZH2 maintenance, whereas others are regulated
independently of EZH2.

BLIMP1 confers evasion from NK cell-mediated cytotoxicity

The transcriptional changes above suggested that BLIMP1 and EZH2 were
repressing cytotoxic synapse molecules and receptors, which may lead to escape
from immune surveillance. We hypothesised that the KD of BLIMPL1 or inhibition of
EZH2 could lead to differential activation of NK cell-mediated cytotoxicity.
Towards this, we isolated NK cells from human blood and co-cultured them with RP
cells treated to induce BLIMP1 KD or with tazemetostat. We assessed NK cell

degranulation by staining the NK cells for the expression of CD107a (also called
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LAMP-1), which appears on the cell surface upon degranulation. Negative and
positive controls are shown in Fig EV5D. The NK cells co-cultured with PmiR1 RP
cells showed a significant increase in the frequency of CD107a" cells compared to
that when co-cultured with NTmiR cells, revealing the sensitisation of NK-cells to
WM cells upon BLIMP1 KD (Fig 5D-E). Tazemetostat treatment failed to induce
changes in NK-cell degranulation, perhaps reflecting its relatively smaller effect on
gene expression compared to that of BLIMP1 KD. However, when we measured the
effect of BLIMP1 KD or EZH2 inhibition on NK cell-mediated cytotoxicity of RP
cells by the level of cytolysis, both BLIMP1 KD and tazemetostat treatment induced
statistically significant increases in NK cell-mediated cytotoxicity (Fig 5F). As such,
EZH2 inhibition does not appear to affect NK cell activation, with no change in the
degranulation of NK cells cultured with DMSO- or tazemetostat-treated RP cells.
However, it may sensitise WM cells to cell-mediated cytotoxicity. Collectively, these
data indicate that BLIMP1 and EZH2 mediated transcriptional repression drives

escape from immune surveillance in WM.

Discussion

BLIMPL1, a key driver of plasma cell terminal differentiation has as of yet not been
extensively studied in WM, despite its crucial role for antibody secretion (Minnich et
al., 2016, Shapiro-Shelef et al., 2003). Antibody secretion is a critical aspect of WM
pathology, since a large proportion of WM symptoms are caused by high IgM serum
levels (Treon, 2009). In this study we show for the first time direct evidence for the
importance of BLIMP1’s role in WM cell survival. We further show that BLIMP1
maintains the protein levels of the histone methyltransferase EZH2, demonstrating
that the functional interaction between BLIMP1 and EZH2 is more complex than
previously thought (Guo et al., 2018, Kurimoto et al., 2015, Magnusdottir et al.,
2013, Minnich et al., 2016). Furthermore, our scrutiny of the genes regulated by
BLIMP1 and EZH2 revealed that the factors collaborate in the evasion of immune
surveillance mechanisms. This was evidenced by enhanced degranulation of NK cells
co-cultured with BLIMP-1 KD WM cells, as well as enhanced NK cell-mediated
WM cellular cytotoxicity upon either BLIMP KD or EZH2 inhibition.
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Our finding that BLIMP1 promotes survival in WM cells provides new
insight into WM pathology and potentially its aetiology. BLIMP1 is activated
downstream of MYD88 signalling in B cells (Pasare & Medzhitov, 2005), and
BLIMP1 expression is increased in tumours harbouring the MYD88%**" activating
mutation in WM (Hunter et al., 2016). However, MYD88-**" tumours have an
increased frequency of heterozygous deletions in the 6g locus containing PRDM1
(Schop et al., 2002). This is particularly interesting in light of findings showing that
high levels of BLIMP1 tend to inhibit proliferation, whereas intermediate levels
promote survival and immunoglobulin (lIg) secretion (Kallies et al., 2004, Nutt,
Fairfax et al., 2007). Placed in the context of our findings, we can speculate that
perhaps the loss of one copy of the PRDM1 gene upon MYDB88 constitutive
activation dampens the anti-proliferative effect of BLIMP1 while still maintaining its
positive effect on survival and Ig secretion. Indeed, our results demonstrate decreased
cell viability with BLIMP1 KD even for the MW cell line that expresses low
BLIMP1 levels. It is also interesting to speculate that a complete loss of BLIMP1
during tumorigenesis would more likely result in B cell lymphoma (Pasqualucci et
al., 2006), but the loss of Ig secretion ability and plasma cell differentiation would

preclude WM tumour formation.

A first line of treatment in WM s rituximab therapy, targeting the B cell
specific surface molecule CD20. However, the cells remaining after this treatment
present one of the biggest challenges in WM therapy, and rituximab is not
recommended for patients exhibiting high serum IgM levels (Gavriatopoulou, Musto
et al., 2018). This highlights the importance of the plasma cell compartment in WM,
which is likely maintained by BLIMP1. Furthermore, our results demonstrate
repression of IBTK, an inhibitor of BTK signaling, by BLIMP1, providing a
mechanism by which BLIMP1 may potentiate BTK signaling downstream of
MYD88 activation. The inhibition of BTK by Ibrutinib is another WM therapy that

results in a dramatic reduction in WM symptoms (Treon, Tripsas et al., 2015).

A key question addressed in this study was in elucidating the interplay of
BLIMP1 and EZH2 in WM. BLIMP1 shows an overlapping binding pattern with
EZH2 in mouse PGCs implicating an interaction between these factors in epigenetic

reprogramming during differentiation (Kurimoto et al., 2015, Magnusdottir et al.,
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2013). This implication was expanded in mouse plasmablasts with the discovery that
BLIMP1 physically interacts with EZH2, directing the placement of H3K27me3 to
repress B cell genes during the transition to plasma cells (Minnich et al., 2016). In
addition, EZH2 aids in the generation of antibody-secreting plasma cells in the
mouse and represses BLIMP1 target genes (Guo et al., 2018). Here, we demonstrate
that BLIMP1 maintains EZH2 protein levels which could at least in part explain the
overlap in transcriptional targets seen by Guo et al. (Guo et al., 2018) in mouse
plasmablasts, beyond the mechanism of BLIMP1 potentially recruiting EZH2 to
chromatin. However, it is interesting to speculate that the BLIMP1-EZH2 interaction
is necessary for normal epigenetic reprogramming during the B cell to plasma cell
transition, and the perturbation of this interaction may contribute to the aetiology of
B cell malignancies. Interestingly, the restoration of EZH2 levels did not improve
cell survival following BLIMP1 KD, indicating that the requirement for BLIMP1 in
mediating WM cell survival is through other mechanisms rather than its effect on
EZH2.

While both multiple myeloma and normal plasma cells rely on BLIMP1 for
their survival (Lin et al., 2007, Shapiro-Shelef et al., 2003, Shapiro-Shelef, Lin et al.,
2005) , EZH2 expression is decreased as post-germinal centre B cells transition to
plasma cells (Croonquist & Van Ness, 2005, Zhan, Tian et al., 2003), whereas many
multiple myeloma cell lines are reliant on EZH2 for cytokine independent growth
and thus their more aggressive plasma cell leukemia phenotype (Croonquist & Van
Ness, 2005, Hernando, Gelato et al., 2016). Our results indicate that the effects of
BLIMP1 on EZH2 levels might extend to myeloma, and perhaps other tumours

where the two factors are co-expressed, and warrants further study.

Immune evasion is most extensively studied in relation to solid tumours, but
in cancers of immune system cells, the paradigm is somewhat different.
Lymphocytes interact with other cells of the immune system not only when they are
abnormal, such as in cancer, but also to receive stimulatory and inhibitory signals,
regulating their own immune response (de Charette & Houot, 2018). In WM, PD-1
signaling from secreted ligands inhibits T cell responses (Jalali, Price-Troska et al.,
2018), but other mechanisms of immune evasion have not been investigated. Our

results demonstrate for the first time that BLIMP1 and EZH2 mediate evasion from
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NK cell surveillance. This occurs both in terms of NK cell activation and cytotoxicity
against WM cells downstream of BLIMP1. Meanwhile, the effect of EZH2 inhibition
is restricted to NK-cell mediated cytotoxicity without activation of the NK cells
themselves. Based on our transcriptomic profiling, the main mechanism by which
BLIMP1 promotes immune evasion in WM is likely to be “hiding” from cytotoxic
lymphocytes by transcriptional repression of activating ligands. Whereas, EZH2 is
more likely to be de-sensitising WM cells to external cytotoxicity-inducing signals.
Interestingly, in melanoma EZH2 promotes evasion from IFNy-producing cytotoxic
T cells (Zingg, Arenas-Ramirez et al., 2017). Investigation into the use of EZH2
inhibition for sensitising WM and other cancer cells to immune-mediated killing

should be considered for prospective therapies.

In conclusion, we provide key evidence for a crucial role of BLIMP1 in
promoting WM cell survival. In the WM cell context, we discover that BLIMP1
maintains EZH2 protein levels. We show cooperation between BLIMP1 and EZH2 in
the repression of immune surveillance genes, among others. Finally, we find that
BLIMP1 confers evasion from NK-cell mediated cytotoxicity. In future studies it
would be important to investigate the intricate interplay between BLIMP1 and EZH2

in cancers to expand their therapeutic potential.

Materials and Methods

Suspension cell lines

RPCI-WML1 (a gift from Prof. Asher A. Chanan-Khan), BCWM.1 (a gift from Prof.

