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Abstract

Loss-of-function mutations of ASXL1 or/and EZH2 are frequently found in patients with
myeloid neoplasms, and their co-occurrence tends to result in more prognostically
detrimental outcomes. While single knockout of Ezh2 in haematopoietic cells led to
development of mild myelodysplastic disorders in the mouse model, double knockout of
AsxlI1 and Ezh2 further provided myeloproliferative features and promoted disease progress,
resulting in a severe myelodysplastic/myeloproliferative neoplasm (MDS/MPN)
phenotype. Intriguingly, in addition to myeloid malignancies, B-cell lymphoproliferative
disorders (B-LPD) were also identified in Ezh2 cKO mice, and genetic co-inactivation of
Asxl1 with Ezh2 enhanced the mono-clonal expansion and bone marrow infiltration of
Bla cells, which ultimately progressed to an aggressive chronic lymphocytic leukaemia
(CLL) phenotype with short latency and high-risk symptoms in secondary and tertiary
transplantation. Meanwhile, while RNA-seq profiling revealed that active B cell receptor
(BCR) signalling was crucial for the development of B-cell malignancies in Ezh2 single
mutants, more critical genes involved in leukaemogenesis of CLL such as BCL-2, Myc,
Cxcr5 and Aicda were further upregulated in Asxl1/Ezh2 double mutants, accounting for

their aggressive properties of high cell division and organ infiltration.

Furthermore, genetic and pharmacological inhibition of Ezh2 enhanced the anti-cancer
effects of PARP inhibitors in acute myeloid leukaemia (AML) cells in vitro, providing a
new strategy for improving the efficacy of PARP inhibitors in cancer therapy. Meanwhile,
the transcriptional profiling displayed active BCR signalosome, base excision repair (BER)
and Aicda overexpression in Asxl1/Ezh2 cKO CLL mice, further implying BTK and
PARP1 as potential targets for the PRC2-deficient CLL. In vivo, while ibrutinib slightly

delayed the disease latency with relief of cytopenia, the PARP inhibitor olaparib



significantly prolonged the survival of Asxll/Ezh2 cKO CLL mice and alleviated
splenomegaly, showing therapeutic promises of targeting PARP1 for the treatment of

human CLL with loss of PRC2 or the correlated transcriptional profiling.
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Charter 1: Background

1.1. Overview of haematopoiesis and haematologic malignancies

Haematopoiesis is a highly dynamic developmental process with sophisticated
regulation in self-renewal and differentiation of haematopoietic stem cells (HSCs) in
order to maintain the lifelong reproduction of blood cells. In mammalian
haematopoietic systems, mice for example, the primitive haematopoiesis is originated
from embryonic yolk sac in mouse embryonic day 7.5 (E7.5), with production of
erythrocytes and limited differentiation of myeloid lineages, to the aorta—gonad—
mesonephros (AGM) (E9.5), with definitive haematopoiesis contributing to all
haematopoietic lineages in foetus and adult mice. Afterwards, HSCs colonize in foetal
livers (E12.5) and ultimately migrate to bone marrow (BM) before birth that support
haematopoiesis throughout the whole life (Figure 1.1A) (Hu and Shilatifard, 2016).
Therefore, mouse haematopoietic cells are normally collected from BM and foetal
livers for experimental transplantation and analysis. While HSCs stay in a quiescent
status but retain capability of multipotency and self-renewal, they give rise to all types
of distinct mature blood cells through a hierarchical differentiation cascade, from the
multipotent progenitors (MPP and LMPP), myeloid progenitors (CMP, GMP and MEP)
and lymphoid progenitors (CLP) to the downstream mature red blood cells, platelets
and white blood cells involved in innate and adaptive immune system (Figure 1.1B)
(Doulatov et al., 2012; Li and Clevers, 2010), and the dynamic equilibrium between
self-renewal and multipotent differentiation attributes to a variety of intrinsic and
extrinsic factors involved in niche-association, signalling pathways, transcriptional

regulation and chromatin modification. Perturbation or dysregulation of the process
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potentially leads to various haematopoietic defects from bone marrow failure to

haematopoietic malignancies.

A

145 165/ /Birth

Figurel.l. Haematopoietic systems in mammals. Adapted from (Hu and Shilatifard, 2016).
(A) Development of haematopoietic activity from embryonic tissues to bone marrow of mice.
Aorta—gonad-mesonephros (AGM); Days post coitum (dpc) (B) Schematic overview of
haematopoietic cascade from haematopoietic stem cells (HSCs) with capability of self-renewal
and multipotent potential to progenitors and terminal mature immune cells in PB and secondary

immune organs.
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1.1.1. Myeloid neoplasms

Myeloid neoplasms refer to all haematologic neoplasms with features of myeloid
lineages, including granulocytic, monocytic/macrophage, erythroid, and
megakaryocytic lineages, and cover a range of heterogenous malignancies from mild
myelodysplastic disorders such as myelodysplastic syndromes (MDS) to
myeloproliferative neoplasms (MPN) and acute myeloid leukaemia (AML) (Vardiman
et al., 2009). Morphological, cytochemical, and immunophenotypic features in initial
diagnostic peripheral blood (PB) and BM specimens are crucial for identification of the
lineages of neoplastic cells and assessment for their maturation. Meanwhile, the
percentage of blasts are still the practical indicator for categorizing the malignancies
and disease progression. By definition, a myeloid neoplasm with >20 % blasts in PB
or BM is regarded as AML either from de-novo evolution or secondary transformation.
While cytogenetic abnormalities involving recurrent gene rearrangements resulting in
chimera fusions such as PML-RARa (t(15:17)), AML1-ETO (t(8:21)), MLL fusions
(11g23) and CBFP-MYH11 (inv(16)) could be the major event for leukaemogenesis of
de-novo AML, which usually leads to assembly of gigantic transcriptional complexes
and re-writes the transcriptional profiling (Figure 1.2) (Zeisig et al., 2012),
accumulation of gene mutations involved in signalling pathways (e.g. CBL, FLT3,
NRAS, JAK2), transcriptional factors (e.g. CEBPA, RUNX1, ETV6, TP53), epigenetic
regulators (e.g. DNMT3A, TET2, IDH1, IDH2, ASXL1, EZH2), and spliceosome (e.g.
SF3B1) with normal karyotype may also result in evolution from previously diagnosed
myelodysplastic disorders such as MDS and MPN to secondary AML (Murati et al.,

2012) (Mufti, 2004).
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Figure 1.2. Molecular mechanism and recurrent mutations in AML. Adapted from (Zeisig
etal., 2012). Left 4 panels show common chimeric proteins and transcriptional complexes that
they assemble, usually resulting in epigenetic dysregulation and leading to leukaemogenesis of
AML. The middle diagram illustrates the transcriptional factors, epigenetic modifiers and
signalling pathways involved in leukaemogenesis, and their frequency of mutations found in
AML with normal karyotype (right table).

MDS is a group of diversified BM disorders characterized with impaired and
ineffective haematopoiesis in myeloid lineages (myelodysplasia), which subsequently
leads to cytopenia such as anaemia (low levels of red blood cells (RBC)), neutropenia
and thrombocytopenia due to failure of maturation of myeloid cells (Mufti, 2004), and
in human, the minimal morphological criteria for the diagnosis of MDS is the presence
of at least 10% dysplastic cells within one particular myeloid lineage (erythroid,
granulocytic, megakaryocytic) (Bowen et al., 2003). Moreover, MDS can be further
classified into several subtypes (e.g. refractory anaemia with ring sideroblasts (RARS),
refractory cytopenia with multilineage dysplasia (RCMD)) according to cytological

characters and blood findings (Vardiman et al., 2009). On the other hand, MPN is
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characterized with indolent clonal proliferation of one or more myeloid lineages in BM,
ultimately resulting in expansion of terminal mature myeloid cells in PB, and can be
divided into two subtypes based on detection of Philadelphia chromosome (BCR-ABL1
fusion gene). While chronic myeloid leukaemia (CML) is diagnosed by the appearance
of BCR-ABL1 in BM biopsies, the other BCR-ABL1 negative MPN subtypes such as
polycythemia vera (PV), essential thrombocythemia (ET) and primary myelofibrosis
(PMF) can be determined according to clinical and laboratory features with
histopathological examination. In addition to BCR-ABL1 positive MPN, in BCR-ABL1
negative MPN, mutations in protein tyrosine kinase such as JAK2V167F has been found
in most of PV and half of PMF, suggesting the important roles of activating mutations
of protein tyrosine kinase (PTK) in development of MPN (Jones et al., 2005; Tefferi et

al., 2005).

The 2001 World Health Organization (WHO)-sponsored classification of
haematopoietic tumour has, for the first time, defined a rare group of myeloid
neoplasms termed myelodysplastic/myeloproliferative neoplasms (MDS/MPN),
characterized with simultaneous presence of myelodysplastic and myeloproliferative
features (Orazi and Germing, 2008). While MDS-like features like cytopenia and
occurrence of dysplasia in myeloid lineages might be seen in the patients, features
commonly associated with MPN such as leucocytosis, thrombocytosis and
organomegaly are observed as well, and amongst this group, chronic myelomonocytic
leukaemia (CMML), atypical chronic myeloid leukaemia (aCML), juvenile
myelomonocytic leukaemia (JMML) and MDS/MPN with ring sideroblasts and
thrombocytosis (RARS-T) are best-defined entities (Vardiman et al., 2009). CMML is
unequivocally defined by its monocytosis in PB, and aCML shares similar features with

BCR-ABL1 positive CML, including splenomegaly due to leukaemic infiltration,

17



elevation of granulocytic cells in PB and moderate anaemia. However, aCML could be

further distinguished from CML by its myelodysplasia in granulopoiesis (Oscier, 1997).
1.1.2. Lymphoid neoplasms

Lymphoid neoplasms are a group of blood cancers sharing features of lymphoid
lineages, ranging from the most indolent to the most aggressive human malignancies,
and may present as leukaemia, lymphoma or both (Campo et al., 2011). While
leukaemia results from excessive production of abnormal white blood cells in bone
marrow or blood forming organs, leading to circulation of leukaemic cells in blood,
lymphoma is derived from transformation of lymphocytes residing in lymph nodes, and
lymphoma can be further divided into two main types: Hodgkin’s lymphoma, the first
discovered haematological malignancy in 1832 with identification of Reed-Sternberg
cells (Aisenberg, 2000), and non-Hodgkin’s lymphoma (NHL), which contributes to
more than half of lymphoid neoplasms. The majority of NHL is B cell lymphoma,
comprising indolent NHL such as follicular lymphoma (FL), mantle cell lymphoma
(MCL), marginal zone lymphoma to aggressive NHL like diffuse large B-cell
lymphoma (DLBCL) and Burkitt’s lymphoma. Nowadays, lymphoid neoplasms can be
categorized into several subtypes of precursor B-cell/T-cell neoplasms (B-ALL or T-
ALL) and mature B cell/T cell neoplasms (e.g. chronic lymphocytic leukaemia (CLL)
and NHLs) based on morphologic, clinical, immunophenotypic, and genetic
information. Clinical evaluation of lymphocytosis by internists and haematologists is
usually the first line for diagnosis of mature B-cell neoplasms, and a general approach
has been set up for the workup (Figure 1.3). A threshold of > 5x10° /L absolute
lymphocyte counts (ALC) is suggested for the further investigation (Strati and

Shanafelt, 2015), and a complete history and physical examination is the step to rule
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out the common causes resulting from reactive lymphocytosis, virus infection or
autoimmune responses for examples. Furthermore, the clonality and neoplastic origins
are evaluated through analysis of the ratio of kappa/lambda light chains and surface
markers by means of flow cytometry, and B cell count is crucial criteria for
distinguishing CLL from the precursor stage monoclonal B-cell lymphocytosis (MBL)

(Marti et al., 2005).

Lymphocytosis
(ALC 5X10%/L)

-

Complete history

Manage

Physical exam [ —|  underlying
Blood smear condition
Flow cytometry > Polyclonal
v
F— Clonal —j
CLL phenotype Non-CLL
clone phenotype clone
= +
B-cell count v L 2
B-cell (MCL, FL, T-cell (LGL, MF, T-
- SM2, HCL, LPL) PLP, T-leu)
> 5X10°%/L <5X10%/L,LN+ <5X10%/L, LN- | J
CLL SLL MBL l

Lymphoma staging
(BM/LN biopsy, CT)

Figure 1.3. General approach to the workup of lymphocytosis. Adapted from (Strati and
Shanafelt, 2015). Absolute lymphocyte number (ALC); Cytomegalovirus (CMV); Connective
tissue disease (CTD); Epstein-Barr virus (EBV); Human T-lymphotropic virus (HTLV);
varicella zoster virus (VZV); Follicular lymphoma (FL); Hairy cell leukaemia (HCL); Large-
granular leukaemia (LGL); Lymph nodes (LN); Lymphoplasmacytic lymphoma (LPL);
Mantle cell lymphoma (MCL); Splenic marginal zone lymphoma (SMZ); Mycosis fungoides
(MF); T prolymphocytic leukaemia (T-PLP); T-cell leukaemia (T-leu).
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1.1.3. Chronic lymphocytic leukaemia

Chronic lymphocytic leukaemia (CLL), the most common adult leukaemia in
western countries, is characterized with accumulation of mono-clonal CD5" B cells in
the PB, bone marrow, and secondary lymphoid organs such as spleens and lymph nodes,
resulting in lymphocytosis, infiltration of neoplastic small lymphocytes into bone
marrow, organomegaly and lymphadenopathy (Kipps et al., 2017). Nowadays, CLL has
been divided into two main subsets based on the mutation status on the immunoglobulin
heavy-chain variable regions (IGHV), reflecting the stage of B cell differentiation that
they originate from, and by comparison with patients diagnosed with CLL bearing
mutated IGHV (M-CLL), CLL patients with unmutated IGHV (U-CLL) exhibit worse
prognostic outcome and drug resistance to conventional chemoimmunotherapy (Damle
et al., 1999; Hamblin et al., 1999). In addition, several factors such as genetic
alternations, signalling from surface immunoglobulins, known as B cell receptor (BCR)
as well, and the tumour microenvironment, also take crucial part in the pathogenesis

and clinical progression of CLL.

80% of CLL patients carry at least one of four common chromosomal alternations
including deletion in chromosome 13q14.3 (del(13q)), 17p (del(17p) and 11q (del(11q))
and trisomy 12 (Dohner et al., 2000). Del (13q) is the most common cytogenetic
mutation in CLL patients, accounting for over 50% CLL patients, and it has been
demonstrated that loss of DLEU2—mir15a/16-1 cluster, which is encoded in the 13q14.3
region, leads to upregulation of mirl5a/16-1 targeting genes involved in cell cycle
checkpoints and anti-apoptosis, ultimately resulting in development of CLL (Klein et
al., 2010). On the other hand, del(17p) is associated with TP53 mutations in

approximately 7% CLL patients who are difficult to treat (Zenz et al., 2010), and
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del(11q) causes loss of ATM, encoding a protein crucial for initiating DNA damage
response. Both of cases are correlated with adverse clinical outcome (Dohner et al.,
2000). In addition to chromosomal alternations, recurrent somatic mutations have also
been uncovered in a wide range of genes involved in Notch and WNT signalling, DNA
damage response (ATM and TP53), RNA splicing (SF3B1), and histone modifiers
(CHD2, ASXL1 and ZMYMB3), all of which contribute to the high degree of genetic
heterogeneity in CLL (Fabbri et al., 2011; Pleasance et al., 2010; Puente et al., 2015;

Wang et al., 2011).

BCR signalosome is assembled by recruitments of protein kinases like LYN, spleen
tyrosine kinase (SYK), Bruton’s tyrosine kinase (BTK), phosphoinositide 3-kinase
(PI3K) and B cell-linker protein (BLNK) to the surface transmembrane
immunoglobulins (mainly slgM and slgD in CLL) with CD79A and CD79B
heterodimers to trigger a signalling cascade including MEK/ERK, NF«B,
RAC1/RHOA and mTOR pathways, and functional BCR signalling is essential for the
survival and proliferation of mature B cells as well as malignant mature B cells,
especially U-CLL, which is more responsive to BCR-cross linking with robust
intracellular signalling (Lam et al., 1997; Lanham et al., 2003). Moreover, expression
of quasi-identical (stereotyped) BCR among different patients suggests antigen binding
and activation of BCR with common antigens or autoantigens are required for CLL
pathogenesis. Meanwhile, the breakthrough of U-CLL therapy by blocking BCR
signalling via targeting tyrosine kinases such as BTK and PI3K also underscores the
importance of BCR signalosome, and shed light on tackling relapsed CLL with BCR

inhibitors (Awan and Byrd, 2014).
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The survival of CLL cells has been relying on the interaction with tumour
microenvironment, in which non-neoplastic cells like bone marrow stromal cells
(BMSC), monocyte derived nurse-like cells (NLSC) and T cells play important roles in
protecting and activating CLL cells within the tissues (Kipps et al., 2017; ten Hacken
and Burger, 2014). In the proliferation centre, NLSCs released crucial TNF family
factors such as BAFF and APRIL (TNFSF13) to activate NFkB signalling for the
survival of CLL cells (Endo et al., 2007), and activated T cells provide proliferation
signalling by secreting IL2, IL4 and IL10 and CD40L/CDA40 interaction (Aguilar-
Hernandez et al., 2016; Scielzo et al., 2011). CXCL12, which is secreted by BMSCs,
is required for the bone marrow homing through CXCL12/CXCR4 chemotaxis, and
high level of expression of CXCR4 is also associated with abundant lymphoid organ
infiltration (Burger et al., 1999; Calissano et al., 2009). Recently, in addition to
CXCL12, the importance of CXCL13, secreted by NLSCs and follicular dendritic cells,
in lymphoid organ migration and CLL pathogenesis has been clarified as well in a
Cxcr5 mutant Eu-TCL1 CLL mouse model (Heinig et al., 2014). Genetic depletion of
CXCRS5 or blocking CXCL13/CXCR5 axis with anti-CXCL13 antibodies significantly
reduced CLL burden and leukaemic infiltration into spleens and lymph nodes,
suggesting targeting CLL homing could be also a promising therapeutic strategy for

CLL treatment.
1.2. Polycomb repressor complex 2 (PRC2)

In eukaryotic cells, the genome is compacted into chromatin, where DNA is
wrapped around histone octamers as nucleosomes, which not only provides structural
purposes to accommodate linear genome into the finite space of nucleus but also offers

functional purposes to allow conformations of different areas to be condensed or open
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in the genome through epigenetic modification for specific regulation of gene
expression. The term epigenetics refers to alternations of gene expression that are
inheritable after cell division without any changes in DNA sequence. In addition to
DNA methylation, an increasing number of epigenetic modifications on histones,
including acetylation, methylation and ubiquitination, have been identified in cancers,
resulting in repression of tumour suppressor genes and/or activation of oncogenic
pathways (Baylin and Jones, 2011). Amongst epigenetic histone modifiers, polycomb
group proteins (PcGs) are one representative group dysregulated in haematological

malignancies (Iwama, 2017; Laugesen et al., 2016).

Polycomb repressor complexes, large multimeric protein complexes, are assembled
by a group of proteins (PcGs) originally identified in Drosophila as crucial
transcriptional repressors to regulate a cohort of transcriptional factors such as Hox
genes for fly development, whereas Trithorax (Trx) family proteins counteracts this to
activate gene expression, and their orthologs have been subsequently discovered in a
wide range of species from plants to mammals to modulate global gene expression
patterns (Laugesen and Helin, 2014). Amongst these, polycomb repressor complex
(PRC) 1 and 2 are the two best characterized epigenetic repressor complexes. PRC1,
containing core members including RING1A or RING1B with the catalytic activity (E3
ligase) for monoubiquitination toward H2A119K (H2A119Kub1l) and 1 of 6 polycomb
repressor RING fingers (PCGF 1-6) can be further divided into canonical PRC1 (CBX
and PHC) and non-canonical PRC1 (RYBP/YAF2) with different additional subunits
(Di Croce and Helin, 2013; Gao et al., 2012). On the other hand, mammal PRC2 consists
of at least 4 subunits with a core complex necessary for catalytic function (Ezh2, Suz12
and EED) and at least one of several accessory factors like RBBP4/7, JARID, AEBP2,

PCL1-3, C170rf96, and C100rf12 as well as non-coding RNA to repress target genes
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through the methyltransferase activity of Ezh2 toward lysine 27 on histone 3 (H3K27)
via its SET domain (Cao et al., 2002; Kuzmichev et al., 2002; Pasini et al., 2004). In
general, different composition of subunits are thought to affect the catalytic activity and
recruitments of PRC on the target genes, but no subunit is solely responsible for the
recruitments although some of them bear DNA or histone binding activities (Di Croce

and Helin, 2013).

