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Abstract

Myelodysplastic syndromes (MDS) are a group of heterogeneous clonal

stem cell malignancies characterised by multilineage cytopenia and dys-

plasia. MDS mostly occurs in aged populations where there are lim-

ited therapeutic options. Compared to MDS, chronic myelomonocytic

leukaemia (CMML) presents a monocytosis feature and has a poor sur-

vival of 16 months for high-risk patients. In the past decade, several se-

quencing studies have defined the complex molecular landscapes of MDS

and CMML. SRSF2, a component of RNA splicing machinery, is one of

the most frequent mutations in MDS and CMML. To understand the con-

sequences and effects of SRSF2P95H mutation on normal haematopoiesis,

several groups, including our lab, have generated in vivo mouse models

using various gene targeting strategies and Cre recombinases. These mod-

els demonstrated some effects of SRSF2P95H mutation on haematopoiesis,

and described certain mis-splicing changes in the Srsf2P95H/+ cells. How-

ever, the mechanism and the role of SRSF2P95H mutation in promoting

and initiating MDS/CMML are still poorly defined. My thesis aimed

to address key knowledge gaps by examining the cell of origin, tran-

scriptomic/splicing changes, synthetic lethal genetic interactions, and

the co-operative interactions of Srsf2P95H/+ mutation in the initiation of

MDS/CMML.

In the first part of my thesis, I assessed the cell of origin in SRSF2P95H

MDS by characterising a conditional knock-in Srsf2P95H/+ mouse model,

using LysM-Cre. After activating Srsf2P95H/+ mutation in myeloid progeni-

tors, I observed no development of MDS even after prolonged ageing (up

to 52 weeks) and only mild changes in haematopoiesis. Compared to the

stem cell activation model (hScl-CreERT2) that we reported, the results
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of LysM-Cre demonstrated that the myeloid progenitor is not the cell of

origin in SRSF2mut MDS.

In the second part of my thesis, I analysed the transcriptomic and

splicing changes of Srsf2P95H/+ cells, using both purified stem and pro-

genitor cell populations as well as Hoxb8 immortalised cell lines. The

transcriptome analysis revealed up- and down-regulation of lineage as-

sociated genes and up-regulation of MDS associated pathways and the

p38 MAPK kinase pathway. The splicing analysis demonstrated skipped

exons as the most frequent alternative splicing event. In terms of specific

mis-splicing targets, I examined exon inclusion in several reported tran-

scripts and compared the most frequently mis-spliced genes across 12 hu-

man SRSF2mut/murine Srsf2mut datasets. Through this analysis, I found

that mRNA processing and DNA repair represent the top mis-spliced

pathways in Srsf2P95H/+ cells. I also present a pilot study of single-cell

RNA sequencing of Srsf2P95H/+ stem and primitive progenitor popula-

tions, which unveiled a myeloid-biased signature and enhanced myeloid

differentiation of the Srsf2P95H/+ stem cells.

In the third part of my thesis, I explored the synthetic lethality of

Srsf2P95H/+ cells with a pooled CRISPR knock-out screen. I discovered

that loss of DNA repair or Cell cycle pathways is synthetic lethal with

Srsf2P95H/+ mutation. Consistent with the genetic lethality, I demon-

strated that Palbociclib, a CDK6 inhibitor, could preferentially target

the Srsf2P95H/+ cells. This finding opens up new therapeutic windows

beyond known spliceosome inhibitors for SRSF2mut MDS.

In the fourth and last part of my thesis, I generated and charac-

terised two co-mutation models: Srsf2P95H/+ Tet2-/- and Srsf2P95H/+ Cbl-/-.

In the Srsf2P95H/+ Tet2-/- model, I observed profound myeloid bias, B
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lymphoid suppression and increased ST-HSC percentages in the stem

cell compartment after 52 weeks of activating/deleting mutations in the

haematopoietic stem cells. Within the Srsf2P95H/+ Tet2-/- cohort, I also

observed development of CMML in both native haematopoiesis and

transplantation settings. So far, this is the first model to demonstrate

synergistic interactions between Srsf2P95H/+ and Tet2-/- mutation, as well

as initiation of CMML in vivo. For the Srsf2P95H/+ Cbl-/- model, I char-

acterised a small cohort of mice due to prolonged breeding difficulties.

Nevertheless, I discovered increased myeloid proliferation in the double

Srsf2P95H/+ Cbl-/- and Srsf2P95H/+ Cbl+/- mutants.

Collectively, the work included in this thesis creates an original con-

tribution to understanding the role of SRSF2P95H mutation in MDS, its

synthetic lethal genetic interactions, potential therapeutic targeting of

SRSF2P95H cells, and how it co-operates with other recurrent mutations

in initiation of CMML.
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1.1 Haematopoiesis

Haematopoiesis, or blood cell production, is a highly regulated process

generating all cells across different lineages, including myeloid, lym-

phoid, erythroid and megakaryocyte lineages. The process starts from

haematopoietic stem cells (HSCs), which then differentiate to lineage-

specific progenitors and subsequently mature blood cells (Figure 1.1).

Studies over the years have established and characterised a comprehen-

sive list of phenotypically defined populations in both human and mouse,

which primarily have used cell surface markers to distinguish discrete

cell populations (Adolfsson et al., 2005; Kiel et al., 2005; Osawa et al.,

1996; Pronk et al., 2007). HSCs are the most primitive population of blood-

forming cells, which hold both self-renewal and differentiation capacity.

Within the phenotypically defined populations, long-term haematopoi-

etic stem cells (LT-HSC) (LKS+CD150+CD48- or LKS+CD34-Flt3- ) are the

most quiescent population and have serial long-term repopulating ca-

pacity as demonstrated in transplantation analysis. Upon differentiation,

HSCs lose self-renewal capacity and mature into multipotent progenitors

(MPPs) (LKS+CD34+Flt3+) and then subsequently progress to lineage-

restricted oligopotent progenitors (LKS-), such as common myeloid pro-

genitors (CMP; LKS-CD34+FcyRII-), granulocyte-macrophage progeni-

tors (GMP; LKS-CD34+FcyRII+) and megakaryocyte-erythroid progen-

itors (MEP; LKS-CD34-FcyRII-). The overall view of haematopoiesis is

progressively evolving, however the general populations and lineage

commitments described above provide a good general understanding of

the lineage commitment and differentiation that underlies the formation

of the blood system.

In the last few decades, our understanding of haematopoiesis has
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expanded dramatically from defining the key populations in blood pro-

duction using cell surface markers to elucidating the lineage commitment

and self-renewal using single-cell DNA/RNA sequencing (Buenrostro

et al., 2018; Jacobsen and Nerlov, 2019; Laurenti and Göttgens, 2018;

Nestorowa et al., 2016). Many studies performed transplantation of puri-

fied populations or single cells, or have used in vivo cell labelling to trace

the lineage potential of each population. Instead of homogeneous pop-

ulations as suggested by the phenotypically defined approaches, these

highly purified cells have been found to have functionally distinct subsets

that are heterogeneous in their repopulating behaviour (Biasco et al., 2016;

Busch et al., 2015; Chapple et al., 2018; Pei et al., 2017; Sawai et al., 2016;

Sawen et al., 2018; Yamamoto et al., 2013). Evidence of lineage priming in

the HSCs also exits, with such lineage-restricted repopulating cells still

harbouring self-renewal capacity (Carrelha et al., 2018). Nevertheless,

most mature blood cells are produced by MPPs upon demand, in both

native haematopoiesis and after bone marrow transplantation (Pietras et

al., 2015). Through in vivo lineage tracing studies in the setting of native

haematopoiesis, it has become apparent that homeostatic haematopoiesis

is mainly driven by non-engraftable ST-HSC and progenitors (Busch et

al., 2015; Christodoulou et al., 2020; Rodriguez-Fraticelli et al., 2018; Sun

et al., 2014). These findings have deconvoluted the heterogeneity of HSCs

and challenged the conventional hierarchical structure defined by cell sur-

face markers. Instead of a stepwise bifurcation model of haematopoiesis,

newer models propose that clones of lineage primed stem cells self-renew

and initiate differentiation upon physiological demand (Klose et al., 2019;

Velten et al., 2017). Further studies are needed to test this hypothesis and

to understand the full complexity of haematopoiesis.
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Figure 1.1: The classical and newly proposed models of haematopoiesis.
A. The classical hierarchy of haematopoiesis based on immunophenotyping.
B. The recently proposed model of haematopoiesis based on single-cell transcrip-
tomes and single-cell transplantation. Connecting lines depict differentiation
trajectories.
LT-HSC, long-term haematopoietic stem cells; ST-HSC, short-term haematopoi-
etic stem cells; CMP, common myeloid progenitors; CLP, common lym-
phoid progenitors; LMPP, lymphoid-primed multipotent progenitors; MLP,
myeloid/lymphoid progenitors; MEP, megakaryocyte-erythrocyte progenitors;
GMP, granulocyte-macrophage progenitors.
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1.2 HSC ageing and clonal haematopoiesis

of indeterminate potential (CHIP)

Ageing of HSCs presents as a decrease in self-renewal capacity and lym-

phoid output (Young et al., 2016b). On one hand, ageing could be a cell

autonomous behaviour, as demonstrated in the transplantation study of

aged vs young stem cells (Verovskaya et al., 2013). On the other hand, cell

non-autonomous factors, such as age-dependent DNA damage, epige-

netic and micro-environment changes are linked with defects in the aged

stem cells (Konieczny and Arranz, 2018). However, how these changes

lead to specific phenotypes warrants further investigation.

A key phenotype linked to ageing is an increased bias towards the

myeloid lineage at the expense of lymphoid lineages, which coincides

with increased frequencies of myeloid malignancies in the elderly popu-

lation (Beerman et al., 2010; Weiskopf et al., 2016). As mentioned before,

HSCs are heterogeneous and composed of many clones with restricted

lineage potential. Aged individuals are found to have a decreased di-

versity in the clonal population, with a specific skewing towards clones

with myeloid potential. The shift in differentiation is mainly driven by

molecular changes, with an upregulation of myeloid-associated genes

and the downregulation of lymphoid-associated genes (Grover et al., 2016;

Pang et al., 2011; Rundberg Nilsson et al., 2016). However, inflammation

and ageing of the stem cell niche are also important co-factors in the

modification of HSC function (Ho et al., 2019).

More recently, recurrent mutations in cancer-associated genes were

discovered in the blood of aged individuals who did not have any known

haematological diseases (McKerrell et al., 2015; Xie et al., 2014; Young et

al., 2016a; Zink et al., 2017). Approximately 2% of the general population,
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and increasing to 5-6% in people over the age of 70, are found to carry

leukaemia/lymphoma associated mutations in such genes as DNMT3A,

TET2, JAK2, ASXL1, TP53, SF3B1 and SRSF2. Many of these genes are

known driver mutations in myeloid malignancies such as myelodysplas-

tic syndromes (MDS), myeloproliferative neoplasm (MPN) and acute

myeloid leukaemia (AML). In healthy individuals, these mutations drive

clonal haematopoiesis, expansion of HSCs and progenitor clones, and

lead to a significantly increased risk of developing haematological cancers

at a later stage and with an overall higher mortality (Abelson et al., 2018;

Genovese et al., 2014; Jaiswal et al., 2014). The presence of these mutations

and the development of clonal haematopoiesis with age is now described

as age-related clonal haematopoiesis (ARCH) or clonal haematopoiesis

of indeterminate potential (CHIP). Like monoclonal gammopathy of un-

determined significance and monoclonal B-cell lymphocytosis, CHIP is

considered a precursor state of haematological malignancies, but unlike

the B cell related disorders it does not often progress and does not require

medical intervention (Steensma et al., 2015) (Figure 1.2).
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Figure 1.2: Molecular changes underlying progression of CHIP in aged
individuals
Haematopoietic stem cells acquire mutations randomly during ageing. While
some mutations do not have roles in disease (blue dots), certain mutations (green
dots) initiate clonal expansion (pink shaded area) and lead to subsequent co-
operating mutations (red dots) in the daughter cells. Light green shaded area
represents cells without clonal expansion.
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1.3 Myelodysplastic syndromes and Chronic

myelomonocytic leukaemia

1.3.1 Myelodysplastic syndromes (MDS)

Myelodysplastic syndromes (MDS) are a group of heterogeneous clonal

stem cell disorders. Pathology findings are cytopenia (reduction in cell

number in the peripheral blood) and dysplasia (change of cell morphol-

ogy) of one or multiple blood lineages (myeloid, erythroid/red blood

cells and platelets) caused by ineffective haematopoiesis. Clinical mani-

festations are often mild or absent in the early stages, but it can progress

to fatigue, recurrent infections and easy bruising in the later stages. The

prevalence of MDS increases with age and has a higher incidence in men

than women in the US (4.5 vs 2.7 per 100,000 per year) (Ma et al., 2007).

In Victoria, the annual incidence of MDS in the aged population (65 and

older) is 103 per 100,000, while the age-standardized incidence is 4 to

5.8 per 100,000 (Australian Institute of and Welfare, 2013; McQuilten et

al., 2014). These statistics suggest a significant underrepresentation and

unappreciation of the true extent of MDS in the community.

Because of its heterogeneous nature, MDS is categorised based on

morphological appearance (dysplasia), cytogenetic abnormality (del(5q)),

as well as blast cell percentage according to the World Health Organisa-

tion (WHO) and French-American-British (FAB) diagnosis criteria (Arber

and Hasserjian, 2015; Arber et al., 2016; Vardiman, 2012). The latest revi-

sion of WHO diagnostic criteria acknowledged the mounting evidence

of recurrent genetic mutations in MDS, which prompted a new category

of MDS with ring sideroblasts (MDS-RS) and multilineage dysplasia,

without excess blasts or del(5q) (Montalban-Bravo and Garcia-Manero,

2018) (Table 1.1). Patients can have a diagnosis of MDS-RS if an SF3B1
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mutation is identified, even if only 5% ring sideroblasts are present. At

the time of the diagnosis, the risk stratification is also conducted to pre-

dict the patient’s outcome and determine treatment strategies. The most

common tool used is the 2012 version of International Prognostic Scoring

system (IPSS-2012) (Greenberg et al., 2012). IPSS-2012 stratifies patients

into lower risk MDS (Very good and Good), intermediate or higher risk

MDS (Poor and very Poor) based on the severity of cytopenias, bone

marrow blast counts and cytogenetic abnormalities (Tables 1.2 and 1.3).

More recently, the emerging connections between molecular abnormali-

ties, disease progression and treatment outcome are being recognised in

clinical diagnosis. Certain mutations are associated with poor outcomes,

such as TP53, NRAS, ASXL1, EZH2 and SRSF2, while SF3B1 mutation is

associated with more favourable outcomes (Bejar et al., 2011; Bejar et al.,

2012; Papaemmanuil et al., 2013).
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Table 1.1: Diagnostic criteria for MDS (Adapted from (Arber et al., 2016))

Category Dysplastic 

lineages 

Cytopenias* Ring 

sideroblasts 

as % of 

marrow 

erythroid 

elements 

BM and PB 

blasts 

Cytogenetics 

by 

conventional 

karyotype 

analysis 

MDS with 

single lineage 

dysplasia 

(MDS-SLD) 

1 1 or 2 <15% or <5% 

if SF3B1 

mutation is 

present 

BM <5%, 

PB <1%, no 

Auer rods 

Any, unless 

fulfills all 

criteria for 

MDS with 

isolated del(5q) 

 

MDS with 

multilineage 

dysplasia 

(MDS-MLD) 

2 or 3 1-3 <15% or <5% 

if SF3B1 

mutation is 

present 

BM <5%, 

PB <1%, no 

Auer rods 

Any, unless 

fulfills all 

criteria for 

MDS with 

isolated del(5q) 

 

MDS with ring sideroblasts (MDS-RS) 

MDS-RS with 

single lineage 

dysplasia 

(MDS-RS-

SLD) 

1 1 or 2 ≥ 15% or ≥ 5% 

if SF3B1 

mutation is 

present 

BM <5%, 

PB <1%, no 

Auer rods 

Any, unless 

fulfills all 

criteria for 

MDS with 

isolated del(5q) 

 

MDS-RS with 

multilineage 

dysplasia 

(MDS-RS-

MLD) 

2 or 3 1-3 ≥ 15% or ≥ 5% 

if SF3B1 

mutation is 

present 

BM <5%, 

PB <1%, no 

Auer rods 

Any, unless 

fulfills all 

criteria for 

MDS with 

isolated del(5q) 

 

MDS with 

isolated del(5q) 

1-3 1-2 None or any BM <5%, 

PB <1%, no 

Auer rods 

Del(5q) alone or 

with 1 

additional 

abnormality 
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except -7 or 

del(7q) 

 

MDS with excess blasts (MDS-EB) 

MDS-EB-1 0-3 1-3 None or any BM 5-9% or 

PB 2-4%, no 

Auer rods 

 

Any 

MDS-EB-2 0-3 1-3 None or any BM 10-19% 

or PB 5-19% 

or Auer rods 

 

Any 

MDS, unclassifiable (MDS-U) 

With 1% blood 

blasts 

1-3 1-3 None or any BM <5%, 

PB =1%†, 

no Auer rods 

 

Any 

With single 

lineage 

dysplasia and 

pancytopenia 

1 3 None or any BM <5%, 

PB <1%, no 

Auer rods 

Any 

Based on 

defining 

cytogenetic 

abnormality 

0 1-3 <15% BM <5%, 

PB <1%, no 

Auer rods 

 

MDS-defining 

abnormality 

Refractory 

cytopenia of 

childhood 

 

1-3 1-3 None BM <5%, 

PB <2%,  

Any 

 

*Cytopenias defined as: haemoglobin <10g/dL, platelet count<100x109/L, and absolute
neutrophil count<1.8 x109/L.
†One percent PB blasts must be recorded on at least 2 separate occasions.
SLD, single lineage dysplasia; MLD, multilineage dysplasia.
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Table 1.2: Risk assessment for MDS based on IPSS-2012 (Adapted from
(Greenberg et al., 2012; Steensma, 2018))

Parameter Categories and Associated Scores (Scores in bold) 

Cytogenetic risk 

groupa
Very good Good Intermediate Poor Very poor 

0 1 2 3 4 

Bone marrow blast 

proportion 

≤ 2% >2-5% 5-<10% ≥ 10% 

0 1 2 3 

Haemoglobin ≥ 10 g/dL 8-<10 g/dL <8 g/dL 

0 1 1.5 

Absolute neutrophil 

count 

≥ 0.8 x 109/L <0.8 x 

109/L 

0 0.5 

Platelet count ≥ 100 x 109/L 50-100 x

109/L 

<50 x 109/L 

0 0.5 1 

aCytogenetic risk group, very good: -Y, del(11q); good: normal; del(5q)±1 other ab-
normality del(20q), or del(12p); intermediate:+8, i(17q), del(7q),+19, any other abnor-
mality not listed including the preceding with 1 other abnormality; poor: -7±del(7q),
inv(3)/t(3q)/del(3q), any 3 separate abnormalities; very poor: more than 3 abnormalities,
especially if 17p is deleted or rearranged

Table 1.3: Risk group and their scores (Adapted from (Greenberg et al.,
2012; Steensma, 2018)

Risk group Total score 

Very low 0-1.0 

Low 1.5-3.0 

Intermediate 3.5-4.5 

High 5.0-6.0 

Very high >6.0 

 

*The score is on a 0-10 point scale
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1.3.2 Myelodysplastic/myeloproliferative syndromes

(MDS/MPN) and Chronic myelomonocytic

leukaemia (CMML)

Myelodysplastic/myeloproliferative neoplasms (MDS/MPN) are a group

of haematological malignancies that share clinical features of both MDS

and MPN. These disorders include chronic myelomonocytic leukaemia

(CMML), juvenile myelomonocytic leukaemia (JMML), atypical BCR-ABL

negative chronic myeloid leukaemia (aCML), refractory anaemia with

ring sideroblasts and thrombocytosis (RARS-T) as a provisional entry,

and MDS/MPN unclassified (MDS/MPN-U). Each MDS/MPN category

has its own unique features as opposed to those classified as pure MDS or

MPN, such as monocytosis in CMML, thrombocytosis in RARS-T and dys-

plastic granulocytes in aCML (Thota and Gerds, 2018). It is a challenge to

properly diagnose MDS/MPN, despite the revised WHO 2016 diagnostic

criteria (Savona et al., 2015; Smith et al., 2019). However, recent advances

in the identification of genetic abnormalities in MDS/MPN, such as the

high prevalence of SRSF2 and TET2 mutations in CMML, have provided

hope for better diagnostic and prognostic subgrouping of MDS/MPN

through inclusion of genetic descriptors (Pati and Kundil Veetil, 2019).

Chronic myelomonocytic leukaemia (CMML) was previously clas-

sified as a subtype of MDS but in the latest WHO classification is now

considered a separate entity within the myeloid neoplasms (Arber et al.,

2016; Patnaik and Tefferi, 2018). It is one of the most aggressive chronic

leukaemias with few treatment options. The incidence rate is 0.4 per

100,000 with most cases reported in older adults (Loghavi and Khoury,

2018). CMML is sub-categorised into CMML-1 (<5% peripheral blasts

and <10% marrow blasts) or CMML-2 (5-19% peripheral blasts and 10-

19% marrow blasts) based on the WHO classification. Currently, the FAB
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classifies CMML into CMML-MD (white blood cell count < 13 x10 9/L)

or CMML-MP (white blood cell count > 13 x10 9/L) (Bennett et al., 1994).

Both classifications are utilised in the literature and clinical diagnosis.

Compared to MDS, CMML patients have a poorer overall outcome and

are more likely to transform to acute leukaemia (Parikh and Tefferi, 2013).

Patients with CMML have many of the clinical presentations of MDS, but

exhibit distinct proliferative features, in particular monocytosis. In fact, a

diagnosis of CMML can be made if the patient presents with persistent

unexplained monocytosis for more than 3 months, even in the absence of

dysplastic features. More recently, Selimoglu-Buet et al. suggested that

the increase in classical monocytes (CD14+CD16-), detected in CMML

compared to reactive monocytosis or other haematological malignan-

cies, could contribute to the diagnosis of CMML (Selimoglu-Buet et al.,

2015). Other clinical manifestations, such as hepatosplenomegaly are

more common in CMML than MDS as well.

1.3.3 Treatment options for MDS and CMML

Currently, the treatment approaches for MDS are largely based on the

risk assessment and the clinical manifestation of each patient (Tables 1.2

and 1.3) (Figure 1.3). Clinical monitoring is recommended for low-risk pa-

tients, such as intermittent blood counting instead of active intervention

if it is safe. Once patients develop severe cytopenia or an increased blast

population, low intensity therapy, such as erythroid stimulating agents

(Epoetin or Darbepoetin), myeloid growth factors (G-CSF) and throm-

bopoietin receptor agonist (TPO-RA), and anti-T cell immunosuppressive

therapy (IST) can be given as supportive care. If deletion of the long arm

of chromosome 5 is present, lenalidomide is also recommended (Fenaux

and Adès, 2013; Steensma et al., 2008). However, if a patient becomes

resistant to the treatment or is assessed as high-risk, the only remaining
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options are hypomethylating agents (HMAs) or allogeneic haematopoi-

etic stem cell transplantation (AlloSCT). I will discuss HMAs in more

detail in Section 1.7.4. AlloSCT is the only curative treatment for MDS,

but the number of patients that can undergo AlloSCT is very limited as

a result of ineligibility due to the patients’ age and comorbidities and

limited donor resources. Most patients eventually progress to secondary

leukaemia and succumb to the disease (Malcovati et al., 2013; Nachtkamp

et al., 2016).

New effective agents are urgently needed for a better outcome for

MDS patients. There are many challenges in developing such therapies,

including clonal heterogeneity and a lack of understanding regarding how

to effectively target the recurrent mutations. MDS is a disease of the stem

cells (Woll et al., 2014). The recurrent mutations are thought to arise from

the HSC pool, which then undergoes a complex clonal evolution process

at the beginning of disease initiation and during disease progression

(Papaemmanuil et al., 2013; Sperling et al., 2017). I will discuss the genetic

landscape and clonal evolution of MDS in more detail in Section 1.4.

Patients that have undergone unsuccessful conventional treatments

are recommended to enrol in clinical trials. Currently, many clinical

trials are investigating the effect of combination therapy using multiple

agents with or without AlloSCT in MDS patients. Some have shown

to be effective in other myeloid neoplasms, such as kinase inhibitors,

cytotoxic agents and immunomodulatory agents (Bejar and Steensma,

2014). Combination of azacitidine with lenalidomide or azacitidine with

vorinostat, a deacetylase inhibitor, is also being tested (Platzbecker and

Germing, 2013; Silverman et al., 2013). While many studies are currently

ongoing, early results indicate that a combined cocktail may be more

beneficial and produce longer lasting results for many MDS patients (Assi
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et al., 2018; Kim et al., 2019; Voso et al., 2017). However, relapse remains a

challenge and different therapeutic approaches are urgently needed.

For CMML, treatment is based on stratification of CMML subtypes

when transplantation is unavailable. CMML-MD requires mostly treat-

ment to alleviate symptom burden, such as erythropoiesis-stimulating

agents (ESAs) for anaemia. Whereas, CMML-MP is managed more ag-

gressively with cytoreductive agents such as hydroxyurea or HMAs in

severe cases (Onida et al., 2013; Padron and Steensma, 2015; Solary and

Itzykson, 2017). There is a huge gap to fill in terms of therapeutic op-

tions for CMML patients as currently only ∼20% of CMML-1 patients

and ∼10% of CMML-2 patients survive longer than 5 years after initial

diagnosis (Onida et al., 2013; Such et al., 2013).

Previous clinical trials were mostly reserved for high-risk MDS pa-

tients and limited numbers of CMML patients were included. Consider-

ing that CMML has established its own entity in the diagnostic guidelines,

a more specific approach in managing CMML progression should be em-

phasized. One approach is to target the hypersensitivity to granulocyte-

macrophage colony-stimulating factor (GM-CSF) with anti-GM-CSF mon-

oclonal antibodies (lenzilumab) (Padron et al., 2013; Patnaik et al., 2019).

Inhibition of the Ras signalling pathway, which contributes to the hyper-

sensitivity, could become the new targeted therapy. Ruxolitinib, a JAK1/2

inhibitor commonly used for MPN has shown to relieve symptom burden

in 7 patients (35%) in a Phase I clinical trial (Padron et al., 2016). Tipi-

farnib, a farnesyl transferase inhibitor, is currently being tested in clinical

trials with outcomes pending (Patnaik et al., 2017). Besides RAS family

inhibitors, novel agents, such as luspatercept and sotatercept could also

be added into treatment regiments (Elmariah and DeZern, 2019). These

agents trigger the haemoglobin response in MDS and beta thalassemia
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patients, which could also alleviate anaemia and reduce red-cell transfu-

sion dependencies in CMML patients (Carrancio et al., 2014; Fenaux et

al., 2020; Komrokji et al., 2018; Platzbecker et al., 2016).
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Figure 1.3: Current treatment roadmap for MDS (adapted from (Bejar
and Steensma, 2014))
While low-risk patients have many potential therapies to choose from, only
hypomethylating agents (HMA) and allogenic stem cell trans- plant (AlloSCT)
are avaliable to high-risk patients. Allogenic stem cell transplant remains the only
curative approach. ESA, erythropoiesis stimulating agent; EPO, erythopoietin; G-CSF,
granulocyte colony-stimulating factor; TPO, thrombopoietin; IST, immunosuppressive
therapy.
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1.4 Molecular abnormalities in MDS and CMML

In the last decade, the description of the mutational pattern of both

MDS and CMML has opened up new opportunities to understand these

cancers. In agreement with the heterogeneous nature of MDS, sequencing

studies have found mutations across several functional groups, such as

histone modification, DNA methylation, RNA splicing, receptor kinases,

transcription, DNA repair and RAS signalling (Haferlach et al., 2014).

While some pathways overlap with known mutational pathways in AML,

DNA methylation and RNA splicing were newly identified in MDS,

demonstrating a specific association with MDS and CMML pathogenesis.

Coincidentally, DNA methylation and RNA splicing mutations are often

found in CHIP, as mentioned above, which suggests that CHIP could be

a precursor state of MDS. However, this hypothesis would need further

evaluation. Understanding the molecular abnormalities in MDS and

CMML could pave the way to defining new disease entities, allowing for

risk stratification and prediction of treatment outcome. Here, I present

a summary of the latest research on the genetic landscape and clonal

evolution of MDS/CMML.

1.4.1 Genetic landscape and clonal evolution of MDS

MDS is a heterogeneous disease, so is its genetic landscape. In one study,

using targeted sequencing, nearly 90% of MDS patients were found to

harbour at least one mutation with a median number of three mutations

(Haferlach et al., 2014; Palomo et al., 2020). Forty-seven significantly

mutated genes were then grouped based on functional pathways, dis-

ease subtypes and the correlation of gene mutations. Among the path-

ways, RNA splicing was the most frequently mutated (64%), followed

by DNA methylation, chromatin modification, transcription and DNA



20 Chapter 1. Introduction and background

repair (Ogawa, 2019). Common recurrent mutations were AXSL1, EZH2,

DNMT3A, TET2, IDH1/2, SRSF2, SF3B1, CBL, RUNX1, RAS and TP53

(Haferlach et al., 2014; Sperling et al., 2017; Walter et al., 2013) (Figure

1.4A). Most genes were associated with high-risk MDS subtypes, such as

MDS with excess blasts. Only SF3B1 mutations had a favourable outcome

and were associated with specific subtypes of MDS with ring siderob-

lasts and MDS with isolated del(5q). In contrast, SRSF2 mutation was

commonly associated with shorter survival and advanced forms of MDS

and CMML (Makishima et al., 2012). The significant correlation among

different combinations of gene mutations suggests they may functionally

interact in MDS pathogenesis. Some combinations are enriched, such

as TET2 with SRSF2 and ZRSR2 mutations, while some are mutually

exclusive, such as SRSF2 with DNMT3A and EZH2 (Ochi et al., 2020).

The heterogeneity of MDS means that mutations could arise together

in the same clone or in several separate clones. Understanding the clonal

structure and relationship of genetic mutations is crucial for deciphering

MDS pathogenesis and progression. MDS originates when a founding

clone with somatically acquired mutations is positively selected because

the mutations confer a growth advantage, driving further transformation.

These driver mutations will be passed on to the descendent clones, along

with ‘passenger mutations’ that are harmless but can serve as markers

to determine clonal subpopulations. To study the clonal evolution of

MDS, variant allele frequency (VAF) is calculated from whole exome

sequencing or targeted sequencing data of bone marrow samples from

MDS patients. The higher the VAF, the earlier the mutation appeared

in the disease. Amongst the most frequently mutated genes, the DNA

methylation and RNA splicing pathway mutations are thought to be

founder events in MDS. Mutations in transcription factors, Ras signalling,
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and DNA repair pathways appear to arise secondarily and often drive

selection of dominant clones and progression to secondary leukaemia

(Haferlach et al., 2014).

The process of clonal evolution is very dynamic. Analysis of lon-

gitudinally collected MDS samples revealed that there are two distinct

evolution patterns (Makishima et al., 2012; Menssen and Walter, 2020). In

the first, several subclones evolved in a linear fashion, until one dominant

clone takes over. In the second, a new or pre-existing subclone becomes

dominant and replaces an older subclone, and eventually one clone re-

populates almost the entire tumour population. In both scenarios, new

clones are constantly emerging but the competition between different

subclones also intensifies. This is supported by observations that the

variance of VAFs is high in the early stages of MDS but decreases with

disease progression. Although the number of clones decreases, the num-

ber, diversity and size of the clonal mutations increases overtime (Chen

et al., 2019; Makishima et al., 2012).

From a therapeutic point of view, characterising the clonal popula-

tion not only can help to tailor the treatment plan for each individual

patient, but also can identify therapy-resistant clones early on. Allogenic

stem cell transplant or chemotherapy eradicates the majority of disease

clones. However, the remaining clones evolve and or have subclonal se-

lection leading to resistance to therapies (Ferrando and López-Otín, 2017).

Recently, Chen et.al, reported a non-linear, parallel evolution pattern of

MDS stem cell clones contributing to either MDS blast cell generation

or progression to AML. Using single-cell sequencing of sorted cell pop-

ulations from longitudinal samples of patients with MDS, Chen et.al.

was able to identify small subclones that would be undetectable due

to the technical limitations of bulk sequencing approaches (Chen et al.,
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2019). More studies of MDS clonal dynamics are warranted in the era of

single-cell sequencing.

1.4.2 Genetic landscape and clonal evolution of CMML

MDS and CMML share a similar genetic landscape with genes frequently

mutated including TET2 (60%) and SRSF2 (50%) (Loghavi and Khoury,

2018; Palomo et al., 2020). Other common mutations are ASXL1, RUNX1,

CBL, U2AF1, KRAS, DNMT3A, EZH2 and NRAS (Patel et al., 2017). In

total, mutations in 672 genes were detected in a cohort of 150 patients

by whole exome sequencing (WES). Similarly, 90% of patients have at

least one mutation with a medium number of three mutations per case,

as determined by targeted sequencing (Palomo et al., 2020). The average

number of mutations is 19 by WES. CMML-2, the advanced form, has a

higher mutational burden than CMML-1 (Patel et al., 2017) (Figure 1.4B).

In terms of the pattern of clonal evolution, sequencing studies of

CMML patients suggest an early clonal dominance at the stem cell stage,

followed by a mostly linear progression and acquisition of secondary mu-

tations in the same clone. Clonal heterogeneity is less common compared

to MDS and most likely due to loss of heterozygosity (LOH) (Itzykson et

al., 2013). When examining the order of mutation acquisition, TET2 and

ASXL1 are the most common founder mutations. SRSF2 mutation has an

equal chance of presenting as founder or secondary hit. Although CMML

shares a similar molecular profile with MDS, certain mutations are more

common and associated with the monocytic phenotype in CMML, such

as TET2 and SRSF2, indicating a functional co-operation (Itzykson et al.,

2013; Patel et al., 2017,Palomo, 2020).
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1.4.3 Genetic co-operativity in MDS and CMML

Given the complexity of cancer mutation networks, it is unlikely that

MDS or CMML pathogenesis are driven by a single genetic event.This

multi-genic model of MDS and CMML pathogenesis has been confirmed

by sequencing studies of both diseases (Haferlach et al., 2014). Analogous

to the ‘two hits’ theory for acute leukaemia where a first hit stimulates cell

proliferation and a second hit blocks haematopoietic differentiation, MDS

and CMML are the result of multiple genetic alterations (Gilliland and

Griffin, 2002; Menssen and Walter, 2020; Palomo et al., 2020). Even though

MDS and CMML are both generally diseases of the elderly, genetic muta-

tions responsible for the pathology may have been acquired decades prior

to the patients being diagnosed (McKerrell et al., 2015). With the first

somatic mutation being a randomly generated event, the second and third

mutations are more likely to be a result of preferential selection. When

comparing different pathway mutations in MDS, there is a correlation be-

tween certain functional pathways, such as the Ras pathway with splicing

or receptor/kinase pathways with splicing (Haferlach et al., 2014) (Figure

1.4C-D). A specific combination of mutations in two pathways confers

greater selective advantages over other possible mutational combinations.

Makishima et al. and other groups demonstrated a dynamic clonal evo-

lution of MDS to secondary AML (sAML) (Bejar, 2018; Makishima et al.,

2017; Menssen and Walter, 2020). While many clones share the same set

of mutations at the beginning, there is a distinct enrichment pattern for

mutations in MDS phase (TET2, ZRSR2 and ASXL1, enriched in high-risk

MDS vs. low-risk MDS) or sAML phase (FLT3, NRAS and IDH1, enriched

in sAML vs. high-risk MDS). Thus, understanding why certain mutations

are enriched together or certain genetic combinations emerge as disease

progresses is crucial for diagnosis, outcome prediction and identifying

new treatment options.
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Figure 1.4: Frequency of recurrent mutations and their correlations in
MDS and CMML
A. The frequency of recurrent mutations in MDS.
B. The frequency of recurrent mutations in CMML.
C. The correlations of MDS mutations illustrated in a staircase plot.
D. The correlations of CMML mutations illustrated in a staircase plot.
Mutation data from (Haferlach et al., 2014) for MDS and (Merlevede et al., 2016) for
CMML. Correlation data from (Ogawa, 2019) for MDS and (Patel et al., 2017) for CMML.
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1.5 RNA splicing and cancer

1.5.1 RNA splicing and the spliceosome

RNA splicing is an essential process that occurs in nearly all cellular

transcripts. Splicing is carried out by the spliceosome, a complex molec-

ular machine, which removes non-coding introns and joins the 5’ and 3’

splice sites together in the pre-messenger RNA (pre-mRNA) to form a

multi-exonic mature mRNA. The “spliced” mRNA is then exported into

the cytoplasm where it can be translated into protein. The first step of

splicing involves the recognition of exon-intron boundaries by the U1 and

U2 major spliceosome subunits. This is followed by assembly and disas-

sembly of U2, U4 and U5 subunits, which catalyses the removal of introns

and joining of two exons (Matera and Wang, 2014). Generally, pre-mRNA

undergoes constitutive splicing, as well as alternative splicing which cre-

ates different mRNA isoforms, thus potentially multiple proteins, from

the same gene. RNA splicing is a key step in increasing the diversity of

the transcriptome, and subsequent proteome, that can be generated from

a fixed number of genes within the genome. Alternative splicing occurs

under normal physiological conditions as well as in diseases (Kelemen et

al., 2013).

1.5.2 Regulation of RNA splicing

Splicing is tightly controlled and regulated to ensure its high-fidelity.

The regulatory process mainly involves the cis-acting RNA elements and

trans-acting factors. The cis-acting RNA elements include splicing signals,

such as the 5’ and 3’ splicing sites and splicing regulatory elements (SREs)

(Fu and Ares, 2014). SREs are short RNA motifs that regulate splicing site

selection and include exonic splicing enhancers (ESEs), exonic splicing
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silencers (ESSs), intronic splicing enhancers (ISEs) and intronic splicing

silencers (ISSs). These motifs serve as the binding sites of trans-acting

splicing factors (Figure 1.5A). Splicing signals serve as the navigator

of the spliceosome machinery that enables splicing to take place at the

correct location, which involves the definition of exon-intron junctions.

There are many ‘decoy’ splice sites which contain sequences similar to

the authentic splicing site in the intron. Despite the ‘decoy’ sites, the exon

and intron definition complex - the machinery that marks the boundary of

exons or introns - recognises the splicing site correctly. This suggests that

additional structural information might be involved during the process

(Matera and Wang, 2014).

The trans-acting splicing factors are RNA binding proteins that regu-

late splicing by interacting with cis-acting regulatory elements in splice

sites during the early and intermediate steps of spliceosome assembly

(Fu and Ares, 2014). The trans-acting splicing factors bind to short RNA

sequences that lie within close proximity to splice sites in both exons and

introns. One well-studied example is protein polypyrimidine tract bind-

ing (PTB), where a splicing factor binds to a short polypyrimidine track

and inhibits splicing (Sharma et al., 2008). These enhancers or silencers

are bound by trans-acting RNA binding proteins, such as serine/arginine-

rich proteins (SR proteins) and heterogeneous nuclear ribonucleoproteins

(hnRNPs). SR proteins often promote splicing while hnRNPs repress

splicing. However, the exact mode of action is highly context-dependent

and tightly controlled by complex regulatory mechanisms (Dvinge et al.,

2016). Other factors that have been shown to influence splicing include

RNA structure, transcription initiation and elongation, and chromatin

structure (Matera and Wang, 2014).
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Figure 1.5: Schematic of RNA splicing and aberrant splicing events
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binds the branch-point site adenosine, U2AF2 binds to the polypyrimidine tract
sequence, and U2AF1 binds the 3’ splice site; SRSF2 binds to the exonic splice
enhancer sequence within the exonic sequence. Cis- and trans-acting factors
can both positively or negative regulate splicing. Proteins which are frequently
mutated are marked with an asterisk.
B. The different types of aberrant splicing events are illustrated. The solid lines
represent aberrant splicing and dashed lines represent normal splicing events.
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1.5.3 Aberrant alternative RNA splicing in cancers

Alternative splicing enables proteomic diversity from a fixed genome.

Mis-regulation of alternative splicing enables cancer cells to create tumour-

associated splice variants in almost every aspect of cancer biology, includ-

ing apoptosis, cell-cycle control, differentiation, proliferation, invasion,

and angiogenesis (Anczuków et al., 2012; Xu and Lee, 2003; Zhang and

Manley, 2013). So far, more than 15,000 tumour-specific splice variants

have been discovered across a wide range of cancers, with each type of

cancer harbouring its own unique alternative splicing events (He et al.,

2009; Shapiro et al., 2011; Venables et al., 2008). The types of aberrant

alternative splicing are largely similar to those of normal differentiated

cells and include cassette exons, alternative 5’ splice sites, alternative 3’

splice sites, intron retention and mutually exclusive exons (Figure 1.5B).

Studies have shown that misregulation of alternative splicing is linked

with altered levels of splicing factors (David and Manley, 2010). Overex-

pression of SR proteins, such as SRSF1, SRSF3 and SRSF6 are reported in

lung, colon and breast cancer (Anczuków et al., 2012; David and Manley,

2010; Karni et al., 2007). The hnRNPs family and other splicing factors

have also been implicated in both oncogenic and tumour suppressor roles.

However, there is no evidence suggesting that altered levels of splicing

factors alone can drive or maintain tumorigenesis. About a decade ago,

the first direct link between RNA splicing and cancer was established

with the discovery of splicing pathway mutations in haematological ma-

lignancies (Wang et al., 2011; Yoshida et al., 2011). The most frequent RNA

splicing mutations in MDS include SF3B1, SRSF2, U2AF1 and ZRSR2

(Graubert et al., 2011; Yoshida et al., 2011) (Table 1.4 and Figure 1.5). Each

splicing mutant is linked to a distinct subtype of MDS or MDS/MPN

and mutations are mutually exclusive, although in rare cases two con-

comitant splicing mutations have been observed in the same cell (Taylor
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et al., 2020). In myeloid leukaemia, SF3B1 mutations are predominantly

(>90%) found in MDS with ring sideroblasts (MDS-RS) and have a good

prognosis compared to other MDS subtypes (Papaemmanuil et al., 2011).

When mutated, SF3B1 K700E leads to aberrant use of the 3’ splicing site

due to mis-recognition of the branchpoint sequence (Carrocci et al., 2017;

Darman et al., 2015; DeBoever et al., 2015). For U2AF1, hotspot muta-

tion S34 leads to promotion of exon inclusion at the 3’ splicing site of

the transcript (Brooks et al., 2014; Ilagan et al., 2015). Previously, I re-

viewed the phenotypes of the in vivo mouse models of splicing mutation,

including Sf3b1, U2af1 and Srsf2 (Xu et al., 2019). I will summarise the

current knowledge of SRSF2 and its function in normal and malignant

haematopoiesis in Section 1.6.

Table 1.4: Frequency of RNA splicing mutations in haematological
malignancies

Gene Frequency (%) Reference 

SF3B1 MDS:32.9% 

MDS with ring sideroblasts: >90% 

MDS/MPN:19.3% 

CLL: 9.7%-15% 

(Haferlach et al., 2014) 

(Papaemmanuil et al., 2011) 

(Malcovati et al., 2011) 

(Quesada et al., 2012) 

(Wang et al., 2011) 

SRSF2 MDS:17.6% 

CMML:50% 

(Haferlach et al., 2014) 

(Merlevede et al., 2016) 

U2AF1 MDS:7.7% (Haferlach et al., 2014) 

ZRSR2 MDS: 7.9% (Haferlach et al., 2014) 

 

CLL, Chronic lymphocytic leukaemia
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1.6 Serine-arginine rich splicing factor 2 (SRSF2)

Serine-arginine rich splicing factor 2 (SRSF2), previously known as SC35,

is a member of the SR protein family that regulates constitutive and alter-

native splicing. The SRSF2 protein has two domains, the RNA binding

domain and an arginine- and serine-rich (RS) domain. The RNA recog-

nition motif binds to the ESEs elements in the exon, which are located

close to the upstream 3’ splicing site. After binding, SRSF2 interacts with

both the U2 major spliceosome complex at the 3’ splicing site and the U1

complex at the downstream 5’ splicing site to promote exon inclusion.

Structural studies have identified that CCNG or GGNG are the highly

conserved consensus binding sequences for SRSF2 (Daubner et al., 2012).

While the role of SRSF2 in constitutive splicing is well-studied, its

role in alternative splicing is yet to be fully understood (Fu, 1995). Early

studies used artificial mini-gene constructs in transfected cells and found

that alternative splicing might be regulated in a concentration-dependent

manner (Fu et al., 1992; Krainer et al., 1990). However, there was limited

understanding about the regulation of alternative splicing and its biolog-

ical effect in vivo. Wang et al., first reported the role of SRSF2 in T cell

development and alternative splicing of Cd45 in a conditional knock-out

murine model (Wang et al., 2001). Later Xiao et al., demonstrated that

SRSF2 plays critical roles in cell proliferation and genome stability (Xiao et

al., 2007). SRSF2 is also involved in other splicing-independent functions,

such as transcriptional elongation and cell cycle control (Lin et al., 2008;

Xiao et al., 2007).
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1.6.1 SRSF2 function in haematopoiesis

The function of SRSF2 in haematopoiesis had not been extensively inves-

tigated except for its role in T cell development as mentioned earlier and

it didn’t come to light until Yoshida et al., revealed that SRSF2 mutations

are frequently found in haematological malignancies such as MDS and

CMML (Yoshida et al., 2011). To understand the role SRSF2 plays in

haematopoiesis, Komeno et al., generated an Srsf2 deficient mouse model

(Srsf2 fl/fl mice) using the constitutively active Vav-Cre, which deleted

Srsf2 in all haematopoietic tissues, and also the inducible Mx1-Cre, which

deletes Srsf2 somatically in many tissues upon poly(I);poly(C) injection.

The study showed that deletion of Srsf2 leads to pancytopenia and bone

marrow failure in developing embryos, with Srsf2 deficient embryos dy-

ing between E16.5 and E18.5, and when somatically deleted in adult mice

(Komeno et al., 2015). The same phenotype was reproduced by Kim et al.

(Kim et al., 2015). Whilst these studies have clearly defined an important

role for SRSF2 in maintaining normal haematopoiesis, patient mutations

are rarely null mutations.

1.6.2 SRSF2 mutation leads to a change in RNA binding

affinity

In MDS and CMML the mutations of SRSF2 are heterozygous and the

mutant protein has an altered function compared to normal SRSF2 protein.

Homozygous mutations or compound heterozygosity with a mutant al-

lele and a null allele have not been identified, suggesting that retention of

a wild-type copy is necessary for cells to survive (Lee and Abdel-Wahab,

2016). Mutations in SRSF2 occur almost exclusively at proline 95 (p.Pro95),

with the most frequent being a missense proline to histidine substitution

(p.Pro95His; P95H) (Yoshida et al., 2011). P95 is located at a hinge region
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between the RNA recognition motif (RRM) and arginine/serine-rich do-

main (RS) of SRSF2 protein (Figure 1.6A). Although P95H is not present

in either RRM or RS, in silico analysis has predicted that it leads to a

confirmation change in the SRSF2 protein that impacts the binding affin-

ity of the RRM domain (Meggendorfer et al., 2012). Zhang et al., later

demonstrated that P95H mutation leads to altered RNA binding affinities.

Mutation of P95 to H95 changed the binding preference from an equal

binding affinity to CCNG and GGNG motifs to an increased binding

affinity for the CCNG motif and decreased binding to GGNG (Zhang

et al., 2015) (Figure 1.6B). However, the altered binding affinity can ad-

ditionally depend on the sequence context. The P95H mutation does

not appear to affect the protein-protein interactions of SRSF2 with other

spliceosome complexes, but as SRSF2 is a splicing regulator, any func-

tional change could affect 3’ splice-site recognition and result in aberrant

splicing. Some of the proposed mis-spliced target transcripts include,

EZH2, BCOR, IKAROS, CASP8 and FYN (Armstrong et al., 2018; Kim et

al., 2015; Zhang et al., 2015). The mis-splicing of SRSF2 P95H is discussed

further in Section 1.6.3 and Chapter 4 of this thesis.
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Figure 1.6: SRSF2 mutation frequently occurs at P95 and leads to a
change in RNA binding site recognition
A. Mutations in SRSF2 mostly occur at the Proline (P) 95 site and lead to a
substitution with Histidine (H), Leucine (L) or Arginine (R). The Proline to
Histine change is the most frequent. RRM, RNA recognition motif. SRSF2
protein and mutation profile are produced using ProteinPaint.
B. SRSF2P95H protein has an altered binding affinity for the RNA sequence on
the exonic splice enhancer (ESE). While WT SRSF2 recognises CCNG and GGNG
equally well, SRSF2P95H has an increased binding affinity for CCNG (red color)
and decreased affinity for GGNG (green color). N represents either A, U, C or G.



34 Chapter 1. Introduction and background

1.6.3 Mechanism of SRSF2 P95H mutation in MDS patho-

genesis: poison exon?

To determine how Srsf2P95H induces MDS, Kim et al. analysed the binding

preference of the RNA binding motif and found a similar change in

binding affinity as was shown by Meggendorfer et al. and Zhang et al.

(Meggendorfer et al., 2012; Zhang et al., 2015). The change in binding

preference led to alternative splicing, with exon skipping being the most

common event. Instead of solely a direct effect, alternative splicing is

also likely to be an indirect consequence of SRSF2 P95H mutation. Liang

et al. demonstrated that most altered binding sites of SRSF2P95H are

not located within the alternatively spliced exons, but in genes enriched

in RNA processing and splicing. Alternative splicing is thus a result of

a ‘splicing cascade’, leading to modification of the RNA splicing and

processing network, set off by SRSF2 P95H mutation (Liang et al., 2018).

To identify common changes in mis-splicing events, Kim et al. compared

sequencing data from purified murine lineage-c-Kit+Sca-1+ (LKS+) and

myeloid progenitor (MP, lineage-c-Kit+Sca-1-) cells, as well as CMML

and AML samples with SRSF2 mutation. They found that EZH2, a key

regulator of haematopoiesis, showed altered splicing, with SRSF2P95H

mutation promoting the inclusion of a ‘poison’ exon (incorporation of a

premature stop codon) of EZH2. EZH2 is a gene with frequent loss-of-

function mutations in MDS. The alternative exon usage was proposed to

result in the degradation of EZH2 mRNA via non-sense mediated decay

(NMD), thus less functional EZH2 protein. However, the conclusion that

EZH2 is a critical mis-spliced target of SRSF2 P95H was challenged by

Zhang et al. using human K562 SRSF2P95H knock-in cells (Zhang et al.,

2015) and also by Kon et al. in a murine Srsf2P95H model (Kon et al., 2018),
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where neither group was able to reproduce the original EZH2/Ezh2 mis-

splicing finding and, in contrast, found that the changes in EZH2/Ezh2

splicing were not significant. Our group also examined the mis-splicing of

Ezh2 using a murine model. We found no change in transcript isoforms in

total splenocytes from Srsf2P95H/+ mice, nor in two other reported targets

(Bcor or Dot1l). However, as a positive control, we could detect a change

in exon inclusion of the Cd45 transcript and the resultant CD45 protein

isoforms in Srsf2P95H/+ cells (Smeets et al., 2018).

Although few other groups also detected similar poison exon inclu-

sion in EZH2 in their studies, it is questionable whether a single transcript

can account for the mechanism of SRSF2 P95H induced tumorigenesis

(Bechara et al., 2013; Pellagatti et al., 2018). So far, none of the individual

transcript targets discovered have been proven to be crucial pathogenic

mis-splicing events caused by SRSF2 P95H mutation. This is supported

by an recent paper analyzing RNA-seq from > 1,200 patient samples

(Hershberger et al., 2020). Thus, the question remains which transcript

or set of transcripts are the pathogenic targets of splicing mutations. An

alternative hypothesis suggests that MDS is more likely to be the result

of multiple, potentially thousands of mis-splicing events, a phenomenon

called ‘Spliceosome Sickness’. The contribution of each individual mis-

splicing event is insignificant when compared to the combined effect of all

together (Darman et al., 2015). This is supported by evidence that SRSF2

mutation induces a broad, but subtle, transcriptional and splicing change

(Kim et al., 2015; Seiler et al., 2018). However, it is a technical challenge

to confirm this hypothesis since the ‘mini’ mis-splicing events often fall

below the cut-off range of commonly employed bioinformatics methods

(Rahman et al., 2020; Zhang et al., 2015). More studies are needed to

determine whether a ‘specific mis-splicing target’ model, a ‘death by a
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thousand cuts’ model or maybe a combination of multiple mechanisms

underlie the effects of spliceosome mutations.