Steven P. Treon) and OPM-2 (#ACC50, Leibniz Institute DSMZ) cell lines were
maintained in RPMI media (#SH30255.FS, Hyclone, GE Healthcare Biosciences)
supplemented with 10% foetal bovine serum (FBS) (#SV30160.03, Hyclone, GE
Healthcare Biosciences, Denmark). The MWCL-1 (a gift from Stephen M. Ansell)
and NCI-H929 (#ACC163, Leibniz Institute DSMZ) cell lines were maintained in
RPMI media supplemented with 10% FBS 1mM sodium pyruvate (#SH30239.01,
Hyclone GE Healthcare Biosciences) and 50uM beta-mercaptoethanol (#0482,
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VWR).

Cloning

For knock-down of BLIMP1, artificial miRNA sequences were designed to target the
PRDML1 transcript using the RNAiDesigner tool (Thermo Fisher). These were named
PmiR1 and PmiR2. A non-targeting control miRNA (NTmiR) was also used as
previously described (Hackett, Sengupta et al., 2013). The miRNA sequences were
cloned into the tetracycline-inducible pPB-hCMV*1-miR plasmid (Hackett et al.,
2013, Murakami, Ginesdogan et al., 2016). See Appendix Table 1 for miRNA

sequences.

Site directed mutagenesis was used to introduce mutations in coding sequence of
the FUW-PRD1-BF1 lentiviral expression construct (Magnisdottir et al., 2007) to
render it resistant to the targeting miRNAs. The plasmid was amplified using primers
listed in Appendix Table 2. FUW-EZH2 was derived first by PCR amplification from
the pPCMVHA-hEZH2 plasmid (Bracken, Pasini et al., 2003), then incorporated via
Gibson assembly (New England Biolabs) into the FUGW backbone (Lois et al.,
2002). The pCMVHA hEZH2 plasmid was a gift from Kristian Helin (Addgene
plasmid # 24230 ; http://n2t.net/addgene:24230 ; RRID:Addgene_24230).

Construction of knock-down cell lines

Knock-down cell lines were constructed via electroporation 220V, 350uF using Gene
Pulser XCell (Bio-Rad) with plasmids containing our miRNA as described above,
using the piggyBac transposon system with the piggyBac transposase, the reverse-
tetracycline transactivator and a tetracycline-inducible EGFP. Stable cell lines were
selected for with 0.5 mg/mL or 1 mg/mL G418 disulfate solution (#A6798,
Applichem) for either the RP and MW, or OPM-2 cells respectively for nine days.
The RP cells were seeded at a density of 0.5 cells per well in a 96-well plate and
clones with the highest KD were used for further analyses. MW and OPM-2 cells
were used as a pool of cells directly after antibiotic selection. miRNA expression was
induced with 0.2 or 0.5 pg/mL Doxycyline Hyclate (#sc-211380, Santa Cruz
Biotechnology) for either the RP and OPM-2, or MW cells respectively.
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Lentiviral transduction

Lentivirus was produced by transient transfection of HEK293T cells with the
envelope vesicular stomatitis virus G protein (VSVG)-encoding pMD2.G plasmid,
the packaging plasmid psPAX2, and either the FUW-PRDI-BF1, FUW-EZH2 or
FUGW transfer plasmid. psPAX2 was a gift from Didier Trono (Addgene plasmid
#12260; http://n2t.net/addgene:12260; RRID:Addgene_12260). pMD2.G was a gift
from Didier Trono (Addgene plasmid #12259; http://n2t.net/addgene:12259;
RRID:Addgene_12259).

Viral supernatant was concentrated by ultracentrifugation using 100kDa Amicon
centrifugal filters (#UFC910008, Sigma-Aldrich). Suspension cell lines were
transduced by spinfection, 800 xg for 30 min with 8 pg/mL polybrene.

Immunofluorescence staining

Cells were cytospun onto glass slides for 3 min at 800 rpm. Samples were fixed and
permeabilised 10 min in 4% formaldehyde (#28906, Thermo Fisher Scientific), 0.1%
triton-X-100 (#T-9284, Sigma-Aldrich), then blocked for 1 h at room temperature
with 0.1% triton-X-100, 1% bovine serum albumin (#A1391, Applichem), and 10%
goat serum (#16210064, Gibco). Slides were incubated overnight at 4°C with primary
antibody, anti-BLIMP1 (#9115, Cell Signaling Technologies) at a 1:100 dilution.
Nuclei were counterstained with 1ug/mL DAPI (#sc-3598, Santa Cruz
Biotechnology). The secondary antibody used was goat anti-rabbit Alexa Fluor 647
(#A21244, Thermo Fisher Scientific) at a 1:1000 dilution. The signal intensity within
nuclei was quantified using CellProfiler, with background signal subtracted
(Carpenter, Jones et al., 2006).

Protein extraction, SDS-PAGE, and Western Blot

Cells were lysed in protein sample buffer (60mM Tris pH 6.8, 2% SDS, 10%
glycerol, 0.01% bromophenol blue, 1.25% B-mercaptoethanol), at 95°C for 5 min.
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Benzonase nuclease (#sc-202391, Santa Cruz Biotechnology) was used to digest
chromatin before loading on SDS-PAGE gel. Western blotting was performed as

previously described (Burnette, 1981).

RNA lIsolation, cDNA synthesis and RT-qPCR

Cells were lysed in TRIsure reagent (#B10-38032, Bioline), and RNA was extracted
according to the manufacturer’s instructions. cDNA was synthesised using the
GoScript Reverse Transcriptase system (#A5001, Promega), in combination with
dNTP mix (#R0191, Thermo Fisher Scientific), random primer 6 (#51230S, New
England Biolabs), murine RNase inhibitor (#M0314S, New England Biolabs) and
1.25mM MgCl,. RT-gPCR was performed using the SensiFAST SYBR Lo-Rox Kit
(#B10-94020, Bioline) on the 7500 Real-Time PCR system (Applied Biosystems).
Relative quantitation was calculated according to the Pfaffl method (Pfaffl, 2001),
with ACTB and PPIA used as reference genes. Primer sequences are listed in
Appendix Table 3.

Viability, reduction and apoptosis assays

The percentage of live cells was determined by trypan blue exclusion assay (Gibco).
The per cent reduction was determined by resazurin assay, with resazurin sodium salt
(Santa Cruz Biotechnology) added 5h before the assay end-point, and absorbance
measured at 595 and 570nm. Per cent reduction was calculated relative to the fully
reduced form of resazurin, resorufin. See Appendix Methods for more details.
Apoptosis was assessed using APC-Annexin V (#550474, BD Biosciences) together
with Annexin V binding buffer (#556454, BD Biosciences). Staining was carried out
according to the manufacturer’s instructions and assessed using the MACSQuant

analyser (Miltenyi Biotec).

Proteasomal inhibition
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To test inhibition of the proteasome, RP NTmiR or PmiR1 cells were treated with
5uM MG-132 (#sc-201270, Santa Cruz Biotechnology) for 4 h, 20 h post dox
addition.

RNAseq

The PmiR2 and NTmiR RP cells were treated with 0.2pug/mL dox for 48h. RP cells
were treated with 300nM tazemetostat (EPZ-6438, #S7128, Selleckchem) or DMSO
for 48h. Total RNA was isolated using TRI-reagent (#AM9738, Thermo Fisher
Scientific) according to the manufacturer’s instructions, then treated with HL-
dsDNase (#70800-201, ArcticZymes), and purified using the RNeasy MinElute
Cleanup Kit (#74204, Qiagen). RNAseq libraries were constructed using the NEB
NEBNext® Ultra™ Directional RNA Library Prep Kit for Illumina® (#E7420S,
New England Biolabs) in combination with the NEBNext® Poly(A) mRNA
Magnetic Isolation Module (#£7490S, New England Biolabs). Pooled samples were
clustered on paired-end (PE) flowcells using a cBot instrument (lllumina).
Sequencing was performed on Hlumina HiSeq 2500 using the v4 SBS sequencing
kits with a readlength of 2x125 cycles plus a 6 base index read. Primary processing
and base calling was done using HCS and RTA. Demultiplexing and generation of

FASTQ files was performed using scripts from Illumina (bcl2fastq v.1.8).

RNAseq raw reads were trimmed using Trim Galore
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), and
pseudoaligned to the hg38 transcriptome and quantified using Kallisto (Bray,
Pimentel et al., 2016). Differential expression analysis was performed using the
likelihood ratio test in Sleuth (Pimentel, Bray et al., 2017), on a gene level, with a g-
value of 0.05, and a log, fold-change of +0.3 as a significance cutoff. Gene set
enrichment analysis using the Hallmarks collection of gene sets was run in pre-
ranked mode using a list of all detected genes (Liberzon et al., 2015, Subramanian et

al., 2005). The rank value was calculated as -log;o(g-value) x (sign of fold change).

ChlPseq
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Transcription factor ChIP for BLIMP1 and EZH2 was performed as previously
described (Boyer, Lee et al., 2005, Magnusdéttir et al., 2013, MagnUsdéttir et al.,
2007). ChIP was carried out for BLIMP1, using 60uL rabbit polyclonal antibody
recognising the C-terminal region of BLIMP1 (Kuo & Calame, 2004) with 3x10’
nuclei, crosslinked with 0.4% formaldehyde. For EZH2, ChIP was performed using
40uL anti-EZH2 (D2C9, #5246, Cell Signaling Technology) with 2 x 10" nuclei,

crosslinked with 1% formaldehyde.