Unlike Drosophila, where polycomb response elements (PRE) have been identified
and thought to be binding DNA elements for PcGs, the recruitments of PRCs in
mammalian cells are still elusive as lacking distinct PRE (Orsi et al., 2014). It has been
reported PRC2 is preferentially enriched at CpG rich contexts, and its enrichment
matched well with the H3K27me3 positive regions (Ku et al., 2008; Peters et al., 2003;
Tanay et al., 2007), suggesting PRC2 might bind to CpG islands to exert its repressive
function. Moreover, the WD40 domain of EED displays affinity to H3K27
trimethylation, which may assist PRC2 in spreading H3K27 methylation over the
genome (Hansen et al., 2008; Montgomery et al., 2005). Previous studies reveal that the
binding patterns of PRC1 and PRC2 overlap in human and murine embryonic cells
(Boyer et al., 2006; Bracken et al., 2006), and the recruitment of PRC1 is dependent on
PRC2 along with the finding that one of canonical PRC1 subunits CBX shows affinity
to H3K27me3 as well (Cao et al., 2002; Fischle et al., 2003; Min et al., 2003), proposing
a hierarchical recruitment model, in which PRC2 trimethylated H3K27 on target genes,
subsequently recruiting PRC1 to add H2A119Kubl to provide chromatin compaction
and cooperate in transcriptional repression (Cao et al., 2002; Rastelli et al., 1993; Wang
etal., 2004). Indeed, while H3K27 methylation is essential for gene repression and early
development, H2A119Kubl is not required for global H3K27 methylation in

Drosophila (Illingworth et al., 2015; Pengelly et al., 2015). However, further detailed
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studies in mouse embryonic stem cells show deletion of PRC2 components only had
limited effects on the global levels of H2A119Kubl1 and PRCL1 binding to the target loci,
and the non-canonical PRC1 with RYBP or YAF2, both of which lack H3K27me3
binding capacity, could be recruited to chromatin in PRC2-deficient mouse embryonic
cells, suggesting an alternative H3K27me3 independent pathway for PRC1 recruitment

as well (Blackledge et al., 2015; Tavares et al., 2012).

1.2.1. Structure & functions of Enhancer of Zeste Homolog 2 (EZH2)

Human EZH2, locating at chromosome 7qg36.1, belongs to histone lysine
methyltransferase family, and can be translated into a 764 amino acid enzyme with the
catalytic domain SET domain (Su(var)3-9 enhancer of zeste trithorax) in the C-terminus
and numerous functional domains including a WDB domain in the N-terminus,
Domainl1/2, two SANT domains and a CXC domain (cysteine-rich domain) in the C-
terminal (Margueron and Reinberg, 2011). Although Ezh2 is the catalytic subunit of
PRC2, it is not able to exert its full enzymatic function without assistance of the other
two noncatalytic core partners. When complexing with suppressor of zeste 12 (Suz12)
and embryonic ectoderm development (EED) through Domain 2 and the WDB domain
respectively, Ezh2 gains robust H3K27 methyltransferase activity, and Suz12 and EED
are also crucial for maintaining the integrity of PRC2 and the stability of Ezh2
(Montgomery et al., 2005; Montgomery et al., 2007; Pengelly et al., 2013). Notably, in
mammals, there is another Ez homolog named Ezhl, involved in PRC2 repressive
machinery (Margueron et al., 2008). Although Ezh1 was cloned and identified first in
mammals, its functions and biological roles are not well characterized as its mammalian
homolog Ezh2 and the original ortholog Ez. By comparison with Ezh2, the H3K27

methyltransferase activity of Ezhl is relatively low, and the expression of Ezhl is
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ubiquitous, whereas Ezh2 is preferably expressed in proliferating tissues. However,
even if the global levels of di- and tri-methylation drastically dropped after genetic
depletion of Ezh2 in ESCs, H3K27me3 remains in certain developmental genes, and it
has also been reported that Ezh1 controls an overlapping set of PRC2 in human cell
lines, suggesting Ezh1l may function as a backup to prevent de-repression of all Ezh2

target genes (Margueron et al., 2008; Shen et al., 2008).

Methylation of H3K27 by the SET domain of Ezh2 has been reported a processive
monomethylation from un-, mono- (H3K27mel) and di-methylated form (H3K27me2)
to H3K27 trimethylation, and different states of H3K27 methylation are found in
different genomic contexts (Zee et al., 2010). The levels of H3K27mel and H3K27me2
are re-established in newly incorporated histones very fast after DNA replication in each
cell cycle (Alabert et al., 2015; Zee et al., 2010), and in embryonic stem cells (ESCs),
while 5 to 10 % of histones carry H3K27mel, which is mainly distributed in gene bodies
of transcriptionally active genes, H3K27me2 has been found in the majority of histones
(approximately 50-70%) and proposed to prevent inappropriate transcription and
enhancer activity, suggesting no specific DNA sequences and composition is required
for the immediate mono-and di-methylation (Ferrari et al., 2014; Jung et al., 2010; Jung
et al., 2013). Moreover, the appearance of H3K27mel is more likely due to indirect
demethylation by UTX or JMJD3, the H3K27 demethylase during gene activation,
rather than regulatory recruitment of PRC2 to active transcriptional machinery (Swigut
and Wysocka, 2007). On the contrary, only 5 to 10% of histones are modified with
H3K27me3, and the reestablishment of H3K27me3 is relatively slow during cell cycles.
However, the distribution of H3K27me3 overlapped well with the binding patterns of
PRC2, and in vitro activity results of PRC2 showed the slower conversion to H3K27

trimethylation (Ferrari et al., 2014; Jung et al., 2010; Jung et al., 2013; Peters et al., 2003;
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Sneeringer et al., 2010), suggesting that more stable and specific binding of PRC2 might

be required for further H3K27 trimethylation in gene regulation.

1.2.2. Structure & functions of Additional Sex Combs-Like 1 (ASXL1)

Additional sex combs-like 1 (ASXL1), locating at chromosome 20g11.21, has been
identified in 2003 with other homologs (ASXL2 and ASXL3) as an ortholog of Additional
sex combs (Asx), which was originally discovered based on a mutagenesis screen in
Drosophila, whereby mutations of Asx enhanced the phenotypes resulting from TrxG
mutations and PcGs mutations, suggesting Asx is involved in the repression as well as
activation of Hox genes in Drosophila (Fisher et al., 2003; Muller et al., 2002; Sinclair
etal., 1998). Hence, Asxl1 is categorized into enhancer of trithorax and polycomb group
(ETP), and shares sequence similarity of conserved functional domains (approximately
70%) with Asxl2 and AsxI3, including ASXN in the N-terminus, ASXH (ASX
homolog), ASXM1/M2 and the cysteine cluster plant homeodomain (PHD) in its C-
terminus (Fisher et al., 2006). However, the expression of AsxI3 is restricted to certain
tissues such as brains and eyes, whereas Asxl1 and Asxl2 are widely expressed in

mammalian tissues including haematopoietic cells.

Getting insights into the functional domains, while ASXN, which is predicted to be
a DNA binding domain, does not exist in Drosophila, revealing a divergence between
Asx and mammalian Asx| (Sanchez-Pulido et al., 2012), ASXH is highly homologous
to the DEUBAD domain (deubiqutinase adaptor) of Asx, which has been found bound
to Calypso (the ortholog of BAP-1 in Drosophila), a PcG with histone deubiquitinase
activity toward H2A119ubl to counteract the repressive function of PRC1

(Scheuermann et al., 2010), and ASXM1 and ASXM2 have been reported to associate
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with hormone receptors such as androgen receptor and estrogen receptor (Grasso et al.,
2012), further supporting the involvement of AsxI1 in epigenetic and transcriptional
regulation. Furthermore, the mammalian homolog of Asx AsxI1 has been proved to bind
BAP-1 (BRCAL associated protein 1) and co-exist with BAP-1 in a complex termed
polycomb repressor deubiquitinase complex (PR-DUB) (Figure 1.4). Asxl1 functions
as a cofactor for BAP-1 to help deubiquitinating H2A119ubl, in agreement with
Drosophila, where loss of Asx and Calypso lead to a global increase in H2A119ubl
(Sahtoe et al., 2016; Scheuermann et al., 2010). However, the BAP-1 binding domains
(ASXH) of three AsxI proteins shared 60% of homolog, and all can bind to BAP-1 to
facilitate H2A119 monoubiqutination (Sahtoe et al., 2016). Therefore, how much
redundancy between ASXL family is still unclear. In addition to PR-DUB, it has also
been demonstrated that AsxI1 is associated with PRC2, and loss of AsxI1 resulted in
global H3K27 demethylation and upregulation of HOXAs in human leukaemic cell lines
and mouse hematopoietic stem/progenitor cells (HSPCs) (Abdel-Wahab et al., 2012),

indicating its dual function on both PRC1 and PRC2 in mammalian cells as well.
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Figure 1.4. Proposed epigenetic functions of Asxl1 involved in PRCs. Adapted from (Micol
and Abdel-Wahab, 2016). AsxI1 and AsxI2 co-exist with BAP1 in a complex termed Polycomb
repressive deubiquitinase (PR-DUB) to catalyse deubiquitination toward H2AK119ub and
counteract the repressive activity of PRC1, and the complex also associates with KDM1B,
HCF1 and OGT. However, whether the association with KDM1B influences H3K4 methylation
is still unclear. In addition, AsxI1 is also found associated with PRC2 and crucial for global
H3K27 trimethylation in AML leukaemic cells. Finally, it has been proposed AsxI1 and AsxI2
physically bind to certain nuclear hormone receptors (NHR) such as androgen receptors (AR),

estrogen receptors (ER) and PPARY receptors.

1.3. Roles of PRC2 in leukaemogenesis

1.3.1. Genetic aberrations of PRC2 in haematopoietic malignancies

Loss-of-function mutations of PRC2 are frequently identified in haematopoietic
malignancies such as MDS, MDS/MPN overlap and T-cell lymphoblastic leukaemia
(T-ALL) through genetic aberrations of EZH2 from cytogenetic insertion and deletion
of chromosome to point mutations leading to homozygous amino-acid frame shifts,
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most of which are believed to abolish the activity of PRC2 and correlated with poor
prognosis (Bejar et al., 2011; Ernst et al., 2010; Nikoloski et al., 2010; Ntziachristos et
al., 2012). In addition to amino-acid frame shifts and nonsense mutations, which lead
to complete loss of Ezh2, missense mutations are also observed in EZH2, and while
the majority of them are found in the catalytic domain (SET domain), significant
clusters of mutations also appear in first SANT domain and the CXC domain, both of
which have been proved important for the PRC2 assembly and DNA binding,
suggesting missense mutations in EZH2 may result in loss of function of PRC2 as well

through disruption of the complex (Figure 1.5).
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Figure 1.5. Histogram of Ezh2 mutations in myelodysplastic/myeloproliferative neoplasm
(MDS/MPN) and T-cell acute lymphoblastic leukaemia (T-ALL). Taken from (Laugesen et
al., 2016). Unlike nonsense and frameshift mutations, which equally occur across the full length
of EZH2, missense mutations mainly cluster on functional domains crucial for the activity of
H3K27 methylation such as the SET domain, CXC domain and two ends of SANT domain,

hence leading to loss-of-function mutations.
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While the other core PRC2 members such as Suz12 and EED are rarely mutated in
haematological malignancies such as MDS/MPN and T-ALL (less than 2 %), mutations
of ASXL1, the PRC2 associated factors, are commonly seen as amino-acid frame shifts
and nonsense mutations on exon 12 in MDS (15-20%) (Bejar et al., 2011; Bejar et al.,
2012; Thol et al., 2011), MDS/MPN (40-60%) (Gelsi-Boyer et al., 2009; Thol et al.,
2011), and AML (2-25%) patients (Boultwood et al., 2010; Rocquain et al., 2010),
resulting in loss of AsxlI1 and expression of c-terminal truncated Asxl1 (Abdel-Wahab
et al., 2012; Inoue et al., 2013), which further suggests loss of Ezh2 and AsxI1 are
tolerated in haematopoietic cells and might be beneficial for leukaemogenesis (Figure

1.6).
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Figure 1.6. Gene diagram of somatic mutations throughout the coding region of AsxI1 in
myeloid neoplasms. Exon 12 is outlined in yellow as a hot spot with cluster missense mutations
(squares), nonsense mutations (triangle) and amino-acid frameshift (diamond). Adapted from
(Abdel-Wahab et al., 2011)

Moreover, cluster mutations of ASXL1 and EZH2 have been reported in myeloid
neoplasms, and growing evidence indicates somatic mutations of ASXL1 tend to co-
occur with EZH2 mutations in CMML and PMF patients (Rinke et al., 2017; Triviai et
al., 2019). Clinically, concomitant mutations of ASXL1 and EZH2 resulted in a

prognostic detrimental outcome in CMML patients. The overall survival of chronic
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myeloid monocytic leukaemia (CMML) patients was reduced to 16 months (median)
in comparison to 20 months for ASXL1mt/EZH2wt and 33 months for ASXL1/EZH2
wild type patients (p<0.001) (Abdel-Wahab et al., 2011; Patnaik et al., 2018),
suggesting double inactivation of Asxl1 and Ezh2 may further impact on the repressive

function of PRC2 and facilitate the disease progress of myeloid malignancies.

Recurrent somatic point mutations have been identified in the SET domain of Ezh2
as gain-of-function mutations in B lymphoid neoplasms, especially follicular
lymphoma (FL) and diffuse large B-cell lymphoma (DLBCL) (Morin et al., 2010;
Morin et al., 2011), providing Ezh2 with hyperactivating catalytic activity and then
conferring greater levels of H3K27 trimethylation (Sneeringer et al., 2010; Yap et al.,
2011). The hyperactivating mutations mainly results from substitution of a tyrosine at
Y646 on the SET domain (Y646 F/N/S/H/C) although they were not regarded as gain-
of-function mutations at the original reports showing its inefficiency at H3K27 mono-
or di-methylation (Bodor et al., 2013; Morin et al., 2010). Nonetheless, subsequent
studies have demonstrated its hyperactive catalytic activity at H3K27 trimethylation,
and the presence of wild type Ezh2 is essential to provide the H3K27me2 as substrates
for the activating mutant, which further explains why the gain-of-function mutation is
always heterozygous in these B-cell lymphomas (Sneeringer et al., 2010; Swalm et al.,

2014).

Loss-of-function mutations could also exist in B-cell lymphoid neoplasms although
the frequency is relatively low. A previous cytogenetic study revealed 9 of 747 (1.2%)
patients with chronic lymphoid malignancies including 3 CLL patients, had deletions
of 7936, which literally covered the gene locus of EZH2 (7q36.1) (Table 1.1) (Oscier

et al., 1996). In addition, somatic point mutations of ASXL1 were also identified in 5

32



out of 506 CLL patients (approximately 1 %) in a comprehensive genomic analysis
based on whole genomic sequencing (WGS) (Puente et al., 2015; Quesada et al., 2011),
which included 3 nonsense mutations and 1 amino-acid frame-shift mutation. Although
it remains to see if ASXL1 mutation and the 7q36 deletion also coexist in CLL patients,
these findings suggest the possible involvement of PRC2 and ASXL1 in CLL

pathogenesis.

Table 1.1 Cytogenetic abnormality of chromosome 7q in B-LPD.

No. Age Sex Diag  Tissue Karotype

1 77 M CLL LN 46,XY,add(6)(p?),del(7)(q11.2q36),—8,add(12)(q?), + mar{3)/46,XY([10)
2 77 F  PLL B 46.XX,?11;17)(p13;p11.2).4(19:19)(q13.1q13.3)[20)/46,idem,del(6)(q23).del (7)(q22q36)(5)
3 71 F NHL B 47.XX,+X.der(7)del(7)(q22.3q34)t(1:7)(q21:q34)/47 idem,del(6)(q21q25)(4)/
47.idem. (14;18)(q32:q21)|2)/47 idem,del(6)(q21q25) add(9p)[1)/46,XX|20]
Kl 77 M SLVL B 46,XY,del(11)(q13.5q21),dup(21)(qter—q21.2::p11-qter)[17)/46,idem,
del(7)(q22q32)[11)/46,XY(2)

5 65 F CLL B 47 XX, +12[2)/47 XX.1(6:14)(q21q31).der(7)del(7)(q22q32)t(7;10)(q22q25), + 12(13])/46,XX[1]

6 75 F FOCL B 46.XX,del(1)(q21).dupl(1)(q?22q?32).1(3;12)(q?26:q722) del(7)(q22q32).del(13)(q?14) der{14)t(14:7)
(q32:7)[12)/48,XX[1)

7 80 F  SLVL B 46,XX,del(7)(q22q732)(12)/46,XX[6]

8 77 M HCLV B 43/44.XY del(1)(q?32).del(6)(q?15q725).del(7)(q34q36).del(7)(q22q36) add(8)p23).del(10)(p13),

add(12)(p13),add(15)(p11).add(18)(q23).dic(3:19)(p21p13).del(14)(q24).add(22)(q1 3)inc[10]
SLVL B 46.XX.del(7)(q31.2q36)|7)/46 XX, 7del(7)(q32.1q32.3)[7|/46 XX[25]
DLCL LN 47.XY,~1.der(1)1(1;7)(p36.11,q21.2),del(7)(q31¢34), +del(7)(q31q34),
add(14)(q?).del(18)(q21.3)[12)/46.XY(2]

9 73

3
2
™.

1n 63 F MZL S 45.X.del(X)(q12),1(1;14)(q21;932),7del(2)(q?13q21) del(7)(q32q36), ~ 18[cp4]/46,X X[14]
12 84 F SLVL B 46.XX.del(7)(q32q34)[11/47 idem, +3(19)/45 X, - X[31/46 XX[37)
13 71 F MCL S 46.XX.add(1)(q?),del(3)q?).del(4)(q24q31),del(7)(q32q34) 1(8;12)(q11.1;p11.21),

inv(9)(p11q13)c,—10,~17+der(10)t(10;17)(q26:q11), + 2mar{ 14)/46, XX, inv(9)(p11q13)[27)
NHL LN 46.XY,del(7)(q?34q736)(4)/46 XY[26)

-
.-
=
=
£4

15 — F CLL B 46.XX,add(1)?dup(1)(q23q24).del(7)(q34q36),78p[1)/46,idem add(3)(p26)(8)/
46,idem,add(21)(q?13)I3]

16 a5 F  NHL B 45,XX,del(1)(q734p36) inv(2)(?p23q13), - 6,del(7)(q34q36) der{9)t(9:17)(p24;q12),(12;?)(p13:?),
+12,del(14)(q47),71(14;19)(q32;q13), - 17,21(17;18)(q21:921)(10]

17 70 F CLL B 46.XX.del(7)(q34q36)[5)/46 XX[23]

18 76 F SLVL B 46,XX,1(2;7)(p11.23,q22.1).del(7)(q34q36.1) der(8)t(8;12)(p21;q11.1)[23)/46,XX[46]

19 57 M CLL B 48XY,inv(7)(p22q32).del(13)(q12q14)[15)/46, XY[9]

20 n F SLVL B 46,XX,del(7)(q34q36),71(9;9), - 20, + der(20)t(12:20)(q13;p13)|5]

21 87 F MCL B 48.XX.{7)(?p11q36),+12,del(14)(q22q32),+18[18]/46.XX[2]

22 81 F CLL B 46,XX.M7:15)(q11.23,q15.3).del(13)(q12q14)[7)/47,XX[17]

23 — F DLCL LN  46XX,7(1:9:12)(q21:q21:p12),del(2)(p?10) del(3)(p?).add(4)(q?).~ 5.inv(7)(q22q36).del(10)(p11),
1(19:2) add(21)(q?)cp7]

24 46 M CLL B 46.XY,1(2:7)(p11:q21.2)[8)/46,XY[22]

25 63 M HCLV B 44 XY, =7,-10,der(17)4(7:10:17)(17qter—17p13::10q11-10q24::7G21.2-7qter). 1(2;8)(p12:q24)[22)/
46.XY/[24)

26 71 M DICL LN  46XY.del(2)(q33).ins(7:7)(q22:7).1(12:20)(q13:q712),7t(14:14)(q32:q24)(22)/46 X Y(6]

27 54 M SLVL B 46,XY 1(2;7)(p11:q22)(28)/46,XY([1]

28 70 F  MCL  BMS  45XX.M7:210q22:922).4(9:17)(p11:q11).der(9)t(9:17)(p11:q11),-17[24]/46, XX[13])

29 89 F SLVL B 46.X.1(X:7)(q22:936)[10]

CLL, chronic lymphocytic leukemia; DLCL, diffuse large cell lymphoma; FCCL, follicular center cell lymphoma; HCLV, hairy cell leukemia variant; MCL.,
mantle cell lymphoma; MZL, iwarginal zone lymphoma; NHL, non Hodgkin's lymph PLL, prolymphocytic leukemia; SLVL, sph lymph with
villous lymphocytes.
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1.3.2. Loss of Ezh2 in development of haematologic malignancies

The impact of loss of Ezh2 in development of haematologic malignancies has been
discussed for the past decade in several mouse studies using conditional knockout (cKO)
mouse models to address the role of Ezh2 in leukaemogenesis pathologically and
molecularly. Tissue-specific depletion of Ezh2 in BM cells and foetal liver cells
developed myelodysplastic disorders, such as MDS and MDS/MPN, characterized with
myelodysplasia and myeloproliferative features like monocytosis in PB, splenomegaly
and extramedullary haemotopoiesis (EMH) in recipient mice after primary
transplantation, which further progressed into heterogenous diseases including
lymphoid neoplasms such as T-ALL/lymphoma and B-LPD upon secondary
transplantation, suggesting the profound influence of PRC2 on a wild range of
leukaemogenesis (Mochizuki-Kashio et al., 2015). Molecularly, loss of Ezh2
reprogramed transcriptional profiling and the landscape of H3K27 methylation in
HSPCs, in which Ezh1 was required to restore the levels of H3K27me3 in a part of
genes to compensate the loss of Ezh2 and maintain haematopoiesis (Mochizuki-Kashio

etal., 2015).