1.6.4 Targeted therapy for RNA splicing mutated

MDS/CMML

Spliceosome mutations are heterozygous and exhibit a mutually exclusive

pattern between spliceosome mutations/disease subtype, which suggests

a synergistic lethality or functional redundancy between the spliceosome

compartments. The fact that spliceosome mutations exist in a heterozy-

gous pattern also suggests that the remaining wild-type allele is crucial to

sustain the essential splicing catalysis. Thus, cells carrying spliceosome

mutations could be more susceptible to further spliceosome damage as

there is only one copy of the wild-type allele compared to two copies in

normal cells (Bonnal et al., 2012; Lee and Abdel-Wahab, 2016).

With this potential therapeutic targeting strategy in mind, the next

step is to determine how to target the spliceosome and which drugs are

available. Since splicing is a multi-step process, there are many choices for

modulation, for example, disrupting spliceosome assembly, interfering

with splicing regulatory elements or targeting the mis-spliced protein

(Kim and Abdel-Wahab, 2017; Lee and Abdel-Wahab, 2016). For targeting

splicing factors directly, in the context of SRSF2 P95H, SF3B1 K700E and

U2AF1 S34Y mutations, two groups of natural anti-tumour compounds

and their derivatives have been identified. The first group is the Pla-

dienolides, with Pladienolide B being the naturally occurring compound

and E7107 a synthetic derivative (Kotake et al., 2007). The second group

are the Spliceostatins, with FR901463, FR901464 and FR901465 as natu-

ral compounds and Meayamycins, Spliceostatin A and Sudemycins as

derivatives (Kaida et al., 2007). Both classes of compounds disrupt the
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binding of SF3B1 within the U2 complex to the 3’ splicing site of the

pre-mRNA. This results in an accumulation of unspliced or mis-spliced

products in the cells, which ultimately leads to cell cycle arrest in the G1

and G2/M phases (Bonnal et al., 2012; Kaida et al., 2007).

Several pre-clinical and clinical trials have evaluated the efficacy

of Pladienolides and Spliceostatins in haematological cancers. Lee et

al. firstly tested E7107 in two models: MLL-AF9 transformed mouse

leukaemia and acute myeloid leukaemia (AML) patient-derived xenografts

(PDXs) (Lee and Abdel-Wahab, 2016). In both models, leukaemic cells

with Srsf2P95H/+ (mouse) or SRSF2P95H/+ (human) showed a modest pref-

erential sensitivity towards E7107 treatment. There was an increase in

apoptosis in treated mutant cells and a slower leukaemia progression

compared to vehicle. E7107 was also tested against Sf3b1K700E/+ muta-

tion bearing cells. In this mouse model, Obeng et al. showed a 2-fold

difference between Sf3b1+/+ (IC50 = 1.249nM) and Sf3b1K700E/+ cells (IC50

= 0.619nM) (Obeng et al., 2016). For Spliceostatins, Shirai et al. treated

U2AF1(S34F) expressing K562 and OCI-AML3 cells with Sudemycin D6

and showed a 2-fold difference in sensitivity between mutant and wild-

type cells (Shirai et al., 2015). Aside from pre-clinical testing, E7107 was

studied in two separate phase I clinical trials on locally advanced or

metastatic solid tumours (NCT00459823, NCT00499499). However, both

trials were terminated due to optical toxicity (blindness) (Hong et al.,

2014). The more recent study introduced H3B-8800, another splicing

modulating molecule based on Pladienolide. Seiler et al. treated a PDX

model of AML with SF3B1K700E mutation and a PDX model of CMML

with SRSF2P95H mutation with H3B-8800. In both models, there was a

decrease in leukaemia burden in the splicing-mutant group compared

to the non-splicing mutant counterpart. H3B-8800 also demonstrated a
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higher efficacy than E7107 (Seiler et al., 2018). This compound is yet to

undergo clinical trials, to test its on-target effect on spliceosome inhibition

without potential excessive toxicity in wild-type cells.

1.7 DNA methylation and TET2

1.7.1 DNA methylation in haematopoiesis

DNA methylation is an important and widespread epigenetic modifi-

cation of the genome. DNA methyltransferase (DNMT) adds a methyl

group (m) to cytosine (C) and forms 5-methylcytosine (5mC). In contrast,

the process of demethylation is catalysed by Tet-eleven translocation

(TET) enzymes, which demethylate 5mC into 5-hydroxymethylcytosine

(5-hmC), 5-formylcytosine (5-fmC) and 5-carboxylcytosine (5-CmC), in an

α-ketoglutarate and Fe2+ dependent manner (Solary et al., 2014; Tahiliani

et al., 2009) (Figure 1.7). Methylation of the promotor regions inhibits

transcription and subsequently down-regulates the expression of affected

transcripts, while demethylation up-regulates gene transcription.

Both self-renewal and differentiation of HSCs are tightly associated

with changes in DNA methylation patterns. The loss of Dnmt1 in HSCs

severely impairs self-renewal capacity, whereas loss of Dnmt3a or Dnmt3b,

the two de novo methyltransferases, enhances the self-renewal capacity

(Challen et al., 2011; Trowbridge et al., 2009). In terms of differentiation,

loss of Dnmt3a leads to a differentiation blockage, which is exaggerated

by dual loss of Dnmt3a and Dnmt3b (Challen et al., 2011). In contrast,

Dnmt1-/- HSCs lose commitment to lymphoid lineages while myeloid and

erythroid lineages remain unaffected (Broske et al., 2009; Tadokoro et al.,

2007). The phenotypic differences could be attributed to the different roles

of the methyltransferases. DNMT1 performs constitutive methylation to
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maintain the methylation pattern during replication, whereas DNMT3A

and DNMT3B establish new methylation patterns on unmodified DNA

(Okano et al., 1999). The changes in HSC self-renewal vs differentiation

behaviour are accompanied by upregulation of multipotency genes, such

as Gata3, Runx1, Pbx1 and Cdkn1a, and downregulation of HSC differen-

tiation genes, such as Flk2, Ikaros, Sfpi1 and Mef2c (Challen et al., 2011).

However, there is no clear correlation between differential gene expres-

sion and methylation status in Dnmt3a-null HSCs, which indicates an

indirect regulatory mechanism.

Nevertheless, changes in DNA methylation and gene expression lev-

els can be well-correlated in myeloid vs lymphoid differentiation. Ji et al.

demonstrated a correlation between lineage-specific gene expression and

differentially methylated regions (DMRs) (Ji et al., 2010). DMRs include

both CpG islands, regions with higher CpG nucleotide density, and CpG

shores, regions within 2 kilobases of a CpG island. Although most DNA

methylation occurs on CpG islands, more differential methylation occurs

on the CpG shores than islands during cellular differentiation (Doi et al.,

2009). Genes that play important roles in lineage-fate decision, like Lck

and Mpo, are gradually upregulated while DMRs on the gene are progres-

sively demethylated (Ji et al., 2010). Overall, there is a steady increase

in methylation upon lymphoid commitment relative to myeloid, which

corresponds to the myeloid skewed phenotypes in Dnmt1-hypomorphic

mice (Broske et al., 2009).
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Figure 1.7: DNA methylation and demethylation by DNMT3A and TET2
DNA methylation and demethylation mostly occurs on the CpG islands of
genome. Here in a simplified illustration, DNMT3A adds a methyl group
to cytosine and forms 5-methylcytosine. TET2 demethylates by transforming
5-methylcytosine into 5-hydroxymethylcytosine, in an iron (Fe2+) and alpha-
ketoglutarate dependent manner. The 5hmC is then processed and eventually
produces cytosine.
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1.7.2 Deregulation of DNA methylation in haematologi-

cal malignancies

Given the importance of DNA methylation in the regulation of normal

haematopoiesis, it is no surprise that mutations in the DNA methyla-

tion pathway are frequently found in haematological malignancies. Re-

current mutations of DNMT3A, TET2 and Isocitrate Dehydrogenase 1

and 2 ( IDH1/2) have been implicated in myeloid malignancies, such as

AML, MDS, MPN and MDS/MPN, as well as in lymphoid malignancies

(Brunetti et al., 2017). I have summarized the relationship between muta-

tions in the DNA methylation pathway and haematological malignancies

in Table 1.5.

DNMT3A mutations were first reported in AML, followed by sub-

sequent discoveries in MDS, MPN and MDS/MPN overlap syndromes

(Ley et al., 2010; Shlush et al., 2014). Mutations are enriched at codon

R882, which is predominantly a heterozygous mutation in AML and

other myeloid neoplasms. The homozygous R882 mutation only oc-

curs in T-cell acute lymphoblastic leukaemia (T-ALL), which suggest a

gene-dosage effect on disease phenotype (Gaidzik et al., 2013; Gale et

al., 2015). DNMT3A mutations are detectable in 20% of de novo AML,

and frequently associated with NPM1 and FLT3 mutations. The preva-

lence of DNMT3A mutations in other myeloid neoplasms is significantly

lower than in AML with 13.5% in MDS and 6.5% in MPN, respectively

(Papaemmanuil et al., 2013; Stegelmann et al., 2011; Walter et al., 2011).

Mechanistically, the R882 mutation has a dominant-negative effect on

the homo-tetramerization of DNMT3A. This leads to formation of het-

erodimers instead of the catalytically active DNMT3A homo-tetramers,

which reduces the methyltransferase activity.
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IDH1/2 are metabolic enzymes that convert isocitrate to α-ketoglutar-

ate (αKG) while producing NADPH from NADP+ and CO2 (Cairns and

Mak, 2013). When mutated, IDH1 (R132) and IDH2 (R172 or R140)

create neomorphic enzymes that convert αKG into a D-enantiomer of

2-hydroxyglutarate (2HG), which competitively inhibits the normal func-

tion of αKG. In cells, αKG acts as an important co-factor for enzymes of

the TET family and for histone demethylases of the Jumonji class (Xu

et al., 2011). Mutated IDH1/IDH2 leads to a reduction of 5hmC levels,

DNA hypermethylation and hypermethylation of histone markers, which

phenocopies the effects of TET2 mutation (Kernytsky et al., 2015). Al-

though some phenotypes observed in Idh1/Idh2 mutant mice are similar

to Tet2 knock-out mice, Idh1/Idh2 mutation does not induce leukaemia

(Kats et al., 2014; Sasaki et al., 2012). Co-operativity of IDH1/2 mutation

with other frequent mutations in AML is currently being investigated

(Ogawara et al., 2015).

1.7.3 TET2 mutation in haematological malignancies

TET2 is part of the TET family of dioxygenases, which contains two other

members, TET1 and TET3. TET1 was discovered as a fusion protein in

the mixed lineage leukaemia (MLL) gene translocation in AML, followed

by identification of TET2 and TET3 by homology search (Lorsbach et al.,

2003). TET enzymes exhibit distinct expression patterns in various tissues,

with TET1 transcripts expressed mostly in embryonic stem cells and

TET2 transcripts predominantly in haematological and neuronal tissues

(Tahiliani et al., 2009). The catalytic domain of TET2 is located at the

C-terminus, which is a double-stranded β-helix (DSBH) fold. The DSBH

fold contains motifs that assist in the binding of Fe2+ and 2-oxoglutarate

(also known as α-KG) (Pastor et al., 2013). TET-mediated demethylation

is performed in both passive and active forms by the enzyme, and is
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closely co-ordinated with DNA replication and base excision repair (BER)

(Hajkova et al., 2010; Mayer et al., 2000).

Since 2009, TET2 mutations have been reported in a range of haema-

tological malignancies, such as AML, MDS, MPN, MDS/MPN and lym-

phoid malignancies (Abdel-Wahab et al., 2012; Delhommeau et al., 2009;

Langemeijer et al., 2009; Quivoron et al., 2011) (summarised in Table 1.5).

The frequency of TET2 mutation ranges from 10 to 50%, with the highest

rate observed in CMML. TET2 mutations impact all domains of the TET2

protein and result in a partial or total loss of TET2 activity, and then a

global reduction of 5hmC in TET2 mutant CMML patients (Ko et al., 2015).

TET2 mutation is an early genetic event and occurs before transformation,

as alterations in TET2 can be found in the healthy elderly population as

well as in individuals with CHIP (Ferrando and López-Otín, 2017).

1.7.4 Targeted epigenetic therapy for MDS/CMML

The plasticity of DNA methylation patterns and its frequent involvement

in haematological malignancies paved the way for DNA hypomethylating

agents (HMA). HMAs are thought to work in part by causing the re-

expression of genes that were silenced during malignant transformation.

5-azacytidine (Azacitidine) and 5-aza-2-deoxycytidine (Decitabine) are

the two FDA-approved HMAs used widely in the treatment of MDS,

MDS/MPN and secondary acute myeloid leukaemia (sAML). Both agents

act as DNMT1 inhibitors that stop the aberrant methylation pattern being

passed on to daughter cells during DNA replication (Uy et al., 2017). In

the cell, azacitidine is incorporated into RNA as well as DNA at a 2:1

ratio, whereas decitabine is only incorporated into DNA. The difference in

pharmacokinetics could account for the distinct effects of the two agents

on malignant cells. A study by Flotho et al. showed that cells treated with
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Table 1.5: Frequency of DNA methylation mutations in adult
haematological malignancies (Adapted from (Brunetti et al., 2017;
Guillamot et al., 2016))

Gene Haematological 
malignancy 

Frequency (%) Reference 

DNMT3A AML De novo AML 22.1% 

Intermediate risk AML 

29.8% 

De novo AML, s-AML 

and t-AML: 20.9% 

 

(Gaidzik et al., 

2013; Gale et al., 

2015; Ley et al., 

2010) 

T-ALL 19.3% (Grossmann et al., 

2013) 

 

MPAL T/myeloid AML 55.6% (Wolach and Stone, 

2015) 

 

MDS 13.5% (Haferlach et al., 

2014) 

 

MPN 6.5% (Stegelmann et al., 

2011) 

 

CMML CMML-1: 3.1% 

CMML-2: 13.2% 

 

(Roller et al., 2013) 

T-cell lymphoma AITL and PTCL-NOS: 

26.6% 

CTCL: 42.5% 

(Choi et al., 2015; 

Sakata-Yanagimoto 

et al., 2014) 

 

IDH1/2 AML 16-19% 

 

(Mardis et al., 2009) 

(Marcucci et al., 

2010) 

 

MPN 2-5% 

 

MDS 3% 
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AITL 20-45% (Odejide et al., 

2014)  

 

TET2 AML 7-23% 

 

(Abdel-Wahab et al., 

2009) 

(Langemeijer et al., 

2009) 

(Delhommeau et al., 

2009; Tefferi et al., 

2009) 

 

MDS 10-20% 

 

CMML 50% 

 

DLBCL 6-12% (Quivoron et al., 

2011) (Asmar et al., 

2013) 

 

PTCL 19-51% (Palomero et al., 

2014) (Sakata-

Yanagimoto et al., 

2014) 

 

AITL Up to 76% (Asmar et al., 2013; 

Cairns et al., 2012; 

Couronne et al., 

2012; Odejide et al., 

2014; Quivoron et 

al., 2011) 

 

 

AML, acute myeloid leukemia; t-AML, therapy-related AML; s-AML, secondary AML;
T-ALL, T-cell acute lymphoblastic leukemia; MPAL, mixed phenotype acute leukemia;
MDS, myelodysplastic syndromes; MPN, myeloproliferative neoplasms; CMML, chronic
myelomonocytic leukemia; AITL, angioimmunoblastic lymphoma; DLBCL, diffuse large
B-cell lymphoma; PTCL, peripheral T-cell lymphoma; PTCL-NOS, peripheral T-cell
lymphomas not otherwise specified; CTCL, cutaneous T-cell lymphoma.
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azacitidine exhibit different gene expression profiles compared to those

treated with decitabine (Flotho et al., 2009). However, both azacitidine

and decitabine are used as frontline treatment for MDS and show no

significant difference in clinical response (Roberts and Steensma, 2015).

Even though the HMAs are widely used therapies for MDS and

MDS/MPN, the overall response rate and response duration is low and

variable. A meta-analysis showed that only 12% of patients achieve

complete remission (CR). In addition, the median response duration for

CR patients is only about one year, and the median survival is less than 6

months once patients relapse (Xie et al., 2015). Some clinical factors, such

as a younger age, favourable cytogenetics and lower bone marrow blasts

are associated with higher response rates. In contrast, prior treatment

with cytarabine, high bone marrow blast counts (>15%) and complex

karyotypes are associated with poor response rates (Itzykson and Fenaux,

2011; Roberts and Steensma, 2015). In terms of molecular markers, TET2

mutation has been linked with a higher response rate (Bejar and Steensma,

2014; Itzykson and Fenaux, 2011). The presence of other DNA methylation

mutations, such as DNMT3A and IDH1/2, also predict a better response to

HMAs (Roberts and Steensma, 2015; Traina et al., 2014). The mechanism

behind HMA resistance is largely unknown. Recent studies of HMA

responders vs non-responders indicate that HMA non-responders have

more quiescent HSCs before treatment. Since active DNA replication is

required for incorporation of azacytidine or decitabine into the DNA, this

might explain the lack of response in these patients (Meldi and Figueroa,

2015; Unnikrishnan et al., 2017). Overall, these results highlight the fact

that alternative therapeutic options are urgently needed to improve the

survival rate of high-risk MDS and MDS/MPN patients.
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1.8 CBL in haematopoiesis and

leukaemogenesis

CBL (also known as c-CBL) is part of a protein family that is involved in

negative regulation of activated receptor tyrosine kinases (RTKs). The

main domains of the CBL proteins are a tyrosine kinase-binding domain

(TKB), a linker region and RING finger domain, followed by a proline-

rich region and the carboxyl-terminal domain. Activated RTK binds to

CBL, which becomes phosphorylated, then recruits ubiquitin-conjugating

enzymes (E2s) or ubiquitin-carrier enzymes (UBCs) and directs the degra-

dation of RTKs. Besides regulating RTKs, CBL also positively regulates

SRC-family kinases independent of its E3 ubiquitin activity (Thien and

Langdon, 2001).

CBL is a proto-oncogene which drives tumorigenesis when mutated.

In AML (1-3%), CMML (13-15%) and Juvenile myelomonocytic leukaemia

(JMML, 11-17%) patients, CBL mutations mostly occur in the linker and

RING finger domain, principally as missense mutations and deletions

(Sanada et al., 2009; Klampfl et al., 2013; Niemeyer, 2018; Palomo et al.,

2020) (Figure 1.8). CBL mutations are highly correlated with acquired

uniparental disomy (aUPD), where cells acquire two copies of the same

parental allele instead of one from each parental chromosome, leading to

loss of heterozygosity. When Cbl was deleted in mice with AML, Sananda

et al. found an acceleration of AML progression into the blast-crisis

phase, indicating Cbl functions as a tumour suppressor in vivo. However,

CBL mutations are not loss-of-function mutations as occur in TET2, but

rather represent a gain-of function. When Cbl-/- cells were reconstituted

with CBL mutations, the cells became hypersensitive to cytokines such

as SCF, IL-3, TPO and FLT3. There was also an increased activation of
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downstream signalling targets (STAT5, Akt), indicating CBL mutations

confer a proliferative advantage (Sanada et al., 2009).

Although Cbl mutations were known to promote aberrant cell sig-

nalling, the exact effect of Cbl mutation on haematopoiesis was unclear.

Rathinam et al. first characterised a Cbl RING finger mutant, Cbl(C379A),

mouse model. As most homozygous RING finger mutant mice died

in utero, mice were analysed as a single C379A (called A from here on)

hemizygous allele (CblA/-). Unlike control genotypes, CblA/- mice devel-

oped lethal myeloproliferative leukaemia (Rathinam et al., 2010). CblA/-

haematopoietic stem cells showed increased proliferation and reconstitu-

tion ability. Mutant cells were hypersensitive to cytokine stimulation and

had increased activation of Akt. These phenotypes were attenuated when

Flt3 ligand was deleted, indicating FLT3 was one of the main targets of

the CBL protein. Increasing clinical evidence indicates that CBL mutation

is one of the key mutations in myeloid leukaemia. The latest WHO classi-

fication of myeloid leukaemia additionally recommends germline CBL

mutation testing as one of the diagnostic criteria for JMML (Arber and

Hasserjian, 2015).

N C4H EF SH2 L

906

∆Y368CBL
RING

{
∆369-371 or ∆368-382TKB

Figure 1.8: CBL mutations occur at the linker-RING finger domain
CBL mutations are mostly missense mutations, such as ∆Y368, and occur at the
linker-RING finger domain, which is central to its E3 ubiquitin ligase activity.
Larger deletions can also occur in the linker-RING finger domain. TKB, tyrosine
kinase binding domain; 4H, four-helix bundle; EF, Ca2+-binding EF hand; SH2,
Src homology region 2.
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1.9 Mouse models of MDS and CMML

Mouse models have served as a valuable tool for understanding the patho-

genesis of haematological malignancies. In MDS, mouse models were

generated by targeting putative mutations that may be responsible for

MDS, of which the number was limited before the discovery of recurrent

mutations by Next-Generation sequencing (NGS) technology. The first

model to be generated was a mouse model of del(5q), since del(5q) was

one of the most common cytogenetic abnormalities in MDS with well

characterised clinical manifestations. Barlow et al., first generated a 5q

deletion model by large-scale deletion of the chromosomal region corre-

sponding to the human 5q critical deleted region (CDR) (Barlow et al.,

2010). However, a large-scale deletion could not pinpoint the role of each

specific gene that could be responsible for the 5q- syndromes, as the CDR

spans over 1.5 megabase and contains at least 40 genes that might account

for the disease phenotype. Thus, new mouse models of 5q-syndromes

focused on genes located on the 5q CDR that were identified through

functional screens or frequently mutated in AML. Other MDS models

were generated based on translocations found in MDS patients following

transformation to AML (NUP98-HOXD13) or on genes that had been im-

plicated in MDS pathogenesis through bone osteoprogenitor dysfunction,

such as Dicer1 and Sbds deletion (Pineault et al., 2003; Raaijmakers et al.,

2010; Wegrzyn et al., 2011).

Another model that has been utilised is that of patient-derived xeno-

grafts of MDS bone marrow into immunodeficient mice, which enables

researchers to study human MDS in a controllable in vivo system. How-

ever, this approach has had many obstacles mostly due to low engraft-

ment/propagation of MDS-derived clones. So far, only a handful of

groups have successfully developed xenograft models that can engraft
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both low-risk and high-risk MDS samples as well as CMML samples and

replicate patients’ disease features (Rouault-Pierre et al., 2017; Song et al.,

2019; Yoshimi et al., 2017).

1.10 Mouse models of Srsf2 and Tet2 mutation

1.10.1 Mouse models of Srsf2 mutation

Kim et al., reported the first Srsf2 P95H conditional knock-in model

(Kim et al., 2015). The allele described approximated a gene-duplication

strategy (Figure 1.9) (Table 1.6). Very little data was presented describing

the phenotypic effects of this Srsf2P95H/+ model on native haematopoiesis

(i.e. not from transplant recipients). The authors state that none of the

Srsf2P95H/+ mice developed AML out to 70 weeks of monitoring, although

it is not certain if this refers to de novo mutated animals or transplant

recipients.

The authors principally reported analysis from non-competitive bone

marrow transplant assays for the remaining studies. Subsequent stud-

ies with this Srsf2 allele from the same laboratory have also used this

approach (Lee et al., 2018; Lee and Abdel-Wahab, 2016). At 18 weeks

post pIpC, the Srsf2P95H/+ recipients developed macrocytic anaemia and

leukopenia due to decreased B cell numbers, while the platelet numbers

remained normal. There was evidence of myeloid (hypolobated and

hypogranulated neutrophils) and erythroid dysplasia in the peripheral

blood/bone marrow but the estimated percentage of affected cells was not

reported. Within the bone marrow of the recipients, Kim et al., reported

that a major effect of the Srsf2P95H/+ mutation was an expansion of the

HPC-2 phenotype (LKS+CD150+CD48+) within the hematopoietic stem

and progenitor population. The authors reported an increased frequency
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of cells in S-phase and early apoptosis within the bone marrow. There is

an inconsistency of the reported phenotype presentation and penetrance

across publications from the same laboratory using this mouse model

that has not been addressed, but potentially indicates that the phenotype

is not fully penetrant. Through analysis of RNA-seq from both human

patients and murine samples the authors identified a group of mis-spliced

candidate genes, with EZH2 proposed as a key mis-spliced gene. This is

reviewed in Section 1.6.2 of this thesis.

Kon et al., reported an Srsf2 P95H conditional knock-in model de-

veloped using an inverted exon strategy (termed FLEx switch inversion

technique; Figure 1.9) (Table 1.6) (Kon et al., 2018). RNA sequencing

showed no expression from the modified allele in Cre-negative heterozy-

gous animals, indicating that the floxed allele was likely null when not

recombined. This was consistent with the failure to obtain animals that

had the non-recombined P95H allele homozygosed even in a Cre-negative

background (Kon et al., 2018). Why this is the case is unclear at present.

The targeting strategy itself may be the most significant contributor in

this particular instance. The separation of the 5’UTR from the first coding

exon, in effect exonisation of the UTR, and the numerous modifications

around the coding exon and the sequence insertion within the first intron

may have had a significant effect on endogenous gene regulation.

The Srsf2 P95H conditional knock-in mice were crossed to Vav-Cre

mice to assess the effects of the heterozygous knock-in allele on haematopoiesis.

Unlike the other described models, Vav-Cre is a constitutive Cre and is

active in the hematopoietic cells without the addition of an inducer such

as pIpC/IFNα (Mx1-Cre) or tamoxifen (CreER models). At around 15

weeks of age, the Srsf2P95H/+ mice developed macrocytic anaemia, which

remained stable. After observation out to 90 weeks of age, none of the
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Srsf2P95H/+ mice developed MDS or leukemia. A caveat with this model,

as was described for the previous models describing inverted exon-based

targeting methods, was that the mutant allele was expressed at 27-35%

(mean 31%) based on RNA-seq analysis of the Vav-Cre Srsf2P95H/+ mice.

Upon analysis of the bone marrow under native conditions, there

was a reduction in the number of LT-HSC (LKS+CD150+CD48-), MPP

(LKS+CD150-CD48-) and HPC-1 (LKS+CD150-CD48+) populations, asso-

ciated with increased cell cycling. There was no change in the cellularity

or lineage distribution of the bone marrow and spleen, with the excep-

tion of a mild B cell differentiation defect in the bone marrow. There

was no evidence of dysplasia reported in the bone marrow under native

settings. The authors then performed non-competitive and competitive

bone marrow transplant assays of the Srsf2P95H/+ cells. There was engraft-

ment in the non-competitive transplant settings, however the recipients

of competitive bone marrow transplants had a significant reduction in

chimerism with either whole bone marrow or HSCs (LKS+CD34-) as

the donor. The impaired competitive transplant potential is a common

feature of all the conditional splicing mutants to date (Kim et al., 2015;

Kon et al., 2018; Smeets et al., 2018). Extensive work demonstrated an

engraftment defect of the Srsf2P95H/+ HSCs. The Srsf2P95H/+ recipients

developed macrocytic anaemia and leukopenia. In the bone marrow,

there was a significant reduction in LT-HSC and most of the progenitor

populations (MPP, HPC-1, CMP, CLP). In addition, Srsf2P95H/+ recipients

had a significantly higher proportion of cycling and apoptotic HSCs than

controls. The lineage distribution was skewed towards myeloid at the

expense of B cell differentiation and dysplastic erythroid cells as well as

dys-megakaryopoiesis were evident in the bone marrow.

Analysis of RNA splicing using multiple purified hematopoietic
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populations from both native haematopoiesis and cells isolated from

transplant recipients was described. From these analyses the authors

could identify mis-splicing of several genes that had been identified in

human SRSF2 mutant patient samples, including Csf3r, Gnas, Hnrnpa2b1,

and several novel differentially spliced genes such as Atrx and Mllt10

both of which are implicated in haematological malignancies. Of note,

despite using numerous approaches the authors could not find evidence

to support Ezh2 as a differentially spliced candidate in the mouse. It was

proposed that this may be due to species differences, with human EZH2

having two CCNG motifs whilst mouse has a single CCNG motif (Kon et

al., 2018).

Last but not least, my laboratory generated a conditional mouse

model of Srsf2 P95H mutation using a gene duplication method, indepen-

dently of the two models described above (Figure 1.9) (Table 1.6) (Smeets

et al., 2018). Upon Cre-mediated excision, the endogenous Srsf2 locus

was deleted and the duplicated locus containing the P95H mutation was

retained. RNA sequencing confirmed the heterozygous expression at

both the genomic and transcriptional level. Analysis of Cre negative

animals and animals not treated with tamoxifen (the CreER inducer used

in these studies) demonstrated a low level of transcriptional read-through

in the absence of activation of the P95H bearing allele. Long-term moni-

toring of Cre-ve and non-tamoxifen treated/recombined Cre+ve animals

demonstrated that this “leaky” expression was not pathogenic.

Multiple Cre lines were applied to understand the cell population in

which P95H was required to be able to impact normal haematopoiesis:

whole body/broadly expressed (R26-CreERT2), more specific to the HSC

and primitive progenitor populations (hScl-CreERT Tg/+) and a myeloid

progenitor targeted constitutive Cre line (LysM-CreKi/+; described in
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Chapter 3) (Clausen et al., 1999; Gothert et al., 2005; Ventura et al., 2007).

We analysed the effect of Srsf2P95H/+ on native haematopoiesis at 20 weeks

post activation of the P95H mutation. In all cases, Cre+ve wild-type ani-

mals were used as controls and for CreER models these were tamoxifen

treated CreER+ve Srsf2 wild-type littermate controls. At 20 weeks post

Srsf2P95H/+ activation, Srsf2P95H/+ mice developed macrocytic anaemia

and increased myeloid cells in the peripheral blood. The myeloid bias

was more evident in the bone marrow and was accompanied by compro-

mised B lymphopoiesis. There was a reduction in erythropoiesis in the

bone marrow accompanied by increased splenic erythropoiesis. Within

the phenotypic stem and progenitor populations, there was a reduction

or trend to reduction in the number of stem cell populations using two

different phenotypic methods (LKS+CD34/Flt3 or LKS+CD105/CD150),

while the more mature myeloid progenitor populations remained largely

unchanged (Adolfsson et al., 2005; Kiel et al., 2005; Osawa et al., 1996;

Pronk et al., 2007; Yang et al., 2005). The level of CD45RB, a previously

characterized splicing target of SRSF2, was reduced in Srsf2P95H/+ spleno-

cytes, indicating that altered RNA splicing was being reflected in the

proteome (Wang et al., 2001). RNA-seq analysis of lin-cKit+eYFP+ cells

(where eYFP marked cells and their daughters/progeny in which Cre was

activated) isolated 20 weeks after activation of P95H demonstrated that

the Srsf2P95H/+ mutation induced gene expression changes consistent with

myeloid bias, loss of lymphoid potential and transcriptional signatures

found in MDS. We identified similarly mis-spliced transcripts as Kon et

al., and also could not define mis-splicing of Ezh2 in the murine setting.

In agreement with the previous knock-in models of spliceosome

mutations, the Srsf2P95H/+ cells exhibited a poor competitive engraftment

potential. This appears to be a universal feature of the models described
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to date, with the work of Kon et al, best characterizing this phenotype

and demonstrating an engraftment defect in the mutant cells (Kon et al.,

2018). This experimental result is confounding, as SRSF2 mutations are

subjected to positive selection and are implicated in age-related clonal

haematopoiesis (Genovese et al., 2014; Jaiswal et al., 2014; Martincorena

et al., 2017). However, we observed that the poor engraftment could be

modified by altering the nature of the bone marrow competitor used.

Using the hScl-CreERT Tg/+ model, we found that Srsf2P95H/+ cells could

competitively engraft recipient animals and expanded when transplanted

with the age/microenvironment matched competitor cells (i.e. cells taken

from the same bone marrow but where Cre was not activated, based on

R26-eYFP reporter marking of the cells).

Upon ageing, non-transplanted Srsf2P95H/+ mice developed fatal MDS

by 12 months after activating the P95H mutation in both the R26-CreERT2

and hScl-CreERT Tg/+ model. The disease in both models was highly com-

parable. When moribund, the mice presented with macrocytic anaemia,

myeloid bias (granulocytosis and monocytosis) and morphological dys-

plasia of myeloid and erythroid lineages in both the peripheral blood

(>10-50% of cells) and bone marrow, all characteristics of MDS/MPN.

Analysis of a small cohort by exome capture demonstrated that there was

a subclonal accumulation of mutations associated with human SRSF2 mu-

tant disease, including Dnmt3a, Tet2, Phf6, and Ras members, in the bone

marrow of the moribund animals (Makishima et al., 2012; Smeets et al.,

2018). Non-competitive transplant of the moribund bone marrow recapit-

ulated the MDS/MPN but there was no evidence of progression to acute

leukemia even with long term monitoring of secondary recipients or with

concurrent p53 deletion. Of the currently described Srsf2 point mutant

models, this is the only model to develop monocytosis and MDS/MPN in
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the setting of native haematopoiesis. The review of Srsf2 mutant mouse

models and other in vivo mouse models of splicing mutation, including

Sf3b1 and U2af1 has been published (Xu et al., 2019).

S
rs
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Activated/Recombined alleleTargeted allele (not expressing PM)Gene

+ Cre

+ Cre

Allele type Reference

polyAWT PM

Exon 1
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PMWT PM

Exon 15’UTR

Kim et al.;
Smeets et al.

Kon et al.
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after Cre
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Figure 1.9: Detailed genomic architecture of the Srsf2P95H/+ knock-in
mutant models.
LoxP elements are indicated as grey or green triangles indicating different types
of loxP elements. Expressed exons are shown in blue, exons not expressed until
after locus recombination are shown in teal, and mutation-bearing exons are
shown in orange before recombination (silent) and in red when recombined and
expressed.

1.10.2 Mouse models of Tet2 mutation

Delhommeau et al. firstly demonstrated the functional consequences

of TET2 mutation with cells from a myeloproliferative neoplasm (MPN)

patient. There was an increase in the engraftment of TET2 mutant MPN

cells in immunodeficient mice (Delhommeau et al., 2009). Following

this finding, knock-out mouse models were generated to understand

the consequences of TET2 loss upon haematopoietic development (Ta-

ble 1.6). In these models, Tet2-/- mice developed a CMML-like disease

with leukocytosis and monocytosis (Ko et al., 2011; Moran-Crusio et al.,

2011). Tet2-/- haematopoietic stem cells showed an increased self-renewal

and a skewed differentiation towards myeloid lineages (Quivoron et al.,

2011). As expected, methylation analysis showed a dramatic reduction

in total 5hmC in Tet2 mutant mice. Compared to Tet2-/-, Tet2+/- mice also

displayed similar phenotypes demonstrating that Tet2 haploinsufficiency
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is sufficient to cause aberrant haematopoiesis. The murine models (both

germline and conditional models) resemble the human mutation pattern,

as most patients carry monoallelic TET2 mutation rather than biallelic mu-

tation (Abdel-Wahab et al., 2009; Jankowska et al., 2009). Recently, Awada

et al. demonstrated that biallelic TET2 mutation has a stronger association

with monocytosis, hypercellularity and profound myeloid dysplasia than

monoallelic TET2 mutation. This indicates that the different types of TET2

mutation might have diagnostic value to identify specific morphologic

sub-entities in myeloid neoplasm (Awada et al., 2019).

So far, one study has attempted to reverse the effect of TET2 mutation

by restoring its function using in vivo shRNA transgenic models. With a re-

versible Tet2 knock down model, Cimmino et al. showed that restoration

of Tet2 expression stopped aberrant self-renewal and proliferation of stem

cells and promoted DNA demethylation and differentiation of myeloid

lineage cells (Cimmino et al., 2017). To restore TET2 function in patients,

Cimmino et al. proposed to augment TET2 activity pharmacologically as

re-introduction of TET2 genetically is less feasible. Alpha-ketoglutarate

and Fe2+ are both co-factors in the TET2 demethylation reaction. Vitamin

C, as an antioxidant, was found to increase TET2 activity via reducing

Fe3+ to Fe2+. When Vitamin C was administered, it could mimic the

genetic restoration of Tet2 in mice and block aberrant self-renewal and

progression of myeloid disease (Cimmino et al., 2017). It is a promising

therapeutic strategy. However, the augmentation would only apply to

monoallelic TET2 mutation, as the prerequisite for increasing the func-

tion of a protein is to have an endogenous wild-type TET2 allele present,

which is around 55% of patients with TET2 mutations (Delhommeau et al.,

2009). Further studies are required to understand the pharmacokinetics

of Vitamin C to make this treatment feasible.
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Table 1.6: Summary of the phenotypes of the Srsf2 and Tet2 mutant mouse models

Gene Model rtTA/Cre VA
F 

Native hematopoiesis Non-competitive transplant 
Competitive 
transplant Peripheral 

Blood/Sple
en 

BM Dysplasia/ 
Disease 

Peripheral 
Blood/Splee

n 

BM Dysplasia/ 
Disease 

Srsf2 Duplication 
(Kim et al.) 

Mx1-Cre ~50
% 

Not described Macrocytic 
anemia 
Leukopenia: 
¯B cells 

LKS; 
LKS in 
S phase; 
HPC2 
¯B cells 

Neutrophil 
and erythroid 
dysplasia in 
PB; No AML 
(70wks) 

¯¯Engraftme
ntLKS 
HPC-2 

Inversion 
(Kon et al.) 

Vav1-Cre ~31
% 

Macrocytic 
anemia 

¯LTHSC 
¯MPP 
¯HPC-1 

No dysplasia 
/No MDS or 
AML (90 
weeks) 

Macrocytic 
anemia 
Leukopenia 
Grans 
¯B cell 

¯LTHSC; 
¯MPP; 
¯HPC1; 
¯CMP; 
¯CLP; 

Dysplastic 
erythroid and 
megakaryo-
cytes in BM 
/No MDS or 
AML 

¯¯Engraftme
nt; defect in 
homing 

Duplication 
(Smeets et 
al.) 

R26-
CreERT2; 
hScl-
CreERT 
Tg/+; 
LysM-Cre 

~50
% 

Macrocytic 
anemia; 
Grans; 
Monocyte
s. 

¯LTHSC; 
%Grans; 
¯B cells; 
¯erythroid. 

MDS/MPN by 
~12 mths; no 
AML;  and 
dysplastic 
myeloid cells 
(10-50% PB), 
monocytosis 
in PB / 
transplantabl
e to 2ndry 
recipients 

Macrocytic 
anemia 
Leukopenia 
%Grans & 
monocytes 
¯B cell; 
Spleen - 
% 
monocytes 

%Gran
s; 
%mono
cytes. 

No AML ¯¯Engraftme
nt 
in R26-
CreERT2 
model; 
myeloid bias; 
engraftment 
and  mutant 
cells in 
hSclCreERT 
Tg/+ model. 

Tet2 Germ-line 
deletion 
(Ko et al.) 

N/A N/A Spleen 
cellularity 

Bone 
marrow 
cellularity 
%LKS/LK 
CMP 

Not 
described 

Splenomeg
aly in some 
recipients 

LKS/LK Not 
described 

Engraftme
nt 
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Conditional 
deletion 
(Moran-
Crusio et 
al.) 

Vav1-Cre 
Mx1-Cre 

N/A Splenomeg
aly 
%CD11b+ 

LKS 
GMP 

CMML by 20 
weeks; 
Leukocytosis 
with 
neutrophilia 
and 
monocytosis 
in PB; 
myeloid 
dysplasia; 
splenomegal
y 

Not described Engraftme
nt 

Haploinsuffi
cient 
conditional 
deletion 
(Moran-
Crusio et 
al.) 

Vav1-Cre N/A Not described Monocytes
; 
extramedull
ary 
haematopoi
esis 

LK and 
LKS cells 

Not described Engraftment 
(slower 
kinetics than 
Tet2 null 
cells) 

Hypomorphi
c deletion 
(Quivoron 
et al.) 

Mx1-Cre ~20
-
50
% 

Similar to 
conditional 
deletion 
model 
(Quivoron 
et al.) 

Similar to 
conditional 
deletion 
model 
(Quivoron et 
al.) 

Leukocytosis, 
aneamia, 
thrombocytop
enia, 
splenomegal
y; spleen 
fibrosis; 
myeloid/eryth
roid 
hyperplasia 
in the spleen 
/transplantabl
e to 2ndry 
recipients 

Not described ¯¯Engraftme
nt 
in R26-
CreERT2 
model; 
myeloid bias; 
engraftment 
and  mutant 
cells in 
hSclCreERT 
Tg/+ model. 

Tet2 



60
C

hapter
1.
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and
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Conditional
deletion 
(Quivoron 
et al.) 

Mx1-Cre ~20
-
50
% 

WBC 
¯RBC 
¯Platelets; 
hepatosple
nomegaly; 
Grans in 
PB and 
spleen 
early 
erythroblast 
in the 
spleen 

early 
erythroblast 
¯late 
erythroblast 
¯Pre-, Pro- 
and mature 
B cells 

No disease 
development 
up to 15 
months 

Not described Engraftment 
LKS 
Similar 
myeloid/lymp
hoid lineage 
change to 
native 
animals 

The immunophenotypic population listed in this table is defined as following: LKS+, linage-/c-Kit+/Sca-1+; LKS-, lineage-/c-Kit

+/Sca-1-; LT-HSC, LKS+/CD150+/CD48-; MPP, LKS+/CD150-/CD48-; HPC-1, LKS+/CD150-/CD48+; HPC-2, LKS+/

CD150+/CD48+; HSC (Mupo et al.), LKS+/CD34-/flk2-; pre-MegE, LKS-/CD41-/FcgR-/CD150+/CD105-; pre-CFUE, LKS-/CD41-/

FcgR-/CD150+/CD105+. % = the percentage of this population.

Tet2 



1.11. Mouse models of co-operative mutations in MDS/MPN 61

1.11 Mouse models of co-operative mutations

in MDS/MPN

Considering the complex genetic landscape in MDS and MDS/MPN,

studies have started to focus more on elucidating the mechanism of po-

tential co-operative mutations in disease initiation. So far, models have

looked at co-occurring mutations in DNA methylation (TET2), chromatin

remodelling (EZH2), Ras signalling (N-RAS) and spliceosome (SRSF2).

Muto et al., initially reported a model of co-deletion of Ezh2 and Tet2,

where loss of both genes significantly shortened the latency of MDS

and where mice developed a more aggressive form of MDS or CMML

(Muto et al., 2013). The enhanced phenotypes indicated that there is a

co-operative effect of concurrent Ezh2 and Tet2 mutations (Muto et al.,

2013). A follow-up study using the same model analysed the epigenetic

changes in the MDS mice, since both Ezh2 and Tet2 are epigenetic regula-

tors of the genome. In double knock-out cells, there was an increase in

aberrant DNA methylation and a loss of H3K27me3 marks compared to

single knock-out cells. However, the mechanism of their co-operativity

is still unclear (Hasegawa et al., 2017). Another double mutant model,

characterised by Kuminoto et al., proposed a mechanistic co-operativity

of Tet2 and NRas mutation (Kunimoto et al., 2018). While Tet2 mutation

destabilises the methylome, an NRas mutation is acquired and leads to

a decrease in negative regulators of mitogen-activated protein kinase

(MAPK) activation. The aberrant activation is augmented by Tet2 muta-

tion and then leads to clonal expansion and MDS. The double mutant

cells are hypersensitive to MEK inhibitors, which further supports the

hypothesis of cooperativity (Kunimoto et al., 2018).
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Yoshimi et al., investigated cooperativity of SRSF2 and IDH2 mu-

tation (Yoshimi et al., 2019). Overexpression of human IDH2 mutant

(IDH2R140Q or IDH2R172K) in Vav-Cre Srsf2P95H/+ cells led to significant

myeloid skewing, macrocytic leukaemia and thrombocytopenia. Trans-

plant recipients of Srsf2 and IDH2 double mutant cells developed lethal

MDS with blast-like BM cells. Similar phenotypes were reported when

both mutants were expressed from endogenous loci in a Mx1-Cre Srsf2P95H/+

Idh2R140Q model. There are few caveats in this study. To begin, authors

only reported phenotypes in a transplantation setting but not in native

haematopoiesis in Mx1-Cre Srsf2P95H/+ Idh2R140Q models. Furthermore,

deletion of Tet2 in Srsf2P95H/+ cells was unable to replicate some phe-

notypes seen in Srsf2 and Idh2 double mutant cells, even though TET2

inhibition is a recognised mechanism of IDH2 mutant leukaemogenesis.

Yoshimi et al., finally proposed that INT3 is at the centre of IDH2 and

SRSF2 mutant co-operativity. SRSF2 mutation leads to aberrant splicing

of INT3 and subsequent downregulation of gene expression, which is

further promoted by IDH2 mutation. Restoration of INT3 expression in

SRSF2 and IDH2 double mutant HL-60 cells released the differentiation

block in a xenograft model.

1.12 Hypothesis

MDS are heterogeneous haematological malignancies characterised by

multilineage dysplasia, cytopenia and ineffective haematopoiesis, while

CMML is characterised by monocytosis and multilineage dysplasia. Until

recently, the diagnostic criteria for MDS and CMML have relied heav-

ily on morphological findings and cytogenetic profiles and with limited

treatment options, the prognoses for MDS and CMML have improved
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very little over the last 10 years, despite the introduction of DNA hy-

pomethylating agents. In the past decade, the description of their genetic

landscapes has opened new vistas for understanding the pathogene-

sis of MDS and CMML. Novel recurrent mutations in the spliceosome

and DNA methylation pathways have been found to be associated with

different disease phenotypes. By studying the effect of these recurrent

genetic mutations in murine models, scientist have established a greater

understanding of the role of each mutation and how it disrupts normal

haematopoiesis.

In particular, Srsf2 mutation is the most frequent spliceosome mu-

tation in CMML and in high-risk MDS, such as MDS with excess blasts

(Mian et al., 2013; Patel et al., 2017). Although several models have

explored the role of Srsf2 mutation in MDS, a faithful model that can re-

produce MDS phenotypes in native haematopoiesis is still lacking (Kim et

al., 2015; Kon et al., 2018). To address this, my lab generated a conditional

Srsf2 mutant model that developed lethal MDS in native haematopoiesis

(Smeets et al., 2018).

Following up on this study, I will further examine the effects of

Srsf2P95H/+ mutation when activated in myeloid progenitors. Mechanisti-

cally, I will examine the molecular consequences of Srsf2P95H/+ mutation

on mis-splicing and gene transcription and the functional genetic interac-

tions with Srsf2P95H/+ through a synthetic lethal CRISPR knock-out screen.

At last, I will examine the co-operativity of Srsf2 with Tet2 (Srsf2 x Tet2)

and Srsf2 with Cbl (Srsf2 x Cbl) mutations and how these co-occurring

events lead to CMML.

List of Hypothesis
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1. Activating Srsf2P95H/+ in haematopoietic stem cells is required to

initiate MDS.

2. Srsf2P95H/+ mutation results in specific transcriptomic and splicing

changes that drive the disease.

3. Srsf2P95H/+ mutation leads to genetic vulnerabilities in pathways other

than mRNA splicing.

4. Srsf2P95H/+ mutation co-operates with Tet2 or Cbl mutation to initiate

MDS/MPN.

1.13 Aims

The aims of my thesis are:

1. To determine the effect of activating Srsf2P95H/+ mutation in myeloid

progenitors in vivo.

2. To define the effect of Srsf2P95H/+ mutation on the transcriptome and

mis-splicing of haematopoietic stem cells.

3. To determine the negative genetic interactions of Srsf2P95H/+ mutation

in vitro.

4. To understand the co-operativity of Srsf2P95H/+ with Tet2 mutation and

Srsf2P95H/+ with Cbl mutation in vivo.
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2.1 Materials and Reagents

All materials, reagents and equipment used in experiments and the

source/suppliers or manufacturers are listed in Table 2.1, 2.2 and 2.3.

2.2 Mice

All mice experiments were approved by the Animal Ethics Committee,

St. Vincent’s Hospital, Melbourne, Australia (AEC#001/16 and 007/19).

Mice used in the experiments were housed at the Bioresource Centre

(BRC) located at St. Vincent’s Hospital.