Histone ChIP for pan-H3 and the H3K27me3 mark was performed as previously
described (Shaffer et al., 2008). ChIP was performed for pan-H3 using 3uL anti-
histone H3 (D2B12, #4620S, Cell Signaling Technology). For H3K27me3, ChIP was
performed using 5upg anti-H3K27me3 (#ab6002, Abcam). All histone ChIP
experiments were performed with 1 x 10" cells per ChIP, crosslinked with 0.4%

formaldehyde.

Sequencing was performed as described above. Raw ChlPseq reads were trimmed
as above and aligned to the hg38 genome using Bowtie2 (Langmead & Salzberg,
2012). Peaks were called using MACS2 (Zhang, Liu et al., 2008), and tracks were
visualised using the UCSC genome browser (Kent, Sugnet et al., 2002). Enrichment
over BLIMP1 peaks, H3K27me3 peaks and TSSs was calculated and mapped using
Deeptools (Ramirez, Ryan et al., 2016). Overlapping regions were tested for
significance using the hypergeometric test in the ChIPPeakAnno package in R (Zhu,
Gazin et al., 2010). Overlapping genes were tested for significance using Fisher’s
exact test in the GeneOverlap package in R (http://shenlab-sinai.github.io/shenlab-
sinai/).

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). PBMCs were first isolated by density gradient
centrifugation with Histopaque-1077 (#10771, Sigma-Aldrich), then NK cells were
purified by negative enrichment using the NK cell isolation kit (#130-092-657,

Miltenyi Biotech) according to the manufacturer’s instructions. NK cells were
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cultured overnight in RPMI media supplemented with 10% FBS and 10ng/mL IL-2
(R&D Systems).

Degranulation Assay

NK cells were co-cultured with pre-treated RP cells at a 10:1 ratio. Anti-CD107a-PE
(clone H4A3, BiolLegend) was added to the co-culture media. For the positive
control, NK cells in co-culture with RP cells were treated with 2.5ug/mL phorbol 12-
myristate 13-acetate and 0.5ug/mL ionomycin. After 1h of co-culture, 2uM
monensin was added to every sample and incubated for an additional 4h. Cells were
stained with anti-CD56-APC (clone CMSSB, EBioscience), fixed with 1% PFA and
analysed on the Sony SH800S flow cytometer. Data were analysed using FlowJo
v10.

Cytotoxicity Assay

NK cells were co-cultured with pre-treated RP cells at a 20:1 ratio for 4h.
Cytotoxicity was assessed by measurement of the adenylate kinase activity in the
culture medium using the ToxiLight assay (#LT07-217, Lonza). Luminescence was
measured using a Modulus microplate reader (Promega). Values were normalised to
wells containing pre-treated RP cells without NK cells, and are presented as relative

luminescence units (RLU).

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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Figure Legends

Figure 1: BLIMP1 promotes survival of WM cells

(A) BLIMP1 expression in myeloma cell line OPM-2 and in WM cell lines RP, MW

and BC as detected by immunofluorescence staining, with bar graph representing
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percentage of BLIMP1™" cells. Scale bars represent 20pm. (B) Immunoblot of
BLIMP1 expression following 48h dox induction of RP cells expressing NTmiR,
PmiR1 or PmiR2, with bar graph representing the quantity of BLIMP1 relative to
actin; ****p < 0.0001. (C) Immunofluorescence staining of BLIMP1 following 48h
dox induction in MW cells expressing NTmiR, PmiR1 or PmiR2, with CellProfiler
quantification; p = 0.0228. (D) Percentage of live cells as determined by Trypan blue
exclusion assay in the RP and MW cell lines. RP, p = 0.0019; MW, p = 0.0162. (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
PmiR1 cells with ectopic EGFP or BLIMP1-EGFP expression determined by the
Trypan blue exclusion assay normalised to the percentage of live cells following
transduction of RP NTmiR cells with EGFP or BLIMP1-EGFP. Day 2, *p = 0.0165;
Day 5, ***p = 0.0003. (G) Per cent reduction as measured by resazurin assay for RP
PmiR1 cells with EGFP or BLIMP1-EGFP, five days after dox induction. *p =
0.0208. All p-values as determined by student’s two-tailed t-test. All graphs plotted
as mean of three independent experiments, with error bars representing standard

deviation.

Figure 2: BLIMP1 maintains EZH2 protein levels

(A) Immunoblot of BLIMP1 and EZH2 expression following 48h dox-induction of
RP cells expressing NTmiR, PmiR1 or PmiR2, with quantification of signal relative to
actin in bar plot; ***p = 0.0002; ***p = 0.001; **p = 0.0027. (B) Immunoblot of
BLIMP1 and EZH2 expression following 48h dox-induction of OPM-2 cells
expressing NTmiR or PmiR1, with quantification of signal relative to actin in bar
plot; ****p < 0.0001; *p = 0.016. (C) Immunofluorescence staining of BLIMP1 and
EZH2 expression following 48 h dox-induction of RP cells expressing NTmiR or
PmiR1, transduced with EGFP or BLIMP1-EGFP. Scale bars represent 20 um. (D)
RT-gPCR results depicting relative mRNA expression of PRDM1 and EZH2
normalised to PPIA and ACTB in the RP cell line and (E) in the OPM-2 cell line. (F)
Immunoblot of BLIMP1 and EZH2 expression following 24h dox-induction of RP
cells expressing NTmiR or PmiR1 treated with DMSO or 5uM MG-132 for 4h. (G)
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The ratio of EZH2 expression relative to actin for RP PmiR1 cells divided by RP
NTmiR cells treated with DMSO or MG132 as in Fig. 2F; p = 0.0134. (H)
Immunoblot of BLIMP1 and EZH2 expression following 48h dox-induction of RP
NTmiR cells or PmiR1 cells transduced with EGFP or EZH2-EGFP. (I) Percentage of
live cells as determined by Trypan blue exclusion assay in the RP PmiR1 cells
transduced with EGFP or EZH2-EGFP. All p-values as determined by student’s two-
tailed t-test. All graphs plotted as mean of three independent experiments with error
bars representing standard deviation.

Figure 3: BLIMP1 KD induces large transcriptional changes

RNAseq results for (A) 48h dox-induced RP cells comparing PmiR1 to NTmiR.
Values are plotted as log, fold change vs. —log;o(qvalue). Red indicates those genes
with a g-value < 0.05 and a log, fold change < -0.3 or > 0.3. Heat maps depicting the
Z-score of the log, fold change comparing PmiR1 to NTmiR for three independent
replicates looking at (B) B cell genes and (C) apoptosis genes. (D) RNAseq results
for RP cells treated for 48h with 300nM 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. Heat
maps depicting the Z-score of the log, fold change comparing tazemetostat treatment
to DMSO for three independent replicates looking at (G) B cell genes and (H)

apoptosis genes.

Figure 4: BLIMP1 and EZH2 are present at a subset of proximal genomic loci

(A) Venn diagram of H3K27me3 and BLIMP1 peaks extended +10kb, showing
overlaps in these regions. (ns) 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 £3kb from the centre of
BLIMP1 binding sites. Data depicts representative experiment of two biological

replicates. (C) Venn diagram of genes assigned to H3K27me3 and BLIMP1 peaks
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showing overlapping genes. p= 2.9e-25 as determined by Fisher’s exact test. (D)
ChiIPseq tracks for H3K27me3 and BLIMPL1 in the RP cell line. Data represents
combination of reads from two independent experiments. (E) Enrichment of signal
from ChlPseq tracks +10kb 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. (ns) 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. (ns) not significant,
as determined by Fisher’s exact test. All ChIPseq experiments were performed as two

biological replicates.

Figure 5: BLIMP1 and EZH2 promote immune evasion

(A) Heat maps showing z-score of the log2 fold change for PmiR2 compared to
NTmIR and in RP cells with three independent replicates looking at genes involved in
stimulation of T and NK cells, MHC molecules, inhibitory ligands and receptors, IFN
and TNF receptors and downstream signalling. ChlPseq tracks for H3K27me3 and
BLIMP1 in the RP cell line over (B) the immune surface molecule genes HLA-B,
MICA, LILRB1, NCR3LG1, TNFRSF1A, or (C) the downstream signalling genes,
IFIT2 and STAT1. Data represents combination of reads from two independent
experiments. (D) Percentage CD56+CD107a+ cells (Q2) representing degranulating
NK cells, as determined by flow cytometry following co-culture with RP cells with
NTmiR or PmiR1, or RP cells treated with DMSO or Tazemetostat. One
representative experiment is displayed. (E) Relative quantification of the
degranulation assay **p = 0.0088. (F) Cytotoxicity depicted in relative luminescence

units (RLU), as measured by adenylate kinase activity in the culture media following
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4 h co-culture of NK cells with RP cells expressing NTmiR or PmiR1, or RP cells
treated with DMSO or 1uM Tazemetostat. Cells were co-cultured at the
effector:target ratio of 20:1. ****p = 3.1x10° *p = 0.02. Results of the
degranulation and cytotoxicity assays from four individual donors, performed in two

pairs on two separate occasions.