Furthermore, as clusters of mutations in genes involved in epigenetic modification
and signalling pathways are identified in myeloid malignancies, a variety of compound
mutant mice have been generated to study the disease progression of Ezh2-deficient
mouse models. While double knockout of Ezh2 with Tet2, a methylcytosine
dioxygenase involved in DNA demethylation, enhanced the lethality of the MDS/MPN-
like phenotype, and significantly shortened the disease latency (Muto et al., 2013), Ezh2
cKO mice with constructive expression of activating mutants of NRAS (G12D) and

JAK2 (V617F), both of which have been identified in MPN patients, developed PMF,
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a more progressive myeloid malignancies, with short latency (2 to 5 months) with
organomegaly and reticular fibres in spleen and livers (Gu et al., 2019; Sashida et al.,
2016). Getting insight into the molecular aspects, PRC2 targets and JAK2-STAT
downstream genes were upregulated in HSPCs from JAK2V617F/Ezh2 cKO mice,
resulting in active JAK/STAT signalling and specific oncogene expression such as
Hmga2, which markedly promoted cell growth of HSPCs and expanded abnormal
megakaryocytes. Likewise, loss of Ezh2 also promoted NRASQ61K-driven
leukaemogenesis of T-ALL through derepressing IL6ra and activating JAK/STAT
signalling, suggesting the tumour supporting role of JAK/STAT signalling in both
myeloid and lymphoid malignancies (Danis et al., 2016). On the other hand, in the
NRasG12D/Ezh2 cKO mice, loss of Ezh2 derepressed branched aminotransferase
isozyme 1 (BCAT1) in HSPCs, subsequently leading to increase in branched amino
acids (BCAA) pools (leucine, isoleucine, and valine) in corporation with NRASG12D,
which increased intracellular glutamate (Glu) pools, the substrate of BCAT1, through
glutaminase-mediated glutamine (GIn) to Glu conversion, and promoting mTOR
signalling pathways (Gu et al., 2019). Genetic and pharmacological inhibition of
BCAT1 and mTOR prolonged the disease latency and reduced splenomegaly,

intriguingly correlating BCAA metabolism with cancer progression.

1.3.3. Loss of Asxl1 in development of haematologic malignancies

Unlike the heterogeneity of loss of Ezh2 in leukaemogenesis, loss of AsxI1 resulted
in relative myeloid-restricted haematopoietic malignancies. Although the disease
phenotype was mild, loss of AsxI1 in BM cells also led to development of MDS-like
phenotypes, with cytopenia and observation of dysplastic cells in BM and PB, and the

disease could be further progressed to lethal myelodysplastic disorders, with
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splenomegaly and EMH after serial transplantation (Abdel-Wahab et al., 2013).
Likewise, several compound mutant mice were also established to study the pathogenic
roles of loss of AsxI1 in myeloid malignancies. Concurrent knockout of Asxl1 with Tet2
resulted in a lethal MDS/MPN phenotype and accelerated the disease latency of
myelodysplastic disorders, and loss of AsxlI1 globally reduced the levels of H3K27me3,
and enriched gene sets involved in apoptosis, cell cycle and MLL-rearranged
leukaemogenesis (Abdel-Wahab et al., 2013). Similarly, loss of AsxI1 together with
transgenic expression of JAK2V617F in haematopoietic cells contributed to a
progressive PMF phenotype in recipient mice, whereas the single mutants only resulted

in mild myeloid malignancies (Guo et al., 2019).

Molecularly, AsxI1 is associated with PRC2 and crucial for its repressive function.
Either silencing AsxI1 or overexpression of c-terminal truncated Asxl1, considered a
dominant negative form, induced expression of HOXAs, known to contribute myeloid
transformation, in myeloid leukaemic cell lines through diminishing H3K27
methylation (Abdel-Wahab et al., 2012; Inoue et al., 2013), further supporting the
tumour supporting roles of loss of PRC2 activity in myeloid leukaemogenesis (Figure
1.7). In addition to PRC2, AsxI1 also co-exists with BAP-1 in PR-DUB, whose tumour
repressor role is getting clear due to clinical relevance and several functional studies on
BAP-1 (Carbone et al., 2013). BAP-1 is located on 3g21.1, a locus frequently deleted
in cancers, and loss-of-function somatic mutations of BAP-1 has also increasingly
found in a variety of malignancies. Conditional knockout of BAP-1 in haematopoietic
cells led to a disease phenotype resembling human MDS in mice (Dey et al., 2012).
However, unlike Drosophila, loss of AsxI1 in human leukaemic cells is not clearly
linked to the change of H2A119ub1 likely due to the redundancy of other Asx| proteins

with BAP-1 binding activity in mammalian cells (Abdel-Wahab et al., 2012; Sahtoe et
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al., 2016), suggesting that loss of AsxI1-driven leukaemogenesis might be independent

of H2A119 deubiqutination.

1998: Description of Drosophila Additional of sex combs (Asx)
gene based on discovery in mutagenesis screens

™D Asx

2003-2004: |dentification of mammalian
homologs of Asx: Additional sex combs-
like 1, 2, and 3 (ASXL1, ASXL2, and ASXL3)

D SX 1 Gl A 5XL 2 G

3 ), 2010: Identification that Asx and ASXL1 bind to Calypso

3 - ) and BAP1, respectively, to deubiquitinate histone H2A

2009: Discovery

of somatic and highly

recurrent ASXL1 b 4

mutations in myeloid @ H2AK119Ub
leukemias

s

2012: Identification of Bap1 as a
tumor suppressor in myeloid leukemias

2013-2014: Detailed analyses of Asxl1-deficient
mice reveal that Asx|1 loss in vivo results in

ASXL1

2013: Identification that overexpression of PHD-domain
truncated forms of ASXL recapitulate biological effects of
ASXL1 loss in vivo as well as global loss of H3K27me3

2012: Identification of effects
of ASXL1 loss on histone H3
lysine 27 trimethylation

AML1-ETO

(
2014: Discovery
of ASXL2
mutations in
1(8;21)
AML

2015: Identification that overexpression of PHD-domain truncated
forms of ASXL1 promote H2AK119 deubiquitinase activity of BAP1

Figure 1.7. Timeline of discovery of Asxl1 and functional characterization in epigenome
and leukaemia. Adapted from (Micol and Abdel-Wahab, 2016).

37



Charter 2: Project Aims

Recurring mutations affecting Asxll and Ezh2 have been reported in myeloid
neoplasms, and Ezh2 mutations tend to co-occur with Asxl1 mutations in MDS/MPN
and MPN. While genetic inactivation of Asxl1, the PRC2 associating factor crucial for
the function of H3K27 methylation, leads to mild myelodysplastic disorders through
reforming transcriptional patterns potentially via modulating H3K27 methylation
mediated by PRC2. Depletion of Ezh2, the catalytic subunit of PRC2, in haematopoietic
cells, results in heterogenous haematologic malignancies ranging from myelodysplastic
disorders to lymphoid neoplasms including T-ALL as well as B-LPD in mouse models,
consistently suggesting the critical roles of PRC2 in maintaining the equilibrium of cell
proliferation and haematopoietic differentiation. In this study, we aim to further
investigate the impact of incremental losses of PRC2 in haematopoiesis and
leukaemogenesis using single and compound conditional knockout mouse model of

Asxl1 and Ezh2. The specific aims are listed as follows:

(1) To address the pathological roles of single vs concurrent loss of Asxl1 and Ezh2
in the early haemotopoiesis and development of haematologic malignancies.

(2) To investigate the underlying molecular mechanism for the leukaemogenesis of
PRC2-defecient haematological malignancies.

(3) To establish a novel leukaemic model for pre-clinical research and identify

potential targets for therapies of leukaemia.
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Charter 3: Materials and Methods
3.1. Mouse work

3.1.1. Mice

Compound Asx1"MEzh2M Rosa26-CreER mice were generated by back crossing
Ezh2tmiTara (MGI2661097) (Su et al., 2003) Rosa26-CreER (MGI: 3699244) with
Asx|1tm1a(EUCOMMWSI (\MG14431878) in C57BL/6 (CD45.2) background, in which critical
exons (exon 16 to 19 in Ezh2 and exon 3 in AsxI1) are flanked with loxp sites (Figure 3.1),
and knockout of the critical exons will eventually result in loss of Ezh2 and AsxI1 in
mouse cells (Majumder et al., 2018; Moon et al., 2018; Yang et al., 2016). The genotyping
of Asxll and Ezh2 were determined by PCR using primers targeting the floxed sites
(Figure 3.1). Furthermore, C57BL/6 mice congenic for the Ly5 locus (CD45.1) (SJL)
were used as recipient mice. All mice were held and kept in Biological Services Unit
(BSU) at King’s College London, and experiments were performed according to the

protocols in the project licence (P8B15B1E1) under the Animals (Scientific Procedures)

Act 1986.
A i 2 Figure 3.1. Floxed exons and PCR
foxp SET loxp . . S
T - E-E B B o2 fiox primer targeting sites in the alleles of
> Asxl1 and Ezh2. Exons (16 to 19)
2 A l 4-ORT encoding the SET domain of Ezh2 (A)
& 2 3
L1 > -
ehodeletion @ exon 3 of Asxl1 (B) were flanked
, with loxP, and 4-Hydroxytamoxifen (4-
1
B foxp  loxp OHT) treatment activates Rosa-Cre to
- - — At flox knockout the floxed exons (Red). Black
@ l ont arrows indicating PCR primers and the
- 31 pe—— Asdldeletion  targeting sites for amplifying the flox,

wt, and deletion bands (Table 3.2).
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3.1.2. BM transplantation

2x10° BM cells collected from CD45.2* donor mutant mice were intravenously (i.v.)
transplanted into CD45.1" recipient mice with lethal irradiation (13.5 Gy) together with
0.2 million rescue BM cells from recipient mice via tail veins in primary experiments,
and subsequently, transplanted mice were injected with 120 pl tamoxifen (10 mg/ml)
intraperitoneally (i.p.) one month after transplantation for 5 consecutive days to activate
Rosa26-CreER for knocking out Asxl1l and Ezh2 (Figure 3.2). For following serial
transfers, instead of lethal irradiation, 1x10° BM cells from leukaemic mice were
transplanted into sublethally (11 Gy) irradiated CD45.1" recipient mice. The chimera
of donor-derived haematopoietic cells was monitored through staining of CD45.1 and
CD45.2, and the ratios of donor cells were evaluated by dividing CD45.2" cells into the

sum of total CD45" cells.

Schematic diagram of the experimental process:

Lethal irradiation Tamoxifen injection

%‘Q 3 ! 1 i 1 Blood analysis

Transplamatnon - , HSC anaI)_lsis‘ .
‘ ] + Characterization of diseases
& A RNA sequencing

) 1 month 20d BMT
CD45.1*

BMC (CD45.2%)

:,x 1.AsxI1"® Ezh2"" (WT)
D 2.AsxI1""RosaCre* 2M of cells
onor 3.Ezh2"" RosaCre* 0,2M of rescue cells

4. Asxl1"" Ezh2"" RosaCre*

Figure 3.2. lllustration of the experimental process in primary transplantation. BM cells
collected from indicated gene modified mice were injected into irradiated mice with rescue
cells, and the mice were treated with TAM one month later to knock out Asxl1 or/and Ezh2.
Afterwards, several analyses were performed to study the effect of loss of PRC2 components

on haematopoiesis and leukaemogenesis.
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3.1.3. Sample collection and analysis

BM, spleens and livers were collected and analysed when mice came down. BM was
flushed out from two hind limbs using PBS with 0.2% FBS (SM buffer), and 1x10° BM
cells were subjected to cytospin at 300 rpm for 5mins before lysis of red blood cells for
MG/Giemsa staining and morphological examination. Furthermore, BM cells were
incubated with red blood cell lysis buffer for 10 mins to remove red blood cells from
BM. Spleens and livers were weighted before processed, and parts of samples were
fixed by 10% formalin for H&E staining. The rest of spleens were grinded, and
splenocytes were flushed and filtered out into SM buffer, followed by red blood cell
lysis as well. Eventually, BM cells and splenocytes after red blood cell lysis were spun
down and resuspended in 10 ml SM buffer. The cell numbers of BM cells were counted
to examine BM cellularity, and 200 ul of BM cells and splenocytes were subjected to
follow cytometry using a general staining cocktail to analyse proportions of myeloid
populations, lymphoid populations, and expansion of B cells and T cells in more details.
PB was taken from mouse hearts and maintained in Eppendorf’s with ETDA, followed
by analysis of blood parameters using Mythic 18 Vet Haematology Analyser
(Woodley). 5 ul PB was further spread on a slide to make blood smear for MG/Giemsa

staining.

3.1.3.1. Flow cytometry

BM cells, splenocytes and PB cells suspended in PBS with 0.2% FBS (SM buffer)
after 10 min red blood cell lysis were stained with a general staining cocktail comprised
of antibodies binding CD45.1, CD45.2, Macl (CD11b), Gr-1, B220, CD4, CD8 and c-
Kit to divide myeloid populations (Macl* or/and Grl"), total lymphoid populations

(Macl1°GrlY), normal B cells (B220) and T cells (CD4/8) and the CLL staining cocktail
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comprised of antibodies targeting CD45.2, CD19, CD5, B220, CD43 and IgM at 1 in
400 dilution for 30 mins. Cell populations were analysed by FACS-LSR 11 (BD, USA).

All antibodies for FACS were purchased from BioLegend® (Table 3.1).
3.1.3.2. HSC staining

4x10°BM cells after lysis of red blood cells were resuspended in 200 ul SM buffer,
and subjected to incubation of unconjugated rate 1gG ((7 Ab: Ter119, Macl, Grl, CD3g,
CD4, CD8, B220) in 40X dilution for 30 mins at 4°C, followed by incubation of Lin
Ab Texas-Red (45X dilution) for another 30 mins at 4°c in the dark after wash and
centrifuge at 1500 rpm for 8 mins. Furthermore, BM cells were subjected into HSC Ab
staining for 30 mins at 4°c in the dark with indicated antibody dilution (Table 4.1), and
specific cell types of HSPCs were gating based on the cell markers (Doulatov et al.,
2012; Pietras et al., 2015). Lin-Scal+c-Kit+ cells (LSK) were further divided into
MPP3/4, MPP2, ST-HSC and LT-HSC by CD150 and CDA48 staining. Lin-Scal-c-Kit+

(MP) were divided into GMP, MEP and CMP by CD34 and CD16/32.
3.1.3.3. May-Gruenwald (MG) /Giemsa staining

Cytospin of 1x10° BM cells and PB smears were stained with May-Gruenwald
(Sigma Aldrich) for 5 mins, followed by Giemsa stating at 10X dilution for 15 mins,
and staining slides were washed with water and dried on air at room temperature.
Finally, staining samples were fixed and covered with mounting medium for
microscopic observation. Cells amongst granulocytotic maturation and myeloid
dysplastic cells were identified by cell morphology according to a previous cytologic
studies (Zhou et al., 2015), and left-shift of granulopoiesis was determining based on

proportions of immature granulocytes.
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3.1.3.4. Identification of IGHVDJ

To address the clonality of BCR, RNA was extracted, and reverse transcribed into
cDNA as described in gRT-PCR. 2 pl cDNA was further amplified using a published
primer set targeting mouse IGHV (forward) and IGHJ (reverse) (12 pmol VHR2 and
24 pmol VHF1-8, Table 3.2) (White, 1998; Yan et al., 2006) with 1X reaction buffer,
0.2 mM dNTP, 1.5 mM MgSO4, 3 units of Dream Tag DNA pol (Thermo Scientific)
in a 50 pl volume for 35 cycles, each of which consisting of 30 s denaturation at 94 °C,
30 s annealing at 50°C and 1 min elongation at 72°C, followed by 10 min extension at
72°C. 10 ng/ul PCR products extracted from 2 % agarose gel using QlAquick Gel
Extraction kit (QIAGEN) was sent for Sanger sequencing (Source BioScience), and

IGHVDJ and HCDRS3 were identified using IgBLAST, NCBI.

3.1.4. Characterization of myelodysplastic disorders

MDS is characterized with cytological dysplasia and PB cytopenia in at least one
myeloid lineage, and myelodysplasia, which encompasses morphological abnormalities
in the affected myeloid lineages, is the key distinguishing feature for clinical diagnosis
of myelodysplastic disorders (Zhou et al., 2015) (Greenberg et al., 2011). Therefore, to
correlate the mouse disease phenotype with MDS, dysplastic cells in the three myeloid
lineages granulopoiesis (Pseudo-Pelger-Huét anomalies), megakaryopoiesis (multiple
separated nuclei, micro-megakaryocytes and ballooning platelets), and erythropoiesis
(karyorrhexis, ringed sideroblasts and anisopoikilocytosis) were examined, and the left
shift in granulocytic maturation was also identified to point out the abnormality in
myeloid lineages (Figure 3.3) . Moreover, basic blood parameters including white blood
cells (WBC), red blood cells (RBC), Haemoglobin (Hgb) and platelets (PIt) were also

considered for the characterization of MDS. In contrast with MDS, MDS/MPN is
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further characterized with myeloproliferative features. MDS/MPN patients show
excessive proliferation in one of myeloid lineages, usually thrombocytosis, with or
without cytopenia in PB, accompanied with splenomegaly due to EMH or infiltration
of monocytes, which was the key feature to distinguish MDS/MPN from MDS in our

characterization (DiNardo et al., 2014).

Myeloblasts promyelocytes myelocytes metamyelocytes Band cells neutrophil
ch ' d - 3 f B

Figure 3.3 Morphological characteristics of granulocytic maturation in mice. Adapted
from (Zhou et al., 2015). The blue arrow indicates the maturation from the precursor cells (a)
myeloblasts and (b) promyelocytes to (f) mature neutrophils. Red arrows point out the filaments

of chromatin separating nuclear segments.

3.1.5. Invivo treatments

1x10° BM cells from an Asxl1/Ezh2 cKO CLL mouse in secondary experiments
were i.v. injected into each sub-lethally irradiated (11 Gy) CD45.1* SJL recipient mouse
via tail veins. Vehicles (10% HBC), 50 mg/kg olaparib and 15 mg/kg ibrutinib (PCI-
32765, ABEXBIO) were given to mice intraperitoneally (i.p.) one week after
transplantation at 5 days per week for 4 weeks. Peripheral blood was collected from tail
veins on day 35, and then blood counts and percentages of CD19*CD5" donor cells
were analysed, and spleen weights and engraftment of CD19*CD5" donor cells in

spleens were further examined after mice came down. Mice without engraftments (2 of
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19) were taken out of the treatment experiment and not considered for the elucidation

of the drug effects.

3.2. Cell culture and in vitro drug treatment

3.2.1. In vitro olaparib treatment

1x10°%/ml Ezh2"" MLL-AF6 AML cells treated with 25 nM tamoxifen or 0.1% of
ethanol as a control for 72 hrs for knocking out Ezh2 in the liquid culture condition,
and then 1x10°/ml Ezh2 cKO MLL-AF6 AML cells or the wild type were treated with
0.1% DMSO or 1 to 10 uM olaparib (LC laboratories®) for 48 hrs, and the cells were
subjected to MTT assay, Annexin V/Pl staining, immunoblotting and
immunofluorescence. For colony formation, 5000 Ezh2 cKO MLL-AF6 AML cells
seeded in 1 ml methylcellulose (MethoCult™ GF M3434, STEMCELL Technologies)
with 1X 4 cytokines (IL3, IL6, SCF, GMCSF) were treated with 10 pM GSK126
(Biovison) and 1 uM olaparib, and the numbers of colonies were counted after 7-day

treatment.
3.2.2. MTT assay and Annexin V/PI staining

50 pl of treated cells were transferred into a new 96 well plate, followed by adding
10 pl MTT (CellTiter96® AQueous, Promega) into each well for 1 hour incubation at
37°C, 5% CO2, and then the absorbance of 490 nm was measured according to the
manufacturer’s instructions using a plate reader (Bioteck). Looking into apoptosis, 300
ul of treated cells were stained with AnnexinV/PI (Annexin VV Apoptosis Detection Kit,
eBioscience) according to the manufacturer’s instructions. Cells were stained with
APC-conjugated Annexin V at 1 in 100 dilution for 15 mins, and suspended in 300 pl

of Binding buffer containing PI (1 in 60 dilution) after wash steps. Ultimately, stained
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cells were analysed by flow cytometry using a BD LSRII system (BD, USA), and
distinguished into 4 group. Live (AnnexinV/PI"), early-apoptotic (AnnexinV*/PI°), late

apoptotic (AnnexinV*/P1") and necrotic (AnnexinV-/PI").