The Srsf2P95H/+ (C57BL/6NTac-Srsf2tm2874(P95H)Arte), Rosa26-CreERT2

(strain #008463, Jackson Laboratory), hScl-CreERT, Rosa26-eYFP (strain

#006148, Jackson Laboratory) and LysM-Cre knock-in mice (strain #004781;

Jackson Laboratory) have been previously described (Smeets et al., 2018;

Xu et al., 2019). The Tet2fl/fl mice (B6;129S-Tet2tm1.1laai/J; strain #017573,

Jackson Laboratory), c-Cbl-/- mice and c-CblA/- mice (Cbltm2Wlan) were pre-

viously described as well (Moran-Crusio et al., 2011; Murphy et al., 1998;

Rathinam et al., 2010). The c-Cbl-/- mice and c-CblA/+ mice were kindly

provided by Professor Wallace Y. Langdon, University of Western Aus-

tralia. The c-Cbl-/- and c-CblA/- mice were on a mixed C57BL/6J x 129Sv

background. All the other mouse strains are on a C57BL/6J background.

hScl-CreERT Tg+ Rosa26-eYFPki/ki Srsf2P95H/+ mice were crossed to Tet2fl/fl

mice to generate hScl-CreERT Tg+ Rosa26-eYFPki/ki Srsf2P95H/+ Tet2fl/fl mice.

hScl-CreERT Tg+ Rosa26-eYFPki/ki Srsf2P95H/+ mice were crossed to the

c-Cbl-/- mice to generate hScl-CreERT Tg+ Rosa26-eYFPki/ki Srsf2P95H/+ c-

Cbl-/- mice. hScl-CreERT Tg+ Rosa26-eYFPki/ki Srsf2P95H/+ c-Cbl-/- mice were

crossed to the c-CblA/+ mice to generate hScl-CreERT Tg+ Rosa26-eYFPki/ki
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Table 2.1: Reagents and materials used in experiments and the source

Reagent Supplier 
23-gauge needles BD Biosciences (San Jose, CA, USA) 
4-Hydroxytamoxifen Merck Millipore (Billerica, MA, USA) 
Agarose tablets Bioline (London, UK) 
ATPlite Luminescence Assay System Perkin Elmer (Waltham, MA, USA) 
BD microtainer K2E tubes BD Biosciences (San Jose, CA, USA) 
BD vacutainer capillary tubes BD Biosciences (San Jose, CA, USA) 
Blasticidin Sigma-Aldrich (St. Louis, MO, USA) 
Calcium chloride (CaCl2) Sigma-Aldrich (St. Louis, MO, USA) 
Cell counter chamber slide (Countess) BioTools (Keperra, QLD, Australia) 
Cell strainer (40µm) Corning (Tewksbury, MA, USA) 
ChromiumTM Chip Kit 10x Genomics (California, USA) 
ChromiumTM Gel Bead Kit & Multiplex Kit 10x Genomics (California, USA) 
Cryotube vials Thermo Fisher Scientific (Waltham, MA, USA) 
CutSmart buffer New England Biolabs (Ipswich, MA, USA) 
Cytology funnels BMP Medical (Sterling, MA, USA) 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich (St. Louis, MO, USA) 
DirectZol Microprep kits ZYMO Research (Califormia, USA) 
Disposable Pipettes (5, 10, 25mL) Corning (Tewksbury, MA, USA) 
Disposable scalpel Swann Morton (Sheffield, England) 
DNA molecular weight marker 50bp 
(HyperLadder) 

Bioline (London, UK) 

DPX mounting media Sigma-Aldrich (St. Louis, MO, USA) 
Dulbecco’s Modified Eagle Medium 
(DMEM) 

Sigma-Aldrich (St. Louis, MO, USA) 

Dulbecco’s Phosphate Buffered Saline 
(PBS) 

Sigma-Aldrich (St. Louis, MO, USA) 

Eppendorf tubes Corning (Tewksbury, MA, USA) 
Ethanol (EtOH) Thermo Fisher Scientific Australia Pty Ltd 

(Scoresby, VIC, Australia) 
Ethylenediaminetetra acetic acid (EDTA) Astral Scientific (Taren Point, NSW, Australia) 
Falcon centrifuge tubes (5, 10, 50mL) Thermo Fisher Scientific (Waltham, MA, USA) 
Ficoll-PaqueTM PLUS GE Healthcare (Buckinghamshire, UK) 
Foetal bovine serum (FBS) Assay Matrix (Melbourne, VIC, Australia) 

Gel Loading Dye New England Biolabs (Ipswich, MA, USA) 
Gentra Puregene Cell Kit Qiagen (Hilden, Germany) 
Giemsa solution Amber Scientific (Midvale, WA, Australia) 
HybridaseTM Thermostable RNase H 
(5U/µL) 

Illumina (California, USA) 

Insulin syringes BD Biosciences (San Jose, CA, USA) 
Iscove’s Modified Dulbecco’s Medium 
(IMDM) 

Sigma-Aldrich (St. Louis, MO, USA) 

Isolate II Genomic DNA kit Bioline (London, UK) 
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Isolate II PCR and Gel kit Bioline (London, UK) 
Isopropanol Merck Pty Ltd (NSW, Australia) 
Kapa Stranded RNA-seq Library 
Preparation Kit 

Kapa Biosystem/Roche (Basel, Switzerland) 

L-Alanyl-L-Glutamine Sigma-Aldrich (St. Louis, MO, USA) 
May-Grünwald solution Amber Scientific (Midvale, WA, Australia) 
Methanol (MeOH) Thermo Fisher Scientific Australia Pty Ltd 

(Scoresby, VIC, Australia) 
Microscope slides and coverslips Thermo Fisher Scientific Australia Pty Ltd 

(Scoresby, VIC, Australia) 
Mr Frosty™ Freezing Container Thermo Fisher Scientific (Waltham, MA, USA) 
MyTaq HS DNA polymerase Bioline (London, UK) 
MyTaq Red Reaction Buffer Bioline (London, UK) 
Nunc™ EasYFlask™ Cell Culture T75 
Flasks 

Thermo Fisher Scientific (Waltham, MA, USA) 

Oligonucleotides PCR Primers Integrated DNA Technologies (IDT; Coralville, 
Iowa, USA) 

Palbociclib Selleckchem (Houston, Texas, USA) 

Paraformaldehyde (PFA) aqueous 
solution (16%) 

Proscitech (QLD, Australia) 

PCR 8-strip Tubes with flat-caps SSIbio (Lodi, CA, USA) 
PD0166285 Selleckchem (Houston, Texas, USA) 

Penicillin/Streptomycin Sigma-Aldrich (St. Louis, MO, USA) 
Pladienolide B Santa Cruz Biotechnology (Dallas, USA) 

Polybrene (Hexadimethrine bromide) Sigma-Aldrich (St. Louis, MO, USA) 
Potassium chloride (KCl) Sigma-Aldrich (St. Louis, MO, USA) 
Puromycin Dihydrochloride Merck (Darmstadt, Germany) 
qPCR Master Mix Agilent Technologies (Santa Clara, CA, USA) 
Recombinant human IL-6 Amgen (Thousand Oaks, CA, USA) (gift) 
Recombinant murine IL-3 Peprotech (Rocky Hill, NJ, USA) 
Recombinant murine Stem Cell Factor 
(mSCF) 

Peprotech (Rocky Hill, NJ, USA) 

Restriction enzymes (various) New England Biolabs (NEB, Ipswich, 
Massachusetts, USA) 

RiboSafe Murine RNase Inhibitor 
(40U/µL) 

Bioline (London, UK) 

Roscovitine Selleckchem (Houston, Texas, USA) 

Skim milk powder Devondale (VIC, Australia) 
Sodium chloride (NaCl) Sigma-Aldrich (St. Louis, MO, USA) 
Sodium hydroxide (NaOH) tablets Merck (Darmstadt, Germany) 
SYBR Safe™ DNA gel stain Thermo Fisher Scientific (Waltham, MA, USA) 
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Syringes (1mL, 5mL)  BD Biosciences (San Jose, CA, USA) 
TE Buffer Invitrogen (Carlsbad, CA, USA) 
Tetro cDNA synthesis kit Bioline (London, UK) 
Tissue culture 10-cm dishes Corning (Tewksbury, MA, USA) 
Tissue culture flask (T25, T75, T175) Corning (Tewksbury, MA, USA) 
Tissue culture plates (6, 12, 24, 48, 96 
wells)  

Corning (Tewksbury, MA, USA) 

Tris  Astral Scientific (Taren Point, NSW, Australia) 
TRIzolTM reagents Thermo Fisher Scientific (Waltham, MA, USA) 
Trypan blue solution (0.4%) NanoEnTek (Seoul, South Korea) 
Trypsin-EDTA solution Sigma-Aldrich (St. Louis, MO, USA) 
TURBO DNA-freeTM Kit 
(Includes 10x TURBO DNase buffer and 
Turbo DNase) 

Life Technologies (California, USA) 

UltraPure DNAse/RNAse-free water Life Technologies (Carlsbad, CA, USA) 
 

Table 2.2: List of solutions and buffers prepared for use in experiments

Solutions Composition 
5x RNaseH(-) Mg buffer 500mM Tris pH 7.4, 1M NaCI 

Agarose gel 3% 3g agarose tablets in 100mL TBE 1x 
Cell Culture Medium 
Supplements 

10% (v/v) FSB, 1% (v/v) Penicillin-Streptomycin, 1% 
(v/v) Glutamine, 1% (v/v) GM-CSF; GM-CSF conditioned 
media collected from BHK-HM5 cells (Gift from Prof 
Steve Collins, Fred Hutchinson Cancer Research 
Centre) 

Cell freezing medium 90% (v/v) FBS, 10% (v/v) DMSO 
FACS buffer 2% FBS (v/v) in PBS 
Fixing solution (for tissues) 2% PFA in PBS from 16% Paraformaldehyde(v/v)  
HEPES buffered saline (HBS) 140mM NaCl, 0.75mM Na2HPO4, 5mM KCI, 6mM 

Dextrose, 25mM HEPES, pH 7.05 

Red blood cell (RBC) lysis 
buffer 

150mM NH4Cl, 10mM KHCO3, 0.1mM Na2 EDTA, pH7.3 

TAE buffer 40 mM Tris, 40 mM Acetate, 1 mM EDTA, pH 8.0. 

Stimulating medium for 
culturing bone marrow cells 

IMDM, 20% (v/v) FBS, 1% (v/v) Penicillin-Streptomycin, 
1% (v/v) Glutamine, 1% (v/v), 50ng/mL rmSCF, 10ng/mL 
rmIL3, 10ng/mL rhIL6 
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Table 2.3: List of equipment and their manufacture used in the
experiments

Equipment Manufacturer 
Allegra X-12 Centrifuge Beckman Coulter (Brea, CA, USA) 
Analytical balances UW220H Shimadzu (Sydney, NSW, Australia) 
Automatic Pipette S1 (with filter) Thermo Fisher Scientific (Waltham, MA, USA) 
BD FACSAria BD Biosciences (San Jose, CA, USA) 
BD FACSInflux BD Biosciences (San Jose, CA, USA) 
BD LSRII Fortessa BD Biosciences (San Jose, CA, USA) 
CO2 Incubator HeraCell 240i Thermo Fisher Scientific (Waltham, MA, USA) 
Countess II cell counter Thermo Fisher Scientific (Waltham, MA, USA) 
CytospinTM4 Cytocentrifuge machine Thermo Fisher Scientific (Waltham, MA, USA) 
Enspire plate reader PerkinElmer (Melbourne, VIC, Australia) 
EPSON Perfection V700 photo 
scanner 

EPSON (Suwa, Nagano, Japan) 

Freezer (-80°C) Thermo Fisher Scientific (Waltham, MA, USA) 
Gelaire Class II Biological Safety 
Cabinet 

Gelaire Pty Ltd (Sydney, NSW, Australia) 

Heraeus Multifuge 3SR+ Centrifuge Thermo Fisher Scientific (Waltham, MA, USA) 
Heraeus Pico 17 Centrifuge Thermo Fisher Scientific (Waltham, MA, USA) 
LabChip GX Touch Nucleic Acid 
Analyzer 

PerkinElmer (Melbourne, Victoria) 

Leica DMRB fluorescence 
microscope  

Leica (Wetzlar, Germany) 

Mastercycler Pro PCR machine Eppendorf (Hamburg, Germany) 
Medium Orbital Shaker  Ratek (Boronia, VIC, Australia) 
Milli-Q™ ultra-pure water Thermo Fisher Scientific (Waltham, MA, USA) 
PowerEase 90W Life Technologies (Carlsbad, CA, USA) 
Powerpac Electrophoresis System Bio-Rad Laboratories (Hercules, CA, USA) 
Retiga-EXi 12 Bit CCD camera QImaging (Tucson, AZ, USA) 
Rotary Tube Mixer with Disc  Ratek (Boronia, VIC, Australia) 
Spectrophotometer ND – 1000 
(Nanodrop) 

Thermo Fisher Scientific (Waltham, MA, USA) 

Stratagene Mx3000P qPCR 
machine 

Agilent Technologies (Santa Clara, Ca, USA) 

Sysmex KX21 Haematology 
Analyser 

Sysmex Corporation (Kobe, Hyogo, Japan) 

T3000 Thermocycler Biometra (Göttingen, Germany) 
Ultra Basic pH Meter Denver Instrument (Bohemia, NY, USA) 
VersaDoc Imaging System Bio-Rad Laboratories (Hercules, CA, USA) 
Vortemp 56 Shaking Incubator Labnet International Inc. (Edison, NJ, USA) 
Vortex Mixer SA8 Stuart Equipment (Staffordshire, UK) 
Water bath WB7 Ratek (Boronia, VIC, Australia) 
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Srsf2P95H/+ c-CblA/- mice. Congenic B6.SJL-PtprcaPep3b/BoyJArc were pur-

chased from the Animal Resources Centre (Canning Vale, Western Aus-

tralia). Heterozygous CD45.1/CD45.2, derived from the intercross of

C57BL/6 and B6.SJL-PtprcaPep3b/BoyJArc mice, were bred at St. Vincent’s

Hospital. Tamoxifen containing food was prepared containing 400mg/kg

tamoxifen citrate (Sigma or Selleckchem) in standard mouse chow (Spe-

cialty Feeds, Western Australia) and irradiated. The tamoxifen chow was

fed ad libitum during the treatment.

2.3 DNA Isolation and Genotyping

For genotyping, toe clips from 7-10 day old mice were collected at num-

bering in 1.5mL microcentrifuge tubes. The tubes were spun briefly and

digested in 300µL 50mM NaOH for 20 minutes at 95oC and 1,200 revolu-

tions per minute (rpm) in a Vortemp 56 shaking incubator. After digestion,

100µL of 1M Tris pH8.0 was added and vortexed immediately for 5 sec-

onds. The tube was spun at 17,000g for 5 minutes in a Heraeus Multifuge

3SR+ centrifuge. The soluble gDNA was used for genotyping. For experi-

mental mice and cell lines, gDNA was extracted from cell pellets using a

Bioline Genomic DNA Kit as per the manufacturer’s instructions.

Genotyping was performed by polymerase chain reaction (PCR) in

the Mastercycler Pro PCR machines (Eppendorf). All oligonucleotides

were ordered from Integrated DNA Technology (IDT) and are listed in

Table 2.4. Reactions were set up in PCR tubes as described in Table 2.5.

For the Srsf2 6036 PM reaction, 0.5µL of dimethylsulfoxide (DMSO) was

added and the nuclease-free water was reduced to 5.4µL.

All genotyping reactions were performed on the program described
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in Table 2.6. PCR products from the 6036 reaction require further restric-

tion enzyme digestion to confirm the nucleotide change. The digestion

mixture contained 2µL 10x CutSmart buffer (New England Biolab), 0.15µL

Hpy188III restriction enzyme (New England Biolab), 7.85µL nuclease-

free water, and 10µL of the genotyping PCR reaction. This was mixed

by pipetting and incubated at 37oC for 45 minutes to allow enzymatic

digestion. Details of the PCR products for wild type (WT) and point

mutant (PM) alleles and the digested products are described in Table 2.4.

PCR products, including digested PCR products, and a standard DNA

50bp ladder (Hyperladder, Bioline), were loaded into 3% agarose gels

containing SYBR DNA gel stain (1:20,000, Bioline) and electrophoresed

using a Powerpac Electrophoresis (Bio-Rad) system at 120V for 50 min-

utes. After electrophoresis, the gel was imaged with a VersaDoc imaging

system (Bio-Rad).
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Table 2.4: Genotyping Oligonucleotide sequences and product size

Genotyping 
allele 

Oligonucleotide Sequence 
(5’-3’) 

Detected allele Product 
size (bp) 

hScl-CreERT 
 

CAACAACAACCGGGTGAAGA Transgenic 209 
CTTGCACCATGCCGCCCACGAC 
GAGACTCTGGCTACTCATCC Internal control 585 
CCTTCAGCAAGAGCTGGGGAC 

Rosa26-

CreERT2 

CCTGATCCTGGCAATTTCG WT 

KI 

650 

825 GGAGCGGGAGAAATGGATATG 

AAGTCGCTCTGAGTTGTTAT 

Rosa26-eYFP CCTGATCCTGGCAATTTCG WT 

KI 

500 

250 GGAGCGGGAGAAATGGATATG 

AAAGTCGCTCTGAGTTGTTAT 

Srsf2 6034 

5’loxP 

GTTATGATCCACACCTCTCACC WT 

Conditional KI 

327 

446 ATAAACGTTTATGTCCGCTACC 

Srsf2 6035 

3’loxP 

ACGTCCAGACACAGCATAGG Conditional KI 364 

GGCTTGCAATTTGAGTATGG 

GAGACTCTGGCTACTCATCC Internal control 585 

CCTTCAGCAAGAGCTGGGGAC 

Srsf2 6036 

PM 

ACGTGAACGAAGCGACAGG WT & PM 

WT post digestion 

PM post digestion 

495 

487+8 

303+184+8 GCGCGTCTTCGAGAAATACG 

Tet2 fl  AAGAATTGCTACAGGCCTGC  WT 

Floxed allele 

249 

427 TTCTTTAGCCCTTGCTGAGC  

c-Cbl  

knock-out 

TAGGCGAAACCTGACCAAAT WT 

KO 

456 

288 CTCGC CAGTCCCTGCTTAC 

TGCTACTTCCATTTGTCACG 
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Table 2.5: Genotyping PCR mixture

Reagent Volume (µL) 
gDNA 1 

5x MyTaq red reaction buffer  2 
pooled oligonucleotides (10µM) 1 

MyTaq HS DNA polymerase 0.1 
Nuclease-free water* 5.9 

Total Volume 10 
 

*For Srsf2 6036 PM reaction, add 0.5µL of DMSO and reduce nuclease-free water
to 5.4µL

Table 2.6: Genotyping PCR cycling conditions

Temperature Duration Cycle Number 
95°C 5 minutes x1 
95°C 20 seconds x35 
60°C 30 seconds 
72°C 45 seconds 
72°C 3 minutes x1 
20°C Hold   
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2.4 Flow Cytometry and Fluorescent Activated

Cell Sorting and Cell Analysis

2.4.1 Tissue Collection and Preparation

For regular monitoring of animals, peripheral blood samples ( 100-150µL)

were obtained by retro-orbital eye-bleeding into BD microtainer K2E

tubes using BD vacutainer capillary tubes. For analysis at the end of the

experiment or when animals were moribund, peripheral blood samples

were obtained by the same method. Mice were then euthanised by CO2

asphyxiation or cervical dislocation. All blood sample collection and

euthanasia procedures were performed by Prof Carl Walkley. At the time

of analysis, both ears were collected in 1.5mL microcentrifuge tubes and

stored in a -80oC freezer for re-genotyping if required. Tibia and sterna

were fixed in 2% Paraformaldehyde (PFA) in PBS overnight. The bones

were then washed 3 times with PBS and transferred into 70% ethanol in a

10mL tube and then stored at 4oC.

2.4.2 Peripheral Blood Analysis

For full blood count, 25µL of peripheral blood was mixed with 75µL PBS

and differentially counted on a Sysmex KX21 haematological analyser.

Blood films were prepared by adding 2µL of peripheral blood onto a clean

glass microscope slide. A second clean slide was then used to disperse the

blood over the slide’s length in a 45 degree angle. The slide was allowed

to air-dry for at least an hour and then fixed in 100% methanol for 10

minutes. The blood film was then allowed to air-dry and was stored

at room temperature (RT). For flow cytometry analysis, the remaining

peripheral blood was depleted of red blood cells by adding 1mL red

blood cell lysis buffer (150mM NH4Cl, 10mM KHCO3, 0.1mM Na2EDTA,
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pH 7.3). The sample was mixed by inversion and then centrifuged at

400g for 5 minutes. After centrifuging, the supernatant was discarded,

and the lysis repeated. The cell pellet was washed with 1mL PBS and

centrifuged before being re-suspended in 150µL of FACS buffer (PBS, 2%

FBS). Samples were stored on ice until stained or used for analysis.

2.4.3 Bone Marrow Isolation

Bone marrow was collected by flushing two femurs with 2mL of FACS

buffer using a 1mL syringe (BD) and 23-gauge needle (BD). The bones

were flushed until the bone turned pale (usually flushed 3-4 times). Next,

the bone marrow suspension was filtered into a 5mL round-bottom tube

(Falcon) through a 40µm cell strainer cap (Falcon). For cell counting 100µL

of the sample was counted on a Sysmex KX21 haematological analyser.

The remaining cells were stored on ice until required for staining. Once

analysis was completed and depending upon the genotype, 20 million

whole bone marrow cells were cryopreserved in 1mL freezing medium

(FBS with 10% DMSO). When limited number of cells were left after FACS

analysis, 10 million whole bone marrow cells were cryopreserved in 1mL

freezing medium in cryogenic tubes (Nunc, ThermoScientific). The tubes

were placed in a Mr. FrostyTM freezing container in a -80oC freezer for

24 hours before transferring into storage boxes. Cells were subsequently

transferred into liquid nitrogen for long-term storage. Concurrently, 5

million whole bone marrow cells were kept as a cell pellet in a 1.5mL mi-

crocentrifuge tube for future gDNA isolation if required. For morphology

analysis, a bone marrow cytospin slide was prepared. A total of 1x105

whole bone marrow cells in 100µL PBS were spun onto charged micro-

scope slides using cytology funnels (BMP Medical) in a CytospinTM4

Cytocentrifuge (Thermofisher). The cells were centrifuged at 800rpm for
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7 mins and then air-dried, before fixing in 100% methanol for 10 minutes.

The cytospin slides were allowed to air-dry and stored at RT.

2.4.4 May-Grünwald Giemsa Staining of the blood films

and bone marrow cytospins

Fixed blood films and bone marrow cytospins were stained in undiluted

May-Grünwald solution (Amber Scientific) for 5 minutes. Then, the

slides were washed briefly in tap water before staining in 3% Giemsa

solution (Amber Scientific) diluted in tap water for 20 minutes. The

slides were washed again in tap water and the intensity of the staining

assessed. If the staining was unsatisfactory, the slide was re-stained in 3%

Giemsa solution for 20 minutes, with a visual check after 10 minutes. If a

good/sufficient intensity was achieved, the slides were air dried before

mounting with DPX mounting media (Sigma-Aldrich) and a coverslip.

Images were captured on a Leica DMRB fluorescence microscope at 20x

or 40x magnification and processed with cellSens software (Olympus).

2.4.5 Spleen and Thymus Isolation

Spleen and thymus were collected during autopsy. Both organs were

weighed on an analytical balance (Shimadzu) before being crushed through

a 40µm cell strainer using the back of a 5mL syringe plunger. The spleen

was crushed into 5mL FACS buffer while the thymus was crushed into

2mL FACS buffer. The spleen from diseased animals was photographed

using iPhone X before creating the single cell suspension. 100µL of cell

suspension from the spleen or thymus was counted on a Sysmex KX21

haematological analyser. The remaining cells were stored on ice until

required for staining or analysis.
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2.4.6 Flow Cytometry and Fluorescent Activated Cell

Sorting

The antibodies and their conjugates, dilutions, catalogue number and

suppliers are listed in Table 2.7 (Liddicoat et al., 2015; Singbrant et al.,

2014; Smeets et al., 2018). Antibody cocktails were freshly prepared in

FACS buffer at the 2x concentration determined previously by antibody

titration. For staining, 30µL of cell suspension (around 0.5-1 million cells)

was added to 30µL of 2x antibody cocktail and mixed well. The sample

was incubated on ice for 30 minutes then washed with 150µL FACS buffer.

For biotinylated antibodies, the cells were stained as described for the

primary antibody, then washed and incubated with 30µL of streptavidin-

conjugated Brilliant Violet-605 (Biolegend) for another 30 minutes. Next,

the cells were washed with 150µL FACS buffer before resuspending in

100µL FACS buffer. Samples were analysed on a BD LSRII Fortessa.

Results were analysed with FlowJo software version 10.4.2 (Treestar).

Different cell populations were identified based on immunophenotyping

and gated. The absolute number of a cell population was then calculated

based on the percentage of this population (as determined by gating)

multiplied by the cellularity obtained by Sysmex counting.

To determine the activation of LysM-Cre in various cell populations,

the following haematopoietic fractions were purified from bone marrow

of LysM-Cre R26eYFP Srsf2P95H/+ mice without lineage depletion accord-

ing to the immunophenotypes: CD2-CD3-CD4-CD5-CD8a-CD11b-Gr1-B

220-Ter119- (lineage-) c-Kit+ Sca-1- (LKS-) CD34+FcyRII-, CMP; LKS-CD34+

FcyRII+, GMP; Gr1+CD11b+, granulocytes; B220+CD11b-, B lymphocytes.

For bulk population RNA-seq, the following haematopoietic fraction

was purified from ficolled bone marrow (refer to Chapter 2.10.3) of hScl-

CreERT R26eYFP Srsf2P95H/+ and Srsf2+/+ mice without lineage depletion
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according to the immunophenotypes: lineage-c-Kit+eYFP+ (eYFP positive

LK+ cells). For RT-qPCR validation of differentially expressed genes, the

following haematopoietic fraction was purified from ficolled bone mar-

row of non-competitive transplantation recipients of R26-Cre Srsf2P95H/+

and Srsf2+/+ mice without lineage depletion according to the immunophe-

notypes: lineage-c-Kit+CD45.2+ (CD45.2+ LK+ cells). For single-cell RNA

sequencing, the following haematopoietic fractions were purified from

ficolled bone marrow of R26-Cre Srsf2P95H/+ and Srsf2+/+ mice without lin-

eage depletion according to the immunophenotypes: LKS+CD34-CD135-

(LT-HSC); LKS+CD34+CD135+/- (ST-HSC/MPP). For in vitro drug assays,

the following haematopoietic fractions were purified from ficolled bone

marrow of R26-Cre Srsf2P95H/+ and Srsf2+/+ mice without lineage deple-

tion according to the immunophenotypes: LKS+. Cells were sorted with

either BD FACSAria or BDInflux (BD Biosciences).

2.5 Bone Marrow Transplantation

All transplants were performed into lethally irradiated (2x 5Gy split dose

3 hours apart; total of 10Gy, GammaCell40 irradiator) recipients (B6.SJL-

Ptprc aPep3b/BoyJArc; CD45.1; purchased from ARC, Perth) via intravenous

injections. All recipients received antibiotics (Baytril) in the drinking

water for 3 weeks after transplant. A total of 3 recipients/cohort were

transplanted. For non-competitive transplantation, a total of 2x106 un-

fractionated whole bone marrow cells were collected from donor mice

(CD45.2) at 20 weeks post tamoxifen cessation. The bone marrow cells

were injected into lethally irradiated recipients (CD45.1). For competitive

transplantation, a total of 1x106 unfractionated whole bone marrow cells

from donor mice (CD45.2, 20 weeks post tamoxifen cessation) were trans-

planted with 1x106 whole bone marrow competitor cells (CD45.1/CD45.2)
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Table 2.7: List of FACS antibodies used in the experiments

Antibody 
(clone) 

Conjugate Dilution Catalogue # Supplier 

B220  PerCP-Cy5.5 1:100 45-0452-80 eBioscience 

B220 APC-eFlour 

780 

1:200 47-0452-82  eBioscience 

B220 biotin 1:400 13-0452-85 eBioscience 

B220/CD45R 

(RA3-6B2) 

APC 1:200 17-0452-83 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

c-Kit/CD117 

(2B8) 

APC-eFluor-

780 

1:200 47-1171-82  Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD105 

(MJ7/18) 

PE-Cy7 1:400 120409 Biolegend 

CD11b biotin 1:400 13-0112-85 eBioscience 

CD11b/Mac1 PE-Cy7 1:100 25-0112-82 eBioscience 

CD11b/Mac1 eFluor-450 1:200 48-0112-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD11b/Mac1 

(M1/70) 

PE 1:400 12-0112-83 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD135/Flk2/Flt3 

(A2F10) 

PE 1:100 12-1351-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD150 (TC15-

12F12.2) 

PE 1:100 115904 Biolegend 

CD19 (1D3) PerCP-Cy5.5 1:150 45-0193-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD2 biotin 1:400 13-0021-85 eBioscience 

CD25 (PC61.5) PE 1:400 12-0251-83 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD34 (RAM34) eFluor-660 1:25 50-0341-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD3e biotin 1:400 13-0031-85 eBioscience 

CD4 biotin 1:400 13-0041-85 eBioscience 

CD4 (RM4-5) eFluor-450 1:400 48-0042-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD41 

(MWReg30) 

eFluor-450 1:200 48-0411-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD43 (S7) PE 1:200 553271 BD Pharmingen 
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CD44 PE-Cy7 1:400 25-0441-82 eBioscience 

CD44 (IM7) APC 1:400 17-0441-83 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD45.1 PE 1:100 12-0453-82 eBioscience 

CD45.2 APC 1:100 17-0454-82 BD Pharmingen 

CD45RB biotin 1:400 553098 BD Pharmingen 

CD5a biotin 1:400 13-0051-85 eBioscience 

CD71 (RI7 

217.1.4) 

APC 1:400 17-0711-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD8a eFluor-450 1:100 48-0081-82 eBioscience 

CD8a biotin 1:400 13-0081-85 eBioscience 

CD8a/Ly-2 (53-

6.7) 

APC-eFluor 

780 

1:400 47-0081-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

F4/80 (BM8.1) APC 1:250 20-4801-

U100 

Tonbo Biosciences 

CD16/32 

(FcγRII, 93) 

PerCP-Cy5.5 1:300 45-0161-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

CD16/32 

(FcγRII, 93) 

eFluor-450 1:400 48-0161-82 eBioscience 

Gr-1 APC-eFlour 

780 

1:600 47-5931-82  eBioscience 

Gr-1 biotin 1:400 13-5931-85 eBioscience 

Gr-1/Ly6G 

(RB6-8C5) 

PE-Cy7 1:1000 25-5931-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

IgM (II/41) Biotin 1:400 13-5790-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

Ly6C PE-Cy7 1:400 25-5932-80 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

Ly6G PE-ef610 1:400 61-9668-80 eBioscience 

Rat anti-mouse 

IgG1-APC 

APC 1:100 550874 BD Pharmingen 

Sca-1 PE-Cy7 1:100 25-5981-82 eBioscience 

Sca-1 (D7) APC 1:100 17-5981-82 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

Streptavidin BV 605 1:400 563260 BD Pharmingen 
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TCRβ (H57-

597) 

PE 1:400 12-5961-83 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

Ter119 biotin 1:400 13-5921-85 eBioscience 

Ter119  PE 1:400 12-5921-83 Life Technologies Australia 

Pty Ltd/Thermo Fisher 

 

into lethally irradiated recipients (CD45.1). Peripheral blood was taken

at 4, 12, 20 and 52 weeks post transplantation to monitor multi-lineage

donor reconstitution. The bone marrow, spleen and thymus of recipients

were analysed at 52 weeks post transplantation. The experiments were

performed in duplicate.

2.6 RNA Extraction and cDNA Synthesis

For FACS sorted cell populations, total RNA was extracted with TRIzol

(Thermo Fisher Scientific) and DirectZol Microprep kits (Zymo Research)

as per manufacturers’ instructions. For Cas9 Hoxb8 immortalised cell

lines, RNA was extracted with the ISOLATE II RNA mini kit (Bioline)

as per manufacturers’ instructions. cDNA was synthesised from RNA

using a Tetro cDNA synthesis kit (Bioline) as per manufacturer’s instruc-

tions. An equivalent amount of RNA was used for cDNA synthesis of all

samples.

2.7 RT-qPCR

RT-qPCR was performed in duplicates using Brilliant II SYBR Green

QPCR Master Mix (Agilent Technologies) as per manufacturer’s instruc-

tions on the Stratagene Mx3000P qPCR machine. Briefly, a master mix

without cDNA was made by combining 2x Brilliant II SYBR Green QPCR

Master Mix, pooled oligonucleotides (5µM) from IDT (Table 2.8) and
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nuclease-free water. The master mix was then mixed thoroughly and

aliquoted into designated wells. Then the diluted cDNA was added. The

total volume per well was 20µL. The plate was then run on the program

described in Table 2.10. SYBR green fluorescence was measured during

the annealing/extension step. A dissociation curve was performed after

RT-qPCR to rule out primer dimer formation. Data was then processed

using MxPro software (Agilent Technologies)

For exon inclusion/exclusion analysis, isoform specific oligonu-

cleotides were used as described previously (Kon et al., 2018). Briefly,

oligo (dT) cDNA was generated from splenocytes of tamoxifen treated

hScl-CreERT R26eYFP Srsf2P95H/+ and hScl-CreERT R26eYFP Srsf2+/+ mice

and tamoxifen treated Hoxb8 immortalised R26-CreERT2 Srsf2+/+ and

R26-CreERT2 Srsf2P95H/+ cell lines. The exon inclusion/exclusion levels

were then measured using RT-qPCR. Primer sequences are included in

Table 2.9.

2.8 Bulk and Single-Cell RNA-Sequencing

For Srsf2P95H/+ RNA-seq, total RNA was extracted from FACS sorted

haematopoietic populations as described above. For Hoxb8 immortalised

cell lines, total RNA was extracted from cell pellets stored in TRIzol.

Sequins were added to the total RNA prior to ribosome RNA (rRNA)

depletion to provide an internal control across samples (Hardwick et

al., 2016). To remove rRNA, the total RNA was processed through hy-

bridisation, RNAse H reaction and DNase digestion on a Biometra T3000

thermocycler. Briefly, 1µg total RNA was mixed with 0.25µL of 1mM

EDTA (pH 7.4), 1µL of 5x RNaseH(-)Mg buffer (500mM Tris pH 7.4, 1M

NaCI), 0.8µL of rRNA pooled oligo (100µM) (Adiconis et al., 2013; Morlan
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Table 2.8: RT-qPCR oligonucleotide list

Gene Oligonucleotide sequence (5’-3’) Direction Product Size 
(bp) 

Lck GACGATCTCGGGGATCATGG Forward 122 

GCGAGATCTTGCTGTCCAGT Reverse 

Ly6d CAAAACCGTCACCTCAGTGGAG Forward 153 

AGCCTCTCGTTGCATAGGTC Reverse 

Blk GGCGAAGTCTGGATGGGTTA Forward 145 

CGTAGAGACGAACCAGCCTC Reverse 

Mcl1 AGAGGCTGGGATGGGTTTGT Forward 145 

CCCTATTGCACTCACAAGGC Reverse 

Bcl2l11 (Bim) GTTCGATCGGCGCAACAC Forward 189 

CTCCTGTCTTGCGGTTCTGT Reverse 

Socs3 TAGACTTCACGGCTGCCAAC Forward 122 

CGGGGAGCTAGTCCCGAA Reverse 

Dach2 GTGGGAGGGTTGCACACAG Forward 189 

CCTTGAACTGGCGTTGGTG Reverse 

Ncam1 CCATCATGGGCCTGAAACCT Forward 123 

CACTGGGTTCCCGGACTG Reverse 

Ifih1 (Mda5) TCACTGATCTGCCCTCTCCT Forward 129 

CCTTCTCGAAGCAAGTGTCC Reverse 
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Table 2.9: Oligonucleotide list for exon exclusion RT-qPCR

Gene Oligonucleotide sequence (5’-3’) Direction 

Hnrnpa2b1 

exon 8 

GACCTGGAGGTGGCAATTTT Inclusion forward 

TCCTCCTCCATAGTTGTCATAACC Inclusion reverse 

GAGGAGGACCTGGAGGAAAT Exclusion forward 

ACCCCCAAAGTTTCCACTCT- Exclusion reverse 

Trp53bp1 

exon 5 

CAAGCAGTGCTCTGGCAGT Inclusion forward 

GCAGATGCTCTTGGTTGACA Inclusion reverse 

CCAAACAGGACAAGCAGATTC Exclusion forward 

TCGCATCCACATCAGATAGC Exclusion reverse 

Usp4 

exon 20 

TGGAGTTCCCAGTCAGAGCT  Inclusion forward 

CCATTTCCCGTTCAGTCTGT Inclusion reverse 

TGTCCCACCTGTAAGAAGCA Exclusion forward 

TGCAGTGTCTGACTGGGAAC Exclusion reverse 

Ezh2 

Murine 

counterparts of 

human poison 

exon 

CAGCATCTGCCACTCCTAC Inclusion forward 

AGAGCAGCAGCAAACTCCTTA Inclusion reverse 

AGCATCTGGAGGGAGCTA Exclusion forward 

GGGTCTGCTACTGTTATTC Exclusion reverse 

Ezh2 

Reported murine 

cassette exon  

AGGACGGCTCCTCTAACCAT Inclusion forward 

TTGGTGTTGCATTGTGCTTT Inclusion reverse 

CAACTGAAAAAGGGTCAAAACC Exclusion forward 

TTTTTAGAGCCCCGCTGAAT Exclusion reverse 

 

Table 2.10: RT-qPCR cycling conditions

Temperature Duration Cycle Number 
95°C 3 minutes x1 
95°C 20 seconds x40 
60°C 1 minute 
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et al., 2012) and made up with nuclease-free water to 5µL (Table 2.11).

The hybridisation reaction was run on the cycling program described in

Table 2.12. Two samples were processed in parallel to measure the rRNA

depletion later. After hybridisation, RNA samples were mixed with 1µL

5x RNaseH(-)Mg buffer, 0.2µL 1M MgCl2, 0.1µL murine RNase Inhibitor

(40U/µL, Bioline), 2µL Hybridase (Thermostable RNase H; 5U/µL, Illlu-

mina) and 1.7µL nuclease-free water (Table 2.13). For the two additional

samples, one was mixed as the RNase reaction described above, while no

Hybridase was added to the other sample (1µL 5x RNaseH(-)Mg buffer,

0.2µL 1M MgCl2, 0.1µL murine RNase Inhibitor (40U/µL) and 3.7µL

nuclease-free water). This Hybridase-free sample served as a rRNA non-

depleted control and the other sample as the rRNA depleted control. The

samples were incubated with RNase H at 45oC for 30 minutes. After

the RNase H reaction, the samples were mixed with 7µL of 10x TURBO

DNase buffer (Life Technologies), 4µL of TURBO DNase (2U/µL, Life

Technologies) and 59µL nuclease-free water (Table 2.14) and then incu-

bated at 37 oC for 30 minutes. After rRNA depletion, the products were

purified with an RNA Clean & Concentrator Kit. Once purified, the rRNA

depletion level was measured by RT-qPCR using the rRNA depleted

and non-depleted control. The Ppia level was measured as an internal

control (Forward primer: 5’-GTCAACCCCACCGTGTTCTT-3’, reverse

primer: 5’-CTGCTGTCTTTGGAACTTTG-3’). A 20-cycle difference be-

tween the rRNA depleted and non-depleted was considered as an efficient

rRNA depletion. The purified, rRNA depleted RNA was then subjected

to indexing and library preparation using the Kapa Stranded RNA-seq

Library Preparation Kit (Kapa Biosystems/Roche) and sequenced with

150bp paired end reads on the Illumina platform by Novogene (China

or Singapore). The sequence of the forward indexing primer was: 5’-
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AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC-

3’. The sequences of the various sample specific indexed primers used

are listed in Table 2.15. The Srsf2P95H/+ RNA-seq library was prepared by

Mr. Scott Taylor.

For Srsf2P95H/+ single-cell RNA-seq (scRNA-seq), libraries were pre-

pared from the FACS sorted haematopoietic fractions using the Chromi-

umTM Singe Cell Library Kit V2: Chip Kit and Gel Bead & Multiplex Kit

(equipment and service provided by the Australian Genome Research

Facility (AGRF)). The resulting libraries were pooled and sequenced us-

ing Illumina chemistry with 100bp paired end reads. The libraries for

scRNA-seq were generated and sequenced by AGRF.
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Table 2.11: rRNA depletion-Hybridisation mix

Hybridisation mix Volume (µL) 
Input RNA 1µg 

1mM EDTA (pH 7.4) 0.25 
5x RNaseH(-) Mg buffer 1 
rRNA oligo pool (100uM) 0.8 

Nuclease-free water Up to 3µL 
Total volume 5 

 

Table 2.12: rRNA depletion-Hybridisation cycling conditions

Temperature Duration Cycle Number 
95°C 2 minutes x1 

95°C to 45°C 
at 0.1 °C/second 

x1 

45˚C Hold 
 

 

Table 2.13: rRNA depletion-RNase H reaction mix

Hybridisation mix Volume (µL) 
1M MgCl2 0.2 

5x RNaseH(-) Mg buffer 1 
Murine RNase Inhibitor 

(40U/µL) 
0.1 

Hybridase (5U/µL) 2 
Nuclease-free water 1.7 

Total volume 5 
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Table 2.14: rRNA depletion-DNase digestion mix

Hybridisation mix Volume (µL) 
10x TURBO DNase buffer 7 
TURBO DNase (2U/µL) 4 

Nuclease-free water 59 
Total volume 70 

 

Table 2.15: Sequences of Multiplexing PCR primers used to generate
RNA-seq libraries

Name Sequence to 
include in P7 
primer, 5’-3' 

Index read (rev 
comp 

sequence) 

Full sequence 

PCR Primer 
Index 1 

CGTGAT ATCACG  CAAGCAGAAGACGGCATACGAGAT 
CGTGATGTGACTGGAGTTCAGACG 
TG 

PCR Primer 
Index 2 

ACATCG CGATGT  CAAGCAGAAGACGGCATACGAGAT
ACATCGGTGACTGGAGTTCAGACG 
TG 

PCR Primer 
Index 3 

GCCTAA TTAGGC  CAAGCAGAAGACGGCATACGAGAT 
GCCTAAGTGACTGGAGTTCAGACG 
TG 

PCR Primer 
Index 4 

TGGTCA TGACCA 
 

CAAGCAGAAGACGGCATACGAGAT 
TGGTCAGTGACTGGAGTTCAGACG 
TG 

PCR Primer 
Index 5 

CACTGT ACAGTG 
 

CAAGCAGAAGACGGCATACGAGAT 
CACTGTGTGACTGGAGTTCAGACG 
TG 

PCR Primer 
Index 6 

ATTGGC GCCAAT 
 

CAAGCAGAAGACGGCATACGAGAT 
ATTGGCGTGACTGGAGTTCAGACG 
TG 

PCR Primer 
Index 7 

GATCTG CAGATC CAAGCAGAAGACGGCATACGAGAT 
GATCTGGTGACTGGAGTTCAGACG 
TG 

PCR Primer 
Index 8 

TCAAGT ACTTGA CAAGCAGAAGACGGCATACGAGAT
TCAAGTGTGACTGGAGTTCAGACG 
TG 

PCR Primer 
Index 9 

CTGATC GATCAG CAAGCAGAAGACGGCATACGAGAT 
CTGATCGTGACTGGAGTTCAGACG 
TG 

PCR Primer 
Index 10 

AAGCTA TAGCTT CAAGCAGAAGACGGCATACGAGAT 
AAGCTAGTGACTGGAGTTCAGACG 
TG 

PCR Primer 
Index 11 

GTAGCC GGCTAC CAAGCAGAAGACGGCATACGAGAT 
GTAGCCGTGACTGGAGTTCAGACG 
TG 

PCR Primer 
Index 12 

TACAAG CTTGTA CAAGCAGAAGACGGCATACGAGAT 
TACAAGGTGACTGGAGTTCAGACG 
TG 
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2.9 Bioinformatic Analysis

For Srsf2P95H/+ RNA-seq and Hoxb8 cell line RNA-seq, remaining riboso-

mal reads were first removed using BBmap (bbsplit, v37.5). Reads were

then trimmed for adaptor sequences using Trim_galore (v0.4.4). Reads

were then aligned to the mm10 mouse reference genome (Annotation: gen-

code.mm10.vM14.annotation.gtf) using STAR (STAR_2.5.3a). Duplicate

reads were marked using Picard (v2.2.2). Read counting was performed

using featureCounts (subread-1.5.1) ignoring duplicate reads. Filtering

and differential expression was performed using degust (http://degust.er

c.monash.edu/). Data was filtered to keep only genes with: a) Min gene

read count: 5, and b) min gene CPM: 1 (in at least 2 samples) resulting

in 15,466 expressed genes. Differential expression was performed us-

ing voom with sample weighting (Law et al., 2014). The bioinformatic

analysis for RNA-seq was performed by Dr. Alistair Chalk.

For Srsf2P95H/+ scRNA-seq, sequencing data was pre-processed on

CellRanger software (10x Genomics) to perform alignment, filtering, bar-

code counting and Unique Molecular Identifiers (UMI) counting. Then,

cells were filtered by their library size, number of genes expressed, and mi-

tochondrial percentage. The DoubletDetection method (https://github.com/

JonathanShor/DoubletDetection) was used to predict and remove po-

tential doublets from the dataset. Following this, gene expression was

normalised using sctransform and visualised with Uniform Manifold Ap-

proximation and Projection (UMAP). Marker genes reported previously

(Cheng et al., 2019) were used to annotate the cell clusters. Pseudotime

analysis was performed using monocle2 (Trapnell et al., 2014). The bioin-

formatic analysis for scRNA-seq was performed by Ms Ruqian Lyu and

Dr. Davis McCarthy.
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2.10 Cell Culture

2.10.1 General Cell Culture Technique and Handling

All cell culture experiments were performed in a Gelaire class II biological

safety cabinet. Unless otherwise stated, cell culture medium and other

solutions were pre-warmed in a WB7 water bath at 37oC before use.

The safety cabinet, media and equipment used were sprayed with 70%

ethanol to reduce the risk of contamination. Cells were incubated in a

CO2 HeraCell 240i incubator at 5% CO2 and 37oC

Cell passaging and media replacement were performed every 2-

3 days. For adherent cells, the supernatant was discarded, and cells

were washed once with PBS before adding trypsin (0.025% in PBS, 1mM

EDTA). The cells were incubated for 3-5 minutes at 37oC, then PBS was

added to dilute the trypsin and collect the cells. The cell suspension was

centrifuged at 400g for 5 mins to collect the cells and then resuspended

in 1mL of tissue culture medium. The cells were counted and re-seeded

at the desired cell density in pre-warmed medium. For suspension cells,

these were mixed thoroughly in the tissue culture flasks/plates before

cell counting and re-seeding at the desired cell density in pre-warmed

medium. Cell counting was performed by mixing 10µL of cells with

10µL trypan blue solution (ThermoFisher Scientific) in a round-bottom

96 well non-tissue culture treated plate (Falcon), then 10µL of mixture

was transferred into the chamber of a cell counting slide (BioTools) and

counted on a Countess II cell counter (Invitrogen).

To cryopreserve cells, approximately 5x106 cells were collected and

pelted by centrifuging at 400g for 5 minutes. The cell pellet was then

resuspended in 1mL of freezing medium (FBS with 10% DMSO) and

stored in cryogenic vials (Nunc, ThermoScientific). The tubes were put in
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a Mr. FrostyTM freezing container in the -80oC freezer for 24 hours before

being transferred into storage boxes. Cells were subsequently transferred

into liquid nitrogen for long-term storage. To thaw cells, the cryogenic

vial was placed directly into a 37oC water bath until all frozen content

was thawed. The content was transferred into 10mL PBS in a 12mL tube

and the cells were pelleted by centrifugation at 400g for 5 minutes. The

supernatant was discarded, and the cells were seeded at a density and in

medium appropriate for each cell line/type.

2.10.2 Generation of Lentivirus and Retrovirus

For virus production, 2.5x106 HEK293T cells were seeded in a 10cm tissue

culture plate (Falcon) in 10mL complete DMEM and incubated overnight.

When the cells reached 70-80% confluence, and transfection was carried

out using the calcium-phosphate precipitation method. All solutions used

in this procedure were at room-temperature. For lentiviral production,

10µg of Cas9-blasticidin plasmid DNA (pDNA) (Addgene, #52962), 3.8µg

pVSV-G pDNA and 6.3µg psPax2 pDNA (Addgene, #12260) were added

to 61µL 2M CaCl2 and topped up to 500µL with sterile nuclease-free water

(Table 2.16). For retroviral production, 10µg of MSCV-Hoxb8 pDNA and

10µg of EcoPac pDNA were added to 61µL 2M CaCl2 and topped up to

500µL with sterile nuclease-free water (Table 2.17) in a 15mL tube (Falcon).

For both virus types, 500µL 2x HEPES buffered saline (2xHBS) was then

added dropwise into the plasmid mixture while vortexing (1,800rpm).

The calcium phosphate-DNA precipitates were then added dropwise onto

the HEK239T culture and incubated overnight (12-16hrs). The precipitate

was checked the next day. The medium was then carefully removed

and replaced with fresh medium. The cells were incubated for a further

24-28hrs and the virus containing supernatant was collected at 48hrs and

72hrs post transfection. The virus containing supernatant was centrifuged
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at 400g for 5 minutes to remove any cell debris and stored as 1mL aliquots

at -80oC.

Table 2.16: Lentiviral transfection mix

Lentiviral mix Amount/Volume  
Cas9-blasticidin plasmid DNA (pDNA) 

(Addgene, #52962) 
10µg 

pVSV-G pDNA 3.8µg 
psPax2 

(Addgene, #12260) 
6.3µg 

2M CaCl2 61µL 
Sterile nuclease-free water Up to 439µL 

Total volume 500µL 
 

Table 2.17: Retroviral transfection mix

Retroviral mix Amount/Volume  
MSCV-Hoxb8 pDNA 10µg 

EcoPac pDNA 10µg 
2M CaCl2 61µL 

Sterile nuclease-free water Up to 439µL 
Total volume 500µL 

 

2.10.3 Generation of Hoxb8 R26-CreERT2 Srsf2P95H/+ and

Srsf2+/+ Cell lines

Bone marrow cells were collected from R26-CreERT2 Srsf2P95H/+ and R26-

CreERT2 Srsf2+/+ mice by crushing both femurs, tibiae and iliac crests

with a mortar and pestle. A total of 40mL of ice-cold FACS buffer was

added into the mortar to flush the bone marrow cells by gentle pipetting.

The cell suspension was then filtered through a 40µm cell strainer and

pelleted. The supernatant was discarded, and the cells were resuspended

in 4mL FACS buffer. Using a 15mL falcon tube, 3mL of Ficoll-PagueTM

PLUS media (GE healthcare, density 1.078 g/mL) was added and then
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the 4mL bone marrow cell suspension was carefully overlaid on top. The

cells/ficoll were centrifuged at 400g for 10 minutes without applying the

brake setting on the centrifuge. After centrifugation, the mononuclear

cells were carefully aspirated from the interphase of the ficoll and PBS

and the cells were washed with 10mL PBS. 100µL from this cell suspen-

sion was used to count on Sysmex KX21 haematological analyser. After

washing, the cells were resuspended in 1mL PBS.

The ficoll-purified bone marrow cells (around 1x106/mL) were stimu-

lated for 48 hours in complete IMDM (20% FBS, 1% Penicillin/Streptomyc-

in, 1% glutamine) supplemented with recombinant mouse stem cell factor

(rmSCF, 50ng/mL), recombinant mouse interleukin 3 (rmIL-3, 10ng/mL)

and recombinant human interleukin 6 (rhIL-6, 10ng/mL). After stim-

ulation, 1x106 cells in 1mL of complete IMDM were mixed with 1mL

of Hoxb8 retrovirus containing medium. Additional cytokines (rmSCF,

rmIL-3 and rmIL-6) were added, as well as polybrene (8µg/mL). The

cells were spin-infected for 90 minutes at 1,100g. The cells were then

incubated for 18-24 hours and then the medium was replaced with fresh

IMDM with cytokines. After another 24 hours, the suspension cells were

passaged into complete IMDM (10% FBS, 1% Penicillin/Streptomycin, 1%

glutamine) with 1% granulocyte-macrophage colony-stimulating factor

(GM-CSF) conditioned media (from BHK-HM5 cell conditioned media).

After 1 to 2 passages, the cells were cultured in IMDM containing 10%

FBS with 1% GM-CSF only. The cells were fully immortalised after four

weeks.
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2.11 CRISPR Screen

2.11.1 Generation and Validation of Cas9-Blasticidin

Hoxb8 Srsf2P95H/+ And Srsf2+/+ Cell Lines

To generate Cas9-expressing Hoxb8 GM-CSF R26-CreERT2 Srsf2P95H/+ and

R26-CreERT2 Srsf2+/+ cell lines, the Hoxb8 cell lines were infected with

Cas9-blasticidin lentivirus by spin-infection at 1,100g for 90 minutes. The

infected cells were then cultured in IMDM-Cas9 media (IMDM, 10% FBS,

1% GM-CSF and 3µg/mL blasticidin) for two weeks to select for a Cas9-

expressing population. The Cas9-blasticidin R26-CreERT2 Srsf2P95H/+ and

R26-CreERT2 Srsf2+/+ cell lines were maintained in IMDM-Cas9 media to

maintain positive selection pressure.

To check the editing activity of the Cas9-blasticidin Hoxb8 R26-

CreERT2 Srsf2P95H/+ and R26-CreERT2 Srsf2+/+ cell lines, stable Cas9 cells

were infected with pLentiGuide (provided by A/Prof Kaylene Simp-

son and Dr Iva Nikolic, Victorian Cancer and Functional Genomics

(VCFG); originally sourced from Addgene) expressing sgRNA targeting

the Ifih1 gene (5’-CACCGGTTTGACATAGCGCGCGGCT-3’). Puromycin

(0.5µg/mL) was added to the IMDM-Cas9 media after 48 hours. Six-

days later, the cells were collected, and RNA extracted to determine the

expression of Ifih1 via RT-qPCR (Table 2.8 and 2.9).

To determine the proliferation kinetics of the Cas9-blasticidin Hoxb8

R26-CreERT2 Srsf2P95H/+ and R26-CreERT2 Srsf2+/+ cell lines, the cells

were seeded at 1x105 cells/mL in IMDM-Cas9 media. On day 0, 400nM

4-hydroxy tamoxifen was added. After 4 days of tamoxifen treatment, the

cells were taken off tamoxifen. The cells were then counted and passaged

at 1x105 cells/mL every 2 to 3 days for up to 14 days.
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2.11.2 Titration of Mouse Brie Library

Aliquots of concentrated Mouse Brie sgRNA library (Doench et al., 2016)

were provided by VCFG. To determine the optimal amount of library to

achieve a Multiplicity of Infection (MOI) of 0.3, 1.25 x 106 stable Cas9-

blasticidin Hoxb8 cells were seeded in 1mL of IMDM-Cas9 media in

a 12-well plate (Falcon). The cells were spin-infected with increasing

amounts of concentrated virus (0, 2.5, 5, 7.5, 10µL per mL). 1mL of IMDM-

Cas9 media was added after 4-6 hours, which was then replaced with

2mL of fresh IMDM-Cas9 media after 24 hours. Puromycin (0.5µg/mL)

was added to the culture 24 hours after infection and cell viability was

assessed 72 hours later with the Countess II cell counter using trypan blue

staining. The viral concentration that resulted in ∼30% of cell survival

(MOI=0.3) at 72hrs was the concentration used for the screen.

2.11.3 Pooled CRISPR knock-out screen and parallel cul-

ture for RNA-Seq

At the start of the CRISPR screen, 130x106 Cas9 cells from each of the

cell lines (n=3 independently derived R26-CreERT2 Srsf2P95H/+ and R26-

CreERT2 Srsf2+/+ cell lines) were infected with the Brie library. The num-

ber of infected cells was calculated by multiplying 78,637 (the number

of guides in the library) by 500 (representing the desired number of cells

for each guide at the start of the experiment), divided by 0.3 (MOI). The

130x106 cells were separated into four NuncTM cell culture T75 flasks

to ensure efficient spin-infection and avoid nutrient deprivation (previ-

ously optimised using GFP infection and culture after infection by Mr

Scott Taylor). In each spin-infection flask, 35x106 cells were mixed with

122µL of concentrated lentivirus containing the Brie Library and 35µL of

polybrene (8µg/mL) in 35mL of IMDM-Cas9 media. The infection mix
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was then spun at 1,100g for 90 minutes and the cells were re-incubated

immediately after the spin-infection. Around 4 hours later, the mixture

was transferred into two T175 flasks (Falcon) with the addition of 65mL

of IMDM-Cas9 media and cells were re-incubated. After 48 hours, cells

were counted and diluted to 8x105 cells/mL before adding puromycin

(0.5µg/mL). After 4 days of puromycin selection, the puromycin and

blasticidin was washed off and the cells were cultured in IMDM with

10%FBS, 1% GM-CSF and 400nM 4-hydroxy tamoxifen. This timepoint is

labelled day 0 of the screen. The tamoxifen was removed from the cells

after 4 days and the cells were then passaged at 2x105/mL every 2 days

(Monday and Wednesday) and 1x105/mL for a 3-day interval (Friday)

for up to 14 days. A minimum of 40x106 cells was passaged during each

split to maintain the initial targeted representation of an average of 500

copies per guide. On day 0, day 4, day 11 and day 18 of the screen, pellets

of 40x106 cells were collected for gDNA isolation and library prepara-

tion. On day 0, day 2 and day 4 of the screen, pellets of 2x106 cells were

collected for DNA recombination analysis.