Expanded view

Expanded view figure legends

Expanded view Figure 1

(A) Annexin V staining of dox-induced RP cells with NTmiR, PmiR1 or PmiR2; ***p
= 0.0004; **p = 0.0071. (B) Annexin V staining of dox-induced MW cells with
NTmiR or PmiR1; p = 0.0572.

Expanded view Figure 2

(A) Signal intensity of immunofluorescence staining for BLIMP1 and EZH2 as
quantified by CellProfiler from approximately 5000 cells per sample across two
independenct replicates. (B) Relative growth of RP cells treated with tazemetostat for
96h, shown next to RP cells treated with Ibrutinib for 48h. (C) Immunoblot of
histone extracts from RP cells stained for H3K27me3 with total H3 as a loading
control following 48h tazemetostat treatment at the indicated concentrations. The 0

concentration was treated with vehicle control, DMSO.

Expanded view Figure 3

(A) Graph of RNAseq results depicting normalised transcripts per million (TPM)
values for SMURF2 in RP cells with NTmiR and PmiR1. Bar plots depicting

normalised enrichment score for Hallmarks gene sets identified using GSEA pre-
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ranked with FDR-corrected p-value < 0.05 for (B) PmiR1 compared to NTmiR and

(C) tazemetostat treatment compared to DMSO.

Expanded view Figure 4

(A) Motif enrichment analysis showing the top motif for BLIMP1 ChlPseq
experiments in the RP cell line. Profiles showing enrichment over +30 kb regions
from TSSs assigned to (B) BLIMP1 and (C) H3K27me3 peaks in the RP cell line.
(D) Motif enrichment analysis showing the top motif for BLIMP1 ChlPseq
experiments in the OPM-2 and NCI-H929 cell lines. Profiles showing enrichment
over +30 kb regions from TSSs assigned to (E) BLIMPL, (F) H3K27me3 and (G)
EZH2 peaks in the OPM-2 and NCI-H929 cell lines. (H) Enrichment of BLIMP1
signal in the RP, OPM-2 and NCI-H929 cell lines over BLIMP1 peaks from the RP
cell line. (1) Enrichment of H3K27me3 signal in the RP, OPM-2 and NCI-H929 cell
lines over H3K27me3 peaks from the RP cell line. (J) ChlPseq tracks for
H3K27me3 and BLIMP1 over the SMURF2 gene in the RP cell line. (K) Venn
diagrams of H3K27me3 and BLIMP1 peaks extended +10kb, showing overlaps in
these regions in the OPM-2 and NCI-H929 cell lines. (ns) not significant as
determined by hypergeometric test. (L) Venn diagram of EZH2 and BLIMP1 peaks
extended +10kb, showing overlaps in these regions in the NCI-H929 cell line. (ns)
not significant as determined by hypergeometric test. (M) Venn diagrams of
overlapping genes assigned to peaks for H3K27me3 or BLIMP1 in the OPM-2 and
NCI-H929 cell lines. Significance determined by Fisher’s exact test. OPM-2, ns, not
significant; NCI-H929, p = 5.9e-20. (N) Venn diagram of overlapping genes assigned
to peaks for EZH2 or BLIMP1 in the NCI-H929 cell lines. (ns) not significant, as

determined by Fisher’s exact test.

Expanded view Figure 5

(A) ChlPseq tracks for H3K27me3 and BLIMP1 over the PDCD1LG2 gene in the
RP cell line. (B) Heat map showing the z-score of the |, fold change for
Tazemetostat compared to DMSO in RP cells with three independent replicates

looking at genes involved in stimulation of NK cells, MHC molecules, inhibitory
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ligands and receptors, and downstream signalling. (C) RT-qgPCR from three
independent experiments depicting relative mRNA expression comparing RP cells
with NTmiR, and PmiR1 transduced with EGFP or EZH2-EGFP. (D) Negative
control for the degranulation assay, consisting of NK cells cultured alone, and
positive control consisting of NK cells in co-culture with RP cells treated with

2.5ug/mL phorbol 12-myristate 13-acetate and 0.5ug/mL ionomycin.

Appendix

Appendix Methods

Resazurin assay

The percentage reduction of resazurin was calculated according to the following

formula:

(02 x A1) - (0O1xA2)
Percentage reduction of resazurin = x 100

(R1x N2)-(R2xN1)

Where O1 = molar extinction coefficient (E) of oxidized resazurin at 570 nm
(80586); 02= E of oxidized resazurin at 595 nmiski(117216); R1 = E of reduced
resazurin (Red) at 570 nmisti(155677); R2= E of reduced resazurin at 595 nm
(14652); A1 = absorbance of test wells at 570 nm;stiA2 = absorbance of test wells at
595 nm;siN1 = absorbance of negative control well (media plus resazurin but no
cells) at 570 nm; N2 = absorbance of negative control well (media plus resazurin but

no cells) at 595 nm.

Appendix Table 1: Artificial miRNA sequences

Name Sequence (5°-3”)
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PmiR1 GTACACTTCTCTTCAAACTCAGGTTTTGGCCACT
GACTGACCTGAGTTTAGAGAAGTGTACA
PmiR2 GTTACTCATCACTCCAATAACCGTTTTGGCCACT

GACTGACGGTTATTGGTGATGAGTAACA

Non-targeting
(NTmIR)

AAATGTACTGCGCGTGGAGACGTTTTGGCCACT
GACTGACGTCTCCACGCAGTACATTT

Appendix Table 2: Primers used for mutagenesis

FUW-P-miR1-mut_Fwd

gaaaaatgcaCATACATTGTGAACGACCAC

FUW-P-miR1-mut_Rev

ctcgaattccgCCTCTGTCCACAGAGTCA

Appendix Table 3: Primers used for gPCR

Primer Sequence
PRDM1_fwd GGTACACACGGGAGAAAAGC
PRDM1_rev GAGATTGCTGGTGCTGCTAA
EZH2_fwd ACATCCTTTTCATGCAACACC
EZH2 rev GCTCCCTCCAAATGCTGGTA
STATL fwd CTGTGCGTAGCTGCTCCTT
STAT1 rev GAGTCAAGCTGCTGAAGTTCG
TFEC_fwd ACATGGGGCTTACAAGTGCT
TFEC_rev TCAATGAGGTTGTGGTTGTCC
POU2F2_fwd ACTCATGTTGACGGGCAGC
POU2F2_rev GGTAGCAGGAACTGAGCAGG
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MICA_fwd ACATTCCATGTTTCTGCTGTTGC
MICA _rev GACCTGCAGGCTCACGA
LGALS9_fwd TCAATGGGACCGTTCTCAGC
LGALS9_rev GAGGGTTGAAGTGGAAGGCA
BCL2L11_fwd CCTCGGCGCCCTTTCTT
BCL2L11_rev AGGTTGCTTTGCCATTTGGTC
CASP4_fwd TGCTGTTTACAAGACCCACG
CASP4_rev AGAGCCCATTGTGCTGTCTC
OAS2_fwd CAGGAACCCGAACAGTTCCC
OAS2_rev AGGACAAGGGTACCATCGGA
PIK3CD_fwd TGTACGCCGTGATCGAGAAA
PIK3CD_rev CGGTCTTAAGCTGGTCCTTGT
RCAN3_fwd GCGCGAATAGAACTCCACGA
RCANS3_rev GCGGCAGGAGATAGGACTTG
ZFP36L1_fwd GTCTGCCACCATCTTCGACT
ZFP36L1_rev TTTCTGTCCAGCAGGCAACC
CHTA_fwd CATCCTTGGGGAAGCTGAGG
CHTA rev CTGTGAGCTGCCTTGGGG
TNFRSF14_fwd GCAGTGCCAAATGTGTGACC
TNFRSF14_rev CCTGGACGATGCAGAAGTGG
HAVCR2_fwd GGCTCTTATCTTCGGCGCT
HAVCR2_rev GGGAGGTTGGCCAAAGAGAT
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PPIA_fwd CATCTGCACTGCCAAGACTGA
PPIA_rev TGGCCTCCACAATATTCATGC
ACTIN_fwd AGGCACCAGGGCGTGAT
ACTIN_rev GCCCACATAGGAATCCTTCTGAC
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Figure 1: BLIMP1 promotes survival of WM cells

(A) BLIMP1 expression in myeloma cell line OPM-2 and in WM cell lines RP, MW and BC as detected by immunofluorescence staining,
with bar graph representing percentage of BLIMP1bright cells. Scale bars represent 20pum. (B) Immunoblot of BLIMP1 expression follow-
ing 48h dox induction of RP cells expressing NTmiR, PmiR1 or PmiR2, with bar graph representing the quantity of BLIMP1 relative to
actin; ****p < 0.0001. (C) Immunofluorescence staining of BLIMP1 following 48h dox induction in MW cells expressing NTmiR, PmiR1 or
PmiR2, with cell profiler quantification; p = 0.0228. (D) Percentage of live cells as determined by Trypan blue exclusion assay in the RP
and MW cell lines. RP, p = 0.0019; MW, p = 0.0162. (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 PmiR1 cells with ectopic EGFP or BLIMP1-EGFP
expression determined by the Trypan blue exclusion assay normalised to the percentage of live cells following transduction of RP NTmiR
cells with EGFP or BLIMP1-EGFP. Day 2, *p = 0.0165; Day 5, ***p = 0.0003. (G) Per cent reduction as measured by resazurin assay for
RP PmiR1 cells with EGFP or BLIMP1-EGFP, five days after dox induction. *p = 0.0208. All p-values as determined by student’s
two-tailed t-test. All graphs plotted as mean of three independent experiments, with error bars representing standard deviation.
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Figure 2: BLIMP1 maintains EZH2 protein levels