3.3. Molecular assays

3.3.1. gRT-PCR

RNA was extracted from splenocytes in primary experiments using RNEasy mini
kit (QIAGEN), and 100ng RNA was subjected to reverse transcription under 20 pul
reaction containing 1X First Strand Buffer, 200 units of Superscript Ill reverse
transcriptase (Thermo Fisher Scientific), 0.5 mM dNTP, 100 pmol random hexamers
(N6, NEB), 40 units of RNAse inhibitorsand 5 mM DTT at 50°C for 1 hr. Subsequently,
1 ul cDNA was added into 20 pl reacting comprising of 0.5 uM forward and reverse
primers (Table 3.2) and 1x PowerUp™ SYBR™ green master mix (Applied

Biosystem) for qPCR.
3.3.2. RNA-seq library preparation and analysis

RNA was extracted from BM cells with over 90% engraftment in the wild type and
mutant mice by RNeasy mini kits (QIAGEN), and the RNA integrity was measured
before library preparation by running Agilent 2100 bioanalyzer (Eukaryote total RNA
Nano assay, Agilent Technologies). 10 pl RNA from each BM sample was subjected
to preparation of cDNA library using the TruSeq Stranded Total RNA LT Kit with
RiboZero Gold according to manufacturer’s protocol (Illumina, Inc). The quality of
amplified cDNA libraries was verified by Agilent 2100 bioanalyzer (high sensitivity
DNA assay, Agilent Technologies), and the concentration of cDNA was measured by

Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific). In the end, the libraries were
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pooled equally with the final concentration of 5 nM and sent for sequencing. The quality
of raw reads was checked using FASTQC v0.11.4, and adaptors and low-quality bases
were trimmed with Trim Galore v0.4.0. Trimmed reads were map to GRCm38
(obtained from the Ensembl FTO server ftp://ftp.ensembl.org/pub/) using the short read
mapper Tophat2 v2.2.0 (Kim et al., 2013), and read counts per gene were obtained
using htseg-count v0.11 (Anders et al., 2015). Furthermore, downstream analysis was
conducted in R using Biocondutor packages (R Core Team, 2015) (Huber et al., 2015),
and differential expression analysis for BM cells from wild type and mutant mice was
performed using EdgeR (Robinson et al., 2010). Genes expressed in more than 2
samples was filtered, and then the differential expression was accessed using a log ratio

test (LRT).

3.3.3. Analysis of transcriptome of CLL mice

Differential gene lists showing the significantly upregulated and downregulated
genes in BM cells of Asxl1 cKO mice (N=2), Ezh2 cKO B-LPD mice (N=3) and
AsxlI1/Ezh2 double cKO B-LPD mice (N=3) (< 0.05 adjusted p value) compared to the
wild type were generated as described above. The upregulated genes and
downregulated genes were compared and overlapped using Venny 2.1. To get further
insights into the differential genes, KEGG pathways were analysed using DAVID
Bioinformatics Resources 6.8, NIAID/NIH (Bordoli et al., 2009; Huang da et al., 2009),
and the bar plots present the significant KEGG pathways (<0.05 FDR) ranked by FDR.
Moreover, upregulation gene lists were subjected to ToppFun for analysis of correlated
disease phenotypes and co-expression atlas, and 122 genes dysregulated in CLL were

identified in double mutants based on DisGeNET. Transcriptional patterns of BCR
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signalling pathway were presented by heatmaps using pheatmap v 0.2 with row

normalized counts from each group to show greater contrast.
3.3.4. Immunoblotting

Cell pellets harvested from 48hr olaparib treatment were lysed with 1% SDS buffer
(1% SDS, 10mM EDTA, 50mM Tris-HCI) for 10 mins, and sonicated in 0.65 ml
Bioruptor® Microtube with 10 30s on-off cycles at 4°C by Bioruptor® Pico sonication
device (Diagenode). Afterwards, the lysates were centrifuged at 4°C, and the
supernatant were heated with 1xloading dye at 95°C for 10 mins. Furthermore, protein
samples were subjected to 7.5% and 12% SDS polyacrylamide gel electrophoresis
(PAGE) for approximately 2 hrs, and transferred to Amersham Hybond PVDF
membranes. Eventually, membranes were incubated with blocking buffer (0.1% PBS-
T containing 5% skimmed milk), followed by incubation primary and Horseradish
Peroxidase (HRP)-conjugated secondary antibodies (Jackson ImmunoResearch) with

proper dilution (Table 3.1).

3.3.5. Staining of yYH2AX and Rad51 and foci counting

Slide preparation was done by cytospin of 1x10° cells at 300 rpm for 5 mins, and
samples were subsequently fixed by 4% of paraformaldehyde (PFA) for 20 mins and
washed with PBS three times before permeabilization, in which fixed cells were
incubated with blocking buffer (10% FBS and 1% BSA in PBS) with 0.8% TritonX-
100 for 15 mins at room temperature (RT). After washing, permeabilized cells were
subjected to primary and secondary incubation. Incubation of anti-yH2AX mouse
primary antibody (1:200) and anti-Rad51 rabbit primary antibody (1:100) was done at
4°C overnight, followed by incubation of Alexa488-conjugated anti-mouse goat

secondary antibody and Cy3-conjugated ant-rabbit goat secondary antibody as well as
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at RT for 1 hours (Table 3.1). Finally, stained cells were washed three times with PBST

(PBS with 0.05% Tween20) and mounted with mounting medium (VECTASHIELD®

Antifade Mounting Medium) for imaging. High throughput automatic foci counting of

yH2AX and Rad51 was exerted and analysed using Focinator v2-31, in which multi-

channel foci were evaluated and quantitated in nuclei marked as "Regions Of Interest"

(ROIs) based on ImageJ bundled with Java, Bio-Formats Importer and the R script

<Focinator v2-31.R> (Oeck et al., 2017; Oeck et al., 2015).

Table 3.1. List of antibodies

Antibody Supplier Catalog NO Application Dillution
Phospho-yH2AX (ser139) Upstate 05-636 Immunofluorescence 1in 200
Phospho-yH2AX (ser139) Upstate 05-636 Immunoblotting 1in 2000
Rad51 (H-92) Scht Sc-8349 Immunofluorescence 1in 100
Ezh2 BD 612666 Immunoblotting 1in 1000
Atm Sigma Aldrich A1106 Immunoblotting 1in 500
H3K27me3 Upstate 07-499 Immunoblotting 1in 2000
Histone3 (H3) Abcam ab1791 Immunoblotting 1in 50000
APC-CD45.2 Biolegend 109814 FACS (General staining) 1in 400
FITC-CD45.1 Biolegend 110706 FACS (General staining) 1in 400
PerCP-Cy5.5-Gr1 Biolegend 108428 FACS (General staining) 1in 400
PE-Cy7-Mac1l Biolegend 101216 FACS (General staining) 1in 400
Pacific Blue-B220 Biolegend 103227 FACS (General staining) 1in 400
Alexa700-CD4 Biolegend 100430 FACS (General staining) 1in 400
APC-Cy7-CD8a Biolegend 100714 FACS (General staining) 1in 400
PE-c-kit Biolegend 105808 FACS (General staining) 1in 400
APC-Cy7-CD19 Biolegend 115519 FACS (CLL staining) 1in 400
Alexa700-CD5 Biolegend 100635 FACS (CLL staining) 1in 400
FITC-CD43 Biolegend 553270 FACS (CLL staining) 1in 400
PerCP-Cy5-IgM Biolegend 406512 FACS (CLL staining) 1in 400
FITC-kappa Biolegend 40959 FACS (CLL staining) 1in 400
PE-Lambda Biolegend 407307 FACS (CLL staining) 1in 400
PE-c-kit Biolegend 105808 FACS (HSC staining) 1in 100
PE-Cy7-Sca-1 Biolegend 108114 FACS (HSC staining) 1in 50
Bv421-CD150 Biolegend 115926 FACS (HSC staining) 1in 25
Alexa 700-CD48 Biolegend 103426 FACS (HSC staining) 1in 50
BV510-CD45.2 Biolegend 109837 FACS (HSC staining) 1in 50
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Table 3.2. List of primers

Primer Sequence 5'>3' Application
Asxl1 fl/wt F (1) CCAATATGGCCTGGAACTGAC genotyping
Asxl1 fl/wt R (2) TAGAGACCAGGTGTGGTGGC genotyping
Asx|1 del F (3) AGCACACCAGGCTAAGATGCT genotyping
Asxl1 del R (4) ACAGACAAGCAAAGCTGAACAGA genotyping
Ezh2 fl/wt/del 1 TTATTCATAGAGCCACCTGG genotyping
Ezh2 fl/wt/del 2 ACGAAACAGCTCCAGATTCAGGG genotyping
Ezh2 fl/wt/del 3 AGGGCATCAGCCTGGCTGTA genotyping
VHF1 AGGTCCAGCTGCAGGAGTCTGG clonality
VHF2 AGGTCCAGCTGCAGGAGTCAGG clonality
VHE3 AGGTCCAGCTTCAGGAGTCTGG clonality
VHF4 AGGTCCAGCTTCAGGAGTCAGG clonality
VHE5 AGGTCCAACTGCAGGAGTCTGG clonality
VHF6 AGGTCCAACTGCAGGAGTCAGG clonality
VHF7 AGGTCCAACTTCAGGAGTCTGG clonality
VHF8 AGGTCCAACTTCAGGAGTCAGG clonality
VHR?2 TGAGGAGACGGTGACCGTGGTCCCTTGGCCCC clonality
AICDA F AAAATGTCCGCTGGGCTAAG gRT-PCR
AICDA R AGGTCCCAGTCCGAGATGTAG gRT-PCR
BCL-2 F TGGGATGCCTTTGTGGAACT gRT-PCR
BCL-2 R ACAGCCAGGAGAAATCAAAC gRT-PCR
CXCR5 F TGGCCTTCTACAGTAACAGCA gRT-PCR
CXCR5 R GCATGAATACCGCCTTAAAGGAC gRT-PCR
Myc F AGCCCCTAGTGCTGC ATGA gRT-PCR
MycR GCCTCTTCTCCACAGACACC gRT-PCR
PARP1 F GCTTTATCGAGTGGAGTACGC gRT-PCR
PARP1R GGAGGGAGTCCTTGGGAATAC gRT-PCR
Atm R GGAGGAACATGCAGTGGGG gRT-PCR
Atm F TGAAAAGACTGGCATATCGGAGA gRT-PCR
Atr F TGGCCAGTGCTACTCCAGAA gRT-PCR
Atr R CATCACAGAGGTCGGCTGAG gRT-PCR
Rad51F AAGTTTTGGTCCACAGCCTATTT gRT-PCR
Rad51R CGGTGCATAAGCAACAGCC gRT-PCR
BrcalF AAGAGACAGTAACTAAGCCAGGT gRT-PCR
Brcal R GGGGCGGTCTGTAACAATTCC gRT-PCR
Brca2 F ATGCCCGTTGAATACAAAAGGA gRT-PCR
Brca2 R ACCGTGGGGCTTATACTCAGA gRT-PCR
Ubc F GATCTTTGCAGGCAAGCAG gRT-PCR
UbcR AAAGATCTGCATCCCACCTC gRT-PCR
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Charter 4: Genetic co-inactivation of Asxl1l and Ezh2 led to

multiple haematopoietic malignancies

4.1. Introduction

The roles of loss-of function mutation of Asxl1l or Ezh2 in the pathogenesis of
haematopoietic diseases have been established few years ago via mouse models with
tissue-specific genetic inhibition of Asxl1 or Ezh2 alone or concomitant deletion with
Tet2, one of epigenetic regulators with high frequencies of mutations in myeloid
malignancies, in haematopoietic cells (Abdel-Wahab et al., 2013; Abdel-Wahab et al.,
2011; Mochizuki-Kashio et al., 2015). Although the reconstitution of donor-derived
bone marrow showed inefficient production of lymphocytes, loss of Ezh2 promoted
myeloid-biased repopulation and haematopoietic stem/progenitor cells in early
haematopoiesis (Abdel-Wahab et al., 2011). Furthermore, conditional knockout of
Ezh2 in BM cells led to development of mild haematopoietic diseases resembling
human myelodysplastic disorders such as MDS and MDS/MPN. While no significant
difference was observed in the survival of Ezh2 conditional knockout (cKO) mice, co-
inactivation of Ezh2 with Tet2 significantly shorted the disease latency and caused most
of mice died by 10 months after transplantation (Abdel-Wahab et al., 2011; Mochizuki-
Kashio et al., 2015), demonstrating cooperation of loss of epigenetic modifiers in

pathogenesis of myelodysplastic disorders.

While both MDS and MDS/MPN-like phenotypes featured with leukopenia (low
white blood cell counts), anaemia (low levels of Hgb) and appearance of dysplastic
cells including pseudo-pelger Huet cells, hypersegmented neutrophils, giant platelets

and red blood cells with Howell Jolly bodies, myeloproliferative features such as
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splenomegaly, extramedullary haematopoiesis (EMH), and monocytosis or
thrombocytosis in PB were identified in the MDS/MPN mice. Furthermore, more
heterogenous disease phenotypes including MDS (34%), T-ALL/Lymphoma (33%),
and B-LPD (25%), were developed in secondary transfer of BM cells from Ezh2 cKO
mice with myelodysplastic disorders. T-ALL was found in 4 of 12 mice with prominent
expansion of CD8 Tcrabl®™ T cells in thymus and PB. Intriguingly, expansion of
CD19*B220"“CD5* cells was detected in PB, and it was possible that some of them
were clonal based on genomic PCR result of D-J rearrangement, suggesting that loss of
Ezh2 may also have an impact on leukaemogenesis of CLL (Mochizuki-Kashio et al.,

2015).

By comparison with Ezh2, loss of Asxl1 displayed relatively marginal disease
phenotype in primary transplantation. Conditional knockout of AsxI1 in BM cells only
resulted in myelodysplasia in a long observation period with no lethality, which was
featured with low BM cellularity, leukopenia, anaemia, and appearance of dysplastic
cells such as pseudo-pelger Huet cells, and concomitant deletion of Tet2 did not
significantly improve the disease lethality (Abdel-Wahab et al., 2013). However, the
phenotype could be further progressed to MDS/MPN-like lethal phenotype with
splenomegaly and EMH in spleens after serial transfer, and all mice came down in 45
weeks after tertiary transplantation. Meanwhile, in molecular aspects, genes involved
in leukaemogenesis of AML such as Hoxas and their associated transcription factors
like Hes5 and Gdf11 were upregulated in Asxl1 cKO LSK and myeloid progenitors.
This is consistent with an in vitro study showing the involvement of AsxI1 in the
repressive function of PRC2, further suggesting the possibility that concurrent deletion
of Ezh2 with Asxl1 may transform the mild myeloid haematopoietic disease to acute

leukaemia (Abdel-Wahab et al., 2012). To investigate the pathogenesis of concurrent
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deletion of Asxl1 and Ezh2 in haematological malignancies, their impacts on early and

malignant haematopoiesis were characterized in the compound cKO mouse model.

4.2. Results

4.2.1. Loss of Asxl1 and Ezh2 perturbed haemotopoiesis toward myeloid-biased

repopulation in early engraftments

With a view to investigating the impact of loss of PRC2 on haematopoiesis, BM
cells from single and compound AsxI1"Ezh2"! mice driven by Rosa26-CreER and
AsxI1VEZh2 mice without Rosa26-CreER as a control (Wt) in pure C57BL/6
background (CD45.2 positive) were transplanted into lethally irradiated recipient SJL
mice (CD45.1 positive), and the early engraftments and haemotopoiesis were analysed
after tamoxifen treatment (Figure 3.2). While the percentage of CD45.2" donor cells in
peripheral blood (PB) reduced after knocking out Asxl1 or/and Ezh2 in a month, the
engraftments reconstituted gradually after 3 months together with the significant
increase of myeloid components in Ezh2 single cKO and Asxl1/Ezh2 cKO mice,
whereas the proportion of lymphoid populations continued decreasing, showing
myeloid-biased repopulation in early haematopoiesis as previous Ezh2 knockout mouse
studies (Muto et al., 2013) (Figure 4.1A). Meanwhile, the knockout efficiency was
confirmed by PCR of genomic DNA from PB (Figure 4.1B). The absolute blood cell
counts in PB further revealed that the bias was mainly resulting from the drastic
reduction of lymphoid cells, especially B cells, from 1 month to 3 months after
knockout of Ezh2 (Figure 4.1C, right). On the other hand, loss of Ezh2 can be relatively
tolerated in myeloid lineages, and the recovery of absolute numbers of myeloid
populations were significantly improved when genetically co-inactivating AsxI1 with

Ezh2 (Figure 4.1C, left). In addition, looking into the reproduction of terminal blood
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cells, while mild anaemia (decrease in RBC and Hgb) were detected in Asxl1/Ezh2
double cKO mice, the platelets were significantly increased one month after loss of
Ezh2 and Asxl1, showing the improvement of megakaryopoiesis in the early stage

(Figure 4.1D).
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Figure 4.1. The effect of depletion of Asxll or/and Ezh2 on early repopulation of
haematopoietic cells. BM cells form AsxI1"MEzh2"" (Wt), AsxI1"-Rosa-Cre (AsxI1™),
Ezh2"-Rosa-Cre (Ezh2"), and Asxl1"MEzh2"-Rosa-Cre (AsxI17Ezh2") were transplanted
into irradiated CD45.1" recipient mice, and (A) the fold changes of engraftments (CD45.2"),
myeloid proportion (Macl® or/and Girl®) and lymphoid proportion (B220*, CD4" or CD8")
in donor cells, (B) knockout efficiency and (C) ) their absolute cell counts in PB were analysed
at indicated months (mo) after TAM treatment. (D) blood counts in PB were analysed at 1
month after TAM treatment. Red blood cells (RBC); Haemoglobin (Hgb); Platelets (PIt). Bar
graphs show mean+S.E.M. (*P<0.05, **P<0.01 and ***P<0.001, unpaired t-test).
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Furthermore, analysis of repopulating capacity of HSPCs uncovered that concurrent
deletion of Asxl1 and Ezh2 enhanced establishment of Lineage Scal*c-Kit" (LSK) cells
and myeloid progenitors (Lineagec-Kit*Scal’) in BM, in which the percentages of
MPPs, GMPs and CMPs significantly increased while no change were found in LT-
HSCs and ST-HSCs (Figure 4.2A), and Ki67 staining of LSK cells further
demonstrated genetic co-inactivation of Asxll and Ezh2 accelerated cell cycle
progression, in which the proportion of LSK cells in S-G2-M phases increased in the
double mutants, partially accounting for the remarkable recovery of myeloid

differentiation at 3 months in the compound mice (Figure 4.2B).
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Figure 4.2. Establishments of LSKs and progenitors after Asxl1 or/and Ezh2 cKO. (A)
Percentages of LSK (Linc-Kit'Scal®), myeloid progenitors (Linc-Kit'Scal), and their
subpopulations: long-term (LT) HSCs (CD48°CD150"), short-term (ST) HSCs (CD48'CD150),
multipotent progenitor (MPP) 3/4 (CD48'CD150), MPP2 (CD48'CD150"), GMP
(CD16/32°CD34"), CMP (CD16/32°CD34") and MEP (CD16/32°CD34") in BM from indicated
mutant mice 4 weeks after TAM treatment. (B) Percentages of LSK in GO (Ki67'DAPI'"), G1
(Ki67*"DAPI"") and G2-M-S (Ki67"DAPIMM phases in LSK cells based on Ki67 staining. Bar
graphs show mean+S.E.M. (*P<0.05, **P<0.01 and ***P<0.001, unpaired t-test).
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4.2.2. Knockout of Asxl1 and Ezh2 led to development of multiple haematopoietic

malignancies

It has been established that genetic inhibition of AsxI1 or Ezh2 may result in mild
myeloid disorders such as MDS and MDS/MPN overlap and lymphoid diseases in
mouse models (Abdel-Wahab et al., 2013; Mochizuki-Kashio et al., 2015). In an
attempt to identify the heterogenous phenotypes, BM, spleens and PB collected from
sick mice were analysed, and comprehensive characterization was based on cytological
staining, histopathological examination and follow cytometry of haematopoietic cells.
While no Wt and Asxl1 single cKO mice developed haematological malignancies,
AsxlI1/Ezh2 double cKO mice started coming down with haematopoietic diseases after
a long latency (60 weeks after primary transplantation) with a very high lethality rate
(12 out of 14 mice). On the other hand, only a couple of Ezh2 single mutants become

symptomatic and visually ill before the end of experiments (Figure 4.3A).