In parallel to the CRISPR knock-out screen, 1x105 Cas9 cells were

treated with 400nM 4-hydroxy tamoxifen in a 6-well plate on day 0 of

the screen. On day 4, tamoxifen was removed from the cells and cells

were cultured in IMDM-Cas9 media. On day 11 (7 days post tamox-

ifen cessation), 1x106 cells were collected for RNA extraction and whole

transcriptome sequencing.

2.11.4 Genomic DNA Preparation for CRISPR Screen

Genomic DNA was extracted from the cell pellets using the Gentra Pure-

gene kit (Qiagen) according to manufacturer’s instructions. Cell pellets

were resuspended in 3mL of lysis buffer on the day of collection and
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stored at -20oC. To extract gDNA, the lysate was thawed and vortexed at

maximum speed for 15 seconds. The rest of the procedure was performed

as per manufacturer’s instructions. Due to large number of cells collected,

the DNA pellet yielded from the extraction process was suspended in 1mL

of DNA hydration solution and incubated at 65oC overnight to ensure

that the DNA was fully dissolved. Next, the DNA was quantified using

the Nanodrop spectrophotometer. To check the integrity of the extracted

DNA, 1µL of the extracted DNA (around 550µg) was electrophoresed on

a 0.8% agarose gel at 120V for 1 hour. After electrophoresis, the gel was

imaged with a VersaDoc imaging system (Bio-Rad).

2.11.5 Library Preparation for Illumina Sequencing

DNA libraries were generated by PCR amplification of the integrated

sgRNA constructs with a barcode sequence attached (following the proto-

col provided by the Broad Institute; https://portals.broadinstitute.org/gp

p/public/resources/protocols). In total, 24 samples from four time points

(day 0, 4, 11 and 18) and six cell lines (three R26-CreERT2 Srsf2+/+ and three

R26-CreERT2 Srsf2P95H/+) were processed. To ensure full representation

of the sgRNAs in the samples, all of the DNA collected from 40x106 cells

was amplified, which resulted in 58-93 PCR reactions per sample. Each

100µL PCR reaction contained 10µg of gDNA, 10µL 10x ExTaq reaction

buffer, 8µL 2.5mM dNTP mixture, 0.75µL ExTaq polymerase, 0.5µL P5

primer mix (100µM; Table 2.18), and, for each of the 24 samples, 10µL of a

unique P7 index primer (5µM; Table 2.19) and nuclease-free water to a

total volume of 100µL. For each sample, the PCR reactions were prepared

in a 96-well PCR plate (Thermo Scientfic) and cycled with the parameters

described in Table 2.20. 15µL of the PCR product was then pooled and

mixed well. 100µL of the pooled PCR product was mixed with 24µL

5x DNA loading dye (Bioline). Then, 30µL of the mixture was loaded
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onto a 1% agarose gel and run for 50 minutes at 120V. The 400bp PCR

products were excised from the gel and the DNA was extracted using

a PCR & Gel purification Kit (Bioline). The purified pooled library was

first quantified with a Nanodrop spectrophotometer and the concentra-

tion then confirmed using a LabChip GX Touch Nucleic Acid Analyzer

(PerkinElmer). Finally, 18µL of purified pooled library containing at least

2ng/µL of DNA was sent for sequencing on the Illumina platform using

150bp paired end reads by Novogene (China).

Table 2.18: P5 primer sequences

Name Sequence  

P5 0 nt stagger AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 
CTCTTCCGATCTTTGTGGAAAGGACGAAACACCG  

P5 1nt stagger AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 
CTCTTCCGATCTCTTGTGGAAAGGACGAAACACCG  

P5 2nt stagger  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 
CTCTTCCGATCTGCTTGTGGAAAGGACGAAACACCG  

P5 3nt stagger  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 
CTCTTCCGATCTAGCTTGTGGAAAGGACGAAACACCG  

P5 4nt stagger  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 
CTCTTCCGATCTCAACTTGTGGAAAGGACGAAACACCG  

P5 5nt stagger AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 
CTCTTCCGATCTTGCACCTTGTGGAAAGGACGAAACACCG  

P5 7nt stagger AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 
CTCTTCCGATCTACGCAACTTGTGGAAAGGACGAAACACCG  

P5 8nt stagger AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 
CTCTTCCGATCTGAAGACCCTTGTGGAAAGGACGAAACACCG  
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Table 2.19: P7 primer sequences

Name Sequence to 
include in P7 
primer, 5’-3' 

Index read (rev 
comp 

sequence) 

Full sequence 

P7_index01
_lentiGuide 

CGGTTCAA TTGAACCG CAAGCAGAAGACGGCATACGAGAT
CGGTTCAAGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 

P7_index02
_lentiGuide 

GCTGGATT AATCCAGC CAAGCAGAAGACGGCATACGAGAT
GCTGGATTGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 

P7_index03
_lentiGuide 

TAACTCGG CCGAGTTA CAAGCAGAAGACGGCATACGAGAT
TAACTCGGGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 

P7_index04
_lentiGuide 

TAACAGTT AACTGTTA CAAGCAGAAGACGGCATACGAGAT
TAACAGTTGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTTCTACTAT
TCTTTCCCCTGCACT*G*T 

P7_index05
_lentiGuide 

ATACTCAA TTGAGTAT CAAGCAGAAGACGGCATACGAGAT 
ATACTCAAGTGACTGGAGTTCAGAC 
GTGTGCTCTTCCGATCTTCTACTAT 
TCTTTCCCCTGCACT*G*T 

P7_index06
_lentiGuide 

GCTGAGAA TTCTCAGC CAAGCAGAAGACGGCATACGAGAT 
GCTGAGAAGTGACTGGAGTTCAGA 
CGTGTGCTCTTCCGATCTTCTACTA 
TTCTTTCCCCTGCACT*G*T 

P7_index07
_lentiGuide 

ATTGGAGG CCTCCAAT CAAGCAGAAGACGGCATACGAGAT 
ATTGGAGGGTGACTGGAGTTCAGA 
CGTGTGCTCTTCCGATCTTCTACTA 
TTCTTTCCCCTGCACT*G*T 

P7_index08
_lentiGuide 

TAGTCTAA TTAGACTA CAAGCAGAAGACGGCATACGAGAT
TAGTCTAAGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTTCTACTAT
TCTTTCCCCTGCACT*G*T 

P7_index09
_lentiGuide 

CGGTGACC GGTCACCG CAAGCAGAAGACGGCATACGAGAT
CGGTGACCGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 

P7_index10
_lentiGuide 

TACAGAGG CCTCTGTA CAAGCAGAAGACGGCATACGAGAT
TACAGAGGGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 

P7_index11
_lentiGuide 

ATTGTCAA TTGACAAT CAAGCAGAAGACGGCATACGAGAT
ATTGTCAAGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTTCTACTAT
TCTTTCCCCTGCACT*G*T 

P7_index12
_lentiGuide 

TATGTCTT AAGACATA CAAGCAGAAGACGGCATACGAGAT
TATGTCTTGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTTCTACTAT
TCTTTCCCCTGCACT*G*T 
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P7_index13
_lentiGuide 

ATTGGATT AATCCAAT CAAGCAGAAGACGGCATACGAGAT
ATTGGATTGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTTCTACTAT
TCTTTCCCCTGCACT*G*T 

P7_index14
_lentiGuide 

ATACTCGG CCGAGTAT CAAGCAGAAGACGGCATACGAGAT
ATACTCGGGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 

P7_index15
_lentiGuide 

TATGAGAA TTCTCATA CAAGCAGAAGACGGCATACGAGAT
TATGAGAAGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTTCTACTAT
TCTTTCCCCTGCACT*G*T 

P7_index16
_lentiGuide 

GCACAGTT AACTGTGC CAAGCAGAAGACGGCATACGAGAT
GCACAGTTGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 

P7_index17
_lentiGuide 

CGTGGATT AATCCACG CAAGCAGAAGACGGCATACGAGAT
CGTGGATTGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 

P7_index18
_lentiGuide 

TAGTAGAA TTCTACTA CAAGCAGAAGACGGCATACGAGAT
TAGTAGAAGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTTCTACTAT
TCTTTCCCCTGCACT*G*T 

P7_index19
_lentiGuide 

GCACGATT AATCGTGC CAAGCAGAAGACGGCATACGAGAT
GCACGATTGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 

P7_index20
_lentiGuide 

CGGTAGCC GGCTACCG CAAGCAGAAGACGGCATACGAGAT
CGGTAGCCGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 

P7_index21
_lentiGuide 

TAGTTCTT AAGAACTA CAAGCAGAAGACGGCATACGAGAT
TAGTTCTTGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTTCTACTAT
TCTTTCCCCTGCACT*G*T 

P7_index22
_lentiGuide 

TACAAGTT AACTTGTA CAAGCAGAAGACGGCATACGAGAT
TACAAGTTGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTTCTACTAT
TCTTTCCCCTGCACT*G*T 

P7_index23
_lentiGuide 

ATCACTGG CCAGTGAT CAAGCAGAAGACGGCATACGAGAT
ATCACTGGGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 

P7_index24
_lentiGuide 

CGCATCAA TTGATGCG CAAGCAGAAGACGGCATACGAGAT
CGCATCAAGTGACTGGAGTTCAGA
CGTGTGCTCTTCCGATCTTCTACTA
TTCTTTCCCCTGCACT*G*T 
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Table 2.20: CRISPR DNA library thermocycling parameters

Temperature Duration Cycle Number 
95˚C Hot plate start 
95˚C 1 minute x1 
95˚C 30 seconds x28 
53°C 30 seconds 
72˚C 30 seconds 
72˚C 10 minutes x1 
4˚C On Hold 

 

2.11.6 Bioinformatic Analysis for CRISPR Screen

CRISPR screen analysis was performed using MaGeCK, MaGeck-VISPR

and CRISPRBetaBinomial package (CB2) (v 1.3.0) by Dr Alistair Chalk (Li

et al., 2014) (Li et al., 2015) (Jeong et al., 2019). Raw reads were mapped

to the broadgpp_brie_crispr library with run_sgrna_quant() and read

counts were normalised with get_CPM(). Annotation with ENSEMBL was

performed with biomaRt (Durinck et al., 2009). To measure differences in

sgRNA levels, CB2 combines a beta-binomial model with a modified

Student’s t-test. Next, to estimate gene-level significance, a Fisher’s

combined probability test was conducted. The sgRNA distribution, Gini

index and heatmap were generated using the ggplot2 package (Wickham,

2016). The Venn diagrams were generated with the VennDiagram package

(Chen and Boutros, 2011). The heatmap for negatively selected pathway

analysis was generated with Metascape (Zhou et al., 2019).
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2.12 ATP-Lite Cell Viability Assay – Endpoint

In Vitro Drug Assay

Hoxb8 immortalised R26-CreERT2 Srsf2P95H/+ and R26-CreERT2 Srsf2+/+

cell lines were treated with 400nM 4-hydroxy tamoxifen for four days

to activate the Cre-mediated recombination. At 48 hours post tamoxifen

cessation, 1,000 cells were plated in 50µL of IMDM with 10% FBS and

1% GM-CSF media in 96-well tissue culture plates, then 50µL of a 2x

concentration of drugs was added in triplicates per dose (Dose range:

Palbociclib 1nM-10µM, Roscovitine 100nM-50µM, PD0166285 1nM-1µM,

Pladienolide B 0.1nM-10nM). A DMSO or water control was included for

all analysis. Cells were cultured with drugs for 4 days before assessing

the cell viability using the ATP-Lite Luminescence Assay System as per

manufacturer’s instructions. The luminescence was measured using an

Enspire plate reader.

For LKS+ in vitro drug assays, the sorted LKS+ cells (described in

2.4.6) were cultured for 24 hrs in complete IMDM (20% FBS, 1% Peni-

cillin/Streptomycin, 1% glutamine) supplemented with recombinant

mouse stem cell factor (rmSCF, 50ng/mL), recombinant mouse inter-

leukin 3 (rmIL-3, 10ng/mL) and recombinant human interleukin 6 (rhIL-6,

10ng/mL). After stimulation, 400nM 4-hydroxy tamoxifen was added.

After 4 days of tamoxifen treatment, the cells were taken off tamoxifen.

Then, 1,000 cells were plated in 50µL of complete IMDM supplemented

with cytokines (50ng/mL rmSCF; 10ng/mL rmIL-3; 10ng/mL rhIL-6) in a

96-well tissure culture plate, then 50µL of a 2x concentration of drugs was

added in triplicates per dose (Dose range: Palbociclib 1nM-10µM, Roscov-

itine 100nM-50µM, PD0166285 1nM-1µM, Pladienolide B 0.1nM-10nM). A

DMSO or water control was included for all analysis. Cells were cultured
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with drugs for 4 days before assessing the cell viability using the ATP-Lite

Luminescence Assay System as per manufacturer’s instructions. The

luminescence was measured using an Enspire plate reader. The IC50 of

was calculated in Prism 8 (Graphpad) using log(inhibitor) vs. normalized

response- variable slope.

2.13 Hoxb8 Cell Line Proliferation Assay

Continuous In Vitro Drug Sensitivity

Assay

Hoxb8 immortalised R26-CreERT2 Srsf2P95H/+ and R26-CreERT2 Srsf2+/+

cell lines were treated with 400nM 4-hydroxy tamoxifen for four days

to activate the Cre-mediated recombination. At 48 hours post tamoxifen

cessation, 1x105 cells were seeded in 5mL IMDM with 10%FBS and 1%

GM-CSF media in T-25 flasks (Falcon). Cells were then treated with either

Palbociclib (57µM) or Pladienolide B (0.85nM) for 14 days. Cell were

counted on the Countess II cell counter and passaged every two- three

days. A DMSO (0.1%) control was included as well.

2.14 Statistical Analysis

Statistical significance tests were conducted in Prism software version

8 (GraphPad), Tests used include unpaired two-tailed Student t-tests,

ordinary one-way ANOVA and Receiver-operating characteristic (ROC)

curves. All data are depicted as mean ± standard error of the mean.

Significance is indicated using the following convention: *P<.05; **P<.01;

***P<.001; ****P<.0001.
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Chapter 3

Srsf2P95H/+ mutation cannot lead

to fully penetrate MDS when

activated in myeloid progenitors
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3.1 Introduction

Genetically engineered animal models are an important tool for under-

standing the consequences of gene mutation on normal haematopoiesis.

To characterise the effect of Srsf2P95H/+ mutation in vivo, numerous groups

have established their own models using different gene-targeting strate-

gies and the LoxP-Cre system, which I reviewed in Chapter 1 of my thesis.

One of the advantages of the LoxP-Cre system is that it enables either

constitutive or inducible expression of the mutation in a specific cell type.

This is important for identification and characterisation of the cell of

origin in Srsf2P95H/+ mutated MDS. Previously, a specific group of MDS

stem cells (MDS-SCs) was identified in low-risk MDS patients (Woll et al.,

2014). The MDS-SCs propagate in vivo and produce MDS-progenitor cells.

Further mutation acquisition in MDS progenitors confers self-renewal

potential to the progenitor compartment, which enables disease progres-

sion towards secondary AML (sAML) (Woll et al., 2014). In acute myeloid

leukaemia (AML), both long-term haematopoietic stem cells (LT-HSCs)

and granulocyte-monocyte progenitors (GMPs) are able to initiate and

sustain experimental AML driven by the oncogenic MLL-AF9 fusion.

However, the LT-HSC-origin AML cells are more aggressive and more

potent in inducing leukaemia than the GMP-origin AML cells (Chen et

al., 2008; Stavropoulou et al., 2016). To investigate if Srsf2P95H/+ muta-

tion could initiate MDS from a myeloid progenitor population, I took

advantage of the LysM-Cre model to activate Srsf2P95H/+ in myeloid cells.

The LysM-Cre mice were generated by inserting the cDNA of Cre

recombinase behind the promotor region of the Lysozyme 2 gene, which

enables constitutive Cre expression in cells expressing LysM (Clausen et

al., 1999). LysM-Cre is predominantly expressed in cells committed to the

myeloid lineage and when cells differentiate into myeloid progenitors. To
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enable the tracking of cells where Cre has been expressed, I utilised the

R26-LSL-eYFP reporter system. Here EYFP was inserted into the Rosa26

(Gt(ROSA)26Sor) locus behind a loxP flanked STOP cassette. Upon Cre-

mediated excision, the stop cassette is deleted, and the yellow fluorescent

protein is expressed for the lifetime of that cell and any daughter cells that

arise from it. This can be visualized through FACS (Srinivas et al., 2001).

Based on eYFP expression, LysM-Cre can achieve 50-70% recombination

efficiency in granulocytes, monocytes and spleen dendritic cells (Abram

et al., 2014; Ye et al., 2003). The eYFP labelling therefore enabled the

tracing of Srsf2P95H/+ mutant cells in unperturbed haematopoiesis from

the time of LysM expression and concurrent induction of SRSF2 mutation.

To understand the pathogenesis of MDS, it is important to fully ex-

plore the implications of Srsf2P95H/+ mutation in the myeloid progenitor

populations. The LysM-Cre model was in part described in the publi-

cation reporting the R26-CreERT2 and hScl-CreERT Srsf2P95H/+ models,

on which I am a co-author (Smeets et al., 2018). Here, I present the full

characterisation and comparison of the short-term and long-term effects

of Srsf2P95H/+ mutation on haematopoiesis when activated in myeloid

progenitors. This will provide useful information regarding both the

prognosis and the therapeutic options for patients with MDS.
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3.2 Results

3.2.1 Activation of Srsf2P95H/+ mutation in myeloid pro-

genitors is well tolerated in 20-30 week old

animals

To determine if the Srsf2P95H/+ mutation would have an effect on haemato-

poiesis when activated in myeloid progenitors, I established cohorts of

LysM-Cre R26eYFP Srsf2+/+ and LysM-Cre R26eYFP Srsf2P95H/+ mice and

allowed them to age. I then performed analysis of peripheral blood (PB),

bone marrow (BM), spleen and thymus at 20 to 30 weeks of age (Figure

3.1A). PCR analysis of sorted cells indicated that at this age approximately

50% recombination of the Srsf2P95H/+ allele was achieved in the common

myeloid progenitor (CMP) and GMP populations and this rose to more

than 90% in the granulocyte population (Figure 3.1B). The recombina-

tion efficiency is well-correlated with the eYFP positive percentage as

determined via FACS.

In the peripheral blood, LysM-CreKI/+ R26eYFP Srsf2P95H/+ mice (des-

ignated as LysM-Cre Srsf2P95H/+) showed a significant decrease in red

blood cells (RBC) and increased platelet numbers (PLT) (Figure 3.1C).

There was no change in haemoglobin or mean cell volume (MCV) and

no increase in the number of leukocytes . There was no change in the

myeloid or lymphoid compartments in terms of total cell number, when

compared to age matched LysM-CreKI/+ R26eYFP Srsf2+/+ (LysM-Cre

Srsf2+/+) littermates (Figure 3.1D).

Within the bone marrow, LysM-Cre Srsf2P95H/+ mice had a compa-

rable bone marrow cellularity to age matched LysM-Cre Srsf2+/+ mice

(Figure 3.2A). In the more differentiated lineages, there were no changes
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in the myeloid and erythroid lineages (Figure 3.2B). However, cell num-

bers were significantly decreased for the Pre-B, immature B (B220+IgM-)

and mature B cell populations (B220+IgM+), as well as the CD4+ T cell

populations (Figure 3.2C-D). There were no changes in the stem and pro-

genitor populations, except for decreased numbers of the pre-granulocyte-

monocyte progenitors (Pre-GM) (Figure 3.2E-G).

In the spleen, the LysM-Cre Srsf2P95H/+ mice had a decreased cellular-

ity, primarily due to a significant decrease in both B and T lymphoid cells

(Figure 3.3A). There was no change in either the erythroid or myeloid

compartments (Figure 3.3B). In the thymus, LysM-Cre Srsf2P95H/+ mice

had a significantly lower cellularity (Figure 3.3C). The number of T cells,

both mature and immature, including double-positive (DP), CD4+ and

CD8+ T cells were significantly lower than in age matched LysM-Cre

Srsf2+/+ mice (Figure 3.3D).
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Figure 3.1: LysM-Cre R26eYFP Srsf2P95H/+ show no haematological
change at 20 to 30 weeks of age.
A. Schematic of LysM-Cre R26eYFP Srsf2P95H/+ experiments.
B. Gel image showing that recombination mostly occurs within the myeloid
population with granulocytes achieving the highest recombination rate. The
eYFP positive percentage for granulocytes and B cells for the same animal is
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Grans, granulocyte. n=9 per genotype. Presented as mean ± standard error of
mean. Unpaired student t test. *P<.05, **P<.01.
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C. Pre B, immature B cell and mature B cell populations are decreased in the
Srsf2P95H/+ mice compared to Srsf2+/+ .
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F. The number of LT-HSC, ST-HSC and MPP remain unchanged.
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LKS-, lin-c-Kit+Sca-1-, LKS+, lin-c-Kit+Sca-1+. LT-HSC, long-term haematopoi-
etic stem cell; ST-HSC, short-term haematopoietic stem cell; MPP, multipotent
progenitor; Pre-GM, pre-granulocyte-macrophage; MkP, megakaryocyte pro-
genitor; Pre-MegE, pre-megakaryocyte erythroid progenitor; Pre-CFU-E, pre-
colony-forming unit erythroid; CFU-E, colony-forming unit erythroid; IgM,
immunoglobin M. n=9 per genotype. Presented as mean ± standard error of
mean. Unpaired student t test. *P<.05.
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3.2. Results 113

3.2.2 Srsf2P95H/+ mutant cells show a differentiation bias

towards the myeloid lineage

In this murine model, eYFP expression identifies cells that have activated

Cre, and by extension have also activated expression of the Srsf2P95H/+

mutation. The lineage distribution (%) of eYFP positive populations can

be used as an indication of any biased differentiation of the Srsf2P95H/+

mutated cells. Additionally, eYFP labelling creates a chimeric system that

provides additional information on the performance of the WT (eYFP neg-

ative) population that co-habits the same microenvironment as Srsf2P95H/+

mutated cells in a native state. In LysM-Cre Srsf2P95H/+ mice, the eYFP

positive percentages in all haematopoietic compartments (bone marrow,

spleen and thymus), except peripheral blood, were all significantly lower

than the eYFP positive percentage in age matched LysM-Cre Srsf2+/+ mice

(Figure 3.4A). The eYFP is also activated in lymphoid compartments

because LysM is expressed at a low level in the stem cell compartment

(Clausen et al., 1999). Therefore, the eYFP might be activated in non-

myeloid populations (Laiosa et al., 2006). This indicates that Srsf2P95H/+

mutation has no selective advantage when expressed in the committed

myeloid cells.

Within the eYFP positive cells, Srsf2P95H/+ mutation led to a sig-

nificant 1.4-fold increase in granulocytes in the peripheral blood when

assessed by percentages. Other lineages, as well as the WT (eYFP nega-

tive) population (not shown), displayed no difference between LysM-Cre

Srsf2P95H/+ and Srsf2+/+ (Figure 3.4B). In the bone marrow, the percentage

of granulocytes within the eYFP positive population was mildly increased

(1.06 fold) while the B cells were suppressed at the Pre-B, immature B

and mature B cell stages. There was also an increased Pre-Pro B pop-

ulation, indicating a differentiation block (Figure 3.4B). The long-term
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haematopoietic stem cells (LT-HSC) were significantly decreased based

on analysis using CD34/Flt3 phenotypic populations (Figure 3.4B). In

contrast there were no changes in the progenitor populations, including

GMP, CMP and myelo-erythroid progenitor (MEP).

In the spleen, however, the myeloid percentages (granulocytes and

macrophages) within the eYFP positive fraction were significantly in-

creased. B cells were suppressed, as was observed in the peripheral blood

and bone marrow (Figure 3.4C). There were no changes in the T cells, in

neither spleen nor thymus (Figure 3.4C-D).
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Figure 3.4: Srsf2P95H/+ expressing (eYFP positive) cells display a mild
myeloid bias at the expense of the B lymphoid population
A. PB eYFP percentage and the lineage distribution of PB leukocytes within the
eYFP positive fraction.
B. Srsf2P95H/+ bone marrow cells display a mild biased differentiation towards
myeloid, instead of B cells.
C. The myeloid bias is more evident in the eYFP positive spleen cells of
Srsf2P95H/+.
D. No changes in the thymic population within the eYFP positive fraction.
LKS-, lin-c-Kit+Sca-1-, LKS+, lin-c-Kit+Sca-1+. LT-HSC, long-term haematopoi-
etic stem cell; ST-HSC, short-term haematopoietic stem cell; MPP, multipotent
progenitor; GMP, granulocyte-macrophage progenitor; CMP, common myeloid
progenitor; MEP, myeloerythroid progenitor; IgM, immunoglobin M. n=9 per
genotype. Presented as mean ± standard error of mean. Unpaired student t test.
*P<.05, **P<.01, ***P<.001.
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3.2.3 Activation of Srsf2P95H/+ mutation in myeloid pro-

genitors shows a mild myeloid bias and lymphoid

suppression of haematopoiesis upon ageing

To determine if activation of the Srsf2P95H/+ mutation in the myeloid pro-

genitor population has an effect on haematopoiesis with extended ageing,

I aged cohorts of LysM-Cre Srsf2P95H/+ mice, along with age matched

control LysM-Cre Srsf2+/+ mice and performed full analysis on peripheral

blood, bone marrow, spleen and thymus at 50-70 weeks of age. This

time point was chosen as our analysis of HSC restricted expression of

Srsf2P95H/+ showed that these mice succumb to MDS/MPN by 50-60

weeks after activation of the Srsf2 mutation.

In the peripheral blood, the LysM-Cre Srsf2P95H/+ mice presented

with macrocytic anaemia (Figure 3.5A). The aged Srsf2 mutant mice had

an increased MCV compared to younger Srsf2 mutant mice. Lineage anal-

ysis showed increased myeloid cells, indicative of myeloid bias as I had

observed in 20-week-old animals. Interestingly though, there were also

increased CD4 and CD8 mature T cells in the aged mice. The total number

of B cells were unchanged (Figure 3.5B). Morphological examination of

blood films showed no dysplasia in cells in the peripheral blood (Figure

3.5C)

In contrast to the 20-30 weeks old cohorts, the bone marrow cellu-

larity of 50-70-week-old LysM-Cre Srsf2P95H/+ mice was not significantly

different from that of age matched controls (Figure 3.6A). Granulocytes

were elevated in percentage but not in absolute number (Figure 3.6B).

Conversely, there were significant decreases in most of the B lymphoid

populations, from Pre-Pro B cells to immature B cells, as well as CD4+ T

cells (Figure 3.6C-D). There was evidence of ineffective erythropoiesis,
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supported by a decrease in the number of late-stage erythroid progenitors

(Ter119+CD71- or Ter119+CD44-) (Figure 3.6E). In the stem and progenitor

populations, LT-HSCs were decreased compared to age matched controls.

Progenitor populations showed a trend toward decreased numbers in

the Srsf2P95H/+ bone marrow, but the change was not significant (Figure

3.6F-G).

In the spleen, the LysM-Cre Srsf2P95H/+ mice had a normal cellularity

(Figure 3.7A). The spleen, however, showed a mild myeloid bias and an

elevated number of early-stage erythroid precursors in Srsf2P95H/+, which

is likely to be a compensatory response to the ineffective erythropoiesis

in the bone marrow and low red blood cells in the peripheral blood

(Figure 3.7B-C). The B cells and CD4+ T cells remained suppressed but to

a lesser extent compared to the younger age cohorts that were assessed

(Figure 3.7D). In the thymus, double positive (DP) and CD8+ T cells were

decreased in the LysM-Cre Srsf2P95H/+ mice. The thymus weight was

slightly decreased but the cellularity was comparable to age matched

control mice (Figure 3.7E-F).
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Figure 3.5: Aged LysM-Cre R26eYFP Srsf2P95H/+ mice develop macrocytic
anaemia with increased granulocytes in the peripheral blood
A. PB indices of the aged cohorts.
B. PB leukocyte count and lineage distribution of cells in aged mice.
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Figure 3.6: Aged LysM-Cre R26eYFP Srsf2P95H/+ mice have decreased
lymphoid and erythroid populations in the bone marrow
A. Bone marrow cellularity.
B. Increased percentage of granulocytes in the Srsf2P95H/+ indicating myeloid
expansion, although not significant in absolute number.
C. B lymphopoiesis is severely compromised in aged Srsf2P95H/+ bone marrow.
D. CD4+ T cells are decreased in the aged Srsf2P95H/+ bone marrow.
E. The late erythroid precursor population is decreased in the aged Srsf2P95H/+

bone marrow.
F. No differences in the number of LKS- and LKS+ cells between genotypes.
G. LT-HSC population is decreased in the aged Srsf2P95H/+ bone marrow, while
other stem and progenitor populations remain unchanged.
LKS-, lin-c-Kit+Sca-1-, LKS+, lin-c-Kit+Sca-1+. LT-HSC, long-term haematopoietic
stem cell; ST-HSC, short-term haematopoietic stem cell; MPP, multipotent pro-
genitor; GMP, granulocyte-macrophage progenitor; CMP, common myeloid pro-
genitor; MEP, myeloerythroid progenitor; IgM, immunoglobin M. n=8 Srsf2P+/+,
n=9 Srsf2P95H/+. Presented as mean ± standard error of mean. Unpaired student
t test. *P<.05, **P<.01, ***P<.001.
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Figure 3.7: Aged LysM-Cre R26eYFP Srsf2P95H/+ mice display a mild
myeloid bias with lymphoid and erythroid suppression in the spleen.
A. Spleen cellularity.
B. Myeloid expansion is mild in the spleen of aged Srsf2P95H/+ mice.
C. The late erythroid precursors are decreased in the spleen of aged Srsf2P95H/+

mice.
D. B cells and CD4+ T cells are decreased in the spleen of aged Srsf2P95H/+ mice.
E. Thymus cellularity.
F. Double positive (DP) population is significantly lower in Srsf2P95H/+ thymus
while other populations remain normal.
n=8 Srsf2+/+, n=9 Srsf2P95H/+. Presented as mean ± standard error of mean.
Unpaired student t test. *P<.05.
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3.2.4 Srsf2P95H/+ mutant cells display a myeloid bias and

B lymphoid suppression in aged mice

Compared to the younger cohort, the eYFP positive percentages in the

peripheral blood, bone marrow, spleen and thymus stayed low in the aged

LysM-Cre Srsf2P95H/+ mice, while the age matched control maintained a

higher level of eYFP positivity.

In the peripheral blood, the eYFP positive Srsf2P95H/+ mutant cells

produced a significantly (1.75 fold) increased percentage of granulocytes

and decreased percentages of B cell as was observed in the young cohorts,

and no change in CD4 or CD8 positive T cells (Figure 3.8A). In the bone

marrow, the differentiation of Srsf2P95H/+ mutated cells was still biased

towards granulocytes away from B cells. The block in B cell development

was more prominent as the Pre-pro B population from Srsf2P95H/+ cells

further increased and Pre-B and immature B cells further decreased,

compared to the young cohorts (Figure 3.8B). No changes were detected in

the stem and progenitor population in the eYFP positive fraction (Figure

3.8B).

In contrast to the bone marrow, the myeloid bias in the spleen (both

granulocytes and macrophages) was more severe than observed in the

young cohorts and the B cell suppression was still present. There were no

obvious changes in the T cell populations in the spleen (Figure 3.8C) or

thymus (Figure 3.8D).
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Figure 3.8: Srsf2P95H/+ expressing (eYFP positive) cells in aged mice
display a profound myeloid bias in bone marrow and spleen
A. The lineage distribution of PB leukocytes within the eYFP positive fraction.
B. Aged Srsf2P95H/+ bone marrow cells display a biased differentiation towards
myeloid, instead of B cells.
C. The myeloid bias is significant in the eYFP positive spleen cells of aged
Srsf2P95H/+ (n=6 Srsf2+/+, n=7 Srsf2P95H/+).
D. No changes in the thymic population within the eYFP positive fraction (n=5
Srsf2+/+, n=6 Srsf2P95H/+).
LKS-, lin-c-Kit+Sca-1-, LKS+, lin-c-Kit+Sca-1+. LT-HSC, long-term haematopoietic
stem cell; ST-HSC, short-term haematopoietic stem cell; MPP, multipotent pro-
genitor; GMP, granulocyte-macrophage progenitor; CMP, common myeloid pro-
genitor; MEP, myeloerythroid progenitor; IgM, immunoglobin M. n=8 Srsf2+/+,
n=9 Srsf2P95H/+ unless otherwise specified. Presented as mean ± standard error
of mean. Unpaired student t test. *P<.05, **P<.01, ***P<.001.
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3.3 Discussion

Understanding how Srsf2P95H/+ mutation disrupts normal haematopoiesis

is important for elucidating the role of this RNA splicing mutation in

MDS/CMML pathogenesis. Genetically engineered murine models have

provided a great opportunity to trace the origin of MDS initiation. For

Srsf2P95H/+ mutation, various conditional knock-in models were gener-

ated, driven by Cre recombinase under the control of different promoters,

such as Mx1-Cre and Vav1-Cre. Both Mx1-Cre and Vav1-Cre models acti-

vate Srsf2P95H/+ mutation in all haematopoietic tissues, including the bone

marrow stroma (De Boer et al., 2003; Joseph et al., 2013). Although this ap-

proach explores the full effects of Srsf2P95H/+ mutation on the haematopoi-

etic system, the cells of origin that are responsible for RNA splicing

mutant MDS initiation remained undetermined. To understand which

cell population is crucial for MDS initiation, our lab utilised three different

Cre recombinase systems: R26-CreERT2, hScl-CreERTand LysM-Cre. R26-

CreERT2 activates the mutation widely across different tissues including

non-haematopoietic tissues, while hScl-CreERTactivates the mutation in

haematopoietic stem cells. Both R26-CreERT2 and hScl-CreERTSrsf2P95H/+

mice developed MDS/MPN after activating Srsf2P95H/+ mutation, while

initial analysis of LysM-Cre Srsf2P95H/+ mice suggested that Srsf2P95H/+

mutation is required in the stem cells for MDS development (Smeets et

al., 2018).

Here I report the phenotypes of LysM-Cre R26eYFP Srsf2P95H/+ mice

in settings of both early and aged haematopoiesis. At 20 to 30 weeks

of age, the LysM-Cre R26eYFP Srsf2P95H/+ mice presented with largely

normal haematopoietic development. A suppression of B lymphopoiesis

was evident in spleen and bone marrow in Srsf2P95H/+ cells, while only

subtle myeloid and erythroid changes were apparent in the spleen and
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bone marrow of Srsf2P95H/+ mice. There was reduced thymic cellularity

in Srsf2P95H/+ mice as well. The peripheral blood (PB) showed a decrease

in red blood cells but no macrocytic changes were detected as were ap-

parent in the R26-CreERT2 and hScl-CreERTdirected expression of Srsf2.

At 50 to 70 weeks of age, the LysM-Cre R26eYFP Srsf2P95H/+ mice showed

a more pronounced myeloid bias and B lymphoid suppression across

all haematopoietic tissues. The peripheral blood revealed macrocytic

anaemia and elevated white blood cells. The long-term haematopoietic

stem cell (LT-HSC) population was decreased, and ineffective erythro-

poiesis occurred in the bone marrow while compensatory stress erythro-

poiesis was present in the spleen. It has been reported that in LysM-Cre

mice eYFP labelling can be detected in haematopoietic stem cells or even

in lymphoid and erythroid lineages. This is due to the lysozyme gene being

expressed at a low level in a subset of haematopoietic stem cells, thereby

activating the Cre (Ye et al., 2003). Therefore, low levels of Srsf2P95H/+

mutation might be expressed in the B and T lymphoid progenitors, which

might partially account for the reduced thymic population and B cells.

However, for the purpose of assessing the role of Srsf2P95H/+ in myeloid

progenitors, this is still a valid system as the mutation is primarily acti-

vated within the myeloid lineage (50-70% determined by eYFP labelling).

While the phenotypes of LysM-Cre R26eYFP Srsf2P95H/+ mice in-

cluded some features of MDS, they did not satisfy the criteria for MDS

diagnosis. First of all, there were no dysplastic changes detected in the pe-

ripheral blood, even in the aged animals. Secondly, the myeloid bias (60%

of granulocytes in bone marrow) is only mild compared to R26-CreERT2

or hScl-CreERT Srsf2P95H/+ mice in the MDS state (75% of granulocytes

in bone marrow). Comparing the aged and young (20-30 weeks) LysM-

Cre mice, there is little change in the eYFP positivity, which marks the
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Srsf2P95H/+ expressing cells. This is in contrast to an expansion of eYFP

positivity seen in the hScl-CreERT R26eYFP Srsf2P95H/+ mice (Smeets et

al., 2018). In Clonal haematopoiesis of indeterminate potential (CHIP),

SRSF2 mutation is positively selected, which argues for a likely HSC

origin, as only stem cells self-renew and propagate (Genovese et al., 2014;

Martincorena et al., 2018). This allows maintenance of SRSF2 mutation

and accumulation of co-operative mutations. The increased myeloid bias

is likely due to a continuous push for differentiation from within the

Srsf2P95H/+ mutant myeloid progenitors. It would be worthwhile to test

the functional capacity of the mutant myeloid cells to determine if they

are normal. However, these splicing mutant progenitors don’t have the ca-

pacity for self-renewal or transformation. Therefore, activating Srsf2P95H/+

mutation in myeloid progenitors is not sufficient for MDS initiation and

subsequent development. Our model is the first to investigate the cell of

origin in MDS using myeloid specific Cre activation. Other MDS murine

models, such as NUP98-Hox13 and NPM1 mutation, are germ-line models

and cannot address the question about cell-of-origin in MDS (Grisendi et

al., 2006; Lin et al., 2005; Sportoletti et al., 2008). Consistent with human

studies, the stem cell compartment is more likely to be the initiating MDS

clone (Woll et al., 2014). It is possible that progenitor cells carrying the

same genetic lesion are insufficient to propagate and result in MDS.

These results raise the important question: what is the role/s of

myeloid progenitors in MDS pathogenesis? As demonstrated experi-

mentally, myeloid progenitors are not able to act as a cell of origin for

MDS, when using SRSF2P95H as the initiating lesion, but how much they

contribute to the development of MDS warrants further investigation.

The disturbed haematopoiesis shown in the aged LysM-Cre R26eYFP

Srsf2P95H/+ mice did overlap with the phenotypes of Srsf2P95H/+ mice that



128 Chapter 3. Cell of origin in Srsf2P95H/+ mutated MDS

developed MDS (using R26-CreERT2 or hScl-CreERT), except for the lack

of dysplasia. It is unclear why no dysplasia was found in the LysM-Cre

model. It is possible that splicing changes of particular transcripts are

required in the stem cell population to induce the morphological abnor-

mality. This argues that Srsf2 mutant myeloid progenitors may be the

source of excessive myeloid lineage production, which then suppresses B

cell production in the bone marrow and spleen. When the myeloid bias

persists and is sustained for long periods, the erythroid lineage becomes

affected. This can lead to the ineffective erythropoiesis and macrocytic

anaemia observed in the old mice. However, unlike the Rps14 insuffi-

ciency, no changes were observed in the early stages of erythropoiesis or

haemoglobin levels of Srsf2 mutant mice (Schneider et al., 2016). There

was no splenic enlargement that would be indicative of extramedullary

erythropoiesis. This series of events is seen in the LysM-Cre Srsf2P95H/+

mice, which suggests that myeloid progenitors might contribute to the

myeloid bias and subsequent lineage disruption. Since the Srsf2P95H/+

mutation is acquired in the myeloid progenitor stage, the lymphoid and

erythroid progenitors should not carry the mutation. Thus, the effect of

Srsf2P95H/+ mutation seen on B and erythroid lineages is an indirect result

of myeloid bias. There are a few hypotheses about the mechanism of

lineage disruption, with microenvironmental changes being the favourite

candidate (Raaijmakers et al., 2010; Singbrant et al., 2011; Walkley et al.,

2007a; Walkley et al., 2007b). However, the phenotypes observed in the

LysM-Cre model are relatively mild compared to the R26-CreERT2 or hScl-

CreERT Srsf2P95H/+ mice. Therefore, the myeloid progenitor population

is unlikely to be the only contributor to the myeloid bias and lineage

disruption. More important, the fact that no dysplasia was observed in

the LysM-Cre model suggests that myeloid bias and dysplastic changes

are likely the result of separate molecular changes in Srsf2P95H/+ mutant
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cells. These results reflect the complexity of RNA splicing and emphasise

its role in many of the fundamental cellular pathways.
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Transcriptome change of

Srsf2P95H/+ mutant cells
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4.1 Introduction

In the effort of understanding the pathogenesis of MDS more completely,

several studies have performed transcriptional profiling and pathway

analysis on human or murine MDS samples. So far, several dysregu-

lated pathways have been identified. Pellagatti et al. analysed the tran-

scriptional profile of CD34+ cells from 183 MDS patients (Pellagatti et

al., 2018). A total of 35 genes were up-regulated and 139 were down-

regulated in at least half of the samples. Pathways analysis identified

Interferon signalling, thrombopoietin signalling and IL-2 signalling as the

top up-regulated pathways, while primary immunodeficiency signalling,

B-cell receptor signalling and cell cycle regulation by BTG family pro-

teins were the top down-regulate pathways (Pellagatti et al., 2018). For

SRSF2P95H mutant MDS, however, there were few transcriptional changes

in SRSF2P95H cells compared to SRSF2WT control in human CD34+ cells

(Pellagatti et al., 2018; Shiozawa et al., 2018). In murine models, Kim et

al. reported up-regulation of Gfi1, Cebpe and Hoxb2 in the lin-c-Kit+Sca-1+

(LKS+) population and down-regulation of Gata1 and Gata2 in progen-

itors (lin-c-Kit+Sca-1-; LKS-) and Cdkn1a in both LKS+ and LKS-. Gene

ontology (GO) revealed that down-regulated genes were involved in cell

cycle regulation, apoptosis, proliferation and differentiation (Kim et al.,

2015). Similar changes in expression were reported by Kon et al., with

additional up-regulated genes including Hnrnpa2b1 and down-regulated

genes such as Mpl, Zrf4, Csf3r and Trp53bp1 (Kon et al., 2018).

A comparison of the dysregulated gene expression and the tran-

scripts subjected to altered splicing in SRSF2P95H mutant cells resulted in

a more dynamic and complex picture emerging. From eight SRSF2P95H

mutant MDS CD34+ samples, Pellagatti et al. found 132 mis-splicing

events, with skipped exons being the most frequent aberrant splicing
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type. The top alternatively spliced genes were PKFM, METTL17, STAG2

and EZH2. GO analysis found that messenger RNA metabolism (RNA

splicing, processing and translation) and ribonucleoprotein complex bio-

genesis (mitochondrial organisation and translation) associate with the

mis-spliced events (FDR <0.05) (Pellagatti et al., 2018). Subsequent to this

finding, Shiozawa et al. analysed thirty SRSF2P95H mutant MDS patient

samples. A total of 599 differentially spliced events were found in CD34+

cells and 1,155 in bone marrow mononuclear cells (BMMNCs), with 303

events overlapping between the two populations. Among these events in

CD34+ cells, mis-splicing of cassette exons (also known as exon skipping)

was the most frequent (n=380), followed by changes in alternative 3’ splic-

ing (n=76), alternative 5’ splicing (n=64) and intron retention (n=39). Most

alternative splicing events were predicted to be in coding variants of tran-

scripts, with 46% predicted to produce a truncated transcript. Truncated

transcripts would have deleterious effects on gene expression. However,

there was no significant reduction in the expression level of the identified

transcripts, suggesting that the excess truncated transcripts do not disrupt

canonical splicing (Shiozawa et al., 2018).

Here, I have examined the transcriptome changes in purified Srsf2P95H/+

cells from the hScl-CreERT Tg+ R26eYFP Srsf2 murine model 20 weeks af-

ter activation of Srsf2P95H/+ mutation. At this time point, the myeloid bias

is apparent, but the animals have not yet developed overt MDS/MPN.

This enabled me to understand the effects of the Srsf2 mutation without

the possibly confounding effects of additional mutations which may con-

tribute to the manifestations of the full MDS/MPN phenotype at later

points. I then compared the splicing changes identified from the in vivo

model, as well as in vitro cell lines, with data from published studies.

This was to allow the identification of the most frequent and species
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conserved splicing changes in Srsf2P95H/+ cells. Finally, I present the re-

sult of a preliminary single cell sequencing study of Srsf2P95H/+ mutated

haematopoietic stem and progenitor cells.

4.2 Results

4.2.1 Srsf2P95H/+ mutant stem cells exhibit a myeloid bi-

ased transcriptional signature

To understand the transcriptome changes in Srsf2P95H/+ mutant cells, I

activated the Srsf2P95H/+ mutation in hScl-CreERT Tg+ R26eYFP Srsf2P95H/+

mice by tamoxifen treatment (n=3). I also tamoxifen-treated the hScl-

CreERT Tg+ R26eYFP Srsf2+/+ mice at the same time as control (n=3). After

20 weeks of mutation activation, I sorted the Lin- c-Kit+ eYFP+ fraction,

which contains the haematopoietic stem and progenitor cells, and per-

formed RNA sequencing (Figure 4.1). This phenotypic population was

chosen because at the time of the experiment comparable phenotypic pop-

ulations had been used to assess gene expression and splicing changes

in an alternative Srsf2P95H/+ model (Kim et al., 2015) and in a Sf3b1K700E/+

mutant model (Obeng et al., 2016). There was no evidence to suggest any

changes of cell surface phenotypes which might impact the sorting of phe-

notypically defined Lin- c-Kit+ eYFP+ population. All the bioinformatic

analysis post RNA-seq was performed by Dr. Alistair Chalk.

Transcriptome analysis detected both up- and down-regulation of

lineage-specific transcripts. In total, 195 genes were down-regulated

and 45 up-regulated (at an FDR <0.05). Among the down-regulated

genes, several lymphoid-associated transcripts, such as Lck, Ly6d and Blk,

exhibited a 1.3 to 2-fold decreased expression in Srsf2P95H/+ compared to

Srsf2+/+ cells. In contrast, genes associated with myeloid expansion or
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differentiation and limiting HSC self-renewal, such as Hmga2, Ncam1, Aff2

and Grb10, were up-regulated (Lam et al., 2014; Sasca et al., 2019; Yan et al.,

2016). Genes negatively regulating myeloid life span or function, such as

Bcl2l11 (Bim) and Socs3, were down-regulated in Srsf2P95H/+ cells (Kimura

et al., 2004; Kirschnek et al., 2011) (Figure 4.2A). Analysis of pathway

enrichment using Quantitative Set Analysis for Gene Expression (QuSage)

(Yaari et al., 2013) revealed activation of the P38 mitogen-activated protein

kinase (MAPK) pathways and gene expression signatures associated with

human MDS in the Srsf2P95H/+ cells (Navas et al., 2006; Zhou et al., 2007)

(Figure 4.2B).

To validate the differential transcript expression, I isolated Lin- c-Kit+

CD45.2+ cells from transplant recipients (24 weeks post-transplant, n=4

per genotype) that had been reconstituted with bone marrow from ta-

moxifen treated R26-CreERT2 Srsf2+/+ or R26-CreERT2 Srsf2P95H/+ animals.

Real time quantitative polymerase chain reaction (RT-qPCR) validation of

the differentially expressed genes was then performed. The results con-

firmed a significantly decreased expression of Ly6d, Blk, Lck (p=0.07) and

Bim (p=0.07), as well as the increased expression of Ncam1 in Srsf2P95H/+

cells. However, no change in the expression of Dach2 and Hmga2 was

detected in the independent validation samples (Figure 4.2C).
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Figure 4.2: Transcriptome analysis demonstrates an up-regulation of
myeloid specific transcripts and down regulation of lymphoid associated
genes in Srsf2P95H/+ stem and progenitor cell
A. Volcano plot showing up- and down-regulated genes in lin- cKit+ eYFP+

Srsf2P95H/+ cells isolated 20 weeks after tamoxifen cessation (n=3). Transcripts
with significant changes are labelled in red.
B. Quantitative Set Analysis for Gene Expression Analysis (QuSage) of data from
(A).
C. RT-qPCR validation of key up- and down-regulated genes identified in the
Srsf2P95H/+ RNA-seq using lin-cKit+CD45.2+ cells isolated 24 weeks post trans-
plantation (n=4 per genotype). Unpaired student t test. Data presented as mean
± standard error of mean.
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We then interrogated the changes in splicing in the Srsf2P95H/+ cells.

In total, rMATs analysis revealed 585 mis-spliced genes at an FDR of

<0.05 and an inclusion cut-off of 0.05. The inclusion cut-off of 0.05 means

that the mis-spliced event has to be present in at least 5% of the exon-

intron boundary and splice junctions. The most frequent category of

mis-splicing was skipped exons (434/585, 74.1%). Mis-spliced events that

were statistically different in the Srsf2P95H/+ cells composed less than 1%

of all the mis-spliced events detected (1.02% in alternative 3’ splice site),

which is consistent with earlier reports from alternative models (Zhang et

al., 2015) (Figure 4.3A-B). There was no overlap nor correlation between

the differentially expressed genes and mis-spliced genes in the Srsf2P95H/+

cells. I then tested several of the Srsf2P95H/+ mis-spliced targets that

had been previously reported. I performed isoform analysis using both

splenocytes from R26-CreERT2 Srsf2P95H/+ mice (20 weeks post tamoxifen

cessation), as well as Hoxb8-immortalised Srsf2P95H/+ cell lines (n=2 per

genotype). The cell lines were generated by immortalising bone marrow

cells from R26-CreERT2 Srsf2P95H/+ and R26-CreERT2 Srsf2+/+ mice with

Hoxb8 retrovirus and are phenotypically mature myeloid cells, which I

describe in Chapter 5.2.1 and Figure 5.1.

Consistent with the work of Kon et al., and using the same PCR

primers as they had described, there was decreased exon inclusion in Hn-

rnpa2b1, Trp53bp1 and Usp4 in both Srsf2P95H/+ sample types. In contrast,

I did not detect any splicing changes of Ezh2 or inclusion of the proposed

‘poison exon’ in Ezh2, as reported by Kim et al (Kim et al., 2015) (Figure

4.3C). In addition to these mis-spliced targets, the splicing of the receptor

tyrosine phosphatase Cd45 is regulated by SRSF2 during the T cell devel-

opment and lack of SRSF2 protein leads to loss of exon 5 containing Cd45

isoforms (Wang et al., 2001). This can be detected on the cell surface at the
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protein level with an anti-CD45RB monoclonal antibody, which targets an

epitope within exon 5. Both PCR and FACS results showed an increase in

exon 5 exclusion in Cd45/CD45 in the Srsf2P95H/+ samples (Figure 4.3D).

I also performed RNA-seq on an independent set of Hoxb8 immor-

talised R26-CreERT2 Srsf2P95H/+ and R26-CreERT2 Srsf2+/+ cell lines (7

days post tamoxifen cessation, n=3 per genotype). The culture of Hoxb8

immortalised cell lines was conducted along with the Srsf2 CRISPR screen

in Chapter 5.2.2 and Figure 5.2. There was no significant up- or down-

regulation of gene expression in these cell lines (FDR<0.1, data not shown).