(A) Immunoblot of BLIMP1 and EZH2 expression following 48h dox-induction of RP cells expressing NTmiR, PmiR1 or PmiR2, with
quantification of signal relative to actin in bar plot; ***p = 0.0002; ***p = 0.001; **p = 0.0027. (B) Immunoblot of BLIMP1 and EZH2
expression following 48h dox-induction of OPM-2 cells expressing NTmiR or PmiR1, with quantification of signal relative to actin in bar
plot; ****p < 0.0001; *p = 0.016. (C) Immunofluorescence staining of BLIMP1 and EZH2 expression following 48 h dox-induction of
RPCI-WM1 cells expressing NTmiR or PmiR1, transduced with EGFP or BLIMP1-EGFP. Scale bars represent 20 um. (D) RT-qPCR
results depicting relative mRNA expression of PRDM1 and EZH2 normalised to PPIA and ACTB in the RP cell line and (E) in the OPM-2
cell line. (F) Immunoblot of BLIMP1 and EZH2 expression following 24h dox-induction of RP cells expressing NTmiR or PmiR1 treated
with DMSO or 5uM MG-132 for 4h. (G) The ratio of EZH2 expression relative to actin for RP PmiR1 cells divided by RP NTmiR cells
treated with DMSO or MG132 as in Fig. 2F; p = 0.0134. (H) Immunoblot of BLIMP1 and EZH2 expression following 48h dox-induction of
RP NTmiR cells or PmiR1 cells transduced with EGFP or EZH2-EGFP. (I) Percentage of live cells as determined by Trypan blue exclu-
sion assay in the RP PmiR1 cells transduced with EGFP or EZH2-EGFP. All p-values as determined by student’s two-tailed t-test. All
graphs plotted as mean of three independent experiments with error bars representing standard deviation.
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Figure 3
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Figure 3: BLIMP1 KD induces large transcriptional changes

RNAseq results for (A) 48h dox-induced RP cells comparing PmiR1 to NTmiR. Values are plotted as
log2 fold change vs. —log10(qvalue). Red indicates those genes with a g-value < 0.05 and a log2 fold
change = -0.3 or 2 0.3. Heat maps depicting the Z-score of the log2 fold change comparing PmiR1 to
NTmiR for three independent replicates looking at (B) B cell genes and (C) apoptosis genes. (D)
RNAseq results for RP cells treated for 48h with 300nM 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. Heat maps depicting the Z-score of the log2 fold
change comparing tazemetostat treatment to DMSO for three independent replicates looking at (G) B
cell genes and (H) apoptosis genes.
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Figure 4
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Figure 4: BLIMP1 and EZH2 are present at a subset of proximal genomic loci

(A) Venn diagram of H3K27me3 and BLIMP1 peaks extended +10kb, showing overlaps in these
regions. (ns) not significant as determined by hypergeometric test. Called peaks determined by over-
lap from peak calling from two independent experiments. (B) Enrichment of signal from ChiPseq
tracks +3kb from the centre of BLIMP1 binding sites. Data depicts representative experiment of two
biological replicates. (C) 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) ChIPseq tracks for
H3K27me3 and BLIMP1 in the RP cell line. Data represents combination of reads from two independ-
ent experiments. (E) Enrichment of signal from ChIPseq tracks +10kb from the centre of BLIMP1 bind-
ing 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 significant-
ly decreased expression following BLIMP1 KD and genes assigned to BLIMP1 binding sites. (ns) 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. (ns) not significant, as determined by Fisher’s exact test. All ChIPseq
experiments were performed as two biological replicates.
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Figure 5
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Figure 5: BLIMP1 and EZH2 promote immune evasion
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(A) Heat maps showing z-score of the log2 fold change for PmiR2 compared to NTmiR and in RP cells with three independent
replicates looking at genes involved in stimulation of T and NK cells, MHC molecules, inhibitory ligands and receptors, IFN and
TNF receptors and downstream signalling. ChlPseq tracks for H3K27me3 and BLIMP1 in the RP cell line over (B) the immune
surface molecule genes HLA-B, MICA, LILRB1, NCR3LG1, TNFRSF1A, or (C) the downstream signalling genes, IFIT2 and STAT1.
Data represents combination of reads from two independent experiments. (D) Percentage CD56+CD107a+ cells (Q2) representing
degranulating NK cells, as determined by flow cytometry following co-culture with RP cells with NTmiR or PmiR1, or RP cells treat-
ed with DMSO or Tazemetostat. One representative experiment is displayed. (E) Relative quantification of the degranulation assay
**p = 0.0088. (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 1uM
Tazemetostat. Cells were co-cultured at the effector:target ratio of 20:1. ****p = 3.1x10-5; *p = 0.02. Results of the degranulation
and cytotoxicity assays from four individual donors, performed in two pairs on two separate occasions.
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Expanded View Figure 1
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Expanded View Figure 1

(A) Annexin V staining of dox-induced RP cells with NTmiR, PmiR1 or PmiR2; ***p = 0.0004; **p =
0.0071. (B) Annexin V staining of dox-induced MW cells with NTmiR or PmiR1; p = 0.0572.
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Expanded View Figure 2
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Expanded View Figure 2

(A) Signal intensity of immunofluorescence staining for BLIMP1 and EZH2 as quantified by cell profiler from approxi-
mately 5000 cells per sample across two independenct replicates. (B) Relative growth of RP cells treated with tazemeto-
stat for 96h, shown next to RP cells treated with Ibrutinib for 48h. (C) Immunoblot of histone extracts from RP cells
stained for H3K27me3 with total H3 as a loading control following 48h tazemetostat treatment at the indicated concentra-
tions. The 0 concentration was treated with vehicle control, DMSO.
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Expanded View Figure 3
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(A) Graph of RNAseq results depicting normalised transcripts per million (TPM) values for SMURF2 in RP
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fied using GSEA pre-ranked with FDR-corrected p-value = 0.05 for (B) PmiR1 compared to NTmiR and (C)

tazemetostat treatment compared to DMSO.
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Expanded View Figure 4
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Expanded View Figure 4

(A) Motif enrichment analysis showing the top motif for BLIMP1 ChiPseq experiments in the RP cell line. Profiles show-
ing enrichment over +30 kb regions from TSSs assigned to (B) BLIMP1 and (C) H3K27me3 peaks in the RP cell line.
(D) Motif enrichment analysis showing the top motif for BLIMP1 ChiIPseq experiments in the OPM-2 and NCI-H929 cell
lines. Profiles showing enrichment over +30 kb regions from TSSs assigned to (E) BLIMP1, (F) H3K27me3 and (G)
EZH2 peaks in the OPM-2 and NCI-H929 cell lines. (H) Enrichment of BLIMP1 signal in the RP, OPM-2 and NCI-H929
cell lines over BLIMP1 peaks from the RP cell line. (1) Enrichment of H3K27me3 signal in the RP, OPM-2 and NCI-H929
cell lines over H3K27me3 peaks from the RP cell line. (J) ChiPseq tracks for H3K27me3 and BLIMP1 over the
SMURF2 gene in the RP cell line. (K) Venn diagrams of H3K27me3 and BLIMP1 peaks extended +10kb, showing
overlaps in these regions in the OPM-2 and NCI-H929 cell lines. (ns) not significant as determined by hypergeometric
test. (L) Venn diagram of EZH2 and BLIMP1 peaks extended +10kb, showing overlaps in these regions in the NCI-H929
cell line. (ns) not significant as determined by hypergeometric test. (M) Venn diagrams of overlapping genes assigned to
peaks for H3K27me3 or BLIMP1 in the OPM-2 and NCI-H929 cell lines. Significance determined by Fisher’s exact test.
OPM-2, ns, not significant; NCI-H929, p = 5.9e-20. (N) Venn diagram of overlapping genes assigned to peaks for EZH2
or BLIMP1 in the NCI-H929 cell lines. (ns) not significant, as determined by Fisher’s exact test.
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Expanded View Figure 5
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(A) ChlPseq tracks for H3K27me3 and BLIMP1 over the PDCD1LG2 gene in the RP cell line. (B) Heat map showing
the z-score of the log2 fold change for Tazemetostat compared to DMSO in RP cells with three independent repli-
cates looking at genes involved in stimulation of NK cells, MHC molecules, inhibitory ligands and receptors, and
downstream signalling. (C) RT-gPCR from three independent experiments depicting relative mRNA expression com-
paring RP cells with NTmiR, and PmiR1 transduced with EGFP or EZH2-EGFP. (D) Negative control for the degranu-
lation assay, consisting of NK cells cultured alone, and positive control consisting of NK cells in co-culture with RP

cells treated with 2.5ug/mL phorbol 12-myristate 13-acetate and 0.5ug/mL ionomycin.
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Appendix

Appendix I: Scripts and codes used for bioinformatics
analyses

1 Processing of Raw Data

1.1 FastQC
Analyses were begun using FastQc with the simple command:

fastgc <yourfilename>.fastq.gz

1.2 Trim Galore

The fastqc html files were examined for quality and adaptor contamination.
There was adaptor sequence present for some samples, so all samples were
then processed with Trim Galore to remove these. The * represents the file
name, and the R1 and R2 are for the paired-end matching reads. The --

fastqc command makes the FastQC program run after trimming is complete.

trim_galore --fastgc --paired --gzip -t *_R1.fq.gz *_R2.fq.gz" \;

. Trimmed files will be output as name_R1 val_1.fq.gz

2 RNAseq

2.1 STAR Aligner

STAR was used to align reads to check for alignment to the human genome.