Knockout of Asxl1 and Ezh2 in haematopoietic cells were verified by PCR using
primers targeting critical exons flanked with loxp sites (flox) and RNA-seq (Figure 4.4).
While Ezh2 genotyping only exhibited flox bands in the wild type mice
(AsxI1"EZN2) Ezh2 deletion bands were detected in Ezh2 single cKO (Ezh2”) and
double cKO mice (Asxl17/Ezh2). On the other hand, AsxI1 was deleted in AsxI1 single
cKO (AsxI17) and double cKO mice (AsxI17/Ezh2") (Figure 4.4A). The expression of
floxed exons were further examined and analysed in RNA-seq results, showing efficient
knockout of exon 3 in AsxI1 and exon 16 to 19 in Ezh2 in BM cells from mutant mice

(Figure 4.4B)
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Figure 4.3. Disease latencies and penetrance of Asxl1l or/and Ezh2 cKO mice. (A) Survival
curves of Wt (n=7), Asxl1” (N=6), Ezh2” (N=6) and Asxl1”Ezh2” (N=14) mice in primary
transplantation (left), and representative images of spleens (right). (B) Weights of spleen and livers
from Wt, AsxI1”, Ezh2" and AsxI1”Ezh2” mice with splenomegaly (SM). (C) Platelets (PIt) and
(D) blood counts in PB. White blood cells (WBC); Haemoglobin (Hgb); Thrombocytosis (TC).
Scale bar, 1cm. Dot graphs show mean+S.E.M. (*P<0.05, **P<0.01 and ***P<0.001, unpaired t-
test).
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Figure. 4.4. Genotypes of mutant mice in primary experiments. (A) PCR results confirming
the genotypes of Asxl1 and Ezh2 in splenocytes from AsxI1"Ezh2 (Wt) and AsxI1 cKO (AsxI1®
r), Ezh2 cKO (Ezh2™) and double mutant (Asxl17"Ezh27") mice. (B) RNA-seq showing the exon
deletions of AsxlI1 (exon 3) and Ezh2 (exon 16-19) in BM cells from Wt (1092-39, 1078-43,
1078-41), AsxI1 (1092-12, 1092-4), Ezh2 (1092-17, 1092-20, 1092-24) and AsxlI1/Ezh2 cKO
mice (1078-26, 1092-26, 1093-7).

Organomegaly, especially splenomegaly, where lymphoid follicles of spleens were
effaced and disrupted, were found in AsxI1/Ezh2 double cKO mice (Figure 4.3B). In
addition, blood counts showed thrombocytosis (increase in platelets) in double mutants
while no significant cytopenia were as observed (Figure 4.3C-D), and the existence of
abnormal megakaryocytes in H&E staining of spleens further suggests extramedullary

haematopoiesis (EMH) occurred in Asxl1/Ezh2 double mutant mice (Figure 4.5)
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Figure 4.5. H&E staining of spleen sections from sick mice. H&E staining of spleen sections from
Wt, Ezh2 cKO mice with B-LPD phenotypes (1092-17) and AsxI1/Ezh2 cKO mice with MDS/MPN
(8749) or B-LPD phenotypes (1078-26). Megakaryocytes were pointed out with red arrows in
MDS/MPN mice. Microscopic magnification: 10x (upper panels) or 40x (bottom panels).

Looking into myeloid lineages, granulopoiesis was left-shifted in BM from Ezh2
single mutants and Asxl1/Ezh2 double mutants especially, in which the percentage of
myeloblasts and promyelocytes were significantly augmented, whereas proportions of
band cells decreased (Figure 4.6A). In addition, MG/Giemsa staining revealed myeloid
dysplastic cells such as abnormal megakaryocytes (monolobated, binucleated) and
pseudo-pelger-Huet anomalies, were found in BM of Ezh2 single cKO and AsxI1/Ezh2
double cKO mice, indicating cytologic dysplasia in megakryopoiesis and

granulopoiesis (Figure 4.6B).
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Figure 4.6. Myelodysplasia in Ezh2 and AsxI1/Ezh2 cKO mice. (A) Percentages of
haematopoietic cells blasts/promyelocytes (BI/Pro), myelocytes/metamyelocytes (My/Met),
band cells and Neutrophils (Ne) in granulopoiesis from Wt and cKO mice with MDS
phenotypes. Bar graphs show mean+S.E.M. (*P<0.05, **P<0.01 and ***P<0.001, unpaired
t-test). (B) Representative images of MG-Giemsa staining of BM from Wt, Asxl1”, Ezh2™"
and Asxl17Ezh2™ mice. Myeloid dysplastic cells such as pseudo-Pelger-Huét anomalies (1),
monolobated (2) and binucleated (3) megakaryocytes were found in the BM of MDS mice.
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While EMH was observed in spleens from three Asxl1/Ezh2 cKO MDS mice,
showing MDS/MPN-like phenotype, small lymphocytes were found diffused in spleens
from Ezh2 single mutants and the other Asxl1/Ezh2 double mutants, leading to
splenomegaly (Figure 4.5), and lymphoid populations were highly expanded in BM
from two Asxl1/Ezh2 MDS cKO mice, revealing the possibility of co-existence of
lymphoproliferations in the MDS mice (Figure 4.7A). B220"'°% CD4"CD8" lymphoid
cells, which was thought to be Bla cells according to previous mouse studies (Klein et
al., 2010; Mochizuki-Kashio et al., 2015; Planelles et al., 2004), became the dominant
lymphoid population in the spleens of B-cell lymphoproliferative disorder (B-LPD)
mice, especially AsxI1/Ezh2 cKO B-LPD mice with high lymphoid infiltration in BM
(B-LPD"9"  (Figure 4.7B-C). Intriguingly, RNA-seq profiling revealed gene
enrichment in spleen Bla cells-preferentially expressed genes in BM of B-LPD mice,
further supporting the phenotype of B-LPD and suggesting Bla cells may infiltrate
from the spleens into BM in the B-LPD mice (Figure 4.7D). Morphologically, typical
CLL cells, with clumpy nuclei and a rim of visible cytoplasm, were identified in the

BM of B-LPD mice (Figure 4.7E)
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Figure 4.7. Population of B2207°" B cells in Ezh2 single and AsxI1/Ezh2 double cKO LPD mice. (A)
Engraftments of donor cells (CD45.2+) and their proportions of myeloid and lymphoid populations in
BM from indicated mutant mice. Wt (N=5), AsxI1” (N=5), Ezh2”- (MDS, B-LPD) (N=3), Asxl1”Ezh2"
(MDS/MPN) (N=3) and AsxI1”Ezh2” (MDS, B-LPD"") (N=2). (B) Representative flow cytometry
profiling of donor cells in bone marrow and spleens from Asxl1”Ezh2” B-LPD mice. (C) Bar charts
showing % of B220"°" B cells in spleens from indicated mutant mice. LPD mice with high level of
lymphoid expansion (> 50%) in BM was marked as B-LPD"9", Bar graphs show mean+S.E.M. (*P<0.05,
**P<(.01 and ***P<0.001, unpaired t-test). (D) Co-expression atlas showing expansion of Bla cells in
BM from Ezh2 single and AsxI1/Ezh2 double cKO mice based on UP differential gene lists from RNA-
seq. (E) Representative images of MG-Giemsa staining of CLL cells in PB of an Asxl1”Ezh2" B-LPD
mouse (1078-26).
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In summary, all sick mice exhibited characteristics of myelodysplasia such as left-
shift in granulopoiesis and appearance of dysplastic cells in at least one myeloid lineage
in double mutants, and 50% of Asxl1/Ezh2 double cKO mice further displayed
myeloproliferative features, including splenomegaly with infiltration of myeloid
precursor cells in spleens or/and thrombocytosis. In addition, B-LPD were found in
42% of Asxl1l/Ezh2 double cKO mice, and all shows the B2207°" CD4CD§
immunophenotype, suggesting the possibility of development of CLL. Meanwhile,
lymphoproliferation of B cells were also detected in 3 out of 6 Ezh2 cKO mice together
with myelodysplasia phenotypes although one of them may not be expansion of Bla
(B2207'°"), As a result, loss of AsxI1 and Ezh2 led to highly lethal diversified disease
phenotypes including MDS (8.3%), MDS/MPN (25%), MDS/MPN_TC (25%),
characterized with increase in platelet numbers but without severe myeloproliferative
features in spleens (Mochizuki-Kashio et al., 2015), and myelodysplastic disorder
overlapped with B-LPD (42%, CLL-like), whereas depletion of Ezh2 only contributed
to the single phenotype MDS overlapped with B-LPD (50%, CLL-like 33%) (Figure

4.8).

Ezh2-- Asxl1-+-Ezh2--

TC

MDS 8.3%

None
50%

MDS/MPN_TC
17%

Figure 4.8. Summary of disease phenotypes in primary experiments. Pie charts showing
the development of heterogenous haematologic malignancies and ratios in Ezh2 single cKO
mice and AsxI1/Ezh2 double cKO mice. Thrombocytosis (TC); non-Hodgkin’s lymphoma
(NHL).
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4.3. Discussion

The effect of loss of Ezh2 in early haematopoietic repopulation has been reported
in a mouse study in which recipient mice transplanted with total BM cells or LSK cells
with knockout of Ezh2 displayed myeloid-biased differentiation (Muto et al., 2013). By
comparison with the mice transplanted with Wt BM cells or Wt LSK cells, the
engraftment of donor cells reduced in the PB from mice transplanted with Ezh2
knockout haematopoietic cells from the primary transplantation in the first two months,
showing the reconstitution capacity of haematopoietic cells might be attenuated after
loss of Ezh2. However, the engraftment of Ezh2”-donor cells recovered after 3 months,
and while the lymphoid population was barely detected, the proportion of myeloid
populations, LSK and myeloid progenitors (GMP, CMP and MEP) drastically increased,
further revealing loss of Ezh2 could be tolerated in primary haematopoietic cells and
may promote myeloproliferation (Mochizuki-Kashio et al., 2015; Muto et al., 2013).
Similarly, the engraftments were attenuated soon after knockout of Asxl1 and Ezh2 in
our primary transplantation, but gradually recovered with significant elevation of the
percentage of myeloid populations in PB of Ezh2 single cKO and Asxl/Ezh2 double
cKO chimeric mice (Figure 4.1A), showing myeloid biased repopulation as well, and
looking into absolute cell counts further revealed loss of the PRC2 components was
more tolerated in myeloid differentiation, thus leading to the biased repopulation
(Figure 4.1C). Furthermore, genetic co-inactivation of Asxl1 with Ezh2 promoted the
recovery of myeloid cell counts from 1 month to 3 months after knockout probably
owing to enhancement of establishment of LSK cells and myeloid progenitors in early
engraftments (Figure 4.1C-D), suggesting loss of Asxl1 and Ezh2 may augment the
myeloproliferation in the early haematopoiesis and then accelerate myeloid disease

progression.
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Indeed, loss of Asxl1 and Ezh2 ultimately resulted in higher penetrance (92%) of
lethal myelodysplastic disorders including MDS/MPN phenotypes (50%), whereas
only 3 of 6 Ezh2 cKO mice displayed myelodysplasia, demonstrating the pathological
impact of cluster mutations on PRC2 for development of myeloid neoplasms (Figure
4.1-4.3 and Table 4.1). In Asxll single mutants, although no visual illness and
myelodysplastic cells was observed, increase in platelet numbers were also detected in
two of Asxl1 single mutants (Figure 4.3C), suggesting loss of Asxl1 may contribute the

phenotype of thrombocytosis to double mutants.

According to the previous mouse studies of Ezh2, only phenotypes of mild
myelodysplastic disorders were displayed in the primary transplantation although more
diversified phenotypes of haematological malignancies such as T-ALL/lymphoma and
B-LPD developed in the secondary transplantation (Mochizuki-Kashio et al., 2015).
While our Ezh2 knockout also resulted in development of myelodysplasia in the
granulocytic lineage and megakaryocytic lineage (Figure 4.3-4.6), no T-ALL
phenotype and expansion of CD4/8 T cells was identified in our Ezh2 single cKO mice
as in the previous studies. Half of Ezh2 mutant mice developed B-LPD in the primary
transplantation, indicating a longer latency was probably required for the development
of lymphoproliferation in the primary host. 2 out of 3 B-LPD exhibited expansion of
Bla (B2207°%) in BM and spleens with mild splenomegaly, revealing a novel tumour

suppressor role of Ezh2 in CLL leukaemogenesis (Figure 4.8 and Table 4.1).

By comparison with the Ezh2 single cKO mice, concurrent deletion of AsxI1 with
Ezh2 provided myeloproliferative features to the mice with myelodysplasia, in which
the precursor cells in the megakaryocytic lineage infiltrated into spleens, leading to

splenomegaly (Figure 4.5), and the terminal blood cells platelets were significantly
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increased in PB, resulting in thrombocytosis (Figure 4.3), showing the megakaryocytic
lineage prone leukaemogenesis in the Asxl1/Ezh2 double cKO mouse model. On the
other hand, loss of Asx1 and Ezh2 also enhanced the lymphoproliferative phenotype.
AsxI1/Ezh2 cKO B-LPD mice were characterized with more severe splenomegaly, and
two of them exhibited exceptionally high BM infiltration, suggesting loss of AsxI1 and
Ezh2, two key components of PRC2, may also cooperate in leukaemogenesis of CLL.
Therefore, to further characterize the CLL phenotype of our mouse models, the
clonality of immunoglobulins, immunophenotypes of Bla cells, underlying mechanism
and potential factors critical for the CLL leukaemogenesis mediated by Ezh2 single
mutants and AsxI1/Ezh2 double mutants will be studied in more details in the following

chapter.
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Table 4.1. Characterization of haematopoietic malignancies.

Myeloid

Myeloid
infiltration B1a

Code blast Granulopoiesis Megakaryocyte of spleen proliferation Clonality Diseases
left-shift, Pseudo- mnolobatedand
Asxl1--Ezh2-- 1078-26 16% Pelger Huet binuclea big none yes (high) Mono (U) MDS, B-LPD (CLL)
mnolobated and
Asxl1--Ezh2-- 1078-27 18.30% left-shift multinuclea none yes none unknown MDS/MPN_TC
Asxl1--Ezh2-- 1092-26 15.30% left-shift mnolobated big none yes (high) Mono (U) MDS, B-LPD (CLL)
Asxl1--Ezh2-- 1092-27 10.10% left-shift mnolobated big yes yes (EMH) none MDS/MPN
left-shift, Pseudo- mnolobated and MDS/MPN_TC, B-
Asxl1--Ezh2-- 1093-7  11.90% Pelger Huet binuclea yes yes none yes Mono (U) LPD (CLL)
Asxl1--Ezh2-- 1092-34 13 40% left-shift mnolobated big none yes MDS, B- LPD (CLL)
Asxl1--Ezh2-- 1092-35 None normal shape None yes none none TC
left-shift, Pseudo- biand
Asxl1--Ezh2-- 1092-36 8 50% Pelger Huet multinuclea yes none yes MDS, B-LPD (CLL)
left-shift, Pseudo- mnolobated, and
Asxl1--Ezh2-- 8748 17.70% Pelger Huet binuclea big yes (EMH) none MDS/MPN
left-shift, Pseudo- microform and
Asxl1--Ezh2-- 8749 11.50% Pelger Huet bionuclea big yes yes (EMH) none MDS/MPN
Asxl1--Ezh2-- 8745 left-shift mnolobated MNone yes none none MDS/MPN_TC
left-shift, Pseudo-
Asxl1--Ezh2-- 8746  13.90% Pelger Huet mnolobated None none none MDS
left-shift, Pseudo-
Ezh2-- 1092-17 12.20% Pelger Huet mnolobated yes none yes Mono (U) MDS, B-LPD (CLL)
left-shift, Pseudo- bi and
Ezh2-- 1092-20 Pelger Huet multinuclea yes none yes Mono (U) MDS, B-LPD (CLL)
Ezh2-- 1092-24 17.80% left-shift mnolobated yes none none Bi? (M) MDS, B-LPD (NHL)
Ezh2-- 1078-19 Mone normal shape  MNone none none Mone
Fzh2-- 1092-15 MNone normal shape  None none none None
Ezh2-- 1092-19 None normal shape None none none None
Asxl1-- 1092-4 None normal shape  None none nong None
Asxl1-- 1092-12 None normal shape None none none None
Asxl1-- 10781 MNone normal shape  None yes none none TC
Asxl1-- 1078-2 Mone normal shape  None none none MNone

EMH (extramedullary haematopoiesis), Mono (Mono-clone), U (unmutated IGHV), M (mutated IGHV), TC

(thrombocytosis)
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Charter 5: Modelling of Asxl1/Ezh2 double knockout CLL

mouse models

5.1. Introduction

Genetically engineered CLL mouse models have been being established for in vivo
pathological studies of critical mutations with clinical relevance and in the hope of
providing useful pre-clinical models for elucidation of efficacy and mechanism of novel
therapies (Simonetti et al., 2014). In general, to model mouse CLL, the disease
phenotype is characterized with clonal expansion of Bla cells in PB, spleens and BM,
in which the CD5 positive immunophenotype and clonality of BCR were used to define
human CLL. Eu-TCL1 transgenic mice, the first transgenic CLL model, is well
characterized and widely used for study of CLL pathogenesis as its high penetrance

(Bichi et al., 2002).

T cell leukaemia-1 (TCL-1) is commonly activated in T cell leukaemia due to
translocation to T cell receptor locus (Narducci et al., 1997; Virgilio et al., 1994), and
ectopic expression of TCL1 driven by Lck promoter in T cell components led to
development of mature T cell leukaemia (Virgilio et al., 1998). Tissue specific
overexpression of TCL1 in B cells by IGH promoter (Eu) driven transgenic system
successfully developed a disease resembling human CLL, featured with clonal
expansion of Bla cells (IgM*CD5") at 6 months of age in BM, spleen and peritoneal
cavity. The CLL mice became visually ill and came down around the age of 13 to 18
months with organomegaly, lymphadenopathy and lymphocytosis. Moreover,
cytological and histopathological staining showed infiltration of lymphocytes with

clumped nuclear chromatin in lymph nodes, BM and livers. Furthermore, clonality
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studies correlated the Eu-TCL1 transgenic model with treatment-resistant CLL patients
with unmutated IGHV and high HCDR3 similarity, and its sensitivity to BTK inhibitors
further displayed clinical relevance to IGHV-unmutated (U) CLL patients (Ponader et
al., 2012; Yan et al., 2006). In addition to TCL-1, genes found dysregulated in CLL
were also overexpressed (APRIL and BCL-2 x traf2dn) or genetically inactivated (mir-
15a/16-1) to build novel CLL mouse models. APRIL, a TNF-like secreted ligand
crucial for the survival of mature B cells, was found overexpressed in around 45% of
CLL tumour samples. APRIL transgenic mice developed a CLL-like Bla neoplasm at
12 to 19 months of age, which was characterized with expansion of Bla
(CD19*CD5*CD43*B220%™IgM¥™) in mouse lymph nodes, lymphadenopathy and
infiltration of livers and kidneys, suggesting the tumour supporting role of APRIL/
TNFRSF13B ligand-receptor interaction in CLL (Planelles et al., 2004).
Overexpression of the anti-apoptotic protein BCL-2 is a key feature of CLL cells, and
expressing human BCL-2 in B lymphocyte also resulted in splenomegaly and clonal
expansion of Bla in spleens and PB with around 80% penetrance in the cooperation
with expression of TRAF2DN, a truncated form TRAF2 (Zapata et al., 2004). Although
both models lacked well characterized clonality and IGH rearrangements, they
successfully correlated the dysregulated molecules with the CLL pathogenesis, and

further provided potential targets for CLL therapy.

On the other hand, loss of function genetic lesions found in CLL can also lead to
development of CLL disease in mouse models. Deletion in chromosome 13q14.3 (del
13) is the most common abnormality in CLL, and DLEU2/miR15a/miR16-1 cluster is
right inside the deletion region, which supressed expression of proteins involved in anti-
apoptosis and cell cycle progression (Dohner et al., 2000). Conditional knockout of

minimal deletion region (MDR) on the cluster in mice (chromosome 14qC3) and
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miR15a/miR16-1 resulted in clonal B cell lymphoproliferations (42% of MDR”- mice
and 26% of miR15a/miR16-17 mice) including CLL (B220'°“CD5") and non-Hodgkin
lymphoma (NHL) (CD5 negative) phenotypes, in 15 to 18 month old mice, and
sequencing IGHV revealed the unmutated and stereotypic IGHV in CLL with high
similarity of HCDR3 (>80%), whereas NHLs mostly bear somatic mutated IGHV. In
molecular levels, while several cell cycle associated proteins that have roles in GO/G1-
S phase transition were upregulated in mouse B cells with deletion of miR15a/miR16-
1, induction of miR15a/miR16-1 impaired cell proliferation and downregulated
CCND1/2, CCDE, CCK4/6 and CHK1 in human CLL cell line with del 13914.3, further
suggesting an initiating role of cell cycle progression in CLL pathogenesis (Klein et al.,
2010). Given the known mutations affecting AsxIl1 and Ezh2 in CLL patients, we

further characterized the role of these PRC2 components in CLL pathogenesis.

5.2. Results

5.2.1. Monoclonal unmutated BCR in B-LPD mice

To correlate the lymphoproliferative disorders with leukaemia, the clonality of B
cells in B-LPD mice was investigated through looking into RNA expression and
sequencing of immunoglobulin heavy chains (IGH), known as segments of B cell
receptors (BCR). Transcriptional profiling of IGH variable regions (IGHV) in BM from
Wt, Asxl1 single cKO, Ezh2 single cKO B-LPD and Asxl1/Ezh2 double cKO B-LPD
mice was shown in a heatmap and bar plots showing with normalized counts of IGHV
in RNA-seq data (Figure 5.1-2). As a result, the RNA levels of specific IGH variable
regions (IGHV) surged in BM from B-LPD mice, especially in Asxl1/Ezh2 cKO mice

while diversified IGHV expressed in Wt mice and AsxI1 single cKO mice, suggesting
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mono-clonal B cells may proliferate and infiltrate into BM of B-LPD mice, where

lymphoid population enormously expanded (Figure 4.7).
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Figure 5.1. RNA-seq profiling of IGHV in BM. A heatmap displaying 124 vst normalized
counts of mouse IGHV from indicated B-LPD mice, and 61 IGHV with zero counts was

removed. The IGHV with substantial expression are pointed out in each B-LPD mouse.
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Figure 5.2. Normalized counts of IGHV in BM. Bar charts of normalized counts of IGHV in
RNA-seq data of BM cells from normal (Wt, Asxl1 cKO) and B-LPD mice (Ezh2 cKO and
Asxl1/Ezh2 cKO). The outstanding IGHV was marked with red colour, and indicated the
monoclonal expansion of B cells in BM.