By using rMATs splicing analysis, a total of 1,511 mis-spliced events were

detected (FDR<0.05, inclusion=0.05). Skipped exons were the most fre-

quently mis-spliced category of alternative splicing (910), followed by

mutually exclusive exons (360) (Figure 4.4A-B). The Srsf2P95H/+ cell lines

are a much more homogeneous population than the primary cell popula-

tion that was sequenced, which may explain the increase in the number

of significantly mis-spliced events that could be detected.
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Figure 4.3: Skipped exons are the most frequently mis-spliced event in
Srsf2P95H/+ cells
A. The number and percentage of mis-spliced events by type in lin- cKit+ eYFP+

cells 20 weeks after tamoxifen cessation (n=3 per genotype)
B. The inclusion events of cassette exons and mutually exclusive exons in Srsf2+/+

and Srsf2P95H/+ samples. Grey dots ≤ 5% difference between genotypes; blue
dots = P<.05 and >5% difference between genotypes; red dots = q <.05 and >5%
difference between genotypes.
C. Quantitative polymerase chain reaction (qPCR) analysis of alternative splicing
of the indicated transcripts in splenocytes from tamoxifen treated R26-CreERT2

Srsf2+/+ and Srsf2P95H/+ animals or tamoxifen-treated Hoxb8 immortalised cell
lines (n=2 per genotype).
D. Ptprca/Cd45 isoform at transcript (left) and protein level of the CD45RB iso-
form (right) from splenocytes from tamoxifen treated R26-CreERT2 Srsf2+/+ and
Srsf2P95H/+ animals.
Data expressed as normalised fold inclusion rate of the cassette exon compared
with exclusion product (WT ratio normalized to 1).FC, fold change; FDR, false
discovery rate.
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Figure 4.4: In vitro splicing changes caused by Srsf2P95H/+ expression
mirror the in vivo changes
A. Analysis of aberrant splicing events by type using Hoxb8-immortalised
Srsf2+/+ and Srsf2P95H/+ cells (7 days after tamoxifen cessation; n=3 per geno-
type)
B. The inclusion events of cassette exons and mutually exclusive exons in in vitro
Srsf2+/+ and Srsf2P95H/+ samples. Grey dots ≤ 5% difference between genotypes;
blue dots = P<.05 and >5% difference between genotypes; red dots = q <.05 and
>5% difference between genotypes.
SE, skipped exon; MXE, mutually exclusive exon; A5SS, alternative 5’ splicing
site; A3SS, alternative 3’ splicing site; RI, retained intron.
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4.2.2 mRNA processing and DNA repair are the top path-

ways represented in the mis-spliced transcripts in

SRSF2 mutant cells

Several studies have published analysis of mis-spliced events in SRSF2 or

Srsf2 mutant cells from human AML, CMML or murine models, respec-

tively (Hurtado et al., 2018; Kim et al., 2015; Komeno et al., 2015; Kon et

al., 2018; Qiu et al., 2016; Shiozawa et al., 2018; Smeets et al., 2018; Zhang

et al., 2015). The mis-spliced events identified in these studies reflect the

cellular changes in each disease subtype and also revealed the biological

differences between human and mouse. Nevertheless, identifying species

conserved common mis-spliced events would provide crucial informa-

tion on the pathways that are closely regulated by SRSF2. I compared

the mis-spliced events from a total of 12 datasets, including the murine

Srsf2P95H/+ stem and progenitor cells and Hoxb8 immortalised Srsf2P95H/+

cells that I had assessed (Table 4.1). I ranked the mis-spliced genes by

the number of datasets they were detected in, and applied a cut-off for

inclusion if present as mis-spliced in a minimum of 3 datasets. Using

Metascape (Zhou et al., 2019), I performed pathway analysis and found

that mRNA processing and DNA repair pathways were the top candidate

pathways over-represented within the mis-spliced transcript sets from

Srsf2P95H/+ cells (Figure 4.5). Irrespective of the type of mis-spliced event,

Atf2 and Mtmr14 were the most commonly mis-spliced transcripts (8/12

datasets), followed by Csf3r, Dap3 and Hnrnpa2b1 (Table 4.2).
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Table 4.1: Datasets used for the comparison of SRSF2/Srsf2 mis-spliced genes

Dataset description Dataset URL Database, license, and accessibility 
information 

Reference 

Human datasets 

mRNA splicing data from 

primary CMML (n=13; 3 with 

SRSF2 mutation) and AML 

(n=9; 5 with SRSF2 mutation) 

patients* 

Dataset retrieved from table S1 in 

the supplement  

Available in the supplement information table S1 (Kim et al., 2015) 

mRNA profile of MDS-L cells 

(in triplicate) transfected with 

Srsf2 P95H shRNA construct 

https://www.ncbi.nlm.nih.gov 

/geo/query/acc.cgi?acc=GSE61052 

Publicly available at Gene Expression Omnibus 

(GEO): GSE61052. 

Mis-spliced gene list available in the supplement 

information table S4 

(Komeno et al., 2015) 

mRNA profile of K562 

CRISPR cell clones (with 

wild-type or mutant SRSF2, 

n=4 per genotype) 

https://www.ncbi.nlm.nih.gov 

/geo/query/acc.cgi?acc=GSE71299 

Publicly available at Gene Expression Omnibus 

(GEO): 

GSE71299 

Mis-spliced gene list available in the supplement 

information table S1 

(Zhang et al., 2015) 

mRNA profile of primary MDS 

bone marrow samples 

(n=115) 

Dataset retrieved from table S7 in 

the supplement 

Available in the supplement information tables 

S7 

(Qiu et al., 2016) 

mRNA profile of primary 

CMML (n=20; 7 with SRSF2 

mutation) patients 

Dataset retrieved from table SX-

XIV in the supplement 

Available in the supplement information tables 

SX-XIV 

(Hurtado et al., 2018) 



4.2.
R

esults
145

Murine datasets 

mRNA profiles of murine 

model (MP/LSK cells) 

expressing Srsf2 WT and 

mutants* 

https://www.ncbi.nlm.nih.gov 

/geo/query/acc.cgi?acc=GSE65349 

Publicly available at Gene Expression Omnibus 

(GEO): GSE65349 

Mis-spliced gene list available in the supplement 

information table S1 

(Kim et al., 2015) 

mRNA profile of murine 

model (MP/LSK cells) 

expressing Srsf2 WT or 

Srsf2P95H/+ 

* 

http://trace.ddbj.nig.ac.jp 

/DRASearch/submission?acc= 

DRA006224 

Publicly available at DNA Data Bank of Japan 

repository: DRA006224 

Mis-splicing gene list available in supplemental 

table 2 

(Kon et al., 2018) 

mRNA profile of murine 

model (sorted LK+ eYFP+ 

cells) expressing Srsf2 WT or 

Srsf2P95H/+ 

https://www.ncbi.nlm.nih.gov 

/geo/query/acc.cgi?acc=GSE99852 

Publicly available at Gene Expression Omnibus 

(GEO): 

GSE99852 

Mis-splicing gene list available in supplemental 

dataset 2 

(Smeets et al., 2018) 

mRNA profile of Hoxb8 

immortalised GM-CSF cell 

lines expressing Srsf2 WT or 

Srsf2P95H/+ 

N/A Not publicly available unpublished 
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GO:0009895: negative regulation of catabolic process
GO:0007017: microtubule-based process
GO:1903320: regulation of protein modification by small protein conjugation or removal
GO:0032204: regulation of telomere maintenance
GO:0002753: cytoplasmic pattern recognition receptor signaling pathway
GO:0010638: positive regulation of organelle organization
GO:0016926: protein desumoylation
R-HSA-3700989: Transcriptional Regulation by TP53
R-HSA-1640170: Cell Cycle
GO:1902115: regulation of organelle assembly
GO:0051640: organelle localization
GO:0051052: regulation of DNA metabolic process
GO:0033044: regulation of chromosome organization
GO:0030522: intracellular receptor signaling pathway
GO:1903311: regulation of mRNA metabolic process
GO:0044257: cellular protein catabolic process
GO:0043484: regulation of RNA splicing
R-HSA-3247509: Chromatin modifying enzymes
GO:0006281: DNA repair
GO:0006397: mRNA processing

Figure 4.5: mRNA processing and DNA repair are the top mis-spliced pathways caused by SRSF2 mutation
Pathway analysis of common mis-spliced genes among 12 datasets using Metascape.
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Table 4.2: List of top mis-spliced genes ranked by the number of datasets
the transcript was identified in

Gene Description Number of 
datasets 

ATF2 activating transcription factor 2 8 (2H/6M) 

MTMR14 myotubularin related protein 14 8 (4H/4M) 

AGTPBP1 ATP/GTP binding protein 1 7 (2H/5M) 

PRPSAP2 phosphoribosyl pyrophosphate synthetase-associated 

protein 2 

7 (2H/5M) 

CSF3R colony stimulating factor 3 receptor (granulocyte) 7 (2H/5M) 

DAP3 death associated protein 3 7 (1H/6M) 

EGFL7 EGF-like-domain, multiple 7 7 (2H/5M) 

EHMT2 euchromatic histone-lysine N-methyltransferase 2 7 (1H/6M) 

HNRNPA2B1 heterogeneous nuclear ribonucleoprotein A2/B1 7 (1H/6M) 

SEC24B SEC24 family member B 7 (1H/6M) 

TPM3 tropomyosin 3 7 (3H/4M) 

ELP2 elongator acetyltransferase complex subunit 2 7 (2H/5M) 

STRADA STE20-related kinase adaptor alpha 7 (1H/6M) 

SUN1 Sad1 and UNC84 domain containing 1 7 (2H/5M) 

TIA1 TIA1 cytotoxic granule-associated RNA binding protein 7 (2H/5M) 

MAPK8IP3 mitogen-activated protein kinase 8 interacting protein 3 7 (2H/5M) 

PARP6 poly (ADP-ribose) polymerase family, member 6 7 (2H/5M) 

 
H, Human datasets; M, Murine datasets.

4.2.3 Single cell sequencing of Srsf2P95H/+ stem and pro-

genitor populations reveals a unique signature in

the LT-HSC

The application of single cell RNA sequencing (scRNA-seq) has dramati-

cally reshaped the understanding of haematopoiesis in both homeostasis

and perturbed settings. This powerful technology can differentiate the

haematopoietic hierarchy based on transcriptome status. In combination

with functional analysis, the information provided can aid the under-

standing of self-renewal and lineage commitment in stem and progenitor
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cells. Here, I present a pilot study of the application of scRNA-seq to

Srsf2P95H/+ stem cells.

Purified long-term haematopoietic stem cells (LT-HSC, lin-c-Kit+Sca-

1+Flt3-CD34-) and short-term stem cells plus multipotent progenitors

(referred to as progenitors, lin-c-Kit+Sca-1+Flt3+/-CD34+) were sorted

from R26-CreERT2 Srsf2P95H/+ and Srsf2+/+ mice (n=1 per genotype, 20

weeks post tamoxifen cessation, Figure 4.6). Sorted cells were processed

using the Chromium Single Cell 3’ Reagent Kit v2 and sequenced on

the Illumina HiSeq 2500 by the Australian Genome Research Facility

(AGRF). In total, 2,334 cells were sequenced across all samples. Both

Srsf2+/+ LT-HSC and progenitor samples have a much smaller number of

cells sequenced than Srsf2P95H/+ LT-HSC and progenitor samples (Table

4.3). Cells were clustered and annotated based on previously published

marker genes (Cheng et al., 2019) (Figure 4.7A). This analysis was under-

taken with Dr Davis McCarthy and Ms Ruqian Lyu in the Bioinformatics

and Cellular Genomics Lab at SVI. Uniform Manifold Approximation and

Projection (UMAP) plot analysis revealed the expected stem and progeni-

tor populations within the pooled batch analysis. Based on the expression

pattern of each dataset, the HSCs and repopulating MPPs (repMPPs)

could be further subdivided into four smaller clusters (HSC_C1-C4 and

repMPP_C1-C4). This is reflected on the UMAP plots of individual sam-

ples (Figure 4.7B).
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Figure 4.6: The sorting strategy of long-term haematopoietic stem cells
and progenitor populations for single-cell sequencing
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Table 4.3: Estimated number of cells processed for each sample

Sample Cell number 

Srsf2+/+ LT-HSC (239) 164 

Srsf2+/+ Prog (239) 208 

Srsf2P95H/+ LT-HSC (240) 609 

Srsf2P95H/+ Prog (240) 1315 

 

Table 4.4: The number of different cell types retrieved from each sample

Cell type Srsf2+/+  
LT-HSC (239) 

Srsf2+/+  
Prog (239) 

Srsf2P95H/+  
LT-HSC (240) 

Srsf2P95H/+  
Prog (240) 

HSC_C1 90 2 92 7 

HSC_C2 21 16 126 72 

HSC_C3 9 20 22 241 

HSC_C4 4 11 14 150 

Erythroid 5 7 36 29 

LMPP 1 44 7 261 

MPP 1 23 10 139 

repMPP_C1 0 11 12 153 

repMPP_C2 4 35 1 0 

repMPP_C3 4 8 8 30 

repMPP_C4 0 6 5 47 

GMP 0 1 40 10 

Gr 0 0 15 5 

Gr_Mo 0 3 11 16 

B cell 6 0 115 5 
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Figure 4.7: UMAP plots of all cells sequenced (A) and separate samples
of Srsf2+/+ (LT-HSC/Prog) and Srsf2P95H/+ (LT-HSC/Prog) (B)
UMAP, Uniform Manifold Approximation and Projection; HSC, haematopoietic
stem cells; LMPP, lymphoid primed multipotent progenitor; MPP, multipo-
tent progenitor; repMPP, replicating multipotent progenitor; GMP, granulocyte-
macrophage progenitor; Gr, granulocyte; Gr_Mo, granulocyte_monocyte.
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Within the identified populations, there were comparable numbers

of HSC_C1 clustered in both Srsf2+/+ and Srsf2P95H/+ LT-HSC samples,

despite the lower number of cells from the Srsf2+/+ sample. Interestingly,

the repMPP_C2 population is almost exclusively from the Srsf2+/+ sample

(Figure 4.8A) (Table 4.4). On top of the stem and progenitors population,

many LT-HSCs were labelled as B cells, which indicates the population

bear the transcriptomic characteristics of more mature B cells. This could

be due to contamination during cell sorting, but it is equally possible

that these cells are primed for B lineage differentiation. Using a sling-

Pseudotime analysis, the mutant HSC_C1 population displayed a faster

transition into the HSC_C2 population than wild type (Figure 4.8B). This

type of analysis features the temporal structure between the identified

populations and infers a haematopoietic differentiation hierarchy based

on the gene expression profile (Trapnell et al., 2014). HSC_C1 represents

the most primitive haematopoietic stem cell population. Therefore, com-

paring the gene signatures of Srsf2+/+ and Srsf2P95H/+ HSC_C1 would

reveal the effect of Srsf2P95H/+ mutation on stem cell behaviour. Mutant

stem cells indeed exhibit a distinct expression pattern similar to that of

myeloid-biased LT-HSC (mLT-HSC) reported previously (Mann et al.,

2018). This includes up-regulation of Apoe and Plac8, as well as down-

regulation of Serinc3 and Cbx3 (Figure 4.8C). Finally, a trajectory analysis

was performed to compare all the identified clusters between Srsf2+/+

and Srsf2P95H/+. Consistent with the myeloid bias observed in HSC_C1,

Srsf2P95H/+ cells had an increased differentiation trend towards myeloid

progenitors when compared to Srsf2+/+ (Figure 4.9). These findings from

single cell transcriptome analysis are consistent with the phenotypic anal-

ysis that has been reported (Smeets et al., 2018).
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Figure 4.8: Cluster comparison identifies a myeloid biased signature in Srsf2P95H/+ haematopoietic stem cells
A. The proportion of cells from Srsf2+/+ (239) and Srsf2P95H/+ (240) within each cluster.
B. The slingPseudotime analysis
C. Heatmap of the top differentially expressed genes in HSC_C1 population between Srsf2+/+ (239) and Srsf2P95H/+ (240).
Genes shaded in green belong to a myeloid-biased long-term haematopoietic stem cell signature. HSC, haematopoieitic stem cells.
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Figure 4.9: The trajectory plot of Srsf2+/+ and Srsf2P95H/+ samples reveals
increased myeloid differentiation in the mutant cells
The arrows indicate the inferred differentiation trajectory.
HSC, haematopoietic stem cell; MPP, multipotent progenitor; CMP, common
myeloid progenitor; GMP, granulocyte-macrophage progenitor.
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4.3 Discussion

Transcriptome profiling is a great tool to gain insight into cellular be-

haviour. The differentially expressed genes (DEGs) reflect the response

of essential pathways towards endogenous changes, such as disruptions

caused by genetic mutations. In Srsf2P95H/+ mutant cells, the up-regulation

of myeloid genes and down-regulation of lymphoid genes corresponds to

the myeloid-bias phenotype observed in the in vivo murine model (Smeets

et al., 2018). As an RNA splicing factor, SRSF2 aids in the recognition of 3’

splicing sites. SRSF2P95H mutation specifically leads to a shift in the RNA

binding affinity/preference, thereby potentially inducing mis-splicing

(Kim et al., 2015; Zhang et al., 2015). Splicing changes in key regulatory

genes were proposed to underlie the dysregulation of lineage-specific

transcripts and cause the observed phenotype. Much interest has there-

fore focused on investigating the mis-splicing events in both human MDS

samples and murine models.

The mis-splicing landscape in human SRSF2mut MDS cells has

mostly revealed changes in metabolic pathways, including mRNA and

cellular metabolism (Qiu et al., 2016). RNA splicing, processing and

translation all fall within the mis-spliced mRNA metabolism category.

Several mitochondrial related pathways were also shown to be involved

(Pellagatti et al., 2018). For SRSF2mut MDS, ATR, STAG2 and several

cell cycle related genes (CDK7, CCNL1, CARD16, SNCA, PYCARD) were

identified as mis-splicing targets in patients (Pellagatti et al., 2018; Qiu

et al., 2016). Although some targets have been identified across multi-

ple models (Hnrnpa2b1/Trp53bp1), the suggestion that EZH2 is the single

mis-spliced target that can account for a significant proportion of the

phenotype of SRSF2 mutation is more controversial (Kim et al., 2015; Kon

et al., 2018; Smeets et al., 2018; Zhang et al., 2015). Both human studies
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using K562 cells with the P95H mutation knocked into the endogenous

locus conducted by Zhang et al, Srsf2P95H/+ model from Kon et al., and my

studies with primary and immortalised murine cells failed to demonstrate

mis-splicing of Ezh2 (Kon et al., 2018; Zhang et al., 2015). The magnitude

of mis-splicing changes is only around 1% of the total splicing activity

detected in the transcriptome, which is a relatively subtle overall change

and it remains to be seen if one specific transcript or a small subset of

mis-spliced transcripts are responsible for the pathogenesis of MDS in

SRSF2 mutants. Indeed, very recently published RNA-seq analysis of

>1,200 human MDS samples concluded that it was unlikely that a single

transcript will be identified that accounts for phenotypes in spliceosome

mutant myeloid neoplasms (Hershberger et al., 2020). It is possible that

the disease is caused by the cumulative effect of many small splicing

changes across essential cellular pathways in a ‘death by a thousand

cuts’ analogy. However, confirming this would require very high-depth

and high-fidelity sequencing of matched samples and multiple robust

bioinformatic analysis pipelines, an undertaking that is yet to be reported.

Over the years, many datasets from SRSF2 mutant human myeloid

leukaemia, or murine Srsf2P95H/+ models have been generated. These

datasets are from different disease backgrounds and cell types (Hurtado

et al., 2018; Kim et al., 2015; Komeno et al., 2015; Kon et al., 2018; Qiu et

al., 2016; Shiozawa et al., 2018; Smeets et al., 2018; Zhang et al., 2015). I

hypothesized that the pathogenic network of SRSF2 mutation might be

detected as a pan-cancer signature of mutant SRSF2. Unlike introns that

are more divergent across species, exonic sequences are highly conserved

and targeted by SRSF2. Therefore, identifying the common mis-spliced

genes that are shared between these datasets could unveil the crucial

pathways regulated by SRSF2. Indeed, I found that mRNA processing and
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DNA repair were the top two affected pathways. In terms of individual

genes, activating transcription factor 2 (ATF2) was found to be mis-spliced

in 8 out of the 12 datasets. Interestingly, ATF2 is a substrate of the p38

MAPK signalling pathway (Jiang et al., 1996). The p38 MAPK pathway is

involved in normal haematopoiesis and is hyperactive in human MDS

(Geest and Coffer, 2009; Navas et al., 2006). My pathway analysis of bulk

cell RNA-seq from Srsf2P95H/+ stem cells also revealed an upregulation of

the p38 MAPK pathway. Understanding the structure of ATF2 pre-mRNA

could indicate why it is frequently mis-spliced by SRSF2P95H. A more

important question, however, is what these different and distinct isoforms

are that are generated through mis-splicing and what the consequences

of these could be at the functional/protein level. Clearly, not all the

genes on the list of mis-spliced targets have a direct connection with

haematopoiesis or leukaemia. Therefore, delineating the role of the top

mis-spliced pathways, such DNA repair, is more likely to bridge the

gap between the mechanism and the phenotypes observed in Srsf2P95H/+

models.

While bulk RNA sequencing is frequently used to analyse the tran-

scriptome and splicing changes of Srsf2P95H/+ mutant cells, no study has

examined the mutation via single cell sequencing. Here I present an initial

single cell RNA seq (scRNA-seq) study of Srsf2P95H/+ stem and progenitor

cells. The single cell transcriptomic analysis examined the transcriptional

state of the immunophenotypic homogeneous LT-HSC population and

was able to subdivide it into four distinct LT-HSC subsets: HSC_C1 to

C4. I discovered that the gene signature of the 20-week-old Srsf2P95H/+

LT-HSC subset HSC_C1 is reminiscent of that of myeloid biased LT-HSC

found in aged mice (20-24 months old) (Mann et al., 2018). The most im-

mature Srsf2P95H/+ LT-HSCs showed an accelerated differentiation toward
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downstream stem and progenitor cell populations, particularly those

that are myeloid biased/committed. This corresponds to the increased

myeloid bias identified in the trajectory analysis. Combining all the infor-

mation, the scRNA-seq study reinforced the hypothesis that Srsf2P95H/+

mutation leads to transcriptome changes in the haematopoietic stem cell

compartment, which drive a myeloid bias via cell-intrinsic mechanisms.

While scRNA-seq provided novel information regarding the stem

cell compartment of Srsf2P95H/+, there are major caveats to the pilot study.

For instance, the overall number of Srsf2+/+ cells sequenced is still low.

In total, less number of wild-type cells were analysed due to insuffi-

cient number of reads mapped to the reference genome. This analysis

only included one animal of each genotype. Independent replication

is required to confirm the interpretation of the findings. An additional

question remains about the best method to undertake such analysis. Here

I have used 10X Chromium based library preparation to generate the

libraries for sequencing. This was primarily due to the number of cells

that can be assessed, ease of use and availability. This method has a 3’

bias and is excellent for gene expression analysis. However, analysis of

full-length transcriptomes and isoforms is difficult with the 10X method-

ology. Alternative methods that resolve fully length transcripts such as

Smart-seq3 would allow a more detailed analysis of splicing and isoforms,

albeit at the expense of total number of cells that can be processed due to

the plate-based method required for Smart-seq3 and similar full-length

transcriptome analysis methods (Hagemann-Jensen et al., 2020). Other

technologies such as long-read and direct RNA sequencing are currently

not feasible due to the requirement for large amounts of starting material.

Despite the caveats, scRNA-seq technology remains a great tool to study

haematopoietic stem cells and has great potential for studying splicing
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mutant leukaemia.
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5.1 Introduction

A synthetic lethal interaction involves two genes where mutation of ei-

ther one separately is viable, but perturbation of both genes at the same

time is lethal to the cell (Dhanjal et al., 2017). In cancer, the concept of

synthetic lethality is very attractive as it enables the discovery of “second-

hit” targets that the cells with a cancer-causing mutation depend on for

survival. Thus, it provides opportunities to advance specific anti-cancer

therapies, especially when the driver mutation is non-druggable. The key

to successfully identifying such targets relies on a robust synthetic lethal

genetic interaction (Wang et al., 2017). From RNAi (RNA interference)

screens in yeast to CRISPR (Clustered regularly interspaced short palin-

dromic repeats) screens in in vivo systems, larger scale and more clinically

relevant models have been developed and have identified new targets in

their respective cancers’ settings (O’Neil et al., 2017).

CRISPR technology has been widely adopted for large-scale genetic

screens. Conventional CRISPR-Cas9 (CRISPRko) gene editing leads to

irreversible gene knockout by using specifically designed single-guide

RNAs (sgRNAs) and Cas9 endonuclease (Shalem et al., 2014). The Cas9

endonuclease creates precise double-strand breaks (DSB) at target loci

when guided by short RNAs. The DSB is mostly repaired through non

homologous end-joining (NHEJ). NHEJ is error-prone, therefore creating

indels that produce premature termination codons and frame shift muta-

tions, resulting in non-sense mediated decay of the resulting transcript

or non-functional proteins when translated (Cong et al., 2013; Mali et

al., 2013). In addition, both CRISPR mediated transcriptional inhibition

(CRISPRi) and CRISPR mediated transcriptional activation (CRISPRa)

techniques have been developed by fusing either a transcriptional repres-

sor domain (KRAB) or activator domain (VP64) to a catalytically dead
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mutant of Cas9 (dCas9) (Gilbert et al., 2013; Qi et al., 2013). Guided by

the sgRNA, the fusion protein then modifies the expression level of the

target gene from its endogenous locus.

The sgRNA libraries are designed specifically for each CRISPR modi-

fication. For CRISPRko, Shalem et al. and Wang et al. first described a

genome-wide CRISPRko library (GeCKO) that targeted over 18,000 genes

in the human genome (Sanjana et al., 2014; Shalem et al., 2014; Wang et al.,

2015; Wang et al., 2014). This was followed by Hart et al., who reported

the Toronto KnockOut library (TKO). The same group, also introduced

sub-pool libraries, targeting sets of genes with similar functions such as

cell cycle proteins and kinases (Hart et al., 2015). For the mouse genome,

Shalem et al., Wang et al. and Koike-Yusa et al. all described whole

genome pooled libraries targeting nearly 20,000 genes (Koike-Yusa et

al., 2014; Shalem et al., 2014; Wang et al., 2014). Most sgRNA libraries

have become commercially available or are able to be accessed through

repositories such as Addgene. Since these original genome-scale libraries,

better performing libraries have been released with maximized on-target

efficiencies and lower off-target effects (Doench et al., 2016).

With the advent of CRISPR technology, researchers have started to

utilize genome-wide CRISPR screens to identify genetic vulnerabilities or

mechanisms of drug resistance in multiple cancer cell lines. For haemato-

logical cancers, this was explored by Tzelepis et al. who looked at gene

essentiality in 5 AML cell lines; MOLM-13, MV4-11, HL-60, OCI-AML2

and OCI-AML3. They performed a CRISPR screen and defined common

and mutation-specific synthetic lethal genes (Tzelepis et al., 2016). Ya-

mauchi et al. investigated the synthetic lethality of p53 WT AML using

in vitro and in vivo screens (Yamauchi et al., 2018). Both studies discov-

ered known therapeutic targets as well as new ones, such as KAT2A
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and DCPS. More recently, Bajaj et al., developed an in vivo screen for a

BCR-ABL/NUP98-HOXA9 driven model of blast-crisis chronic myeloid

leukaemia (bcCML) and identified the RNA-binding protein STAUFEN2

as a key regulator of myeloid leukaemia (Bajaj et al., 2020). However,

whole genome genetic interactions of SRSF2 mutations are yet to be

assessed or reported.

Here, I present an in vitro CRISPR knockout screen of Srsf2P95H/+ cells

to identify synthetic lethal interactions. I discovered that Srsf2P95H/+ cells

are more sensitive to perturbation of cell cycle and DNA repair pathways.

Furthermore, pharmacological inhibition of CDK6, a cell cycle kinase,

showed preferential suppression on Srsf2P95H/+ cells.

5.2 Results

5.2.1 Generation and characterization of in vitro Srsf2 P95H/+

cell lines

To explore the synthetic lethal genetic interactome of Srsf2P95H/+ mutant

cells in vitro, I utilized the Hoxb8 immortalized cell lines that I described

in Chapter 4.2.1 (n=3 independently derived lines from 3 separate animals

per genotype). To generate cells stably expressing Cas9, the cell lines were

infected with Cas9-blasticidin lentivirus and then selected with 3µg/ml

blasticidin. The cells were selected for a minimum of two weeks with

blasticidin before characterization (Figure 5.1A).

The Cas9-blasticidin Hoxb8 cell lines (called Cas9 Srsf2P95H/+ or

Srsf2+/+ cell lines from hereon) were treated with tamoxifen (400nM) for 4

days and then cultured without tamoxifen for an additional 14 days. The
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floxed allele was fully recombined by day 4 of tamoxifen treatment, indi-

cating activation of Srsf2P95H/+ mutation (Figure 5.1B). FACS analysis of

the Cas9 Hoxb8 cell lines confirmed that the cell lines are consistent with

a granulocyte phenotype (Figure 5.1C). During the 14 days of culture, the

Cas9 Srsf2P95H/+ cell lines showed no difference in the proliferation rate

compared to Cas9 Srsf2+/+ cell lines (Figure 5.1D). To test Cas9 activity,

the six cell lines were transfected with sgRNA targeting the Ifih1 gene. Six

days after transfection, RT-qPCR analysis showed a marked decrease in

Ifih1 expression, indicating functional Cas9 activity in the cells (Figure

5.1E).
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Figure 5.1: Generation and characterization of Hoxb8 immortalized cell
lines and Cas9-blasticidin resistant cell lines
A. Generation of Hoxb8 immortalized GM-CSF cell lines and Cas9-blasticidin
resistant cell lines.
B. Genomic DNA PCR showing full recombination of Srsf2 P95H allele after 4
days of in vitro tamoxifen treatment.
C. Representative FACS plot of Cas9 Hoxb8-immortalized GM-CSF cells show-
ing mature myeloid (granulocyte) phenotype.
D. Proliferation curve of Srsf2+/+ and Srsf2P95H/+ cell lines. Blue area indicates
when cells were cultured with tamoxifen. n=3 per genotype.
E. RT-qPCR showing decreased expression of Ifih1 6 days after sgRNA transduc-
tion of Cas9 Srsf2 cell lines.
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5.2.2 Pooled CRISPRko negative selection screen in

Srsf2P95H/+ mutant cells

To investigate synthetic lethal genetic interactions with Srsf2P95H/+, I de-

signed a pooled CRISPRko negative selection (drop-out) screen using

the Cas9 Srsf2 cell lines (n=3 for Srsf2P95H/+ and n=3 for Srsf2+/+) (Figure

5.2). I made use of the mouse Brie library, which contains 78,637 sgRNA

including 1,000 control sgRNA, and targets 19,674 genes with 4 unique

sgRNA per gene (Doench et al., 2016). For each cell line, a total of 130

million Cas9 cells were infected with the Brie library at a multiplicity of

infection (MOI) of 0.3 and cultured for 48hrs before adding puromycin

(0.5µg/mL) and being selected for 4 days. I was aiming for an average

copy number of 500 copies per sgRNA within the cell population. Cells

were cultured in 3µg/mL blasticidin after infection and for the whole du-

ration of the puromycin culture, to enforce Cas9 expression. The four-day

puromycin treatment allows enough time for Cas9-mediated gene knock-

out to occur before activation of the Srsf2P95H/+ mutation. This time point

was designated as the day 0 timepoint. The achieved initial copy number

of sgRNA from the cells was established by analysis of cells collected at

this timepoint and served as the baseline sgRNA representation for the

screen. All six cell lines were then treated with tamoxifen for 4 days to

activate the Srsf2P95H/+ allele in the mutant cells. After 4 days, the cells

were washed to remove the tamoxifen and cultured for up to 14 days

post-tamoxifen (Outline of screen in Figure 5.2). A full media change and

dilution of the cells to a concentration of 200,000 or 100,000 cells/ml was

performed every two to three days to avoid overgrowing and apoptosis

due to cytokine deprivation.

Three additional timepoints, besides day 0, were selected to collect

DNA from for sgRNA sequencing. Day 4 is when cells were taken off
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tamoxifen, while days 11 and 18 are 7- and 14-days post tamoxifen, respec-

tively. Choosing three different timepoints allows the identification of

essential genetic interactions with Srsf2P95H/+ immediately post mutation

activation and after a short or more extended period of activation. For

each timepoint, 40 million cells were collected to ensure a representation

of a minimum of 500 copies per sgRNA, and all the DNA was amplified to

avoid bias in quantitation of sgRNA. Finally, a total of 24 libraries (6 cell

lines, 4 timepoints) were generated after gel-purification of PCR products

and then sequenced (See Materials and Methods chapter for detailed de-

scription). In parallel to the CRISPR drop-out screen, I tamoxifen-treated

non-sgRNA library infected Cas9 Srsf2 cell lines and collected RNA at 7

days post tamoxifen treatment. These samples were used to undertake

RNA-seq to establish gene expression and mis-splicing in these cell lines.

This data was included in Chapter 4.2.1.
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Figure 5.2: Outline of the pooled CRISPR knock-out Srsf2 screen
Detailed schematic outline of the steps, time points and calculation of estimated cell numbers of the Srsf2 CRISPR screen. A parallel
cell culture for RNA seq is included. Three biological replicates were used for both CRISPR screen and parallel cell culture for RNA
seq.
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5.2.3 CRISPR screen quality control and data analysis

All the bioinformatic analysis of the screen was conducted by Dr. Alistair

Chalk. After sequencing, FASTQ data were mapped to the reference

gRNA library and analysed with the MaGeCK program (Li et al., 2014).

The mapped reads ranged from 24 to 33 million per sample. On average,

the mappability was 85% with an average coverage of 355 copies per

sgRNA (Table 5.1). This is sufficient for analysis and to enable detection

of those sgRNA that are lost following Srsf2P95H/+ mutation activation,

although lower than the original target of 500 copies per sgRNA. There

was no evidence of misrepresentation of sgRNA due to skewed or inac-

curate amplification or sequencing errors (Figure 5.3A), while the clonal

dynamics of sgRNA were decreased over time as expected (Figure 5.3B).

When examining the correlation between samples, the Cas9 Srsf2+/+ cell

lines exhibited more variance within the genotype. At day 0 and day

4, Cas9 Srsf2+/+ achieved a 10% better correlation with Cas9 Srsf2P95H/+

cell lines than with other cell lines of the same genotype. Over time,

correlations between Srsf2+/+ and Srsf2P95H/+ decreased, indicating a di-

vergent response to pooled genome knockout (Figure 5.4). The quality

control results rule out the possibility of technical errors contributing to

misleading results and confirm the validity of the negative enrichment

CRISPR screen.

To corroborate the functional output of the screen, I then checked

the overall positively and negatively selected genes in each Srsf2+/+ or

Srsf2P95H/+ group. For the majority of the genes, 3 or 4 out of the 4 sgRNA

per gene were recovered and aligned to the library sequence, which

yields sufficient representation of the targeted genes for analysis and

hit identification. During the MaGeCK analysis, enrichment data and

statistical output from the 3/4 or 4/4 sgRNA were combined to present an
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overview status of gene selection. The depletion of essential genes (CEG2)

was assessed and mapped in the MaGeCK MLE visualisation plot (Hart et

al., 2017) (Figure 5.5). In the visualisation plot of gene/sgRNA selection, a

positive beta score means the gene is positively selected or enriched over

time, whereas a negative beta score means the gene is negatively selected

or lost over time (Li et al., 2015). At day 4, multiple genes involved in the

essential ribosome pathway (Rps15A, Rps7, Rpl23, Rplp2, Rps8 and Rpl8)

were depleted. As for cell line-specific essential genes, Hoxb8 and Csf2ra

are among the top depleted sgRNA in both genotypes tested (highlighted

in green in Figure 5.5). Hoxb8 and Csf2ra (GM-CSF receptor) would be

expected to be lost as the cell lines are immortalized with Hoxb8 and

dependent on GM-CSF for proliferation and survival. Next, I assessed the

selection of MDS related genes in the screen at day 4, day 11 and day 18.

Genes that were depleted at day 4 include a selection of the spliceosome

components (Srsf2, Sf3b1 and U2af1), which is consistent with the lethality

of null alleles of these essential factors. On the positive selection side,

genes that are known to have a positive correlation with Srsf2P95H/+, such

as Tet2 and Cbl, were enriched at the day 18 timepoint (Figure 5.6). The

results from the visualisation plots confirm the depletion of expected

essential and splicing-related genes, which validates the robustness of my

Srsf2 CRISPR screen.
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Table 5.1: Mapped read count and coverage for 24 libraries in Srsf2
screen

Sample_name Mappability Total_reads Mapped_reads Average 

Coverage 

WT_D0_S144 85.72347 38583293 33074936 420.6 

WT_D4_S144 85.87031 34396145 29536075 375.6 

WT_D11_S144 84.44593 32585779 27517364 349.9 

WT_D18_S144 87.12968 36646854 31930287 406.0 

WT_D0_S145 86.08064 30683490 26412546 335.9 

WT_D4_S145 86.90123 34345631 29846775 379.6 

WT_D11_S145 84.85053 32027437 27175449 345.6 

WT_D18_S145 86.29772 30632262 26434944 336.2 

WT_D0_S281 85.63385 33078080 28326034 360.2 

WT_D4_S281 86.1783 32858200 28316637 360.1 

WT_D11_S281 85.12764 30345497 25832405 328.5 

WT_D18_S281 86.19909 37822483 32602635 414.6 

P95H_D0_S81 84.96886 26147819 22217505 282.5 

P95H_D4_S81 84.81972 34788027 29507107 375.2 

P95H_D11_S81 84.13214 32715519 27524267 350.0 

P95H_D18_S81 86.06658 32080958 27610984 351.1 

P95H_D0_S83 85.048 32903333 27983628 355.9 

P95H_D4_S83 85.34779 28279733 24136126 306.9 

P95H_D11_S83 84.42695 30106447 25417955 323.2 

P95H_D18_S83 85.38084 28122359 24011106 305.3 

P95H_D0_S243 85.01022 36751029 31242132 397.3 

P95H_D4_S243 85.58722 36307614 31074678 395.2 

P95H_D11_S243 85.15725 32322150 27524653 350.0 

P95H_D18_S243 86.3542 28848293 24911713 316.8 
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Figure 5.3: The sgRNA distribution and dynamics of the sgRNA pool in the Srsf2 CRISPR screen
A. The sample count distribution of sgRNA of all 24 libraries showing unbiased representation of sgRNA.
B. Gini index of sgRNA in 24 libraries indicating fewer clones of the sgRNA pool as the screen progresses.
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Figure 5.4: The correlation between the six Cas9 Srsf2 cell lines across the
time course of the screen
The colour code and number in each box indicates the concordance between two
samples.The colour scale is indicated at the top right. A red colour and number
close to 1 means two samples are tightly related. In contrast, a blue colour and
number close to 0 means two samples have no correlation.
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Figure 5.5: Depletion of the CEG essential genes at day 4 of the CRISPR
screen
The top 10 depleted CEG2 essential genes are labeled. Hoxb8 and Csf2ra are high-
lighted in green and marked in blue dots. Grey dots: all the sgRNA identified;
Yellow dots: sgRNA of CEG2 essential genes.
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Figure 5.6: Visualisation of MDS related genes that are positively and
negatively selected at day 4 (A), day 11 (B) and day 18 (C) of Srsf2
CRISPR screen.
Both enriched and depleted genes that are associated with MDS are labeled.
Grey dots: all the sgRNA identified; Red dots: sgRNA with false discovery rate
(FDR) <.01.
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5.2.4 Identification of RNA metabolism, Cell cycle and

DNA damage response pathways as genetic vulner-

abilities in Srsf2P95H/+ mutant cells

To distinguish genes that are essential for Srsf2P95H/+ but not Srsf2+/+ cells,

I first applied an FDR cut-off of <0.05 based on the FDR at the P95H_D18

timepoint for all the negatively selected genes. This removed all the

genes that were not negatively selected in the Srsf2P95H/+ cells 14 days

after tamoxifen treatment. This included genes that were only negatively

selected at any earlier timepoint or in the Srsf2+/+ cells. I then applied an

FDR cut-off of <0.01 for each individual timepoint as a more stringent

criteria for inclusion of candidates. Overall, significantly more genes

were lost in the Srsf2P95H/+ cells than in the Srsf2+/+ cells. A total of 762

genes were negatively selected in the Srsf2P95H/+ cell lines, compared to

235 in the Srsf2+/+ cell lines. Of the candidate genes, 200 were depleted

in both cell lines, leaving 562 genes unique to the Srsf2P95H/+ genotype

and only 35 to Srsf2+/+ (Figure 5.7A). Looking at the distribution within

each genotype, 91, 155 and 92 genes were negatively selected in Srsf2+/+

cells at day 4, day 11 and day 18 respectively, with 20 genes overlapping

between timepoints. In contrast, in Srsf2P95H/+ cell lines, 513, 515 and 359

genes were negatively selected at day 4, day 11 and day 18 respectively,

with 180 genes overlapping between timepoints (Figure 5.7B-C).

Comparing Srsf2P95H/+ with Srsf2+/+ cell lines at each timepoint, 441

(day 4), 406 (day 11) and 308 (day 18) genes were exclusively depleted

in mutant cells. These numbers reduced substantially when the FDR for

Srsf2+/+ was increased from <0.01 to <0.05, while maintaining an FDR of

<0.01 for Srsf2P95H/+ cells. The relaxed criteria expanded the number of

candidate genes in wild type cells, while decreasing the number in the

Srsf2P95H/+ only group. Therefore, these filtered genes are closely linked
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with Srsf2P95H/+ synthetic lethality (Figure 5.8). The downward trend in

the total number of negatively selected candidates across the timepoints

suggested that many of the genes are synthetic lethal early after Srsf2P95H/+

mutation expression, while deletion of a subset of genes led to a slow,

gradual death of mutant cells and was not significant until the end of the

screen. The gene lists from Srsf2+/+ (FDR<0.01) and Srsf2P95H/+ (FDR<0.01)

are used to identify the top negatively selected pathways in Figure 5.9.

Many of the top genes that were unique to Srsf2P95H/+ cells are com-

ponents of pathways essential for cellular function, such as ribosome

biosynthesis and DNA transcription. To provide a broader understanding

of the genetic vulnerabilities of Srsf2P95H/+, I decided to look at the path-

ways that were represented within the depleted candidates in Srsf2P95H/+

cells. To do this, I created gene lists of those candidates that were neg-

atively selected in Srsf2+/+ and Srsf2P95H/+ at each timepoint (FDR<0.01)

and performed analysis using Metascape (Zhou et al., 2019). The top 20

most negatively selected pathways are presented in a heatmap in Figure

5.9. Overall, the top 20 pathways were significant at most timepoints in

Srsf2P95H/+ cells (P<0.0001), while 9 out of 20 did not reach significance

at one or more timepoints in Srsf2+/+ cells. The genes were also com-

pared with a short list of significantly up- or down-regulated genes from

RNA-seq of Cas9 Srsf2 cell lines (Figure 5.9).

To achieve a more detailed comparison, I clustered the top pathways

into three groups, depending on whether the pathway was significant in

Srsf2+/+ at all timepoints, at some timepoints or not at all. The common

cluster, which contains pathways significantly selected in both genotypes

at all timepoints, is the biggest (11/20) and includes pathways such as

RNA metabolism, peptide biosynthesis, ribosome pathways, cell cycle

and DNA repair. The partial WT cluster contains 7 out of 20 pathways,



182 Chapter 5. Synthetic lethality of Srsf2P95H/+ mutant cells

which are only significantly selected at one or two timepoints in Srsf2+/+.

These include DNA replication, mRNA splicing, telomere maintenance

and protein-DNA subunit organisation. Only two pathways belong to

the P95H only cluster (2/20), which is specific to the Srsf2P95H/+ cells.

These are ribosomal small subunit biogenesis and processing of capped

intronless Pre-mRNA. Within the other two clusters, Srsf2P95H/+ cells

showed a more significant pathway enrichment, suggesting that the

mutant is more vulnerable to disruption of these pathways, even though

Srsf2+/+ cell viability would be impacted as well. A good example is the

mRNA splicing pathway from the partial WT cluster, which is consistent

with previous studies that splicing mutants have increased sensitivity

to further splicing perturbation (Bonnal et al., 2012; Dvinge et al., 2016).

Looking at the timing, pathways were most negatively selected at day

11 for Srsf2+/+ cells and day 4 for Srsf2P95H/+ cells. Finally, pathways that

were negatively selected did not include genes that were differentially

expressed in the cell lines. This suggests that the increased lethality of the

mutant was not simply due to further disruption of already dysregulated

pathways (Figure 5.9).

To identify the top negatively selected genes, the gene lists from

Srsf2+/+ (FDR<0.05) and Srsf2P95H/+ (FDR<0.01) were applied. The number

of genes that were uniquely negatively selected in Srsf2P95H/+ were 303

(day 4), 231 (day 11) and 169 (day 18) (Figure 5.10A). The top 30 candidates

for each timepoint were listed based on MaGeCK scoring and ranked

from the lowest to the highest (Figure 5.10B). The lower the MaGeCK

score, the more negatively selected the gene. Npm1 is highlighted in the

top genes at day 11, because of its association with the ribosomal small

subunit biogenesis pathway, which I will discuss in Chapter 5.3. Pkmyt1

and Cdk6 are highlighted in the top genes at day 18, as they are two targets
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selected for further pharmacological validation (Chapter 5.2.5)
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Figure 5.7: Overview of Srsf2 negative selection CRISPR screen results
A. The total number of genes that were negatively selected in the screen. Results
are presented in bar graph (on the left), as well as a Venn diagram (on the right),
which shows that the majority of Srsf2+/+ negatively selected genes overlap with
Srsf2P95H/+.
B. The number of genes that were negatively selected in Srsf2+/+ and Srsf2P95H/+

cell lines at each time point.
C. Venn diagrams showing the number of genes overlapping between day 4, day
11 and day 18 within Srsf2+/+ and Srsf2P95H/+ cells.
Genes are filtered at P95H_D18 time point at FDR <.05. Then genes are filtered
at each time point individually for Srsf2+/+ and Srsf2P95H/+ cell lines, respectively.
There are three biological replicates per genotype.



5.2. Results 185

441

20

71

Srsf2P95H/+

Srsf2+/+

406 46109

308 4151

303 119209

231 205284

169 268190

Srsf2P95H/+ FDR <0.01
Srsf2+/+ FDR <0.01

Srsf2P95H/+ FDR <0.01
Srsf2+/+ FDR <0.05

Srsf2P95H/+

Srsf2+/+

Srsf2P95H/+

Srsf2+/+

Srsf2P95H/+

Srsf2+/+

Srsf2P95H/+

Srsf2+/+

Srsf2P95H/+

Srsf2+/+

Day 4

Day 11

Day 18

Identify top negatively selected genes
Figure 5.9

Identify top negatively seleteded pathways
Figure 5.8

Figure 5.8: The number of negatively selected genes using different FDR
cut-offs
A FDR<.01 cut-off is applied to both Srsf2P95H/+ and Srsf2+/+ negatively selected
genes. The result is then used to identify top negatively selected pathways
(Figure 5.9). To create a more stringent criteria for identifying top negatively
enriched genes, a FDR<.05 is applied to Srsf2+/+, while Srsf2P95H/+ remains at
FDR<.01. The top 30 genes are then listed from the Srsf2P95H/+ only group (the
light blue area) (Figure 5.10).
Genes are initially filtered at P95H_D18 time point at FDR <.05, prior to any
further processing mentioned above. There are three biological replicates per
genotype. FDR, false discovery rate.
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Figure 5.9: Disruption of DNA repair, DNA replication, cell cycle and
RNA metabolic pathways leads to synthetic lethality in Srsf2P95H/+

mutant cells
Genes are initially filtered at P95H_D18 time point at an FDR <.05, prior to
applying an FDR<.01 on Srsf2+/+ and Srsf2P95H/+ cell lines individually at each
timepoint. A list of genes that are significantly up- (p95h_up) or down-regulated
in Srsf2P95H/+ was also included in the comparison. Heatmap was generated
using Metascape. Pathways indicated by red arrows are further discussed in the
thesis. There are three biological replicates per genotype. FDR, false discovery
rate.
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Figure 5.10: Cell cycle genes, Pkmyt1 and Cdk6 are among the top 30
genes that are only negatively selected in the Srsf2P95H/+ cell lines at day
18
A. The number of genes that are only negatively selected in Srsf2P95H/+ cell lines
at day 4, day 11 and day 18.
B. The top 30 genes that are only negatively selected in the Srsf2P95H/+ cell lines
at day 4, day 11 and day 18.
An FDR<.05 is applied to Srsf2+/+, while Srsf2P95H/+ is at FDR<.01. Genes are
ranked by MaGeCK score from the lowest (the most negatively enriched) to
highest. Genes highlighted with red boxes are further discussed in the thesis.
There are three biological replicates per genotype. FDR, false discovery rate.
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5.2.5 Pharmacological validation of Srsf2 CRISPR Screen

results

Although the majority of the negatively selected genes in Srsf2P95H/+

cells belong to essential cellular pathways, I examined druggable targets

within the Srsf2P95H/+ day 18 list using the Drug Gene Interaction database

(DGIdb) (Cotto et al., 2018). Among the 30 genes that were druggable, I

selected Cdk6 and Pkmyt1 for further testing (Figure 5.9B). Both proteins

have inhibitors available that are being used clinically for cancer treatment

or have demonstrated anti-tumour activity (Kawabe, 2004; Spring et al.,

2019). I analysed the efficacy of the CDK6 inhibitor, Palbociclib, and the

PKMYT1 inhibitor, PD0166285, against that of Pladienolide B (PLB), a

spliceosome inhibitor. Roscovitine, a CDK2/4 inhibitor, was used as a

negative control for the CDK6 inhibitor as neither Cdk2 nor Cdk4 sgRNA

had been identified as synthetic lethal with the SRSF2P95H mutation.

I first performed dose response assays with the parental Hoxb8 cell

lines that I used to generate the Cas9 Srsf2 cell lines. Briefly, Hoxb8 Srsf2

cell lines were treated with 400nM tamoxifen for 4 days to activate the mu-

tation. Serial dilutions of Palbociclib, PLB, PD0166285, and Roscovitine

were added 3 days after P95H activation. The cell viability was measured

4 days later. Palbociclib and PD0166285 both showed reduced IC50 values

for the Srsf2P95H/+ cells compared to Srsf2+/+ cells (Figure 5.11A). To vali-

date this in primary cells, I then sorted the Lin-c-Kit+Sca-1+ (LKS+) stem

cell containing population from R26-CreERT2 Srsf2P95H/+ mice and acti-

vated the Srsf2P95H mutation ex vivo with tamoxifen treatment. Srsf2P95H/+

LKS+ cells, continued to show sensitivity towards Palbociclib while they

failed to show sensitivity towards PD0166285 (Figure 5.11B). I therefore

only proceeded with further testing of Palbociclib.
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Conventional drug dose response assays generally assess the cellular

toxicity of compounds after a 48-hour time period. This differs from the

experimental design of the Srsf2 CRISPR screen, where Cas9-mediated

gene editing occurs within the 4 days before activation of the mutation

and where the effects of gene disruption are measured for up to 14 days.

To make the timeline more comparable between the genetic and pharma-

cological perturbations, I applied the IC50 value generated from the 4-day

drug assay described above (Figure 5.10A) and tested the cell prolifera-

tion in the presence of Palbociclib (IC50 =57nM) for 14 days. In parallel,

a culture with Pladienolide B at the IC50 of 0.85nM was performed as

a positive control. The results showed that Srsf2P95H/+ cells were more

sensitive to Palbociclib than Srsf2+/+ cells, while the spliceosome inhibitor

was equally toxic to both genotypes (Figure 5.12).
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Figure 5.11: Srsf2P95H/+ cells are sensitive to the CDK6 inhibitor
Palbociclib, as well as to the spliceosome inhibitor Pladienolide B
A. Hoxb8-immortalized Srsf2P95H/+ cell lines are sensitive to Palbociclib and
PD0166285 inhibition, similar to Pladienolide B.
B. Sorted Srsf2P95H/+ LKS+ cells are sensitive to Palbociclib and Pladienolide B,
but not sensitive to PD0166285.
For Hoxb8-immortalized cell lines, n=3 per genotype for Roscovitine, PD0166285
and Pladienolide B. n=2 for Palbociclib. Extra sum-of-squares F Test. For LKS+

cells, n=1 per genotype. LKS+, lin-cKit+Sca-1+.
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Figure 5.12: CDK6 inhibitor Palbociclib reduces the proliferation of
Srsf2P95H/+ cells while spliceosome inhibitor Pladienolide B is lethal for
both genotypes in long-term in vitro culture.
Two Srsf2+/+ and Srsf2P95H/+ cells lines are treated with DMSO, Palbociclib or
Pladienolide B in vitro for 11 days 3-days post mutation activation. Each graph
shows the proliferation curve of one cell line treated with three compounds. No
replicate for the experiment. Receiver-operating characteristic (ROC) curve.
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5.3 Discussion

The experimental design is the most crucial step to a successful CRISPR

screen. Multiple factors, such as the choice of cell type, the duration

of the experiment, sequencing depth, quality control and downstream

validation, all have a direct impact on the quality and validity of the

screen results. Previous screens used commonly available leukaemia cell

lines with or without specific mutations. Although this is feasible for

a disease with well-established cell lines, such as AML, there were no

existing MDS or CMML cell lines with Srsf2P95H/+ mutation. In studies

conducted by Zhang et al. and Kim et al., K562 erythroleukaemia cells

were used with an Srsf2P95H/+ mutation generated by CRISPR gene edit-

ing or Srsf2P95H/+ mutant cell lines derived from AML or CMML patients

(Kim et al., 2015; Zhang et al., 2015). In both cases, the cells contain

strong oncogenic drivers, such as BCR-ABL, that can easily mask the true

genetic interactions that lead to synthetic lethality of Srsf2P95H/+ mutation.