This step was used as an additional quality control of our RNAseq reads.
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Making a genome index with STAR (all on one line):

STAR --runThreadN 12 --runMode genomeGenerate --genomeDir ./ --
genomeFastaFiles
/home/kimberl/Ensembl/Homo_sapiens.GRCh38.dna.primary_assembly.fa --
sjdbGTFfile /nome/kimberl/Ensembl/Homo_sapiens.GRCh38.91.gtf --
sjdbOverhang 124

Mapping reads and generating sorted .bam files:

STAR --runThreadN 12 --genomeDir ~/STAR/genome/ --sjdbGTFfile
~/Homo_sapiens_UCSC_hg38_iGenomes/UCSC/hg38/Annotation/Genes/ge
nes.gtf --readFileslin file.fastq.gz --readFilesCommand zcat --outSAMtype
BAM SortedByCoordinate

Generating signal files for visualization on genome browsers for stranded
RNA-seq data:

STAR --runMode inputAlignmentsFromBAM --inputBAMfile
Aligned.sortedByCoord.out.bam --outWigType wiggle --outWigStrand
Stranded --runThreadN 12

2.2 Kallisto
Kallisto was used for pseudoalignment to the hg38 transcriptome and for

guantification of the reads.

2.2.1 First prepare Kallisto index

We used the hg38 transcriptome from ENSEMBL. This was chosen because
it has the most annotations. We also included a file containing sequences of
rRNAs.

kallisto index -i indexfilename.idx Homo_sapiens.GRCh38.cdna.all.fa
human_rRNA.fa

2.2.2 Running Kallisto
Kallisto was then run on all samples with the --rf-stranded argument because

our libraries were strand-specific and this gives us more information.

kallisto quant -i indexfilename.idx -o aligned_filename_Kallisto -b 100 --rf-
stranded -t 14 trimmed_R1_val_1.fq.gz timmed_R2_val_2.fq.gz" \;
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2.3 Sleuth

2.3.1 Prepping for sleuth run

Open R and start a new R script. Set up libraries:

library("sleuth™)
library("splines™)
library("biomaRt")
library("ggthemes")
library("xIsx")

Make a .csv file in excel with the metadata of your samples:

Appendix Table I: metadata.csv

sample miR treatment
NTC_PACRCVV_Kallisto NTC miR none
Blimpl_PACRCVW_Kallisto Blimpl miR22 none
EZH2_PACRCVX_Kallisto EZH2 miR2 none
EPZ_PACRCVY_Kallisto WT Tazemetostat
DMSO_PACRCVZ_Kallisto WT DMSO
NTC_PACRCWA Kallisto NTC miR none
Blimpl_PACRCWAB_Kallisto Blimpl miR22 none
EZH2_PACRCWC_Kallisto EZH2 miR2 none
EPZ_PACRCWD_Kallisto WT Tazemetostat
DMSO_PACRCWE_Kallisto WT DMSO
NTC_PACRCWEF_Kallisto NTC miR none
Blimpl_PACRCWG_Kallisto Blimpl miR22 none
EZH2PACRCWH_Kallisto EZH2 miR2 none
EPZ_PACRCWI_Kallisto WT Tazemetostat
DMSO_PACRCWJ_Kallisto WT DMSO

Then collect samples and metadata:

sample_id <- list.dirs("20180210_Kallisto/.", full.names = TRUE)
kal_dirs <- sample_id[2:16]

experiment

KA377
KA377
KA377
KA377
KA377
KA411
KA411
KA411
KA411
KA411
KA392
KA392
KA392
KA392
KA392

all.files = list.files(path ="Kallisto_all/", recursive = TRUE, full.names = TRUE)

s2c <- read.csv("metadata.csv", header=TRUE)
s2c <- dplyr::mutate(s2c, path = kal_dirs)
s2c[] <- lapply(s2c, as.character)

Prepare a mart for annotating transcripts. Use it to make a transcript to gene

set.
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This code is using the Sleuth version 0.29.0, which uses a slightly
different method for gene level analysis compared to newer versions
of the package.

mart <- biomaRt::useEnsembl(biomart="ensembl",
dataset="hsapiens_gene_ensembl")
ttg <- biomaRt::getBM( attributes = c("ensembl_transcript_id",
"ensembl_gene_id", "external_gene_name",
"description"),
mart = mart)
ttg <- dplyr::rename(ttg, target_id = ensembl_transcript_id,
ens_gene = ensembl_gene_id, ext_gene =
external_gene_name)

head (ttg)

2.3.2 Running Sleuth

Here we show an example of how we performed the sleuth run using both
treatment and experiment as covariates in the analysis.

#Sleuth object with DMSO and Tazemetostat treated cells
s2c_DMSO_Taz <- s2c[c(4,5,9,10,14,15),]
sleuth_ob_DMSO_Taz <- sleuth_prep(s2c_DMSO_Taz, ~treatment +
experiment,

target_mapping = ttg, aggregation_column =
‘ens_gene', extra_bootstrap_summary = TRUE)
#Using both covariates in the full model
sleuth_ob_DMSO_Taz <- sleuth_fit(sleuth_ob_DMSO_Taz, ~treatment +
experiment, full’)
#Reduced model taking only the batch into account
sleuth_ob_DMSO_Taz <- sleuth_fit(sleuth_ob_DMSO_Taz, ~experiment,
‘treatment’)
design_matrix(sleuth_ob_DMSO_Taz, which_model = "full")

Now testing the reduced model against the full, so that we see which genes
are different between treatments, given the batch (experiment). We used the
likelihood ratio test here.

sleuth_ob_DMSO_Taz <- sleuth_lIrt(sleuth_ob_DMSO_Taz, 'treatment’, 'full’)
sleuth_ob_DMSO_Taz_lIrt_results <- sleuth_results(sleuth_ob_DMSO_Taz,
‘treatment:full’, test_type = "Irt")

#Now selecting only those DEGs with a g-value less than 0.05
sleuth_ob_DMSO_Taz_sig<-

274



sleuth_ob_DMSO_Taz_lIrt_results[which(sleuth_ob_DMSO_Taz_lIrt_results$q
val<0.05),]

We used principle component analysis and sleuth_live() to look at the data in
more detail.

sleuth_live(sleuth_ob_DMSO_Taz)
plot_pca(sleuth_ob_DMSO_Taz, pc_x = 1L, pc_y = 2L, use_filtered = TRUE,
units = "tpm", color_by = "treatment",text_labels = TRUE)

Next, we calculated the log2 fold change from the Kallisto data

Taz_table <- kallisto_table(sleuth_ob_DMSO_Taz, use_filtered = TRUE,
normalized = TRUE)

Taz_table <- dplyr::select(Taz_table, target_id, tpm, treatment, experiment)
Taz_table <- spread(Taz_table, key = experiment, value = tpm)
Taz_tbl_avtpm <- group_by(Taz_table, target_id)

Taz_tbl_avtpm <- aggregate(Taz_tbl_avtpm][, 3:5],
list(Taz_tbl_avtpm$target_id), mean)

DMSO _table <- Taz_table[Taz_table$treatment == c("DMS0"),]
Tazem_table <- Taz_table[Taz_table$treatment == c("Tazemetostat"),]
#Subtracting on a batch-by-batch basis, values for Tazemetostat - DMSO
Taz_diff_table <- within(merge(Tazem_table,DMSO _table,by="target _id"), {

KA377 <- KA377.x-KA377.y

KA392 <- KA392.x-KA392.y

KA411 <- KA411.x-KA411.y

D.c("target_id","KA377","KA392","KA411")]

Taz_diff_table$gene <- ttg$ext_gene[match(Taz_diff table$target id,
ttg$ens_gene)]

Taz_diff_table <- Taz_diff_table[c(1,5,2:4)]

Taz_diff_table$qval <-
sleuth_ob_DMSO_Taz_Irt_results$qval[match(Taz_diff_table$target_id,
sleuth_ob DMSO_Taz_lIrt_results$target_id)]

Taz_diff_table$pval <-
sleuth_ob_DMSO_Taz_Irt_results$pval[match(Taz_diff_table$target_id,
sleuth_ob DMSO_Taz_lIrt_results$target_id)]

#Now calculating log2 fold change batch-by-batch
Taz_fc_table <- within(merge(Tazem_table,DMSO _table,by="target_id"), {

275



KA377 <- log2(KA377.x/KA377.y)

KA392 <- log2(KA392.x/KA392.y)

KA411 <- log2(KA411.x/KA411.y)

Dl,c("target_id","KA377","KA392","KA411")]