In CLL, structural features of BCR are highly correlated with disease progress and
treatments. Patients with BCR comprised of unmutated IGHV follow aggressive course
and worse prognostic outcomes (Damle et al., 1999; Hamblin et al., 1999). Remarkable
structural similarity in heavy chain complementary determining regions (HCDR3) of
BCR between patients revealed antigen selection and drive may be important factors
for the development of CLL (Tobin et al., 2003; Tobin et al., 2002). Furthermore, to
identify the VDJ recombination and sequences of BCR, a primer set targeting the 5’
end of IGHV (forward) and the conserved region of IGH joining segments (IGHJ)

(reverse) was utilized to amplify mouse V-D-J regions of IGH (Size: 339~393 bp)
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(White, 1998; Yan et al., 2006), and sequences of IGHVDJ in splenocytes of B-LPD
were identified by means of Sanger sequencing of the RT-PCR products (Figure 5.3A).
Looking into the agarose gel electrophoresis result, PCR products of IGHVDJ were
exactly located between 300 bp and 400 bp, and compared to Wt and Asxl1 cKO mice,
a clear and sharp major band was visualized in Ezh2 cKO and AsxI1/Ezh2 cKO B-LPD

mice although the signals in two B-LPD mice 1092-20 and 1092-34 were relatively low

(Figure 5.3B).
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Figure 5.3. RT-PCR of mouse IGHVDJ in primary experiments. (A) Schematic diagrams of
mouse IGHVDJ regions, sizes and primer target sites. Adapted from (White, 1998). (B) RNA
extracted from splenocytes from normal (Wt, Asxl1 cKO) and B-LPD mice (Ezh2 cKO and
AsxI1/Ezh2 cKO) were subjected to RT-PCR of IGHVDJ regions.

To further analyse the length and distribution of amplified V-D-J, PCR products
were purified and an equal amount of purified DNA from each group was subjected to

Agilent Bioanalyzer. As a result, while a peak of PCR products that covered the
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predicted range of sizes was shown in Wt and Asxl1 cKO mice, a taller needle-like peak
can be detected in B-LPD mice although some of them were coupled with another small
minor peak (Figure 5.4A). Clean sequencing chromatograms of purified PCR products
from each group revealed mono-sequences of IGHVDJ in the B-LPD mice (Figure
5.4B). Furthermore, sequencing of the PCR products gel-extracted from these major
sharp bands identified specific V-D-J sequences with unmutated variable region (>98%
identity to germline counterpart) in B-LPD mice, whereas sequencing minor bands only
showed noisy signals, suggesting the clonality of B-LPD was monoclonal unmutated
IGHV (Table 5.1), and 3 out of 6 B-LPD mice shared the same VH and JH families,
and displayed high similarity on HCDR3 (>80%), indicating a common antigen or
autoantigen for the clonal expansion of PRC2-defective CLL cells. Together the
clonality and characteristics of BCR with the immunophenotypes of Bla, the mouse B-
LPD phenotype could be chronic lymphocytic leukaemia (CLL), the most prevalent

leukaemia in western countries (Table 4.1).
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Figure 5.4. Identification of VDJ through sequencing PCR products of IGH. (A) Further analysis of
RT-PCR products of IGHVDJ from normal (Wt, Asxl1 cKO) mice and B-LPD mice (Ezh2 cKO and
AsxI1/Ezh2 cKO) through DNA high sensitivity chips of Agilent Bioanalyzer. X axis indicates sizes of base

pairs. (B) chromatography of sequences of purified total RT-PCR products from indicated mice.

Table 5.1. Clonality in B-LPD mice.

Genotype  Animal No. Clone VH D JH  Mutation HCDR3

Ezh2 KO  1092-17 Mono V 6-3 JH3 (U) TGGGSWFAY(9)

Ezh2 KO  1092-24 Mono V1-52 D2-1 JH4 (M) TRGGYSGHYGAVDY(14)
Ezh2 KO  1092-20 Mono V 12-3 D4-1 JH1 (U AGDRT GYW YFDV(12)

A/E KO 1093-7 Mono V 12-3 D1-1 JH1 (U) AcDsyGcyYwYFDV(12)

AJE KO 1078-26  Mono V 12-3 JH1  (U) AGDIGGYWYFDV(12)

A/E KO 1092-26 Mono V 1-58 D2-5 JH4 (U) ARSDYSNYVSYYYAMDY(16)

Analysis of IGHVDJ from splenocytes of B-LPD mice.
A/E KO (Asxl1/Ezh2 cKO), Mono (Mono-clone), U (unmutated IGHV), M (mutated IGHV),

Heavy chain complementary determining regions (HCDR3)
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5.2.2. High-risk Asxl17-Ezh2”- CLL developed in secondary transfer

To assess the leukaemic property, BM cells from B-LPD and MDS/MPN mice in
primary transplantation were further transferred into sub-lethally irradiated SJL
recipient mice. While no engraftments and sign of haematologic diseases were observed
in mice transplanted with BM cells from Asxl1 cKO, Ezh2 cKO (MDS, B-LPD) and
AsxI1/Ezh2 cKO (MDS/MPN) mice (Figure 5.5A), an aggressive CLL phenotype were
further developed with short latency (6 to 12 weeks) and 67 % penetrance (6 out of 9)
in transplantation of BM cells from AsxI1/Ezh2 cKO B-LPD mice with high BM
infiltration (B-LPD"9") (Figure 5.6A). In addition, the CLL mice were symptomatic
with severe organomegaly (splenomegaly and hepatomegaly), high bone marrow
cellularity, leucocytosis and anaemia (reduction in RBC), referring to a high-risk stage
Il according to Rai staging system, in which CLL patients are divided into 5 groups
from 0 to 1V based on lymphocytosis, organomegaly, anaemia, and thrombopenia, and
normally CLL patients should proceed to therapy immediately in the high-risk stage 111
and IV, (Kipps et al., 2017) (Figure 5.5B). Meanwhile, spleens were engrafted with
nearly 100% lymphoid donor cells, and high levels of lymphoid infiltration can be
detected in BM of AsxI1/Ezh2 cKO CLL mice, whereas low engraftments with normal
ratios of myeloid and lymphoid populations were detected in mice transplanted with
BM from Wt primary mice (Figure 5.6A). Morphologically, typical CLL cells, with
clumpy nuclei and a rim of visible cytoplasm, were identified in spleens, PB, and BM
in the aggressive CLL mice, and the structure of spleens and livers were completely

disrupted (Figure 5.6B).

76



—t \WT
100 =t Asx|1""
-~ —i—  Ezh2"(MDS, LPD)
§ ——  Asx|1""Ezh2"(MDS, LPD )
o AsxI1”Ezh2"(MDS, LPD"")
% 504 ——  AsxI1™ Ezh2’(MDSIMPN)
=
@ WT Doubl
P=0.0251 ouble
0 L] Ll 1 1 | |
0 5 10 15 20 = |
weeks 2[ T |
B ,
(i) Spleen Liver BM
2500 -.. 6000
| —— | s ®
2000 L] .0 ‘%, .
o 1500 4ooo g“ __}:_
£ . .
1000 o .
” j? ol el
0 —___ 0 E r ;
WT  Asxi1”Ezh2” WT  Asxii”"Ezh2” WT  Asxi1”Ezh2’
(ii) WBC RBC Hgb
I S i
Fw =S Bl —= ' ==
s o 6 )
E L] qo- 310 _gw
©“ e . =)
§ § 2 qﬁﬁ_ * s %-
0 l.' . o . 0 . -
WT  Asxi1 Ezh2” WT  Asxi1 Ezh2” WT  Asxit Ezh2”

Figure 5.5. Development of aggressive CLL in secondary experiments. (A) Survival curves
of mice transplanted with 1x10° BM cells form Wt (N=5), AsxI1”" (N=5), Ezh2""(MDS, B-LPD)
(N=10), AsxI1”Ezh2” (MDS/MPN) (N=3), Asxl1”"Ezh2”" (MDS, B-LPD) (N=4) and AsxI1”
Ezh2” (MDS, B-LPD"9") (N=9) in primary experiments and representative images of spleens
from Wt and AsxI1/Ezh2 double cKO CLL mice. Scale bar, 1cm. (B) (i) Weights of spleen and
livers and BM cellularity of Wt (N=5) and AsxI1/Ezh2 double cKO CLL mice (N=6). (ii) WBC,
RBC and Hgb counts in Wt (N=4) and AsxI1/Ezh2 double cKO CLL mice (N=6). Dot graphs
show mean+S.E.M. (*P<0.05, **P<0.01 and ***P<0.001, unpaired t-test).
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Figure 5.6. Engraftments and staining of CLL cells. (A) Engraftments of donor cells (CD45.2%)
and their ratios of myeloid and lymphoid populations in BM and spleen from Wt (N=5) and
AsxI1/Ezh2 double cKO CLL mice (N=6). Bar graphs show mean+S.E.M. (*P<0.05, **P<0.01 and
***pP<0.001, unpaired t-test). (B) MG-Giemsa staining and H&E staining of BM cells, PB smeatrs,
spleen (SP) and livers (LV).

Moreover, the CD19*CD5*IgM*B2207°“CD43* CLL immunophenotype was
characterized in BM cells and splenocytes by means of flow cytometry (Figure 5.7A).
Almost all donor cells were CD19 positive, and over 70% CD19* donor cells were CD5
double positive (Figure 5.7A). CD19*CD5" cells showed IgM and CD43 positive, whereas
no CD45.2" Bla cells were detected in BM of Wt mice (Figure 5.7B). As analysis of the
ratio of kappa (k) and lambda (1) light chains is the first step to examine the clonality in
clinical workup of B cell lymphocytosis (Strati and Shanafelt, 2015), FACS analysis of «/
X was performed to quickly check the clonality of CD19" donor B cells in the secondary
transfer although mice mainly use kappa light chains (over 90 %) (Woloschak and Krco,
1987). As a result, although most of recipient B cells in spleens of Wt mice were kappa

positive, a minority of CD19* population still showed the lambda positive
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immunophenotype. In contrast, only a kappa positive population can be detected in

Asxl1/Ezh2 cKO CLL mice, showing clonal expansion of Bla cells in the secondary

transfer. (Figure 5.8).
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To further characterize the Asx1lI”"Ezh2”- CLL mouse model for pre-clinical study,
tertiary transplantation was performed with BM cells or splenocytes from Asxl1/-Ezh2-
»~CLL mice and splenocytes from TCL1 mice as comparison. While TCL1 CLL showed
relatively low lethality in a 4-month period, transferring splenocytes from secondary
Asx1l"Ezh2”- CLL mice led to all mice coming down in 2 months, with mass
organomegaly in spleens, livers and lymph nodes (Figure 5.9A-B). Although moderate
splenomegaly could be observed in TCL1 CLL mice, no hepatomegaly and enlarged
lymph nodes were founded (Figure 5.9B). Instead, the CD19/CD5 double positive cells
were highly circulating in PB, showing less tissue invasion ability in TCL1 CLL mice
(Figure 5.9B). Furthermore, in addition to lymphocytosis, anaemia and
thrombocytopenia were also identified in Asxl17-Ezh2”- CLL mice (Figure 5.9D), and
together with the organomegaly, the aggressive phenotype of Asxl17-Ezh2”-CLL could
be defined as high-risk Rai stage IV in tertiary transplantation, whereas the TCL1 CLL
phenotype was similar to patients with intermediate Rai stage 11, without anaemia and
thrombocytopenia. Moreover, while only typical morphology of CLL cells were
observed in TCL1 CLL mice, large cleaved CLL cells were also identified in PB of
AsxI17-Ezh2”- CLL mice , correlating the Asxl1”Ezh2”- CLL with atypical CLL
morphology, which has also been regarded as one of aggressive marker in the clinical

behaviour of CLL (Criel et al., 1997; Marionneaux et al., 2014) (Figure 5.9E).
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Figure 5.9. Disease modelling of the clinical high-risk Asxl17"Ezh2” CLL mouse model in
tertiary transplantation. (A) Survival curves of CLL mice by transplantation with BM cells and
splenocytes from a secondary Asxl1”"Ezh2” CLL mouse or splenocytes from a secondary TCL1 CLL
mouse. All mice transplanted with splenocytes from a secondary Asxl1”Ezh2”- CLL were engrafted
and developed CLL (6/6). (B) Gross pathology of representative C57BL/6, TCL1 and Asxl1”Ezh2™"
CLL mice (upper). Scale bar, 1cm. Spleens (SP), Liver (LV), Lymph nodes (LN). Weight of spleens
and livers from indicated mice (bottom). (C) Blood counts in C57BL/6, TCL1 and Asxl1”Ezh2™"
CLL mice. (D) The percentage of CD19/CD5 double positive donor cells in spleens (SP), livers (LV),
PB and BM. (E) Representative images of MG-Giemsa staining of PB from TCL1 and AsxI17Ezh2"
" CLL mice. Large cleaved CLL cells were identified in AsxI1”Ezh2” CLL mice (red arrow). Dot

graphs and Bar graphs show mean+S.E.M. (*P<0.05, **P<0.01 and ***P<0.001, unpaired t-test).
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5.2.3. Global RNA-seq profiling uncovered transcriptional landscape of CLL

It has been reported that depletion of Ezh2 or AsxI1 changed the pattern of H3K27
methylation and remodelled the transcriptional landscape of LSK cells, thus leading to
perturbation of haematopoiesis and development of haematologic malignancies
ultimately (Abdel-Wahab et al., 2012; Abdel-Wahab et al., 2013; Mochizuki-Kashio et
al., 2015). In order to get insights into molecular impact of double inactivation of Ezh2
and Asxll in CLL leukaemogenesis, RNA-seq was employed to assess the
transcriptional level and gene dysregulation in BM cells from B-LPD mice. Looking
into the differential gene lists, knocking out Ezh2 alone significantly dysregulated 939
genes, including 692 upregulated (UP) genes by comparison with the wild type,
whereas loss of Asxl1 and Ezh2 further resulted in thousands of genes dysregulated,
including 1452 upregulated genes and 1195 downregulated (DN) genes, literally
covering the majority of genes discovered in single mutants (Figure 5.10). On the other
hand, only a limited number of genes changed in Asxl1 single cKO mice (57 genes UP

and 5 genes DN), which is consistent with the mild phenotype in vivo.
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Figure 5.10. Venn diagrams of differential genes in BM cells from primary mutant mice.
Overlapping maps of differential gene lists of (A) significantly upregulated (UP) genes and (B)
downregulated (DN) genes (adjusted P values <0.05) in BM cells from primary Asx11 cKO
(1092-4 and 1092-12), Ezh2 cKO B-LPD (1092-17, 1092-24 and 1092-20) and AsxI1/Ezh2 cKO
B-LPD (1093-7, 1078-26 and 1092-26) mice.

Furthermore, to figure out the pathways involved in the CLL leukaemogenesis,
KEGG pathways were analysed based on commonly UP differential gene lists from
Ezh2 cKO and Asxl1/Ezh2 double cKO B-LPD mice. While the genes involved in
immune responses such as allograft rejection, antigen processing and presentation, and
intestinal immune network for IgA production were upregulated in both Ezh2 single
and AsxI1/Ezh2 double mutants probably due to infiltration of B cells into BM (Figure
5.1), a number of interesting pathways such as ribosome pathway, BCR signalling
pathway and base excision repair (BER) were transcriptionally activated in AsxI1/Ezh2
cKO B-LPD mice, which may eventually contribute to its leukaemogenesis of

aggressive CLL phenotype in secondary transfer (Figure 5.11).
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Figure 5.11. Analysis of KEGG pathways based on UP differential gene lists. Bar graphs
showing KEGG pathways with significant gene enrichment (FDR <0.05) based on UP
differential genes in BM cells from primary Ezh2 cKO B-LPD (692 genes) and AsxI1/Ezh2
cKO B-LPD mice (1452 genes).

Meanwhile, the BCR pathway in Ezh2 cKO and AsxI1/Ezh2 double cKO B-LPD
mice showed transcriptional profiling as opposed to Wt and Asxl1 cKO mice, in which
the RNA levels of BCR signalosome such as CD19, CD72, CD79a/b, Pi3k, Vav2 and
Blnk were highly expressed in the double mutants in particular, suggesting the
sensitivity to inhibitors targeting BCR pathway like clinical CLL patients with
unmutated IGHV (Kipps et al., 2017) (Figure 5.12). Furthermore, amongst the 1452
upregulated genes in Asxl1”7"Ezh2”- CLL mice, 122 genes were found highly relevant to
CLL, whereas only 65 CLL related genes were identified in Ezh2 cKO mice by analysis
of functional enrichments using ToppFun (Figure 5.13A). Looking into the 122 CLL

related genes, 55 genes were overlapped with Ezh2 single mutants, Zap70 and Ccnd2
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for example, and 67 genes only transcriptionally activated in the double mutants,
including Cxcrb, Myc, Bcl2 and Parpl, which were further verified using in gRT-PCR
and significantly expressed in Asxl17Ezh2’- B-LPD mice, accounting for its
development of aggressive CLL phenotype in secondary transfer (Figure 5.13B and
Table 5.2). Meanwhile, the total significant differential genes in Asxl17/Ezh2”- CLL
mice were compared with a published differential gene list in primary human CLL cells
collected from 98 CLL patients by comparison with normal B cells from healthy donors
(Ferreiraetal., 2014). 479 differential genes were overlapped with the human CLL cells
(Figure 5.14A), and analysis of KEGG pathways revealed genes enriched in the
ribosome pathway and NF«kB signalling pathway, which also includes Zap70 and BCL2,
further supporting that the two CLL genes may be crucial for the leukaemogenesis of

AsxlI17-Ezh2”- CLL (Figure 5.14B).
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Figure 5.12. BCR signalling pathways in primary mutant mice. A cluster heatmap of genes
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Figure 5.13. Upregulation of CLL genes in Ezh2 single and AsxI1/Ezh2 double mutants.
(A) Analysis of disease phenotypes in Toppfun based on UP differential gene lists from Ezh2
cKO and Asxll/Ezh2 cKO B-LPD mice. (B) (i) 8 representative CLL-related genes
significantly upregulated in double mutants. (*padj<0.05, ** padj<0.01 and *** padj<0.001).
(ii) qRT-PCR of CLL related genes. Bar graphs show mean+S.E.M. (*P<0.05, **P<0.01 and
***P<(0.001, unpaired t-test).
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Figure 5.14. Differential genes overlapped with a gene list of RNA-seq from 98 CLL
patients. (A) Venn diagrams showing 479 overlapped genes between the total differential
genes from AsxI1/Ezh2 cKO mice and a published differential gene list from 98 CLL patients
(Ferreiraetal., 2014). (B) 479 overlapped genes were subjected to analysis of KEGG pathways,

and (C) overlapped genes involved in the NFkB signalling pathway were shown in a heatmap.

87



Table 5.2. 122 CLL-related genes in the double mutant.