In addition, established cell lines often exhibit a complex spectrum of

genetic alterations, with additional p53 and FLT3 mutations. Therefore,

I employed Hoxb8 immortalisation to generate isogenic murine Srsf2+/+

and Srsf2P95H/+ cell lines with a fixed genetic background. The immortal-

ized cells exhibit a late stage myeloid cell phenotype, which is relevant to

Srsf2P95H/+ mutation (Chapter 3). Unlike Sf3b1 mutation, Srsf2P95H/+ mu-

tation is exclusively found in myeloid disease. Thus, screening Srsf2P95H/+

mutation in non-myeloid cells would compromise the utility of the results.

Once efficient Cas9 function in the Srsf2 cell lines was confirmed, it

was crucial to determine the strategy for the negative selection screen

based on the aims and experimental feasibility. To achieve a high statisti-

cal power, I chose to screen six independently derived cell lines, including
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three Srsf2P95H/+ and three Srsf2+/+. Compared to technical replicates, bio-

logical replicates provide a better representation of the mean and variance

of the splicing mutant biology (Blainey and Quake, 2014). Analysis from

the screen showed clear biological divergence between the cell lines, es-

pecially in the Srsf2+/+ cell lines (Figure 5.4). Therefore, by pooling results

from three biological replicates, the identified hits reflect the biologically

relevant differences between Srsf2+/+ and Srsf2P95H/+ cell lines.

I used a multiplicity of infection (MOI) of 0.3 to reduce the likelihood

that a cell contained more than one sgRNA. On top of the MOI, I also

aimed for 500 copies of each sgRNA after transduction. Achieving a high

copy number of sgRNA is important for an efficient drop-out analysis by

the MaGeCK algorithm. However, although the proliferation rate was

assessed during the validation of Cas9 Srsf2 cell lines and the library was

titrated, the combined effects of both cell proliferation and puromycin

selection make it difficult to calculate exactly how many cells to transduce

at the beginning of the screen. As a result, the actual copy number

achieved was an average of 355 copies of each sgRNA and was thus

lower than the expected 500. This is not ideal but the copy number is

still sufficiently high to perform a valid drop-out analysis (Hart et al.,

2015; Shalem et al., 2014). Finally, the Hoxb8 cell lines divide rapidly

(16-20 hours) and so the length of culture I have utilised is in excess of 10

population doubling, also important for statistical analysis of drop-out

rates and completeness.

Studies of AML cell lines revealed that gene essentiality is largely

context-dependent and reflects the genetics of each line (Wang et al., 2017).

The purpose of my Srsf2 screen was to identify which genes when deleted

would lead to the selective cell death of Srsf2P95H/+ mutant cells. To estab-

lish an ‘essentiality profile’ of the Cas9 Hoxb8 cell lines, I screened three
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Cas9 Srsf2+/+ cell lines alongside the mutant cell lines. Genes that were

significantly depleted in these WT cells served as the best comparison to

pinpoint the genetic liabilities specific to Srsf2P95H/+ cells. Although it is

ideal to identify synthetic lethal targets outside of the ‘essential profiles’,

some of these ‘essential genes’ were also depleted in the mutant cells and

often demonstrated a higher level of negative selection than that of WT

cells. An example is the RNA splicing related genes. Depletion of any

RNA splicing gene is detrimental to a cell, as they carry out a fundamental

cellular process (Dvinge et al., 2016). However, splicing mutant cells are

known to be more sensitive to further splicing disruptions, which was

also observed in my screen (Obeng et al., 2019)(Figure 5.6). Identifying

the differential essentialities could reveal the genetic vulnerabilities of

Srsf2P95H/+ cells.

In MDS, splicing factor mutations result in aberrantly spliced tran-

scripts that cluster in cell cycle, DNA damage, RNA metabolism and RNA

splicing pathways (Pellagatti et al., 2018; Qiu et al., 2016). In this screen,

pathway analysis of the negatively selected genes revealed Srsf2P95H/+

cells were more sensitive than Srsf2+/+ cells to perturbation of these same

pathways. This suggests that genetic vulnerabilities of Srsf2P95H/+ lie

within the pathways that are commonly mis-spliced in mutant cells. Two

hypotheses can arise from this observation. One scenario is ‘gain-of

function’, where certain mis-spliced products contribute to the oncogenic

potential of Srsf2P95H/+ cells. The other scenario is ‘loss-of function’, where

mis-splicing leads to partial loss of normal cellular function and an in-

creased dependence on the remaining intact pathways. Based on the

observation that RNA splicing mutants are sensitive to further splicing

perturbations, it is likely that a ‘loss-of-function’ underlies the increased

genetic dependence on the DNA damage and Cell cycle pathways.
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The timing at which synthetic lethality was most apparent also differs

between the mutant and wild type cells. Srsf2P95H/+ cell lines showed

the most significant depletion of sgRNA targeting the RNA splicing,

Ribonucleoprotein complex subunit organisation and Cell cycle pathways

at day 4 post mutation activation. Srsf2+/+ cell lines in contrast, did

not show this depletion until day 11. The timing of cell-essential gene

depletion indicates that Srsf2P95H/+ cells are more sensitive to disruption of

RNA splicing, Ribonucleoprotein complex subunit organisation and Cell

cycle pathways than Srsf2+/+ and that this leads to an early cell death. This

pattern of gene depletion at different timepoints was observed previously

and was thought to reflect different levels of essentiality of the genes.

When examining a human CRISPR library in a colon cancer cell line,

Tzelepis et al. categorised RNA splicing and ribosome pathways as

essential biological processes that fall within the early depleted group

(Tzelepis et al., 2016). Cell cycle and DNA replication, processes which

are involved in proliferation, sit in the early to intermediate depleted

group. In contrast, the mitochondrial pathway is in the late-depleted

group, where genes continue to drop out throughout the screen as their

loss has a lesser impact on proliferation.

From the pathway analysis, there are two pathways uniquely de-

pleted in the Srsf2P95H/+ cells. The first one is the Ribosomal Small Sub-

unit Biogenesis pathway (GO:0042274), which is involved in the pro-

cessing of ribosomal proteins that contribute to the small subunit of

the ribosome. Mutations in ribosome components, generically termed

ribosomopathies, can result in several haematopoietic diseases, includ-

ing Diamond-Blackfan Anaemia (DBA) and MDS with 5q deletion. The

decreased expression of ribosome proteins mostly leads to impaired ery-

thropoiesis, while other lineages are preserved (Narla and Ebert, 2010).
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The molecular link between RNA splicing mutant and ribosomopathy is

unknown.

Within the Ribosomal Small Subunit Biogenesis pathway, Npm1 is

one of the depleted genes associated with haematological malignancies.

Nucleophosmin, the protein encoded by NPM1, facilitates the nucleocyto-

plasmic shuttling of pre-ribosomal proteins, and is mutated in 20 to 30%

of AML cases (Heath et al., 2017). Studies have shown that heterozygous

deletion of Npm1 in mice leads to the development of MDS phenotypes

and myeloid malignancies, with a latency of 10-24 months. The homozy-

gous loss of Npm1 is embryonic lethal, due to profound defects in the

forebrain and haematopoietic development (Grisendi et al., 2006; Sporto-

letti et al., 2008). Recently, Nachmani and colleagues reported a role for

NPM1 as an RNA-binding protein. NPM1 binds predominately to small

nucleolar RNAs (snoRNAs) and regulates 2’-O-methylation of ribosome

RNA (rRNA) (Nachmani et al., 2019). Deletion of Npm1 leads to cen-

trosome abnormalities and genome instability, which might account for

the synthetic lethality of Npm1 and Srsf2P95H/+. In AML patients, NPM1

and SRSF2 mutation are exclusive (P<0.001), which coincides with the

negative selection in the CRISPR screen (Tyner et al., 2018).

The other pathway specific to the P95H mutant cells was the Pro-

cessing of Capped Intronless Pre-mRNA (R-MMU-75067), where several

genes encoding components of Pre-mRNA processing complexes were

depleted. These include nuclear cap binding complex (NCBP) (Ncbp1,

Ncbp2), cleavage and polyadenylation specificity factor (CPSF) (Cpsf2,

Cpsf3) and cleavage stimulating factor (CSTF) (Cstf1, Cstf3). The NCBP

complex is involved in the 5’ capping of pre-mRNA, while the CPSF and

CSTF complexes are responsible for the 3’ polyadenylation (Izaurralde et

al., 1994; Tian and Manley, 2017). Pre-mRNA processing is an essential
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step before nuclear export of mRNA and subsequent translation by the

ribosome. This process is coupled with mRNA synthesis via the carboxyl-

terminal domain (CTD) of RNA polymerase II (PolII). The interaction of

CTD with the capping and polyadenylation machinery also serves as the

signal for transcription initiation and termination (Lee and Tarn, 2013).

Interestingly, SRSF2 has been shown to interact with the PolII CTD do-

main and to regulate transcription elongation, in a splicing-independent

manner (Lin et al., 2008). The synthetic lethality within this cluster of

pre-mRNA processing genes indicates that splicing factors function in

tight collaboration with other RNA modifiers. It will be interesting to see

if these RNA modifications contribute to Srsf2P95H/+ mediated leukaemo-

genesis. This could be tested through a gain of function screen with a

library targeting RNA modification genes or a chemical screen with com-

pounds known to affect Pre-mRNA processing pathway, such as JTE-607

(Ross et al., 2020).

Finally, one of my primary goals by investigating Srsf2P95H/+ syn-

thetic lethality was to probe for new therapeutic targets. Cdk6 was identi-

fied as one of the genes selectively depleted in the Srsf2P95H/+ cell lines and

presents an attractive target for therapeutic inhibition. The post-screen

validation showed that the CDK6 inhibitor Palbociclib was able to slow

down the growth of Srsf2P95H/+ cells while having minimal impact on

Srsf2+/+ cells. Mechanistically, Palbociclib treatment leads to a cell cycle ar-

rest at the G0/G1 phase (Finn et al., 2009). Although the functional impact

of Srsf2 mutation on cell cycle is unclear, depletion of SRSF2 leads to a

G2-phase cell cycle arrest and apoptosis (Li et al., 2005). It is possible that

Srsf2 mutation causes a mild deregulation of the cell cycle which leads to

a synthetic lethality when treated with Palbociclib. Future experiments

to test the CDK6 inhibitor would include administering Palbociclib in
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vivo to aged Srsf2 mutant mice and assessing if there was a modification

of the MDS/MPN phenotype. Palbociclib is approved for breast cancer

treatment in Australia and is currently in phase I/II trials for treatment

of AML (Winer and Stone, 2019) (NCT03844997). Compared to splicing

modulators, such as pladienolide B and its derivative, E7107, Palbocilib

could provide a new alternative for the treatment of splicing mutant

cancers. Further testing in pre-clinical settings using human cell lines and

in vivo murine models, is needed to confirm its therapeutic potential.
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6.1 Introduction

For MDS and CMML, the heterogeneous nature of the disease is reflected

in both the clinical presentation and genetic landscape. While the roles

of many recurrent mutations have been well-studied as individual mu-

tations in animal models, the co-operativity of mutations is yet to be un-

derstood. Investigating genetic co-operativity, especially between driver

mutations, could determine the contribution of early clonal events in the

initiation of MDS and how the different functional pathways regulate

haematopoiesis. Co-mutation of SRSF2 and TET2 is profoundly enriched

in MDS and MDS/MPN (p=2.63x10-14; q=1.21x10-12; cohort of n=3047)

(Ochi et al., 2020). In CMML, SRSF2 and TET2 are the most frequently oc-

curring mutations (50% and 60% respectively) and are the likely founder

mutations in a significant proportion of these cancers. In CMML and

the related chronic neutrophilic leukaemia and atypical chronic myeloid

leukaemia, there is a positive association between mutation of SRSF2 and

TET2 (p=0.002; n=218 (Meggendorfer et al., 2014)). This association is

strongest in CMML (p=0.004; 52 co-mutated of 146 samples (Meggendor-

fer et al., 2014)). Similarly, in CMML SRSF2 mutation associates with

CBL mutation, which belongs to the RAS signalling pathway (Patel et

al., 2017). Thus, determining how and why these mutations co-operate

would provide valuable insight into the evolution of CMML.

To date, the genetic interactions with mutations of TET2 have been

assessed in experimental models with concurrent mutation of EZH2 (chro-

matin remodelling) or N-RAS (Ras signalling), which I reviewed in Chap-

ter 1 (Hasegawa et al., 2017; Kunimoto et al., 2018; Muto et al., 2013). In

terms of SRSF2, Yoshimi et al., demonstrated experimentally an interac-

tion with tumour associated point mutations of IDH2 where this genetic

interaction was noted in de novo AML. They did however not report any
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experimental evidence for co-operativity with loss of function TET2 mu-

tation, even though SRSF2 and TET2 mutations are highly correlated in

humans (Itzykson et al., 2013; Nagata and Maciejewski, 2019; Ochi et al.,

2020).

To understand the interaction of Srsf2P95H/+ and Tet2 mutation, or

Srsf2P95H/+ and c-Cbl co-mutation, I have generated and characterised

two compound mutant mouse models: Srsf2P95H/+ Tet2fl/fl and Srsf2P95H/+

c-Cbl-/-. The Srsf2P95H/+ Tet2fl/fl model is regulated by hScl-CreER, which ac-

tivates the Srsf2P95H/+ mutation and deletes the Tet2 allele at the same time

within haematopoietic stem cell populations upon tamoxifen treatment.

The Srsf2P95H/+ c-Cbl-/- model also utilised hScl-CreER however, in this

instance as the c-Cbl mutation is a non-conditional germ-line mutation,

hScl-CreER activates the Srsf2P95H/+ mutation upon tamoxifen treatment

while the c-Cbl null mutation is always present. In this chapter, I present

the data describing the Srsf2P95H/+ Tet2-/- mutant model, which developed

increased granulocytes and monocytes (myelomonocytic hyperplasia)

with elevated immature promonocytes and monoblasts (∼10 – 15% total

nucleated cells in the bone marrow). These features are consistent with

CMML. A similar granulocytosis was also observed in the Srsf2P95H/+

c-Cbl-/- model, albeit with limited numbers analysed due to significant

difficulties with breeding mice of the required genotypes.



202 Chapter 6. Srsf2P95H/+ co-operates in the initiation of CMML

6.2 Results

6.2.1 hScl-CreERT R26eYFP Srsf2P95H/+ Tet2-/- compound

mutant mice show modest haematological change at

20 weeks post mutation activation

To generate Srsf2P95H/+ and Tet2-/- compound mutant mice, I crossed the

hScl-CreERT Tg+ R26eYFP Srsf2P95H/+ mice (Smeets et al., 2018), generated

by my laboratory, and Tet2fl/fl mice which were obtained from the Jackson

Lab (Moran-Crusio et al., 2011). All mice were on a C57Bl/6 background.

Cohorts of hScl-CreERT Tg+ R26eYFP Srsf2P95H/+ Tet2fl/fl mice and control

genotypes were given tamoxifen food for 4 weeks from 8-10 weeks of

age to activate expression of the Srsf2 mutation and/or delete Tet2 in

haematopoietic stem cells, with mutant cells also labelled with eYFP

following Cre activation. The cohorts assessed included wild-type (WT,

+/+), Srsf2 mutant (Srsf2P95H/+), Tet2 null (Tet2-/-) and double mutant mice

(Srsf2P95H/+ Tet2-/-). At ∼ 20 weeks post tamoxifen treatment, a cohort

of mice were analysed to investigate the impact of the mutations on

haematopoiesis after a relatively short-term expression/deletion (Figure

6.1A).

In the peripheral blood, both Srsf2 mutant and double mutant mice

had significant macrocytic changes, while the double mutant mice also

had elevated haemoglobin levels (Figure 6.1B). The number of red blood

cells (RBCs) and leukocytes were unchanged. Similarly, there were no

changes to the lineage distribution in leukocytes between genotypes at 20

weeks post gene mutation (Figure 6.1C).

Within the bone marrow, Srsf2 mutant and double mutant mice had

a hypocellular bone marrow compared to the wild type controls (Figure
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6.2A). However, there were no changes in the number of the erythroid,

myeloid, B and T cells in the bone marrow (Figure 6.2B-D). The stem

and progenitor populations remained unchanged in absolute numbers

(Figure 6.3A-B). In the spleen, the double mutant mice had a comparable

cellularity to that of the wild type controls. The Srsf2 mutant had a

significantly lower splenic cellularity while the Tet2 null mice had an

increased cellularity (Figure 6.4A). No difference was detected in the

myeloid, lymphoid and erythroid lineages between the double mutants

and wild type controls (Figure 6.4B-C). In contrast, there was a significant

increase in the early erythroid progenitor population (Ter119+CD71hi) in

the Tet2 null mice (Figure 6.4C). The thymus displayed no changes across

all genotypes at this time point (data not shown).

Collectively these data demonstrated that expression of SRSF2P95H

and deletion of TET2 leads to subtle haematological changes in the pe-

ripheral blood and bone marrow and suggested that when co-occurring

these mutations are well tolerated at 20 weeks post gene mutation.
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Figure 6.1: Co-expression of Srsf2P95H/+ and Tet2-/- leads to macrocytic
changes rapidly after gene mutation
A. Schematic of hScl-CreER R26eYFP Srsf2P95H/+ Tet2-/- experiments.
B. PB indices after 20 weeks of Cre activation
C. PB leukocyte counts and lineage distribution after 20 weeks of Cre activation
n >10 per genotype. Presented as mean ± standard error of mean. One-way
ANOVA. *P<.05, ****P<.0001.
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Figure 6.2: Co-expression of Srsf2P95H/+ and Tet2-/- leads to hypocellular
bone marrow at early time points post gene mutation
A. Bone marrow cellularity per femur.
B. Number of granulocytes and macrophages per femur.
C. Number of mature (IgM+), immature (IgM-) B cells and B cell progenitor
populations per femur.
D. Number of erythroid precursors and T cells per femur.
IgM, immunoglobulin M. n=3-6 per genotype. Presented as mean ± standard
error of mean. One-way ANOVA. *P<.05.
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Figure 6.3: Co-expression of Srsf2P95H/+ and Tet2-/- has no effect on stem
and progenitor populations after 20 weeks of mutation activation
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LKS-, lin-c-Kit+Sca-1-; LKS+, lin-c-Kit+Sca-1+; LT-HSC, long-term haematopoietic
stem cell; ST-HSC, short-term haematopoietic stem cell; MPP, multipotent pro-
genitor; PreGM, Pre-granulocyte-macrophage; GMP, granuocyte-macrophage
progenitor; MkP, megakaryocyte progenitor; PreMegE, pre-megakaryocyte ery-
throid progenitor; Pre-CFU-E, pre-colony-forming unit erythroid; CFU-E, colony-
forming unit erythroid. n=3-6 per genotype. Presented as mean± standard error
of mean.
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6.2.2 hScl-CreERT R26eYFP Srsf2P95H/+ Tet2-/- mice develop

more evident myeloid expansion and lymphoid sup-

pression with time

As MDS and CMML are primarily diseases of the elderly, additional

cohorts of hScl-CreERT R26eYFP Srsf2P95H/+ Tet2-/- and control cohorts of

mice were followed for up to 52 weeks post gene mutation to assess the

effect on haematopoiesis with aging. In the peripheral blood, both the

Srsf2 mutant and double mutant mice showed macrocytic changes, as

was observed at 20 weeks post gene mutation (Figure 6.5A). Tet2-/- mice,

however, had an increase in red blood cells and haemoglobin, while also

presenting with thrombocytopenia in the peripheral blood (Figure 6.5A).

There were no changes to the lineage distribution of the leukocytes, except

for the Tet2-/- mice that had a decreased number of B cells compared to

wild type controls (Figure 6.5B). The same finding was observed for the

lineage distribution within the eYFP positive population (Figure 6.5C).

In the bone marrow, there was a significant hypocellularity in the

double mutant mice (Figure 6.6A). There were no changes in the number

of myeloid cells (Figure 6.6B). In contrast, there was extensive lymphoid

suppression from the Pre-B cell stage to mature B cells with the effect

increasing in severity from the single mutants to the double mutants (Fig-

ure6.6C). Similarly, the early stage erythroid progenitors (Ter119+CD71hi)

and late stage erythroid progenitors (Ter119+CD71low) were decreased in

the double mutant mice. T lymphoid cells remained unchanged (Figure

6.6D). By percentage, the double mutant mice had increased granulocytes,

indicating myeloid expansion (Figure 6.6E). Most of the B lymphoid pop-

ulations were decreased, except for the Pre-Pro B cells, which indicated a

block in B lymphoid differentiation. A similar trend was observed in the

Tet2-/- mice, except that this genotype exhibited a normal cellularity but
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an elevated percentage of granulocytes (Figure 6.6E). The same extent of

myeloid expansion and lymphoid suppression was present in the eYFP

positive fraction for Tet2 null mice and double mutant mice. The erythroid

lineage had no change in the eYFP positive fraction (Figure 6.7).

Surprisingly, within the stem and progenitor cell populations the

double mutant mice showed a trend to a reduced number of LKS+ (lin-Sca-

1+c-Kit+) and a significantly reduced number of LKS- (lin-Sca-1+c-Kit-)

cells. Within the LKS+ population, double mutant mice had a lower num-

ber of short-term haematopoietic stem cells (ST-HSC) (Figure 6.8A). There

were no obvious alterations in the myeloid and erythroid progenitors

in the double mutant mice (Figure 6.8B). Interestingly, the percentage of

phenotypic ST-HSCs was significantly increased in the double mutant

mice while the percentage of LKS- remained low (Figure 6.8C). The same

shift in LKS- and ST-HSC populations was apparent in the eYFP positive

fraction of the bone marrow in the double mutant mice (Figure 6.8D).

These analyses demonstrate that with aging, Srsf2/Tet2 double mutant

cells acquire a myeloid bias and expansion of the ST-HSC fraction.

Compared to the bone marrow, the double mutant mice displayed no

change in the total spleen cellularity (Figure 6.9A). There was an increase

in granulocytes in the Tet2-/- spleen, while Srsf2P95H/+ and double mutant

mice had reduced B cells. There were no changes in the erythroid and T

lymphoid lineages in the spleen (Figure 6.9B). The double mutant mice

presented with an increased percentage of granulocytes and a decrease

in B cell percentages in the spleen (Figure 6.9C). Within the spleen, the

Srsf2P95H/+ mice had an increased total eYFP percentage compared to

wild type. The double mutant eYFP cells produced an increased per-

centage of granulocytes and early erythroid progenitors (Ter119+CD71hi),

while the percentage of B cells declined. There was no change in splenic
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T cells (Figure 6.9D) and the thymus also showed no change (data not

shown). Overall, these analyses demonstrate that Srsf2/Tet2 double mu-

tation drives an increased myeloid bias and B lymphoid suppression in

bone marrow and spleen upon aging. The erythroid lineage is compro-

mised in the bone marrow, while the T lymphoid lineage is unaffected.
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Figure 6.5: Co-expression of Srsf2P95H/+ and Tet2-/- leads to macrocytic
red blood cells and lymphoid suppression in the peripheral blood 52
weeks after mutation activation
A. PB indices after 52 weeks of Cre activation.
B. PB leukocyte counts and lineage distribution after 52 weeks of Cre activation.
C. eYFP percentage in the PB and lineage distribution within the eYFP positive
population.
PB, peripheral blood. n=4-11 per genotype. Presented as mean ± standard error
of mean. One-way ANOVA. **P<.05, ****P<.001, *****P<.0001.
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Figure 6.6: Co-expression of Srsf2P95H/+ and Tet2-/- leads to significant
myeloid bias and B cell suppression in the bone marrow 52 weeks after
gene mutation
A. Co-expression of Srsf2P95H/+ and Tet2-/- mutation leads to hypocellular bone
marrow.
B. Number of granulocytes and macrophages in the bone marrow.
C. Co-expression of Srsf2P95H/+ and Tet2-/- mutation leads to B cell suppression
from PreB to mature B cells (B220+ IgM+)
D. Co-expression of Srsf2P95H/+ and Tet2-/- mutation leads to decreased erythroid
precursors while displaying no effect in T cells.
E. Percentage of myeloid, erythroid and B lymphoid lineages in the bone marrow.
IgM, immunoglobin M. n=4-11 per genotype. Presented as mean ± standard
error of mean. One-way ANOVA. *P<.05, **P<.01, ***P<.001,****P<.0001.
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Figure 6.7: The eYFP positive Srsf2P95H/+ and Tet2-/- bone marrow cells are significantly biased towards the myeloid
lineage instead of B lymphoid lineage
IgM, immunoglobin M. n=4-11 per genotype. Presented as mean ± standard error of mean. One-way ANOVA. *P<.05, **P<.01,
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Figure 6.8: Co-expression of Srsf2P95H/+ and Tet2-/- leads to an increased
proportion of phenotypic short-term haematopoietic stem cells
A. Number of LKS-, LKS+ and phenotypic LT-HSC, ST-HSC and MPP in LKS+

population using CD34/FLT3.
B. Number of myeloerythroid progenitors per femur.
C. Percentage of LKS- and LKS+ within the lineage negative population and
LT-HSC, ST-HSC and MPP in the LKS+ population.
D. Percentage of LKS- and LKS+ within the eYFP positive lineage negative popu-
lation and LT-HSC, ST-HSC and MPP in the eYFP positive LKS+ population.
LKS-, lin-c-Kit+Sca-1-; LKS+, lin-c-Kit+Sca-1+; LT-HSC, long-term haematopoietic
stem cell; ST-HSC, short-term haematopoietic stem cell; MPP, multipotent pro-
genitor; PreGM, Pre-granulocyte-macrophage; GMP, granuocyte-macrophage
progenitors; MkP, megakaryocyte progenitor; PreMegE, premegakaryocyte ery-
throid progenitor; Pre-CFU-E, pre-colony-forming unit erythroid; CFU-E, colony-
forming unit erythroid.
n=4-11 per genotype. Presented as mean ± standard error of mean. One-way
ANOVA. *P<.05, **P<.01, ***P<.001.
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Figure 6.9: Srsf2P95H/+ Tet2-/- mutation leads to myeloid bias and B cell
suppression in the spleen
A. Spleen cellularity.
B. B cell suppression is significant in the spleen of Srsf2P95H/+ Tet2-/- mice.
C. Srsf2P95H/+ Tet2-/- mice have a significantly higher percentage of granulocytes
and lower percentage of B cells.
D. The eYFP positive fraction of Srsf2P95H/+ Tet2-/- spleen is biased towards
myeloid lineage and early erythroid precursors instead of B cells.
n=4-11 per genotype. Presented as mean ± standard error of mean. One-way
ANOVA. *P<.05, **P<.01, ***P<.001.
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6.2.3 hScl-CreERT R26eYFP Srsf2P95H/+ Tet2-/- cells stably

engraft but cannot compete with wild-type bone mar-

row in transplantation assays

To determine the effect of compound Srsf2P95H/+ Tet2-/- mutation on haema-

topoiesis following stress, bone marrow transplantation analysis was

carried out. I performed both non-competitive and competitive trans-

plants using whole bone marrow of hScl-CreERT R26eYFP Srsf2P95H/+

Tet2-/- mice 20 weeks after activation of the mutations. I also transplanted

the tamoxifen-treated and age-matched bone marrow from Cre-positive

wild-type (WT, +/+), Srsf2 mutant (Srsf2P95H/+) and Tet2 null (Tet2-/-) mice.

For non-competitive transplant, a total of 2 million whole bone marrow

cells (cells from the WT and mutant mice are CD45.2+) were injected

intravenously into irradiated congenic recipient mice (CD45.1+) (Figure

6.10A). For competitive transplant, 1 million donor whole bone marrow

cells (CD45.2+) along with 1 million bone marrow cells from a wild-type

donor (CD45.1/CD45.2+; competitor cells) were intravenously injected

into irradiated congenic recipient mice (CD45.1+) (Figure 6.11A). The

transplant cohort was then regularly monitored for up to one-year post

transplantation.

6.2.3.1 Double mutant cells undergo myeloid biased differentiation

at the expense of the lymphoid lineage

Non-competitive transplantation – From four weeks after transplanta-

tion, recipient mice were monitored through peripheral blood analysis to

detect chimerism (CD45.2%) and lineage distribution. In non-competitive

transplants, the double mutant cells achieved a stable but lower engraft-

ment level compared to wild-type cells and this remained low at 24 weeks
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post-transplantation (Figure 6.10B). By 24 weeks post-transplant, the dou-

ble mutant recipients had decreased red blood cells, haemoglobin and

leukocytes, which indicates multilineage cytopenia and anaemia (Figure

6.10C). In terms of lineage distribution, double mutant cell recipients

had significantly lower B cell frequencies throughout the analysis post-

transplant. There was a trend of increased granulocytes, but the change

was not significant. There were no changes in T cells (Figure 6.10D).

Within the CD45.2+ donor population, there was an increased percentage

of granulocytes and decline in B cells at 16- and 24 weeks post trans-

plantation. In contrast, the T cell percentages were high at the 16 weeks

timepoint but not at 24 weeks post transplantation (Figure 6.10E).

Competitive transplantation - Upon competitive transplantation,

the double mutant cells displayed a significantly reduced engraftment

compared to wild-type and Tet2-/- BM recipients, though the reconstitu-

tion was comparable to the Srsf2 mutant group (Figure 6.11B). In terms

of lineage distribution, the recipients of the double mutant cells had a

trend of decreased B cell percentages in the total population and elevated

granulocyte percentages arising from the CD45.2+ population, although

these changes were not significant (Figure 6.11C-D). The myeloid bias

was not as evident as in the non-competitive transplant, which is likely

due to the lower overall engraftment of the double mutant cells.
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Figure 6.10: Srsf2P95H/+ Tet2-/- cells have decreased engraftment capacity
and strong myeloid bias with B cell suppression
A. Schematic illustration of non-competitive transplantation experiments.
B. Srsf2P95H/+ Tet2-/- cells achieve a lower but stable engraftment in non-
competitive transplantation.
C. PB indices of recipients up to 24 weeks post transplantation.
D. PB leukocyte counts and lineage distribution of non-competitive transplant
recipients.
E. PB lineage distribution of donor (CD45.2+) population in non-competitive
transplant recipients.
n=3-6 per genotype. Presented as mean ± standard error of mean. One-way
ANOVA performed against wild-type cells. *P<.05, **P<.01, ***P<.001.
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Figure 6.11: Srsf2P95H/+ Tet2-/- cells are out-competed by wild-type cells
upon competitive transplantation
A. Schematic illustration of competitive transplantation experiments.
B. Srsf2P95H/+ Tet2-/- cells have significantly lower engraftment in competitive
transplantation.
C. PB lineage distribution of competitive recipients up to 24 weeks post trans-
plantation.
D. PB lineage distribution of donor (CD45.2+) population in competitive trans-
plant recipients.
n=3-6 per genotype. Presented as mean ± standard error of mean. One-way
ANOVA performed against wild-type cells. *P<.05, **P<.01, ***P<.001.
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6.2.3.2 Double mutant cells still exhibit a myeloid bias but erythro-

poiesis is improved in aged stress haematopoiesis

Cohorts of both non-competitive and competitive transplantation recip-

ients were aged for up to 52 weeks post-transplantation to analyse the

long-term effect of double mutation following reconstitution. In the non-

competitive transplant cohort, the double mutant recipients achieved

stable but lower engraftment in all tissues (Figure 6.12A). Interestingly,

double mutant recipients had a lower eYFP positive percentage in the

peripheral blood compared to Srsf2+/+ recipients. In bone marrow and

spleen, the eYFP positive percentages were also lower, but the difference

was not significant (Figure 6.12B). I then compared the eYFP percentage

within each tissue at 52 weeks post-transplantation to the eYFP percent-

age of the donor tissues. This comparison allowed me to assess whether

the mutant cell populations have expanded upon aging in the transplant

recipients. Compared to the eYFP percentage in donor tissues, double

mutant cells showed no expansion at 52 weeks post transplantation, while

single Srsf2P95H/+ and single Tet2-/- cell populations were increased in the

recipients in bone marrow and spleen. There was no change in eYFP

percentage in the thymus in any of the genotypes (Figure 6.12C). In the

competitive transplant cohort, the compound mutant recipients had a

worse engraftment compared to wild-type and Tet2-/- mutant recipients,

but similar to Srsf2 mutant recipients. The overall eYFP positivity was

lowest in the double mutant recipients and in the Srsf2 mutant recipients

(Figure 6.13).

In the peripheral blood, the compound mutant non-competitive

recipients showed no difference in red blood cell numbers, haemoglobin

or mean corpuscular volume (MCV), unlike the data from 24 weeks

post transplantation. The platelet and leukocytes numbers were largely
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normal, although there was variation within the double mutant recipients

(Figure 6.14A-B). Assessing lineage distribution, the double mutant cells

displayed no difference from other genotypes. There was a large variation

in leukocyte numbers in the double mutant recipients due to the small

sample size (Figure 6.14B). One of the compound mutant recipients (#835,

tangerine circle) developed high leukocyte counts, which was driven by

increased granulocytes and monocytes in the peripheral blood. I will

discuss the haematological features of this individual in Section 6.2.4.

In the bone marrow, the cellularity was normal unlike the hypocel-

lular bone marrow that was present in the native (non-transplanted)

compound mutant mice (Figure 6.15A). However, an elevated percentage

of granulocytes was present in the bone marrow of the double mutants

(Figure 6.15B). The number of immature B cells at the PreB stage was

significantly decreased (Figure 6.15C). Interestingly, there was an accumu-

lation of late stage erythroid precursors in the bone marrow in the total

population, which may be the source of improved red blood cell numbers

and haemoglobin levels in the double mutants (Figure 6.15D). Overall,

these analyses demonstrate that myeloid bias and B cell suppression is a

cell-intrinsic change driven by Srsf2/Tet2 mutation. The double mutation

also decreased the engraftment capacity of stem cells when transplanted

competitively.
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Figure 6.12: Srsf2P95H/+ Tet2-/- cells can stably engraft haematopoietic tissues 52 weeks post transplantation
A. The percentage of donor population (CD45.2+%) at 52 weeks post non-competitive transplantation.
B. The eYFP (%) in all haematopoietic tissues at 52 weeks post non-competitive transplantation.
C. The comparison of eYFP (%) in all haematopoietic tissues in donors (green shaded area) and in recipients (pink shaded area).
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20 weeks post mutation activation.
n=3-6 per genotype. Presented as mean ± standard error of mean. One-way ANOVA performed against wild-type cells. *P<.05,
**P<.01, ***P<.001.
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n=2-6 per genotype. Presented as mean ± standard error of mean.



6.2. Results 231

0

5

10

15
R

BC
 (x

10
12

/L
)

0

50

100

150

200

250

H
ae

m
og

lo
bi

n 
(g

/L
)

40

50

60

70

80

M
C

V 
(fL

)

0

500

1000

1500

Pl
at

el
et

s 
(1

0^
9/

l)

Srsf2+/+ Tet2+/+

Srsf2P95H/+

Tet2-/-

Srsf2P95H/+ Tet2-/-

Sick Srsf2P95H/+ Tet2-/-

0

5

10

15

20

le
uk

oc
yt

es
 (x

10
6 /m

L)

0

2

4

6

8

C
el

ls
 p

er
 m

l (
x1

06
)

B220+
B  cells

Gr1+
Mac1+

CD4
T cells

CD8
T cells

F4/80+
Mac1+

A.

B.

Figure 6.14: PB indices and lineage distribution of non-competitive
transplant recipients at 52 weeks post transplantation
A. PB indices of the non-competitive transplant recipients.
B. PB leukocyte numbers and lineage distribution of the non-competitive trans-
plant recipients.
The tangerine circle represents a diseased Srsf2P95H/+ Tet2-/- transplant recipient.
See Figure 6.21 to 6.24 for more detailed analysis.
n=3-6 per genotype. Presented as mean ± standard error of mean.
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Figure 6.15: Srsf2P95H/+ Tet2-/- non-competitive transplant recipients
show alterations in myeloid, lymphoid and erythroid lineages in the
bone marrow at 52 weeks post transplantation
A. Bone marrow cellularity of non-competitive transplant recipients.
B. Number and percentage of granulocytes and macrophages in the bone mar-
row.
C. Number and percentage of B cell precursors and mature B cells in the bone
marrow.
IgM, immunoglobulin M. n=3-6 per genotype. Presented as mean ± standard
error of mean. One-way ANOVA. *P<.05.
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6.2.4 Srsf2P95H/+ Tet2-/- leads to development of CMML in

vivo

During the course of monitoring to date, three mice have developed

phenotypes consistent with disease progression, one from an aging co-

hort of hScl-CreERT R26eYFP Srsf2P95H/+ Tet2-/- (#359) and two from the

non-competitive transplantation of bone marrow from 20 weeks post ta-

moxifen treated hScl-CreERT R26eYFP Srsf2P95H/+ Tet2-/- mice (#836, 835).

Of the three sick mice, #359 became moribund at 52 weeks post tamoxifen

treatment, while #835 and #836 were detected at 52 weeks and 12 weeks

post transplantation, respectively (Figure 6.16A). At the time of analysis,

the bone marrow cellularity for the three mice was relatively normal or

lower than the age-matched wild-type context-specific control (for #359

the average BM cellularity for control animals was 32.9 ± 1.2 x 106; for

#835 and #836 the average BM cellularity for transplant controls was 27.8

± 1.4 x 106). In contrast to other genotypes analysed at the same time,

#359 and #835 displayed splenomegaly and increased splenic cellularity

(Figure 6.16B-C). #836 also had an increased splenic cellularity, with a

spleen weight of 183mg. In the peripheral blood, #835 and #836 had sig-

nificantly increased leukocyte counts while #359 had a normal leukocyte

level (Figure 6.16B). Analysis of peripheral blood smears demonstrated

that there were dysplastic (hypersegmented) neutrophils in the blood of

all three sick mice (Figure 6.16D). In the bone marrow cytospin of #359,

there is an increased percentage of promonocytes and monoblasts (10-

15%) along with occasional dysplastic monocytes (Figure 6.16E). A/Prof

Meaghan Wall (Victorian Clinical Genetic Services) performed the analy-

sis of bone marrow cytospins. The assessment of the blood film and bone

marrow cytospin identified dysplastic features and monocytosis. This

is consistent with pathological features of CMML, most closely aligning
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to CMML-2 (5-19% peripheral blasts and 10-19% marrow blasts, WHO

diagnostic criteria) (Patnaik and Tefferi, 2018). All three moribund mice

also had a decreased percentage of CD45RB expression on splenocytes,

demonstrating aberrant splicing of Cd45 isoforms, which we previously

reported in the Srsf2P95H/+ model and which is a direct measure of the

mis-splicing of the RNA of this protein (Figure 6.16F) (Smeets et al., 2018).
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Figure 6.16: Sick Srsf2P95H/+ Tet2-/- mice display features consistent with
CMML including splenomegaly, dysplastic neutrophils and an increased
number of immature monocytes
A. A timeline of sick mice post mutation initiation or post transplantation.
B. The cellularity of peripheral blood, bone marrow and spleen of moribund
mice.
C. Images of the spleens of #359 and #835 and genotype controls in the cohort.
D. Representative image of dysplastic neutrophils in the peripheral blood of
moribund mice. May-Grünwald-Giemsa staining. Image taken at 40x.
E. The bone marrow cytospin of #395 at the time of analysis. Cells from different
maturation stages of the monocytic lineage are labelled. May-Grünwald-Giemsa.
Image taken at 20x.
F. FACS plot of CD45RB expression on splenocytes of the moribund mice com-
pared to a 52 weeks post tamoxifen wild-type control.
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As the diseased animals were identified in different contexts and at

different times, I will separate them and discuss them relative to their

respective controls. I will also treat them as individual cases and discuss

them in this context. For the purposes of presentation of these individuals

I have included data for reference from the individual Srsf2 and Tet2 mu-

tants and the double mutants from the most closely matched timepoint to

the age the moribund mouse was identified. At the time of analysis, #359

had an increased MCV and decreased platelets compared to age-matched

controls. The number of red blood cells and haemoglobin levels were

slightly elevated (Figure 6.17A). Within the peripheral blood leukocytes,

there was an increase in granulocytes and a dramatic decrease in the num-

ber of B cells, while the other cell populations remained normal (Figure

6.17B). The bone marrow was hypocellular compared to age/treatment

matched control or single mutants with an increased percentage of gran-

ulocytes (Figure 6.18A-B). There was a profound suppression of both

immature (B220+IgM-) and mature B cells (B220+IgM+). The number and

percentage of Pro B and Pre B populations were decreased compared to

control genotypes, while the percentage of Pre-Pro B cells were increased

(Figure 6.18C). The erythroid lineages were affected as well, with a de-

crease in the immature erythroid population (Figure 6.18D). The myeloid

bias and B cells suppression was more evident within the eYFP positive

fraction of the peripheral blood in #359 where ∼60% of the eYFP positive

cells were granulocytes (Figure 6.19A). This was also the case in the BM

(Figure 6.19B-C). In the spleen, the increased cellularity was the result of

a profound expansion of myeloid cells, both granulocytes and monocytes,

as well as increased immature erythroid progenitors (Ter119+ CD71hi). In

contrast to the myeloid and erythroid expansion, there was a near absence

of B cells in the spleen (Figure 6.20A-B). The eYFP positive fraction had

similar phenotypes (Figure 6.20C). The thymus was relatively normal
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(data not shown).
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Figure 6.17: Srsf2P95H/+ Tet2-/- mouse #359 developed myeloid bias and
significant B cell suppression at 52 weeks after tamoxifen treatment
A. PB indices of #359 and other genotypes after 52 weeks of Cre activation.
B. PB leukocyte counts and lineage distribution.
n=4-11 for Srsf2+/+ Tet2+/+, Srsf2P95H/+,Tet2-/- and Srsf2P95H/+ Tet2-/- genotypes.
Presented as mean ± standard error of mean. One-way ANOVA. *P<.05, **P<.01,
****P<.0001.
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Figure 6.18: Moribund Srsf2P95H/+ Tet2-/- mice displayed severe disruption of lymphoid and erythroid lineages, with
myeloid bias in the bone marrow
A. Bone marrow cellularity of #359, compared to other genotypes after 1 year of mutation activation.
B. The number and percentage of granulocytes in the bone marrow of #359.
C. The number and percentage of B lymphoid lineages in the bone marrow of #359.
D. The erythroid lineages in the bone marrow of #359.
IgM, immunoglobulin M. n=4-11 for Srsf2+/+ Tet2+/+, Srsf2P95H/+,Tet2-/- and Srsf2P95H/+ Tet2-/- genotypes. Presented as mean ± standard
error of mean. One-way ANOVA. *P<.05, **P<.01, ***P<.001, ****P<.0001.
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Figure 6.19: The myeloid bias and lymphoid suppression is evident in the eYFP positive fraction of peripheral blood and
bone marrow in #359
A. The eYFP percentage of peripheral blood and the lineage distribution of eYFP positive peripheral blood leukocytes.
B. The eYFP percentage of bone marrow.
C. The proportion of myeloid, erythroid and lymphoid compartments in the eYFP positive fraction of bone marrow.
IgM, immunoglobulin M. n=4-11 for Srsf2+/+ Tet2+/+, Srsf2P95H/+,Tet2-/- and Srsf2P95H/+ Tet2-/- genotypes. Presented as mean ± standard
error of mean. One-way ANOVA. *P<.05, **P<.01, ***P<.001.
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Figure 6.20: Sick mouse #359 has splenomegaly with significant myeloid expansion, erythroid compensation and near
absence of B cells
A. Spleen cellularity of #359 compared to other genotypes after 52 weeks of Cre activation.
B. The number of myeloid lineage, B cell and erythroid lineage cells in the spleen.
C. The eYFP postitive percentage in the spleen.
D. The percentage of myeloid lineage, B cell and erythroid lineage cells within the eYFP positive fraction in the spleen.
n=4-11 for Srsf2+/+ Tet2+/+, Srsf2P95H/+,Tet2-/- and Srsf2P95H/+ Tet2-/- genotypes. Presented as mean ± standard error of mean. One-way
ANOVA. *P<.05, **P<.01, ****P<.0001.



246 Chapter 6. Srsf2P95H/+ co-operates in the initiation of CMML

The two sick mice identified from non-competitive transplant ex-

periments (#835 and #836) displayed a more proliferative phenotype in

the peripheral blood than #359 which was identified from cohorts with

native haematopoiesis. The red blood cell parameters, including red

blood cell numbers, haemoglobin and MCV were largely comparable

to the controls (Figure 6.21A). The platelet count for #836 (12 weeks

post-transplant) remained normal while #835 (52 weeks post-transplant)

displayed thrombocytopenia (Figure 6.21A). The leukocyte counts were

dramatically increased, with granulocytes and monocytes being highly

elevated in both #835 and #836 (Figure 6.21B-E). In the bone marrow, both

#835 and #836 had myeloid bias, and #836 also exhibited monocytosis

and B cell suppression (Figure 6.22A-B). In contrast to #836, recipient #835

had a more drastic increase in granulocytes and monocytosis with a loss

of mature B cells in the spleen (Figure 6.22C-D). The same phenotype

was seen within the eYFP positive population for both moribund mice

(Figure 6.23). I have included FACS plots of granulocytes, monocytes and

B cells in the bone marrow and spleen of the three sick mice within the

total cell population and within the eYFP positive fraction in Figure 6.24

and Figure 6.25. For granulocytes, I labelled both immature granulocytes

(Gr1medCD11b+) and mature granulocytes (Gr1hiCD11b+) in the bone

marrow and spleen plots. For monocytes, I labelled both immature mono-

cytes (CD11bmedF4/80+) and mature monocytes (CD11bhiF4/80+) in the

bone marrow, and the whole monocyte (CD11b+F4/80+) population in

the spleen. The B cells are labelled as CD19+B220+ in the spleen.

The collective features of these moribund mice are consistent with a

diagnosis of chronic myelomonocytic leukaemia (CMML). This diagnosis

is supported by the morphological findings in the bone marrow in #359

and marked increase of PB monocytes in #835 and #836. None of these
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phenotypes are present in the respective single mutant haematopoiesis.

This observation validated my hypothesis that Srsf2P95H/+Tet2-/- mutation

can lead to CMML in vivo. Given the small number of cases that have been

identified at present, the transition to a more overt CMML phenotype

most likely involves the acquisition of additional mutations. This would

require further analysis of the available samples and assessment of a

greater number of animals in future.
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Figure 6.21: Srsf2P95H/+Tet2-/- non-competitive transplant recipients #835
and #836 developed leukocytosis, with granulocytosis and monocytosis
in the peripheral blood
A. The PB indices for two sick Srsf2P95H/+Tet2-/- recipients compared to other
genotypes from 52 weeks post transplantation.
B. PB leukocyte counts.
C. The PB lineage distribution.
D. The number of monocytes (Ly6ChiMac1+) and neutrophil precursors
(Ly6CmedMac1+)in the PB.
E. The FACS plots of granulocytes in the peripheral blood.
n=2-6 for Srsf2+/+ Tet2+/+, Srsf2P95H/+,Tet2-/- and Srsf2P95H/+ Tet2-/- genotypes. Pre-
sented as mean ± standard error of mean.
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Figure 6.22: Srsf2P95H/+Tet2-/- leads to hypercellularity and myeloid bias
in the bone marrow and spleen of sick non-competitive transplant
recipients
A. Bone marrow cellularity of #835 and #836, compared to non-competitive
transplant recipients at 52 weeks post transplantation.
B. The number and percentage of myeloid and B lymphoid cells in the bone
marrow.
C. Spleen cellularity.
D. The number and percentage of myeloid and B cells in the spleen.
n=2-6 for Srsf2+/+ Tet2+/+, Srsf2P95H/+,Tet2-/- and Srsf2P95H/+ Tet2-/- genotypes. Pre-
sented as mean ± standard error of mean.
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Figure 6.23: Cells expressing Srsf2P95H/+Tet2-/- mutation drive the myeloid bias and B cell suppression in the
non-competitive transplant recipients #835 and #836
A. The eYFP percentage in peripheral blood and lineage distribution of leukocytes within the eYFP positive fraction.
B. The eYFP percentage in bone marrow and percentage of myeloid and B lymphoid lineage within the eYFP positive fraction.
C. The eYFP percentage in bone marrow and percentage of myeloid and B cells within the eYFP positive fraction.
n=2-6 for Srsf2+/+ Tet2+/+, Srsf2P95H/+,Tet2-/- and Srsf2P95H/+ Tet2-/- genotypes. Presented as mean ± standard error of mean.
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Figure 6.24: FACS plots from the moribund Srsf2P95H/+Tet2-/- mice showing myeloid bias, monocytosis and B cell
suppression in the bone marrow (A) and spleen (B-C)
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Figure 6.25: FACS plots of the eYFP positive population from the sick Srsf2P95H/+Tet2-/- mice showing myeloid bias,
monocytosis and B cell suppression in the bone marrow (A) and spleen (B-C)
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6.2.5 Srsf2P95H/+ Cbl-/- mutation leads to acceleration of myeloid

proliferation

I had intended to utilise a c-Cbl ring finger mutation (c-CblA/+) combined

with the null allele (c-Cbl-/-) as this genetic combination more closely re-

capitulates the mutations seen in patients. However, due to sustained

and unexpected breeding difficulties, I have not been able to breed and

obtain any hScl-CreERT R26eYFP Srsf2P95H/+ CblA/- mice over three years

of breeding. I chose not to assess foetal liver cells or use these for repopu-

lation as MDS/MPN is a disease of adults and I wanted to use models

of native haematopoiesis preferentially. As a result, I decided to assess if

co-operativity would be apparent between Srsf2P95H/+ and Cbl-/- mutation,

even though the Cbl-/- murine model develops a mild myeloproliferative

phenotype (Rathinam et al., 2010). I have analysed a small cohort of

hScl-CreER R26eYFP Srsf2P95H/+ Cbl-/- (n=2) along with Srsf2P95H/+ Cbl+/-

(n=3) that were fed tamoxifen food when the mice were 8-10 weeks old.

Four weeks later, mice were taken off tamoxifen food and monitored

regularly. The Cre-positive Cbl+/- and Cbl-/- genotypes were included in

the cohort and treated with tamoxifen as single mutant control. This is to

rule out any potential side-effects from Cre recombinase, despite the Cbl

mutation being a germ-line mutation. During the course of monitoring,

one Srsf2P95H/+ Cbl+/- (referred to as ‘compound het’) and one Srsf2P95H/+

Cbl-/- mutant (referred to as ‘compound null’) mouse were analysed at 20-

and 10-weeks post mutation activation respectively due to skin wounds.

These two mice are marked by � in the figures. The rest of the cohorts

were analysed at 52 weeks post mutation activation (outlined in Figure

6.26A).

Due to the low number of mice analysed for most genotypes, the data

presented here are a preliminary analysis of the Srsf2P95H/+ Cbl compound
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mutation. I have also not included statistical analysis and comparison of

the data due to the low number of individuals in each cohort and have

provided a limited interpretation of the trends in the data rather than a

more definitive conclusion. In the peripheral blood, there was a trend for

a lower number of red blood cells and increased MCV in the compound

null mutants. The platelet number trended to be increased, while the

haemoglobin remained stable (Figure 6.26B). The leukocyte count and

lineage distribution were largely unchanged (Figure 6.26C-D). In the

bone marrow, there was no alteration in total cellularity (Figure 6.27A).