Taz_fc_table$gene <- ttig$ext_gene[match(Taz_fc_table$target id,
ttg$ens_gene)]
Taz_fc_table <- Taz_fc_table[c(1,5,2:4)]
Taz_fc_table$gval <-
sleuth_ob_DMSO_Taz_Irt_results$gval[match(Taz_fc_table$target id,
sleuth_ob_DMSO_Taz Irt_results$target_id)]
Taz_fc_table$pval <-
sleuth_ob_DMSO_Taz_Irt_results$pval[match(Taz_fc_table$target id,
sleuth_ob_DMSO_Taz_Irt_results$target_id)]
Taz_fc_table <- arrange(Taz_fc_table, qval)
Taz_fc_table$mean_log2fc <- rowMeans(subset(Taz_fc_table, select =
c(KA377, KA392, KA411)), na.rm = TRUE)
#Now add a new column containing average tpm
#Set order first
Taz_thl_avtpm <- Taz_tbl_avtpm[order(match(Taz_tbl_avtpm$Group.1,
Taz_fc_table$target_id)),]
Taz_fc_table$mean_expression_tpm <- rowMeans(subset(Taz_tbl_avtpm,
select = ¢(KA377, KA392, KA411)), na.rm = TRUE)
Final_taz_fc_tbl <- Taz_fc_table[,c(1,2,6:9)]
write.csv(Final_taz_fc_tbl, "Final_tazemetostat_fc.csv")
Final_taz_fc_sig <- Final taz_fc_tbl[which(Final taz_fc_tbl$qval<0.05 &
Final_taz_fc_tbl$mean_log2fc >= 0.3 | Final_taz_fc_thl$qval<.05 &
Final_taz_fc_tbl$mean_log2fc <= -0.3),]
write.csv(Final_taz_fc_sig, "Final_tazemetostat DEGs.csv")

2.4 Making a volcano plot

We next generated a volcano plot with significant values in red. We set the
cutoff as g-value < 0.05 and the mean log2 fold-change < -0.3 and > 0.3.

with(Taz_fc_table, plot(mean_log2fc, -log10(gval), pch=20, main="Volcano
plot", xlim=c(-5,5)))

with(subset(Taz_fc_table, qval<.05 & mean_log2fc >= 0.3 | qval<.05 &
mean_log2fc <= -0.3), points(mean_log2fc, -log10(qval), pch=20, col="red"))
with(subset(Taz_fc_table, qval<.05 & abs(mean_log2fc) > 1),
textxy(mean_log2fc, -log10(qval), labs=gene, cex=.8))
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2.5 Investigating overlapping genes

Here we used the packages VennDiagram and GeneOverlap to create venn
diagrams and calculate the statistical significance of the overlaps. We also
generated lists of overlapping genes.

library("VennDiagram")
dev.off()

BLIMP1_sig_up <- filter(Final_BLIMP1_fc_sig, mean_log2fc > 0)
BLIMP1_sig_down <- filter(Final_BLIMP1_fc_sig, mean_log2fc < 0)
Taz_sig_up <- filter(Final_taz_fc_sig, mean_log2fc > 0)
Taz_sig_down <- filter(Final_taz_fc_sig, mean_log2fc < 0)

#Plotting genes significantly upregulated following KD (no filtering):
venn.plotl <- venn.diagram(x = list("BLIMP1 KD" =
BLIMP1_sig_up$target_id,
"Tazemetostat" = Taz_sig_up$target_id),

filename = NULL,

scaled = TRUE, margin = 0.1)
grid.draw(venn.plotl)
dev.off()

Blimpl_taz_olap_up <- BLIMP1_sig_up[BLIMP1_sig_up$target_id %in%
Taz_sig_upS$target_id,]
write.csv(Blimpl_taz_olap_up, "BLIMP1_tazemetostat common_up.csv")

library("GeneOverlap")

Up_olap <- newGeneOverlap(BLIMP1_sig_up$target_id,
Taz_sig_up$target_id, genome.size = NULL,
spec = c("hgl19.gene"))
Up_olap <- testGeneOverlap(Up_olap)
Up_olap

#Plotting genes significantly downregulated following KD:
dev.off()
venn.plot2 <- venn.diagram(x = list("BLIMP1 KD" =
BLIMP1_sig_down$target _id,
"Tazemetostat" = Taz_sig_down$target_id),
filename = NULL,
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scaled = TRUE, margin = 0.1)
grid.draw(venn.plot2)
dev.off()

down_olap <- newGeneOverlap(BLIMP1_sig_down$target_id,
Taz_sig_down$target_id, genome.size = NULL,
spec = c("hg19.gene"))
down_olap <- testGeneOverlap(down_olap)
down_olap

Blimpl_Taz_olap_down <- BLIMP1_sig_down[BLIMP1_sig_down$target_id
%in% Taz_sig_down$target_id,]

write.csv(Blimpl_Taz_olap_down,

"BLIMP1_tazemetostat_ common_down.csv")

2.6 GSEA

GSEA was used to identify significantly enriched gene sets within our
RNAseq data.For this, we generated ranked gene lists comprising all
detected genes assigned to a rank value. The rank value was calculated as -
log10(g-value) x (sign of fold change). The genes were then ranked from the

highest rank value to the lowest. These lists were generated in R:

Taz_all_preranked.score <- Final_taz_fc_tbl[,c(1:3,5)]
Taz_all_preranked.score.up <- filter(Taz_all_preranked.score, mean_log2fc
>0)

Taz_all_preranked_log.score.up <-
log10(1/Taz_all_preranked.score.up$qval)

Taz_all_preranked.score.down <- filter(Taz_all_preranked.score,
mean_log2fc <0)

Taz_all_preranked_log.score.down <- -
log10(1/Taz_all_preranked.score.down$qval)

Taz_all_preranked_log <-
as.data.frame(c(Taz_all_preranked.score.up$gene,
Taz_all_preranked.score.down$gene))

Taz_all_preranked_log$score <- c(Taz_all_preranked_log.score.up,
Taz_all_preranked_log.score.down)

Taz_all_preranked_log <- na.omit(setorder(Taz_all_preranked_log, -score,
na.last = TRUE))
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write.csv(Taz_all_preranked_log,
"20180928 Tazemetostat_all_preranked_log10.csv")

This file was then opened in excel, headers of all columns were deleted as
well as all columns except for gene names and score. The file was saved as
a tab-delimited .txt rile with the .rnk extension. This was then loaded into
GSEA preranked program. We used the following settings with the Hallmarks
gene set database:

Number of Permutations: 1000
Enrichment statistic: classic
Max size: 5000

Min size: 15

Normalisation mode: meandiv

2.7 Heatmaps

We plotted heatmaps for our RNAseq samples using lists of significantly
differentially expressed genes

library(gplots)
library(RColorBrewer)

immune_evasion <- unique(read.csv("Immune_evasion_BLIMP1.csv"))
immune_evasion$Gene <-
immune_evasion$Gene[order(match(immune_evasion$Gene,
ttg$ext_gene))]

BLIMP1_immune_evasion_tbl <- BLIMP1_fc_table[(BLIMP1_fc table$gene
%in% immune_evasion$Gene),]

BLIMP1_immune_evasion_tbl <- BLIMP1_immune_evasion_tbl[,c(2:5)]
BLIMP1_immune_evasion_tbl <-
data.frame(lapply(BLIMP1_immune_evasion_tbl, function(x) {gsub("Inf", 10,

X))

im_order <- read.csv("Immune_evasion_BLIMP1.csv")
BLIMP1_immune_evasion_tbl <-
BLIMP1_immune_evasion_tbl[order(match(BLIMP1_immune_evasion_tbl$ge
ne, im_order$Gene)),]

rownames(BLIMP1_immune_evasion_tbl) <-
BLIMP1_immune_evasion_tbl$gene

BLIMP1_immune_evasion_tbl <- BLIMP1_immune_evasion_tbl[,c(2:4)]
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names <- rownames((BLIMP1_immune_evasion_tbl))

BLIMP1_immune_evasion_tbl <- mutate_all(BLIMP1_immune_evasion_tbl,
function(x) as.numeric(as.character(x)))
rownames(BLIMP1_immune_evasion_tbl) <- c(hames)
BLIMP1_immune_evasion_tbl$too <-
rep(0,nrow(BLIMP1_immune_evasion_tbl))
BLIMP1_immune_evasion_tbl$"2" <-
rep(0,nrow(BLIMP1_immune_evasion_tbl))
BLIMP1_immune_evasion_thI$"3" <-
rep(0,nrow(BLIMP1_immune_evasion_tbl))

BLIMP1_immune_evasion_tbl <- BLIMP1_immune_evasion_tbl[,c(4:6, 1:3)]

colnames(BLIMP1_immune_evasion_tbl) <- c("NTC miR (1)", "NTC miR (2)",
"NTC miR (3)", "PRDM1 miR (2)", "PRDM1 miR (2)", "PRDM1 miR (3)")
BLIMP1_immune_evasion_tbl <- as.matrix(BLIMP1_immune_evasion_tbl)
RBcolors <- colorRampPalette( rev(brewer.pal(9, "RdBu")) )(75)
heatmap.2(BLIMP1_immune_evasion_tbl,

Rowv = FALSE,

Colv=FALSE,

col=RBcolors,

key=TRUE, keysize=1, symkey=TRUE, density.info="none’,

trace='none’,

## The following command scales each row so that the gene
expression changes are scaled for each column.

scale="row",

margins = c¢(15,9),

cexRow=0.7,

cexCol=1,

labCol = colnames(BLIMP1_immune_evasion_tbl),

labRow = rownames(BLIMP1_immune_evasion_tbl),
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3 ChlPseq analyses
We first ran the fastq files through FastQC and Trim Galore as above. Then,
we ran Bowtie2 on the trimmed files to align the reads to the hg38 genome.