1 19 ABCA1 ATP binding cassette subfamily A member 1 ENSMUSG00000015243

2 57379 AICDA activation induced cytidine deaminase ENSMUSG00000040627

3 51237 MZB1 marginal zone B and B1 cell specific protein ENSMUSG00000024353

4 2099 ESR1 estrogen receptor 1 ENSMUSG00000019768

5 6209 RPS15 ribosomal protein S15 ENSMUSG00000063457

6 2113 ETS1 ETS proto-oncogene 1, transcription factor ENSMUSG00000032035

7 2119 ETVS ETS variant 5 ENSMUSG00000013089

8 8323 FZD6 frizzled class receptor 6 ENSMUSG00000022297

9 142 PARP1 poly(ADP-ribose) polymerase 1 ENSMUSG00000026496
10 2214 FCGR3A Fc fragment of IgG receptor llla ENSMUSG00000059089
11 10419 PRMTS5 protein arginine methyltransferase 5 ENSMUSG00000023110
12 51384 WNT16 Whnt family member 16 ENSMUSG00000029671
13 4282 MIF macrophage migration inhibitory factor ENSMUSG00000033307
14 57569 ARHGAP20 Rho GTPase activating protein 20 ENSMUSG00000053199
15 4345 CD200 CD200 molecule ENSMUSG00000022661
16 4350 MPG N-methylpurine DNA glycosylase ENSMUSG00000020287
17 22806 IKZF3 IKAROS family zinc finger 3 ENSMUSG00000018168
18 28951 TRIB2 tribbles pseudokinase 2 ENSMUSG00000020601
19 348 APOE apolipoprotein E ENSMUSG00000002985
20 350 APOH apolipoprotein H ENSMUSG00000000049
21 445 ASS1 argininosuccinate synthase 1 ENSMUSG00000076441
22 8651 SOCS1 suppressor of cytokine signaling 1 ENSMUSG00000038037
23 2547 XRCC6 X-ray repair cross complementing 6 ENSMUSG00000022471
24 4609 MYC MYC proto-oncogene, bHLH transcription factor ENSMUSG00000022346
25 567 B2M beta-2-microglobulin ENSMUSG00000060802
26 596 BCL2 BCL2 apoptosis regulator ENSMUSG00000057329
27 597 BCL2A1 BCL2 related protein Al ENSMUSG00000089929
28 6772 STAT1 signal transducer and activator of transcription 1 ENSMUSG00000026104
29 23158 TBC1D9 TBC1 domain family member 9 ENSMUSG00000031709
30 637 BID BH3 interacting domain death agonist ENSMUSG00000004446
31 639 PRDM1 PR/SET domain 1 ENSMUSG00000038151
32 640 BLK BLK proto-oncogene, Src family tyrosine kinase ENSMUSG00000014453
33 643 CXCR5 C-X-C motif chemokine receptor 5 ENSMUSG00000047880
34 654 BMP6 bone morphogenetic protein 6 ENSMUSG00000039004
35 4772 NFATC1 nuclear factor of activated T cells 1 ENSMUSG00000033016
36 10923 SUB1 SUB1 regulator of transcription ENSMUSG00000022205
37 4794 NFKBIE NFKB inhibitor epsilon ENSMUSG00000023947
38 23239 PHLPP1 PH domain and leucine rich repeat protein phosphatase 1 ENSMUSG00000044340
39 2784 GNB3 G protein subunit beta 3 ENSMUSG00000023439
40 4842 NOS1 nitric oxide synthase 1 ENSMUSG00000029361
41 6895 TARBP2 TARBP2 subunit of RISC loading complex ENSMUSG00000023051
42 4869 NPM1 nucleophosmin 1 ENSMUSG00000057113
43 2823 GPM6A glycoprotein M6A ENSMUSG00000031517
44 6929 TCF3 transcription factor 3 ENSMUSG00000020167
45 11040 PIM2 Pim-2 proto-oncogene, serine/threonine kinase ENSMUSG00000031155
46 8995 TNFSF18 TNF superfamily member 18 ENSMUSG00000066755
47 23348 DOCK9 dedicator of cytokinesis 9 ENSMUSG00000025558
48 9026 HIP1R huntingtin interacting protein 1 related ENSMUSG00000000915
49 11093 ADAMTS13 ADAM metallopeptidase with thrombospondin type 1 motif 1 ENSMUSG00000014852
50 11126 CD160 CD160 molecule ENSMUSG00000038304
51 894 CCND2 cyclin D2 ENSMUSG00000000184
52 64393 ZMAT3 zinc finger matrin-type 3 ENSMUSG00000027663
53 921 CD5 CD5 molecule ENSMUSG00000024669
54 926 CD8B CD8b molecule ENSMUSG00000053044
55 11168 PSIP1 PC4 and SFRS1 interacting protein 1 ENSMUSG00000028484
56 930 CD19 CD19 molecule ENSMUSG00000030724
57 931 MS4A1 membrane spanning 4-domains Al ENSMUSG00000024673
58 933 CD22 CD22 molecule ENSMUSG00000030577
59 942 CD86 CD86 molecule ENSMUSG00000022901
60 951 CD37 CD37 molecule ENSMUSG00000030798
61 958 CD40 CD40 molecule ENSMUSG00000017652
62 115650 TNFRSF13C TNF receptor superfamily member 13C ENSMUSG00000068105
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63 23495 TNFRSF13B TNF receptor superfamily member 13B ENSMUSG00000010142
64 972 CD74 CD74 molecule ENSMUSG00000024610
65 973 CD79A CD79a molecule ENSMUSG00000003379
66 974 CD79B CD79b molecule ENSMUSG00000040592
67 5079 PAX5 paired box 5 ENSMUSG00000014030
68 9214 FCMR Fc fragment of IgM receptor ENSMUSG00000042474
69 1029 CDKN2A cyclin dependent kinase inhibitor 2A ENSMUSG00000044303
70 100532731 COMMD3-BMI1 COMMD3-BMI1 readthrough ENSMUSG00000026739
71 5133 PDCD1 programmed cell death 1 ENSMUSG00000026285
72 7185 TRAF1 TNF receptor associated factor 1 ENSMUSG00000026875
73 5140 PDE3B phosphodiesterase 3B ENSMUSG00000030671
74 5150 PDE7A phosphodiesterase 7A ENSMUSG00000069094
75 3105 HLA-A major histocompatibility complex, class |, A ENSMUSG00000073409
76 3111 HLA-DOA major histocompatibility complex, class I, DO alpha ENSMUSG00000024334
77 9255 AIMP1 aminoacyl tRNA synthetase complex interacting multifunction ENSMUSG00000028029
78 3119 HLA-DQB1 major histocompatibility complex, class I, DQ beta 1 ENSMUSG00000073421
79 5175 PECAM1 platelet and endothelial cell adhesion molecule 1 ENSMUSG00000020717
80 5179 PENK proenkephalin ENSMUSG00000045573
81 3135 HLA-G major histocompatibility complex, class |, G ENSMUSG00000016206
82 3172 HNF4A hepatocyte nuclear factor 4 alpha ENSMUSG00000017950
83 5287 PIK3C2B phosphatidylinositol-4-phosphate 3-kinase catalytic subunit tyENSMUSG00000026447
84 9402 GRAP2 GRB2 related adaptor protein 2 ENSMUSG00000042351
85 5324 PLAG1 PLAG1 zinc finger ENSMUSG00000003282
86 3315 HSPB1 heat shock protein family B (small) member 1 ENSMUSG00000004951
87 3339 HSPG2 heparan sulfate proteoglycan 2 ENSMUSG00000028763
88 3383 ICAM1 intercellular adhesion molecule 1 ENSMUSG00000037405
89 3399 ID3 inhibitor of DNA binding 3, HLH protein ENSMUSG00000007872
90 5450 POU2AF1 POU class 2 homeobox associating factor 1 ENSMUSG00000032053
91 7515 XRCC1 X-ray repair cross complementing 1 ENSMUSG00000051768
92 7520 XRCC5 X-ray repair cross complementing 5 ENSMUSG00000026187
93 3428 IFI16 interferon gamma inducible protein 16 ENSMUSG00000073491
94 7535 ZAP70 zeta chain of T cell receptor associated protein kinase 70 ENSMUSG00000026117
95 50615 IL21R interleukin 21 receptor ENSMUSG00000030745
96 5578 PRKCA protein kinase C alpha ENSMUSG00000050965
97 5579 PRKCB protein kinase C beta ENSMUSG00000052889
98 83416 FCRLS Fc receptor like 5 ENSMUSG00000048031
99 3560 IL2RB interleukin 2 receptor subunit beta ENSMUSG00000068227
100 3561 IL2RG interleukin 2 receptor subunit gamma ENSMUSG00000031304
101 3586 IL10 interleukin 10 ENSMUSG00000016529
102 9734 HDAC9 histone deacetylase 9 ENSMUSG00000004698
103 3604 TNFRSF9 TNF receptor superfamily member 9 ENSMUSG00000028965
104 83478 ARHGAP24 Rho GTPase activating protein 24 ENSMUSG00000057315
105 26191 PTPN22 protein tyrosine phosphatase non-receptor type 22 ENSMUSG00000027843
106 3663 IRF5 interferon regulatory factor 5 ENSMUSG00000029771
107 5747 PTK2 protein tyrosine kinase 2 ENSMUSG00000022607
108 50808 AK3 adenylate kinase 3 ENSMUSG00000024782
109 3708 ITPR1 inositol 1,4,5-trisphosphate receptor type 1 ENSMUSG00000030102
110 5775 PTPN4 protein tyrosine phosphatase non-receptor type 4 ENSMUSG00000026384
111 5777 PTPN6 protein tyrosine phosphatase non-receptor type 6 ENSMUSG00000004266
112 83666 PARP9 poly(ADP-ribose) polymerase family member 9 ENSMUSG00000022906
113 7965 AIMP2 aminoacyl tRNA synthetase complex interacting multifunction ENSMUSG00000029610
114 57120 GOPC golgi associated PDZ and coiled-coil motif containing ENSMUSG00000019861
115 1832 DSP desmoplakin ENSMUSG00000054889
116 3902 LAG3 lymphocyte activating 3 ENSMUSG00000030124
117 3932 LCK LCK proto-oncogene, Src family tyrosine kinase ENSMUSG00000000409
118 3981 LIG4 DNA ligase 4 ENSMUSG00000049717
119 55213 RCBTB1 RCC1 and BTB domain containing protein 1 ENSMUSG00000035469
120 4050 LTB lymphotoxin beta ENSMUSG00000024399
121 4064 CD180 CD180 molecule ENSMUSG00000021624
122 6135 RPL11 ribosomal protein L11 ENSMUSG00000059291
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5.3. Discussion

While knockout of mirl5a/16-1, minimal deletion region (MDR) or common
deletion region (CDR) on chromosome 13q14 resulted in unmutated CLL on aging mice
with low penetrance (20 to 50%) (Klein et al., 2010), Eu-TCL1 transgenic mice, in
which human TCL1 is driven by IGHV promoter and enhancer (Ep), developed 100 %
unmutated CLL with a more consistent latency (Bichi et al., 2002; Johnson et al., 2006).
Although no gain-of-function mutation of TCL1 has been identified in CLL patients to
date, TCL1 CLL mouse model is still the major model utilized for in vivo CLL study,
attributing to its high penetrance, resemblance of BCR to the treatment-resistant human
CLL (Yan et al., 2006) and its oligo-clonality, in a way that also provides benefits for
investigating disease progress through serial transfers (Chen et al., 2013). The long
latency can be overcome through transferring the splenocytes or CLL cells to
immunodeficient recipient mice such as SCID or NOD/SCID mice although 2 to 6
months are still required for mice to come down (Chen et al., 2013; Enzler et al., 2009;
Simonetti et al., 2014; Woyach et al., 2014; Zanesi et al., 2006). Similar to the Epu-
TCL1 transgenic mice, the clonality of Asxll/Ezh2 cKO CLL mice were also
characterized as unmutated BCR with high similarity of HCDR3, and only monoclonal
expansion of B cells was detected in the double mutant CLL mice (Table 5.1), showing
similarity to CLL patients with resistance to chemotherapy (Kipps et al., 2017).
Although the penetrance for developing CLL in primary Asxl1/Ezh2 cKO mice was not
as promising as Ep-TCL1 transgenic mice in primary transfer, the occurrence of disease
gradually increased to 80 to 90% with injection of BM cells or 100% with injection of
splenocytes in tertiary transplantation (Figure 5.15), in which AsxI1/Ezh2 cKO CLL
mice came down in two month with high-risk phenotypes including hepatomegaly,

atypical morphology and Aicda expression, whereas indolent CLL, with low organ
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invasion and lethality, was characterized in TCL mice, suggesting the Asxl1/Ezh2 cKO
CLL mouse model as an better model for study of CLL with worse clinical behaviours

(Figure 5.9).

HCDR3s of human B-CLL cells show distinctive features in length, amino acid
composition and charge. It has been reported that longer length and charged amino acid
such as arginine (R), aspartate (D) and lysine (K) were often found in the HCDR3s of
unmutated CLL (U-CLL) cells (Fais et al., 1998; Johnson et al., 1997; Widhopf and
Kipps, 2001), and by comparison with normal B cells, some of leukaemic clones from
individual CLL patients display HCDR3s with highly homologous sequences of amino
acids, which is usually associated with stereotypic VDJ rearrangements, suggesting a
role of common antigens or autoantigens in clonal expansion of CLL cells (Ghia et al.,
2008). Therefore, to correlate CLL mouse models with human CLL, in addition to the
status of mutation in variable regions of immunoglobulins, the amino acid sequences
of HCDR3s were also identified and compared between different clones (Klein et al.,
2010; Yan et al., 2006). Although only 6 clones have been identified, 5 clones showed
the length of > 12 amino acids in HCDR3s, and all of them bore charged amino acid
such as arginine and aspartate, showing the similar HCDR3 features to treatment-
resistant U-CLL (Table 5.1). Meanwhile, amongst the 6 clones, 3 clones were
rearranged with the same VH region (V12-3) and JH region (JH1), thus creating the
BCR with the quasi-identical antigen binding sides. However, to gain insights into the
clonality and stereotypes of BCR, more leukaemic clones need to be included for a

comprehensive analysis in the sequences of IGHV, VDJ rearrangement and HCDR3.
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Figure 5.15. Serial transfers of Asxl17Ezh2”CLL. Survival, Disease progress, penetrance and
cell morphology of CLL mice in primary (1%, secondary (2"%) and tertiary (3") transplantation.
Typical CLL cells and large cleaved CLL cells (arrows) have been shown in the MG/Giemsa
staining of PB (Criel et al., 1997; Marionneaux et al., 2014).

Analysis of KEGG pathways showed differential gene enrichment in the BCR signalling
pathway in BM cells from B-LPD mice, and several critical transmembrane proteins like
CD19 and CD79a/b were upregulated in both single and double mutants, revealed that
activated BCR signalosome might be crucial for the leukaemogenesis of Ezh2-deficient
CLL (Figure 5.12). Moreover, RNA-seq profiling of BM cells from Ezh2 single cKO mice
and AsxI1/Ezh2 double cKO mice exhibited significant upregulation of a prognostic marker

Zap70, which can promote leukaemogenesis of CLL by enhancing BCR signalling (Figure
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5.13) (Chen et al., 2005), and previous mouse studies show genetic inactivation of Ezh2
significantly induced expression of Zap70 in HSPCs through decreasing the level of
H3K27 methylation, suggesting that ZAP70 may be one of initial Ezh2 targets for the
development of Ezh2-deficient CLL (Mochizuki-Kashio et al., 2015). Furthermore,
amongst the 122 CLL-related genes, 67 genes were only significantly upregulated in
AsxI1/Ezh2 double cKO mice, and involved in anti-apoptosis (Bcl-2), cytokine-cytokine
receptor interaction (Tnfrsf13b, Cxcr5) and genome instability (Aicda) (Burkle et al., 2007;
Heinig et al., 2014; Klein et al., 2010; Patten et al., 2012; Planelles et al., 2004; Ponader et
al., 2012; Zapata et al., 2004). Bcl-2, for example, has been found de-repressed in CLL
patients with loss of mir15a/16-1 and crucial for driving leukaemogenesis of CLL in mouse
models (Calin et al., 2005; Klein et al., 2010; Zapata et al., 2004) (Figure 5.13B and Table
5.2), and it could be epigenetically regulated by PRC2 through H3K27 methylation as well
(Svotelis et al., 2011). These suggest that co-inactivation of Asxl1 and Ezh2 may further
impact on the repressive function of PRC2 and derepress more crucial oncogenes such as

Bcl-2, hence leading to a more aggressive CLL phenotype (Figure 5.16).

Although loss-of-function mutations of AsxI1 have been identified in CLL patients
(Puente et al., 2015; Quesada et al., 2011), genetic inhibition of AsxI1 in haematopoietic
cells is insufficient to develop any phenotypes of B-cell lymphoproliferations in previous
mouse studies as well as our mouse model (Abdel-Wahab et al., 2013), and looking into
the transcriptional profiling, only a limited number of genes were upregulated in BM cells
from Asxl1 cKO mice in the end point of primary experiments, revealing the marginal
impact of loss of AsxIl in CLL leukemogenesis. However, co-inactivation of Asxl1lwith
Ezh2 considerably induced more than 900 genes including 67 genes involved in the CLL
leukaemogenesis, implying Asxl1 may be more essential for the repressive function of

Ezh2-defective PRC2, in which depletion of Asxl1 may profoundly disrupt the activity of
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Ezhl-mediated H3K27 trimethylation and then de-repress the majority of remaining
PRC2-repressed genes (Figure 5.16). To further dissect the roles of PRC2 in the alternation
of transcriptional landscape, histone ChlP-seq of H3K27 trimethylation can be performed
in Asxl17-Ezh27- CLL cells and B cells from Wt mice as comparison to identify the potential

CLL related genes directly regulated by PRC2.

Normal B Indolent Aggressive
Unmutated CLL

Ezh2 KO
High BM infiltration
Asxl1
EED

Zap70 High cell division
K27 me3 [ ® Genome instability
\JU Active BCR signalling
Asxi1 mz% -
EED Unmutated CLL
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CXCRE, AID, CCND2, Myc

ACqUireU mutations
}é}é% Zap70, BCL2,
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H3K27 me3
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Figure 5.16. Illustration of potential molecular drivers during leukaemogenesis of CLL. In
normal Bla cells, PRC2 associates with AsxI1 to repress possible pro-oncogenes related to CLL
leukaemogenesis through H3K27 methylation. While levels of H3K27 methylation on a part of genes
that may be compensated by Ezhl after depletion of Ezh2, the level of H3K27me3 on potential
drivers like Zap70 is reduced, thus leading to monoclonal expansion of unmutated Bla cells. Genetic
co-inactivation of Asxl1 and Ezh2 further results in removal of the crucial co-activator AsxI1 from
Ezh1-substituted PRC2 complex. Therefore, more CLL driving genes such BCL2 and Tnfrsf13b are
derepressed directly, and genes involved in chemotaxis (CXCR5), genome instability (AID) and cell
proliferation (CCND2 and Myc) might be induced subsequently in downstream reaction, ultimately
transforming indolent CLL to aggressive CLL in a high-risk stage. However, the properties of high
DNA base lesions and cell division may also leave the CLL cells sensitive to DDR targeting treatment
such as PARPL1 inhibitors as abundant DSB could be created after inhibition of PARP1.
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Charter 6: Targeting PARP as a new strategy for PRC2-
deficient CLL therapy

6.1. Introduction

6.1.1 Targeting PARP1 in cancer treatments

Poly ADP ribose polymerase (PARP) 1 is a crucial factor involved in BER, in which
PARP1 binds to the single strand break (SSB) and converts nicotinamide adenine
dinucleotide (NAD+) into ADP-ribose polymers (ARP), followed by DNA repair via
initiating the assembly of XRCC1 (El-Khamisy et al., 2003; Satoh and Lindahl, 1992).
Targeting PARP1 have been considered a potential remedy for cancer therapy since
pioneering studies reported a decade ago that inhibition of PARPL provides great
synthetic lethality to BRCAL/2-defective breast and ovarian cancer through
accumulating double stand break (DSB), which probably results from collapse of
replication fork at the end of SSB, or trapping PARP1 into SSB sites, which may form
a DNA repair intermediate and result in a more toxic lesion during replication (Bryant
et al., 2005; Farmer et al., 2005; Fong et al., 2009). A functional homologous
recombination (HR) is not only crucial for DSB repair but able to mediate the bypass
of the PARP1-trapping obstacles (Arnaudeau et al., 2001; Helleday, 2003; Helleday,
2011). However promising it is in breast cancer and ovarian cancer, the clinical
application of PARP inhibitors was not translated into a wide range of cancer therapies
as the mutations of compromising DNA damage response (DDR) genes are usually rare
in the other malignancies including leukaemia. Nonetheless, selectively targeting
PARP1 in AML driven by chimeric oncoproteins such as AML1-ETO and PML-RARa,

which initiated transcription programs with low expression of DDR genes, including
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Atm, Brcal/2, Rad51, Rpal, provides a new transcriptional aspect for effective use of

the synthetic lethality approaches for leukaemia treatments (Esposito et al., 2015).

In addition to AML, targeting PARP1 has been evaluated in treatment of CLL
patients with del (11q) or mutations of ATM, a crucial sensor and activator for
homologous recombination. PARP1 inhibitors displayed better drug effects on ATM-
deficient human CLL cells than ATM-wild type human cells in vitro and in vivo,
inducing more cell death and DSB (Weston et al., 2010). Moreover, deletion of Atm
sensitized Eu-TCL1 CLL mice to olaparib, reduced splenomegaly and prolonged mouse
survival (Knittel et al., 2017), suggesting the crucial role of ATM for the sensitivity of
PARPL1 inhibitors and also revealing the possibility of compromising HR for effective

PARPi treatment in CLL.