The myeloid, erythroid and T lymphoid lineages were normal (Figure

6.27B-C). In contrast, the immature B cells (B220+IgM-) and Pre B cells

were reduced in the compound het and compound null mutants (Figure

6.27D). The stem and progenitor populations did not show any obvious

differences (Figure 6.27E). In the spleen, there was a decline of cellularity

in the compound het and compound null mutants compared to single Cbl

mutant controls (Figure 6.28A). The discrepancies were probably due to a

reduction in B cells in the compound mutants, while myeloid, erythroid

and T cells were not affected (Figure 6.28B).
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Figure 6.26: Peripheral blood analysis of Srsf2P95H/+ Cbl-/- compound
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A. The schematic of Srsf2 Cbl compound mutant cohort analysis.
B. The PB indices.
C. The PB leukocyte counts.
D. The lineage distribution within leukocytes.
Presented as mean ± standard error of mean.
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Figure 6.27: Bone marrow analysis of Srsf2P95H/+ Cbl-/- compound mutant
mice
A. The bone marrow cellularity.
B. The bone marrow granulocyte and macrophage counts.
C. The bone marrow erythrocyte and T cell lineage counts.
D. The bone marrow B lineage counts.
E. Number of LKS-, LKS+, phenotypic LT-HSC, ST-HSC, MPP in LKS+ pop-
ulation and myeloerythroid progenitors in the LKS+ population. IgM, im-
munoglobulin M; LKS+, lin-c-Kit+Sca-1-; LKS+, lin-c-Kit+-Sca-1+; LT-HSC, long-
term haematopoietic stem cell; ST-HSC, short-term haematopoietic stem cell;
MPP, multipotent progenitor; GMP, granuocyte-macrophage progenitors; CMP,
common myeloid progenitors; MEP, myelo-erythroid progenitors. Presented as
mean ± standard error of mean.
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Figure 6.28: Spleen analysis of Srsf2P95H/+ Cbl-/- compound mutant mice
A. The spleen cellularity.
B. The number of myeloid, lymphoid and erythroid lineage in the spleen.
Presented as mean ± standard error of mean.
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I also analysed the compound het and compound null mutant that

were collected at 20- and 10-weeks post mutation activation respectively.

Compared to a wild-type or Srsf2P95H/+ mutant at 20-weeks post mu-

tation activation, FACS analysis indicated severe myeloid hyperplasia

(Gr1+CD11b+) in both the bone marrow and peripheral blood of the

compound het and compound null mutant mice. The myeloid biased

phenotype was present in both overall and within the eYFP positive frac-

tion (Figure 6.29). There was an elevation of the macrophage population

(CD11b+F4/80+) in the bone marrow and peripheral blood (Figure 6.30).
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Figure 6.29: Myeloid-hyperplasia in both the bone marrow and
peripheral blood of sick Srsf2P95H/+ Cbl-/- mice, including within the
eYFP positive fraction
Time labels indicate weeks post mutation activation.
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Figure 6.30: FACS plots showing a mild increase in the macrophage
population in both bone marrow and peripheral blood of sick mice,
including within the eYFP positive fraction. Time labels indicate weeks
post tamoxifen cessation
Time labels indicate weeks post mutation activation.
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6.3 Discussion

In this chapter, I have described the generation and characterisation of a

Srsf2/Tet2 compound mutant murine model. This genetic combination is

profoundly enriched in MDS/MPN and CMML. Ageing of the compound

mutants resulted in a more substantial myeloid bias and B cell suppres-

sion compared to either single Srsf2 or Tet2 mutation alone. Similar to the

primary mice, recipients of Srsf2P95H/+ Tet2-/- mutant bone marrow also

developed severe myeloid bias and B cell suppression, suggesting that

the lineage bias was a cell-autonomous behaviour. Compared to wild-

type recipients, compound mutant recipients achieved stable long-term

engraftment in a non-competitive setting. In contrast, the compound mu-

tant bone marrow showed a disadvantage when competing against fresh

wild-type bone marrow and resulted in significantly lower engraftment.

During the course of the experiments to date, I have observed de-

velopment of CMML in one non-transplanted Srsf2P95H/+ Tet2-/- mouse

and in two recipients of Srsf2P95H/+ Tet2-/- mutant bone marrow from non-

competitive transplant experiments. While #836 succumbed to the disease

at 12 weeks post transplantation, #359 and #835 had a latency of 52 weeks

post mutation activation (#359) or 52 weeks post transplantation (#835),

respectively. This long latency is similar to single Srsf2P95H/+ mutants,

which developed fatal MDS after at least 52 weeks post mutation activa-

tion (Smeets et al., 2018). There was no acceleration of disease initiation,

despite the additional Tet2-/- mutation being activated at the same time as

Srsf2P95H/+. This is unexpected as combining two co-operating mutations

leads to acceleration of disease in many experimental settings of cancer

formation. In the case of Srsf2/Tet2 mutations, the long latency, however,

is not inconsistent with the analysis of CHIP and clonal haematopoiesis

(Genovese et al., 2014; Jaiswal et al., 2014). The role of Srsf2P95H/+ and
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Tet2-/- as driver mutations is to lay the foundation for disease initiation,

which did result in CMML in my experiments. For the disease to progress

additional mutations have to be progressively acquired, and in the case

of MDS/MPN the average number of mutations in patient samples is

3 (0-12) and in CMML it is 14 ± 5 (Haferlach et al., 2014; Merlevede et

al., 2016). I speculate that additional mutations besides Srsf2/Tet2 muta-

tions are required to complete the transformation, such as ASXL1 and

RAS pathway (CBL, NRAS, KRAS) mutations. Exome sequencing of the

sick compound mutant samples would be valuable to understand the

additional mutations that have occurred in these animals to allow disease

evolution and outline how these samples have evolved to enable disease

development.

At the time of analysis, all three sick mice had splenomegaly with

hypo- to normal cellularity of the bone marrow. Myeloid expansion was

significant within the bone marrow and spleen while B cell suppression

was only evident in the primary and transplant aged sick mice. While

some phenotypes observed in the ageing and transplantation model re-

flect aspects of how each individual mutation affects haematopoiesis,

the compound Srsf2P95H/+ and Tet2-/- mutation yielded several unique

features including hypocellular bone marrow and monocytosis. In the

reported single mutant models, none of the Tet2 models described a de-

creased bone marrow cellularity (An et al., 2015; Moran-Crusio et al., 2011;

Pan et al., 2017; Quivoron et al., 2011), while our Srsf2 model showed

a trend of lower bone marrow counts in the Srsf2P95H/+ mice (Smeets et

al., 2018). Looking at the populations in the bone marrow, a drop in the

progenitor, lymphoid and erythroid compartments are likely to be the

source of hypocellularity. It was surprising to find a decreased myeloid

progenitor population especially when there was a significant increase in
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mature granulocytes. It is unknown at present whether this was caused

by excess apoptosis of the progenitor populations or an increased differen-

tiation of progenitors without compensation from stem cells. Looking at

the proportions of the stem cell containing population (lin-c-Kit+Sca-1+),

the increase of ST-HSC may suggest that there was an HSC response, with

a greater expansion of the committed cycling population being generated

(Morrison et al., 1995). However, this response was yet to be apparent at

the committed progenitor level at the time of analysis. This might require

additional mutations that enable the greater expansion of the committed

cells.

Of all the phenotypes the monocytosis and splenomegaly is the

most significant finding of the compound mutation model. Both SRSF2

and TET2 mutations are known to be associated with monocytosis in

patients (Itzykson et al., 2013; Li et al., 2011; Patel et al., 2017). The

compound mutant mice displayed monocytosis, as well as increased im-

mature promonocytes and monoblasts, suggesting a synergistic effect of

Srsf2/Tet2 mutation on the early expansion of the monocytic blast pop-

ulation. Single cell sequencing of Tet2-/- uncommitted haematopoietic

stem cells found a transcriptional program skewed towards myelomono-

cytic progenitors (Izzo et al., 2020). The skewing is likely due to the

difference in CpG enrichment in the myelomonocytic transcription fac-

tor motifs. Compared to known erythroid transcription factor motifs,

monocytic transcription factors, such as Irf8 and Spi1, showed a lower

CpG content in their motifs. Therefore, these transcription factors are

more sensitive to hypermethylation changes induced by Tet2-/- (Izzo et al.,

2020). Unlike the relationship demonstrated between enhancer methyla-

tion and transcriptional priming, there is currently no known direct link

between changes in RNA splicing and monocytic skewing. Profiling of
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the methylation patterns through DNA bisulfite sequencing on selected

transcription factor motifs in the Srsf2P95H/+ single mutant and Srsf2P95H/+

Tet2-/- compound mutant could reveal any methylation changes associated

with mis-splicing.

In addition to the phenotypes observed from native haematopoiesis,

the transplantation study revealed that the compound mutant stem cells

had a lower engraftment capacity than the Tet2-/- cells when in competi-

tion with fresh wild-type cells. This is the opposite of my initial hypoth-

esis which proposed that Tet2-/- would enhance the fitness of Srsf2P95H/+

stem cells. Instead, the compound mutant cells had a comparable en-

graftment rate to single Srsf2P95H/+ when transplanted competitively. The

poor competitiveness of the double mutant stem cells could suggest a

decreased fitness, or an increased cycling activity. Looking at the lineage

repopulation at 52 weeks post transplantation, there was a much lower

contribution from double mutant cells in the non-competitive transplant

recipients, marked by the eYFP percentage. This suggests that both the

self-renewal (size of the stem cell pool) and differentiation (lineage re-

population) capacity in the double mutant stem cells was compromised.

Looking at the overall effect of these phenotypes, the fitness of com-

pound mutant stem cells is similar to single Srsf2P95H/+. This suggests

that splicing changes induced by Srsf2P95H/+ mutation buffer the stem cell

expansion caused by Tet2-/-. This neutralizing phenomenon could be due

to the mis-splicing of pathways that Tet2-/- mutation utilises in modifying

the stem cell behaviour. Re-visiting such pathways affected by Tet2-/- and

identifying any mis-splicing events associated with Srsf2P95H/+ could test

the hypothesis. It is also possible that the two mutations affect different

stem cell populations (LT-HSC vs. ST-HSC) and jeopardize the normal

re-populating process. It would be appropriate to perform transcriptome
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analysis on the different stem cell populations which could unveil the

consequences of bearing Srsf2/Tet2 mutations.

Using the Srsf2/Tet2 compound mutant model, I presented evidence

of functional co-operativity of Srsf2P95H/+ and Tet2-/- in native haematopoi-

esis and disease initiation. However, I am yet to define the mechanistic

basis of how these two mutations co-operate to initiate and enable evo-

lution to CMML. A detailed analysis of the disease that arises in the

compound mutants and comparison to the genetic evolution of CMML

would be warranted. Furthermore, analysis of the transcriptomic and

epigenetic changes induced by the single and co-operative mutations may

provide important insight into the mechanism and cellular changes that

lead to the initiation of CMML.

Lastly, I have provided preliminary analysis of the co-operativity of

Srsf2P95H/+ and Cbl mutation in vivo. Due to breeding issues, I only man-

aged to generate cohorts of Srsf2P95H/+ Cbl-/- mutant instead of Srsf2P95H/+

CblA/-, which was the target genotype. I analysed and presented the

haematological changes of compound mutant mice after one year of mu-

tation activation. I also included data from two individual mice analysed

at 10 and 20 weeks post mutation activation. Interestingly, there was

dramatic myeloid skewing in the Srsf2P95H/+ Cbl-/-, the homozygous com-

pound mutant, after only 10 weeks of tamoxifen activation. The heterozy-

gous compound mutant, Srsf2P95H/+ Cbl+/-, also developed myeloid bias

in the bone marrow and peripheral blood after 20 weeks of mutation acti-

vation. The timing of myeloid bias might suggest a potential gene-dosage

effect on the phenotype. More analysis and greater numbers of each

genotype would be required to precisely determine the co-operativity of

Srsf2 and Cbl mutation.
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RNA splicing is an essential process that governs cellular prolifera-

tion, differentiation and death in both normal homeostasis and in cancer.

Disruption of the core splicing machinery or its key regulatory com-

ponents promotes tumorigenesis and creates cancer-specific alternative

splicing events (Dvinge et al., 2019; Venables et al., 2009). These events are

found in tumours across different tissue types, such as haematological,

breast, colorectal, ovarian, skin (melanoma) and lung cancers (Brooks et

al., 2014; Kahles et al., 2018; Koh et al., 2015; Seiler et al., 2018). Alternative

splicing is an important cellular function to diversify the proteome from a

fixed genome (Wahl et al., 2009). However, cancer cells take advantage of

the process and create aberrantly spliced genes that can lead to increased

survival and drug resistance (Berman et al., 2016; Poulikakos et al., 2011;

Smeby et al., 2019). In the past decade, the discovery of splicing factor

mutations in myelodysplastic syndromes (MDS) and related myeloid

neoplasms has further highlighted RNA splicing as a central mechanism

of tumorigenesis in haematological malignancies (Haferlach et al., 2014;

Yoshida et al., 2011).

Splicing factors, such as serine-arginine (SR) proteins, influence the

choice of exon inclusion during RNA splicing. SRSF2 is one of the splicing

factors that is frequently mutated in MDS/MPN and CMML (Haferlach

et al., 2014; Itzykson et al., 2013). Interestingly, the vast majority of muta-

tions in SRSF2 target the P95 residue. SRSF2 mutation results in altered

recognition of the RNA binding motif and can lead to exon skipping

events (Kim et al., 2015; Zhang et al., 2015). To fully explore the role of

SRSF2P95H mutation in haematopoiesis, several groups have generated

genetically engineered murine models of Srsf2P95H/+, which I reviewed

in Chapter 1. These models identified phenotypic and transcriptomic
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evidence of the disruption caused by Srsf2P95H/+ mutation, such as initia-

tion of MDS and increased aberrant spliced transcripts. Yet, it remained

unclear whether the haematopoietic stem cell was the only cell of origin

in SRSF2mut MDS. In Chapter 3, I characterised a conditional knock-in

model of Srsf2P95H/+, LysM-Cre R26eYFP Srsf2P95H/+, which activated the

Srsf2 mutation in the myeloid progenitor population and left stem cells

mutation-free. I discovered that Srsf2P95H/+ mutation cannot initiate MDS

from within the myeloid progenitor population, even though it produced

a mild myeloid biased phenotype. Therefore, splicing changes and/or

effects of Srsf2P95H/+ within the stem cell containing populations were

essential for initiating tumorigenesis.

The murine models have confirmed that Srsf2P95H/+ can act as the

founder mutation in MDS , which is consistent with the clonal analy-

sis of human MDS. However, large-scale sequencing studies of MDS,

MDS/MPN and related myeloid cancers have demonstrated that SRSF2

mutations are not the sole cause of transformation in these cancers (Hafer-

lach et al., 2014; Yoshida et al., 2011). One of the most frequent accomplices

of Srsf2P95H/+ is TET2 mutation (Merlevede et al., 2016). TET2 participates

in the DNA methylation pathway, which is well-studied regarding its

role in the regulation of normal and malignant haematopoiesis (Celik et

al., 2016). SRSF2 (50%) and TET2 (60%) are the most frequent mutations

reported in CMML, and they display a strong positive association with

each other. In Chapter 6, I generated and characterised a Srsf2P95H/+ Tet2-/-

compound mutant mouse model to explore and understand the genetic

co-operativity of these mutations. The resulting murine model demon-

strated that when both Srsf2P95H/+ and Tet2-/- were combined, it resulted

in a monocytic phenotype and could initiate CMML in both native and

transplantation settings. Unexpectedly, the addition of Tet2 mutation to
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the Srsf2P95H/+ mutation failed to accelerate the disease onset, which indi-

cates that additional mutations must arise to enable disease progression.

The changes in the Srsf2P95H/+ Tet2-/- mice are distinct from either single

mutant and delineate a different trajectory of disease evolution, as the

compound mutant produced phenotypes most consistent with CMML,

instead of MDS as was evidenced in the single Srsf2P95H/+ mutants (Kim et

al., 2015; Kon et al., 2018; Merlevede et al., 2016; Smeets et al., 2018). Due

to the long disease latency and delays in breeding large cohorts of mice,

the number of individuals identified with CMML during my PhD are low

to date, however additional animals are currently ageing. Further cohorts

are warranted to continue the analysis and to define the mechanistic basis

of the cooperativity between these mutations.

In my analysed experiment cohorts, only a few compound mutants

displayed the CMML phenotype at the time of analysis. Nevertheless, the

compound mutants do present with a fully penetrant myeloid bias, which

is similar to the aged human population with Clonal haematopoiesis of

indeterminate potential (CHIP) (Jaiswal et al., 2014; Pang et al., 2011).

Such individuals harbor some of the same pathogenic mutations seen

leukaemia patients, including SRSF2 and TET2 mutations, although they

are clinically disease-free (Genovese et al., 2014). To find out what triggers

the development of overt disease in the subset of compound mutants, the

first step would be to perform exome sequencing of the bone marrow cells

to identify the additional mutations that the sick individuals may have

acquired, compared to ‘healthy’ mutants and age-matched wild-type con-

trols. These additional mutations are likely to be the enablers of disease

progression. The second step would be to assess whether the CMML

disease that I have documented in this model is transplantable. Serial

transplantation is performed to test the capacity of haematopoietic stem
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cells to sustain haematopoiesis (Purton and Scadden, 2007). In leukaemia,

this method is used to demonstrate overt transformation of the cells and

also to provide an additional stress to the cells to accelerate the initiation

of acute leukaemia (Kennedy and Barabé, 2008; Somervaille and Cleary,

2006). Preliminary transplantation studies of bone marrow from the sick

non-competitive transplant recipient #835 and #836 revealed no devel-

opment of acute leukaemia despite strong myelomonocytic bias in the

donor mice. The diseased bone marrow achieved the minimum desirable

but variable engraftment rate (20-60%) as the transplantation recipients

aged. The proportion of granulocytes detected in the peripheral blood

showed no difference between wild-type and diseased mutants. The

engraftment rate from the diseased compound mutant was slightly lower

than the secondary transplantation of Srsf2P95H/+ cells (40-80%) (Smeets et

al., 2018), but despite this low engraftment, the compound mutant donor

population could be detected for up to 20 weeks post transplantation.

This indicates that long-term haematopoietic stem cells (LT-HSC) were

engrafting and maintaining output (data not shown). As the CMML dis-

ease observed in my experimental cohorts differs from case to case, it is

unknown whether CMML cells from other diseased individuals harbour

similar engraftment and differentiation capacity. Transplantation studies

of the remaining diseased individuals are currently ongoing and will be

important to understand the frequency of disease initiating cells and also

the nature of the transformation that may occur.

While the in vivo studies of splicing mutations recapitulated the

events that occur during the complex evolution of human leukaemogene-

sis, the in vitro study of Srsf2P95H/+ has led to more insight into the molec-

ular changes resulting from this mutation. In Chapter 4, I established

cell lines through Hoxb8 immortalisation to generate three conditional
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isogenic Srsf2P95H/+ and three Srsf2+/+ cell lines (Wang et al., 2006). These

cell lines are dependent on GM-CSF and represent a relatively mature

myeloid cell type. Using the cell lines, I could reproduce the mis-splicing

changes seen in the Srsf2P95H/+ stem and progenitor cell population, which

confirms the validity of the in vitro model. Equipped with CRISPR-Cas9

technology, I was able to perform a genetic screen using a genome-wide

knock-out library to investigate the genetic vulnerabilities of Srsf2P95H/+

mutation (Hart et al., 2017; Tzelepis et al., 2016).

So far, little is known about the synthetic lethality of splicing mutants.

The targeting strategy for most splicing inhibitors relies on further inhibi-

tion of spliceosome activity, which is also poorly tolerated by wild-type

cells (Bonnal et al., 2012; Hong et al., 2014; Lee and Abdel-Wahab, 2016).

Thus, pinpointing and targeting the pathways that splicing mutant cells

are sensitive to when disturbed would provide an alternative strategy

for treating splicing mutant cancers. From my synthetic lethal screen

(Chapter 5), the DNA damage and cell cycle pathways were identified

as candidate pathways of interest. During validation, Srsf2P95H/+ cells

showed increased sensitivity to Palbociclib, a CDK6 inhibitor. Interest-

ingly, the top negatively enriched pathways also contained transcripts

from the most frequently mis-spliced targets when I compared multiple

SRSF2mut datasets from both human and murine samples (Hurtado et

al., 2018; Kim et al., 2015; Komeno et al., 2015; Kon et al., 2018; Qiu et al.,

2016; Shiozawa et al., 2018; Smeets et al., 2018; Zhang et al., 2015). The

overlapping of pathways would suggest that Srsf2P95H/+ mutant cells rely

on the aberrant transcripts for survival. Assessing isoform changes and

mis-splicing could help identify any key transcripts that are involved in

these processes. Complementary to the loss-of-function screen, a gain-

of function screen could be established using the same cell lines and a
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CRISPR activator library (Chavez et al., 2015; Gilbert et al., 2013; Koner-

mann et al., 2015). Instead of synthetic lethality, the screen could identify

genes that promote the transformation of Srsf2P95H/+ mutant cells. From

a therapeutic point of view, a chemical screen could also be utilised to

identify more compounds that target Srsf2P95H/+ mutant cells.

In summary, from murine models to CRISPR screening, I have ap-

plied multiple orthogonal experimental methods to investigate the effect

of Srsf2P95H/+ mutation on haematopoiesis and to understand its genetic

co-operativity. Studies of positive co-operativity shed light on how co-

occurring Srsf2P95H/+ and Tet2-/- mutations can lead to CMML in vivo,

while negative co-operativity indicated that pathways other than RNA

splicing could hold the key to targeting splicing mutants. Furthermore, I

was able to perform single-cell RNA sequencing analysis and reveal tem-

poral and lineage discrepancies of the Srsf2P95H/+ stem cell differentiation

compared to wild-type stem cells. In the future, more studies are war-

ranted to determine the mechanisms of Srsf2P95H/+ induced tumorigenesis

and how we can treat splicing mutant cancers efficiently.



281

Appendix A

Publications associated with this

thesis

Smeets, M. F., Tan, S. Y., Xu, J. J., Anande, G., Unnikrishnan, A., Chalk,

A. M., Taylor, S. R., Pimanda, J. E., Wall, M., Purton, L. E., and Walk-

ley, C. R. (2018). Srsf2 P95H initiates myeloid bias and myelodysplas-

tic/myeloproliferative syndrome from hemopoietic stem cells. Blood 132,

608-621.

Xu, J. J., Smeets, M. F., Tan, S. Y., Wall, M., Purton, L. E., and Walkley, C.

R. (2019). Modeling human RNA spliceosome mutations in the mouse:

not all mice were created equal. Experimental Hematology 70, 10-23.



Regular Article

MYELOID NEOPLASIA

Srsf2P95H initiates myeloid bias and myelodysplastic/
myeloproliferative syndrome from hemopoietic stem cells
Monique F. Smeets,1,2 Shuh Ying Tan,1-3 Jane Jialu Xu,1,2 Govardhan Anande,4 Ashwin Unnikrishnan,4 Alistair M. Chalk,1,2 Scott R. Taylor,1

John E. Pimanda,4-6 Meaghan Wall,1,2,7 Louise E. Purton,1,2 and Carl R. Walkley1,2

1St. Vincent’s Institute, Fitzroy, VIC, Australia; 2Department of Medicine, St. Vincent’s Hospital, University of Melbourne, Fitzroy, VIC, Australia; 3Department of
Hematology, St. Vincent’s Hospital, Fitzroy, VIC, Australia; 4Adult Cancer Program, Prince of Wales Clinical School, Lowy Cancer Research Centre, University
of New South Wales, Sydney, NSW, Australia; 5Department of Hematology, 6Department of Pathology, Prince of Wales Hospital, Sydney, NSW, Australia;
and 7Victorian Cancer Cytogenetics Service, St. Vincent’s Hospital, Fitzroy, VIC, Australia

KEY PO INT S

l Srsf2P95H/1 mutation
within hemopoietic
stem cells is required
to initiate myeloid-
biased hemopoiesis.

l Mutation of Srsf2 is
sufficient to initiate
the development of
MDS/MPN in vivo in
the setting of native
hemopoiesis.

Mutations in SRSF2 occur in myelodysplastic syndromes (MDS) and MDS/myeloproliferative
neoplasms (MPN). SRSF2 mutations cluster at proline 95, with the most frequent mutation
being a histidine (P95H) substitution. They undergo positive selection, arise early in the
course of disease, and have been identified in age-related clonal hemopoiesis. It is not clear
howmutation of SRSF2modifies hemopoiesis or contributes to the development of myeloid
bias or MDS/MPN. Two prior mouse models of Srsf2P95H mutation have been reported;
however, these models do not recapitulate many of the clinical features of SRSF2-mutant
disease and relied on bone marrow (BM) transplantation stress to elicit the reported phe-
notypes. We describe a new conditional murine Srsf2P95H mutation model, where the P95H
mutation is expressed physiologically and heterozygously from its endogenous locus
after Cre activation. Using multiple Cre lines, we demonstrate that during native he-
mopoiesis (ie, no BM transplantation), the Srsf2P95H mutation needs to occur within the

hemopoietic stem-cell–containing populations to promote myelomonocytic bias and expansion with corresponding
transcriptional and RNA splicing changes. With age, nontransplanted Srsf2P95H animals developed a progressive,
transplantable disease characterized by myeloid bias, morphological dysplasia, and monocytosis, hallmarks of MDS/
MPN in humans. Analysis of cooccurring mutations within the BM demonstrated the acquisition of additional mu-
tations that are recurrent in humans with SRSF2 mutations. The tractable Srsf2P95H/1 knock-in model we have
generated is highly relevant to human disease and will serve to elucidate the effect of SRSF2 mutations on initiation
and maintenance of MDS/MPN. (Blood. 2018;132(6):608-621)

Introduction
Myelodysplastic syndrome (MDS) represents a spectrum of
hematological cancers with a high rate of progression to acute
leukemia, where recurrent somatic mutations in the RNA splicing
machinery have been identified.1-3 In MDS, .80% of patients
have a mutation in the spliceosome, and in phenotypically
overlapping malignancies such as MDS/myeloproliferative neo-
plasms (MPN) and chronic myelomonocytic leukemia (CMML),
spliceosome mutations are also common.4,5 Spliceosomal mu-
tations arise early in disease, including as initiating events.6

Mutations generally occur in 1 splicing gene and are hetero-
zygous, and different spliceosomal mutations associate with
distinct clinical phenotypes. How mutations in the spliceosome
alter normal hemopoiesis and contribute to disease patho-
genesis remains unclear.

Mutations in SRSF2 occur in MDS (;12% to 15%), CMML
(28% to 47%), and mastocytosis,3,4,7 clustering at proline 95
(supplemental Figure 1A, available on the Blood Web site).

Features of SRSF2 mutation–associated disease include
myeloid bias and an increased risk of transformation to acute
leukemia.8-10 SRSF2 mutations undergo positive selection
and occur in age-related clonal hemopoiesis.11-13 P95 muta-
tions alter messenger RNA splicing by changing the RNA-
binding affinity of SRSF2, leading to misregulation of exon
inclusion.14 This leads to modest overall changes in global
messenger RNA splicing, with a subset of misspliced transcripts
proposed to be relevant for MDS, including FYN, EZH2, and
Csf3r.14-16

The first murine Srsf2P95H/1 conditional mutation model reported
a mild dysplastic phenotype characterized by leukopenia and
anemia, only observed after bone marrow (BM) transplantation.
De novo excised animals did not develop dysplasia/disease.15,17

These phenotypes showed variable penetrance, given the lack of
leukopenia/anemia in an ensuing studywith the same allele.15,17 In a
second Srsf2P95H model, animals also did not develop disease after
90 weeks of monitoring.16 Neither model reported myeloid-biased
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hemopoiesis, a feature of SRSF2 mutation in humans, or MDS in
nontransplanted models. Divergent consequences on phenotypic
hemopoietic stem cells (HSCs)/progenitors were concluded. As a
result, how SRSF2 mutation alters normal hemopoiesis and pro-
motes malignancy remains uncertain.

Here we describe a new Srsf2P95Hmodel, where the P95Hmutation
is conditionally expressed physiologically and heterozygously from
its endogenous locus. This model recapitulates the core charac-
teristics of human disease associated with SRSF2 mutation and
demonstrates that the primary effect of SRSF2(P95H) on normal
hemopoiesis is to promote myeloid bias from HSCs.

Methods
Experiments were approved by the Animal Ethics Committee
(#033/12 and 001/16; St. Vincent’s Hospital, Melbourne, Australia).

Animal models
Srsf2P95H/1 mice (C57BL/6NTac-Srsf2tm2874(P95H)Arte) were gener-
ated by Taconic Biosciences (Cologne, Germany). A full de-
scription of the targeting construct and genotyping procedures
is provided in the supplemental Methods. hScl-CreERT 18-20,
Rosa26-eYFP (Jackson Laboratory strain #00614818-20), LysM-Cre
(strain #00478121-23), and Rosa26-CreERT2 (strain #00846324-26)
mice have been described. B6.SJL-PtprcaPep3b/BoyJArc mice were
purchased from the Animal Resources Centre (Perth, Australia).
Heterozygous CD45.1/CD45.2 C57BL/6 mice were bred at St.
Vincent’s Hospital. Food contained 400 mg/kg of tamoxifen
citrate (Sigma) in standard mouse chow (Specialty Feeds, Perth,
Australia).25,26 All mouse lines were on a C57BL/6 background.

Flow cytometric analysis
Peripheral blood (PB) was analyzed on a Sysmex KX-21N (Roche
Diagnostics). Cells were prepared and analyzed as described25,27

on a BD LSRIIFortessa or sorted with either BD FACSAria or
BDInflux (BD Biosciences). Results were analyzed with FlowJo
version 10.0 (Treestar).

BM transplantation
All transplantations were performed in lethally irradiated (2 3 5
Gy; 3 hours apart) recipients (B6.SJL-PtprcaPep3b/BoyJArc [Animal
Resources Centre]; 3-6 recipients per transplantation cohort)
through IV injections. Recipients received antibiotics (Baytril) in
the drinking water for 3 weeks after irradiation. Experiments
were performed in duplicate or as indicated.

RNA sequencing
RNA was isolated from lin2cKit1eYFP1 BM cells from hScl-
CreERTR26eYFPSrsf21/1 and hScl-CreERTR26eYFPSrsf2P95H/1

animals treated 20 weeks prior with tamoxifen. RNA was ribo-
some depleted, subjected to library preparation (Kapa Stranded
RNA-Seq Library Kit; Kapa Biosystems), and sequenced on the
Illumina platform by Novogene (Hong Kong). Differential ex-
pression was assessed using voom with sample weighting.28

Quantitative Set Analysis for Gene Expression was used to de-
termine gene set enrichment29 against the Molecular Signatures
Database collection.20,30 Data sets were deposited in the Gene
ExpressionOmnibus (GSE99852). RNA splicingwas assessed using
rMATS.14,16,31 Results are provided in supplemental Data Set 2.

Exome analysis
Exome sequencing was performed on genomic DNA isolated
from whole BM and matched ear tissue from 3 independent
animals (2 R26-CreERT2 Srsf2P95H/1, 1 hScl-CreERT R26eYFP
Srsf2P95H/1) from 50 to 60 weeks post–tamoxifen treatment (time
of euthanasia when moribund). Exome capture was performed
with the Agilent SureSelect Mouse Exon system and sequenced
on the Illumina platform by BGI Ltd (Hong Kong). Raw and
analyzed data are available in the Gene Expression Omnibus
(GSE99850).

Statistics
The results were analyzed using the unpaired Student t test or
analysis of variance (with multiple comparison correction) unless
otherwise stated. P, .05 was considered significant. All data are
presented as mean 6 standard error of the mean.

Results
To model SRSF2P95H mutation, we generated a conditional
Srsf2P95H knock-in allele (P95H). Murine Srsf2 has 2 closely ad-
jacent genes at each end of the locus, so a whole-locus dupli-
cation approach was used. The proline 95 (CCG) to histidine
(CAT) mutation was introduced into a duplicated Srsf2 exon 1,
generating a conditional point mutant allele (Figure 1B). In the
presence of Cre, the wild-type (WT) Srsf2 allele is deleted and
the mutant Srsf2P95H allele is transposed into the endogenous
locus. All animals were heterozygous for the knock-in allele. The
Srsf2P95H/1 animals had a mildly elevated mean cell volume at
baseline, before Cre activation (supplemental Figure 1D). There
was low-level expression of the mutant Srsf2P95H allele in the
absence of Cre, with a slight increase in B cells and CD4 T cells in
the PB but no change in myeloid populations (supplemental
Figure 1E-J). When the Srsf2P95H allele was activated in vivo, it
was expressed heterozygously, genomically, and transcription-
ally (Figure 1A; supplemental Figure 1C).

Srsf2P95H causes myeloid bias
We used R26-CreERT2Srsf21/1 and R26-CreERT2Srsf2P95H/1 ani-
mals to elicit widespread expression of P95H. Unless stated,
experiments evaluated native hemopoiesis without prior BM
transplantation. Tamoxifen-containing food was administered to
activate P95H expression (Figure 1B). In the PB, P95H animals
developed macrocytosis and reduced red blood cells (RBCs;
Figure 1C), with leukocyte counts stable for the first 12 weeks but
increasing by ;20 weeks after P95H expression (Figure 1C).

At 22weeks after tamoxifen, therewere increased absolute numbers
of myeloid cells and CD4 T cells but no change in B lymphocytes in
the PB, indicative of myeloid bias/myeloproliferation (Figure 1D).
The expression of CD45RB, a characterized splicing target of
Srsf2,32 was measured on total splenocytes. In Srsf21/1, ;80% of
splenocytes expressed CD45RB. Srsf2P95H/1 splenocytes had re-
duced expression of CD45RB, demonstrating altered protein
isoform expression in vivo (Figure 1E). In the BM, there was a trend
to reduced overall cellularity (Figure 1F). The granulocyte and
monocyte percentages significantly increased in Srsf2P95H/1

(Figure 1G), while B lymphopoiesis was compromised from the
pro–B-cell stage onward (Figure 1H). BM erythropoiesis was re-
duced, with compensatory splenic erythropoiesis (Figure 1I; sup-
plemental Figure 2F). There was either no significant difference or
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Figure 1.Widespread expression of Srsf2P95H/1promotes leukocytosis andmyeloid bias. (A) Srsf2P95H transcript expression in whole BM from a control and P95H animal. (B)
Experimental outline and timeframe. (C) PB indices over 22 weeks after Cre activation. (D) PB leukocyte counts and lineage distribution at 24 weeks after Cre activation (n$ 6 per
genotype per time point). (E) Histograms and expression of CD45RB isoform on splenocytes (n5 51/1; n5 3 P95H1). (F) BM cellularity per femur. (G) Number and percentage of
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megakaryocyte erythroid progenitor.
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decreased numbers of phenotypic LT-HSCs in the P95H BM, using
multiple phenotypic methods (Figure 1J-L). The ST-HSCs and
MPPs were reduced, with themyeloid progenitor populations least
affected (Figure 1J-L; supplemental Figure 2B). Myeloid and
erythroid cells increased, and B/T cells were reduced in the spleen,
but overall weight/cellularity were not different (supplemental
Figure 2C-G). All subsets were reduced in the thymus (supple-
mental Figure 2H). Therefore, Srsf2P95H/1 causes myeloid-biased
hemopoiesis.

Srsf2P95H mutation is required within the HSCs
To determine if the cell population where P95H was activated
would alter the phenotype, hScl-CreERTR26-eYFPki/ki was used.18

Unlike R26-CreER, this is specific to the HSC-containing pop-
ulations and not expressedwithin theBM stroma/nonhemopoietic
tissues. The hScl-CreERT–enabled establishment of mosaic he-
mopoiesis without prior BM transplantation, with eYFP1 cells
marking the P95H mutants and the eYFP2 cells retaining WT
Srsf2. Thus, it allowed an assessment of P95H cells compared
with WT cells from the same BMmicroenvironment under native
conditions.

The PB demonstrated a phenotype comparable to R26-CreERT2,
with the P95H animals developing leukocytosis, macrocytosis,
and reduced RBC numbers (Figure 2A-B). At 20 weeks post-
activation, a myelomonocytic expansion and increase in CD4
T cells without a reduction in B lymphocytes were present in
the PB (Figure 2C). The PB eYFP1 percentage was equiva-
lent between the genotypes (Figure 2D). Expression of CD45RB
was reduced (Figure 2E). BM cellularity was similar, but the
myeloid cell percentage was significantly increased in the P95H
(Figure 2F-G; supplemental Figure 6A). Erythroid and B cells
were reduced in the P95H BM. The LT-HSCs and ST-HSCs/MPPs
showed either a reduction or trend to a reduction in the P95H
BM (Figure 2J-K), with the myeloid progenitors relatively spared
(Figure 2L; supplemental Figure 6A). Splenic and thymic he-
mopoiesis showed trends comparable to the R26-CreER, with a
more subtle overall effect reflecting the contribution of WT cells
(data not shown).

To determine if restricting P95H activation to the myeloid
lineage would promote myeloid bias/myeloproliferation,
LysM-Creki/1R26-eYFPki/ki cohorts were established (LysM-Cre
is constitutively expressed). PB monitoring showed a mildly
elevated MCV and leukocyte and platelet counts, but no ev-
idence of morphological dysplasia (supplemental Figure 3A-D).
Analysis of 20-week-old mice demonstrated that the PB and
BM were largely normal (supplemental Figure 3E-K). There was
a subtle increase in the percentage of granulocytes in the
spleen, but no other phenotypes were apparent (supplemental
Figure 3L-M). Therefore, expression of Srsf2P95H/1 within the
HSC population is required to efficiently initiate myeloid-
biased hemopoiesis.

Srsf2P95H HSC transplantation potential is
determined by their competitor
To assess HSC activity, competitive transplantation of whole BM
from Rosa26-CreERT2Srsf2P95H/1 and controls was performed
(Figure 3A). In 2 independent experiments, the same outcome
occurred: initial chimerism was low and heavily myeloid skewed;
then, chimerism was rapidly reduced to low/negligible from
the Srsf2P95H/1 cells (Figure 3B-E). The numbers of competitive

repopulating units33 were reduced by 95% to 99% in the P95H
BM (Figure 3B-C). The significantly impaired competitive
repopulation of P95H HSCs is consistent with both prior models
of Srsf2mutations in mice,15,16 yet at odds with positive selection
of SRSF2 mutations in humans.11-13

Transplantation of whole BM from the hScl-CreER model was also
performed, although unlike R26-CreER, the eYFP2 population
within the same donor BM of each genotype was used as the
competitor (Figure 3F). The eYFP levels, indicative of Srsf2P95H/1

expression, were comparable between genotypes. In this setting,
LT chimerism from the eYFP1 Srsf2P95H/1-expressing HSCs was
achieved (Figure 3F-H). The P95H recipients had an early myeloid
bias and progressive macrocytic anemia, consistent with the
nontransplantation models (Figure 3G-J). The contribution to the
donor-derived CD45.2 fraction from eYFP1 Srsf2P95H/1 increased
over time at the expense of the eYFP2 cells (Figure 3I). Therefore,
Srsf2P95H/1 altered HSC transplantation potential in a context-
dependent manner. Importantly, it demonstrated that when
transplanted with an age-/microenvironment-matched competitor,
P95H cells can outcompete WT cells.

Myelomonocytic bias is intrinsic to Srsf2P95H/1 HSCs
To confirm the phenotype was intrinsic to P95H-expressing
hemopoietic cells, whole BM was noncompetitively trans-
planted before activating expression of P95H from R26-CreER
and hScl-CreER. Once hemopoiesis was reestablished, P95H
expression was activated within the donor hemopoietic cells.
R26-CreER recipients had high chimerism from both genotypes
(Figure 4A-C). After tamoxifen, a relative leukopenia developed
in the PB, with reduced B cells and increased myeloid cells in the
Srsf2P95H/1 recipients (Figure 4D-E). Immature neutrophils and
monocytes accumulated in the PB, as assessed using Ly6C/
CD11b (Figure 4F).34 Within the BM and spleen, the P95H re-
cipients recapitulated the myeloid bias observed in non-
transplantation settings (Figure 4G-H). A similar phenotype
arose in the hScl-CreER recipients (Figure 4I-O), where eYFP1

cells produced excess myeloid cells with a reduced contribution
to the B lineage in the PB (Figure 4J-N; supplemental Figure 6B).
The BM was highly similar to that observed in the non-
transplanted animals, with a profound myeloid bias and sup-
pression of other lineages (Figure 4O). In this setting, there was
no increase in either proportion or number of phenotypic LT-
HSCs but a preservation of ST-HSCs and myeloid progenitors
(supplemental Figure 6B). Therefore, Srsf2P95H/1 mutation pro-
motes hemopoietic cell–intrinsic myeloid bias.

Srsf2P95H initiates MDS/MPN in vivo
Nontransplanted animals from the hScl-CreER (Figure 5) and
R26-CreER (supplemental Figure 4) models were aged after
P95H expression. The time to illness was ;8 to 12 months after
P95H expression (Figure 5A). Both models demonstrated a
similar phenotype. The animals became moribund and required
euthanasia because of worseningmacrocytosis/RBC counts, with
a subset frankly anemic, and development of dermatitis/skin
irritation on the snout and eyes (Figure 5C; supplemental
Figure 4). In the PB, neutrophil and monocyte frequencies in-
creased, with dysplastic neutrophils displaying hypersegmentation
and/or abnormal segmentation (Figure 5B,D; supplemental
Figure 4B-C). The increased PB monocytes and immature
neutrophils were corroborated using Ly6C/CD11b staining
(Figure 5E). Dysplastic cell frequency ranged from.10% to 50%
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Figure 2. HSC-specific expression of Srsf2P95H/1 causesmyeloid bias. (A) Experimental outline and timeline. (B) PB indices over 20 weeks after Cre activation. (C) PB leukocyte
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in the PB and BM as assessed morphologically. Platelets were
abundant, with occasional large/giant forms present. In the BM,
a highly myeloid-biased differentiation was apparent, with a
further suppression of B lymphopoiesis (Figure 5F-G). Mor-
phological analysis of BM cytopspins confirmed the diagnosis of
MDS/MPN,35 with reduced erythropoiesis including mild to
moderate dyserythropoietic changes, accompanied by gran-
ulocytic hyperplasia, monocytosis, and dysplastic changes
(supplemental Figure 4D). The LT-HSCs trended toward de-
creased in absolute number, and the granulocyte macrophage
progenitor myeloid progenitors were preserved both in
number and proportion (% P 5 .003; Figure 5H; supplemental
Figures 4G and 6C). Granulocytes were increased in the spleen
(Figure 5I), and CD45RB expression was further compromised
(Figure 5I-J; supplemental Figure 4H). Noncompetitive sec-
ondary transplantations of whole BM from the moribund hScl-
CreER (Figure 5K) and R26-CreER (supplemental Figure 4I)
animals recapitulated the MDS/MPN, but neither group of
recipients developed leukemia. Engraftment was only achieved in
a subset of recipients, suggestive of decreased HSC frequency
and/or transplantability in P95H, consistent with the phenotypic
data. Srsf2P95H/1 expression in HSCs is sufficient to initiate MDS/
MPN in vivo.

p53 loss does not promote leukemic conversion
A recurrent route of clonal evolution in SRSF2 mutation–driven
human disease is isochromosome 17q, resulting in haploin-
sufficiency of TP53,36 and p53 deletion promoted leukemic
progression in the NUP98-HOXD13 transgenic MDS mouse
model.37,38 The R26-CreER and hScl-CreER lines were crossed
to a p53 conditional allele (p53fl/fl). Both Cre models developed
a similar phenotype to that described in Figures 1 and 2, except
for a preservation of B cells, which is a p53-deficient phenotype
in C57BL/6 mice (supplemental Figure 5A-D). Macrocytosis
and reduced RBCs accompanied increased granulocytes, B
lymphoid cells, and CD4 T cells in the PB (supplemental
Figure 5D). Several animals in each cohort developed lym-
phoma, a p53-null phenotype, and were excluded. Aged an-
imals developed anemia and dermatitis, as occurred in the
p531/1 animals, requiring euthanasia. These animals had an
MDS/MPN phenotype comparable to p531/1 animals. Upon
secondary transplantation, the P95H p53-deficient cells recon-
stituted effectively and maintained stable LT reconstitution
(supplemental Figure 5E-H). Secondary recipients recapitulated
the MDS/MPN phenotype but with no evidence of leukemic
transformation.

Myeloid-biased gene expression signatures and
altered splicing
The most prominent effect of P95H was myeloid bias/
myeloproliferation. To further understand this, we isolated lin2

cKit1eYFP1 cells from the BM of the hScl-CreER model at 20
weeks after tamoxifen cessation for RNA sequencing. Myeloid
bias/myeloproliferation was apparent at this time point, but it
occurred before MDS/MPN development. There was reduced
expression of lymphoid-related transcripts (Blk, Rag1, Lck, Ly6d)
and transcripts that regulate myeloid function or lifespan (Socs3,
Bcl2l11; Figure 6A).39,40 Transcripts previously associated with
myeloid expansion (Hmga2)41 and/or HSC function (Grb10;
Figure 6A)42 were increased in P95H cells. Quantitative poly-
merase chain reaction on lin2cKit1 cells from the R26-CreER model

confirmed altered expression of these transcripts (supplemental
data set 1). Pathway analysis corroborated the myeloid bias and
identified the enrichment of gene signatures associatedwith human
MDS/MPN43 and the activation of the p38-MAPK pathway
(Figure 6B-C).44

Changes in RNA splicing were identified with rMATS,16,31 with on
average ,0.5% change in these event types (Figure 6D-E), con-
sistent with reports from P95H-mutant primary mouse and human
cells.14,16 Altered splicing of a range of transcripts, including those
previously identified (Csf3r, Arhgap4, Tpm3,Hnrnpa2b1, and Fyn;
supplemental data set 2),14-16,32 could be identified. Ezh2 was not
misspliced. We validated the findings on independent cell types
(splenocytes and Hox-immortalized cell line) and demonstrated
reduced inclusion of exon 5 of the Cd45 transcript in Srsf2P95H/1

samples, with the concordant reduction of CD45RB (Figure 6F).
Arhgap4 was misspliced in splenocytes; however, we did not
observe changes in the splicing of Dot1l or Bcor (Figure 6G). Ezh2
was not misspliced in either additional cell type using multiple
approaches (Figure 6G-H; supplemental data set 2).16

We examined the sensitivity of the myeloid progenitor cell lines
to inhibitors of RNA splicing. Two different inhibitors were
tested, but there were no substantive differences in sensitivity
between WT and P95H cells (Figure 7A). This result is consistent
with modest sensitization to splicing inhibition seen in cells from
an Sf3b1K700E/1 mouse model.45 Therefore, P95H-mutant cells
are not substantively sensitized to RNA splicing inhibitors.

Mutation acquisition in Srsf2P95H cells mirrors that
of human MDS/MPN
As the aged Srsf2P95H/1 animals developed MDS/MPN, we
assessed if the end-stage disease acquired additional mutations
similar to those in human MDS/MPN. Exome sequencing was
performed on 3 independent moribund animals where whole
BM was compared with ear tissue from the same individual to
discriminate somatic mutations. Mutations in Dnmt3a were
present in all P95H BM samples, along with Phf6 mutations in 2
of 3 samples (Figure 7B). The spectrum of mutations in the P95H
BM encompassed similar genes and gene classes to those re-
currently mutated in human MDS/MPN and CMML, including
mutations in the Ras and Tet2 pathways.7 We inferred clonal
burden using PyClone, which indicated that the additional
mutations were arising in a subclone present at ;8% to 10%
frequency in the BM at the time of euthanasia (supplemental
data set 3). Therefore, the physiologic expression of Srsf2P95H/1

within the HSC compartment, alongside acquisition of recurrent
secondary mutations commonly observed in humans, leads to
the development of MDS/MPN in mice.

Discussion
The primary in vivo consequence of Srsf2P95H/1 is to promote a
hemopoietic cell–intrinsic myeloid bias/myeloproliferation that
is apparent in both native hemopoiesis and after multiple distinct
BM transplantation models. This phenotype was not observed in
prior Srsf2P95H mouse models,15,16 yet is consistent with clinical
findings where SRSF2-mutant allele frequency correlates with
monocytosis.10 Monocyte and neutrophil precursors increase in
the PB from ;11 weeks after P95H activation. This myeloid
skewing requires the HSC transcriptional program to efficiently
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promote disease development, because this phenotype was
observed in the hScl-CreER model but not the LysM-Cre
model. P95H corrupts normal lineage fate decisions within the
HSC/MPP population, potentially because of the effects of
differential splicing within genes critical for early HSC/MPP self-
renewal and differentiation, although the identity of these
remains elusive both from our analysis and that of others.14-16

Only 5 transcripts were identified that were differentially
expressed and had altered splicing (Bend5, Dach2, Dpp7,
Galns, and Prdm16). Although the function of these transcripts
remains to be tested, PRDM16 is involved in translocations
in acute myeloid leukemia/MDS. Srsf2P95H/1 cells had reduced

Prdm16 expression, and potentially relevant to the myeloid
bias/monocytosis, Prdm162/2 mice had increased numbers of
macrophages.46 It remains to be demonstrated if changes in
any single transcript or the cumulative burden of many changes
underlie the myeloid bias and ultimately lead to MDS/MPN.
The transcriptome analyses to date, including our own, have
assessed relatively heterogeneous populations (eg, lin2cKit1

eYFP1 or LKS1).14-16 The analysis of highly purified LT-HSC and
distinct progenitor subsets may yield greater insight into the
differentiation stage–specific effects of Srsf2P95H/1, potentially
discerning a greater understanding of how this mutation alters
hemopoiesis.
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Figure 7. Srsf2P95H/1 expression does not substantially sensitize to splicing inhibitors but does enable accumulation of human MDS/MPN-relevant mutations. (A)
Response of Hox-immortalized cells of the indicated genotypes to the spliceosome inhibitors spliceostatin A (left) and pladienolide B (right) with calculated 50% inhibitory
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The phenotypic data indicate a trend toward a reduction in
absolute numbers of HSCs upon Srsf2P95H/1 mutation, consistent
with results from Kon et al.16 In competitive transplantations,
Srsf2P95H/1 HSCs demonstrated a profound myeloid bias and
.95% reduction in LT repopulation. However, and critically, this
was not an absolute finding, because the competitive advantage
of the Srsf2P95H/1-mutant cells can be revealed by transplantation
with age-/microenvironment-matched BM cells (Figure 3F-J).
This later finding is significant, because the severe reduction in
competitive transplantation potential and reduced phenotypic
LT-HSCs were inconsistent with SRSF2 mutations in age-related
clonal hemopoiesis and the positive selection of this mutation in
humans.11-13,47 Although the mechanism behind these phe-
nomena remains unresolved, it is tempting to speculate that BM
microenvironment remodeling or paracrine factors derived from
P95H cells compromise normal hemopoiesis.

With aging, nontransplanted Srsf2P95H/1 animals develop MDS/
MPN, characterized by both monocytosis and dysplastic neu-
trophils in the PB and BM and the loss of B lymphoid/erythroid
populations in the BM. The Srsf2P95H/1 cells acquired additional
mutations in genes and pathways that cooccur in human MPN/
MDS. Despite the development of fully penetrant MDS/MPN,
the Srsf2P95H/1 animals did not progress to acute leukemia. The
loss of p53 in the Srsf2P95H/1 background did not modify
the myeloid bias or MDS/MPN development but increased
the frequency/function of MDS repopulating cells in secondary
transplantation assays.48 The preservation of repopulation upon
p53 deletion was reported in the NUP98-HOXD13 model37,38;
however, unlike that model, we did not observe cooperativity in
leukemic conversion.

The phenotypes we report are distinct from those with prior
Srsf2P95H/1 alleles.15,16,49 In the first reported model, de novo
mutated nontransplanted Srsf2P95H/1 animals did not de-
velop disease by 70 weeks,15 and BM transplantation–induced
stress was required to appreciate some MDS phenotypes. In
transplantation-based models, Srsf2P95H/1 animals did not de-
velopmyeloid bias, and there was no evidence of altered protein
isoform expression in vivo (CD45RB). In a subsequent report
using the same allele, leukopenia and anemia were largely
absent in the Srsf2P95H/1 cohorts,17 suggesting incomplete
penetrance of the phenotype. In contrast to Kim et al,15 we did
not observe expansion of phenotypic primitive progenitor cell
populations, identified as LSK CD1501CD481HPC-2.50 This may
relate to the effects of BM transplantation or use of Mx-Cre/
pIpC, because the reported frequency of HPC-2 populations in
the control animals (Mx-Cre Srsf21/1) was significantly higher
than that in the reference population.50 Using multiple pheno-
typic populations, we found evidence for a reduced frequency of
phenotypic HSCs and impaired progenitor number/frequency.
We reproduced the leukopenia, macrocytosis, and reduced
RBCs reported by Kim et al, when Cre was activated post-
transplantation (Figure 4A-C). However, in our analysis, the
myeloid bias was preserved (supplemental Figure 6A-C). A
second Srsf2P95H/1 allele was recently reported, and Vav-Cre
nontransplanted animals did not develop myeloid bias or
MDS by 90 weeks of age.16 A reduced frequency of phenotypic
and functional HSCs was described.16 Upon transplantation,
erythroid-restricted dysplasia and transcriptional signatures
consistent with human MDS were found. Our analysis supports
the finding of a depletion of HSCs and primitive progenitors

upon Srsf2P95H/1 expression. However, in contrast to Kon et al,16

our data demonstrate that Srsf2P95H/1mutation within the HSCs is
an initiating lesion in MDS/MPN.