bowtie2 -p14 -x Bowtie2Index/genome -1 name_R1 val 1.fq.gz -2
name_R2 val _2.fq.gz -S name_UCSC.sam

Then we converted .sam files to sorted .bam files:

samtools view -@ 14 -bS name.sam | samtools sort -0 name_aligned.bam
We merged the bam files:

samtools merge -c -p filename_merge.bam filenamel.bam filename2.bam

Firstly, we tried to use MACS1.4, but didn’t find the peak calling to work so
well for the H3K27me3 mark:

macs14 -c PACRCXG/*aligned.bam.bam -t PACRCXE/*aligned.bam.bam -g
hs -w -S -n 20180206_KA428_NTC_K27me3_UCSC

We used the .wig files generated in MACS1.4 to create bigWig files which we
then visualised on the UCSC genome browser.

wigToBigWig name.wig.gz $SHOME/hg38.chrom.sizes UCSC.bw -clip

We used MACS?2 to call peaks at different g-values. We generally used quite
lenient g-values so that we could combine replicates later. We tried the g-
values 0.01, 0.001 and 0.0001. For example:

MACS?2 callpeak -t PACRCUT.bam.bam -c PACRCUS.bam.bam -n
20180322_KA390_RPCI_BLIMP1_macs2_g3 -g hs -q 0.001 -f BAMPE

To assess the peak calling, we investigated the peak lists and compared
them to tracks for the same experiment visualised on the UCSC genome
browser.

We used the bedOps program to remove blacklisted regions with
artefacts from the bed files:

#!/bin/bash
for i in *.broadPeak
do

echo "BedOps: "$i
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bedops -n $i Centromeric.bed > $i" filtered"

done

The blacklisted regions were as follows:

Appendix Table II: Blacklisted regions

Chr Start End

1 121301254 143601086
1 148509965 148605901
10 38342249 42345412
11 50639378 54602911
12 34494476 37315449
13 15932666 18445045
14 4116852 18283284
15 16742648 19857282
15 19772028 19788200
16 34561382 34600423
16 38193699 46449179
17 22252871 27419764
18 105511 113219
18 15206107 21026076
18 80262001 80263718
19 24090454 27656388
2 89825185 89842202
2 90322492 94802381
20 26183756 31242950
21 7605039 13270848
22 10213867 15446234
3 90470887 93729259
4 7405 72991

4 49021358 51834385
5 46460491 50216349
6 58351628 60247657
7 56369943 56375294
7 57944754 62051072
8 43618739 46150317
9 43269187 60999358
X 58404711 62941461
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Y 1 57227415
. Write column headings into this new file:

seqnames start end name score strand fold_enrich
X.logl0 pval X.logl0_qval rel_summit_pos

. Now you are ready to load it into R and analyse

3.1 Diffbind

A sample sheet was then prepared in excel combining the selected peak bam
files as specified for the diffBind package. For the BLIMP1 ChIPseq in the
RPCI-WML1 cell line we used a g-value of 0.001, and for the OPM-2 and NCI-
H929 cell lines we used a g-value of 0.0001. For the H3K27me3 ChIPseq we
used a g-value of 10e-8 for all cell lines, and for the EZH2 ChlIPseq we used
a g-value of 0.001. As an example of how we generated consensus peak
lists:

library(DiffBind)

library(diffloop)

#Creating overlap of RPCI BLIMP1 ChIPSeq replicates called with MACS2
RPCI_BLIMP1_comb <-
dba.peakset(BLIMP1_consensus_cellline,BLIMP1_consensus_cellline$mask
s$RPCI, bRetrieve = TRUE)

RPCI_BLIMP1_comb <- addchr(RPCI_BLIMP1_comb)
RPCI_BLIMP1_comb <- annotatePeak(RPCI_BLIMP1_comb, TxDb=txdb,
annoDb="org.Hs.eg.db")

RPCI_BLIMP1_comb.data <- as.data.frame(RPCI_BLIMP1_comb)
write.csv(RPCI_BLIMP1_comb.data, "RPCI_BLIMP1_comb.csv")

Converted peak list to bed file in excel. Saved as tab-delimtited text.
Converted to hg19 with UCSC liftover, then ran through the GREAT tool and
downloaded gene list from there. This is better than the annotation in R, as
you can get multiple gene annotations from one peak if it is in between
genes.

3.2 Getting sequences to run in MEME

RPCI.Blimpl.seqgs <- getSeq(bsG,Complete RPCI_comb_data )
RPCI.Blimpl.seqgs <- as.data.frame(RPCI.Blimpl.seqs)
write.csv(RPCI.Blimpl.seqgs, "RPCI_BLIMP1_peaks_sequences.csv")
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Converted these files to fasta files before running in MEME.

3.3 Deeptools

We used Deeptools to generate plots of raw ChlPseq signals over BLIMP1
binding sites. First, we generated a matrix of ChlPseq signal enrichment
using a bigWig file over blimp1 binding sites (designated in a bam file) over +

or - 10 kb distances.

Deeptools kimberleyanderson$ computeMatrix reference-point -S

H929 K27me3_UCSC_comb_treat.bw -R H929 BLIMP1 peaks.bed --
missingDataAsZero -b 10000 -a 10000 -bs 25 -p max -0

20180718 H929 K27_over_BLIMP1peaks 10kb

We then plotted a heatmap and profile for these

plotHeatMap -m 20180718 H929 K27 _over_ BLIMPlpeaks_ 10kb -0
20180718 H929 K27_overBLIMP1_10kb.pdf --colorMap YIGnBu

3.4 Overlapping ChlPseq data

Here we calculated overlaps of ChlPseq data, both directly and by extending
the peak regions by 10 kb to either side. This is one example:

library("GenomicRanges")

library("ChlPpeakAnno")

#Actual overlap of K27me3 and BLIMP1 for RPCI
RPCI_BLIMP1_combpeaks<- read.table("RPCI_BLIMP1_final.bed.txt")
colnames(RPCI_BLIMP1_combpeaks) <- c("chr", "start", "end")
RPCI_BLIMP1_combpeaks.granges <-
makeGRangesFromDataFrame(RPCI_BLIMP1_combpeaks)
RPCI_K27me3_combpeaks <- read.table("RPCI_K27me3_comb.bed.txt")
colnames(RPCI_K27me3_combpeaks) <- c("chr", "start", "end")
RPCI_K27me3_combpeaks.granges <-
makeGRangesFromDataFrame(RPCI_K27me3_combpeaks)
RPCI_comb_BLIMP1_K27_peakolap <-
findOverlapsOfPeaks(RPCI_BLIMP1_combpeaks.granges,
RPCI_K27me3_combpeaks.granges)
makeVennDiagram(RPCI_comb_BLIMP1_K27_ peakolap)

#10kb overlap of BLIMP1 and K27me3 for RPCI
RPCI_comb_BLIMP1_K27_peakolap_10kb <-
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findOverlapsOfPeaks(RPCI_BLIMP1_combpeaks.granges,
RPCI_K27me3_combpeaks.granges,
maxgap = 10000)

makeVennDiagram(RPCI_comb_BLIMP1 K27 peakolap_10kb)

3.5 Overlapping ChlPseq and RNAseq data

We performed overlaps using the GeneOverlap package in R and created
Venn diagrams using the VennDiagram package. We did the same for genes
induced and repressed following BLIMP1 KD or tazemetostat treatment. The
same method was used for finding overlapping genes assigned to ChiPseq

peaks.

library("GeneOverlap")
library("GenomicRanges")
library("dplyr")

BLIMP1_DEGs <- read.csv('20181127_Final_BLIMP1_DEGs.csv",
row.names = 1)

Tazemetostat DEGS <-
read.csv("20181127_Final_tazemetostat DEGs.csVv", row.names = 1)
BLIMP1_up <- filter(BLIMP1_DEGs, mean_log2fc >0)

BLIMP1_down <- filter(BLIMP1_DEGs, mean_log2fc < 0)

Taz_up <- filter(Tazemetostat DEGs, mean_log2fc > 0)

Taz_down <- filter(Tazemetostat DEGs, mean_log2fc < 0)

#BLIMP1 ChIPseq RNAseq overlap up
BLIMP1 olap_up <- newGeneOverlap(BLIMP1 up$gene,
RPCI_BLIMP1_genelist$V1, genome.size = NULL,

spec = c("hg19.gene"))
BLIMP1_olap_up <- testGeneOverlap(BLIMP1_olap_up)
BLIMP1_olap_up
print(BLIMP1_olap_up)

BLIMP1_olap_up_list <- BLIMP1_up[BLIMP1_up$gene %in%
RPCI_BLIMP1_genelist$V1,]

write.csv(BLIMP1_olap_up_list,

"20181127_ BLIMP1_ChIPseq_RNAseq_olap_up.csv")
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library("VennDiagram")
#Plotting genes with overlap in ChlPseq and RNAseq:
venn.plotl <- venn.diagram(x = list("PRDM1 KD RNAseq" =
BLIMP1_up$gene,
"BLIMP1 ChiPseq" = RPCI_BLIMP1_genelist$V1),
filename = NULL,
scaled = TRUE, margin = 0.1)
grid.draw(venn.plotl)
dev.off()
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