6.1.2. Roles of Ezh2 in DDR

The possible involvement of PRC2 in DNA damage response has been increasingly
discussed since a proteomic study hypothesized PARPL1, a crucial ADP ribosylase in
BER, might be important for the recruitment of components of PRC2 to DNA damage
sites (Chou et al., 2010). Ezh2 is particularly interested as it has been identified
important for IR resistance in an independent shRNA screen study (Hurov et al., 2010).
Proteomics screen with mass spectrometry identified the enrichments of core
components of PRC2 Ezh2 and Suz12 in chromatin fractions with DNA damage after
UV exposure in Hela cells while proteins known to be involved in DNA damage
response such as MDC1, 53BP1, PARP2, MSH2 and MSH6 could be also recovered,
which was further validated by immunofluorescence assays showing co-localization of
PRC2 with yH2AX. Inhibition of PARP1 disrupted the co-localization of PRC2 and

loss of 7-methylguanosine (m7G) cap nascent transcripts in the UV laser induced DNA
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damage sites, further suggesting the correlation of transcriptional repression function
of PRC2 with DNA damage repair. The interaction of PRC2 and PARP1 in DNA
damage sites was further demonstrated using GST-pull down and Co-IP in a breast
cancer study, in which instead of transcriptional repression, upon oxidative stress or
alkylating DNA damage, PARP1 poly ADP-ribosylation (PARylation) dissociated
PRC2 and destabilized Ezh2, therefore reducing H3K27 trimethylation. Inhibition of
Ezh2 significantly improved the anti-cancer effect of PARP inhibitors in breast cancer
cell line, indicating a negative function of Ezh2 in DNA damage induced cell death

(‘Yamaguchi et al., 2018).
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6.2. Results

6.2.1. Preliminary testing of PARP inhibitors in Ezh2 cKO leukaemic cells

To investigate the role of Ezh2 in the efficacy of PARP inhibitors in leukaemia, Ezh2
cKO AML cells were used to test the drug sensitivity with or without Ezh2 existence.
Knockout of Ezh2 significantly enhanced the cytotoxic effect of olaparib in a dose-
dependent manner in MLL-AF6 AML cells through promoting cell apoptosis (Figure
6.1A-B), in which the percentage of apoptotic cells was substantially increased at 10
UM olaparib treatment. Furthermore, to examine the effect of olaparib on the colony
formation capability of leukaemic cells, MLL-AF6 AML cells were seeded in semi-
solid methylcellulose-based media and treated with olaparib with or without
pharmacological inhibition of Ezh2. As a result, while 1 uM olaparib showed marginal
effect against the colony formation of leukaemic cells, combination of olaparib with the
Ezh2 inhibitor GSK126 effectively attenuated colony formation units of MLL-AF6
AML cells although the inhibition was reduced when p53, which mediates DNA
damage induced cell death, was depleted (Figure 6.1C) (Yoshida and Miki, 2010).
Meanwhile, looking into DNA damage response through examining the protein levels
of YH2AX, genetic depletion of Ezh2 promoted PARPi-induced DNA damage while
inhibition of PARP1 stabilized Ezh2 in consistency with the breast cancer study (Figure
6.2) (Yamaguchi et al., 2018), and decrease in ATM expression, further suggesting that
loss of Ezh2 may compromise DNA damage response (DDR), especially homologous
recombination (HR), which play a decisive roles for sensitivity of PARP inhibitors in

breast cancer and leukaemia (Esposito et al., 2015; Zhao and So, 2016).
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Figure 6.1. Drug effects of PARPI after inhibition of Ezh2 in MLL-AF6 AML cells. (A) MLL-
AF6 Ezh2"" AML cells treated with 25 nM TAM (Ezh2 KO) or 0.1% ethanol (Wt) for 72hrs were
subjected to 48hr olaparib treatments at indicated doses, and cell viability was analysed by MTT assay.
Results were obtained from 3 independent experiments (N=3). (B) Cell apoptosis was revealed using
AnnexinV/PI staining, and further distinguished into 4 groups. Live (AnnexinV-/Pl-), early-apoptotic
(AnnexinV+/PI-), apoptotic (AnnexinV+/P1+) and necrotic (AnnexinV-/Pl+). (C) Colony formation
units (CFU) of MLL-AF6 AML cells and MLL-AF6 AML cells with TP53 CRISPR/Cas9 treated with
1 uM olaparib or/and 10 uM GSK126 for 7 days. Results were obtained from 2 independent
experiments (N=2). Bar graphs show mean+S.D. (*P<0.05, **P<0.01 and ***P<0.001, paired t-test).
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Figure 6.2. Protein levels of YH2AX after olaparib treatment in Ezh2 cKO MLL-AF6
AML cells. Immunoblotting of total protein lysates collected from Wt and Ezh2 KO AML cells
with or without TP53 CRISPR/Cas9 treated with 1-10 uM olaparib for 48 hrs. Relative

quantitative results are shown under each panel.

Indeed, RNA-seq profiling of Ezh2 cKO AML cells driven by MN1 revealed loss of
Ezh2 transcriptionally compromised several DDR pathways such HR, mismatch repair
and nucleotide excision repair (Figure 6.3A-B). The majority of HR genes diminished
after knockout of Ezh2, including ATM, Brcal, Rpal and Rad51 (Figure 6.3A-B), and
the trend of downregulation could be seen in AML driven by MLL-fusions as well
(Figure 6.3C). Furthermore, immunofluorescence staining revealed a substantial
increase of YH2AX foci after Olaparib treatment, whereas Rad51 recruitment was
retarded in Ezh2 cKO AML cells with DNA damage (>10 yH2AX foci), suggesting the
importance of Ezh2 in keeping HR functional (Figure 6.4 A and 6.4 B (ii)). The
preliminary results in AML together with previous studies in solid cancer consistently
suggest that Ezh2 may play multiple roles in DDR through epigenetic modulation of

genes encoding critical component for assembly of DDR complexes (Chou et al., 2010) .
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Figure 6.3. Down-regulation of DDR genes after genetic inhibition of EZH2 in AML cells. (A)
The dot plot showing top KEGG pathways in MN1 Ezh2 KO AML cells based on the
downregulated differential gene list by comparison with the wild type of Ezh2. (B) The heatmap
showing row normalized counts of HR genes in wild type (Wt) and Ezh2 cKO MN1 AML cells,
and significantly downregulated genes were pointed out on the right-hand side. (C) gRT-PCR of
HR genes in Ezh2" MLL-fusions AML cells (MLL-AF6/9) treated with 25 nM TAM or 0.1%
ethanol for 72hrs. Bar graphs show mean+S.D. (*P<0.05, **P<0.01 and ***P<0.001, paired t-test).
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Figure 6.4. Foci of yH2AX and Rad51 recruitments after olaparib treatment in Ezh2 KO
MLL-AF6 AML cells. (A) Representative images of YH2AX, Rad51 and their merge with
DAPI in MLL-AF6 Ezh2 KO AML cells treated with 5 uM olaparib for 48hrs. (B) Bar charts
showing foci counting results (N=2). (i) The percentage of cells with > 10 yH2AX foci or
Rad51 foci. (ii) Average foci of YH2AX (upper) and the percentage of cells with <10 Rad51
foci in cells with high levels of DNA damage (>10 YH2AX foci). Results were obtained from
2 independent experiments (N=2). Bar graphs show mean+S.D.

6.2.2. The efficacy of PARP inhibitors in AsxI1/Ezh2 cKO CLL mice

Transcriptionally active BER and overexpression of Aicda in RNA-seq profiling
suggest a critical function of improved DDR for the survival of AsxI17-Ezh2”-CLL cells
(Figure 6.5 and Table 5.2). Overexpression of DNA mutator Aicda, may create high
levels of DNA base lesions and indirectly result in DSB via mismatch repair (MMR)
(Stavnezer et al., 2008). However, active BER could potentially reduce the initial DNA
base lesions and avoid overloaded DSB in AsxI1”Ezh2”- CLL cells. Theoretically,

blocking BER through pharmacological inhibition of PARP1 may effectively induce
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overwhelming DSB in the potential Aicda-expressing CLL, therefore leading to cell

death and showing high drug sensitivity to PARPI.
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Figure 6.5. Active BER in Asxl1/Ezh2 cKO CLL. (A) Fold changes of significant differential
BER genes and Aicda (padj<0.05) in BM cells from AsxI1/Ezh2 cKO B-LBD mice. (B) qRT-
PCR of Aicda in BM cells from indicated mice. Bar graphs show mean+S.E.M. (*P<0.05,
**P<(.01 and ***P<0.001, unpaired t-test).

To elucidate the efficacy of PARP inhibitors in Asxl17Ezh2”- CLL, C57B/6 SJL
mice were treated with the PARP inhibitor olaparib at 50 mg/kg one week after tertiary
transplantation for 4 weeks at 5 days per week (Figure 6.6A). Meanwhile, the BTK
inhibitor ibrutinib was also involved as a control to assess the clinical relevance of our
mouse CLL model with unmutated CLL (Byrd et al., 2014). As a result, while a wide
range of CLL counts (CD19"CD5") were detected in PB after 4 week treatment of
ibrutinib as BTK inhibitors can affect the homing of CLL cells from PB to lymphoid
tissues (Herman et al., 2014), the restoration in RBC and haemoglobin further
suggesting the recovery of haematopoiesis in BM of the CLL mice treated with ibrutinib
(Figure 6.6B). On the other hand, the CLL counts significantly reduced in olaparib
treatment on day35, suggesting a potential anti-proliferative effect of PARPi on AsxI1-

l"Ezh27-CLL cells. (Figure 6.6B).
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Figure 6.6. Treatments of PARPi and BTKi in the AsxI1”"Ezh2”- CLL mouse model. (A)
Recipient mice transplanted with 1x 10°BM cells from secondary AsxI1”"Ezh2” CLL mice were
treated with vehicles (10% HBC, N=6), 50mg/kg olaparib (N=6) and 15mg/kg ibrutinib (N=5)
from week1 (W1) to week4 (W4) at 5 days per week (red arrows), and (B) absolute CLL counts
(CD45.2"CD19°CD5") and blood counts (bottom) were analysed on day35. Dot graphs show
mean+S.E.M. (*P<0.05, **P<0.01 and ***P<0.001, unpaired t-test).

Furthermore, mice treated with vehicles started coming down in week 4 with severe
organomegaly and circulation of CLL cells in PB, whereas olaparib and ibrutinib
delayed disease latency although only olaparib displayed a statistically significant result
and reduced splenomegaly (Figure 6.7A-B). Intriguingly, while CLL cells with atypical
morphology were effaced in PB after treatments (Figure 6.7C), higher numbers of
circulating CLL counts were recovered and detected in a part of olabarib group and the
ibrutinib treatment group when mice came down, suggesting AsxI17Ezh2” CLL cells
with higher tissue invasion capacity may be preferentially targeted by the drug

treatments (Figure 6.7D).
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Figure 6.7. Favourable outcomes after treatments of PARPi and BTKi in Asxl17Ezh2"

CLL mice. (A) Survival curves of CLL mice treated vehicles, olaparib and ibrutinib at

indicated doses. (B) Representative images of spleen (upper) and weights (bottom) from CLL

mice coming down. (C) Representative images of blood smears of CLL mice treated with
vehicles, olaparib and ibrutinib. (D) Absolute CLL counts (ACC, CD45.2°CD19*CD5") and (E)

blood counts from CLL mice coming down. Mice treated with olaparib showing higher

numbers of CLL counts are marked as olaparib™¥" A°C. Dot graphs and Bar graphs show
mean+S.E.M. (*P<0.05, **P<0.01 and ***P<0.001, unpaired t-test).
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6.3. Discussion

It has been reported that cell senescence via retinoblastoma (RB) pathway repressed
DDR genes involved in a verity of DNA repairs including NER, MMR and HR in
immortalized human mammary epithelial cells as we found in AML (Collin et al.,
2018) (Figure 6.3). Leukaemogenesis mediated by MLL fusions is Ezh2-dependent,
and genetic removal of Ezh2 induced CDKN2A and reduced cell growth (Neff et al.,
2012). In addition, transcriptional profiling of Ezh2 KO AML further showed
significant downregulation of genes involved in cell cycle and DNA replication (Figure
6.3A), implying cell senescence occurred after knockout of Ezh2 and suggesting that
global repression of DDR genes in Ezh2 KO AML might be a consequence of
CDKN2A-induced cell senescence through RB pathway (Rayess et al., 2012). The
transcriptional suppression of DDR genes may create a cellular DNA damage-prone
status, ultimately sensitizing the Ezh2-dependent AML cells to PARP inhibitors.
Moreover, it has been demonstrated that Ezh2 and other core components of PRC2
could be Poly-ADP-ribosylated (PARsylation) by PARP1 and recruited to the UV laser
irradiated DNA damage sites, which resulted in rapid loss of nascent RNA and
elongating RNA polymerase. These results suggest that PRC2 may repress the
transcription activity at DNA damage sites through H3K27 trimethylation, and the
transcriptional repression in the vicinity of DNA lesions may be important for
preventing the gigantic RNA polymerase Il transcription complex from interfering the
assembly of DNA repair complexes (Chou et al., 2010). Therefore, inhibition of Ezh2
may also sensitize cancer cells to PARP inhibitors by means of reducing the chromatin

accessibility to DDR complexes.
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However, in contrast with the Ezh2 dependency in AML, tumour suppressor genes
induced after loss of Ezh2 may be subsequently compensated by Ezhl in
haematopoietic cells, and ultimately the PRC2 deficient myeloid cells and lymphoid
cells developed into haematologic malignancies with proliferative features (Mochizuki-
Kashio et al., 2015; Muto et al., 2013). Moreover, RNA-seq profiling showed no
significant downregulation of DDR pathways in BM cells from Ezh2 cKO and
Asxl/Ezh2 double cKO B-LPD mice, suggesting the cell senescence-induced
transcriptional suppression of DDR should not exist in the Ezh2-deficient CLL cells.
Nonetheless, BM cells from Asxl1l/Ezh2 KO CLL mice exhibited transcriptional
profiling of high cell division, with overexpression of Myc, Ccdn2, Bcl-2, Cxcr5 and
Aicda as human CLL cells with high proliferation and class switch recombination
(CSR), which contains DNA damage and genome instability due to overexpression of
Aicda (Figure 6.5 and Table 5.2) (Palacios et al., 2010; Patten et al., 2012), and the
upregulation of BER genes including PARP1 and XRCC1 further suggests the
essentiality of active BER in controlling AID-induced DNA base lesions, which
eventually causes DSB and leads to cell death (Figure 6.9) (Stavnezer et al., 2008).
Therefore, we propose that blocking BER through PARP inhibitors might indirectly
result in high levels of DSB and provide an anti-cancer effect. As a result, treatment of
olaparib reduced organomegaly and significantly prolonged survival of Asxl1/Ezh2
cKO CLL mice (Figure 6.7), and showing better drug effects than the BCR targeting
drug ibrutinib, shedding light on use of PARP inhibitors to tackle relapsed and

treatment-resistant U-CLL.
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Figure 6.8. Models of AID-induced DSB. AID adds uracil (U) into DNA double strands
through deamination of cytidine (C), and the DNA base lesions can be repaired by BER or
mismatch repair (MMR), in which Msh2-Msh6 recognises U:G mismatches and recruits
Exonuclease 1 (Exol) along with MlIh1-Pms2, to remove the single strands toward the
mismatches, thus creating the DSB indirectly.

Targeting BCR through inhibition of downstream kinase such as BTK (ibrutinib)
and PI3K (idelalisib) has been approved and used for the initial treatment of high risk
CLL patients, such as the clinical cases with unmutated IGHV or/and del (17p)
(mutations of TP53) as well as patients with relapsed disease. These inhibitors of BCR
are more effective in CLL cells with unmutated IGHV than CLL cells with mutated
IGHV although the preference is still being validated in clinical trials (Kipps et al.,
2017). Organomegaly and lymphadenopathy can be resolved after inhibition of BCR,
which is usually accompanied with a rapid increase of absolute lymphocyte counts
(lymphocytosis) in PB of CLL patients for up to 6 months likely due to impairing
chemotaxis of CLL through inhibition of CXCRA4/5 signalling (Herman et al., 2014;
Ponader et al., 2012). In our Asxl1/Ezh2 cKO CLL model with transcriptionally active
BCR signalling (Figure 5.11-12), lymphocytosis was detected after ibrutinib treatment,

followed by alleviated anaemia, and ultimately prolonged overall survival, suggesting
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the correlation between the unmated CLL mouse model and clinical unmutated CLL

(Figure 6.6-8).

At present, in addition to the deletion in chromosome 17p (del (17p)), which results
in loss of p53 and sensitivity to chemotherapy, the mutation status of IGHV is another
key prognostic factor to consider the type of therapeutics for CLL patients (Kipps et
al., 2017). As CLL patients with del (17p) and unmutated IGHV (U-CLL) usually
exhibit poor response rate and relatively short progress free survival (PFS) to the
regimens of chemotherapy (purine analogues (fludarabine) and alkylating agents
(chlorambucil)) and the treatment of anti-CD20 monoclonal antibodies (rituximab,
ofatumumab), these patients are often directly subjected to the treatment of BCR
inhibitors, especially the BTK inhibitor ibrutinib, which has also been used as the last
line of treatment for refractory CLL (Byrd et al., 2014; Kipps et al., 2017). However,
it has been reported that around 5 to 18 % of patients showing drug resistance and
disease progress after the treatments of ibrutinib due to the mutations in BTK (Cys481)
or PLCG2 (Ahn et al.,, 2017; Furman et al., 2014). While the BCL-2 inhibitor
venenoclax has been approved for the treatment of relapsed and del (17p) CLL patients
(Roberts et al., 2016), targeting AID-high U-CLL patients, who tend to have short PFS
and overall survival (OS) (Palacios et al., 2010), with PARP inhibitors could provide a

novel therapeutic avenue for the treatment of ibrutinib-resistant U-CLL.
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Charter 7: Conclusion

As a result, concurrent depletion of Asxl1 with Ezh2 perturbed the haematopoiesis
toward myeloid-biased differentiation, enhanced establishments of HSPCs, and
ultimately contributed to high penetrance of accelerated myeloid neoplasm-like disease
phenotypes, whereas loss of Ezh2 only developed mild MDS-like disease (50%), in
which myelodysplastic cells such as hyposegmented neutrophils and abnormal
megakaryocytes and left shift in granulocytic maturation were observed. Co-
inactivation of Asxl1 with Ezh2 further provided myeloproliferative features such as
splenomegaly with EMH and thrombocytosis together with myelodysplasia to
AsxI1/Ezh2 double mutant mice, hence leading to lethal MDS/MPN phenotypes (50%),
and the results may also account for the higher frequency of cluster mutations of AsxI1
and Ezh2 in clinical MDS/MPN patients (Rinke et al., 2017; Triviai et al., 2019).
Although no visual illness and myelodysplastic cells were observed in Asxl1 cKO mice,
increase in platelet numbers were also detected in two of Asxll single mutants,

suggesting loss of Asxl1 may contribute thrombocytosis to double mutants.

Intriguingly, mono-clonal lymphoproliferation of Bla were identified and further
characterized as CLL with unmutated IGHV (U-CLL) in both Ezh2 single cKO mice
(33%) and AsxI1/Ezh2 double cKO mice (42%) (Table 4.1), in which transcriptional
profiling revealed active BCR signalling and several CLL-related genes such as Zap70
crucial for CLL pathogenesis (Figure 5.12-13). Furthermore, loss of Asxl1 and Ezh2
may have additive impact on the H3K27 methylation, and ultimately derepress more
genes involved in cell proliferation (Ccnd2, Myc), anti-apoptosis (Bcl-2), chemotaxis
(Cxcrb) and genome instability (Aicda), therefore resulting in the high-risk CLL with
high cell division, BM infiltration and genome instability (Figure 5.16). To gain insights

into the mechanism for the CLL leukaemogenesis, the global landscape of H3K27
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trimethylation has to be uncovered in CLL cells from AsxI1/Ezh2 cKO mice to identify

crucial molecular targets for the CLL leukaemogenesis.

Our high penetrance and short latency CLL transplantation models will provide a
novel and powerful platform for CLL pre-clinical drug testing (Figure 5.15). Notably,
over 20% of transcriptional landscape of Asxl17-Ezh2”- CLL overlapped with a
differential gene set in human CLL cells from 98 CLL patients (Figure 5.14) (Ferreira
etal., 2014), Asxl1-Ezh2”- CLL also displayed sensitivity to the BTK inhibitor ibrutinib
(Figure 6.6-6.8), correlating the mouse CLL model with U-CLL patients, which have
been reported sensitive to BCR signalling inhibitors (Byrd et al., 2014; Guo et al., 2016;
Ponader et al., 2012). In addition, we also found that olaparib treatment significantly
reduced organomegaly and prolonged the survival of AsxI17Ezh2”- CLL mice with
overexpression of Aicda and active BER. This may rise a hope for targeting BER by
PARP inhibitors to tackle the treatment-resistant CLL patients with Aicda
overexpression and genome instability (Figure 6.5-6.7) (Palacios et al., 2010; Patten et
al., 2012). To test this hypothesis, CLL patients with unmutated IGHV could be
classified into three subgroups with AID-high expression (++), AID-positive CLL cells
(+) and AID-negative CLL cells (-) (Palacios et al., 2010), and the anti-cancer effect of
olaparib can be examined in the three subgroups through analysing the cell viability,
cell apoptosis, senescence and yH2AX staining to validate the role of AID in the drug
sensitivity of olaparib in the CLL patients. In addition, we also showed that genetic
and pharmacologic inhibition of Ezh2 compromised DDR and promoted olaparib
sensitivity in AML (Figure 6.1-4), thus revealing the possibility of combination
treatment of Ezh2 inhibitors with PARP inhibitors for leukaemia therapies. Finally, we

also speculate that human CLL cells from U-CLL patients could benefit by combination
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using Ezh2 inhibitors such as GSK126 together with olaparib, which may generate

synergistic killing by inducing excessive DNA damage and epigenetic reprogramming.
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