We do not have a definitive understanding of why our model
develops myeloid bias and MDS/MPN from native hemopoiesis,
but the prior models do not. Differences in the genomic modi-
fication used to generate the respective alleles are the most
plausible source of variance. Kim et al15 introduced a locus du-
plication but with a different structure/configuration to the allele
we generated. Kon et al16 used a conditionally inverted PM-
bearing exon, and despite heterozygous genomic expression
after Cre exposure, the mutant transcript was not heterozygously
expressed (;31%). Subheterozygous expression of the mutant
transcript was reported in a conditional Sf3b1K700E mutant that
used an exon-inversion approach.45 The failure to achieve het-
erozygous transcript expression is a significant confounding factor
in interpreting the phenotypes of these later models.

The contribution of themisspliced transcripts to the phenotypes in
the P95H mutants remains an outstanding question. Altered
splicing of EZH2, leading to reduced/absent expression, was
proposed to contribute to the phenotypes in mouse and human
P95H/1 cells.15 We did not detect altered Ezh2 splicing in multiple
cell types, yet could demonstrate altered in vivo splicing of
previously defined Srsf2 targets51 and of transcripts identified by
Kon et al.16 Additionally, heterozygous knock-in SRSF2P95H/1 K562
cells had a very subtle change in EZH2 splicing.14 From the
analysis by independent groups, missplicing of Ezh2 does not
contribute to the phenotype of Srsf2P95H/1 cells. We observed a
similar relatively subtle shift in overall splicing, with the majority of
classes of splicing changing by ,0.5%, similar to reports from
K562 cells.14 The modest impact of Srsf2P95H/1 on global splicing
hints at a more complex phenotype than can be solely ascribed to
aberrant RNA splicing. Although not demonstrated in vivo, it was
recently proposed that increased R-loop formation and DNA
damage may contribute to the phenotypes associated with spli-
ceosome mutations.52

The Srsf2P95H model described here recapitulates the core traits
of SRSF2-mutant human diseases, including myeloid bias,
monocytosis, and progression to MDS/MPN with the accumu-
lation of cooccurring mutations. Importantly, this demonstrates
that Srsf2P95H must be expressed within the HSC population to
initiate MDS/MPN.
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Myelodysplastic syndromes (MDS) and related myelodysplastic/myeloproliferative neo-

plasms (MDS/MPNs) are clonal stem cell disorders, primarily affecting patients over

65 years of age. Mapping of the MDS and MDS/MPN genome identified recurrent het-

erozygous mutations in the RNA splicing machinery, with the SF3B1, SRSF2,

and U2AF1 genes being frequently mutated. To better understand how spliceosomal

mutations contribute to MDS pathogenesis in vivo, numerous groups have sought to

establish conditional murine models of SF3B1, SRSF2, and U2AF1 mutations. The high

degree of conservation of hematopoiesis between mice and human and the well-estab-

lished phenotyping and genetic modification approaches make murine models an effec-

tive tool with which to study how a gene mutation contributes to disease pathogenesis.

The murine models of spliceosomal mutations described to date recapitulate human

MDS or MDS/MPN to varying extents. Reasons for the differences in phenotypes

reported between alleles of the same mutation are varied, but the nature of the genetic

modification itself and subsequent analysis methods are important to consider. In this

review, we summarize recently reported murine models of SF3B1, SRSF2, and U2AF1

mutations, with a particular focus on the genetically engineered modifications underly-

ing the models and the experimental approaches applied. © 2018 ISEH – Society for

Hematology and Stem Cells. Published by Elsevier Inc. All rights reserved.

Myelodysplastic syndromes (MDS), myelodysplastic/

myeloproliferative neoplasms (MDS/MPN), and related

disorders are a heterogeneous class of blood cancers

leading to ineffective hematopoiesis in the bone mar-

row (BM) [1,2]. Approximately 30% of MDS patients

progress to acute leukemia. Median survival ranges

from 97 months for low-risk categories down to 11

months for high-risk MDS [2]. The incidence of MDS

in the general population is approximately four to five

per 100,000 people, but this increases with age [1].

Population-based studies in both Australia and the

United States indicate a significant underestimation of

the true burden of MDS, with frequencies estimated at

103 per 100,000 and between 75 and 162 per 100,000,

respectively, over age 65 [3−5]. A feature of MDS and

MDS/MPN is the progressive establishment of clonal

hematopoiesis, in which mutant cells dominate the BM

at the expense of normal hematopoiesis [6]. The mech-

anisms behind this clonal advantage are unknown, but

the identification of clonal hematopoiesis of indetermi-

nate potential (CHIP) suggests that the clonal advan-

tage is acquired progressively over many years

following the establishment of an initiating mutation

[7,8]. In general, MDS patients have limited treatment

options. Current treatment strategies for MDS and

MDS/MPN are mostly heterogeneous and modestly

efficacious and are not associated with durable

responses [9]. The dismal prognosis following hypome-

thylating agent failure highlights the urgent need for

new treatment approaches.

Until recently, there were few described recurrent

mutations or familial syndromes that could provide

insight into the genetics of these cancers that could be

used to develop preclinical models. Now, however, the

Offprint requests to: Dr. Carl Walkley, B.Pharm(Hons)., Ph.D., St

Vincent’s Institute, 9 Princes St, Fitzroy, Victoria 3065, Australia;
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detailed mutational architecture of human MDS,

chronic myelomonocytic leukemia (CMML), and other

related forms of MDS/MPN has been defined. There

are recurrent mutations in key pathways, including the

RNA-splicing machinery (e.g., SF3B1, SRSF2, and

U2AF1) [10−12], transcription factors (e.g., RUNX1,

BCOR, and ETV6), and epigenetic enzymes (e.g.,

DNMT3A, TET2, EZH2, and ASXL1) [6]. Additional

studies have deduced clonal evolution and mutational

order, highlighting distinct patterns [13]. Paralleling

studies of diseased samples, analysis of healthy elderly

populations has demonstrated that mutations associated

with MDS and leukemia accumulate and are positively

selected for in the hematopoietic cells from otherwise

healthy people ≥70 years of age [7,8,14].

The identification of recurrent mutations in the

RNA-splicing machinery was a breakthrough in under-

standing the genetics of MDS and related disorders

[10−12]. RNA splicing is a highly coordinated and

essential process carried out by major and minor

spliceosomes to remove noncoding regions (introns) of

the pre-mRNA before protein translation [15,16]. The

major spliceosome consists of five small nuclear ribo-

nucleoprotein complexes (snRNPs), U1, U2, U4, U5,

and U6. The minor spliceosome includes the U5

snRNPs and other functional snRNPs mirroring the

major spliceosome. Mechanistically, RNA splicing

occurs with the initial recognition of the 50 and 30
splice sites by the U1 and U2 complexes, respectively,

followed by the excision of the intron and exon liga-

tion by U4, U5, and U6 complexes. Trans-acting splic-

ing factors, such as serine-arginine-rich proteins and

heterogeneous nuclear RNPs, bind to the regulatory

elements located in the exons and introns to enhance

or repress the splicing activity and contribute to alter-

native splicing (Figure 1). The regulatory elements

include exonic splicing enhancers and silencers and

intronic splicing enhancers and silencers [16].

In MDS, >80% of patients have a mutation in a

spliceosome gene [10−12]. In phenotypically overlap-

ping syndromes of MDS/MPN such as CMML, spliceo-

some mutations are also common [10−12,17].

Mutations occur most frequently in SF3B1 and SRSF2,

with a lower prevalence in other spliceosomal genes,

including U2AF1, ZRSR2, and U2AF2 [17,18]. Spliceo-

somal mutations are thought to arise early in the course

of disease, including as founder/initiating events [6].

However, how mutations in the spliceosome alter nor-

mal hematopoiesis and contribute to disease pathogene-

sis remains unclear. A key experimental system to

understand the impact of the spliceosome mutations in

regulating both normal and malignant hematopoiesis is

the generation of high-fidelity murine models. There is

a very high conservation of the human and mouse core

spliceosome proteins, including those mutated in MDS

and CMML. For example, human SRSF2 and murine

Srsf2 proteins are 100% sequence conserved.

The generation of conventional null alleles of RNA-

splicing genes in the mouse has been useful in identify-

ing key RNA substrates with splicing that is perturbed

in their absence and in beginning to understand their

normal physiological function [19−22]. Retroviral

overexpression has been used to assess how the muta-

tions present in patients may contribute to MDS devel-

opment [10,22]. A caveat with both the loss-of-

function alleles and retroviral overexpression of mutant

cDNAs is that they fail to recapitulate the mutations as

they occur in humans: heterozygous point mutations

Figure 1. Schematic outline of RNA splicing and the role of those proteins mutated in MDS. Within the intron of the pre-mRNA, the U2 snRNP

complex containing SF3B1 binds the branch-point site adenosine, U2AF2 binds to the polypyrimidine tract sequence, and U2AF1 binds the

30 splice site; SRSF2 binds to the exonic splice enhancer sequence within the exonic sequence. Cis- and trans-acting factors can both positively

or negative regulate splicing. Proteins in which murine models have been generated are shown in bold font.
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expressed from their endogenous locus, not alleles

resulting in protein deficiency. The recurrent finding

that the spliceosome mutations are heterozygous indi-

cates that retention of a wild-type (WT) copy is neces-

sary for cells to survive, an interpretation supported by

both genetic and pharmacologic evidence [23−26], and

additionally that gene dosage and protein complex stoi-

chiometry may be important in the pathogenicity of the

mutations [27].

Over the last 3 years, murine models recapitulating

point mutations identified in patients with MDS and

CMML have been described for Sf3b1 [28,29], Srsf2

[30−32], and U2af1 [33,34]. The initial U2af1 muta-

tion model reported was an inducible cDNA expressed

from a heterologous locus, but will be discussed along-

side the true knock-in alleles [33]. The phenotypes

observed in these “humanized” models have ranged

from very mild through to the development of MDS/

MPN. The reasons for these variable phenotypes have

been not been systematically outlined, but the targeting

strategy itself and the analysis methods may contribute

significantly to the understanding of these models.

Here, we discuss in detail the murine models of these

mutations developed to date, their phenotypes and how

they compare to the phenotypes of humans with these

mutations.

Murine models of RNA spliceosome mutations

U2AF1 (previously known as U2AF35)

U2 small nuclear RNA auxiliary factor 1 (U2AF1)

binds to the AG nucleotides and polypyrimidine tract

located near the 30 splice site in the intronic sequence

(Figure 1). It then recruits U2AF2 and the U2 major

spliceosome complex to facilitate 30 splicing site recog-

nition [15,35]. U2AF1 mutations have been identified

in lung, breast, colon, and various epithelial carcino-

mas [36]. In MDS, approximately 11% of patients have

a U2AF1 mutation, predominantly at serine 34 (S34F/

S34Y) and glutamine 157 (Q157R/Q157R) [10,37].

One transgenic and two knock-in models have been

developed to date.

U2AF1S34F transgenic model (Shirai et al. [33]). -

Shirai et al. [33] reported the generation of a trans-

genic model of U2AF1 mutation. In this case, unlike

the others that will be discussed, an inducible (tetO)

human U2AF1S34F or control U2AF1WT cDNA were

targeted to the Collagen1a1 (Col1a1) locus of Rosa26-

M2rtTA ES cells [38]. Expression of the WT or S34F

cDNAs was not regulated in the manner of the endoge-

nous U2af1 locus. To activate the expression of the

U2AF1S34F or U2AF1WT cDNAs, animals were admin-

istered doxycycline, enabling dose-dependent induction

of expression of the human U2AF1 cDNAs in the

presence of two endogenous wild-type gene copies

derived from the mouse (Figure 2).

No analysis was reported of the effects of U2AF1S34F

on native hematopoiesis (i.e., in animals treated with doxy-

cycline in the absence of prior bone marrow transplanta-

tion). The only data presented were from irradiated

transplantation recipients reconstituted with whole BM of

U2AF1S34F M2rtTA or U2AF1WT M2rtTA donors. Once

reconstitution was established, the recipient animals were

administered doxycycline [33]. A similar approach was

chosen in a second report of this model [26]. The use of

BM transplantation prior to gene induction restricts expres-

sion of the mutation to the reconstituted hematopoietic

cells, of particular importance when using an inducer

expressed from the widely expressed Rosa26 locus or

others such as Mx1 that are active in non-hematopoietic

cell populations [39−41]. A caveat of analysis in the post-

transplantation setting is that BM transplantation is known

to induce hematopoietic stress, permanently modifying the

BM microenvironment [42], and to alter the clonal dynam-

ics of hematopoietic stem cells (HSCs) [43].

Using this experimental approach, the authors showed

that the doxycycline-treated U2AF1S34F M2rtTA recipi-

ents developed a stable peripheral blood leukopenia

without changes in red blood cell or platelet numbers

for up to 12 months. The leukopenia was the result of

reduced B cells and monocytes and was dependent on

the continued expression of the mutant U2AF1. Within

the BM, there was evidence of increased cell death,

reduced B cells and monocytes, and increased neutro-

phils. There was an increase in the percentages of com-

mon myeloid progenitors and a subtle increase in the

percentage of linage−/c-Kit+/Sca-1+ (LKS) cells. In

competitive transplantations, U2AF1S34F cells were seri-

ally transplantable through to tertiary recipients, albeit

with a reduced chimerism. With extended aging (up to

500 days after BM transplantation), the U2AF1S34F-

expressing mice were not reported to develop dysplasia,

MDS, or acute myeloid leukemia (AML).

U2af1S34F knock-in models. Fei et al. [34] reported

the generation of two conditional knock-in models of

U2af1S34F mutation targeted to the endogenous locus.

The S34F mutation is encoded by exon 2 of the murine

U2af1 allele. Both models required Cre protein to

induce expression of the mutant allele. Two different

knock-in approaches were described, one using an

inverted exon 2 (referred to in that study as IES34F)

and the second using a minigene (referred to as

MGS34F), which resulted in significant differences in

the expression of the mutant allele (Figure 2). Both

were tested as heterozygous alleles, one of which

encoded endogenous wild-type U2af1 and the second

the mutant allele.
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U2af1S34F “inverted exon” model (Fei et al. [34]). Tag-

gedPFor the inverted exon 2 model, a lox2272-flanked

inverted S34F encoding exon 2 was placed in intron

2−3 and a conventional LoxP element was placed 50 of
the endogenous exon 2. Cre-induced recombination of

the different LoxP sequences enabled removal of the

endogenous exon 2 and replacement by an in-frame exon

2 encoding the S34F mutation. Analysis of mutant allele

expression after Cre recombination in mouse embryonic

fibroblasts demonstrated that the mutant mRNA was

expressed at »30% despite being genomically heterozy-

gous. It is not clear why the IES34F allele failed to

express the transcript heterozygously, although the authors

suggested that it related to the efficiency of recombination

of the locus. This allele was not further characterized [34].

U2af1S34F “minigene” model (Fei et al. [34]). The

minigene model was examined in more detail [34]. In

this model, a LoxP-flanked cDNA sequence encoding

exons 2−8 followed by a transcriptional stop sequence

was placed in the first intron. The S34F mutation was

inserted in the endogenous exon 2. In the absence of

Cre, the U2af1 transcript from the targeted allele

should be encoded by the endogenous exon 1 together

with the cDNA encoding exons 2−8, with the stop cas-

sette preventing read-through and expression from the

S34F-encoding allele. This model was tested in the set-

ting of native hematopoiesis using the broadly

expressed Mx1-Cre and polyI:polyC (pI:pC) induction.

The analysis of recombination following pI:pC admin-

istration indicated that the minigene, unlike the

inverted exon model, was efficiently recombined and

truly heterozygous both genomically and transcription-

ally. Analysis of the U2af1S34F/+ animals after pI:pC

demonstrated a mild persistent macrocytic anemia and

a twofold reduction in leukocytes, particularly B cells,

in the peripheral blood. Within the BM, total cellular-

ity was preserved, but there were reductions in the per-

centages of LKS+ and LKS+CD48−CD150+ phenotypic

HSCs. Lineage distribution of more committed popula-

tions within the BM was not described. Morphological

analysis of the BM revealed that less than 1% of cells

displayed dysplastic features and no dysplastic cells

were reported in the peripheral blood. No MDS or

Figure 2. Simplified schematic outline of the currently described spliceosome mutant mouse models. LoxP elements are indicated as grey or

green triangles indicating different types of loxP elements. Expressed exons are shown in blue, exons not expressed until after locus recombina-

tion are shown in teal, and mutation-bearing exons are shown in orange before recombination (silent) and in red when recombined and

expressed.
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AML was observed in aged U2af1S34F/+ mice. The phe-

notypes described for native hematopoiesis were pre-

served, albeit exacerbated, by BM transplantation

where expression of U2af1S34F/+ was activated after

transplantation, demonstrating a cell-autonomous effect

of the mutant allele on hematopoiesis. Interestingly,

and consistent across the splicing mutation models

reported to date, there was a significantly reduced repo-

pulating potential of U2af1(S34F)-expressing cells

when BM cells from donors previously treated with pI:

pC competed against WT BM cells.

SF3B1. Splicing factor 3b subunit 1 (SF3B1) is part of

the SF3b protein complex that recognizes the branch point

adenosine (A) base within the intron and facilitates the

binding of U2 snRNP on pre-mRNA (Figure 1). SF3B1

mutations have been identified in MDS, chronic lympho-

cytic leukemia and uveal melanoma. Mutations cluster

between exons 14 and 16, with K700E being the most fre-

quent mutation [10,11]. In MDS, SF3B1 mutations occur

in >80% of refractory anemia with ring sideroblasts, an

MDS subtype with a favorable outcome [11,44]. Two

independently generated Sf3b1 conditional knock-in mod-

els have been reported and both have utilized the Mx1-Cre

system to induce the expression of the mutant allele.

Sf3b1K700E knock-in models

Sf3b1K700E “inverted exon” model (Obeng et al. [28]). Tag-

gedPA conditional Sf3b1K700E model was reported by Obeng et

al. [28] and was generated using an inverted exon strategy

(Figure 2). In this model, an exon 15 with the A>G sub-

stitution and a WT exon 16 were introduced in an inverted

orientation within introns 16−17. Upon Cre induction, the

inverted exons were recombined in the correct orientation

in place of the endogenous WT exons through the use of

different loxP sequences and, in theory, should be physio-

logically expressed from the endogenous locus. Although

the Sf3b1K700E allele was successfully inverted after Cre

induction (with pI:pC treatment), it did not achieve hetero-

zygous expression when the RNA levels were assessed.

The authors presented results of RNA sequencing (RNA-

Seq) of lin−cKit+ cells from the BM of three Sf3b1K700E/+

animals, where the mutant allele frequency was between

27% and 32% (see Figure S1A in Obeng et al. [28] and

(see Supp Figure 1E-F in ref [23])). A similar level of

subheterozygous mutant transcript expression was detected

in a second recent report using this allele [24] and the

phenotypes reported for these animals need to be consid-

ered with this caveat.

Monitoring of native hematopoiesis over 64 weeks of pI:

pC-treated cohorts showed a progressive macrocytic anemia

with decreased red blood cell counts from 20 weeks after

activation of the K700E mutation. Corresponding with ane-

mia, there was an increased level of plasma erythropoietin

in Sf3b1K700E/+ mice. This anemic phenotype was shown to

be cell intrinsic through use of noncompetitive BM trans-

plantation assays. There was no change in white blood cell

or platelet counts. None of the Sf3b1K700E/+ mice was

reported to develop MDS during the period of monitoring.

At 64 weeks after pI:pC, analysis of the BM showed no

change in cellularity, whereas there was a significant

increase in the number of long-term HSCs

(LKS+CD150+CD48−) and a decrease in the granulo-mono-

cytic progenitors (GMPs). In the spleen, there was an accu-

mulation of erythroblast populations (Ter119+CD71high) and

a decrease in the more mature erythroid population

(Ter119+CD71low), indicating a terminal erythroid matura-

tion defect. Interestingly, this effect was only reproduced in

vivo in young mice (11 weeks after pI:pC) under stress

(drug-induced hemolysis) or in vitro when BM progenitor

cells (24 weeks after pI:pC) were treated with cytokines to

induce erythroid differentiation. Morphological examination

of the spleen showed an increased number of erythroid pre-

cursors and erythroid dysplasia. However, ring sideroblasts

or elevated levels of iron deposition were not observed.

There was a severe impairment (<20%) in the competitive

repopulation capacity of Sf3b1K700E/+ cells (similar to Mupo

et al. [29]), even though >95% chimerism was achieved in

noncompetitive transplantation experiments.

Sf3b1K700E “minigene” model (Mupo et al. [29]). Tag-

gedPMupo et al. [29] generated a conditionally activatable

Sf3b1K700E/+ allele using a mini-gene approach (Figure 2).

They engineered a loxP-flanked construct containing a

splice acceptor site (from an Engrail-2 splice acceptor

sequence), exons 12−15, intron 15, exons 15−19 (exons

12−19 were codon optimized sequence), intron 19, and the

naturally occurring sequences for exons 20−25 including

the 30-untranslated region (UTR), followed by a SV40 pol-

yadenylation signal (SV40 pA). This mini-gene was

inserted between exons 11 and 12 of Sf3b1 and the endog-

enous exon 15 downstream of the mini-gene was replaced

with a mutated, synthetic exon 15 harboring an A>G muta-

tion encoding K700E. Upon expression of Cre protein from

Mx1-Cre induced by administration of pI:pC, the mine-

gene was deleted, allowing the expression of the Sf3b1

allele containing the mutated exon 15 (Sf3b1K700E/+).

The allele was assessed in a heterozygous setting

with one mutant allele and one WT allele, mirroring

the patient setting. RNA-Seq analysis confirmed the

50% expression level of the mutated allele in whole

BM and lineage-negative (lin−) cells from Sf3b1K700E/+

mice. Four weeks pI:pC treatment native hematopoiesis

was assessed and a decrease in the percentage of phe-

notypic HSCs (LKS+CD34−Flk2−) was observed, but

no change in the percentage of lymphoid-primed multi-

potent progenitors (L-MPPs), common myeloid progen-

itors (CMPs), GMPs, or myeloid-erythroid progenitors

(MEPs). BM analysis indicated a mild myeloid bias

14 J.J. Xu et al. / Experimental Hematology 2019;70:10−23

Appendix A. Publications associated with this thesis 301



(Gr-1+Mac-1+) and impaired terminal erythroid differ-

entiation (Ter119+CD71lowFSClow). There was no over-

all survival difference between Sf3b1K700E/+ mice and

WT littermates followed longitudinally for up to 83

weeks. Peripheral blood analysis revealed a progressive

normocytic anemia with no change in white blood cell

or platelet counts. None of the Sf3b1K700E/+ mice was

reported to develop MDS during monitoring. Morpho-

logical analysis of the BM did not find evidence of

either dysplasia or ringed sideroblasts (a feature of

human SF3B1 mutant MDS), despite increased iron

deposits in BM macrophages. Peripheral blood mor-

phology was not reported. Competitive BM transplanta-

tion was performed using both young (2 months) and

old (12 months) recipients to determine the potential

influence of aging recipients on donor cell engraftment.

In both groups, Sf3b1K700E/+ cells showed poor chime-

rism, indicating impaired engraftment/repopulating

potential. There was no difference between the young

and old recipient groups with neither developing overt

symptoms of MDS.

SRSF2. Serine-arginine rich factor 2 (SRSF2) binds to

exonic splicing enhancers within the exonic sequence

located near the 30 splice site and mediates exon inclu-

sion and exclusion (Figure 1). Unlike U2AF1 or

SF3B1, SRSF2 mutations occur near exclusively in

myeloid malignancies and at or encompassing proline

95 (P95), with the most frequent mutation reported a

proline to histidine substitution (P95H) [10,12,17].

SRSF2 mutations occur in approximately 12−15% of

MDS [9] and 28−52% of CMML [45−47] cases. Muta-

tions are associated with poor outcomes, a shortened

time to leukemic conversion, and a myelo-monocytic

bias [48−50]. Three independently generated models of

Srsf2P95H have now been reported and these will be

discussed in greater detail than those of U2af1 and

Sf3b1 given our own work on this gene.

Srsf2P95H knock-in models

Srsf2P95H “gene duplication” model (Kim et al. [31]).

Kim et al. [31] reported the first Srsf2P95H conditional

knock-in model. The allele described approximated a

gene duplication strategy (Figure 2). The targeting con-

struct inserted a loxP site 87 base pairs (bp) upstream

of the 50-UTR sequence of the endogenous exon 1. The

sequence containing exon 3 (30-UTR) and an intro-

duced SV40 polyadenylation sequence (SV40pA) were

placed immediately after the endogenous exon 2 to

generate an Srsf2 allele that would express a WT pro-

tein. The second loxP was placed after the SV40pA.

Downstream of the second loxP, the sequence of exon

1 containing the Srsf2P95H mutation (CG>AC) and

the sequence for exon 2 were introduced into introns

2−3 (Figure 3). Very little data were presented

describing the phenotypic effects of this Srsf2P95H/+

model on native hematopoiesis (i.e., not from trans-

plantation recipients). The authors stated that none of

the Srsf2P95H/+ mice developed AML up to 70 weeks

of monitoring, although it is not certain if this refers to

de novo-mutated animals or transplantation recipients.

The authors principally reported analysis from noncom-

petitive BM transplantation assays for the remaining stud-

ies. Subsequent studies with this Srsf2 allele from the

same authors have also used this approach [23,24]. At 18

weeks after pI:pC, the Srsf2P95H/+ recipients developed

macrocytic anemia and leukopenia due to decreased B-cell

numbers, whereas the platelet numbers remained normal.

There was evidence of myeloid (hypolobated and hypogra-

nulated neutrophils) and erythroid dysplasia in the periph-

eral blood/BM, but the estimated percentage of affected

cells was not reported. Within the BM of the recipients,

Kim et al. [31] reported that a major effect of the

Srsf2P95H/+ mutation was an expansion of the HPC-2 phe-

notype (LKS+CD150+CD48+) within the hematopoietic

stem and progenitor population. The frequencies of the

HPC-2 population as reported by Kim et al. [31] in the

control Mx1-Cre Srsf2+/+ animals was 0.0231%, signifi-

cantly higher than that reported in the index reference for

this population of 0.0032 § 0.0014% in WT mice [51].

The frequency of this population may have been affected

by both the BM transplantation model and pI:pC use.

However, the »10-fold difference in reported frequency

was not reconciled and the representative flow cytometry

gating strategy presented by Kim et al. [31] is significantly

different from the gating strategy in the original report of

this population [51]. The authors reported an increased fre-

quency of cells in S-phase and early apoptosis within the

BM. In a subsequent report from the same authors using

this Srsf2P95H/+ allele and the Mx1-Cre model, the leukope-

nia and macrocytic anemia were largely absent (see Supp

Fig 1E-F [23]). The inconsistency of the phenotype

reported across the studies has not been addressed, but

potentially indicates that the phenotype is not fully pene-

trant. Through analysis of RNA-Seq from both human

patients and murine samples, the authors identified a group

of mis-spliced candidate genes, with EZH2 proposed as a

key mis-spliced gene. SRSF2P95H was proposed to lead to

the inclusion of a premature stop codon in EZH2, resulting

in a putative loss-of-function allele. This analysis posited a

model that a single or small number of key mis-spliced

genes may account for the phenotypes in the SRSF2P95H

mutant cells.

Srsf2P95H “inverted exon” model (Kon et al. [32]). Tag-

gedPKon et al. [32] reported an Srsf2P95H conditional

knock-in model developed using an inverted exon strat-

egy (termed FLEx switch inversion technique;

Figure 2). For the targeted allele, the 50-UTR and exon
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1 were separated. Exon 1 was flanked by loxP/VloxP

sites at the 50 end and VloxP/lox2272 30 to exon 1. An

inverted exon 1 containing the P95H mutation was

inserted downstream of the VloxP/lox2272 in intro 1,

followed by second set of loxP/lox2272 sites. After

Cre activation, the inverted exon containing P95H

“flips” into the correct orientation and the endogenous

exon 1 is excised at the same time (Figure 3). RNA-

Seq showed no expression from the modified allele in

Cre-negative heterozygous animals, indicating that the

floxed allele was likely null when not recombined.

This was consistent with the failure to obtain animals

that had the non-recombined P95H allele homozygosed

even in a Cre-negative background [32]. Why this is

the case is unclear at present. The targeting strategy

itself may be the most significant contributor in this

particular instance. The separation of the 50-UTR from

the first coding exon, in effect exonization of the UTR,

and the numerous modifications around the coding

exon and the sequence insertion within the first intron

may have had a significant effect on endogenous gene

regulation.

The Srsf2P95H conditional knock-in mice were

crossed to Vav1-Cre mice to assess the effects of the

heterozygous knock-in allele on hematopoiesis. Unlike

the other described models, Vav1-Cre is a constitutive

Cre and is active in the hematopoietic cells without the

addition of an inducer such as pI:pC/IFNa (Mx1-Cre)

or tamoxifen (CreER models). At approximately 15

weeks of age, the Srsf2P95H/+ mice developed macro-

cytic anemia, which remained stable. After observation

up to 90 weeks of age, none of the Srsf2P95H/+ mice

developed MDS or leukemia. A caveat with this model,

as was described for the previous models describing

inverted exon-based targeting methods, was that the

mutant allele was expressed at 27−35% (mean 31%)

based on RNA-Seq analysis of the Vav1-Cre Srsf2P95H

mice.

Upon analysis of the BM under native conditions, there

was a reduction in the number of long-term repopulating

Figure 3. Detailed genomic architecture of the Srsf2(P95H) knock-in mutant models. (A) The endogenous Srsf2 locus. Figure to scale provided.

(B) The Srsf2 allele described by Smeets el al. [30]. This allele is drawn to scale with the spacing of the inserted sequences as shown. (C) An

approximation of the allele generaterd by Kim et al. [31] based on the description in the text. The 50-loxP is 87 bp upstream of exon 1. The

spacing and position of the remaining sequences is approximate. (D) An approximation of the allele generated by Kon et al. [32] using an

inverted exon approach. The spacing and positions of the inserted sequences are approximations based on the description of the targeted allele.

For (C) and (D), the modified locus depiction is approximate and based on the descriptions available in the studies reporting these alleles.
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HSCs (LT-HSCs; LKS+CD150+CD48−), MPP (LKS+

CD150−CD48−) and HPC-1 (LKS+CD150−CD48+) popu-

lations, which are associated with increased cell cycling.

There was no change in the cellularity or lineage distribu-

tion of BM and spleen, with the exception of a mild B-

cell differentiation defect in the BM. There was no evi-

dence of dysplasia reported in the BM under native set-

tings. The authors then performed noncompetitive and

competitive BM transplantation assays of the Srsf2P95H/+

cells. There was engraftment in the noncompetitive trans-

plantation setting, but the recipients of competitive BM

transplantations had a significant reduction in chimerism

when either whole BM or HSCs (LKS+CD34−) was used

as the donor population. The impaired competitive trans-

plantation potential is a common feature of all of the con-

ditional splicing mutants to date. Extensive work

demonstrated an engraftment defect of the Srsf2P95H/+

HSCs. The Srsf2P95H/+ recipients developed macrocytic

anemia and leukopenia. In the BM, there was a significant

reduction in LT-HSCs and most of the progenitor popula-

tions (MPPs, HPC-1, CMPs, CLPs). In addition,

Srsf2P95H/+ recipients had a significantly higher proportion

of cycling and apoptotic HSCs than controls. The lineage

distribution was skewed toward myeloid at the expense of

B-cell differentiation and dysplastic erythroid cells and

dys-megakaryopoiesis were evident in the BM.

Analysis of RNA splicing using multiple purified

hematopoietic populations from both native hematopoi-

esis and cells isolated from transplantation recipients

was described. From these analyses, the authors could

identify mis-splicing of a number of genes that had

been identified in human SRSF2 mutant patient sam-

ples, including Csf3r, Gnas, Hnrnpa2b1, and several

novel differentially spliced genes such as Atrx and

Mllt10, both of which are implicated in hematological

malignancies. Despite using numerous approaches, the

authors could not find evidence to support Ezh2 as a

differentially spliced candidate in the mouse. It was

proposed that this may be due to species differences,

with human EZH2 having two CCNG motifs, whereas

the mouse has a single CCNG motif [32].

Srsf2P95H “gene duplication” model (Smeets et al.

[30]). Recently, we reported a third conditional

Srsf2P95H knock-in model [30] using a gene duplica-

tion method (Figure 2). The endogenous Srsf2 locus

including Mfsd11 exon 1 and an introduced human

growth hormone polyadenylation signal (hGHpA) was

flanked by LoxP sites. The hGHpA was inserted down-

stream of the endogenous Srsf2 30-UTR to prevent/

reduce transcriptional read-through into the mutant

allele in the absence of Cre. A duplication of the entire

Srsf2 locus and Mfsd11 exon 1 was inserted down-

stream of the 30-loxP sequence. The proline 95 (CCG)

to histidine (CAT) mutation was introduced at the

duplicated Srsf2 exon 1 (Figure 3). Upon Cre-mediated

excision, the endogenous Srsf2 locus was deleted and

the duplicated locus containing the P95H mutation was

retained. RNA-Seq confirmed the heterozygous expres-

sion at both the genomic and transcriptional level.

Analysis of Cre-negative animals and animals not

treated with tamoxifen (the CreER inducer used in

these studies) demonstrated a low level of transcrip-

tional read-through in the absence of activation of the

P95H bearing allele. Long-term monitoring of Cre−

and non-tamoxifen-treated/recombined Cre+ animals

demonstrated that this “leaky” expression was not path-

ogenic.

Multiple Cre lines were applied to understand the cell

population in which P95H was required to be able to

affect normal hematopoiesis: whole body/broadly

expressed (R26-CreERT2 [52]), more specific to the

HSC and primitive progenitor populations (hSclCreERT

Tg/+ [53]), and a myeloid progenitor-targeted constitutive

Cre line (LysM-CreKi/+ [54]). We analyzed the effect of

Srsf2P95H/+ on native hematopoiesis at 20 weeks after

activation of the P95H mutation. In all cases, Cre+ WT

animals were used as controls and, for CreER models,

these were tamoxifen-treated CreER+ Srsf2 WT litter-

mate controls. At 20 weeks after Srsf2P95H/+ activation,

Srsf2P95H/+ mice developed macrocytic anemia and

increased myeloid cells in the peripheral blood. The

myeloid bias was more evident in the BM and was

accompanied by compromised B lymphopoiesis. There

was a reduction in erythropoiesis in the BM accompa-

nied by increased splenic erythropoiesis. Within the phe-

notypic stem and progenitor populations, there was a

reduction or trend to reduction in the number of stem

cell populations using two different phenotypic methods

(LKS+CD34/Flt3 [55−57] or LKS+CD105/CD150

[58,59]), whereas the more mature myeloid progenitor

populations remained largely unchanged. The level of

CD45RB, a previously characterized splicing target of

Srsf2 [21], was reduced in Srsf2P95H/+ splenocytes, indi-

cating that altered RNA splicing was reflected in the

proteome. A similar phenotype was seen in both R26-

CreERT2 and hSclCreERT Tg/+ models, but not in the

LysM-CreKi/+ model, indicating that the Srsf2P95H/+

mutation needed to arise within the primitive popula-

tions (including HSCs) to modify native hematopoiesis.

RNA-Seq analysis of lin−cKit+eYFP+ cells (where

enhanced yellow fluorescent protein [eYFP] marked

cells and their daughters/progeny in which Cre was acti-

vated) isolated 20 weeks after activation of P95H dem-

onstrated that the Srsf2P95H/+ mutation induced gene

expression changes consistent with myeloid bias, loss of

lymphoid potential, and transcriptional signatures found

in MDS. We identified similarly mis-spliced transcripts

as Kon et al. [32] and also could not define mis-splicing

of Ezh2 in the murine setting.
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In agreement with the previous knock-in models of

spliceosome mutations, the Srsf2P95H/+ cells exhibited a

poor competitive engraftment potential. This appears to

be a universal feature of the models described to date,

with the work of Kon et al.[32] best characterizing this

phenotype and demonstrating an engraftment defect in

the mutant cells. This experimental result is confounding

because SRSF2 mutations are subjected to positive

selection and are implicated in age-related clonal hema-

topoiesis [7,8,14]. However, we observed that

the poor engraftment could be modified by altering

the nature of the BM competitor used. Using the

hSclCreERT Tg/+ model, we found that Srsf2P95H/+ cells

could competitively engraft recipient animals and

expand when transplanted with the age-/microenviron-

ment-matched competitor cells (i.e., cells taken from the

same BM but in which Cre was not activated based on

R26-eYFP reporter marking of the cells).

Upon aging, nontransplanted Srsf2P95H/+ mice devel-

oped fatal MDS by »12 months after activating the

P95H mutation in both the R26-CreERT2 and

hSclCreERT Tg/+ model. The disease in both models

was highly comparable. When moribund, the mice pre-

sented with macrocytic anemia, myeloid bias (granulo-

cytosis and monocytosis), and morphological dysplasia

of myeloid and erythroid lineages in both the peripheral

blood (>10−50% of cells) and BM, all characteristics

of MDS/MPN. Analysis of a small cohort by exome

capture demonstrated that there was a subclonal accu-

mulation of mutations associated with human SRSF2

mutant disease, including Dnmt3a, Tet2, Phf6, and Ras

members, in the BM of the moribund animals [30,60].

Noncompetitive transplantation of the moribund BM

recapitulated the MDS/MPN, but there was no evidence

of progression to acute leukemia even with long-term

monitoring of secondary recipients or with concurrent

p53 deletion. Of the currently described Srsf2 point

mutant models, this is the only model to develop mono-

cytosis and MDS/MPN in the setting of native hemato-

poiesis.

Discussion

Our understanding of the effects of spliceosome muta-

tions comes from the detailed analysis of the muta-

tional architecture of MDS, MDS/MPN, and related

disorders in humans. In these settings, the mutation

generally arises together with other mutations that

combinatorially contribute to the disease manifestations

and phenotypes [60]. In most cases, RNA-splicing

mutations are not the sole causes of maliganancies

because other driver mutations are present and familial

monogenic examples of RNA splicing mutations have

not been described. However, isolated mutations in

RNA splicing components can sometimes cause disease

directly, such as in »20% of SF3B1-mutant MDS in

which other driver mutations were not reported [17]. In

the setting of CHIP, mutations in SRSF2 and SF3B1

have been identified with a range of variant allele bur-

den, including VAFs of >10% [7,8,61]. These observa-

tions would suggest that, when present as the only

driver mutation, spliceosomal mutations can confer

advantages to the host cells. The development of

murine models of human spliceosome mutations, both

conventional knock-out models and humanized mutant

models, has improved our understanding of how these

mutations perturb normal hematopoiesis and ultimately

promote malignancy. The establishment of tractable,

autochthonous preclinical models has proven more

challenging. The fidelity of the “humanized” murine

models must be considered against the phenotypes

associated with the same spliceosomal mutations in

humans.

The independently generated “humanized” spliceoso-

mal mutant mice described to date encompass a spec-

trum of phenotypes from very mild to overt MDS/MPN

in the setting of native hematopoiesis (summarized in

Table 1). The majority of models have also reported

analysis of BM transplantation recipients. This is a

useful strategy to limit the expression of the mutation

to the transplantable hematopoietic cells, but is also a

source of significant cellular stress. MDS, MDS/MPN,

and related cancers arise in the absence of this extreme

stress in the vast majority of humans. BM transplanta-

tion changes HSC clonal dynamics and contribution

compared with native hematopoiesis and permanently

damages and remodels the BM microenvironment itself

[42,43,62−65]. The use of transplantation models also

limits the capacity to understand the interplay of the

mutant cells and a normal immune system, now appre-

ciated to be an important aspect in cancer evolution

and escape [66].

The models described demonstrate that the targeting

strategy itself can have profound impacts on the utility

of the model that is generated. The three models that

have utilized an inverted exon approach have all

observed »30% variant allele frequency at the RNA

level after locus recombination, demonstrating that,

despite genomic heterozygosity, the expression from

these modified alleles is not heterozygous. This caveat

requires acknowledgement when these models are

reflected against the human phenotypes associated with

these mutations. The reasons that these alleles do not

express heterozygously are not clear, but the results are

consistent across three independent models and loci,

indicating that this effect is most likely resultant of the

targeting strategy itself. The inverted exon model has

been successful in establishing murine models harbor-

ing the Jak2(V617F) mutation, in which the mice

develop a myeloprofilerative neoplasm resembling

polycythemia vera, as occurs in humans with this

18 J.J. Xu et al. / Experimental Hematology 2019;70:10−23
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Table 1. Summary of the phenotypes of the “humanized” spliceosomal mutant mice described

Native hematopoiesis Non-competitive transplantation

Gene Model rtTA/Cre VAF

Peripheral

Blood/Spleen

BM Dysplasia/Disease Peripheral

Blood/Spleen

BM Dysplasia/Disease Competitive Transplantation

U2af1 Tet-On (Shirai et al.

[33])

R26-M2rtTA NAa Not described Leukopenia; #B cells;

#monocytes

"CMP%;b "LKS+% No dysplasia, MDS, or

AML up to 500 days

post Tx

N/A

Inversion (Fei et al.

[34])

UBC-CreERT2 »30% MEFs only: not further characterized

Mini-gene (Fei et al.

[34])

Mx1-Cre »50% Macrocytic anemia; leu-

kopenia; #B cells

#%LKS+; #%LTHSCs <1% in BM; 0% in PB;

no MDS or AML

Similar to native hematopoiesis ##Engraftment

Sf3b1 Inversion (Obeng

et al. [28])

Mx1-Cre »30% Macrocytic anemia;

#RBCs; "plasma EPO;

"erythroblasts in

spleen

"LTHSCs; #GMPs Erythroid dysplasia in

spleen; no ring sidero-

blasts; no MDS (64

weeks post pI:pC)

Similar to native hematopoiesis ##Engraftment

Mini-gene (Mupo

et al. [29])

Mx1-Cre »50% Normocytic anemia #HSC%; "granulocytes;
#mature erythrocytes

No dysplasia/ring

sideroblasts; no MDS

(83 weeks post pI:pC)

N/A ##Engraftment

Srsf2 Duplication (Kim

et al. [31])

Mx1-Cre »50% Not described Macrocytic anemia;

leukopenia; #B cells

"LKS; "LKS in S

phase; "HPC2; #B
cells

Neutrophil and ery-

throid dysplasia in

PB; no AML (70

weeks)

##Engraftment; "LKS;
"HPC-2

Inversion (Kon et al.

[32])

Vav1-Cre »31% Macrocytic anemia #LTHSCs; #MPPs;

#HPC-1

No dysplasia; no MDS

or AML (90 weeks)

Macrocytic anemia;

leukopenia;

"granulocytes; #B
cells

#LTHSCs; #MPPs;

#HPC1; #CMPs;

#CLPs

Dysplastic erythroid

and "megakaryocytes

in BM; no MDS or

AML

##Engraftment; defect in

homing

Duplication (Smeets

et al. [30])

R26-CreERT2;

hScl-CreERT

Tg/+; LysM-

Cre

»50% Macrocytic anemia;

"granulocytes;
"monocytes

#LTHSCs;

"%granulocytes; #B
cells; #erythroid cells

MDS/MPN by »12

months; no AML; "
and dysplastic myeloid

cells (10−50% PB);

monocytosis in PB/

transplantable to sec-

ondary recipients

Macrocytic anemia;

leukopenia;

"%granulocytes and

monocytes; #B
cells; "% monocytes

in spleen

"%granulocytes;

"%monocytes

No AML ##Engraftment in R26-

CreERT2 model; myeloid

bias; engraftment and "
mutant cells in

hSclCreERT Tg/+ model

aThe allele frequency is doxycycline dose dependent.
bThe immunophenotypic population listed in this table is defined as following: LKS+, linage−/c-Kit+/Sca-1+; LKS−, linage−/c-Kit+/Sca-1−; LT-HSC, LKS+/CD150+/CD48−; MPP, LKS+/CD150−/CD48−; HPC-1, LKS+/CD150−/

CD48+; HPC-2, LKS+/CD150+/CD48+; HSC (Mupo et al. [29]), LKS+/CD34−/flk2−; pre-MegE, LKS−/CD41−/FcgR−/CD150+/CD105−; pre-CFUE, LKS−/CD41−/FcgR−/CD15−+/CD105+. %=percentage of this population.
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mutation [67]. Although speculative, for alleles that

provide a proliferative/survival advantage or are

strongly positively selected, the inverted exon model

may be feasible because even subheterozygous expres-

sion may be sufficient to afford the cell with the

advantage of the mutant allele.

Another consideration is how foreign elements such

as loxP sites are placed within the endogenous gene

structure. Although literature describing the systematic

assessment of locus modifications is limited, some prin-

cipals have emerged with the evolution of the gene tar-

geting methods and from the more recent high-

throughput targeting vector generation methods [68

−72]. These include the placing of loxP elements rela-

tive to the promoter and intron/exon junctions (>200 bp

is generally advised); avoiding disruption of evolution-

arily conserved regulatory elements and CpG islands

that may be important for normal gene regulation; being

cognizant of the intron and exon sizes when introducing

new elements with caution when there are short introns/

exons because this can affect splicing of the gene; and

avoidance of modification to neighboring genes if possi-

ble. These generalized observations may be relevant to

the alleles described for Srsf2, in which there are only

two coding exons and the mutation occurs in the first

exon. There is a CpG island that encompasses the 50
promoter region and 50-UTR/exon 1, intron and exon 2

of Srsf2 (UCSC genome browser mm10; chr11:116,

852,080-116,853,903). The Srsf2 allele described by

Kon et al. [32], for example, used an inverted exon

approach and was found to be transcriptionally inactive/

silent when non-recombined. This allele involved signif-

icant modifications to the gene structure, including sepa-

ration of the 50-UTR and exon 1 coding sequence and

insertion of multiple recombination elements in the

introns [32]. The model developed by Kim et al. [31]

placed the 50-loxP element 87 bp from the start of the

exon 1-containing sequence and modified the intron

spacing significantly in both the pre- and post-recom-

bined configuration [31]. All of these modifications can

potentially affect the expression of the locus.

In humans, it is thought that spliceosome mutations

arise within the HSC compartment [6,73]. It is well

known that the cell of origin can affect the phenotypes

from experimental leukemia models [74,75], so the use

of different Cre drivers that target distinct and/or over-

lapping cell populations may be important in the pre-

sentation of the phenotypes in these models. Two of

the Srsf2 and one of the Sf3b1 alleles have been

assessed using the constitutively active Vav-Cre

[24,32,76]. Vav-Cre is active in the hematopoietic

cells, including HSCs, with evidence for activity also

in endothelial cells and some activity in the reproduc-

tive tissues [41,77,78]. Multiple groups have used the

inducible Mx1-Cre, a broadly active Cre that is very

efficient at recombining loxP-flanked alleles in hemato-

poietic cells, including HSCs and other tissues in the

adult animal such as the cells composing the BM

microenvironment [41,79,80]. Mx1-Cre requires admin-

istration of pI:pC to induce an innate immune-mediated

interferon response, a known stimulus of cycling of

HSCs [81,82]. Whereas this can be used to assess

native hematopoiesis, the spliceosome mutant models

described to date using Mx1-Cre have predominantly

reported phenotypic/functional analysis from recipients

of BM transplantations, which were treated after recov-

ery with pI:pC. This approach is useful to restrict Cre

activity in non-hematopoietic tissues because only the

transplanted/engrafted BM will express Cre [39,83].

Such a strategy is effective for understanding the

hematopoietic intrinsic effect of the mutation, but it

introduces the stress of BM transplantation and

changes the hematopoietic dynamics and BM microen-

vironment as a result [42,43,62−65]. Coupled with the

administration of pI:pC 4−8 weeks after transplanta-

tion, this elicits substantive stress on the entire hemato-

poietic system. An alternative is to use CreER-based

models in which tamoxifen is required to be adminis-

tered to activate Cre activity. We utilized both the

Rosa26-CreER T2 and hScl-CreERT lines to allow

widespread and relatively HSC-restricted activation,

respectively, of Srsf2P95H [30]. The CreER systems and

the administration of tamoxifen are not benign, with

evidence that toxicity of the CreER itself and tamoxi-

fen administered at high doses subcutaneously can

have direct effects on hematopoiesis [84,85]. These

effects can be reduced by oral administration of tamox-

ifen, shortening the duration of exposure to tamoxifen,

or by the use of heterozygous CreER alleles. The con-

tribution of the specific Cre drivers to the phenotypes

reported are likely secondary to the impacts of the

locus specific genetic modifications themselves. How-

ever, a direct comparison of the same splicing mutation

with different Cre strains would resolve this (e.g.,

Rosa26-CreER vs. Mx1-Cre). In all situations, the par-

allel analysis of littermate Cre+ WT and Cre− gene-

modified animals is an essential control for these stud-

ies whether using Mx1-Cre or CreER systems.

The models of spliceosomal mutation described to

date have demonstrated a range of phenotypes. Defini-

tive reasons for this remain uncertain, with some inter-

pretations citing a lack of conservation of splicing

between species. Although the spliceosomal proteins

themselves are highly evolutionarily conserved, this is

not an insignificant consideration [16]. By virtue of the

higher level of conservation of the exons between

mouse and humans (89−94%), the exonic splice-

enhancer sequences are more highly conserved [86,87].

Despite this, there is still uncertainty regarding the iden-

tity of disease relevant mis-spliced candidates in human
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samples and murine models. For example, in humans, it

was reported that missplicing of EZH2 [31] and, more

recently, CASP8 [24,88] occurred in SRSF2 mutant

cells. For Ezh2 at least, this observation was not con-

firmed in multiple murine Srsf2P95H/+ mutant models in

which other mis-spliced candidates identified in human

samples could be confirmed [30,32]. The phenotypic

recapitulation and conserved disease evolution and pro-

gression that occured in the Srsf2P95H/+ model that we

described indicates that the mouse is able to reproduce

the core aspects of the human phenotypes associated

with the SRSF2 mutation. However, the identification of

the specific mis-spliced genes that cause disease devel-

opment has remained elusive. There are several possibil-

ities that could account for this. First, transcriptomic

analysis has yet to be performed on sufficiently purified

disease initiating cells in both human and mouse and

the heterogeneity of the samples assessed to date masks

identification of the relevant mis-spliced transcipts.

Compounding this is the fact that the computational

analysis of splicing has yet to reach a consensus and the

different computational methods yield distinct results.

An alternative possibility is that subtle changes across

many genes collectively contribute to the phenotype,

rather than a small number of dramatically mis-spliced

candidates. In such a possibility, it will require highly

purified samples and sufficient sequencing depth to con-

fidently identify these. Another possibility is that mis-

spling occurs within common cellular pathways in both

species, but that the underlying individual genes are

more variable and not necessarily conserved. An exam-

ple of species conserved transcriptional and cellular con-

sequence despite an apparent divergence of the

individual transcripts can be seen in the A-to-I RNA-

editing field and in the phenoytpes of ADAR1 mutation

in human and mouse [89−91]. Unlike the exonic

sequences bound by SRSF2, intronic sequences are

more divergent between human and mouse, with 66.1%

conservation of branchpoint sequences across mammals

[92]. The coordinated recognition of the 50 and 30 splice
sites, together with branch-point and polypyrimidine

tract selection, are critical to splicing fidelity. The utili-

zation of highly conserved branch points is likely to be

conserved to a greater extent across species than those

with weaker recognition motifs, less conservation, or

alternative branch-point spacing. These differences in

the intronic sequences and motifs between species may

contribute to the phenotypic differences between mouse

and humans, in particular for SF3B1, which binds the

branch point within intronic sequence of the pre-mRNA.

Murine models of human disease-associated muta-

tions allow us to understand how these mutations indi-

vidually contribute to disease initiation and

maintenance. To provide this understanding, they must

recapitulate as closely as possible the nature of the

mutation, the expression of the mutant allele, and the

cell of origin. A critical assessment of the genetic mod-

ification strategies applied demonstrates that there are

significant differences in the approaches that have been

utilized. How the different targeting strategies and

experimental approaches for individual gene mutations

contribute to the phenotypes observed should be taken

into consideration, along with the degree to which the

model presents phenotypes that are consistent with the

human disease carrying the same mutation.
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